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“This is not the end. 
It is not even the beginning of the end. 

But it is, perhaps, the end of the beginning.” 

Sir Winston Churchill, 
November 1942
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1   RADIOTHERAPY FOR LOCALLY ADVANCED 
   NON-SMALL CELL LUNG CANCER 

Lung cancer has become the major cause of cancer deaths worldwide. Non-
small-cell lung cancer (NSCLC) is the predominant histology, being responsi-
ble for 80% of all lung malignancies. Approximately 40% of patients with newly 
diagnosed NSCLC present with locally advanced stage IIIA/B disease, including 
tumours extending into extra-pulmonary structures or involvement of mediasti-
nal lymph nodes without evidence of distant metastases. Although a small sub-
group of patients is potentially resectable with or without neo-adjuvant treatment, 
the majority is unresectable. Historically, these patients were treated with radio-
therapy alone. Orthovoltage X-rays with doses ranging from 40-50 Gy resulted 
in palliation of symptoms and tumour response with a significantly increased 
one-year-survival rate when compared to supportive care (18% versus 14%) (1). 
A Radiation Therapy Oncology Group (RTOG) study performed in the seventies (2) 
showed the importance of radiation dose, as increasing doses from 40 to 50 and 
60 Gy significantly improved local control. Moreover, local control was shown to 
be an important determinant of survival as patients with local tumour control at 
12 months had a three year survival rate of 25%, which was only 5% for those 
with thoracic failures (2). Based on this study, 60 Gy in 30 daily fractions has been 
the standard in radiotherapy for locally advanced NSCLC for many years.

Although better local control rates were observed with a dose of 60 Gy, the 
problem of distant metastases remained. Therefore, sequential chemoradio-
therapy was introduced in the early nineties. Induction chemotherapy with cis-
platin and vinblastine prior to radiation with a total dose of 60 Gy was shown to 
significantly improve the median survival and doubled the number of long-term 
survivors, as compared with radiation therapy alone (3,4). This was confirmed in 
a meta-analysis (5) where a 13% reduction in the risk of death, with an absolute 
survival benefit of 4% at two years for chemo-radiation compared to radiother-
apy alone was found. 

To further improve outcome, the concept of concurrent chemoradiotherapy 
was investigated. The rationale for concurrent delivery of chemo- and radio-
therapy is threefold. First, distant microscopic disease is treated early on during 
therapy, second, it may augment local tumour control through direct cell kill by 
enhancing the radiosensitivity of clonogenic tumour cells, and finally, acceler-
ated tumour cell proliferation which has been observed during the time inter-
val between the end of induction chemotherapy and the start of radiotherapy (6) 

e-wiegman-binnenwerk-4-4dubbelzijdigfullcolor-172paginas-2.indd   11 23-12-2013   13:08:32



Prediction and Prevention of Radiation Induced Lung Toxicity

1312
does not occur. Unfortunately, the optimal chemotherapy regimen for concurrent 
use with thoracic radiotherapy is not known yet, which has resulted in the use of 
numerous regimens worldwide. In the United States, the combination of cisplatin 
and etoposide (7) or weekly carboplatin and paclitaxel (8) are frequently used, 
whereas in The Netherlands, cisplatin based regimens have been developed. 
Interestingly, a three-armed randomized trial (9) investigating radiotherapy 
alone, combined with daily cisplatin or weekly cisplatin, demonstrated improved 
overall survival, due to improved locoregional control but surprisingly not to less 
distant metastases. This suggests an increased radiosensitivity of clonogenic 
tumour cells rather than a systemic effect of concurrent chemotherapy. This 
impact of concurrent chemotherapy and radiotherapy on locoregional control 
was confirmed in a recent meta-analysis (10), comparing sequential chemoradio-
therapy (SCRT) versus concurrent chemoradiotherapy (CCRT). CCRT decreased 
locoregional progression with 6.0% at 3 years and 6.1% at 5 years, compared 
to SCRT, resulting in a survival benefit of 5.7% at 3 years and 4.5% (from 10.6% 
to 15.1) at 5 years. These results show that locoregional control and survival 
are highly correlated. As a consequence, concurrent chemoradiotherapy is now 
considered treatment of choice for locally advanced non–small-cell lung cancer, 
whereas sequential chemoradiotherapy may be reserved for patients where the 
tumour volume at diagnosis is too large for concomitant treatment or when the 
patients are in a relatively poor general condition (11). 

Unfortunately, even with the use of modern chemoradiotherapy schedules 
local control using conventional doses remains poor with almost one third of 
patients suffering from locoregional failure at 3-years (10). 

Therefore, new ‘third generation’ chemotherapy agents, such as gemcitabine 
have been developed. Gemcitabine (2’, 2’-difluorodeoxycytidine) is a nucleoside 
analogue, with well-known cytotoxic activity in a variety of tumours including 
NSCLC (12). Interestingly, when used at a low non-cytotoxic dose, gemcitabine 
was shown to be a potent radiosensitizer. Mechanisms involved in the radio-
sensitizing effect are depletion of dATP pools (13), redistribution of cells into 
the S-phase (14) and interference with homologous recombination DNA repair 
(15). These all lead to a radiosensitizing effect that persists up to 72 hours after 
treatment (16,17). Several trials have been performed on the concurrent use of 
gemcitabine and definitive radiotherapy for stage III NSCLC (18-27), showing 
promising overall response rates ranging from 66% to 87%. In the University 
Medical Center Groningen, patients with unresectable stage III NSCLC and a 
WHO performance status of 0-2 are treated with cisplatin/gemcitabine based 
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chemoradiotherapy. The schedule consists of 2 cycles of full dose gemcitabine 
1125 mg/m2 on day 1 and 8 and cisplatin 80mg/m2 on day 1 of each 21-day cycle 
followed by concurrent treatment consisting of weekly gemcitabine 300 mg/m2 
combined with thoracic radiation (60 Gy, 25 fractions in 5 weeks). Data on sur-
vival and locoregional control of more than 300 consecutively treated patients 
are currently being analyzed. 

Another well studied approach to enhance treatment success is radiation 
dose escalation. The high locoregional failure rates indicate that the conven-
tional radiation doses currently used for NSCLC (60-66 Gy) are not sufficient. 
Indeed, there is evidence that further increasing the radiation dose results in 
an improvement of locoregional control. Martel et al. (28) estimated from 3-D 
dose distributions of NSCLC patients that a dose of at least 80 Gy is required to 
achieve a 50% locoregional control rate at three years. Recent studies (29-32) 
showed indeed that higher radiation doses significantly improved locoregional 
tumour control and overall survival rates. For instance, it was observed in large-
volume stage III NSCLC that an increase of 10 Gy resulted in a 36% decrease in 
local failure risk (29). Moreover, Kong et al. (32) concluded from a radiation-dose 
escalation study that each Gy increase was associated with a 3% reduction in the 
risk of death. 

However, the aforementioned studies were all non-randomized. Results from 
the phase III randomized RTOG-0617 trial, comparing high-dose (74 Gy (IMRT)), 
with standard-dose (60 Gy (IMRT)) chemoradiotherapy showed that, contrary to 
what had been anticipated, both local control and overall survival were better for 
the low dose arm. It can be hypothesized that the effect of dose-escalation on 
local control may have been compromised by the prolonged treatment overall 
treatment time or the need to accept suboptimal dose coverage of the target 
volume to avoid violation of normal tissue constraints. With respect to over-
all survival, it may be that the radiotherapy technique may play a role. In the 
RTOG-0617, IMRT was used as a standard regimen as compared to the earlier 
non-randomized trials using 3D-CRT. Potentially, using IMRT with different dose 
distributions as compared to 3DCRT, radiation induced toxicity of the heart and 
lungs may have played a role. 
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2   RADIATION INDUCED LUNG TOXICITY
The dose that can be safely applied to the tumour is limited by the risk of normal 
tissue complications, such as radiation pneumonitis and lung fibrosis (33-37). 
This is due to the fact that lung parenchyma is highly radiosensitive. Up to 20% of 
patients treated with a curative dose may have symptoms and signs of radiation 
induced lung toxicity (RILT). RILT may present in two phases: acute inflamma-
tory pneumonitis, occurring 6-12 weeks after radiotherapy and late pulmonary 
fibrosis, occurring months to years after treatment. Both pathologic processes 
may result in compromised lung perfusion, increased vascular resistance and 
reduced diffusion capacity. Clinical symptoms range from mild dyspnea and 
non-productive cough to respiratory failure requiring assisted ventilation (38). 
Using chest X-ray or CT radiographic evidence of regional injury and changes in 
lung perfusion can be observed in almost all patients (36,37). Some patients may 
exhibit a decline in overall lung function, which can easily be quantified using 
pulmonary function tests (36). Frequently used parameters are the forced expi-
ratory volume in 1 second (FEV1) and the diffusion capacity of the lung for car-
bon monoxide (DLCO). In patients treated for tumours in and around the thorax, 
81% had reductions in DLCO and 73% had reduced FEV1 values (36). However, 
large inter-individual differences in dose distributions, different tumour volumes 
and varying pulmonary function pre-treatment, hinder the profound study of the 
development of radiation induced lung toxicity. Therefore, pre-clinical studies 
are essential to understand this process and may help to develop biology based 
models that predict radiation response. 

PRE-CLINICAL STUDIES ON RADIATION INDUCED LUNG TOXICITY
Radiation damage to the lungs is a complex process, mediated by inflammatory 
and fibrogenic cytokines produced by macrophages, epithelial cells, pneumo-
cytes, and fibroblasts (39-41). More specifically, Rube et al. (42) observed that irra-
diation induces a biphasic expression of pro-inflammatory cytokines in the lung: 
an initial transitory cytokine response during the first hours after lung irradiation, 
and a second, more persistent cytokine elevation with recruitment of inflamma-
tory cells, which coincides with the onset of acute pneumonitis. Of all cytokines 
involved in development of radiation-induced lung injury, TGFϐ-1 is best studied. 

TGFϐ-1 is a cytokine with diverse biological activities and has potent, often 
opposite effects on various cell types or tissues, e.g. concerning the regulation 
of cell proliferations and differentiation or cell death as well as extracellular 
matrix metabolism (43, 45), including the induction and manifestation of radia-
tion-induced fibrosis (45-51). Next to this, the pro-fibrotic plasminogen activator 

e-wiegman-binnenwerk-4-4dubbelzijdigfullcolor-172paginas-2.indd   14 23-12-2013   13:08:32



Introduction | 01

1514
inhibitor-1 (PAI-1) seems to play an important role. In PAI-1 gene knock-out mice 
bleomycin-induced pulmonary fibrosis was absent, indicating a direct correla-
tion between the level of PAI-1 expression and the extent of collagen accumula-
tion (52). Interestingly, it has been shown that TGFϐ-1 plays a role in the cellular 
response to DNA damage mediated by p53 activation via PAI-1. Hageman et al. 
(53) showed that the induction of the pro-fibrotic gene PAI-1 after irradiation was 
increased pronouncedly after addition of TGFϐ-1. This expression was absent 
after selectively mutating a p53 binding element in the PAI-1 promoter, or in a 
p53 null cell line. More recently, it was found that p53 is both indispensable and 
sufficient for the radiation effect inducing synergistic activation of PAI-1 by radia-
tion and TGFϐ-1 (54). Next, we also demonstrated that TGFϐ-1 is involved in the 
DNA damage response, by modulating the activation of the Ataxia Telangiectasia 
Mutated (ATM) protein kinase, a sensor of DNA damage (see Chapter 2). In con-
clusion, the expression of pro-inflammatory and pro-fibrotic cytokines after 
irradiation attract inflammatory cells to the site of injury, inducing an inflamma-
tory and fibrotic response, which may result in clinical and/or radiological signs 
of radiation induced lung toxicity.

In our laboratory, extensive work on the histopathological features of radia-
tion induced lung toxicity in the rat has been performed (55, 56). At 8 weeks after 
irradiation, a dose-dependent increase in inflammatory foci was observed in 
the irradiated lungs. Within these foci, interstitial and, at higher doses, alveolar 
edema (exudate) was found. The alveolar spaces were filled with inflammatory 
infiltrates consisting mainly of alveolar macrophages and occasionally a few neu-
trophils. A moderate degree of collagen deposition accompanied the inflamma-
tory process. At later time-points after radiation (26 and 38 weeks), focal septal 
thickening and obliteration of alveoli was observed. Together, these findings indi-
cate the existence of an acute exudative inflammation and its replacement by a 
chronic interstitial inflammation with fibro-production and progressive collagen 
accumulation from 26 weeks onwards (55).  Excitingly, we recently demonstrated 
in pre-clinical studies that a low dose scattered over a large lung volume results 
in lung damage even out of the irradiation field depending on the irradiated vol-
ume (57), a so called ‘out-of-field effect’. The above mentioned features all lead 
to lung density changes as measured on CT-scans both in humans and animals 
(36;58-64). Radiographic changes occur frequently, far more often than actual 
pulmonary symptoms. The question is however, do radiation induced lung den-
sity changes correlate with functional end-points such as lung function tests? 
Several studies have focused on this aspect (36,59,60,65). Unfortunately, correla-
tions between the average increases in lung density and declines in pulmonary 
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function were weak (36). One of the most frequently used methods to assess 
CT-density is to average the mean lung density over the whole lung, which may 
have been too insensitive to detect local lung density changes. Therefore, a new 
sensitive method was recently developed in our laboratory to assess radiation 
induced density changes in rats. This new method is summarized in the appendix 
of Chapter 5 of this thesis. 

3    PREDICTION OF RADIATION INDUCED LUNG DAMAGE
Radiation induced lung toxicity (RILT) may result in serious acute or late mor-
bidity in lung cancer patients. As such, the identification of markers predicting 
the risk of RILT is critical to individualize treatments. For instance, patients at 
low risk for RILT could be safely treated to a higher radiation dose, whereas for 
patients at high risk the similar dose could result in unacceptable toxicity.

Many factors influence the development of radiation induced lung damage. 
These can be classified as treatment related factors (dosimetric parameters, 
concurrent chemotherapy), and patient related characteristics (circulating cyto-
kines/biomarkers, pre-existing lung diseases, tumour location etc.). All of these 
factors may have a certain predictive power and have been studied extensively. 

3.1  DOSIMETRIC PARAMETERS
In fractionated radiotherapy, one of the most frequently used dose-volume 
parameters to estimate the risk of developing radiation induced lung toxicity 
(RILT) is the mean lung dose (MLD). This parameter represents the mean dose in 
the whole lung (excluding the Gross Target Volume). Several studies have dem-
onstrated a correlation between the MLD and the incidence of radiation pneumo-
nitis (66-73), with a traditional sigmoid-shaped dose-response relationship (74). 
However, the sensitivity of this parameter is low, with large confidence intervals 
in graphs relating MLD to radiation pneumonitis. Lind et al. (75) investigated the 
predictive value of MLD in a prospective clinical study on a cohort of 277 patients 
using Receiver Operator Curves (ROC). ROC curves are an efficient way to display 
and evaluate the predictive ability, e.g., sensitivity and specificity of a parameter 
with continuous values. A test that has no predictive value, i.e. flip a coin, pro-
vides an area under the curve (AUC) under the ROC curve of 0.5. They observed 
that using the MLD only, the AUC was only 0.56, indicating a very weak predictive 
value. Adding the pre-treatment diffusion capacity of the lung (DLCO (and Forced 
Expiratory Volume in 1 second (FEV1)) the AUC slightly increased to 0.61. These 
data indicate that the routinely used MLD has only weak prognostic value. 
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Another frequently used method is to take into account specific dose–volume 

threshold parameters. Various values such as V5, V13, V20, V30 and V40 are in use 
(a V20 of 30%, indicates that 30% of the total lung volume receives ≥ 20 Gy). All of 
these values appear to be associated with the risk of RP, suggesting that there is 
no sharp dose threshold below which there is no risk (35). Secondly, there are usu-
ally strong correlations between the different dosimetric parameters (e.g., V5 and 
V20), and thus this may partly obscure any “optimal” threshold (35).

Pre-clinical studies may provide the opportunity to determine predictive 
parameters for the development of radiation pneumonitis, as the variations in 
dose and irradiated volumes can easily be adjusted. Exploiting this concept, we 
demonstrated that vascular damage appeared to be a prominent feature after 
thoracic radiation, affecting lung function when a large volume is irradiated to 
a low dose (55-58). This phenomenon may explain the fatal toxicities that have 
been observed after adjuvant radiotherapy for mesothelioma using IMRT (76). 
In those lethal cases, the mean V5 was >98.6%, while the routinely used dose-
volume parameters MLD and V20 were below the thresholds. This clearly indi-
cates the importance of pre-clinical studies to determine the mechanism behind 
radiation induced lung damage.

3.2  CONCURRENT CHEMOTHERAPY
Since locally advanced NSCLC is commonly treated with concurrent chemo-
radiotherapy, several studies have focused on the effects of chemotherapy on 
the development of radiation pneumonitis. Large variation exists in the agents, 
dose and schedules used and therefore it is difficult to make clear statements. 
In a meta-analysis of studies using chemotherapeutic agents such as cispla-
tin, etoposide, and vinblastine Auperin et al. (10) showed that lung toxicity was 
not increased in the case of concurrent treatment. However, limited data are 
available on the effects of the newly developed ‘third generation’ chemothera-
py agents, such as gemcitabine. Adding a radiosensitizer, such as gemcitabine, 
increases the radiosensitivity of clonogenic tumour cells, but may also sensitize 
normal cells thereby increasing radiation induced normal tissue toxicity.  

In some of the first trials using full cytotoxic doses of gemcitabine (1000 mg/
m2) concurrent with radiotherapy (60 Gy) excessive pulmonary toxicity (75%) and 
treatment related death (38%) were observed (18). After the finding that radio-
sensitization occurs already at a low dose, schedules comprised of weekly doses 
of 75-450 mg/m2 gemcitabine have shown to result in good response rates with 
acceptable toxicity (23-25). In contrast, severe toxicity was observed in a recent 
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phase II trial (77), where patients received carboplatin/gemcitabine induction fol-
lowed by weekly gemcitabine at a dose of 200 mg/m2 concurrent with 60 Gy 3DCRT 
and consolidation chemotherapy similar to induction. Inclusion was discontinued 
due to a 32% CTCAE 3.0 grade 3-5 radiation pneumonitis rate. However, these 
patients were treated with elective nodal irradiation, resulting in large irradi-
ated lung volumes (78). Based on this study, it was postulated that the threshold 
for toxicity may be sensitive to the volume of normal lung treated (78). Still, the 
initially reported high incidence of pulmonary toxicity withholds clinicians to use 
gemcitabine concurrently with radiotherapy for lung cancer.

In a pre-clinical setting, combined radiation and gemcitabine also appeared to 
increase radiation induced lung damage. Rube et al (79), investigated the expres-
sion of pro-inflammatory cytokines and histopathology after combined radiation 
and gemcitabine. In mice receiving 120 mg/kg gemcitabine before 12 Gy tho-
racic irradiation, expression levels of TNF-α, IL-1α and IL-6 were increased more 
pronouncedly than after irradiation alone. The authors concluded that gem-
citabine may have sensitized the lung to the inflammatory effects of radiation. 
Interestingly, the maximum cytokine expression occurred already at one week 
after irradiation, much earlier than after radiation alone (43). However, no data 
were provided on the expression of cytokines beyond 4 weeks after irradiation 
at the expected time-frame of radiation pneumonitis (6-8 weeks). Secondly, the 
effects of increased cytokine expression were not related to the actual num-
ber of inflammatory cells or lung function. Third, only whole thorax irradiation 
was performed, which does not allow the study of the different types of damage 
inflicted by irradiation, i.e. vascular and parenchymal damage (55-58). Therefore, 
we investigated the effects of gemcitabine on radiation induced lung damage in 
our rat model, using proton irradiation with several irradiation doses and vol-
umes. This work is described in Chapter 6.

3.3  PATIENT RELATED PARAMETERS
Another approach to predict response to radiotherapy is to use patient related 
parameters in predictive models. Although dosimetric parameters have a cer-
tain predictive power, they fully discard patient related parameters. Inclusion of 
these parameters may improve the prediction based on dosimetric parameters. 
The most important patient parameters are reviewed below.

Regional differences in radiosensitivity
In the late nineties of the last century, studies in mice (80-82) not only showed 
that the response of the lung to radiation is dependent on the irradiated volume, 
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but also suggested the existence of loco-regional differences in lung sensitivity 
to radiation. As such, signs of radiation pneumonitis were significantly more pro-
nounced in case of irradiation of the base of the lung compared to irradiation of 
the apex of the lung. It was concluded that a spatial heterogeneity of the volume 
effect exists for radiation pneumonitis in the mouse lung. This was suggested to 
be due to a difference in the distribution of target cells throughout the lung. 

In our laboratory, extensive studies of rat lungs, using functional and histolog-
ical end-points, showed a similar response to irradiation as in humans (83, 84), 
indicating the usefulness of the rat as a model to study radiation-induced dam-
age to the lung. In rats, only a few reports on regional lung sensitivity differences 
had been reported (85-87). In these studies a higher proportion of micronuclei 
containing cells were observed in cultures of fibroblasts obtained from the base, 
than obtained from the apex of the lung. However, co-irradiation of the heart may 
contribute to the decline in lung function, early (8 weeks) after thoracic irradia-
tion (56, 88,89) and may explain the regional differences in radiosensitivity of the 
lung when co-irradiated in the apex or base. Interestingly, in a clinical setting, 
the incidence of radiation pneumonitis also seems higher in tumours located 
in the basal regions of the lung, as compared to the upper parts (67;72;90, 91), 
irrespective of dosimetric parameters. One hypothesis may be that although the 
lung is thought to be a parallel-organised organ, the functional subunits (FSU) 
are unequally distributed. An alternative hypothesis is that the perfusion/ventila-
tion ratio is bigger in the lower parts of the lung (92;93). Finally, it may be that 
tumours in the lower parts of the lung exhibit larger tumour motion, requiring 
larger irradiation field, increasing the amount of healthy lung tissue included in 
the PTV (72;90). Since our pre-clinical model does not include these differences 
in experimental set-up we studied potential regional difference in radiosensitiv-
ity of the rat lung in Chapter 4. 

Cytokines
Cytokines have been identified as the key mediators in the inflammatory and 
pro-fibrotic response after radiation exposure in animal models (39-41;94) and in 
humans (95;96). Large individual variation in the susceptibility to develop toxicity 
seems to exist, which may be explained by a patient’s specific cytokine profile. 
Not surprisingly, numerous trials have focused on the role of cytokines, of which 
TGFϐ-1 is most extensively studied (97-99). The predictive value of TGFϐ-1 on 
lung toxicity was first suggested by Anscher et al. (100) and confirmed by others 
(33;97;98) suggesting that changes in plasma TGFϐ-1 levels at the end of radio-
therapy may be useful for identifying patients at risk for developing radiation 

e-wiegman-binnenwerk-4-4dubbelzijdigfullcolor-172paginas-2.indd   19 23-12-2013   13:08:32



Prediction and Prevention of Radiation Induced Lung Toxicity

2120
induced lung damage. Moreover, also changes in plasma TGFϐ-1 levels during 
treatment seemed to be of predictive value (99). However, we found that although 
plasma TGFϐ-1 concentration decreased below pre-treatment value during 
radiotherapy in patients who did not develop pulmonary complications, these 
effects were not sufficient to draw firm conclusions (101). Secondly, a dose-esca-
lation trial based on circulating TGFϐ-1 (101) resulted in excessive toxicity (103), 
indicating that biomarkers alone cannot adequately predict RILT itself. Several 
other cytokines involved in the development of RILT have been investigated, such 
as Interleukin 1 (IL-1) (104) and Interleukin-6 (IL-6) (96;104-107). IL-6 globally out-
performed IL-1 in predicting radiation pneumonitis. Interestingly, we recently 
showed that IL-6 was the only cytokine showing a radiation dose-effect relation-
ship (108), indicating the potential importance of IL-6 as a predictor for the devel-
opment of radiation pneumonitis.   

It is logical to assume that combining dosimetric parameters with a patient’s 
individual biomarkers profile will improve the predictive value. Indeed, combin-
ing TGFϐ-1 levels with the V30 could be used to stratify patients into different 
risk groups (33). A study by De Jaeger et al. (109) showed that the MLD was sig-
nificantly associated with the plasma TGFϐ-1 level at the end of radiotherapy. As 
such, the inclusion of biomarkers in routinely used models to predict RILT may 
be a potential strategy to individualize radiotherapy for locally advanced non-
small cell lung cancer. 

4   PREVENTION OF RADIATION INDUCED LUNG DAMAGE
In the last few decades, advances in radiotherapy such as 3D conformal radio-
therapy (3DCRT), intensity-modulated radiotherapy (IMRT), adaptive radiother-
apy and proton radiotherapy have shown to decrease the irradiated volume of 
normal tissues. Still, tumours are always surrounded by normal structures and 
since margins are used to account for microscopic extension and patient set-up 
inaccuracies, the treatment volume will always encompass normal tissues. As 
such, normal tissue toxicity will remain a dose-limiting factor. 

An alternative strategy to modulate the development of normal tissue damage 
is to selectively reduce the radiosensitivity of normal tissues, using pharmaco-
logical agents such as radio protectors and radical scavengers given pre-, dur-
ing- or post-treatment. Doing so, the therapeutic window is increased, enabling 
dose escalation without increasing the risk of side-effects. 
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4.1  IMPROVING RADIOTHERAPY TECHNIQUES
Since the risk for the development of radiation-induced pulmonary morbidity 
increases with the irradiated volume (55;56;110), advances in radiotherapy (e.g. 
intensity modulated radiotherapy) aim at reducing the volume of irradiated lung 
tissue. Intensity Modulated Radiotherapy (IMRT) enables the delivery of a 25-30% 
higher dose as compared to conventional 3D-CRT (111) with lower V20-values (111) 
and a lower risk of radiation pneumonitis (112). Adaptive radiotherapy (ART) is also 
a novel approach, correcting for changes in tumour size and/or position and nor-
mal tissue variations through modification of initially delineated target volumes 
and treatment plans (113). For example, in the case of tumour shrinkage during 
treatment, radiation portals can be reduced, thereby sparing healthy tissues. 
Another strategy is Stereotactic Ablative Radiosurgery (SABR). SABR is a relatively 
new approach in the treatment of early stage NSCLC, utilizing stereotactic target-
ing and precise radiation delivery. It results in optimal dose distributions with a 
rapidly decreasing dose gradient at the periphery, resulting in minimal damage 
of normal tissues. Numerous trials have now been published using SABR mostly 
for stage I-II NSCLC (114). Results are excellent, with local control rates above 
80% at 1-5 years, comparable to those obtained with surgery. However, the role of 
SABR in stage III locally advanced NSCLC is still unclear. In order to increase local 
control, application of a stereotactic boost to the remaining tumour volume after 
completion of concurrent chemoradiotherapy seems tempting. Such a high boost 
dose can be delivered with involvement of only a minimum additional healthy lung 
tissue. However, this concept needs further investigation. 

A new development is proton therapy, which is considered the most conformal 
radiotherapy technique currently available. It has the ability to spare organs at risk 
when compared to photon therapy. In contrast to conventional radiotherapy, where 
the energy decreases with increasing depth of tissue, proton therapy delivers its 
therapeutic dose to a certain depth where the maximum energy release is defined 
by the Bragg peak. Optimizing proton beams, by adding multiple beams with vary-
ing energies further improves the conformity of radiation dose delivery to the target 
while avoiding critical structures (spread-out Bragg peak). Comparing proton ther-
apy with 3D-CRT and IMRT, proton therapy has shown to significantly reduce the 
dose delivered to normal lung tissue. Moreover, proton therapy enabled dose esca-
lation from 66 to 87.5 Gy in stage I and from 63 to 74 Gy in stage III NSCLC, with still 
a reduced dose delivered to normal tissues (115). Even in patients with extensive 
stage IIIB NSCLC, Intensity Modulated Proton Therapy (IMPT) spared more lung, 
heart, spinal cord, and oesophagus, even with dose escalation from 63 Gy to 83.5 Gy, 
(116). Indeed, treatment of stage III NSCLC to 74 Gy using proton therapy combined 
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with weekly carboplatin and paclitaxel was well tolerated, and the median survival 
time of 29.4 months seems encouraging (117). In conclusion, proton therapy is the 
most precise and advanced form of radiation treatment at the moment, potentially 
enabling dose-escalation without compromising normal tissues.

However, the major potential disadvantage of IMPT for lung cancer is organ 
motion during treatment. If not carefully accounted for, the superior dose distri-
bution of proton beams may be compromised. The development of robust image-
guidance during proton dose delivery, especially in spot scanning techniques, is 
of utmost importance to assure optimal beneficial effects of IMPT. 

4.2  MODULATING THE DEVELOPMENT OF RADIATION INDUCED LUNG 
     TOXICITY
Manipulation of the susceptibility of normal tissues to radiation, thus decreasing 
the amount of damage to the normal tissues, using pharmacological agents such 
as radioprotectors, could allow tumour dose escalation. One of the most studied 
radioprotectors is Amifostine, formerly known as WR-2721. It is a prodrug that 
is converted into its active free thiol WR-1065. It is believed that thiol groups act 
as free-radical scavengers and protect cells from radiation-induced damage, 
through different mechanisms including reduction of DNA double-strand breaks 
induced by reactive oxygen species, inactivation of cytotoxic drugs, altered gene 
expression, and modified enzyme activity (118). Several studies have shown a 
protective effect of Amifostine in animal models, given prior or during treat-
ment (119-123). Tumour protection is a concern that impedes the routine use of 
Amifostine in a clinical setting. However, a meta-analysis of 552 NSCLC patients 
treated with (chemo)radiotherapy randomized for Amifostine or placebo, indi-
cated no effect on tumour response (124). Still, Amifostine is not routinely used 
in the clinic, due to concerns about tumour protection and its toxicity.

 Another, more recent, approach is the use of adenovirus-mediated soluble 
transforming growth factor-beta (TGFϐ-1) type II receptor gene therapy (125;126), 
as developed in rats. In short, this technique enables the delivery of soluble 
TGFϐ-1-type II receptor, then binding circulating TGFϐ-1 in a dominant-negative 
fashion, thereby blocking TGFϐ-1 action. After thoracic irradiation, histopatho-
logical changes and decline in lung function were markedly reduced after TGFϐ-
1-type II receptor gene therapy (125-127). Also, treating animals with a small 
molecular inhibitor of TGFϐ-1-type I receptor (128), as well as antibodies directed 
at TGFϐ-1 itself (129) showed similar results. However, these concepts need to be 
addressed in a clinical setting. 
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 The process of radiation-induced damage was historically assumed to be 
irreversible. However, recent data obtained from various laboratories have 
shown that radiation fibrosis may, in fact, be a dynamic process characterised 
by a constant remodelling of fibrous tissue and long term fibroblast activation 
(42;49;50;130). The induction of Radical Oxygen Species (ROS) has been suggest-
ed to play a major role in the pathogenesis of radiation-induced fibrosis by alter-
ing the expression of cellular proteins and cytokines (131-134). Alternatively, oral 
pentoxifylline (PTX), an agent that improves blood flow properties by decreasing 
its viscosity, combined with the anti-oxidant vitamin E (α-tocopherol) proved to 
reverse radiation skin damage both in animals (135) and in humans (136). PTX 
itself may not be crucial in the reduction of fibrosis and only seems required to 
enable sufficient high tissue levels of vitamin E, by increasing blood flow. Indeed, 
PTX alone did not improve radiation-induced skin fibrosis (135), indicating that 
vitamin E is the active compound. Secondly, vitamin E alone has also shown to 
be able to reduce radiation damage in a rat model of radiation-induced enteritis 
(137). Most compelling data were published a few years later, in which post-irra-
diation vitamin E alone proved successful in reducing radiation-induced damage 
in mice after whole body irradiation (138). This finding suggests that Vitamin E 
alone may also be effective in modulating radiation-induced lung damage. We 
tested the hypothesis that vitamin E can interfere with the development of radi-
ation-induced fibrosis in the rat lung by acting as an anti-oxidant. This work is 
described in Chapter 3.

Blocking the renin angiotensin system (RAS) by an Angiotensin Converting 
Enzyme inhibitor has also shown to ameliorate radiation induced normal tissue 
damage in rat kidney (139;140). The rationale was that Angiotension II mediates 
the up-regulation of TGFϐ-1 after kidney radiation (141). Interestingly, captopril 
also improves vascular, functional and structural damage in rat lungs after a 
single radiation dose to the thorax (142).  Currently, the mechanism of action of 
captopril after partial lung irradiation is under investigation in our laboratory. 

To conclude, radiation induced damage was traditionally considered irrevers-
ible. Due the increasing understanding of the underlying mechanisms, it now 
seems possible to modulate or even reverse radiation induced side effects. 
Counteracting potential side effects will increase the therapeutic window, 
enabling safe dose-escalation.
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5    AIM AND OUTLINE OF THE THESIS
The dose that can be safely applied to tumour located in the thorax is limited 
by the risk of normal tissue complications, such as radiation pneumonitis and 
lung fibrosis. Therefore, the aim of this thesis was to investigate the mecha-
nisms involved in the development of radiation induced lung damage, in order to 
improve the efficacy and safety of thoracic irradiation. 

The first objective was to investigate potential strategies to prevent the devel-
opment of radiation induced lung toxicity. TGFϐ-1 plays a key role in the induc-
tion and manifestation of radiation-induced toxicity. Directly after radiation a 
TGFϐ-1 dependent cellular response to DNA damage is initiated through acti-
vation of p53. TGFϐ-1 signalling is classically described as being dependent on 
the TGFϐ-1-receptor, however, we addressed the question whether a, non-Smad 
dependent, TGFϐ-1 mediated mechanism may co-exist (Chapter 2). This finding 
may offer a new therapeutic target to prevent the development of normal tissue 
toxicity. Another approach is to modulate the tissue response after radiation. In 
Chapter 3, we investigated whether the anti-oxidant vitamin E was able to inter-
fere with the development of radiation-induced fibrosis in the rat lung by acting 
as an anti-oxidant. 

The second objective of this thesis was to identify factors that predict the devel-
opment of radiation induced lung toxicity (RILT). Throughout the years, much 
effort has been put in the identification of factors that influence the radiosensitiv-
ity of normal lung tissue. One of these factors is tumour location. Based on stud-
ies in mice, it was hypothesized that loco-regional differences in lung sensitivity 
to radiation exists, where the base of the lung appeared to be more sensitive. 
However, partial lung irradiation in mice may have been inaccurate due to the 
small lung volumes. Therefore, we investigated this hypothesis in a rat model 
using in-vivo end-points such as overall lung function and CT-density changes 
(Chapter 4). Since then, several studies from our group have been published on 
partial lung irradiation and the correlation between different end-points such as 
CT-density changes, histological analysis, tissue cytokine expression and overall 
lung function, showing the robustness of our model.

Based on our study on the assessment of CT-density changes after radia-
tion (Chapter 4), a new method to describe CT-density changes was developed. 
Here local damage to lung tissue (∆S) for each position in the lung is indepen-
dently investigated in 1 mm3 sub volumes (143). This method is summarized in 
the appendix of Chapter 5. Contrary to previous data on CT-density changes, 
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∆S correlated strongly with radiation-induced loss of lung function. However, 
the clinical usability and its advantages and/or drawbacks of the newly devel-
oped method for the quantification of local lung tissue were not yet investigated. 
Therefore, we tested this method in 20 patients with locally advanced NSCLC 
and SCLC treated with high dose thoracic radiotherapy (Chapter 5). The newly 
developed method was compared to existing methods to test which one has the 
highest sensitivity in describing lung density changes after radiation. 

Although concurrent chemoradiotherapy is standard of care for stage 
III NSCLC, it may increase the risk of RILT. Whether pulmonary toxicity also 
increases after concurrent use of gemcitabine, a newly developed potent radio-
sensitizer, is relatively unknown. In some trials severe pulmonary toxicity was 
observed after concurrent gemcitabin e and thoracic radiation, however, the 
mechanism involved was undefined. Therefore, we investigated the effects of 
gemcitabine on the development of RILT after particle irradiation in a rat model, 
using multiple end-points (Chapter 6).
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CHAPTER 02 
TGFϐ-1 dependent fast stimulation of ATM and p53 

phosphorylation following exposure to ionizing 
radiation does not involve TGFϐ-1-receptor-I signalling
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ABSTRACT
Purpose: Radiation-induced stimulation of ATM and downstream components 
was suggested to involve activation of TGFϐ-1 potentially through TGFϐ-1-receptor 
I (TϐR1)-Smad signalling. The aim of this study was to clarify the distinct role of 
TϐR1-Smad signalling in mediating ATM activity following radiation exposure.

Material and Methods: A549 cells stably transfected with a conditionally con-
trollable TGFϐ-1 anti-sense constructs (Tet-on-system) were used to assess 
the role of TGFϐ-1 in the radiation response. The dependence of ATM-activation 
on TGFϐ-1-receptor I-Smad signalling was investigated by applying a specif-
ic TϐR1inhibitor, and/or CMK, a specific inhibitor of furin protease involved in 
the intracellular processing of TGFϐ-1. A plasmid expressing YFP fused to the 
N-terminus of the sequence encoding only the active part of TGFϐ-1 was gener-
ated and used to study the localization of the fusion protein after irradiation. 

Results: TGFϐ-1-knock down in A549 TGFϐ-1 anti-sense subclones as well as 
CMK treatment in A549 cells but not TϐR1 blockade inhibited the phosphoryla-
tion of ATM within 15 minutes after radiation. In line with this, nuclear translo-
cation of radiation induced Smad2 was not observed until 60 minutes after IR. 
Interestingly, nuclear translocation of YFP tagged TGFϐ-1 was observed within 
15 minutes after irradiation in transiently transfected A549 cells.  

Conclusions: We confirm that TGFϐ-1 plays a role in the acute stimulation of 
ATM- and p53 signalling in irradiated cells. However, this fast stimulation does 
not seem not to be dependent on activation of TϐR1-Smad signalling as sug-
gested, but rather, a receptor independent mechanism may be involved.  
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INTRODUCTION
TGFϐ-1 is a cytokine with diverse biological activities and has potent, often oppo-
site effects on various cell types or tissues, e.g. concerning extracellular matrix 
metabolism and the regulation of cell proliferation and differentiation (1,2). In addi-
tion, TGFϐ-1 seems to play a role in the cellular response to DNA damage, since 
depletion of TGFϐ-1 was shown to result in decreased p53-Ser-18 phosphoryla-
tion in irradiated mouse mammary epithelium (3). Moreover, it was demonstrated 
that TGFϐ-1 modulates the activation of the Ataxia Telangiectasia Mutated (ATM) 
protein kinase, a sensor of DNA damage. Following ionizing radiation, ATM is 
rapidly induced via autophosphorylation at Ser-1981 and regulates cell cycle and 
DNA repair pathways (4). Interestingly, a marked reduction of ATM activity and 
downstream effector molecules, like p53, Rad17 and chk2 was observed in mouse 
TGFϐ-1 null keratinocytes already from 15 minutes up to 240 minutes after ioniz-
ing radiation, phenomena that all were restored after treatment with TGFϐ-1 prior 
to irradiation (5). Moreover, treatment with a TGFϐ-1-Receptor-I-inhibitor (TϐR1-
inhibitor) prior to irradiation significantly reduced phosphorylation of ATM, p53, 
chk2 and Rad17 60 min post irradiation (5) in human epithelial cells (MCF10A). 

These data indicate that TGFϐ-1 may be important for regulating radiation 
induced cellular processes involved in DNA repair and cell cycle control in 
response to genotoxic stress. Kirshner et al. (5) propose that this regulation is 
based on extra-cellular activation of TGFϐ-1 and subsequent receptor dependent 
Smad signaling. However, in human fibroblasts (6) phosphorylation of Smad-2/3 
following radiation exposure could not be observed earlier than 60 minutes after 
radiation exposure. Since ATM and downstream targets appear to be already 
activated at 15 minutes post-irradiation (5), the question was addressed whether 
this is solely due to extracellular activation of TGFϐ-1 and subsequent receptor 
dependent Smad signaling or that another, non-Smad dependent, TGFϐ-1 medi-
ated mechanism may co-exist.

MATERIAL AND METHODS 
CELL CULTURE
The study was performed using a human bronchial carcinoma cell line A549 
(ATCC, USA). Cells were cultured in Dulbecco’s Modification of Eagle’s Medium 
(DMEM) supplemented with 10% fetal bovine serum (BioWhittaker, USA) and stan-
dard amounts of antibiotics (penicillin 100 U/ml; streptomycin 100 μg/ml). With 
the exception of cell cycle analyses, 72 h serum starved cells were used for all 
experimental conditions applied. For transfection experiments a human colorectal 
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cancer cell line HCT 116 and the human hepatocyte Hep3B cell line were used. 
These cells were cultured in DMEM supplemented with 10% fetal calf serum.

TGFϐ-1 ANTI-SENSE A549 SUBCLONES
A549 cells were stably transfected with the pTETon- and the empty pTRE2-
Hygro- or the pTRE2-Hygro-TGFϐ-1-anti-sense vector, respectively, according 
to the manufacturer’s protocol (BD Clontech, Germany) to established a con-
ditionally inducible syngenic system of A549-cells with respect to expression of 
TGFϐ-1. The pTRE2-Hygro-TGFϐ-1-antisense vector contained the sequence of 
the whole human TGFϐ-1 reading frame placed in a reverse orientation. Western 
blot analyses for P-ATM and p53-Ser15 were done with both control- and TGFϐ-
1-anti-sense vector transfected cells as described below with the exception that 
cells were treated 48 h before irradiation with doxycyclin (1 μg/ml) to induce the 
TGFϐ-1 anti-sense expression vector.

CMK, Tϐ1R-I-INHIBITOR AND TGFϐ-1 TREATMENT
CMK (decanoyl-Arg-Val-Lys-Arg-chloromethyl-ketone) is a reported synthetic 
tool to inhibit Furin, which is involved in the proteolytic processing of TGFϐ-1 (8). 
CMK was prepared as a 50 mM stock solution in DMSO. TϐR1-Kinase Inhibitor 
(2 mg/ml; Calbiochem #616451, Germany) was prepared as stock solutions in 
serum-free culture medium. Working solution of CMK (50 μM) and TϐR1-inhibitor 
(400 nM) were obtained by dilution of stock aliquots with culture medium and was 
freshly prepared for each experiment. CMK was added to the medium 4 h and 
TϐR1-inhibitor 1 h before irradiation. Cells were treated with 1 ng/ml recombi-
nant human TGF-ϐ (R&D systems) as indicated.

IRRADIATION
All cells were irradiated at room temperature with X-rays (200 kV, 15 mA, filtered 
by 0.5 mm Cu) generated by a Gulmay RS225 (Gulmay Medical Ltd., GB, dose rate 
1 Gy/min) in the dose range of 0-8 Gy. For experiments on transfection, DNA-
affinity precipitation and confocal microscopy, γ-radiation with a Cs137 source 
was used (4-10 Gy). 

WESTERN BLOT ANALYSIS
Cell lysates and nuclear lysates were prepared for SDS-PAGE on 10 % and 6 % 
(for ATM) resolving gels. Antibodies for detection of the different proteins were 
diluted in 3 % BSA or 3 % dry milk in TBS as follows: ATM-pSer-1981 (Upstate/
Biomol, Germany), p53-pSer-15 (Cell Signalling Technology, Inc., USA), p53 
(Oncogene EMD Biosciences, Inc., USA), ATM (Sigma Aldrich, USA), ϐ-actin 
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(Sigma Aldrich, USA), GFP (Clontech), Lamin B1 (Santa Cruz Biotechnology, Inc.) 
and TGFϐ-1 (Santa Cruz Biotechnology, Inc.). Protein bands were visualized by 
using the ECL system (Roche Diagnostics, Germany). For densitometric determi-
nation of protein band intensities the ImageJ 1.30 program was applied.

GENERATION OF PLASMIDS AND TRANSFECTION PROCEDURE
The plasmid eCFP-SP-LAP-TGFϐ-1 was generated by cloning the entire TGFϐ-1 
coding sequence including the signal peptide (SP) and latency associated peptide 
(LAP) sequences into a pECFP-C1 vector (Clontech, PT3028-5, Catalog # 6084-1). 
Secondly, TGFϐ-1-YFP was constructed by cloning  the “active” part of the TGFϐ-
1 coding sequence (i.e. TGFϐ-1 only without the SP and LAP)  into a pEYFP-N1 
vector (Clontech, PT3027-5, Catalog #6085-1). Transfection was performed using 
Lipofectamine reagent according to the manufacturer’s instructions (Invitrogen). 

CONFOCAL MICROSCOPY
At 24h after transfection, and 15 minutes after irradiation indirect immunofluo-
rescence was performed. Cells were fixed with 3.7% formaldehyde for 15 min, 
washed three times with PBS, permeabilized with 0.2% Triton-X100 and blocked 
for 30 min with 0.5% BSA and 0.1% glycine in PBS. Fluorescent proteins were visu-
alized using the eGFP (enhanced GFP) tag. To visualize nuclei, cells were stained 
for 10 min with 0.2 μg/ml DAPI (4,6-diamidino-2-phenylindole). Coverslips were 
mounted in Citifluor. Images GFP and DAPI fluorescence were obtained using 
the Leica confocal laser-scanning microscope (Leica TCS SP2, DM RXE) with 
a 63×/1.32 oil lens. The captured images were processed using Leica Confocal 
Software and Adobe Photoshop.

RESULTS
RADIATION-INDUCED ACTIVATION OF ATM AND P53 IN TGFϐ-1 ANTI-SENSE 
A549 SUBCLONES
Doxycyclin inducible TGFϐ-1 anti-sense A549 subclones were used to test 
whether TGFϐ-1 is involved in the acute radiation induced activation of ATM and 
its downstream effectors. Immediately after irradiation, phosphorylation of ATM 
at Ser1981 and p53 at Ser15 occurred peaking at 1-2 min and persisting up to 60 
minutes thereafter (Fig. 1). Inducing transcription of TGFϐ-1 anti-sense by add-
ing doxycyclin thereby blocking transcription 48h prior to irradiation decreased 
ATM-phosphorylation markedly at all time-points when compared to the time 
matched IR only group, being most efficient in the first minutes post-irradiation 
(85% at 2 min and 13% at 60 min post IR (Fig. 1). Similar results were observed 
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for phosphorylation of p53 at Ser15 (maximum inhibition of 79% 1 min after IR) 
(Fig. 1). These results confirm that TGFϐ-1 appears to be involved in the acute 
phase of the DNA-damage response.  

INFLUENCE OF TϐR1-INHIBITION AND TGFϐ-1 PROCESSING ON
RADIATION-DEPENDENT ATM-SIGNALLING
Next we addressed the question whether activation of ATM and p53 is due to 
TGFϐ-1-receptor-1 (TϐR1) dependent Smad-signalling. Therefore, we first treat-
ed irradiated A549 cells with a TϐR1-Kinase inhibitor (Calbiochem #616451), 
a competitive inhibitor of TGFϐ-1 Receptor 1 kinase and measured at 15 min-
utes post-IR. As before, a strong increase in phosphorylation levels of ATM (at 
Ser1981) and p53 (at Ser15) was apparent at this time point (Fig 2). Adding the 
TϐR1-kinase inhibitor reduced ATM phosphorylation only by about 30 % (Fig. 2), 
whereas no reduction was observed for p53 phosphorylation at ser15. The strong 
reduction in phosphorylation of Smad2 indicated that TϐR1-Kinase inhibitor 
effectively blocked the receptor function. Together, these data indicate that even 
in the absence of TϐR-1-dependent Smad-signalling ATM/p53 phosphorylation 
still occurs and that TGFϐ-1 thus impedes on radiation-induced ATM/p53 phos-
phorylation in a receptor-independent manner. 

Since TGFϐ-1 anti-sense precludes the possibility that its effects on radia-
tion-induced ATM signaling are transcription/translation related, and since the 
acute effects of TGFϐ-1 after radiation seem receptor-independent, preclud-
ing effects via activation of extracellular TGFϐ-1, we investigated the effects of 
interfering with the intracellular processing of TGFϐ-1. Hereto, we used CMK, 
(decanoyl-Arg-Val-Lys-Arg-chloromethyl-ketone), a known inhibitor of Furin, a 
pro-protein convertase involved in the intracellular proteolytic cleavage of TGFϐ-
1 from its latency associated peptide (LAP) (8). In order to test whether CMK is 
capable of proteolytically processing TGFϐ-1, we generated a HCT116 cell line 
stably expressing a reporter plasmid eCFP-SP-LAP-TGFϐ-1 construct (Figure 
3A) and treated cells with CMK (50 μM) for 4 hours and then irradiated them with 
a dose of 4 Gy, 15 minutes after which the cells were lysed. No effect of CMK 
treatment was observed in unirradiated controls (Fig. 3B). As expected, a strong 
phosphorylation of p53 was observed 15 minutes after radiation exposure. This 
phosphorylation of p53 was reduced after CMK treatment, albeit to a somewhat 
lesser extent as in untransfected A549 cells (Fig. 3B, lower panel). Interestingly, 
upon radiation, TGFϐ-1 was cleaved, indicative of intracellular activation of TGFϐ-
1 and this effect was strongly reduced after CMK treatment.

Next we tested the effect of CMK in wtA549 cells. Here, CMK pretreatment 
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FIGURE 1
Radiation induced ATM phosphorylation and downstream signalling is 
reduced in TGFϐ-1 anti-sense A549 subclones.

After switching on the TGFβ-1 anti-sense (plus doxycyclin treatment, dox+), a reduction of ATM and p53 

phosphorylation occurred directly after irradiation for up to 60 min in comparison to cells where TGFβ-

1-anti-sense was turned-off (dox-). Numbers indicate the densitometric values normalized to 1.0 in dox- 

cells for each time point shown.

resulted in an approximately 60 % reduction of the phosphorylation signal of ATM 
(Fig. 2), whereas combined CMK and TϐRI-inhibitor treatment resulted in only a 
minimal additional effect to about 65 % (Fig. 2) when compared to CMK treat-
ment alone. As expected also p53 phosphorylation was reduced by CMK treat-
ment, as well as CMK treatment combined with TϐRI inhibitor by about 40 %. In 
contrast to the TϐR1-Kinase inhibitor, CMK-pretreatment did not modify Smad2 
phosphorylation at the same time point post-IR (Fig. 2), indicative of its lack of 
activity upstream the signalling pathway. 

INTRACELLULAR TGFϐ-1 ACTIVATION AFTER RADIATION DOES NOT 
ACTIVATE ATM VIA SMAD SIGNALLING
We next investigated whether ATM activation via radiation-induced intracellu-
lar TGFϐ-1 activation was dependent on the TGFϐ-1-Smad signaling pathway.  
As shown in Fig. 4 the amount of phosphorylated Smad2 in A549 cells was not 
increased until 60 minutes post-IR, which is long after the ATM/p53 pathway was 
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activated in these cells (Fig. 2). Moreover, the phosphorylation of smad2 was 
completely blocked by the TϐR1-Kinase inhibitor (fi gure 4, right panel) whilst 
this inhibitor did not impede on the radiation-induced ATM/p53 activation (Fig. 
2). These fi ndings demonstrate that TϐR1/Smad2-independent signaling must be 
involved in the pathway by which radiation-induced intracellular TGFϐ-1 activa-
tion induces ATM/p53 phosphorylation.

FIGURE 2
Radiation induced ATM, p53, and Smad2 phosphorylation as a function of CMK 
or TϐR1-inhibitor treatment.

pATMs1981

-       -        +       +        -       -       +       +      TβR1-inhibitor
-       +       -        +        -       +       -       +      CMK

pATMs1981

-       -        +       +        -       -       +       +      TβR1-inhibitor
-       +       -        +        -       +       -       +      CMK

pATMs1981

-       -        +       +        -       -       +       +      TβR1-inhibitor
-       +       -        +        -       +       -       +      CMK

Phosphorylation of ATM, p53, and Smad2 in A549 wildtype cells was analysed 15 minutes after irradiation 

(4 Gy) with or without pretreatment with CMK (50 µM) or TGFβR1-inhibitor (400 nM) alone as well as in 

combination of both. Equal loading was controlled by detecting β-actin. Densitometry data were used to 

calculate the percent difference in ATM and p53 phosphorylation on the basis of actin expression (irradi-

ated controls vs. test conditions). 
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FIGURE 3
CMK reduces the proteolytic processing of TGFϐ-1.

The plasmid eCFP-SP-LAP-TGFβ-1 was generated by cloning the entire TGFβ-1 coding sequence includ-

ing the signal peptide (SP) and latency associated peptide (LAP) sequences into a pECFP-C1 vector (SP: 

signalpeptide, LAP: latency associated peptide eCFP: enhanced Cyan Fluorescent Protein. A schematic 

overview of the plasmid is shown in panel A. Next, cells were transfected with eCFP-SP-LAP-TGFβ-1. 

In unirradiated controls, no effect of CMK was observed. After 4 Gy irradiation, increased amounts of 

active TGFβ-1 was observed, which was reduced after CMK treatment. As expected, CMK reduced the 

phosphorylation of p53 to a similar extent as observed in untransfected A549 cells (B).

eCFP LAP TGFβ-1 
    MW-weight:                  26 kD             44 kD                  12.5 kD                 82.5 kD total  

 S
P 

eCFP LAP TGFβ-1 
    MW-weight:                  26 kD             44 kD                  12.5 kD                 82.5 kD total  

 S
P 

B

A
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NUCLEAR TRANSLOCATION OF TGFϐ-1-YFP IN HCT116 CELLS AFTER 
RADIATION EXPOSURE
We next investigated whether activated TGFϐ-1 itself could somehow directly be 
involved in activating the ATM/p53 pathway. To test this, a plasmid was construct-
ed in which the active part of the TGFϐ-1 gene was fused with EYFP (Fig.5A). This 
enabled us to identify the localization of the fusion protein after radiation expo-
sure. Interestingly, confocal microscopy of TGFϐ-1-YFP in Hep3B cells revealed 
that a fraction of TGFϐ-1-YFP translocated from the cytosol in the unirradiated 
situation, to the  nucleus 15 minutes after irradiation (white arrows) (Fig. 5B). This 
was confi rmed using immunoblotting of HCT116 nuclear lysates, showing a 3.5 fold 
increase of transfected TGFϐ-1-YFP to the nuclear fraction 15 minutes after irra-
diation (Fig. 5C). In fact, the nuclear fraction of TGFϐ-1-YFP decreased to 1.6 fold at 
60 minutes after radiation (Fig. 5C), paralleling the decrease in TGFϐ-1 dependent 
ATM activation at this time point after radiation (Fig. 1). 

FIGURE 4
Radiation induced Smad2 phosphorylation as a function TϐR1-inhibitor 
treatment. 

Lysates of A549 wildtype cells irradiated in the presence or absence of TβR1-inhibitor were analysed for 

the phosphorylation of Smad2 protein. Numbers shown represent the x-fold induction of phosphoryla-

tion based on the Smad2 total protein amount of the non-irradiated control. 

DISCUSSION
TGFϐ-1 is an important tumour suppressor (9) and a potent inducer of growth 
inhibition and differentiation in several cell types i.e. epithelial cells and fi bro-
blasts (2,10-12) and plays an important role in the induction and manifestations 
of radiation-induced fi brosis (13-16). As shown for normal fi broblasts and several 
tumour cell lines, ionizing radiation effectively induces expression and activation 
of TGFϐ-1 (7,11,17,18).  Besides that this response is required for extracellular 
matrix formation, it has been suggested that TGFϐ-1 activation upon radiation 
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may also serve in the regulation of intracellular cellular radiation responses. 
Co nsistently, we here show that TGFϐ-1 knockdown affects the ATM/p53 activa-
tion that is induced upon radiation. The latter is consistent with earlier fi ndings 
(5) that TGFϐ-1 signaling could be one of the earliest main targets in response to 
ionizing radiation, upstream the ATM-kinase. However, in contrast to Kirshner et 
al (5) who suggested that activation of extracellular TGFϐ-1 could be a key-medi-
ator of intracellular responses to DNA damage (5), our data suggest that activa-
tion of this pathway via TGFϐ-1 may occur intracellularly and is independent of 
the canonical receptor-mediated TGFϐ-1/Smad signaling pathway. The latter is 
based on a number of independent lines of experimental evidence. First, block-
ing the TGFϐ-1 Receptor 1 kinase, which inhibited Smad2 phosphorylation, did 
not affect ATM/p53 activation upon radiation. Secondly, Smad2 phosphorylation 

FIGURE 5
TGFϐ-1-YFP translocation to the nucleus in HEP3B and HCT116. 

TGFϐ-1 
MW-weight:                  12.5 kD               26 kD  38.5 kD total 

eYFP 

The plasmid TGFβ-1-YFP was constructed by cloning the active part of the TGFβ-1 gene into a pEYFP-N1 

vector (A). (eYFP: enhanced Yellow Fluorescent Protein). Hep3B cells were transfected with TGFβ-1-YFP 

and fi xed 24 hours thereafter (B). In the control situation, TGFβ-1-YFP appears to localize to the Golgi-

network (upper panel). Nuclear accumulation of TGFβ-1-YFP (white arrows) and strong peri-nuclear 

localization is observed 15 minutes after irradiation (lower panel). Nuclear lysates (HCT116) 24 hours 

after transfection with TGFβ-1-YFP. Nuclear translocation occurs after radiation, being most pronounced 

at 15 minutes (C).

B

CA
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was seen only long after ATM activation already had been induced by radiation, 
suggesting a fast receptor-independent signaling mechanism. Finally, radiation 
caused cleavage of intracellular TGFϐ and inhibition of this intracellular TGFϐ-1 
activation blocked the early and rapid ATM phosphorylation. How intracellular 
activated TGFϐ-1 may be involved in the fast stimulation of ATM and downstream 
signaling remains to be elucidated. Interestingly, we demonstrated by both con-
focal and biochemical analyses that a constitutively active TGFϐ-1-YFP fusion 
proteins  show nuclear translocation upon radiation. Whilst it remains to be 
investigated whether the fusion-protein behaves similar to endogenous TGFϐ-1 
it may provide a first lead as to how intracellularly activated TGFϐ-1 may initiate a 
response to radiation. As can be seen in Fig. 5B. a large proportion of the TGFϐ-
1-YFP fusion proteins resided in small puncta in the cytosol, resembling golgi/
endosomal structures. It has been suggested that endosomes may be important 
in the continuous trafficking of TGFϐ-1 receptors between membrane, cytoplasm 
and nucleus (24). Inhibition of receptor internalization disrupting this endocytic 
pathway greatly impaired the subsequent TGFϐ-1 induced transcriptional activ-
ity. Interestingly, Zwaagstra et al. (26) showed that TGFϐ-1 induced growth 
arrest was accompanied by accumulation of intracellular TϐR1 in and around 
the nucleus. Moreover, they could confirm using confocal microscopy that a 
TGFϐ-1 ligand/receptor complex assembly and internalization from the mem-
brane occurs. Based on these data, the fast receptor TϐR1 independent mecha-
nism may be based on receptor trafficking, potentially dragging along TGFϐ-1. 
 

Based on our data it can be postulated that the TGFϐ-1 regulated activation of 
the DNA damage response of irradiated cells involves a slow TϐR1-dependent 
and a fast TϐR1-independent mechanism. However, the exact pathway of TϐR1-
independent stimulation of ATM and p53 activity remains to be clarified. 
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ABSTRACT
The purpose of this study was to investigate whether application of post-irra-
diation Vitamin E, an anti-oxidant, could prevent the development of radiation 
induced lung damage. Wistar rats were given vitamin E enriched or vitamin E 
deprived food starting from 4 weeks after 18 Gy single dose irradiation of the right 
thorax. Neither breathing frequencies nor CT density measurements revealed 
differences between the groups. It is concluded that post-irradiation vitamin E 
does not influence radiation-induced fibrosis to the lung. 
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INTRODUCTION
Radiation-induced fibrosis is a severe complication of radiotherapy, occurring 
months to years after treatment. Unfortunately, in order to achieve a curative 
dose to the tumour, some degree of radiation damage to surrounding tissues is 
generally accepted. Manipulation of the susceptibility of normal tissues to radia-
tion, thus decreasing the amount of damage to the normal tissues, could enable 
the application of a higher tumour dose. 

The process of radiation-induced damage leads to a chronic state of fibrosis 
in many tissues, which was historically assumed to be irreversible. However, 
recent data obtained from various laboratories have shown that fibrosis may, in 
fact, be a dynamic process characterised by a constant remodelling of fibrous 
tissue and long term fibroblast activation (5, 11, 14-16). The induction of Radical 
Oxygen Species (ROS) has been suggested to play a major role in the pathogen-
esis of radiation-induced fibrosis by altering the expression of cellular proteins 
and cytokines (6, 7, 17, 25). Furthermore, some data suggest that an overproduc-
tion of ROS persists after irradiation (8, 12, 13), which may be related to tissue 
hypoxia (20). A new challenge in radiobiology is to manipulate this process in 
order to minimise the development of radiation-induced fibrosis. 

Indicative of such possibilities, treatment of pigs 6 months after skin irradia-
tion with 160 Gy, with the anti-oxidant and anti-inflammatory agents Cu/Zn and 
Mn superoxide dismutase (SOD) revealed a significant decrease of skin fibrosis 
(9). This study is hampered by the use of such a high single dose, which could 
have lead to both fibrosis and tissue scarring, evenly contributing to the fibrotic 
lesion. Alternatively, oral pentoxifylline (PTX), an agent that improves flow prop-
erties of blood by decreasing its viscosity, combined with the anti-oxidant vitamin 
E (α-tocopherol) proved to reverse radiation skin damage both in animals (10) 
and in an experimental human design (2). PTX itself may not be crucial in the 
reduction of fibrosis and only seems required to enable sufficient high tissue 
level of vitamin E, by increasing blood flow. Certainly, PTX alone did not improve 
radiation-induced skin fibrosis (10), indicating that vitamin E is the active com-
pound. Indeed, vitamin E alone has also shown to be able to reduce radiation 
damage in a rat model of radiation-induced enteritis  (3). Most compelling data 
were recently published, in which post-irradiation vitamin E alone proved suc-
cessful in reducing radiation-induced damage in mice after whole body irradi-
ation (18). This finding suggests that Vitamin E alone may also be effective in 
modulating radiation-induced damage.
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Radiation-induced lung damage is a continuous process, with no clear distinc-
tion between the temporal sequence of the different pulmonary reactions (16), 
i.e. pneumonitis and fibrosis. Also in lungs ROS induce a cascade of cytokines 
which ultimately results in the formation of fibrosis (4, 21). In the current study, 
we investigated the hypothesis that vitamin E can interfere with the develop-
ment of radiation-induced fibrosis in the rat lung by acting as an anti-oxidant. 
Hereto rats were put on vitamin E poor or rich diet after irradiation to exclude 
a possible interference with the induction of radiation damage. Functional and 
Computerised Tomography (CT) endpoints were used as two parameters for 
assessment of lung damage (23).

METHODS AND MATERIALS
The experiments were performed with 24 adult male albino Wistar rats of the 
strain Hsd/Cpb:WU (Harlan-CPB, Rijswijk, The Netherlands). The rats were 
housed six to a polycarbonate cage under a 14:10–h light cycle. At the time of 
arrival rats were 8 weeks old and weighed approximately 300 grams. Food and 
water were given ad libitum. All experiments were performed in agreement 
with the Netherlands Experiments on Animals Act (1977) and the European 
Convention for the Protection of Vertebrate Animals Used for Experimental 
Purposes (Strasbourg, 18.III.1986). 

Hemithoracic irradiation was delivered by 200 kV X-rays (filters: 0.5 mm cop-
per and 0.5 mm aluminium; HVL=1.05 mm copper) with a dose rate of 0.60 Gy per 
minute. A single anterior-posterior field through 4.5 cm portals encompassed 
the whole right lung at a single dose of 18 Gy at a source to skin distance of 40 
cm. Both the left thorax and the rest of the body were shielded with a tailor made 
3 mm lead shield. Prior to irradiation rats were anaesthetised as described ear-
lier (23). Since 18 Gy is on the steep part of the dose response curve, a small dose 
modifying effect of Vitamin E would have significant consequences.

Rat food (Hope Farms, Woerden, The Netherlands) containing 62.7 mg/kg 
vitamin E was fed until four weeks after irradiation. Thereafter, dietary regimen 
was introduced (Hope Farms, Woerden, The Netherlands). One group of 12 rats 
received a vitamin E enriched diet and the other group of 12 rats received a vita-
min E deprived (0 mg/kg) diet. To achieve the same vitamin E intake as used in 
the study by Lefaix et al. (10), the enriched diet consisted of 376 mg vitamin E 
per kilogram chow. This dietary regimen was continued for the remaining of the 
experiments.
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Lung function was monitored as previously described (22), four times before 
and biweekly after irradiation. Rats were placed in an air-tight 1500 ml ple-
thysmograph, connected to a pressure transducer, measuring the breathing 
frequency. 

Lung density measurements were performed as described (23). CT scans of 
three rats in each group were performed 29 weeks after irradiation. Prior to 
scanning, the rats were anaesthetised as described above. Regions of Interest 
(ROIs) of 50 mm2 were drawn in three CT-slices both in irradiated and shielded 
lung parts. Therein, mean lung density was measured. These data were com-
pared to historic control lung density data (23). After sacrificing the animals at 
the end of the experiment a Masson Trichrome stain was used to verify the pres-
ence of fibrosis.

At 60 weeks after irradiation, 4 rats of each group were sacrificed and the 
lungs were taken out. Lung tissue α-tocopherol contents were analysed accord-
ing to Barua (1) using HPLC. 

RESULTS AND DISCUSSION 
Mean vitamin E levels in wet lung tissue 60 weeks after irradiation in the enriched 
group (182,3 ± 60,3 μmol) were significantly higher (P<0.05) as compared to the 
deprived group (2,0 ± 1,5 μmol). These data indicate that the dietary regimen 
resulted in a vitamin E deprived state in the rats with a vitamin E deficient diet. 

An increase in breathing frequency was observed for both groups, starting 
from 16 weeks after irradiation and persisting up to 28 weeks after irradiation 
(Figure 1). After 32 weeks pulmonary function stabilises but is still reduced as 
compared to control. No significant differences between the two groups were 
observed, except for a significant difference (P<0.05) at week 36, indicating that 
vitamin E suppletion does not affect overall lung function after right hemithorac-
ic irradiation. Computerised Tomography scans performed 29 weeks after irra-
diation showed major fibrotic reactions in the irradiated lung as shown in Figure 
2.B and 2.C, as compared to control (Figure 2.A). Moreover, the shielded left lung 
showed hyperinflation to compensate for the loss of lung tissue. Using a quan-
titative analysis of the data based on the relative density changes in the Regions 
of Interest (ROIs), it was found that both groups showed a density increase of 
the irradiated parts and a density decrease of the shielded parts similar to our 
historical density data (23). The density increase observed in the irradiated lung 
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parts did not vary significantly between the two groups, as shown in Figure 2.D, 
suggesting that vitamin E does not affect radiation-induced fibrosis as measured 
with CT. The density decrease, which is a compensatory response to the loss of 
lung tissue in the irradiated right lung, was more pronounced in the vitamin E defi-
cient group (P<0.05), not affecting overall lung function as shown in Figure 1. 

The right lung showed profound collagen deposition without a clear differ-
ence between the two groups (data not shown), corresponding to the increase 
in lung density as measured by CT at an earlier time-point. However, a correla-
tion between breathing frequency and fibrosis is lacking towards the end of the 
experiment. In contrast to whole thorax irradiation where fibrosis develops in 
both lungs, in our set-up, compensation of the shielded left lung seems to occur 
resulting in a slight improvement of pulmonary function. This is confirmed dur-
ing the collection of the lungs at the end of the experiment where it was observed 
that the left lung filled the areas abandoned by the scrunching right lung. 

In contrast to the present study, Lefaix (10) and Delanian (2) did observe 
a reduction in fibrosis of the skin in pigs and in humans when vitamin E was 
administrated after irradiation in combination with the blood flow enhanc-
ing agent Pentoxifylline (PTX). A reason that our study does not show a ben-
eficial effect of dietary vitamin E, for both overall lung function and CT density 
measurements could be due to the possibility that PTX does more than just 
enhancing the effects of vitamin E through blood flow changes. This, however, 
has no proven biological basis and seems unrelated to the anti-ROS hypothesis. 
Another possibility may be that the concentration achieved in the lungs is too 
low to express its radical scavenging capacities. However, the concentration of 
vitamin E in the diet was higher than the 60 mg/kg (24) or 150 mg/kg (19) above 
which a plateau in the effect of vitamin E on ROS involving diseases has been 
reported. Furthermore, the difference in vitamin E levels in lung obtained from 
the deprived and enriched groups was evident, indicating a significant uptake of 
vitamin E. Thus, possibly the underlying pathogenesis is different for skin. The 
development of radiation-induced lung damage is a complex process, consist-
ing of both fibrosis and hyperinflation (23) minimising the effects of vitamin E on 
lung function. In any case, we conclude that post-radiation vitamin E alone is not 
capable of reducing radiation-lung fibrosis. 
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FIGURE 1
Breathing frequencies (breaths per minute) with SEM as a function of time. 

FIGURE 2 A-D
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(Previous page:) Picture A depicts a CT-image of a non-irradiated control rat. Picture B and C show CT 

images 29 weeks after irradiation with a dose of 18 Gy X-rays, in the vitamin E enriched and defi cient 

group respectively. Fibrosis is present in the right lung, as indicated by the white arrows.  

(Above) Figure D shows local density changes 29 weeks irradiation, depicted as mean density changes 

(Δ H) ± SEM compared to control, for the vitamin E enriched group (black) and deprived group (grey). A 

marked density increase was observed for both groups as compared to the non-irradiated control rats. 

Secondly, a marked density decrease of the shielded lung was found, which was more pronounced in the 

deprived group (P<0.05).

D
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ABSTRACT
Purpose: The purpose of this study was to explore regional differences in radio-
sensitivity of rat lung using lung function and CT-density as endpoints.

Methods: At first, Computerized Tomography (CT) scans were used to determine 
rat lung volumes. The data obtained enabled the design of accurate collimators 
to irradiate 50% of the total lung volume for the apex, base, left, right, mediastinal 
and lateral part of the lung. Male Wistar rats were irradiated with a single dose of 
18 Gy of orthovoltage X-rays. Further rat thorax CT scans were made before and 
4, 16, 26, and 52 weeks after irradiation to measure in vivo lung density changes 
indicative for lung damage. To evaluate overall lung function breathing frequen-
cies were measured biweekly starting 1 week before irradiation.

Results: Qualitative analysis of the CT scans showed clear density changes for 
all irradiated lung volumes, with the most prominent changes present in the 
mediastinal and left group at 26 weeks after radiation. Quantitative analysis 
using average density changes of whole lungs did not adequately describe the 
differences in radiation response between the treated groups. However, analysis 
of the density changes of the irradiated and non-irradiated regions of interest 
(ROI) more closely matched with the qualitative observations. Breathing fre-
quencies (BF) were only increased after 50% left lung irradiation, indicating that 
the hypersensitivity of the mediastinal part as assessed by CT analysis, does not 
result in functional changes. 

Conclusions: For both BF and CT (best described by ROI analysis), differences in 
regional lung radiosensitivity were observed. The presentation of lung damage 
either as function loss or density changes do not necessarily coincide, meaning 
that for each endpoint the regional sensitivity may be different. 
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INTRODUCTION 
The radiotherapeutic treatment of malignant diseases in the thorax is limited by 
the tolerance of lung tissue. This is due to the high radiosensitivity of lung paren-
chyma. The subsequent clinical sequelae of radiation-induced lung damage can 
be separated into three or four phases. During the first sub-clinical phase no 
symptoms are present. Hereafter, acute radiation pneumonitis of which the first 
clinical symptoms appear 2-3 months after treatment characterized by cough, 
dyspnea and respiratory failure, characterises the second phase. Thirdly, a state 
of lung fibrosis starts to appear from 6 months to years after treatment (2, 6, 13). 
The transformation from pneumonitis to fibrosis may be either continuous or 
separated by a second sub-clinical phase, dependent on the dose used. These 
sequelae can be life threatening and therefore limit the dose that can be applied 
to the tumour. Modern techniques in radiotherapy like IMRT aim to reduce nor-
mal tissue damage while escalating the dose to the tumour region. This may lead 
to completely new dose-distribution in the tissue with a high dose delivered to 
a small volume and a low dose to a large volume. It is not known whether these 
changes in dose distribution will have an effect on the radiation-response of the 
lung. The detailed study of radiation-induced lung complications in humans is 
difficult due to pre-existing diseases like emphysema, chronic bronchitis and 
differences in life-style, which may result in substantial differences in functional 
reserve (3). Consequently, the interpretation of follow-up lung function mea-
surements after radiotherapy in the chest may be uncertain. Furthermore, the 
application of specific dose-volume irradiations necessary to study mechanisms 
behind radiation-damage cannot be performed in humans. For this reason a 
variety of animal studies have been set up in the past to evaluate lung function 
after irradiation. 

Studies in mice (10, 16, 17) not only showed that the response of the lung to 
radiation is dependent on the irradiated volume, but also suggested the exis-
tence of loco-regional differences in lung sensitivity to radiation. As such, signs 
of radiation pneumonitis were significantly more pronounced in case of irradia-
tion of the base of the lung compared to irradiation of the apex of the lung. It 
was concluded that a spatial heterogeneity of the volume effect exists for radia-
tion pneumonitis in the mouse lung. This was suggested to be due to a differ-
ence in the distribution of target cells throughout the lung. In our laboratory, rat 
lungs have been shown to respond to irradiation in a pattern similar as to that in 
humans (19, 20). In agreement with this, an increase in breathing frequency was 
observed 16 weeks after hemithoracic right-lung irradiation with a dose of 18 
Gy. Both function and histological data suggested the presence of lung fibrosis 
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(20) similar to that observed in humans, indicating the usefulness of the rat as 
a model to study radiation-induced damage to the lung. In rats, only one report 
on regional lung sensitivity differences has been reported (8) using micronuclei 
formation as an end-point. These data were similar to the mice data in that a 
higher proportion of micronuclei containing cells were observed in cultures of 
fibroblasts obtained from the base, when compared to the apex of the lungs. 

The use of rats allows more accurate irradiation of the thorax, since rats have 
a 10-fold larger lung volume than mice (9). Moreover, irradiation fields can be pre-
cise, using narrow margins around the lungs, sparing the surrounding tissues. 
This will minimise the irradiated volume of the liver, which has been suggested to 
release large amounts of the pro-fibrotic cytokine TGF-ϐ after irradiation (1). Next 
to breathing frequency, density changes measured by Computerized Tomography 
(CT) were used as a non-lethal endpoint, as they have been shown to reliably 
detect in vivo lung damage, in both rats and mice (4, 5, 9, 14). The aim of our pres-
ent study was to study regional differences in rat lung radiosensitivity comparing 
quantitative CT-analysis and breathing frequency measurements.  

METHODS AND MATERIALS
ANIMALS
The experiments were performed with adult male albino Wistar rats of the strain 
Hsd/Cpb:WU (Harlan-CPB, Rijswijk, The Netherlands). The rats were housed 6 to a 
polycarbonate cage under a 14:10–h light cycle. Bedding consisted of wood shaves. 
Food (RMH-B, Hope Farms, Woerden, The Netherlands) and water were given ad 
libitum. At the time of arrival rats were 8 weeks old and weighed approximately 240 
grams. Before starting the experiments, they were habituated for two weeks. All 
experiments were performed in agreement with the Netherlands Experiments on 
Animals Act (1977) and the European Convention for the Protection of Vertebrate 
Animals Used for Experimental Purposes (Strasbourg, 18.III.1986).

DESIGN OF THE COLLIMATORS
In order to design accurate collimators, five non-irradiated rats (300-340g) were 
anaesthetised using an intra peritoneal (i.p.) injection of ketamine (67.5 mg/kg) 
and xylazine (4.5 mg/kg). Rats were positioned in a Perspex irradiation holder, 
using the upper incisors as a fixed point, resulting in a vertical positioning of the 
animals. This holder was used for the Computerized Tomography (CT) scans for 
lung topography, volume determination and also for the irradiation procedure, 
ensuring an identical position in all situations. Using this method the precision of 
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the positioning of the rats was within 0.3 mm (1 SD). A CT unit (Philips Tomoscan 
SR 7000 High Resolution) was used to scan the rat thorax with a slice thickness 
of 1.5 mm, an interslice distance of 1.0 mm and a pixel size of 0.31 x 0,31 mm2. 
Using a general purpose computer program OSIRIS (OSIRIS Medical Imaging, 
Geneva University Hospital (11), for the display, manipulation, and analysis of 
digital medical images, the lung contours were outlined, and the volumes were 
calculated. The data obtained enabled us to accurately calculate 50% of the total 
lung volume for the apex, base, left, right, mediastinal and lateral part of the lung 
and delineate the corresponding borders of these partial volumes. Six different 
radiation ports were then constructed by projecting all lung contours plus a mar-
gin of 5 mm in the collimator plane and constructing a final contour that enclosed 
all other contours. At the site of the 50% lung boundaries no margin was taken to 
determine the radiation field edge. Six collimators were constructed, sized 140 
x 110 mm consisting of 3 mm Pb for the irradiation of the apex, base, left, right, 
mediastinal and lateral parts of the lung. Outside the irradiation window (50 x 70 
mm), an extra layer of 3 mm Brass was used for reinforcing the collimator. In 
order to achieve the same dose in every region, the conversion from air to tissue 
was done using backscatter factors (7).

IRRADIATION PROCEDURE
Using these collimators 8 rats per group were irradiated under ketamine/xyla-
zine anaesthesia on the apex, base, mediastinal and lateral 50% of the lung and 
4 rats were irradiated on the left and right 50% of the lung (figure 1), all to be 
compared to our historical data (19, 20). Based on these historical data where the 
right hemithoracic region was irradiated, we chose a single-dose of 18 Gy, which 
is known to exert a pronounced radiation response. This dose was delivered by 
a single horizontal anterior-posterior field at source to skin distance of 22 cm, at 
a dose rate of 2.05 Gy min-1. Irradiation was performed using an X-ray machine 
(Mueller MG 300, Philips, Eindhoven, the Netherlands) operated at a high voltage 
of 200 kV (filters: 0.5 mm copper and 0.5 mm aluminium; HVL=1.05 mm copper) 
and a beam current of 15 mA. Dose was measured in air with a calibrated elec-
trometer and Baldwin Farmer type ionisation chamber combination (Keithley 
electrometer type 35040 and Nuclear Enterprises ionisation chamber, type NE 
2571). The dose inhomogeneity across the lung was estimated to be about 40% at 
maximum, i.e. the exit dose is about 60% of the entrance dose at the site where 
the depth of the lung is at largest. 
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CT DENSITY MEASUREMENTS
The whole thorax was scanned with the same CT unit, using a slice thickness 
of 1.5 mm, an interslice distance of 1.0 mm and a pixel size of 0.59 x 0.59 mm2. 
Prior to scanning, the rats were anaesthetised as above. The rats used for the 
total lung volume determination were used for control lung CT density measure-
ments. Further CT scans were performed 4, 16, 26 and 52 weeks after irradia-
tion. At each time point the same three randomly chosen rats were scanned in a 
specially designed CT-holder, which could hold three rats at a time. This holder 
also contained two different plastic rods for the verification of the CT density 
scale. The dose received due to the CT scanning was less than 1 cGy per session 
and was neglected.

Two different methods for analysis of the lung CT density were used. At first, 
the whole lung densities were analysed by calculating mean pixel value and 
standard deviation (SD) of the density distribution. This method involves outlining 
the lung contours on all slices, and calculating the mean density therein. This 
method included not only irradiated lung parts, but also the shielded parts. The 
SD of the density distribution provided information about the homogeneity of the 
density within lung tissue. As fibrosis is a focal process, with either fibrosis or 
regions of emphysema (9) a rise in SD value was expected to indicate a radiation 
response.

In the second method, small Regions of Interest (ROIs) were analysed. Here, 
a polygon of 50 mm2 was drawn in the first three CT-slices located ventrally of 
the trachea, both in shielded and irradiated parts. As such, both hyperinflation 
and shrinkage of the lung was taken into account while drawing the ROIs. ROIs 
of 50mm2 were large enough to prevent the manipulating of the ROI location and 
thus, reduced the observer’s bias. Since the interslice thickness was 1,0 mm, 
the density was analysed in a volume of 150 mm3. Using this method, density 
changes in both irradiated and shielded lung parts could be quantified separate-
ly. Since the dose gradient across the lung volume in the direction of the radiation 
beam was about 1.6% mm–1, the dose fall-off in the three CT slices in which the 
ROIs were drawn in, was (3* 1,6%) 4,8%.

All CT value measurements were performed using OSIRIS. Density data were 
given as CT numbers and expressed as Hounsefield units (H). CT numbers were 
related to attenuation coefficients. CT numbers ranged from –1000 (black in the 
images) for air to about +1000 for bone (white in the images), water was set at 0 
(grey in the images). Other typical values were, muscle CT=45H, and fat CT=-65 
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H. The data obtained were used to construct frequency distributions, showing 
the distribution of the CT-values of the pixels in a region of interest. After irra-
diation, changes in the lung parenchyma caused the curve to shift to the right 
in case of density increase (fibrosis, edema) or to the left in case of a density 
decrease (emphysema, hyperinflation). 

OVERALL LUNG FUNCTION
Lung function was monitored as previously described (20), once before and 
biweekly after irradiation. Rats were placed in an airtight 1500 ml plethys-
mograph, connected to a pressure transducer, which enabled us to measure 
the breathing frequency. Each rat was measured when at rest showing stable 
breathing patterns. Five periods were used to calculate mean breathing rate.

DATA ANALYSIS
CT density measurements were noted as the mean CT pixel value of the whole 
lung, with the standard deviation (SD) of the distribution. Density measurements 
for the whole lung were performed at 0, 4, 16, 26 and 52 weeks after irradiation. 
Using a Kolmogorov-Smirnov test, we tested whether the distributions of the five 
control rats were normally distributed. After that, a Students-t-test was per-
formed to verify if the distributions were equal.

Data of the small ROIs are noted as mean densities and Standard Error of 
the Mean (SEM). The results were compared with the mean density of the five 
control rats, and analysed using a one-sample students-t-test. Breathing fre-
quencies were noted as the mean breathing frequency per group, measured in 
breaths per minute. Data were subjected to SPSS ANOVA for repeated measure-
ments, using the ε-procedure recommended by Quintana and Maxwell (15) to 
analyse the whole curve. When the main analysis indicated a significant inter-
action (α=0.05) between factors, follow-up analyses were performed, adjusting 
error rates according to Bonferroni. The data were subjected to multiple group 
analysis (ANOVA) followed by Bonferoni correction, in order to analyse differ-
ences at each time-point.
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RESULTS 
ANIMALS
At the time of irradiation the rats weighed 298-340 grams and growth of the 
rats was not affected by the radiation. Two animals died during the course of the 
experiments (1 left and 1 lateral) due to problems with anaesthesia required for 
the CT analysis 16 weeks after irradiation. No detrimental side effects caused by 
the radiation other than the ones analysed were observed. 

The five rats scanned for lung volume determination, in order to design the 
collimators, had a mean lung volume of 6.15 cm3 (range 5.50 – 6.46 cm3). Usage 
of the six different designed collimators enabled us to irradiate the partial lung 
volumes accurately with respect to the field edges. This means that the volumes 
were within the range 48-51% of volume for the left and right radiation field, range 
43-60% for the apex and base, and the range 18-31% and the range 20-30% for 
respectively the left and right lateral/mediastinal fields. To achieve 50% irradia-
tion volume in the lateral group, the left and right volumes were added.

LUNG DENSITY
Qualitative analysis of CT 
The five control rats showed similar distributions in lung density (p<0.001), 
which means that the lung tissue in all rats was radiological identical. The mean 
lung density was –593 ± 13 H (1 SEM). Already four weeks after irradiation, a 
clear density increase was seen in the rats irradiated to the lateral 50% of the 
lungs (figure 2b), as compared to control rats (figure 2a). Evidently, this den-
sity increase is only present in the irradiated parts of the lung. Also the 50% 
mediastinal irradiated rats show a density increase in the irradiated lung parts, 
although to a lesser extent (figure 2c). The other groups did not show any signs of 
density changes at this time-point. These density changes are probably alveolar 
infiltrates. This is supported by the fact that the infiltrates had resolved after 5 
weeks (data not shown). Since the density changes, which occurred four weeks 
after irradiation were of edematous origin and dissolved after 5 weeks no further 
analysis was performed.

At 16 weeks after irradiation, another set of CT scans was made. In the present 
study no clear changes in lung density were visible at this time point. At week 26 
after irradiation clear fibrotic lesions had occurred in all irradiated lung parts. In 
contrast to the diffuse lesions observed after four weeks, the changes observed 
at this time-point were more focally. Patches of fibrosis were visible in the radia-
tion fields, most prominent in the 50% mediastinal (figure 3a) and 50% left (figure 
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3c and 3d) irradiated groups. In addition, anatomical changes had occurred, 
which appeared as pronounced shrinkage of the irradiated parts of the lung with 
a compensatory hyperinflation of the shielded parts (figure 3d) and an elevation 
of the diaphragm (figure 3b and 3c). One year after irradiation, the shrinkage of 
the irradiated parts was more pronounced, complicating the distinguishability 
between fibrosis and normal anatomical structures as the heart and chest wall. 
At this time-point the apex group showed fibrotic signs too, as shown in figure 
3e. These density changes, however, were not accompanied by shrinkage of the 
irradiated lung parts. After the last CT scans the rats were sacrificed. The his-
tological data confirmed the CT data. The lungs showed major fibrotic reactions 
and also an extensive inflammatory response was present. Finally, shielded 
lung parts showed hyperinflation. These observations could not be dedicated to 
regions and were therefore not analysed.

Quantitative analysis of CT: whole lung density
To quantify density changes, the mean pixel value of the whole lung was calculated, 
using out-lined lung contours and averaging therein. If anything, a slight mean 
lung density decrease in time was observed in all groups using this type of analy-
sis (data not shown), indicative for mild hyperinflation of the shielded lung tissue. 
Analysis of the standard deviation (SD) of the density distribution, indicative for 
changes in lung tissue homogeneity revealed that the SD increased over time in all 
groups, demonstrating a diminished homogeneity of lung tissue. This analysis did 
not yield any significant differences between the different irradiated groups (data 
not shown) despite the clear qualitative changes observed (figure 3). Thus, quanti-
tative analysis of average lung densities and standard deviation do not seem to be 
adequate to describe the qualitative changes in lung density following irradiation.

Quantitative analysis of CT: ROIs 
As the analysis of whole lung density was non-conclusive even though clear 
qualitative changes were visible on the CT scans, we changed to the analysis 
of ROIs, as described in the method section. This enabled us to study density 
changes separately in the irradiated and shielded parts of the lung. Analysis of 
the ROIs at 16 weeks after irradiation revealed a significant density decrease of 
the shielded mediastinal lung parts. After 26 weeks this density decrease was 
accompanied by a significant  (p<0.05) density increase of the irradiated parts 
of the mediastinal fields. Although the left 50% irradiated group qualitatively 
seemed to show marked density changes on the CT-slides, statistically only a 
tendency could be shown. 
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For further analysis of the density changes in the 50% left and the 50% medi-
astinal irradiated groups, frequency distributions of the CT-values of the pixels 
were constructed for illustrative purposes (figure 5). For the 50% mediastinal 
irradiated rats, the irradiated parts (grey line) showed a shift to the right, with the 
pixels H-values moving towards 0, indicative of fibrosis. The shielded part of the 
lung showed more pixels with values towards –1000H indicating hyperinflation. 
The frequency distribution supports that the 50% left irradiated group showed a 
tendency towards fibrosis as the discrimination between the shape of the irradi-
ated and shielded distribution was less pronounced when compared to the 50% 
mediastinal irradiated rats. According to the above described density changes 
the mediastinal part of the rat lung seems to be the most radiosensitive.

BREATHING FREQUENCY
Breathing frequencies were measured to evaluate overall lung function. Control 
animals had an average breathing frequency of 150 breaths/min and remained 
constant with age. This is depicted in figure 6 were the area of the average ± 1 
SEM is indicated by the dotted lines. The values are in agreement with previous 
published ones (19, 20). 

All groups showed a slight increase in breathing frequency at 22 weeks after 
irradiation.  Surprisingly, only the 50% left irradiated group showed a marked 
increase in breathing frequency thereafter (figure 6). Although the SPSS ANOVA 
for repeated measurements, using the ε-procedure did not reveal a statistical 
difference for the whole curve, multiple group analysis followed by Bonferoni 
correction showed significant differences at several time-points as indicated by 
asterisks (P<0.05). Meanwhile, the breathing frequency of the rats irradiated to 
the 50% mediastinal part of the lung were unaffected, despite the fact that they 
revealed the largest density changes as analysed from CT scans. The data sug-
gest that the 50% left part of the lung is more sensitive to radiation-induced 
changes in function than the other parts.

Surprisingly, we found no effect on BF when irradiating the 50% right part of 
the lung unlike in earlier studies from our laboratory (19, 20) where right hemi-
thoracic irradiation with 18 Gy caused substantial BF increases. Recalculation of 
the volume of previously used hemithoracic irradiation, however, revealed that 
under these conditions approximately 60% of the total lung volume must have 
been irradiated. Although an increase of 10% volume seems small, it should be 
realized that this volume contains the remaining part of the right lung. Damage 
to this small volume might lead to a decrease in compensatory capabilities of the 
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right lung, and thus resulting in profound lung function loss. Hence, sparing 10% 
of the total lung volume may already reduce the toxicity on overall lung function, 
indicative for steep dose- volume dependence.

FIGURE 1 
Portal fi lms of the radiation fi elds. 

FIGURE 2 
CT slides 4 weeks after irradiation.

dc fea b

ba c

All radiation fi elds consist of  50% of the total lung volume, as calculated with Computerized Tomography. 

For the lateral fi eld,  each portal consists of 25% of the total lung volume adding up to 50%. Differences in 

intensity have occurred as a result of varying exposure times. White contours involve shielded lung tissue. 

The pinpoints (black arrow) were used as reference points. Left 50% (a), right 50% (b), apex 50% (c), base 

50% (b), mediastinal 50% (e), lateral 50% (f). 

CT slides 4 weeks after irradiation with a dose of 18 Gy X-rays. A shows a CT slide of a non-irradiated 

control rat. B shows alveolar infi ltrates (white arrows), evidently in the radiation fi elds, after lateral irra-

diation. Also in the mediastinal 50% lung irradiated rats (c), alveolar infi ltrates are seen (white arrow).
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FIGURE 3  
CT slides 26 and 52 weeks after irradiation.

FIGURE 5 
Frequency distributions of the local density 26 weeks after irradiation.
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Pictures a and b: CT slides 26 weeks after mediastinal 50% lung irradiation with a dose of 18 Gy X-rays. 

Fibrosis has  developed in the irradiation field (white arrow). Also the diaphragm has elevated (*), to com-

pensate for the loss of lung tissue. Pictures c and d: CT slides 26 weeks after left 50% lung irradiation 

with a dose of 18 Gy X-rays. Patches of fibrosis are visible in the radiation field (white arrow). Moreover 

anatomical changes have occurred: an elevation of the diaphragm (*) and a shift of the heart towards 

the irradiated side (#).  Picture e: CT slide 52 weeks after apex 50% lung irradiation with a dose of 18 Gy 

X-rays. Only at this time-point patches of fibrosis are visible in the radiation field (white arrow). 

Frequency distributions of the local density showing pixels within 50 mm2 ROIs with a certain density, 

26 weeks after 50% mediastinal and 50% left irradiation. Increasing lung densities have values towards 

0 H (fibrosis), while decreasing lung densities have values towards –1000H (hyperinflation). After 50% 

mediastinal irradiation, the irradiated parts (grey line) showed a shift to the  right, indicating that pixels 

have H-values towards 0 (fibrosis). Shielded lung showed more pixels with values towards –1000H, indicat-

ing hyperinflation. The 50% left irradiated group only showed a tendency, as supported by the fact that the 

difference between the shape of the irradiated and shielded distributions was less pronounced. 
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FIGURE 4 
Local density changes 16 and 26 weeks after irradiation.
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Local density changes 16 weeks and 26 weeks after irradiation, depicted as mean local density changes 

(Δ H) ± SEM compared to control, for irradiated parts (grey), and shielded lung parts (black). In case 

of 50% mediastinal irradiation, a significant density decrease of the shielded lung parts has occurred 

(P<0.05) 16 weeks after irradiation, as compared to the control rats. A marked density increase (P<0.05) 

of the irradiated lung parts was observed only at 26 weeks after mediastinal irradiation, furthermore, the 

density decrease of the shielded lung parts has progressed (P=0.006). The left group only showed a ten-

dency. The remaining groups only showed a density decrease for both irradiated and shielded lung parts.

FIGURE 6 
Breathing frequencies after irradiation.

130

150

170

190

210

230

250

0 6 12 18 24 30 36 42 48 54

Left (4) Right (4) Apex (8)

Base (8) Mediastinal (8) Lateral (8)

Time (weeks) after 18 Gy of X-rays 

B
re

at
hi

ng
 fr

eq
ue

nc
y 

(b
re

at
hs

/m
in

) 

* * * * 

Dashed lines indiate control mean breathing rate ± 1 SEM. The number of rats in each group is indicated 

between brackets. All groups show a slight increase in breathing frequency. The left group however 

shows a marked increase in breathing frequency* (P<0.05), starting 22 weeks after irradiating and per-

sisting there after, contrary to the other groups. Individual time-points were significantly different after 

Bonferroni correction (p<0.05) at week 28, 42, 50 and 52.

B
re

at
hi

ng
 fr

eq
ue

nc
y 

(b
re

at
h/

m
in

)

Time (weeks) 
after 18 Gy of 
X-rays

e-wiegman-binnenwerk-4-4dubbelzijdigfullcolor-172paginas-2.indd   77 23-12-2013   13:08:48



7978

Prediction and Prevention of Radiation Induced Lung Toxicity

DISCUSSION 
Normal tissue damage is the main dose-limiting factor in radiotherapy. In case of 
malignancies in the thoracic cavity, the dose that can be delivered to the tumour 
is limited by the tolerance of normal lung tissue. Theoretically, the lung is thought 
to be a parallel-organised organ, composed of functional subunits (FSU) and 
radiation-induced lung function loss will be more severe with increasing number 
of damaged FSUs. However, studies by Travis et al. (10, 16, 17) have shown that 
the base of the mouse lung seems more sensitive to radiation than the apex of 
the lung, indicating that lung damage may not be purely proportional to the vol-
ume irradiated. In our present pilot-study we explored regional differences in 
rats, comparing breathing frequency and CT based density measurements. The 
presence of radiation induced lung damage is characterized by pleural thicken-
ing, interstitial and vascular fibrosis (2, 6, 13). This damage causes an increase in 
lung density, as measured with CT in humans (12, 18) and in rodents (4, 5, 9, 14). 
Patches of fibrosis are often adjacent to foci of low-density areas consisting of 
hyperinflation, possibly due to the release of surfactant (10). Several techniques 
have been tested to objectify and quantify lung damage using CT. Outlining the 
lung contours and averaging the density therein, seemed a reproducible but not 
very sensitive method, as fibrosis is a focal process with both density increase 
and density decrease (4, 9). Also the standard deviation of the distribution was 
used to quantify the homogeneity of the lung tissue. Analysis of small areas in 
the lung seemed a more sensitive method to track down focal fibrotic lesions (9). 
The present study also showed that quantification of CTs by way of mean lung 
density changes cannot score the qualitative observed changes due to the coin-
ciding appearance of increases in density at the irradiated parts with a hyperin-
flation of the shielded parts of the lung. 

Although CT imaging has been used for the detection of radiation-induced 
damage to the lung previously (4, 5, 9, 14) it has never been used in partial lung 
irradiation. In our present study we compared density changes analysis of irradi-
ated parts of the lung with shielded parts of the lung using small regions of inter-
est (polygons consisting of 50 mm2). This appeared to be a more sensitive method 
to quantify density changes if compared with normal non-irradiated lung tissue. 
Using this technique we were able to quantify fibrosis in irradiated lung tissue, but 
also reactions occurring in non-irradiated lung tissue. Moreover, the analysis was 
consistent with the qualitative assessments of the CT, showing a marked density 
change after mediastinal irradiation in the irradiated parts of the lung, which coin-
cided with a density decrease of the shielded parts. The other fields did not show 
significant changes although qualitative changes could be observed. 
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Interestingly, the density changes observed in the mediastinal-irradiated rat 
lungs were not accompanied by lung function changes. Probably, the mediastinal 
lung part has a less important role in overall lung function. This would be consis-
tent with the hypothesis that relatively radiosensitive gas exchange units might 
be more situated in the peripheral regions of the lung, whereas the mediastinal 
parts consisted more of relatively radioresistant vessels and bronchi (16). We did 
observe a decrease in overall lung function first appearing after 22 weeks, for 
left 50% volume irradiation. Thus, irradiation of the left lung appears to have the 
most significant impact on lung function. Whether or not this is due to a higher 
intrinsic sensitivity of this part of the lung remains to be seen. When the left 50% 
lung was irradiated, part of the right lung had to be included, leading to irradia-
tion of the mediastinum. This may have contributed to the function loss. It must 
be realized, however, that also the heart was partly irradiated in the 50% left irra-
diated group. Radiation-induced damage to the heart (heart failure) might have 
influenced the breathing frequency. This, however, seems to be contradicted by 
the observations after mediastinal irradiation, in which the heart also lies within 
the radiation field, but after which a rise in breathing frequency did not occur.

Furthermore, for the right 50% irradiation, part of the right lung was excluded. 
This excluded part of the lung may induce an extra compensatory reaction, which 
would explain the difference (lower) response when compared to our previously 
published whole right lung irradiation studies (19, 20). 

Travis et al (10, 16, 17) found that the base of mouse lung appeared to be more 
radiosensitive than the apex of the lung. We must take into account, however, that 
the precision of mouse lung irradiations is likely low due to small overall volumes. 
Since rats have a larger total lung volume, the radiation will be delivered more pre-
cisely. Secondly, in mouse base radiation damage to the liver might be responsible 
for high circulating levels of TGF-ϐ, increasing toxicity. Finally, the heart, which 
is positioned in the basal region of the thoracic cavity, might have contributed to 
the observed decrease in lung function, by either cardiac damage or pulmonary 
hypertension. In the present study we found a functionally more sensitive left lung, 
while the mediastinal part of the lung showed major fibrotic changes. Possibly at 
higher doses a difference between apex and base may be observed. 

In summary, comparison of CT density measurements of control with shield-
ed and irradiated lung volumes using standard ROIs can quantitatively describe 
density changes. Secondly, differences in regional lung radiosensitivity seem to 
exist. The main contributing factors in regional sensitivity remain unknown, and 
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we should be cautious by drawing early conclusions. The presentation of lung 
damage either as function loss or density changes do not necessarily coincide, 
meaning that for each end point regional sensitivity may be different. Moreover, a 
pronounced volume effect may be present in the lung as an increase of about 10% 
of the irradiated lung volume results in major pulmonary disturbance. Based on 
the data of this study, more studies need to be developed using varying doses 
and varying volumes, to further explore regional differences and volume effects 
in rats and humans, in order to develop new treatment strategies in the future. 
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ABSTRACT
Purpose: Thoracic intensity modulated radiotherapy may result in a low dose 
spread over a large volume of the lung. Animal studies showed irradiated volume 
to be an important determinant of radiation-induced lung toxicity with volume-
dependent secondary damage in non-irradiated parts of the lung. So far, imaging 
analysis techniques could not detect such damage in patients. Recently, a novel 
CT analysis technique was developed in rats, incorporating both changes in local 
structure and density, making it more sensitive than frequently used analysis 
based on density changes only. In the present study its sensitivity and potential 
to detect damage in parts of the lung receiving negligible or no dose was inves-
tigated in patients.

Materials and methods: Twenty patients with advanced (non-)small cell lung 
cancer were included. Deep inspiration breath-hold CT-scans were performed 
before, at 6 and 24 weeks after radiotherapy and geometrically aligned with 
the dose distribution. Subsequently, radiation-induced changes in the lung tis-
sue were assessed locally (4.5x4.5x4.5mm3) either by quantifying mean density 
(∆mean) or our method including changes in structure (∆S). The sensitivity of 
both methods in detecting radiation-induced damage and their correspondence 
to clinical endpoints were compared. 

Results: Significant increases in ∆S were observed below 2.5 Gy, whereas 
increases in ∆mean were not observed until 22.5 Gy and 27.5 Gy at 6 and 24 weeks 
after radiotherapy respectively. Receiver-operating characteristic (ROC) analysis 
showed that ∆S method is more sensitive (area under curve (AUC)=0.925) than 
∆mean (AUC=0.675) in detecting radiation pneumonitis. This indicates that our 
novel method may be more sensitive than using density only. 

Conclusions: The novel CT analysis technique using information on tissue struc-
ture (∆S) is more sensitive than analysis based on mean lung density only. It may 
therefore be used to assess radiation-induced lung density changes, adding an 
important tool towards increased understanding radiation-induced lung toxicity 
in patients.  
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INTRODUCTION
Concurrent chemoradiotherapy is the cornerstone in the management of locally 
advanced non–small-cell lung cancer (NSCLC). Unfortunately, locoregional con-
trol using conventional doses remains poor (1). Dose escalation is expected to 
increase locoregional control (2), but is hampered by the risk of radiation pneu-
monitis and lung fibrosis. In order to estimate the risk of developing radiation-
induced lung toxicity (RILT), dose-volume parameters like V20 (the percentage 
of lung volume receiving ≥ 20 Gy) and mean lung dose (MLD) are routinely used 
(3). However, model performance in terms of the area under the curve (AUC) of a 
Receiver Operator Curve of these models is only 0.50-0.68, indicating a low pre-
dictive power (4). When these predictive models would be used to select patients 
for dose escalation, a proportion of patients may either be under-treated, as they 
would have tolerated a higher dose, or be over treated due to higher sensitivity. 
As such, the development of models to facilitate the identification of these sub-
populations is critical. 

Frequently used clinical end-points for RILT, such as dyspnea and use of cor-
ticosteroids, are subjective or non-specific. As a consequence, models based 
on these end-points, may have weak predictive power. Adding objective quan-
titative parameters, such as Computed Tomography (CT) may improve their 
performance.

Radiation-induced changes in the lung involve edema, parenchymal inflam-
mation, hyperinflation and parenchymal fibrosis (5). These may all lead to density 
changes as measured on CT-scans (6). Indeed, significant changes in CT den-
sity were observed three to six months after concurrent chemoradiotherapy for 
NSCLC (7). These density changes were most evident in regions receiving >30 Gy, 
with only minor density changes occurring at lower dose levels. Similarly, thresh-
old doses for radiation-induced density changes between 27 Gy (8) and 40 Gy 
have been reported. However,  dosimetric parameters such a V5-V13 are associ-
ated with the development of symptomatic pneumonitis (9) suggesting that there 
might be local radiation-induced injury to the lung within areas receiving these 
relatively low doses which could not adequately be detected.  Moreover, from 
pre-clinical studies it is known that, depending on the irradiated volume, a low 
dose may result in lung damage throughout the entire lung, including non-irradi-
ated regions (10, 11). As such, part of the damage, although involved in the devel-
opment of RILT, may not be detected using mean CT density changes. Therefore, 
more sensitive methods need to be developed for more accurate assessment of 
the radiation-induced damage to the lung tissue. Taking into account additional 
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information of the tissue structure, next to changes in mean lung density, may 
help to improve the sensitivity. As such, using a rat model a new method to 
assess CT-derived structural changes (∆S) of lung tissue was developed that 
incorporated next to mean lung density also the variation in the density (12, 13). 
Inclusion of this additional structural information in our rat model was shown to 
make the CT analysis more sensitive than the frequently used analyses based 
on mean density changes alone (12). Unlike the mean density alone (12-15), ∆S 
strongly correlated with loss of lung function and histopathological changes (12). 

The aim of this pilot-study was to further test the sensitivity of the ∆S method 
in detecting damage to the lung tissue in patients.

 

MATERIALS AND METHODS
Study Design: Patients with NSCLC (UICC stage II/IIIA/IIIB) or limited-disease 
small cell lung cancer (tumor confined to hemithorax without evidence of dis-
tant metastases or malignant pleural effusion) referred for radiotherapy or 
chemoradiotherapy were eligible. Diagnostic work-up included bronchoscopy 
with bronchoalveolar lavage and biopsy, 18F-FDG-PET/CT-scan and lung func-
tion testing. All tumours were pathologically confirmed by cytology or histology. 
Patients had to have a WHO performance score of 0-2 and a life-expectancy of at 
least 6 months. Radiotherapy was delivered according to the institutional proto-
col. Briefly, after acquisition of a planning 4D-CT-scan incorporating breathing 
motions, the target volume (primary tumour and pathological lymph nodes) was 
delineated. A margin of 0.5 cm for CTV and an additional margin of 0.6 cm for PTV 
were used. In the case of NSCLC, the radiation dose was 60 Gy/25fx with weekly 
low dose gemcitabine (300 mg/m2) after two induction courses of cisplatin and 
gemcitabine. Although this regimen is not according to ACCP/NCCN guidelines, 
it has been in use at our institution since 2003. SCLC patients were treated at 
a dose of 45 Gy/25fx concurrently with cisplatin and etoposide. Conventional 
3D-conformal radiotherapy or IMRT was delivered using a linear accelerator 
(Elekta). Constraints were V20<35% and MLD<20 Gy for the lungs and V35<65% 
for the esophagus. The study was approved by the local medical ethics commit-
tee and all patients gave written informed consent prior to treatment.

CT-scans were performed on a Siemens Somatom Sensation Open. Scans com-
prised of a deep inspiration breath-hold scan, enabling optimal quantification of 
lung density. Settings included a slice thickness of 1.5 mm, 1.5 mm inter-slice 
distance, 0.5 seconds rotation time, pitch 0.75, 512x512 pixels. CT-scans were 
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performed prior to the start of radiotherapy and at 6 and 24 weeks after comple-
tion of treatment. This time course covers acute radiation pneumonitis (6-26 weeks 
after treatment). To allow optimal image registration, patient position was identical 
on all time-points. In short, patients were positioned supine, with the arms placed 
in an elbow support above the head. The head was placed in retroflexion on a head 
base, and a knee support was used. No IV contrast agents were used. 

Deformable image registration: For comparison of the pre- and post- treatment 
CT scans and incorporation of the dose distribution data, CT data from different 
time-points were spatially aligned (for details see supplementary material). The 
control situation of each patient lung was defined based on the pre-treatment 
CT-scan, so that each patient served as its own control. Subsequently, to evalu-
ate the dose-effect relation in lung tissue, corresponding regions in the post- 
and pre-treatment images were aligned using deformable image registration 
implemented in Elastix (16), a tool for image registration. 

Quantification of local structural lung changes: Radiation induced-changes in 
the lung tissue were assessed locally (in 4.5x4.5x4.5 mm3 cubes) either by quan-
tifying local mean density (∆mean) or ∆S including changes in the structure. ΔS 
is a measurement of the difference in the structure of the lung tissue before and 
after treatment. For this Δmean and variation of the density (Δσ) in Hounsfield 
units (HU) were combined into one measure using the Mahalanobis distance 
method (Supplementary fig 3, (12)). In short, first the control situation for each 
individual patient was characterized by the variation or spread of the distribution 
of Δmean and Δσ in the pre-treatment scans. ΔS was subsequently determined 
by normalizing the deviation from the control situation (r) with the spread of the 
control situation (c): ΔS = r/c. The results from quantification of ∆S and ∆mean 
were compared to test their sensitivity in detecting radiation-induced damage at 
different time points after radiotherapy. Cubes consisting of more than 95% of 
voxels with low density (HU < -700) were assumed to be lung parenchyma and 
included in the analysis. Cubes inside the planning target volume (PTV) were 
excluded, to avoid inclusion of tumour tissue. Dose distributions were pooled at 
5 Gy intervals (i.e. 0-2.5 Gy, 2.5-7.5 Gy, …, 62.5-67.5 Gy). 

Quantification of the sensitivity of ∆mean and ∆S-based methods: To establish 
the detection threshold for the ∆Mean and ∆S methods, two pre-treatment deep-
inspiration breath-hold scans were performed in three patients, not included 
in the study. Subsequently, the pre-treatment scans were geometrically aligned 
and ∆Mean and ∆S methods were applied to the deformed scans. Local values of 
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∆Mean and ∆S maps (Fig. 1) were averaged inside the lungs. The values obtained 
from these 3 patients were subsequently averaged. Detection thresholds were 
defined as the mean plus two SD. Thresholds were 0.43±0.04 (HU) and 0.27±0.02 
for ∆Mean and ∆S, respectively. These were inserted in Fig. 3 and 4 as dotted lines. 
Secondly, radiation pneumonitis was scored for each patient at 6 weeks after the 
completion of radiation treatment, according to Southwest Oncology Group (SWOG) 
toxicity criteria. Grade 1 = radiographic changes only/symptoms, not requiring 
steroids, grade 2 = symptoms requiring steroids, grade 3 = symptoms requiring 
oxygen. Area under the receiver operating characteristic curve (ROC curves) was 
used to assess the correspondence of both methods with the SWOG criteria.

Statistics: To test whether the changes in ∆Mean and ∆S were statistically signif-
icant from the detection threshold, two-sided independent samples t-tests were 
performed. Calculations were performed using SPSS version 19.0. Statistical 
significance was set at p<0.05. 

RESULTS
Patient characteristics
Twenty patients were enrolled. Treatment parameters and patient characteris-
tics are shown in Table 1. Three patients refused further CT-scans after treat-
ment, in two patients the pre-treatment CT was lost, two patients died within 6 
weeks after completion and another four patients died 6-24 weeks after treat-
ment. As such, 13 CT scans were available at week 6, and 9 CT scans were avail-
able at 24 weeks after treatment. Patient #5 received palliative radiotherapy, 
consisting of 39 Gy/13 fx instead of the planned 60 Gy/25 fx because of a deterio-
rated general condition. 

Visual impression of ∆Mean and ∆S methods
Representative CT-scans made pre-treatment (deep inspiration) with the corre-
sponding dose-distribution on the planning-CT-scan of patient #4 are depicted in 
Fig. 2a. The post-treatment CT-scan (at 6 weeks) showed dense consolidation in 
the right lower lobe, suggestive of acute RILT, which was detected by both ∆Mean 
and ∆S quantification (Fig. 2b). However, as indicated by the red arrows, ∆S could 
detect structural changes that were not detected using ∆mean. At 24 weeks, the 
dense consolidation resolved, however, fibrosis developed according to the beam 
arrangement (Fig. 2c). 
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TABLE 1
Patient characteristics
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FIGURE 1 
Determination of the detection threshold.

Two deep inspiration CTs of the same patient (left panel) were registered using deformable image regis-

tration. Subsequently, the ∆S and ∆Mean methods were applied to the deformed image and the resultant 

maps are shown in the right panel.

FIGURE 2
Comparison of ∆S and ∆Mean in patient #4 at 6 and 24 weeks post-RT. 

CT-slices of the deep-inspiration scan made before(a), 6 (b) and 24 (c) weeks post-treatment along with 

the dose distribution superimposed on a 4D-CT-scan(a). Six weeks post-treatment, dense consolidation 

of lung tissue is observed suggestive of radiation pneumonitis(b) which resolved at 24 weeks but then 

fi brosis developed according to the beam arrangement(c).

A

C

B
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FIGURE 3 
The sensitivity of ∆Mean and ∆S methods were compared quantitatively regard-
ing to the detection threshold and irrespective of the given dose. 

In all patients ∆Mean and ∆S values were fi rst mapped on each other and for each position on the map 

the averages of values over the whole population of patients were plotted. This was shown with the error 

bars next to the detection thresholds at week 6 (a) and 24 post-treatment (b). The horizontal and vertical 

dotted lines: level of the detection threshold of the damage by ∆S and ∆Mean methods. 

Comparison of both methods
Next, the sensitivity of the two methods was compared quantitatively regarding 
to the detection threshold and irrespective of the given dose. For this purpose, in 
all patients ∆Mean and ∆S values were fi rst mapped on each other and for each 
position on the map the individual values of both were pooled into bins, and then 
the averages over the whole population of patients were plotted. Figure 3 shows 
the distribution of the averages of ∆Mean and ∆S values over the whole population 
of patients with the error bars next to the detection thresholds of both methods at 
week 6 (a) and 24 post-treatment (b). Unlike ∆Mean, all values of the ∆S method 
were above its detection threshold (horizontal dotted lines), indicating the higher 
sensitivity of the ∆S method, at week 6 (Fig. 3a) and week 24 (Fig. 3b), respectively. 

A B
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∆S method detects structural lung changes at no/low doses
To assess the sensitivity of the two methods with respect to dose, curves of ∆S and 
∆mean as a function of dose were generated for the entire population. Comparing 
changes in ∆S (Fig. 4a) with ∆Mean (Fig. 4b) at week 6 and regarding to their detec-
tion levels (dotted lines) it can be seen that ∆S is capable of assessing density 
changes at no/low dose levels (see in fi g 4a, *** p<0.001). Consistent to literature 
(7, 8, 17), in the same dose-range (0-7.5 Gy), changes in mean lung density are 
still below the detection threshold and only become statistically signifi cant above 
the detection threshold at 22.5 Gy (see in fi g 4b, * p<0.05). As such the ∆S method 
seems more sensitive and capable of detecting changes at lower dose levels. Also 
at 24 weeks, changes in ∆S were also already observed from 0 Gy (see in fi g 4a, ††† 
p<0.001), further increasing as a function of dose. In contrast, signifi cant changes 
in mean lung density could only be observed above 27.5 Gy (see in fi g 4b, † p<0.05). 
Below that dose, density changes remained below the detection threshold. In the 
highest dose bin (62.5-67.5 Gy) a steep rise or a fall in lung density was observed in 

FIGURE 4 
In contrast to Δmean, ΔS detects radiation-induced lung damage at no/low 
dose regions.

Dose response of ∆S(a) and ∆mean(b) were shown in the patient population at week 6 and 24 post-

radiotherapy. A clear steep dose-dependent increase of ∆S was observed. Regarding to the detection 

threshold of ∆S method (dotted line) the increase in ∆S is signifi cant starting already at 0-2.5 Gy regions 

at both time-points (***p<0.001 wk-6 and †††p<0.001 wk-24). Changes in ∆mean are observed above 

threshold at 7.5 Gy and 22.5 Gy, however they are not statistically signifi cant above 22.5 Gy (*p<0.05) and 

27.5 Gy (†p<0.05) at week 6 and 24 respectively. Data are presented as mean±SEM. Dotted lines: detec-

tion threshold of the damage. 

A B
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some patients. This decrease in lung density may be explained by the fact that in 
some cases a ‘halo’ of less damage was observed around the tumour, as observed 
earlier (8). Similar results were found at 24 weeks after radiation although to a 
lesser extent (Fig. 4a and b). 

∆S method is more sensitive and specific in detecting lung tissue damage
To have an objective measure for assessment of lung tissue damage which could 
substitute the subjective assessment by physicians and be used in building more 
accurate normal tissue complication probability (NTCP) models, the detected 
damage by ∆S method needs to be related to clinical assessment of lung dam-
age and radiation pneumonitis. For this, ROC curve analysis was performed. The 
analysis showed that the ∆S method is more sensitive and specific than ∆Mean 
method in detecting clinical assessment of lung tissue damage (SWOG radiation 
pneumonitis scoring, grade 1 and higher) at week 6 after radiotherapy with area 
under the curve of 0.925 vs 0.675 (Table 2, and Supplementary Figure 4). 

In summary, in our small population of patients ∆S method seems more sen-
sitive to detect lung tissue damage in the lungs when compared to the ∆Mean 
method. This higher sensitivity may enable ∆S method to detect radiation pneu-
monitis better than the ∆Mean method. This however should be tested in larger 
cohort of patients.

TABLE2
∆S method detects lung tissue damage more accurately than Δmean.

TEST VARIABLE(S) AUC 
95% CONFIDENCE INTERVAL 

Lower Bound Upper Bound 

∆S 0,925 0,781 1 

∆Mean 0,675 0,37 0,98 

Detected lung damage was related to radiation pneumonitis SWOG grade 1 or higher. Area Under the 

Curve (AUC) for ∆S method is 0.925 compared to 0.675 for ∆mean. 
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DISCUSSION
New developments in radiotherapy such as intensity modulated radiotherapy 
(IMRT) result in the deposition of a low dose to a large volume of normal lung tis-
sue. Until now, imaging techniques such as CT-based lung density changes have 
been unable to non-invasively show changes in the lungs in the low dose regions 
(≤ 27-40 Gy) (7, 8, 17) due to a lack in sensitivity.

Similarly, also in our study with comparable range of changes in mean lung 
density (7, 18), we did not observe significant changes in mean lung density below 
22.5 and 27.5 Gy at week 6 and 24 respectively. Our new ∆S method incorporating 
both changes in mean density and standard deviation of the density, was however 
capable of demonstrating structural changes in the lung throughout the entire 
lung, including regions receiving no/negligible dose. Interestingly, in a preclinical 
study it was recently reported that lung function is substantially compromised at 
very low doses if scattered over a large volume (11). Moreover, the observation 
of out-of-field effects (10, 19), lead to the hypothesis that RILT may be a general-
ized lung disease, originating at the site of injury and then spreading throughout 
the lungs, rather than damage in the irradiated lung tissue only. Although it is 
impossible to conclusively verify these observations in humans, using the ∆S 
method, in this small population of patients, seemed to be able to detect struc-
tural changes in the lung in areas where no dose was deposited. A more thor-
ough investigation using the ∆S method in combination with e.g. perfusion scans 
and pulmonary functions tests in patients with a wide range of different dose 
distributions in the lung may shed some light on this.

Previously, it was shown in a preclinical model that ∆S is representative of 
radiation-induced morphological lung tissue damage (12). Moreover, in contrast 
to routinely used mean density changes that have weak correlations to pulmo-
nary function (15, 18, 20), ∆S correlated well with changes in respiratory rate in 
rats (12) as well as radiation pneumonitis in patients (present study). Noting that 
the range of mean density changes in our ∆mean method is comparable with 
previous studies (7, 18), this suggests that the ∆S method acquires more accu-
rate information from CT scans than currently used methods. More sensitive 
tools such as ∆S method may enable more accurate assessment of the relation 
between dose distribution and the resultant lung tissue damage and clinical end-
point (e.g. dyspnea). Inclusion of this information in the development of predictive 
models for the risk of RILT may improve their prediction power. First, however, 
the correlation of ∆S to radiation pneumonitis needs to be confirmed in a larger 
cohort of patients. 
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Still, there are some shortcomings of studies involving imaging techniques, 
pre- and post (chemo)radiotherapy, such as uncertainties in image deformation 
and registration procedures. We, however, tried to overcome these uncertain-
ties by improving the registration procedure (see supplementary material for 
details). The use of a deep inspiration protocol only for density measurements 
may seem to hamper adequate spatial translation of the dose deposited, how-
ever, the deep-inspiration protocol enabled an improved registration procedure, 
outweighing the potential drawbacks. Despite these factors, after comparison of 
the two methods, a difference in sensitivity could still be observed.

In conclusion, we showed that large inter-individual variation in lung density 
changes occur after (chemo)radiotherapy. In this small population of patients, 
our highly sensitive ∆S method outperformed currently-used methods based on 
changes in mean lung density since it seems to be more sensitive in detecting 
changes in the lung at low doses. Therefore, our novel method may be an impor-
tant tool for the accurate and objective assessment of radiation-induced lung 
damage. 
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SUPPLEMENTARY MATERIAL

REGISTRATION PROCEDURE AND SETTINGS
Evaluating the effect of irradiation on lung tissue in corresponding regions 
requires registration of two CT images (e.g. Pre- and Post-treatment scans). The 
moving image IM(x) is deformed so that it is spatially aligned to the other image, 
the fixed image IF(x) (Supplementary Fig 1.). The goal of the registration pro-
cess is to find a deformation field u(x) so that IM(x) is spatially aligned with IF(x + 
u(x)). Corresponding points xF and xM are found in the two images. The similarity 
between the two images, expressed by a metric M, is used to find u. 

In this work an intensity-based deformable registration technique is used, which 
parameterizes the deformation field using B-splines and mutual information (MI) 
as metric.

The registration of the images is performed in two steps. First a translation trans-
formation is used to align the images globally to provide a good starting point for 
the next step. In the second step a locally deformable transformation defined by 
B-splines is determined. In both registration steps MI was used as the metric and 
stochastic gradient descent (SGD) method as optimizer.The B-spline coefficients 
are defined on the points of a grid placed over the image (Supplementary Fig 2.). 
The displacement of a point in the image is determined by interpolation using the 
coefficients. A useful feature of B-splines is that the displacement at a point is only 
determined by the closest grid points. The number of grid points needed depends 
on the order of the B-spline used (3 in this work). This allows for local deformations 
and efficient calculation of the metric during optimization. The spacing between 
the grid points determines the scale at which deformations can be recovered dur-
ing registration. A grid spacing of less than 40 mm is required to model deforma-
tions in the lung. In this work a grid spacing of approximately 20 mm was used.

EVALUATION OF REGISTRATION 

Local accuracy
The resolution at which local effects can be determined depends on the local 
accuracy of the registrations. We therefore estimated the spatial error in the 
registration procedure by using the local accuracy method inspired by the work 
of Berlinger et al. (1).  This method works by adding a rigid registration on small 
subvolumes to the whole-lung deformable registration. The additional displace-
ment in the rigid registration gives an indication of the registration error in the 
deformable registration.
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Region of Interests (ROIs) inside the lung tissue were selected in the fixed image 
and then registered in a larger ROI in the (already) registered image, allowing room 
to translate the smaller ROI. Subsequently for each ROI in the fixed image the norm 
of the translation (T) which represents the local accuracy was recorded. Local 
accuracy of the registration was 0.66±0.48 mm (2). Registration-parameter values 
influence registration precision. Registration precision with average displacement 
distance of points inside the lung tissue in the range of 1.34-1.40 mm was achieved 
by setting most optimum sets of registration-parameters such as number of sam-
ples, grid size, number of iterations and step size in the previous study (2). 

Quantification of local structural changes
ΔS is a measurement of the difference in the structure of the lung tissue before 
and after treatment. For this, mean density change (Δμ) and variation of the den-
sity (Δσ) in Hounsfield units (HU) were combined into one measure using the 
Mahalanobis distance method ((3), Supplementary figure 3). 

In details, since the structure of the lung tissue is not homogeneous, Δμ and Δσ 
of the density (HU) was calculated in small cubes (6 x 6 x 3 voxels = 4.5 x 4.5 
x 4.5 mm3) of the lung. Cubes that consisted for more than 95% of voxels with 
low density (< -700 HU) were assumed to be lung parenchyma and included in 
the analysis. Since lung structure may have been affected by the tumor, cubes 
inside the planning target volume (PTV) were excluded. By definition according 
to Mahalanobis distance method, structural 
change (ΔS) expresses the change of the mean 
and standard deviation of the density (HU) from 
a control situation.

Control situation was defined in pre-treatment 
CT scan for each patient separately. The con-
trol situation was characterized by the variation 
or spread of the distribution of local mean and 
standard deviation. This spread can be visu-
alized as an ellipse (Supplementary figure 3). 
Subsequently after defining the control situation 
the local structural change (ΔS) is determined 
by normalizing the deviation from the control 
situation (the center of the ellipse: r) with the 
spread of the control situation (c): ΔS = r/c (Supp 
figure 3). Details can be found  in (2)

SUPP FIGURE 1 
Registration procedure.
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SUPP FIGURE 3
Quantifi cation of local structural changes.

SUPP FIGURE 2
Registration procedure.

The movement of the point in black is determined 

by the grid points inside the dashed rectangle.

Local structural changes (∆S) is quantifi ed by combining the information on the local mean density 

changes (∆µ) with the variation of the density (expressed by changes in the local standard deviation of 

the density (∆σ)).

SUPP FIGURE 4
ROC analysis.

ROC analysis of SWOG pneumonitis grade 1 and higher 

in ∆S and ∆mean methods at week 6 after radiother-

apy showing an area under the curve of 0.925 vs 0.675.
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CHAPTER 06 
The effects of gemcitabine 

on radiation-induced lung toxicity 
in a rat model 
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ABSTRACT
Purpose: The standard treatment for locally advanced non-small-cell lung can-
cer (NSCLC) is concurrent chemoradiotherapy, albeit resulting in poor local 
control and survival. Concurrent use of radiation with radiosensitizing agents, 
such as gemcitabine, may improve outcome. However, radiosensitization may 
also affect normal lung cells and enhance the probability of developing radia-
tion induced lung toxicity (RILT). The aim of this study was to investigate whether 
gemcitabine pre-treatment affects the development of RILT in rats.   

Methods and Materials: Wistar rats were irradiated with 150 MeV protons 
to involve 100% or the lateral 50% of the lung. The response of rats receiving a 
radiosensitizing dose of gemcitabine (150 mg/kg) 24 hours prior to irradiation was 
compared to that of sham treated animals. Signs of RILT were assessed through 
bi-weekly breathing frequency measurements, CT-based density changes (week 8 
and 26) and the relative mRNA expression of TGF-ϐ, TNF-α, IL-1 and IL-6 (week 8).   

Results: 100% lung irradiation with gemcitabine pre-treatment did not affect 
the development of RILT on all end-points investigated. Surprisingly, after 50% 
lateral lung irradiation, gemcitabine attenuated RILT, as indicated by reduced 
loss of lung function, less CT-based density changes and a lower IL-6 mRNA 
expression.  

Conclusions: In our rat-model, gemcitabine does not aggravate radiation induced 
lung toxicity. Therefore, gemcitabine based concurrent chemoradiotherapy 
schedules deserve further investigation in a clinical setting,  
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INTRODUCTION
Local control in patients with locally advanced lung cancer treated with con-
current chemoradiotherapy remains poor. The introduction of newly developed 
‘third generation’ chemotherapy agents, such as gemcitabine, may be of clini-
cal benefit in this setting. Gemcitabine (2’, 2’-difluorodeoxycytidine) is a nucleo-
side analogue with well-known cytotoxic activity in a variety of tumors including 
NSCLC, showing overall response rates ranging from 63% to 88% (1). Next to 
a cytotoxic action, gemcitabine has also proven to be a potent radiosensitizer. 
In pre-clinical studies, gemcitabine exhibits radio-sensitizing effects up to 72 
hours after treatment (2,3). Mechanisms suggested to be involved are depletion 
of dATP pools (4), redistribution of cells into the S-phase (5) and interference with 
homologous recombination (6). 

Although radiosensitization of clonogenic tumor cells by gemcitabine seems 
attractive, sensitization of normal tissues may occur proportionally. Indeed, 
cytotoxic doses of gemcitabine 1000 mg/m2 concurrently with radiotherapy (60 
Gy), resulted in excessive pulmonary toxicity (75%) and treatment related deaths 
(38%) (7) in patients with advanced lung cancer. Since then, doses of gemcitabine 
were reduced to weekly doses of 75-450 mg/m2 (8-18). Even at these doses, 
when combined with radiotherapy (60-74 Gy), grade 3-5 pneumonitis could still 
be observed in up to 32% of the patients (17, 18). 

However, mechanisms underlying the increased incidence of pulmonary com-
plications remain unknown. Interestingly, also patients receiving gemcitabine 
alone may develop pneumonitis, characterized by capillary leakage and activa-
tion of lymphocytes and alveolar macrophages (19), resembling the pathogen-
esis of radiation induced lung toxicity (RILT) (20-23). Therefore, an additive or 
even synergistic effect of gemcitabine seems plausible. To investigate the effects 
of gemcitabine on the development of RILT, pre-clinical studies were performed, 
yielding inconsistent results. Gemcitabine treatment before thoracic irradiation 
only resulted in a minimal effect on the LD50 in C3H mice (24), although it clearly 
increased and advanced the expression of TNF-α, IL-1α and IL-6 in another mouse 
model, the C57Bl/6J mice (25) suggesting an enhanced inflammatory response. 

Therefore, the aim of the present study was to investigate the effects of gem-
citabine on the development of RILT in our rat model using particle irradiation. 
Use of such a model has several advantages compared with a clinical study. 
First, next to in vivo end-points such as lung function, cytokine expression and 
CT-based structural changes, known to correlate with the histological signs of 
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both early inflammation and late fibrosis (26) can be assessed. More impor-
tantly, high-precision proton irradiation of the rat lung is used. This enables 
the very accurate irradiation of well-defined sub-volumes of the lung, facilitat-
ing the investigation of the impact of gemcitabine administration on separate 
mechanisms occurring at different dose levels/irradiated volumes, i.e. inflam-
matory vascular damage (large volume, low dose), parenchymal damage (small 
volume, high dose), and later-occurring fibrosis (20-23). As such, the effect of 
gemcitabine on these three mechanisms can be examined in the same rat strain.  
 

METHODS AND MATERIALS
STUDY DESIGN AND IRRADIATION PROCEDURE 
Adult male albino Wistar rats (n=269, Hsd/Cpb:WU strain) were used. Based on 
the superior physical properties of protons compared to photons and the fact 
that the response of rat lung to proton irradiation is equivalent to that of pho-
ton irradiation (21,22), proton irradiation was used. Lung volumes were irradi-
ated (single fraction) with 150-MeV protons from the cyclotron at the Kernfysisch 
Versneller Instituut, Groningen, as previously described (20,27). A very well 
demarcated dose distribution is obtained (20–80% penumbra of 0.7–1.2 mm) by 
using the high-energy plateau of the dose–depth curve instead of the Bragg peak 
necessary to irradiate sub-volumes in rat organs with well-defined dose distri-
butions. For collimation, 45-mm thick brass collimators were used, resulting 
in conformal radiation beams for 100% (Figure 1) and 50% lateral lung irradia-
tion (Figure 1). Using this technique, scattered dose from the shield proofed too 
low to provoke a histological response in shielded tissue (20). Prior to irradi-
ation rats were anesthetized with an i.p. injection of Rompun (Xylazine; Bayer 
AG, Leverkusen, Germany) plus Ketalar (S-ketamine; Pfizer BV, Capelle aan de 
IJssel, The Netherlands) and placed in a holder hanging on a positioning rod by 
their upper incisors. Dose to the heart was kept below the level where it could 
influence RILT (28).

 Dose-response curves were constructed for overall lung function and CT-based 
structural changes. Dose ranged from 9.4-13.8 Gy for 100% lung irradiation and 
from 15-22 Gy for 50% lateral irradiation. Doses of 13 Gy and 20 Gy were used 
for RT-PCR for 100%  and 50% lateral irradiation, respectively. These doses 
and volumes were chosen based on previous experiments (20-23) to specifically 
investigate the effects of gemcitabine on inflammatory vascular damage (100% 
irradiation, 13 Gy) and parenchymal damage (50% lateral irradiation, 20 Gy). 
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 The Groningen University Animal Welfare Committee approved all ani-
mal procedures, and the experiments were performed in agreement with The 
Netherlands Experiments on Animals Act (1977) and the European Convention 
for the Protection of Vertebrate Animals Used for Experimental Purposes 
(Strasbourg, 18.III.1986).

GEMCITABINE PRE-TREATMENT
Gemcitabine induced radiosensitization has been observed in rats bearing undif-
ferentiated lung tumours at a dose of 30 mg/kg, with enhancement ratios vary-
ing from 1.23-1.37 (29). Besides a small effect on weight loss, no other toxicities 
were observed (29). Based on earlier studies investigating the effects of gem-
citabine on radiation induced lung toxicity (24,25) a dose of 150 mg/kg was cho-
sen. Gemcitabine was dissolved in 0.9% NaCl to a concentration of 40 mg/ml and 
was prepared freshly on the day of administration. Rats were treated 24 hours 
prior to irradiation by means of an i.p. injection. At this time-point maximum 
radiosensitization has been observed in animals (3). Sham-pre-treated animals 
received radiation only. Prior to the start of the study, the potential toxicity of a 
single dose of 150 mg/kg gemcitabine was tested. No effects on lung function or 
weight of the animals could be observed (data not shown). Therefore the tested 
dose was considered safe.

CT-BASED STRUCTURAL CHANGES
Based on CT imaging (pixel size = 0.37 × 0.37 mm2, slice thickness = 1 mm) 
density changes were assessed locally using our recently developed method ΔS 
(26). In short, this method incorporates local mean and local standard deviation 
of the density for each 1-mm3 sub-volume. Rats were scanned after irradiation 

FIGURE 1

Coronal views of the radiation portals used in the study. 100% lung irradiation (left), including the heart, 

and 50% lateral irradiation (right) excluding the heart. White area indicates shielded tissues.

Schematic overview of the radiation portals. 

100%  50% lateral 100%  50% lateral 
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at 8 weeks at the peak of the inflammatory phase and at 26 weeks at the peak 
of the fibrotic phase. At these time-points, CT-based density changes proofed to 
correlate well with histological signs of radiation induced lung damage (26). Data 
are presented as the mean of local density changes in the entire lung 

BREATHING RATE ASSAY
To assess global lung function, breathing rate (BR) was measured bi-weekly 
after radiation (21). Dose-response curves were constructed for overall lung 
function (n=6-7 for each dose level) at week 8. Next, the mean increases of the 
BR in the period of week 4–12 and 16-28 with respect to the mean in week 0-2 
were determined for each animal individually and averaged per group. To distin-
guish between responding and non-responding animals, response was defined 
as an increase in mean BR of 20 breaths per minute, representing a significantly 
higher increase than observed in controls. For this endpoint NTCP curves were 
constructed and ED50 values were assessed.

Q-PCR
Doses of 13 Gy and 20 Gy were used for 100% (n=4) and 50% lateral (n=3) lung 
irradiation, respectively. Rat lungs were removed 8 weeks after irradiation and in 
case of 50% lateral irradiation and carefully separated in irradiated and unirradi-
ated parts. mRNA was isolated from cubic tissue sections (snap frozen in liquid 
nitrogen) of no more than 1 mm3 each (< 30 mg) using the RNeasy® Plus Mini Kit 
(Qiagen Mississauga, Ontario, Canada) according the manufacturers protocol, 
as previously described (20). ϐ-actin levels were used for normalization because 
its expression levels were not altered by radiation (data not shown). Data are 
expressed as relative mRNA expression, with values of unirradiated controls 
(n=5) set at 1.0. 

STATISTICS
Statistical significance was determined using a two-sided independent samples 
t-test for ∆S and cytokine expression. Calculations were performed using SPSS 
version 16.0. Statistical significance was set at p<0.05. 

RESULTS
EFFECT OF GEMCITABINE PRE-TREATMENT AFTER 100% LUNG IRRADIATION
Previous findings from our own laboratory have shown that loss of lung function 
after irradiation of a large lung volume with a low dose results primarily from 
vascular damage (22). To test the effect of gemcitabine on this type of damage, 
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rat lungs were irradiated to 100% lung (including the heart) with doses ranging 
from 9.4-13.8 Gy. 

First, as a measure of overall lung function the breathing rate (BR) was 
assessed bi-weekly after irradiation. As expected, a dose-dependent increase 
in BR was observed 8 weeks after irradiation (Figure 2A). Pre-irradiation treat-
ment with gemcitabine did not affect BR. The ED50 was 12.0 Gy (95% confidence 
interval 11.1-14.5 Gy) after irradiation alone, which was the same as we observed 
after previous photon (20-23) and was not different from the ED50 after gem-
citabine pre-treatment (12.4 Gy, 95% confidence interval 11.8-13.1 Gy) (Figure 2B). 
To assess radiation induced lung density changes, CT-scans at 8 weeks after 
irradiation were performed. Lung density was analyzed using our newly devel-
oped method (26), incorporating local mean and local standard deviation of the 
density for each 1-mm3 sub-volume. This method has shown to correlate with 
histological signs of both early inflammation and late fibrosis (26). As expect-
ed, from previous experiments (26) the ∆S method did not show clear density 
changes. In concordance with lung function, gemcitabine did also not affect lung 
density changes (Figure 2C) at this time-point. 

Since the development of radiation pneumonitis is often represented by the 
expression of pro-inflammatory cytokines (20,25,30) Q-PCR was performed 
on tissue obtained 8 weeks after irradiation. Compared to controls, only a 
slight increase occurred (up to 4.0 fold induction) in all cytokines (Figure 2D) 

FIGURE 2 A - D
Effects of gemcitabine, 8 weeks after 100% lung irradiation.

A
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and gemcitabine pre-treatment did not induce a significant difference as com-
pared to radiation only. Histological signs of vascular damage were assessed 
as recently published (20), but also here no changes were observed (data not 
shown). Although 100% lung irradiation elicited a clear response on lung func-
tion as previously observed (20) no effect of gemcitabine pre-treatment on any of 
the measured parameters was observed in the present study. 

EFFECT OF GEMCITABINE PRE-TREATMENT AFTER 50% LATERAL IRRADIATION
Next, we investigated the effect of gemcitabine pre-treatment on the develop-
ment of RILT after 50% lateral irradiation. As shown before, irradiation of 50% 
volume with a high dose is known to induce mainly parenchymal damage, where-
as vascular damage is less pronounced (22).

 
Similar to 100% lung irradiation, a radiation dose dependent increase of breath-

ing rate (BR) was observed. Surprisingly, gemcitabine tempered the increase in 
BR after 50% lateral radiation (Figure 3A). Indeed the ED50 increased from 19.2 
Gy (95% confidence interval 18.4-20.2 Gy) to 23.2 Gy (95% confidence interval 
21.4-25.1 Gy) after gemcitabine (Figure 3B). 

To investigate whether the attenuation of lung function loss after partial lung 
irradiation and gemcitabine could be explained by a reduction in early inflamma-
tory phase related density changes, CT-scans at 8 weeks after irradiation were 
analyzed. ∆S-maps, visualizing changes in local mean and local standard devia-
tion of the density for each 1-mm3 sub-volume that represent the parenchymal 
response (26) were constructed. Representative ∆S-maps of rats treated with 
lateral 50% irradiation with and without gemcitabine are shown in Figure 3C. 
The observed decline in lung function coincided with an increase in ∆S at week 8 
(Figure 3D). Density changes after gemcitabine pre-treatment were significantly 
less severe (p<0.05), also suggesting a protective effect of gemcitabine on paren-
chymal damage after 50% lateral irradiation (Figure 3D). 

In addition, we tested whether the protective effect of gemcitabine observed in 
the in vivo measurements may be reflected by a reduced induction of cytokines at 
week 8. As compared to 100% lung irradiation (Figure 2C), a pronounced expres-
sion of IL-6 was observed (19.7 fold induction, as compared to controls) (Figure 3E), 
which is consistent with previous data from our laboratory, showing that the induc-
tion of IL-6 is primarily dependent on radiation dose (20). Indeed also the expres-
sion of IL-6 was reduced after gemcitabine (p<0.05) (Figure 3E), which may indicate 
tempered parenchymal damage. 
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FIGURE 3 A - E
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Histological signs of parenchymal damage were assessed as recently published 
(20). Contrary to after 100% lung irradiation, parenchymal damage and early fi bro-
sis were observed. However, no clear changes were observed after gemcitabine 
treatment (data not shown).

OUT OF FIELD EFFECTS
Since signs of radiation induced lung damage may also occur in shielded lung 
regions (20), we next analyzed the effect of gemcitabine on the shielded lung 
tissue, by means of cytokine expression. As expected, (20) even after highly 
accurate proton irradiation avoiding radiation dose in the shielded lung parts, 
cytokine expression was still present. This induction was less intense than in 
irradiated lung tissue (Figure 4) refl ecting similar changes in irradiated part of 
the lungs just at lower levels. This supports our previous fi nding that RILT does 
not only dependent on local tissue damage (20). The reduction in IL-6 after gem-
citabine was just not signifi cant. As demonstrated earlier (20), IL-6 expression 
in shielded lung parts after lateral irradiation was even higher as was observed 
after 100% lung irradiation. This suggests that in shielded lung parts, cytokine 
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Red indicates radiation only, blue radiation with gemcitabine pre-irradiation. Albeit to a lesser extent 

as in irradiated lung tissue increased cytokine expression was also observed in shielded lung tissue at 

week 8. However, pre-treatment with gemcitabine did not increase this. Data points depict mean ± SEM.

FIGURE 4
Effects of gemcitabine on out-of-fi eld effects 8 weeks after 50% lateral lung 
irradiation.
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expression is not directly induced by the radiation dose itself, but rather by circu-
lating inflammatory cells, that have spread to shielded areas. RILT may therefore 
be described as a systemic lung disease (20).

LATE EFFECTS
It is known that irradiation of a small volume to a high dose may result in the devel-
opment of late fibrosis (20-23). Whereas at 26 weeks after 100% irradiation BR only 
showed minimal changes as compared to baseline (data not shown), suggestive of 
mild fibrosis, 50% lung irradiation resulted in a dose-dependent increase in BR. 
Moreover, the protective effect of gemcitabine on BR was still observed 26 weeks 
after treatment (Figure 5A), reflected in an increased ED50 of irradiation and gem-
citabine of 17.8 Gy (95% confidence interval 17.0-18.5) as compared to 16.0 Gy (95% 
confidence interval 14.0-16.9 Gy) after irradiation alone (Figure 5B). For ∆S, indica-
tive for fibrosis at this phase (26), a dose dependent increase was observed, which 
was also slightly less severe after gemcitabine pre-treatment, indicating that the 
protective effect of gemcitabine seemed to persist (Figure 5C). 

DISCUSSION
Combined use of gemcitabine and thoracic radiotherapy has been frequently asso-
ciated with excessive pulmonary toxicity (7-18), withholding clinicians to use gem-
citabine concurrently with radiotherapy for lung cancer. However, the interaction 
between gemcitabine and irradiation of lung tissue is not well understood as con-
flicting data have been reported on the effects of gemcitabine on radiation-induced 
lung toxicity (RILT) in pre-clinical models (24,25). Potentially these differences may 
have resulted from differences in intrinsic radiation sensitivity of mouse strains 
used (31) and the mechanisms involved in the pathogenesis of RILT (20-23). 

Gemcitabine did not increase radiation-induced lung function loss, density 
changes and cytokine expression after 100% lung irradiation. Since, at this irra-
diated lung volume, vascular damage appears to be the main mechanism for 
RILT (20,22) gemcitabine does not seem to affect this. Secondly, the absence of 
increased toxicity may also be due to under dosing of gemcitabine. We used a 
dose that has been shown to induce lung damage in other animal models, but 
this may not be high enough for the infliction of damage in patients.

Surprisingly, a protective effect was observed after 50% lateral irradiation, 
both at 8 and 26 weeks after irradiation, with respect to lung function, CT-based 
structural changes and IL-6 expression. However, in another study (25), using 
fibrosis prone C57BL/6J mice, increased expression of pro-inflammatory 
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cytokines as observed after combined thorax irradiation and gemcitabine, with 
a maximum effect seen already at one week but without a significant enhancing 
effect four weeks after treatment. Unfortunately, in that study cytokine expres-
sion during the course of radiation pneumonitis or fibrosis (i.e. 6-24 weeks after 
irradiation) nor lung function were investigated. It may be that the initial increase 
in cytokine expression observed by Rube (25) may not have resulted in increased 
clinical relevant signs of RILT at later time-points. 

IL-6 is an important mediator of the inflammatory response and it is synthe-
sized by a variety of cells including alveolar macrophages, lung fibroblasts and 
T lymphocytes. In a recent study we have demonstrated that IL-6 expression 
increased both in the irradiated and shielded regions (20). Also in the current 
study, up-regulation of IL-6 was observed in shielded lung tissue, which was also 
decreased after gemcitabine treatment. Finally, it has been shown that high-
er levels of IL-6 are associated with an increased risk of radiation pneumonitis 
in the clinic (32). Of interest is the clinical finding that a decrease in the total 
lymphocyte count from 6 to 24 h post gemcitabine infusion was found (33) sug-
gesting that immunomodulatory effects may occur after gemcitabine infusion, 
possibly explaining the observed protective effect. Interestingly, some degree 
normal tissues protection has been observed earlier dependent on the treat-
ment schedule, gemcitabine dosage and the end-point investigated, as reviewed 
earlier (29). Finally, it should be mentioned that excessive toxicity observed after 
concurrent use of gemcitabine and radiation may not always be directly relat-
ed to gemcitabine. In one of the referred studies, radiation was given based on 
2D-treatment. Consequently, the mean lung dose (MLD), which is routinely used 
to estimate the risk of developing radiation pneumonitis could not be calculat-
ed and may have been very high in these patients (33). In another study using 
concurrent gemcitabine and radiation (16), patients were treated at a V20 (the 
volume of the lungs receiving  ≥ 20 Gy) around 40%. These values are generally 
not accepted in daily practice, as the chance of developing RILT will be very high, 
even without concurrent use of gemcitabine. Therefore, a careful reassessment 
of the gemcitabine dose needed to result in tumor radiosensitization in relation 
to the inflicted toxicity, and potentially even normal tissue protection should be 
performed to find the most optimal combination with the largest therapeutic ratio.

In conclusion, in our rat model, using single dose gemcitabine and proton 
irradiation, no increased lung tissue damage or loss of lung function after gem-
citabine administration was observed. However, the concurrent use of gem-
citabine and radiotherapy in a clinical setting, using conventional fractionation 
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schedules should be further investigated, with accurately described dose-vol-
ume parameters and toxicity scores.
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1.   PREDICTION OF RADIATION INDUCED LUNG TOXICITY
Improving the outcome of patients with locally advanced NSCLC is challenging. 
Concurrent use of chemotherapy with radiation has resulted in increased local 
control and survival. Although radiation dose escalation seems to increase sur-
vival in non-randomized studies, results from the phase III randomized RTOG-
0617 trial, comparing high-dose (74 Gy (IMRT)), with standard-dose (60 Gy (IMRT)) 
chemoradiotherapy showed that overall survival was worse in the high-dose 
arm, which may be due to normal tissue complications. Developing new models 
to better predict radiation induced lung toxicity (RILT) allows better selection of 
patients who will tolerate treatment intensification. Secondly, modulating nor-
mal tissue sensitivity, or even reversing radiation-induced side effects will also 
increase the therapeutic window. These subjects were addressed in this thesis.   

1.1  REGIONAL DIFFERENCES IN RADIOSENSITIVITY AND HEART-LUNG 
    INTERACTION.
Since the risk of RILT increases with the irradiated volume (1-3) several dose vol-
ume parameters are used to predict the risk of radiation pneumonitis (4). One 
major disadvantage of these parameters is that spatial location of the deposit-
ed dose is discarded. Inclusion of spatial information in predictive models may 
improve their predictive power. This is of importance since studies by Travis et 
al. (5-7) have shown that the base of the mouse lung seems more sensitive to 
radiation than the apex of the lung, indicating that lung damage may not be purely 
proportional to the volume irradiated. In Chapter 4, we described the results of 
our study on regional differences in rats comparing breathing frequency and CT 
based density measurements. No difference was observed between the apex and 
base of the lung. However, we did observe a more pronounced decrease in overall 
lung function after 50% left lung volume irradiation (see Chapter 4 for images 
of radiation portals). Thus, in our study irradiation of the left lung appeared to 
have the most significant impact on lung function. At that time, we hypothesized 
that inclusion of (part of) the heart in the 50% left radiation portal had resulted in 
radiation-induced damage to the heart and might have contributed to the loss of 
lung function. Indeed, a few years later, Van Luijk et al. (8) confirmed that the tol-
erance dose for early lung function damage depended not only on the lung region 
irradiated, but also depended on concomitant irradiation of the heart. For the 
first time, it was shown that the radiation response of an organ did not necessar-
ily depend on the dose distribution in that organ alone (8). It was found that the 
impact of the dose to the heart depended strongly on the irradiated lung volume 
and that the gain of sparing the heart increased steeply for decreasing irradiated 
volumes (9). Moreover, it was recently published that in lung cancer patients, that 
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heart related dosimetric variables correlated with RP and were more significant 
than lung dosimetric parameters or clinical factors (10). Based on these data, 
incorporating cardiac radiation dose-volume parameters in an existing predictive 
model may offer new opportunities to improve its accuracy, but this remains to 
be determined in well-designed and adequately powered prospective observa-
tional studies. In the recently published QUANTEC data on dose–volume effects 
in the heart (11), no clear recommendations on heart dose constrains were given. 
It was only stated that the patient situation and probability of tumor control should 
always be considered. Moreover, the authors concluded that delineation protocols 
on heart contouring should become available, with an emphasis on the delinea-
tion of cardiac sub-volumes such as the left- and right ventricle and coronary 
arteries. Newer imaging tools, such as magnetic resonance imaging, may be 
helpful to identify cardiac sub regions (see section 1.5) to gain further insight into 
the interaction between radiation induced lung and heart damage. 

1.2  CYTOKINES
Another not routinely assessed potential predictive factor is a patient’s spe-
cific cytokine profile pre-, during- and post-treatment. Cytokines are proteins 
released by cells upon radiation exposure and modulate cell interaction and 
behavior. Several inflammatory and pro-fibrotic cytokines are involved in the 
development of radiation-induced lung damage. Ideally, up-regulation of cyto-
kines precedes the onset of radiation-induced toxicity and thus can be used as 
a predictor for toxicity. In Chapter 6 we showed that eight weeks after partial 
lung irradiation, expression levels of IL-6, TNF-α, and to a lesser extent TGFϐ-1 
increased. Recent data from our laboratory (12) confirms that after partial lung 
irradiation expression of IL-6, TGFϐ-1 and TNF-α substantially increases. IL-6 
was the only cytokine that showed a clear dose dependent increase after 50% 
lung volume irradiation. Indeed, IL-6 is an important mediator of the inflamma-
tory response and it is synthesized by a variety of cells including alveolar macro-
phages, lung fibroblasts and T lymphocytes (13). However, injection with mono-
clonal IL-6 receptor antibodies could not reduce radiation-induced lung injury in 
mice (14), in contrast to neutralizing TGFϐ-1 antibody (15) and TGFϐ1-receptor 
gene therapy (16-19). Interestingly, as shown in Chapter 6 and in our recent study 
(12), out-of-field effects were observed with respect to cytokine expression and 
histological damage particularly for radiation induced vascular damage. This 
indicates that the pathogenesis of RILT may not be based on local damage alone 
and that models predicting the risk of RILT may be improved when out-of-field-
effects are accounted for. Sophisticated imaging techniques, such as described 
in Chapter 5, may be helpful to non-invasively quantify these out-of-field-effects.
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Several clinical studies have addressed the predictive value of circulating 
cytokines, such as TGFϐ-1. Patients with high circulating levels of TGFϐ-1 at the 
end of radiotherapy were at high risk for radiation pneumonitis (20-26), whereas 
in patients with TGFϐ-1 levels decreasing to normal values, the risk of radiation 
pneumonitis was low. However, data from our institute (27) and from Marks et al. 
(20) only showed a weak association between TGFϐ-1 dynamics during treatment 
and the risk of radiation pneumonitis. These conflicting data suggest that it is 
unlikely that the expression of only a single cytokine is an independent predic-
tor of normal tissue complications. Therefore, it seems plausible that analysis 
of complete cytokine profiles might provide a better assessment of a patient’s 
risk of developing toxicity. The use of plasma cytokine profiling, examining mul-
tiple cytokines seems plausible. In a small retrospective study by Hart et al. (28), 
symptomatic radiation-induced lung injury was evaluated in 55 patients (22 with 
RILT and 33 without RILT). Blood plasma samples were analyzed including the fol-
lowing cytokines: interleukin (IL)-1ϐ, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p70, 
IL-13, IL-17, granulocyte/macrophage colony-stimulating factor, interferon-γ, 
monocyte chemotactic protein 1, macrophage inflammatory protein 1ϐ, tumor 
necrosis factor α, and granulocyte colony-stimulating factor. Significant differ-
ences in the median values of only IL-8 were observed between patients with and 
without RILT. Significant correlations were not found for any other cytokine in 
this study, including TGFϐ-1. 

It is evident that studies assessing the predictive value of circulating cytokines 
harbours several pit-falls. First, TGFϐ-1 is not only overexpressed at sites of 
injury, and it may even be elevated before start of treatment, since the tumour 
itself may be the source of TGF-ϐ1 (20). Secondly, the fact that the expression 
varies strongly during the course of treatment (27), complicates an adequate def-
inition of cut-off values. Finally, many of these studies on cytokines were under-
powered because of the low number of patients included in the study, or the lack 
of events. Still, it can be expected that incorporating biomarkers in predictive 
models based on dosimetric parameters could result in some improvement, but 
this remains to be determined in adequately powered prospective studies.

1.3  SINGLE-NUCLEOTIDE POLYMORPHISMS OF CYTOKINE GENES AND DNA 
    REPAIR GENES
Based on the difficulties encountered assessing circulating TGFϐ-1 levels, it may 
be more appropriate to investigate the patient’s genes encoding relevant cyto-
kines, by looking at single-nucleotide polymorphisms. A single-nucleotide poly-
morphism (SNP) is a DNA sequence variation occurring when a single nucleotide 
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in the genome differs from the usual base at that position. SNPs in genes involved 
in the development of radiation side effects may predict the individual risk for 
complications. TGFϐ-1 is a particular good candidate for SNP analysis, since 
TGFϐ-1 plasma concentration is predominantly under genetic control (29) and 
several diseases are mediated by altered TGFϐ-1 expression as a result of the 
polymorphisms (30). Genotyping of TGFϐ-1 may predict the chance of develop-
ing RILT before radiotherapy. Indeed, in a retrospective study (31) it was found 
that mutations located in the promoter untranslated region or coding region of 
the gene i.e. TGFϐ1 rs1982073:T869C was associated with a lower risk of RILT 
in patients with NSCLC treated with curative radiotherapy. Of note, it was sug-
gested that the effect of dosimetric parameters on radiation pneumonitis was 
independent of genetic predisposition, when the MLD exceeded 20 Gy, or a V20 
> 30%. This indicates that dosimetric factors override inherent radiosensitivity 
when large lung volumes are irradiated. Interestingly, these TGFϐ-1 SNPs were 
not associated with radiation pneumonitis in a group of Chinese NSCLC patients, 
suggesting different mechanisms in the pathogenesis of RP among different 
races (32). To summarize, SNP’s may be used to identify patients at high risk for 
radiation pneumonitis, however, its impact and clinical usability needs further 
investigation.

Another potential target may be located earlier in the radiation response. 
In response to radiation, sensors of DNA damage, such as ATM and P53 are 
activated (see Chapter 2). Activated P53 induces expression of various down-
stream targets, including genes involved in apoptosis and DNA repair, but also 
genes involved in the induction of radiation induced damage, mediated through 
Interleukin-6 (33), PAI-1 (34) and TGFϐ-1 (35). Therefore, p53 and ATM are also 
candidate genes for involvement in radiation induced lung damage. 

Indeed, it was shown that the SNP P53 72Arg/Arg genotype exhibited a 4.5-
fold increased risk of RP when compared with the P53 72Pro/Pro genotype (36). 
The same group had already identified the ATM–111GA and AA genotype to be 
associated with a significantly increased risk of RP (2.49 fold), suggesting that 
the ATM –111A allele may also be a risk allele for RP (37) Moreover, the pres-
ence of both risk genotypes, i.e., the P53 72Arg/Arg and the ATM –111AA or GA 
genotypes, demonstrated an even higher risk of RP (HR, 6.17; 95% CI, 1.67–22.76; 
p = 0.006) compared with the absence of both genotypes. Based on these data 
the combination of the P53 and ATM genotypes identified 63.2% individuals who 
developed RP with a sensitivity and specificity of 68.2% and 62.1%, respectively 
(37). These data show that genes involved in the DNA damage response as well 
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as genes involved in the development of radiation induced damage seem to have 
a certain predictive power. Investigating the combination of SNPs in ATM/p53 
and TGFϐ-1 seems a logical step. This has never been addressed and may be 
interesting to investigate. 

The aforementioned studies were all performed in small cohorts of patients. 
Large-scale studies based on a diverse patient population are necessary. 
Routinely acquiring blood samples from each patient treated with radiotherapy, 
together with a thorough recording of patient- and treatment related parameters 
should become standard of care (see Section 1.6). Only then, the added value of 
biomarkers can be adequately assessed.

1.4  VASCULAR DAMAGE AND PULMONARY HYPERTENSION
Radiation-induced lung damage is characterized by parenchymal damage, such 
as parenchymal edema, alveolar inflammation and fibrosis. However, vascu-
lar damage is also a prominent feature after thoracic radiation, as previously 
observed in pre-clinical models (1;12;38-40). Vascular damage occurred already 
at low doses and affected lung function when a large volume was irradiated (40). 
One of the frequently occurring phenomena is vascular hypertrophy, which was 
already observed at a dose of 10 Gy when irradiated lung volumes exceeded 50%. 
Interestingly, these findings were not limited to irradiated tissue only, as out-of-
field effects were virtually as severe as in-field effects, suggesting that vascular 
damage involves large parts of the pulmonary vascular system (12). Hence, radi-
ation induced lung damage may therefore be defined as a systemic lung disease, 
originating at the site of injury and then, irradiated volume dependently, spread-
ing throughout the lungs. 

More than twenty years ago, it was found in sheep that thoracic irradiation 
resulted in a 50% increase in pulmonary artery pressure, with signs of chronic pul-
monary hypertension (41). Vascular hypertrophy (as described above) may result 
in increased vascular resistance and an increase in pulmonary artery pressure. 
An increased pressure in the lung vasculature is known to induce a condition 
called pulmonary hypertension (PH), with consequential right ventricular hyper-
trophy. This condition may lead to shortness of breath and ultimately right heart 
failure. Indeed, in a rat model Ghobadi et al (42) already showed that radiation-
induced vascular hypertrophy resulted in increased pulmonary artery pressure 
and right ventricle hypertrophy, irradiated volume dependently. Interestingly the 
consequent loss of pulmonary function, measured as an increase in respiratory 
rate, could be fully explained by this increase in pulmonary artery pressure. As 
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such, vascular damage seems to be the primary event in the development of 
radiation induced lung toxicity.

If an increased pulmonary artery pressure can explain the risk of radiation 
pneumonitis after treatment, then the pre-treatment pulmonary artery pressure 
could be used as a predictor. Indeed, in 41 lung- and esophageal cancer patients 
(43), pre-radiotherapy pulmonary artery pressure predicted the risk of develop-
ing grade ≥ 2 radiation pneumonitis, even without taking in to account the dose 
and irradiated volume.  

Based on the above it may be hypothesized that the risk of radiation pneumo-
nitis could be predicted by both pre-treatment pulmonary artery pressure and a 
dose-dependent increase in pulmonary artery pressure early after radiotherapy. 
Pulmonary artery pressure as well as the size and thickness of heart chambers 
can be measured non-invasively with cardiac MRI, which is already in use as a 
powerful tool for diagnosing heart disease and viewing the extent of damage 
from progressive heart disease (44;45). Moreover, blood flow can be measured, 
enabling the assessment of velocities, after which pressures can be derived (46). 
For example, the flow velocity and the cross-sectional area (CSA) of the main 
pulmonary artery can be measured using MRI. Using these measurements it is 
possible to estimate the actual mean Pulmonary Artery Pressure, which resem-
bles measurements based on Schwann Ganz catheter measurements with a reli-
ability of 87% (47). Currently, we are including patients in a pilot study, to test the 
hypothesis that radiotherapy for lung cancer induces an increase in pulmonary 
artery pressure. Non-small cell lung cancer patients, referred for curative high 
dose (60 Gy) chemoradiotherapy will undergo a cardiac MRI before treatment, 
and 6 and 12 weeks after treatment. This pilot study is another good example of 
“bench to bedside” research and may open new possibilities for development of 
multi-variable prediction models and, ultimately, personalized treatment. 

1.5  NOVEL IMAGING TECHNIQUES TO ASSESS RILT
In many clinical studies, the end-point with respect to radiation pneumonitis 
is ‘radiation pneumonitis grade ≥ 2’. This grading is most frequently based on 
a commonly used grading system scoring system developed by the Southwest 
Oncology Group (SWOG). This grading system emphasizes whether or not cor-
ticosteroids are prescribed (if yes: RP grade 2). Consequently, the incidence of 
radiation pneumonitis reported in the literature is often based on a physician’s 
personal opinion or experience rather than on objective parameters. Its robust-
ness and objectivity should therefore be doubted. Modern grading systems such 
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as the Common Terminology Criteria for Adverse events (CTCAE) include objec-
tive parameters such as radiological changes (on chest X-rays, or CT-scans), the 
presence of symptoms and the impact of symptoms on Quality of Life. A well-
defined grading system is of importance in order to develop predictive models 
(see below) to estimate the risk of radiation pneumonitis. Therefore, standard-
ized methods, such as imaging modalities, for quantifying radiation-induced lung 
damage are desperately needed. 

1.5.1  CT-density analysis 
Computed Tomography (CT) is the best studied imaging modality in radiation 
induced lung toxicity (48-54). In Chapter 4, we showed that quantifying densi-
ty changes by averaging the whole lung density, only a slight mean lung den-
sity decrease in time was observed in all groups, together with a diminished 
homogeneity of lung tissue. This analysis did not yield any significant differences 
between the different irradiated groups. Thus, quantitative analysis of average 
lung densities and standard deviation do not seem to be adequate to describe the 
qualitative changes in lung density following irradiation. From these findings it 
can be concluded that averaging the whole lung density is too insensitive. 

In a recent study (55) from the VU Medical Center the relation between dose 
and CT-based lung density changes was investigated. A significant change in CT 
density six months after concurrent chemoradiotherapy was observed, which 
was most evident in regions receiving >30 Gy, with only minor density changes 
occurring at lower dose levels. This finding supports the hypothesis that averag-
ing the whole lung density is too insensitive. Our newly developed model ∆S (56) 
describes local structural changes in rat lungs by means of CT using the local 
damage to lung tissue (∆S) in 1 mm3 subvolumes for each position in the lung 
independently (56), incorporating changes in mean lung density together with 
changes in standard deviations. Interestingly, contrary to previous published 
data, using this method we showed that structural changes coincided with a 
decreased overall lung function and increased numbers of inflammatory cells 
on histology (56). However, these experiments were performed in a preclinical 
setting, using homogenous dose distributions in non-tumour bearing rats. In a 
clinical setting, dose distributions are non-uniform due to the use of beams from 
multiple directions and patient anatomy may vary widely due tumours located 
in the lungs and mediastinum. Therefore, we tested these preclinical findings 
for feasibility in a clinical setting, after slightly adaptation of the procedure and 
incorporation of deformable image registration (Chapter 5). Doing so, the cor-
relation between local damage and local dose was investigated in patients with 
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different dose distribution, tumour size and tumour location. Our newly devel-
oped method ∆S was capable of demonstrating density changes already at doses 
around 0-17.5 Gy (Chapter 5). In pre-clinical studies we have demonstrated that a 
low dose scattered over a large lung volume results in lung function loss, due to 
the development of vascular damage (2). Thus, careful analysis of density chang-
es occurring in low dose regions may be equally important as changes occurring 
in high-dose (> 30 Gy) regions surrounding the target volume. Comparison of the 
new method with the traditional methods of quantifying lung density changes, 
such as averaging the density in the ipsilateral lung, has shown that the new 
method is more sensitive at lower doses in describing local lung tissue damage. 
Finally, ∆S method was superior to methods based on mean density changes in 
detecting clinical radiation pneumonitis six weeks after radiotherapy. This study 
is the first step in the development of a model that incorporates the dependence 
of local lung tissue damage quantified from CT on the dose distribution. 

  
1.5.2  18F-FDG-PET-scans during and after radiotherapy
While CT-scan detects anatomical changes, functional imaging techniques such 
as Positron Emission Tomography (PET) provide information about the functional 
status of lung tissue. This technique provides physiological information with a 
high spatial and/or temporal resolution noninvasively. 18F-Fluorodesoxyglucose-
PET (FDG-PET) is a functional imaging technique, in which a glucose molecule 
has been tagged with a small amount of radioactive Fluorine (18F) to assess tissue 
metabolism. It is of great value for both staging and for response assessment in 
a variety of tumours. In addition, FDG-PET appears to be useful to assess meta-
bolic changes during the course of chemoradiotherapy (57;58). Interestingly, 
increased FDG-uptake was also observed in normal lung tissue, suggestive of 
radiation-induced inflammation (59). 

This finding resulted in the term ‘pulmonary metabolic radiation response’ 
(PMRR), i.e. an objective, quantifiable measure of the inflammation response to 
radiation in lung tissue (60). A study in esophageal cancer patients who under-
went restaging FDG-PET/CT imaging 3-12 weeks after completing thoracic radio-
therapy, showed that the PMRR correlated with the development of symptomatic 
RP after thoracic radiotherapy. The combination of the V20 or MLD with the PMRR 
provided a better model than either one alone. In another study (61) a linear rela-
tionship was found between the local radiation dose and the voxel-averaged FDG 
uptake in the lungs within one to three months after radiotherapy for esophageal 
carcinoma. The slope of the linear relationship varied between patients and was 
likely to be dependent on the individual intensity of radiation pneumonitis.
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De Ruysscher et al. (62) hypothesized that the FDG uptake in the lung during 
radiotherapy may reflect subclinical RILT, and could be used as a predictor of 
subsequent clinical RILT. Repeated PET-CT scans (before the start of radiothera-
py and at day 7 and day 14) during radiotherapy for locally advanced NSCLC were 
performed. The SUVmax of the lungs increased significantly more in patients 
who later developed RILT compared to those who did not develop RILT (day 7: 
p = 0.053, day 14: p = 0.032). Interestingly, FDG uptake appeared as infiltrated 
areas that were not only located in lung parenchyma, but also around vessels, 
suggestive of vascular inflammation. These data indicate that FDG may be a 
potential tool to study radiation induced lung toxicity. However, since increased 
FDG-uptake can be observed both in tumours and inflammation, dual time point 
imaging, exploiting differences in FDG-uptake and washout between malignant 
and benign processes (63) may be a better tool to distinguish radiation pneumo-
nitis from tumour metabolism. 

1.6  STRUCTURED FOLLOW-UP PROGRAMS
Naturally, in order to develop models to predict radiation-induced toxicity, clear 
definition of end-points, recording of treatment characteristics, and toxicity data 
are required. In April 2007, a standard follow-up program (SFP) was started at 
the Department of Radiation Oncology for all patients with head and neck can-
cer, who were treated with primary and/or postoperative (chemo) radiation. 
Such an SFP includes collection of tumour characteristics, patient- and treat-
ment variables and the prospective collection of toxicity data on regular inter-
vals. Moreover, patients fill in Quality of Life questionnaires on dedicated touch-
screen computers. 

In 2013, a similar SFP has been initiated for all lung cancer patients treated 
with curative intent. One of the key elements will be the recording of toxicity. 
First, based on the findings in our laboratory, we will not only focus on dose-
volume parameters of the lung, but also cardiac dose-volume parameters will be 
recorded. Next, blood samples will be drawn from each patient for the analysis of 
biomarkers. Finally, all toxicity data, according to CTCAE criteria, will be scored 
at 6, 12 and 52 weeks after treatment. Ideally, at these time-points CT-scans 
of the chest are also performed, to assess radiological signs of RILT. Although 
SFP’s will demand a great deal of effort from many disciplines on the depart-
ment, the structured collection of all data in a large database is crucial for devel-
oping new models predicting radiation induced toxicity. 
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1.7  MODEL DEVELOPMENT
Worldwide, the number of cancer survivors is increasing, mainly due to improved 
cancer therapies. Particularly in radiotherapy, major developments such as 
multileaf collimation, intensity modulated radiation therapy (IMRT), image guid-
ed radiotherapy (IGRT), stereotactic radiotherapy and, more recently, particle 
therapy with protons or heavy ions, have resulted in achieving more effective 
cancer cell killing while sparing normal tissues. Still, since the planning target 
volume (PTV) will always encompass normal tissues, a certain dose to critical 
structures is inevitable. 

Theories with respect to the mechanism of radiation induced lung damage 
have changed continuously over time. In the 1990’s radiation induced lung dam-
age was thought to be a process in the irradiated lung only, recent studies (see 
chapter 3 and (12)), however, suggested that RILT may rather behave like a sys-
temic lung disease. Secondly, pre-clinical studies led to the hypothesis that radi-
ation damage to the heart enhances pulmonary injury (8) and that pulmonary 
vascular remodeling and subsequent pulmonary arterial hypertension may be 
involved in the pathogenesis of RILT. If patients are to be treated with protons in 
the near future, which may yield completely different dose distributions, existing 
models developed in the era of 3D-CRT and IMRT should be revisited.

Modern prediction models should include not only dose volume parameters 
of the lung, but also newly discovered factors such as heart related parameters 
and biomarkers, in order to improve the prediction of radiation induced lung 
toxicity as compared to currently used NTCP-models. More accurate prediction 
models may allow safe dose escalation aiming at improved tumour control, with 
acceptable normal tissue toxicity in lung cancer patients. Moreover, these mul-
tivariable models can be the basis for comparative in-silico studies. In in-silico 
studies, models can be used to predict the expected rate of complications in 
a hypothetical treatment of the same patient using different treatment modali-
ties. However, these models should be based on the mechanisms involved in 
the development of RILT, rather than dose-volume parameters only. Particularly 
models developed in the era of 3D-CRT, may not be easily translated to IMRT 
or particle irradiation, as the dose distributions differ largely. E.g. the volume 
receiving a low dose (0-5 Gy) is much higher in IMRT, than in particle irradiation. 
As such, vascular damage may be less important determinant of RILT in par-
ticle irradiation. Still, if these in-silico models are based on mechanistic data, 
patients that benefit from proton therapy may be easily selected, contributing to 
the cost-effectiveness of this innovative treatment.

e-wiegman-binnenwerk-4-4dubbelzijdigfullcolor-172paginas-2.indd   132 23-12-2013   13:09:03



Discussion and future perspectives | 07

133132

2.   PREVENTION AND AMELIORATION OF RADIATION 
    INDUCED LUNG DAMAGE
Although advances in radiotherapy such as IMRT and proton radiotherapy have 
shown to decrease the irradiated volume of normal tissues, the treatment vol-
ume will always encompass a certain amount of normal tissue. Therefore, strat-
egies to prevent or treat normal tissue damage are still of great importance. 
However, the number of clinical studies as well as pre-clinical studies investigat-
ing agents to reduce RILT is limited. 

2.1.  PHARMACOLOGICAL AGENTS
A combination of Pentoxyfilline and the antioxidant Vitamin E (α-Tocopherol) has 
shown to reduce radiation side effects in several studies (64;65). In Chapter 3, 
we showed in an animal model that high dose Vitamin E starting four weeks 
after treatment did not ameliorate radiation induced lung damage. This time-
point was chosen to avoid interference of Vitamin E with the induction of radia-
tion damage and that it as such may act as a dose modifier. Contrary, a few years 
later it was published that vitamin E did have a protective effect on radiation-
induced lung injury (66). In that study, rats received thoracic radiation at dose of 
14 Gy. Vitamin E was started directly after irradiation until sacrifice at 12 weeks. 
Significant less fibrosis was observed on histopathology if rats had received sup-
plemental Vitamin E (66). It must be kept in mind that, in this case, Vitamin E may 
have directly neutralized the Radical Oxygen Species (ROS) caused by radiation, 
thereby acting as a dose modifier. 

As already mentioned in Chapter 1 it was thought that the Renin-Angiotensin 
system is involved in the modulation of collagen synthesis by up-regulation of 
TGFϐ-1 expression. Indeed, ACE inhibitors and Angiotensin II type 1 receptor 
blockers were effective in protecting lungs from radiation-induced pneumonitis 
and lung fibrosis in a rat model (67). However, in the scope of the new insights in 
radiation induced lung damage, where vascular damage and subsequent cardiac 
dysfunction seems to play an important role, it may be likely that these drugs 
may also interact with the development of vascular damage after radiation. The 
effect of ACE inhibition on the development of radiation induced vascular damage 
are now under investigation in our rat model. In the future, targeting radiation 
induced vascular and cardiac damage may be a therapeutic option. 

2.2  STEM CELL THERAPY
Although much effort has been put into the investigation of pharmacological 
agents such as radioprotectors, novel techniques such as stem cell therapy are 
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currently under way. Stem cell therapy is a promising approach for regeneration 
and may improve the function of a damaged organ due to radiotherapy. A few 
years ago, it was discovered in our laboratory that a population of c-Kit-express-
ing cells in mice possesses the capability of restoring salivary glands damaged 
by radiation (68). Salispheres cultured submandibular glands contained cells 
that express many stem cell markers and were able to self-renew and to dif-
ferentiate into all salivary gland lineages. After transplantation of only 100 c-Kit+ 
cells, salivary gland function and morphology was restored three months after 
transplantation. This study was the first evidence for the potential use of stem 
cell transplantation to functionally rescue salivary gland damaged by irradiation. 

Also in lungs, it was recently reported that it is possible to isolate a distinct 
stem-cell population from normal adult human lungs that is capable of regener-
ating virtually all elements of an injured mouse lung (69). Moreover, transplanta-
tion of these cells resulted into development of human bronchioles, alveoli, and 
pulmonary vessels within 14 days after transplantation. Human lung stem cells 
obtained from regenerated lung tissue were able to self-renew and create lung 
parenchyma in vivo in another mouse with lung damage. Based on these data 
it was hypothesized that human lung stem cells may have a crucial role in lung 
homeostasis and tissue regeneration. 

Interestingly, in a model of bleomycin induced lung fibrosis, it was found that 
bone marrow derived Prominin-1+ CD133 cells are involved in lung regenera-
tion (70). These epithelial progenitor cells (EPCs) were expanded from adult 
mouse lungs after digestion and culture of distal airways. After injection of these 
cells intratracheally, EPCs engrafted into the lungs and differentiated into type 
II pneumocytes. Furthermore, EPCs suppressed pro-inflammatory and pro-
fibrotic gene expression, prevented the recruitment of inflammatory cells, and 
protected bleomycin-exposed mice from pulmonary fibrosis (70). 

Another interesting approach may be the use of stem cells for the repair of 
radiation induced vascular damage. As mentioned earlier, partial lung irradia-
tion induces pulmonary vascular remodelling resulting from endothelial cell 
loss and consequential pulmonary hypertension. In a rat study (71), bone mar-
row derived mesenchymal stem cells were used to modulate surgically induced 
pulmonary hypertension. Stem cells reduced the vascular remodelling and right 
ventricular hypertrophy and improved the hemodynamic parameters, together 
with reduced expression of pre-inflammatory cytokines. Unfortunately, no data 
on possible engraftment of stem cells were provided and it was concluded that 
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the effect observed might be based on a paracrine effect of the transplanted 
cells. In another study (72), a similar approach was chosen, where both human 
bone-marrow derived stem cells and human embryonic stem cells were shown 
to ameliorate vascular remodelling and reduce right ventricular hypertrophy. At 
3-weeks post-transplantation, human embryonic stem cells were engrafted in 
injured pulmonary arteries. Moreover, based on the expression level of human 
VEGFR-2 (a receptor tyrosine kinase of the VEGFR family), it was suggested that 
these cells had also undergone endothelial differentiation.  

The above mentioned data may help in the development of new strategies to 
prevent or ameliorate radiation induced lung damage. Although bringing ‘regen-
erative medicine’ into the clinic will definitely require years of further develop-
ment, hopefully, it will evolve as a beneficial and cost-effective therapy. 

3.   FUTURE PERSPECTIVES
The described work in this thesis has contributed to the concept of the existence 
of regional differences in the development of radiation induced lung toxicity. The 
data gave rise to further studies on the role of the heart and the volume depen-
dence of the mechanism in RILT. The collaboration between the laboratory and 
the clinic has resulted in clinical studies, investigating the hypotheses generated 
in pre-clinical research. 

In the near future, multi-parameter predictive models will be developed, 
which should improve the prediction of radiation pneumonitis as compared to 
currently used models based on dose volume parameters only. New promising 
parameters may be pre-treatment pulmonary artery pressure or early pressure 
changes after radiotherapy, both currently being under investigation in a clinical 
pilot-study. Secondly, new sophisticated imaging techniques such as FDG-PET 
and robust analysis of CT-density changes may yield potential interesting param-
eters. It must be realized that developing new models requires intensive collabo-
ration between all disciplines in a department of radiation oncology, including 
biologists, physicians, physicists, radiation technicians, nurses and not to forget 
the patients, who contribute by filling in questionnaires on toxicity and quality of 
life on dedicated computer systems directly linked to a database. 

Finally, advances in radiotherapy new modalities such as proton therapy will 
further decrease the volume of irradiated lung tissue and thereby decreasing the 
probability of side-effects. Recently, a model-based approach to select patients 
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for proton radiotherapy has been developed (73)  assuming similar locoregion-
al control rates as have been obtained with the currently used photons, with, 
however, less side effects. However, dose-distributions in organs at risk may 
be incomparable to those seen in conventional 3D-CRT and IMRT. Therefore, 
NTCP-models developed in patients treated with photons should always be vali-
dated among those treated with protons, prior to the direct comparison of toxicity 
rates. This will inevitably give rise to thinking outside the box and generation of 
new models and hypotheses.

Even with the most dedicated treatment, a proportion of patients will still face 
the consequences of intensive therapies. Although some therapeutic effect may 
be achieved by dose modifiers or agents that are able to modulate the process 
radiation induced damage, data on the identification of lung stem and potential 
stem cell therapy may be the most promising way of prevention and treatment of 
radiation induced lung toxicity.
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SUMMARY 
Concurrent chemoradiotherapy is considered treatment of choice for locally 
advanced non–small-cell lung cancer. However, local control and survival remain 
poor and efforts are definitely needed to improve outcome. An important strat-
egy is radiation dose escalation, which has shown to improve locoregional con-
trol in non-randomized studies. However, the dose that can be safely delivered is 
limited by the tolerance of normal lung tissue. The use of new chemotherapeutic 
agents, such as radiation sensitizers, concurrent with radiotherapy is another 
strategy that may increase treatment efficacy. Not surprisingly, concurrent use 
of such agents may aggravate the risk of radiation induced lung toxicity (RILT). 
Therefore, the aim of this thesis was to investigate the mechanisms involved in 
the development of radiation induced lung damage, in order to improve the effi-
cacy and safety of thoracic irradiation. In particular, two aspects were consid-
ered, to improve prediction and to prevent radiation induced lung toxicity.

PREDICTION OF RADIATION INDUCED LUNG TOXICITY
Numerous studies have suggested that cytokines initiate and sustain the inflam-
matory and fibrogenic response associated with radiation-induced lung injury 
immediately after irradiation. One of the most studied cytokines is TGFϐ-1, of 
which its signalling pathway has been suggested to be highly interconnected with 
the DNA damage response after irradiation. In Chapter 2 the role of TGFϐ1 sig-
nalling in the DNA damage response following radiation exposure was further 
investigated. In particular, the distinct role of the TGFϐ-1-receptor-I (TϐRI) and 
downstream intracellular Smad signalling was investigated. It has been pro-
posed that radiation-induced DNA damage response involves a TϐRI dependent 
mechanism, occurring 60-240 minutes after radiation exposure. We showed that 
TϐRI-Smad signalling was not involved in the rapid radiation-induced TGFϐ-1 
involved activation of ATM and p53, within 15 minutes after irradiation. Rather, at 
this time-point, a TϐRI independent mechanism may be involved, as suggested by 
the finding that nuclear translocation of TGFϐ-1 was observed within 15 minutes 
after irradiation in transiently transfected A549 cells. Thus, TGFϐ-1 itself may 
serve as a signal transducer. This finding may suggest that TGFϐ-1 regulated 
activation of the DNA damage response and cell cycle control of irradiated cells 
involves a slow TϐRI-dependent and a fast TϐRI-independent mechanism. 

 
Interestingly, some studies have already demonstrated an association between 

the DNA damage response after irradiation and the development of RILT. Patients 
with specific Single Nucleotide Polymorphisms (SNPs) of the genes involved in 
the DNA damage response (i.e. ATM, p53 and TGFϐ-1) seem to have an increased 
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risk for radiation pneumonitis. Thus, SNPs in genes involved in the DNA dam-
age response may allow the identification of patients who may tolerate a higher 
radiation dose, without a high risk of RILT. 

Another suggested predictive factor for RILT is tumour location within the 
lung. Regional differences in lung radiation sensitivity have been suggested 
from experiments in mice. In Chapter 4, we studied this hypothesis in a rat 
model. Several radiation portals were used: 50% left, 50% right, 50% apex, 50% 
base, 50% lateral and 50% mediastinal. Rats received a single dose of 18 Gy 
of orthovoltage X-rays, a dose known to elicit a radiation response after hemi-
thoracic irradiation. Lung function was assessed bi-weekly and CT scans were 
made before and 4, 16, 26, and 52 weeks after irradiation to measure lung den-
sity changes indicative for lung damage. In contrast to previous published data, 
where the base of the lung seemed more sensitive, we found that the 50% left 
irradiated group showed more pronounced functional signs of radiation pneu-
monitis than the other fields. This finding formed the basis for many experiments 
performed in our laboratory on dose-volume effects in the lung. Interestingly, 
it was later demonstrated that radiation damage to the heart enhances early 
radiation-induced lung function loss. As such, our early finding that the left lung 
seemed more radiosensitive, may rather be explained by co-irradiation of the 
heart in this field. 

With respect to CT-based density changes, we showed that quantifying density 
changes by averaging the whole lung density did not yield any significant differ-
ences between the different groups. Only after analysis of local density chang-
es in small volumes defined in irradiated and shielded lung parts, a response 
could be demonstrated. This analysis revealed that the 50% mediastinal lung 
part appeared to be the most radiosensitive for this endpoint. The fact that these 
density changes did not result in a functional deficit may be explained by the fact 
that in rats the mediastinal lung parts harbor mostly large vessels and bronchi, 
and relatively less functional lung tissue. Still, the insensitivity of methods based 
on mean density changes as used in the early studies, has driven us to develop a 
more sophisticated method, i.e. the ∆S method to assess lung density changes. 
This method quantitatively measures structural changes (S) in homogeneous 
irradiated rat lung from CT images. This involves a combination of mean den-
sity changes with the corresponding standard deviation, in 1 mm3 sub-volumes 
for each position in the lung independently (Appendix Chapter 5). Using the ∆S 
method, we were able to assess structural changes in rat lung tissue, which cor-
related strongly with loss of lung function and histopathologic changes. However, 
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it was unknown whether this method was also clinically applicable. In Chapter 
5 we tested the ∆S method in a population of locally advanced (non)-small cell 
lung cancer patients, treated with curative intent at a dose of 50-60 Gy. CT-scans 
were performed prior to the start of radiotherapy and at 6, 24 and 52 weeks 
after completion of treatment, using deep inspiration breath-hold scan. The 
time course covered acute radiation pneumonitis (6-26 weeks after treatment) 
and the development of radiation induced lung fibrosis (26 weeks and onwards). 
For local structure comparison of the pre- and post-treatment CT scans and 
incorporation of the dose distribution data for dose-effect relation, deformable 
image registration was performed to geometrically align CT-images at different 
time-points. We also showed that this novel method is useful in a clinical setting. 
The method describes the dependence of radiation-induced density changes in 
lung tissue on the dose distribution. In particular, the method seems sufficiently 
sensitive to demonstrate volume-dependent responses in low-dose volumes and 
even out of field effects. Further analysis showed that the ∆S method was supe-
rior to the more frequently used methods (i.e. changes in mean lung density) to 
detect clinical signs of radiation pneumonitis six weeks after radiotherapy. More 
sensitive tools such as ∆S method may enable more accurate assessment of 
the relation between dose distribution and the resultant lung tissue damage and 
clinical endpoint (e.g. dyspnea). Inclusion of this information in the development 
of predictive models for the risk of RILT may improve their prediction power. 
Concurrent chemoradiotherapy is now considered treatment standard of care 
for locally advanced non–small-cell lung cancer. The rationale is that concurrent 
chemotherapy enhances the effect of radiotherapy. However, radiosensitization 
may also affect the normal lung cells radiosensitivity and enhance the probabil-
ity of developing RILT. Indeed concurrent use of chemotherapy may increase the 
risk of RILT. Some trials have demonstrated excessive pulmonary toxicity after 
combined gemcitabine and radiation. Gemcitabine (2’, 2’-difluorodeoxycytidine) 
is a nucleoside analogue with well-known cytotoxic activity in a variety of tumors 
including NSCLC.

Interestingly, even at low doses gemcitabine exhibits potent radio-sensitizing 
properties. In Chapter 6, we investigated the effects of gemcitabine on the devel-
opment of RILT after particle irradiation in our rat model. Rat thoraxes were 
irradiated with 150 MeV protons to involve 100% or 50% laterally located lung 
tissue. The response of rats receiving a radiosensitizing dose of gemcitabine 
(150 mg/kg) 24 hours prior to irradiation was compared to that of sham treated 
animals. Signs of RILT were assessed through breathing frequency measure-
ments, CT-based lung density changes (week 8 and 26) and the relative mRNA 
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expression of TGFϐ-1, TNF-α, IL-1 and IL-6 (week 8). We showed that after whole 
lung irradiation none of the end-points of RILT were increased after gemcitabine 
pretreatment. Interestingly, after irradiation of a smaller lung volume (lateral 
50%), gemcitabine pre-treatment even tempered the development of RILT, with 
respect to lung function and structural changes. This observation was accom-
panied by a significant lower expression of the pro-inflammatory cytokine IL-6. 
It may be that the radiosensitizing effects of gemcitabine may be restricted to 
tumor cells only. This might be explained by the fact that gemcitabine selectively 
targets Homologous recombination, whereas Non-Homologous end-joining, the 
mechanism primarily used by normal tissues, is unaffected.

Certainly, concurrent chemoradiotherapy may affect the normal lung cells 
radiosensitivity and enhance the probability of developing RILT. Although our 
pre-clinical study on concurrent gemcitabine and thoracic irradiation did not 
shown an enhancing effect, the concurrent use of gemcitabine and radiotherapy 
in a clinical setting using conventional fractionation schedules should be further 
investigated. The type and dosage of concurrent chemotherapy may play a role 
with respect to the risk of radiation induced lung toxicity and should therefore be 
accounted for in predictive models. 
 
PREVENTION OF RADIATION INDUCED LUNG TOXICITY
Since the risk for the development of radiation-induced pulmonary morbidity 
increases with the irradiated volume, advances in radiotherapy (e.g. intensity 
modulated radiotherapy or proton therapy) aim at reducing the volume of irradi-
ated lung tissue. An alternative way of increasing the therapeutic window is to 
prevent or reduce the development of RILT using specific agents. Radical oxygen 
species induce a cascade of cytokines, which ultimately results in the formation 
of fibrosis. 

In Chapter 3, we investigated the hypothesis that vitamin E, an anti-oxidant, 
can interfere with the development of radiation-induced fibrosis in the rat lung. 
Hereto, rats were put on vitamin E poor or rich diet four weeks after irradiation. 
This time-point was chosen to avoid interference of Vitamin E with the induction 
of radiation damage and that it may as such act as a dose modifier. Lung func-
tion and CT-based density changes (week 29) were used as end-points. Despite 
the fact that Vitamin E levels in wet lung tissue were significantly higher in the 
enriched group, no differences in overall lung function or CT-based lung density 
changes were observed. It was concluded that Vitamin E was unable to prevent 
radiation induced lung damage. However, the finding that vascular remodelling 
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and subsequent cardiac dysfunction play an important role in the pathogenesis 
of radiation induced lung toxicity (see chapter 1) offers new therapeutic possibili-
ties and are currently under investigation in our laboratory. 

CONCLUSIONS
The research described in this thesis has contributed substantially to the under-
standing of several aspects of radiation induced lung toxicity (RILT). The exis-
tence of regional differences in the development of RILT was demonstrated in 
rats. Although it was demonstrated more recently that co-irradiation of the heart 
may have been the explanation for this finding, it has resulted in the insight that 
the response of an organ to irradiation does not necessarily depend on the aver-
age dose distribution in that organ alone.

Secondly, our first study in which CT-density changes were analyzed, result-
ed in the development of a new method to study lung density changes (Chapter 
5), which has proven to be a highly sensitive method also in a clinical setting. 
Particular in the light of recent findings that lung damage can be observed at 
very low doses and even out of the irradiation field, our novel method may be an 
important tool for more accurate assessment of radiation induced lung dam-
age. In the future, the ∆S method may be used in a predictive model for RILT 
that incorporates the dependence of local lung tissue changes (S) based on the 
radiation dose.  

Additionally, the interaction between radiation and chemotherapy was inves-
tigated. We showed that radiation combined with gemcitabine treatment did not 
increase radiation induced lung toxicity. It may therefore be a promising drug for 
concurrent chemoradiotherapy in NSCLC.

 
We confirmed the importance of TGFϐ-1 signaling in the DNA damage 

response after radiation exposure. Investigating radiation-induced TGFϐ-1 sig-
naling in detail revealed a possible novel TϐRI-independent mechanism, which 
may be used to predict- or even serve as a target to prevent radiation toxicity.

Since the treatment volume will always encompass a certain amount of normal 
tissue, strategies to prevent or treat normal tissue damage will remain impor-
tant. Unfortunately, we demonstrated that prevention of lung toxicity by means 
of Vitamin E appeared not effective. Other novel strategies, such as regenerative 
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medicine or interfering with radiation induced vascular remodelling may be more 
successful. Fortunately, it is expected that modern radiotherapy techniques such 
as proton radiotherapy may further decrease the volume of normal tissue irradi-
ated, lowering the chance of treatment related complications.

The data in this thesis may contribute to the development of new models to 
better estimate the risk of radiation induced lung toxicity and to identify poten-
tial treatment strategies. More accurate predictive models will allow dose esca-
lation aiming at improved tumour control and survival in lung cancer patients, 
without jeopardizing patient’s health.
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SAMENVATTING
Ongeveer 40% van alle patiënten die zich presenteren met een niet-kleincellig 
bronchuscarinoom hebben een locoregionaal vergevorderde tumor. Dit omvat 
tumoren met mediastinale lymfekliermetastasen, of tumoren die ingroeien in de 
omliggende structuren, zonder aanwijzingen voor metastasen op afstand. Het 
grootste deel van deze patiëntengroep komt niet in aanmerking voor resectie, 
maar wordt verwezen voor in opzet curatieve chemoradiatie. Helaas is de prog-
nose van deze patiëntengroep slecht. Een recente meta-analyse laat zien dat de 
3-jaars overleving slechts 24% bedraagt en dat één derde van de patiënten een 
locoregionaal recidief ontwikkelt. Het is van groot belang de resultaten van deze 
behandeling te verbeteren.

Het hoge aantal locoregionale recidieven zou er op kunnen wijzen dat de hui-
dige standaard dosis van 60 Gy te laag is. Om die reden wordt er veel onderzoek 
gedaan naar de mogelijkheid om de stralingsdosis te verhogen. Er zijn aanwij-
zingen dat een dosis van 80 Gy nodig is voor een locoregionale controle van 50% 
na 3 jaar. Een andere studie liet zien dat elke Gy dosis escalatie leidt tot een 
reductie van de kans op overlijden met 3%. Het probleem is echter dat indien de 
stralingsdosis op de tumor verhoogd wordt, de kans op stralingsgeïnduceerde 
bijwerkingen ook toeneemt. 

Er zijn ook andere strategieën om de overleving van longkanker patiënten te 
verbeteren. Het toepassen van nieuw ontwikkelde ‘derde generatie’ chemother-
apeutica is hier één van. Gemcitabine is een dergelijk nieuw middel. Het blijkt 
effectief te zijn bij de behandeling van diverse solide tumoren, waaronder het 
niet-kleincellig bronchuscarcinoom. Gemcitabine heeft naast een cytotoxische 
werking ook zeer sterke radiosensitizerende eigenschappen. Tumorcellen wor-
den na toediening van dit middel ‘extra gevoelig’ gemaakt voor de schade die 
de radiotherapie kan toebrengen, echter, gezonde cellen zouden ook gevoeliger 
kunnen worden gemaakt, wat de kans op bijwerkingen ook vergroot.

De belangrijkste bijwerking van de radiotherapeutische behandeling van long-
kanker is stralingsgeïnduceerde longschade, ofwel Radiatie geInduceerde Long 
Toxiciteit (RILT). RILT ontstaat in twee fasen: een acute radiatie pneumonitis (6-12 
weken na beëindiging van de radiotherapie) en longfibrose, die maanden na de 
behandeling kan ontstaat. Patiënten met radiatie pneumonitis hebben klachten van 
kortademigheid, hoesten en koorts. In ernstige gevallen kunnen zij zuurstof-afhan-
kelijk worden en zelfs aan de gevolgen overlijden. Longfibrose kan ook aanleiding 
geven tot een verminderde longfunctie en een beperktere inspanningstolerantie. 
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De meest gebruikte parameter om de kans op radiatiepneumonitis te voor-
spellen is de geMiddelde Long Dosis (MLD). Deze parameter geeft de gemiddelde 
stralingsdosis over beide longen weer. Er is een sterke correlatie aangetoond tus-
sen de MLD en de kans op het ontstaan van radiatiepneumonitis. Tot een MLD 
van 20 Gy is er een accepTablee kans van 20% op het ontwikkelen van radiatie-
pneumonitis graad ≥2, wat inhoudt dat patiënten behandeld moeten worden met 
medicijnen (prednison) of zuurstof om de klachten te verminderen. Er zijn echter 
aanwijzingen dat de voorspellende waarde van deze parameter niet optimaal is. 
Onderzoek toonde aan dat de kans op een juiste voorspelling niet veel groter is dan 
het opgooien van een muntje: ‘kop of munt’. Het moge duidelijk zijn dat deze voor-
spelling verbeterd dient te worden. Dit proefschrift richt zich op het verkrijgen van 
meer inzicht in de ontstaanswijze van stralingsgeïnduceerde longschade alsook 
het voorkomen hiervan. Wij hopen hiermee de kans op bijwerkingen beter te kun-
nen voorspellen, zodat op een veilige manier dosis escalatie toegepast kan worden.

VOORSPELLEN VAN STRALINGSGEÏNDUCEERDE LONGSCHADE
Direct na blootstelling aan straling produceren verschillende celtypen in de 
long cytokines. Deze zogenaamde ‘boodschappereiwitten’, initiëren een ontstek-
ingsreactie in de long en houden deze daarna ook in stand. Een van de meest 
onderzochte cytokines is TGFϐ-1. Het blijkt dat TGFϐ-1 niet alleen een belangrijk 
rol speelt bij het ontstaan van stralingsgeïnduceerde longschade, maar dat het 
ook een belangrijke rol speelt bij de DNA-schade respons in cellen na bloot-
stelling aan straling. Hierbij spelen de eiwitten p53 en ATM een belangrijke rol. 
Men veronderstelt dat deze eiwitten deels geactiveerd worden door een TGFϐ-
1-receptor gemedieerd signaal, wat over een tijdspanne van 60-240 minuten na 
bestraling lijkt op te treden. In Hoofdstuk 2 werd de rol van TGFϐ-1-receptor sig-
naal transductie na bestraling onderzocht. We toonden aan dat TGFϐ-1 inderdaad 
een belangrijke rol speelt bij de DNA-schade response na straling. We vonden 
echter ook dat activatie van ATM en p53, reeds binnen 15 minuten na blootstel-
ling aan straling optrad. Het bleek dat deze response niet ontstond door TGFϐ-
1-receptor gemedieerde signaal transductie. Sterker nog, we toonden aan dat 
er mogelijkerwijs een nucleaire translocatie optreedt van TGFϐ-1. Dit zou kun-
nen betekenen dat TGFϐ-1 zélf als een boodschappereiwit zou kunnen fungeren. 
We concludeerden dat er zowel een snel receptor onafhankelijk systeem alsook 
een langzaam receptor afhankelijke DNA schade response na blootstelling aan 
straling bestaat. 
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Uit klinische studies is al gebleken dat de DNA-schade response na stral-
ing ook een rol speelt bij de individuele gevoeligheid voor het ontwikkelen van 
RILT. Patiënten die mutaties hebben in één of meerdere van bovengenoemde 
eiwitten (ATM, p53 en TGFϐ-1) hebben een verhoogde of juist verlaagde kans 
op het ontwikkelen van RILT. Derhalve lijkt het zinvol om eventuele mutaties in 
deze genen bij patiënten op te sporen om patiënten te selecteren die een hogere 
stralingsdosis straling zouden tolereren, zonder een verhoogde kans te hebben 
op bijwerkingen. 

Een andere manier om de kans op stralingsschade in de long te voorspellen 
is de locatie van de tumor in de long. In het verleden is gesuggereerd dat er in 
de long regionale verschillen bestaan in stralingsgevoeligheid. In Hoofdstuk 4 
hebben we deze hypothese nader onderzocht in een ratten-model. Er werden 
verschillende bestralingsvelden gebruikt: 50% links, 50% rechts, 50% apex, 50% 
basis, 50% lateraal en 50% mediastinaal. Ratten kregen een éénmalige bestral-
ing van 18 Gy met 200 kV orthovolt, een dosis die net leidt tot verschijnselen 
van radiatie pneumonitis bij 50% volume bestralingen. De longfunctie (ademhal-
ingsfrequentie) werd tweewekelijks bepaald en om dichtheidsveranderingen in 
longweefsel vast te kunnen stellen werden CT-scans gemaakt voorafgaand en 
4-16-26 en 52 weken na de bestraling. Toename van de ademhalingsfrequentie 
(kortademigheid) en dichtheidsveranderingen op CT-scans zijn representatief 
voor radiatie pneumonitis. In tegenstelling tot eerder gepubliceerde data vonden 
wij dat alleen na 50% links bestraling de ademhalingsfrequentie toenam, sug-
gestief voor het ontstaan van radiatie pneumonitis.  Hieruit concludeerden wij 
dat de linker long mogelijk een hogere stralingsgevoeligheid zou hebben. Echter, 
latere experimenten verricht in ons laboratorium toonden aan dat bestraling 
van het hart een belangrijke factor is bij het ontstaan van stralingsgeïnduceerde 
longschade. Hoogstwaarschijnlijk heeft bestraling van het hart bijgedragen aan 
het ontstaan van radiatiepneumonitis bij 50% links bestraling. 

Indien de gemiddelde dichtheidsveranderingen in beide longen werd bepaald, 
bleken er geen verschillen te zijn tussen de verschillende groepen. Echter, het 
vergelijken van  dichtheidsveranderingen die optraden in bestraalde en niet-
bestraalde delen van de long leidde tot een andere bevinding. Het bleek dat ratten 
die 50% mediastinale bestraling hadden ondergaan de meeste dichtheidsverand-
eringen lieten zien. Deze dichtheidsveranderingen leidden echter niet tot longfunc-
tieverlies, mogelijk doordat in de mediastinale delen van de long minder function-
eel longweefsel en relatief meer bloedvaten en grotere luchtwegen aanwezig zijn. 
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Deze studie was de aanleiding voor een aantal experimenten waarbij long 
dichtheidsveranderingen met behulp van CT werden geanalyseerd. Dit heeft 
geresulteerd in een nieuwe methode om lokale dichtheidsveranderingen aan te 
tonen, namelijk de ΔS methode (Appendix Hoofdstuk 5). Deze methode behelst 
het bepalen van de dichtheid en de bijbehorende standaarddeviatie in 1 mm3 
volumes in de gehele long. Deze methode bleek zeer toepasbaar in een ratten-
model, waarbij ΔS sterk correleerde met histologische veranderingen, alsook 
met de longfunctie van de ratten. Het was echter onbekend of deze methode 
ook bruikbaar was in de kliniek. In Hoofdstuk 5 werd deze methode getest in 
een populatie van patiënten met lokaal gevorderd longkanker, allen behandeld 
met een dosis tussen de 50-60 Gy. CT-scans werden gemaakt voorafgaand aan 
de bestraling alsook 6 en 24 weken na de behandeling. Deze tijdspanne was 
gekozen om zowel de periode van radiatie pneumonitis (6-12 weken) alsook long-
fibrose te omvatten. 

Om de pre- en post-CT-scans met elkaar te kunnen vergelijken was ‘deform-
able image registration’ noodzakelijk, waarbij CT-scans geometrisch over elkaar 
heen gelegd worden om vergeleken te kunnen worden. De ΔS methode bleek 
beter te werken dan de klassieke methoden om longdichtheid veranderingen te 
bepalen, zoals de gemiddelde long dichtheid en standaarddeviatie. Daarnaast 
bleek de ΔS methode beter in staat om klinische verschijnselen van radiatie-
pneumonitis te voorspellen. Tenslotte bleek de ΔS methode met name gevoe-
liger te zijn in gebieden van de long die blootgesteld waren aan een lage dosis 
straling. Uit pre-klinische studies bleek juist deze schade een belangrijke rol 
lijkt te spelen bij het ontstaan van radiatiepneumonitis. De ΔS methode lijkt dus 
een veelbelovende methode te zijn om stralingsschade in de long vast te stellen. 
Derhalve zou deze methode een belangrijke rol kunnen spelen bij de ontwik-
keling van een voorspellend model op basis van dichtheidsveranderingen in de 
long. Tegenwoordig is de combinatie van chemotherapie en radiotherapie de 
standaardbehandeling voor lokaal gevorderde longtumoren. De reden hiervoor 
is dat gelijktijdige toediening van chemotherapie het effect van de radiotherapie 
vergroot. Echter, het zou kunnen zijn dat chemotherapie niet alleen kankercellen 
maar ook gezonde cellen gevoeliger maakt voor straling. Enkele studies hebben 
aangetoond dat er bij gelijktijdige behandeling van radiotherapie met hoge-dosis 
gemcitabine ernstige long toxiciteit werd gezien. Gemcitabine (2’,2’-difluoro-
deoxycytidine) is een nucleoside analogon, met cytotoxische eigenschappen in 
diverse tumoren, waaronder longkanker. Daarnaast  maakt gemcitabine tumor-
en gevoeliger voor straling, zelfs bij een lage dosis.
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In Hoofdstuk 6 werden de effecten van gemcitabine op het ontstaan van RILT 
onderzocht in ons rat-model. Rattenlongen werden bestraald met 150 MeV pro-
tonen, waarbij 100% of 50% lateraal bestraald werd. De respons van ratten die 
24 uur voorafgaand aan de bestraling gemcitabine (150 mg/kg) hadden gekre-
gen werd vergeleken met ratten die dat niet kregen. Verschijnselen van RILT 
werden gemeten aan de hand van longfunctie (ademhalingsfrequentie), verand-
eringen in longdichtheid (week 8 en 26), histologische analyse en relatieve mRNA 
expressie van TGFϐ-1, TNF-α, IL-1 and IL-6 (week 8). We toonden aan dat na 100% 
long bestraling, géén toename van radiatiepneumonitis werd gezien na gecom-
bineerd toedienen van gemcitabine en bestraling, op alle  onderzochte eindpunt-
en. Bovendien werd er zelfs een beschermend effect van gemcitabine na 50% 
lateraal bestraling aangetoond, zoals bepaald met longfunctie en structurele 
veranderingen. Deze bevindingen gingen gepaard met een lagere expressie 
van IL-6, een pro-inflammatoire cytokine. Het zou dus kunnen zijn dat de radio-
sensitizerende effecten van gemcitabine zich beperken tot tumorcellen. Dit kan 
verklaard worden door de bevinding dat gemcitabine interfereert met Homologe 
Recombinatie, terwijl er geen effect is op Non-Homologe End-Joining, het voor-
naamste DNA reparatiemechanisme in normale weefsels.

Hoewel uit onze preklinische studie waarbij gemcitabine gecombineerd werd 
met bestraling van de long, geen toename werd gezien van RILT, zal dit nog wel in 
een klinische studie verder onderzocht moeten worden. Het type chemotherapie, 
alsook de gebruikte dosering, zijn belangrijke factoren die een rol spelen bij het 
ontstaan van RILT, en zullen dus onderdeel moeten zijn van nieuwe modellen, die 
de kans op RILT voorspellen.

VOORKOMEN VAN STRALING GEÏNDUCEERDE LONGSCHADE
Aangezien de kans op straling geïnduceerde longschade toeneemt met het 
bestraalde volume van de long, richten nieuwe ontwikkelingen in de radiothera-
pie (zoals intensiteit gemoduleerde radiotherapie (IMRT) en protonentherapie) 
zich op het beperken van het bestraalde longvolume. Een andere mogelijk om 
de therapeutische breedte te vergroten is het voorkomen of verminderen van 
schade door middel van medicijnen. Zuurstof radicalen zijn betrokken bij de ver-
hoogde expressie van cytokines na bestraling, die uiteindelijk leiden tot fibrose. 

In Hoofdstuk 3 werd onderzocht of Vitamine E, een antioxidant, kan interfer-
eren met het ontstaan van radiatie pneumonitis. Ratten kregen 4 weken na bes-
traling Vitamine E verrijkte of Vitamine E verarmde voeding. Dit tijdstip werd 
gekozen om te voorkomen dat Vitamine E zou kunnen interfereren met de initiële 
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stralingsresponse zelf, en zodoende het biologisch effect van de straling zou ver-
minderen. Ondanks dat Vitamine E spiegels in de longen van de verrijkte groep 
significant hoger waren dan die van de verarmde groep, werd er geen bescher-
mend effect gezien op de longfunctie of dichtheidsveranderingen in het lon-
gweefsel gemeten met behulp van CT. Geconcludeerd werd dat Vitamine E niet 
in staat was stralingsgeïnduceerde longschade te voorkomen. Aangezien vas-
culaire schade, en de gevolgen hiervan op de functie van het hart (Hoofdstuk 1) 
een rol spelen bij het ontstaan van RILT, zou interveniëren in deze mechanismen 
nieuwe therapeutische mogelijkheden bieden. Deze hypothese wordt momen-
teel in ons laboratorium onderzocht. 

CONCLUSIES
De resultaten beschreven in dit proefschrift hebben bijgedragen aan de kennis 
over het ontstaan van stralingsgeïnduceerde longschade. Hoewel we aanvan-
kelijk geconcludeerd hadden dat er regionale verschillen bestaan in de stra-
lingsgevoeligheid van de rattenlong, bleek uit latere experimenten dit op basis 
te zijn van co-irradiatie van het hart. Deze bevindingen hebben geresulteerd in 
het inzicht dat stralingsgeïnduceerde longschade niet alleen afhankelijk is van 
de stralingsdosis in het risico-orgaan alleen. Dit proefschrift heeft laten zien 
dat een nieuwe preklinische methode (ΔS methode) om veranderingen in long-
dichtheid te bepalen met behulp van CT, ook bruikbaar was in de kliniek. De ΔS 
methode zou een belangrijke nieuwe methode kunnen worden bij het detecteren 
van straling geïnduceerde longschade. In de toekomst zou de ΔS methode als 
basis gebruikt kunnen worden in een model waarbij de kans op RILT voorspeld 
wordt aan de hand van de relatie tussen de dosis en dichtheidsveranderingen. 
We hebben aangetoond dat een lage radiosensitizerende dosis gemcitabine niet 
leidt tot een toename van stralingsgeïnduceerde longschade. Gemcitabine zou 
dus een veelbelovend middel kunnen zijn bij de gelijktijdige behandeling met 
radiotherapie voor longkanker. Een prospectieve klinische studie met goed 
beschreven dosis-volume parameters en gestandaardiseerde toxiciteitsdata zal 
uiteindelijk moeten uitwijzen of dit ook zo is. Het onderzoek naar de rol TGFϐ-1 
signaal transductie bij het initiëren van de DNA schade response, via ATM en 
p53, na blootstelling aan straling heeft uitgewezen dat er wellicht een niet eerder 
beschreven TGFϐ-1-receptor onafhankelijk mechanisme bestaat. Mutaties in 
deze genen  zouden een rol kunnen spelen bij de selectie van patiënten die een 
hoog risico hebben op het ontstaan van RILT. 
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Een bestralingsvolume omvat altijd een deel gezond weefsel, en methodes om 
schade aan gezond weefsel te voorkomen of te genezen zullen altijd van belang 
blijven.  Helaas heeft ons onderzoek uitgewezen dat een poging om de therapeu-
tische breedte te verbreden door het voorkomen van longschade met behulp van 
Vitamine E onsuccesvol bleek. “Regeneratieve geneeskunde”, waarbij met be-
hulp van stamcellen orgaanfuncties hersteld kunnen worden zou in de toekomst 
uitkomst kunnen bieden. Andere methoden, zoals het gebruik van nieuwe bes-
tralingstechnieken zoals protonen therapie, waarbij het normaal weefsel minder 
belast worden, zullen uitkomst moeten bieden. 

De bevindingen beschreven in dit proefschrift zullen een bijdrage leveren aan 
de ontwikkeling van nieuwe modellen om het risico op stralingsgeïnduceerde 
longschade beter kunnen voorspellen dan de huidige modellen gebaseerd op 
dosis-volume parameters alleen. Het toepassen van accurate voorspellende 
modellen maakt het mogelijk om veilig de stralingsdosis te verhogen, en zo de 
lokale controle en overleving van longkanker patiënten te verbeteren.
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DANKWOORD
Mijn interesse voor de radiotherapie werd reeds gewekt in 1998, toen ik als tweede-
jaars geneeskundestudent het keuzeproject “Radiobiologische principes van de 
radiotherapie” volgde. In de kelder van het voormalig radiobiologisch laboratorium 
in Groningen bestraalde ik kankercellen met verschillende doses om vervolgens de 
klassieke celoverlevingscurves te maken. Dat die twee weken mijn verdere profes-
sionele carrière zouden bepalen had ik toen nooit gedacht. Thans, 15 jaar later, heb 
ik de opleiding tot radiotherapeut-oncoloog afgerond, is de eerste herregistratie 
alweer een feit, en, last but not least, is dan nu ook het promotieonderzoek afgerond!

Velen hebben een directe of indirecte bijdrage geleverd aan de totstandkoming 
van dit proefschrift. Hierbij wil ik dan ook iedereen bedanken. Een aantal van hen 
wil ik persoonlijk noemen. 

Rob Coppes
Beste Rob, de drijvende kracht achter dit proefschrift ben jij! We hebben vele 
experimenten opgezet, posters gemaakt en artikelen geschreven. Met veel plezi-
er denk ik terug aan onze samenwerking en aan de feestjes tijdens de Preventie-
meeting in Brussel en het werkbezoek (dan wel kroegbezoek) in Tübingen. 

Harrie Kampinga
Beste Harrie, als men mij vroeg bij wie ik promotieonderzoek deed dan hoefde ik 
alleen maar te zeggen: “Bij de radiobioloog met de oorring en cowboy laarzen”. 
Niet alleen je verschijning, maar ook jouw kennis, analytisch denkvermogen en 
humor is indrukwekkend. Dank voor jouw bijdrage en ondersteuning bij de tot-
standkoming van dit proefschrift.

Hans Langendijk
Beste Hans, ik wil je bedanken voor je ondersteuning, maar vooral voor alle 
mogelijkheden die jij me hebt gegeven om tijdens de opleiding alsook in mijn 
periode als staflid onderzoek te kunnen doen. Zoals jij moeiteloos kunt schake-
len tussen een MSO, onderzoek en klinische taken is bewonderenswaardig. 

Ben Szabó
Beste Ben, toen ik als tweedejaars geneeskundestudent luisterde naar jouw 
inspirerende verhalen over de radiotherapie, was ik meteen geboeid door het 
mooiste specialisme in de geneeskunde. Dat ik radiotherapeut ben geworden 
heb ik aan jou te danken. Jij hebt me de mogelijkheid geboden om de opleiding in 
Groningen te combineren met dit promotie onderzoek. Mijn dank is allergrootst!
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De leden van de leescommissie, prof. dr. D. de Ruysscher, prof. dr. E. Schuuring 
en prof. dr. H.J.M. Groen ben ik zeer erkentelijk voor het beoordelen van mijn 
proefschrift. 

Meerdere coauteurs hebben een bijdrage geleverd aan de studies in dit proef-
schrift. Ik wil iedereen daarvoor hartelijk danken. Een aantal wil ik in het bij-
zonder noemen.

Hans-Peter Rodemann
Lieber Herr Rodemann. Vielen Dank für die Möglichkeit, einen Teil meiner 
Doktorarbeit in Tübingen machen zu dürfen. Ich habe viele wichtige Anregungen 
erhalten, sowohl im Labor als auch bei interessanten Diskussionen. Ich habe 
diese Zeit in sehr guter Erinnerung.

Peter van Luijk
Beste Peter, jij hebt een belangrijke bijdrage geleverd aan de totstandkoming van 
mijn proefschrift. De manier waarop jij als fysicus de spil bent in het onderzoek 
naar normale weefsel schade vind ik indrukwekkend! 

Ghazale Ghobadi
Dear Ghazale, thank you for all your contributions on our papers on lung density 
analysis. Our work resulted in the best chapter of this thesis!

Maarten Niemantsverdriet
Beste Maarten, door jouw constructen hebben we een aantal mooie experiment-
en kunnen doen! Wat jij kunt doen met DNA is fascinerend! Dank je wel!

Harm Meertens
Beste Harm, dank voor al je ondersteuning bij de totstandkoming van dit proef-
schrift. Dankzij jouw hulp zijn alle CT-experimenten een succes geworden! 

Hette Faber
Beste Hette, onze samenwerking was fantastisch! Met veel plezier denk ik terug 
aan de experimenten op het KVI en alle gesprekken die we hebben gehad over 
bier, muziek en vrouwen. De manier waarop je iedereen omver blies met je post-
er presentatie op de ESTRO bijeenkomst in 2009 heeft indruk op mij gemaakt en 
toont aan dat jij zeker PhD waardig bent!
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Heidi Löffler
Liebe Heidi! Im Labor hast du mich alles gelehrt, von Proteinbestimmung bis 
Western und Zellkultur. Ohne dich hätte ich es sicher nie geschafft. Die Abende 
mit dir im Theater, am Weihnachtsmarkt oder in der Kneipe waren wirklich toll! 
Vielen Dank! 

Medewerkers van het laboratorium SSCB
Beste allen, mijn periode op het lab was onvergetelijk. De wijze waarop zoveel 
verschillende personen met uiteenlopende achtergronden kunnen samensmelt-
en tot één geheel is bewonderenswaardig. Jullie zijn allen zeer behulpzaam 
geweest. Een aantal wil ik in het bijzonder noemen. Willy Lemstra. Beste Willy, 
als er iemand het gezicht is van de radiobiologie in Groningen, dan ben jij dat! 
Vanaf dag één (1998) heb ik met jou mogen samenwerken. Jouw geduld, goede 
uitleg en uitgebreide ervaring hebben mij enorm geholpen bij het opzetten van 
experimenten. Jeanette Brunsting. Beste Jeanette, ook jou ken ik al sinds het 
moment dat ik als student rondliep op de radiobiologie. Je hebt me wegwijs 
gemaakt in de wereld van een laboratorium. Dat daar af en toe wat plat proat’n 
bij hoort, is, voor ons Drenties, vanzelfsprekend!

Radiotherapeuten van de afdeling radiotherapie UMCG
Beste allen, met heel veel plezier heb ik met jullie samengewerkt, zowel tijdens 
de opleiding als gedurende mijn periode als staflid! Een aantal wil ik nog in het 
bijzonder noemen. Annija van der Leest. Beste Annija, bij jou kon ik altijd stoom 
afblazen over wat voor onderwerp dan ook. De caffè lattes met sinaasappelsnip-
pers waren het hoogtepunt van de dag. Ik ben er zeker van dat wij de komende 
jaren nog regelmatig te vinden zijn op een congres, of beter gezegd, aan de bar 
van het congrescentrum voor een glas wijn (of vier…). Mieke van Gameren. Beste 
Mieke, het hoofdstuk over Vitamine E was oorspronkelijk jouw project. Dank 
voor de mogelijkheid dat ik het onderzoek kon afmaken en publiceren. Joachim 
Widder. Beste Joachim, hoewel je niet direct betrokken bent geweest bij mijn 
promotie onderzoek, hebben we een succesvolle samenwerking gehad op het 
gebied van stereotaxie en response beoordeling. Het heeft geresulteerd in een 
aantal artikelen waar ik trots op ben. Wat een schat aan data! Fred Ubbels. Beste 
Fred, jij bent een gewaardeerd collega en tennismaatje! Als twee mannen van 
2.00 naar het net oplopen met een reikwijdte > 4.00 m, wie is dan nog in staat 
ons te passeren? Fons van den Bergh. Beste Fons, jij bent oprecht geïnteres-
seerd in de mens achter je collega’s, waarvoor veel waardering. Onze wekelijkse 
overlegjes met koffie en onze samenwerking bij het toxiciteit onderzoek bij pros-
taakanker waren niet alleen vruchtbaar, maar ook erg gezellig. Bart Vanhauten. 
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Beste Bart, Koffie? Mart Heesters. Mijn opleider! Jouw nuchtere kijk op de radio-
therapie en jouw ultieme betrokkenheid bij de opleiding en het welzijn van AIOS 
zijn bewonderenswaardig. Dank voor jouw gedegen opleiding!

Lunchclub
Beste Onne, Debby, Tom, Anja, Dianne, John en Mart. Een lunch met de lunch-
club is een toplunch! 

Stefan Bijmolt
Beste Stefan, natuurlijk ben jij mijn gedoodverfde paranimf. Wie kent mij zo goed 
als jij? Toen wij elkaar in 1996 ontmoetten tijdens de introductie van geneeskunde 
hebben we de basis gelegd voor een langdurige vriendschap. We hebben regel-
matig een onuitwisbare indruk achtergelaten op feesten, minibars geleegd en op 
onze kamer was altijd een espresso of glas wijn voorhanden. Je bent een goede 
vriend en een super kamergenoot! 

LJ Jellema
Beste LJ, als goede vriend ben jij er altijd, dus ook vandaag als paranimf! Onze 
gedeelde passie voor auto’s, espresso, wintersport, mojito’s, TEFAF, uit eten, The 
Godfather etc. etc. maakt dat onze vriendschap staat als een huis! 

Bert en Aukje Wiegman
Lieve ouders, jullie zijn er altijd voor mij als dat nodig is. Dank jullie wel!

Liselotte van Bockel
Allerliefste Liselotte, wat ben ik gelukkig met jou! Jij bent het allerbelangrijkste 
in mijn leven. Ik hou van je!
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CURRICULUM VITAE
Erwin Mark Wiegman werd op 16 juli 1977 geboren te Groningen. In 1995 
behaalde hij het VWO diploma aan de Openbare Scholengemeenschap Winkler 
Prins, te Veendam. Na het behalen van de propaedeuse psychologie aan de 
Rijksuniversiteit Groningen, startte hij in 1996 met de studie geneeskunde, aan 
dezelfde universiteit. Al vroeg tijdens de studie kwam hij via keuzeonderwijs in 
aanraking met de radiobiologie en radiotherapie. Na afronding van de studie in 
2002, aanvaardde hij een AGIKO constructie op de afdeling radiotherapie van 
het Universitair Medisch Centrum Groningen (klinisch opleiders: prof. dr. B.G. 
Szabó en dr. M.A.A.M. Heesters) en op de afdeling celbiologie, sectie Straling 
en Stress cel biologie, onder leiding van prof. dr. H.H. Kampinga en prof. dr. 
R.P. Coppes. Gedurende deze periode verwierf hij een stagebeurs voor acade-
mici van de KWF Kankerbestrijding, ten behoeve van een stage bij de Sektion 
für Strahlenbiologie und Molekulare Umweltforschung, aan de Eberhard-Karls-
Universität te Tübingen (Duitsland), onder leiding van prof. dr. H.P. Rodemann. De 
opleiding tot radiotherapeut-oncoloog werd voltooid in februari 2009. Sindsdien 
werkte hij als staflid op de radiotherapie van het Universitair Medisch Centrum 
Groningen (hoofd prof. dr. J.A. Langendijk), waarbij de ontwikkeling van nieuwe 
beeldvormende toepassingen bij de behandeling van longkanker ten behoeve van 
target definition, response monitoring en het voorspellen van normale weefsel 
schade centraal stond. Sinds maart 2012 is hij werkzaam als radiotherapeut-
oncoloog in de Isala te Zwolle, met als aandachtsgebieden long, urologie en 
gastro-enterologie.
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