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CHAPTER 1 

Introduction

“If you don’t know history, then you don’t know anything. You are a leaf that doesn’t know it 

is part of a tree.” 

Michael Crichton
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GENERAL INTRODUCTION
Attempts in treating cancer go back to ancient Egypt. Descriptions of eight 

cases of breast tumors were included in the ancient Egyptian medical text Edwin Smith 

Papyrus, which mentioned about this disease that, “There is no treatment.”  It was Galen 

(129 – 217 AD), a Roman physician, who believed for the first time that cancer was 

curable when treated in the early stages 1. Moses Maimonides (1135 – 1204 AD) was the 

first to suggest treatment of large tumors, stated in his fifth medical treatise:  “excising 

the tumor and uproots the entire tumor and its surroundings up to the point of healthy 

tissue, except if the tumor contains large vessels and the tumor happens to be situated in 

close proximity to any major organ, excision is dangerous.” 2. Major advances in surgery 

occurred in the nineteenth century; a time that with the use of modern microscope, the 

pathologist could tell the surgeon whether the operation had completely removed the 

cancer 1. 

At the end of the nineteenth century, November 8, 1895, while working on 

cathode rays Wilhelm Conrad Röntgen was fascinated by observing new kind of rays that 

could penetrate through black cardboard but not through lead or platinum 3. He called 

them X-rays. The discovery of X-rays gave birth not only to the field of radiology but also 

radiation oncology, since the therapeutic potential of X-rays was demonstrated shortly 

thereafter 3. Exposure to X-rays and other ionizing radiations causes a cascade of physical 

and chemical events leading to biological damage to the cells which is advantageous for 

killing cancer cells 4. Emil Grubbe (1875-1960) was the world’s first radiation oncolo-

gist who used this potential for the treatment of a patient with locally advanced breast 

cancer 3. After that, the field of radiation therapy grew rapidly and radiotherapy became 

a standard treatment option for a wide range of malignancies 3. Tumors in and around 

thorax such as breast, esophagus, lung cancer and Hodgkin’s lymphoma are among those 

malignancies 3,4. Substantial numbers of patients with these cancers achieve longer-term 

tumor control and better survival rate largely by the use of thoracic radiotherapy, either 

alone or in combination with other treatments 4. Thoracic radiotherapy however, still has 

some limitations. Despite current attempts for optimum conformation of the treatment 

fields to the tumor and precise treatment planning, co-irradiation of parts of healthy 

1
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thoracic tissue is unavoidable. This causes unwanted toxicities, the clinical symptoms of 

which, depending on patient and treatment-related factors, can range from those that 

cause mild discomfort to others that are life-threatening 5-11. One of the most common 

toxicities after thoracic radiotherapy is acute radiation pneumonitis (RP) 5-10,12-15. Clini-

cally significant symptoms of RP such as dyspnea, usually observed at 4-6 weeks after 

the end of radiotherapy, occur in approximately 5–50%, 5-15%, 5–10%, and 1–5% of 

patients with cancers of the lung, esophagus, mediastinal lymphatics, and breast, respec-

tively 10,16. The prevalence of RP after thoracic radiotherapy especially in patients with 

lung cancer largely limits the efficacy of radiation treatment 7,9,10. 

Lung cancer is now the second most commonly occurring form of cancer in the 

most western countries, and it is the leading cancer-related cause of death 17. At diagnosis 

at least one-third of all patients with lung cancer are found to have unresectable non-

small-cell lung cancer (NSCLC) 18. 

In these patients thoracic 

radiotherapy has been used for 

several decades as the primary 

treatment, having an important 

role in achieving higher local 

control of the tumor and better 

survival rate 19. The achievable 

rate of the tumor control however, 

largely depends on the incidence 

of thoracic tissue complications, 

especially RP, since both tumor 

response and the risk of complica-

tions increase with increasing the 

dose (Figure.1).

Prescription of a course 

of thoracic radiotherapy must 

Figure.1:  The procedure by which an 
improved local tumor control can be achieved 
by decreasing normal tissue damage (adapted 
from 4).
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therefore represent a balance; trying to achieve the maximum control of the tumor while 

bearing acceptable level of complications (Figure.1). Trying to represent this balance for 

the treatment of locally advanced NSCLC, based on several clinical trials 18,20-23, the dose 

of 60-66 Gy has been chosen as standard treatment for many years. Nevertheless, the cure 

rates and overall survival achieved with these radiation doses have been disappointingly 

low 21,24-26, and yet are still followed by clinical symptoms of RP occurring in up to a fifth 

of patients 8,9,25,27,28. It is, therefore, not surprising that local control still remains a signifi-

cant problem in the management of locally advanced NSCLC. Some have predicted that 

doses of up to 100 Gy may be required to sterilize tumors of the size frequently treated in 

NSCLC 29,30. Indeed, some recent clinical trials demonstrated that increasing the radia-

tion dose results in an improvement of loco-regional control and overall survival rates 
31-35. However as mentioned earlier, the main obstacle for dose escalation in NSCLC 

tumors is the risk of RP (Figure.1). To overcome this obstacle, different strategies can be 

applied such as improved prevention or treatment of the complication as well as accurate 

prediction of its risk.  Accurate prediction of the risk of RP allows appropriate identifi-

cation of the population at risk (~20%) and will permit dose escalation, improving the 

local tumor control in the remaining 80%. Subsequently, improved prevention or treat-

ment in the population at risk (~20%) can prevent the damage. As schematically illus-

trated in Figure.1, less normal tissue damage permits tumor dose escalation and thereby 

facilitates achieving higher level of local tumor control. Such attempts however, need 

detailed knowledge on the mechanisms underlying thoracic radiation-induced normal 

tissue damage.  Although a lot of knowledge has been obtained so far, the exact patho-

physiology of the toxicity leading to the clinical symptoms is lacking. Parts of the current 

work are therefore aimed at acquiring more knowledge by focusing on pathophysiological 

changes in the cardio-pulmonary system after thoracic irradiation, and the consequences 

on the manifestation of the symptoms in preclinical settings (chapter 2 and 3).

1
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1. CURRENT VIEW ON THE PATHOPHYSIOLOGY OF 
THORACIC RADIOTHERAPY-INDUCED TOXICITIES 

The lung is considered as being among the most sensitive organs in response to 

thoracic radiotherapy 5-10,12-15. Thoracic radiotherapy-induced changes in the function of 

the lung such as reduced pulmonary compliance and progressive dyspnea can be distin-

guished in two phases clinically: acute radiation pneumonitis (RP) usually observed 

4-6 weeks post-irradiation, and fibrosis, which develops slowly over a period of several 

months to years 5-10,12-15. Radiation-induced injury in the lungs is also detectable radio-

graphically 6,7. Both function and radiographic changes are been used to grade the lung 

toxicity after thoracic radiotherapy 6,36. Yet, lung toxicity especially RP is difficult to assess 

since the criteria for its scoring are very much subjective 6,12,36. In addition, the incidence 

and severity of RP largely varies depending on patient and treatment-related factors 6,12,36. 

These all together indicate that, as important as the clinical studies in irradiated patients 

are, limitations exist as to what can be done in patients to elucidate the pathophysi-

ology of the development of radiation-induced toxicities.  This is particularly true for  the 

thorax because of potential interaction between different organs 37-40 and cell types in the 

tissue 41. Therefore, preclinical studies are needed to complement the information derived 

from the functional and non-invasive assessments in the patients. By performing preclin-

ical studies, more insight can be obtained about the mechanistic processes that cause the 

biological and clinical effects and the dosimetric factors controlling them. Moreover, the 

effect of changing dosimetric factors can be tested in a better-controlled manner and 

over a wider range than in clinical studies. Additionally, the differences in irradiation 

response in different animal models and strains e.g. sheep, dogs, pigs, mice and rats 37,42-44 

offers critical information in the development of injury via different mechanisms. Such 

preclinical studies have been performed in the last decades and revealed very interesting 

aspects of the mechanisms underlying thoracic irradiation-induced toxicities 37,38,42-51,51-64. 

Classically, the main effect of ionizing radiation on tissues and organs was thought to be a 

direct consequence of cell killing, resulting in the depopulation of crucial cell populations 

and subsequent functional deficiency 41. This concept, known as “target cell” theory, was 

the prevailing biological model until the mid-1990s 41. Target cell theory however, came 
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under substantial pressure from new biological and clinical observations and showed to 

be inadequate in explaining the clinical picture of the radiation-induced toxicities 41. In 

the last decade, it was established that a cascade of events on the cellular and molecular 

levels begins immediately after exposure to radiation, and proceeds during a period of 

clinically occult injury 41. The initial ionizing event not only directly damages DNA, 

causing apoptosis or mitotic catastrophe, but also affects cellular macromolecules, and 

lipid membranes 65. 

In the lung, it is well known that radiation activates various cellular signaling 

pathways that lead to the expression and activation of proinflammatory and profibrotic 

cytokines, vascular injury, and the activation of a coagulation cascade, leading to the 

development of edema, inflammatory responses, and the initiation of wound-healing 

processes 41. Multiple factors in this process have been investigated, but the main initi-

ating events and driving forces in the perpetuation of radiation-induced lung toxicity are 

still largely unknown. Accumulation of macrophages with the associated production of 

Reactive Oxygen Species (ROS) and the upregulation of particular pro-inflammatory 

cytokines e.g. transforming growth factor-β (TGF-β), have been hypothesized 66-69 as key 

factors in the development of radiation-induced toxicity in the lung. Some other pre-

clinical studies with partial lung irradiation proposed that ROS plays an important role 

in the induction of DNA damage and the inflammatory response in the whole lung 64,68,70. 

These studies showed that the expression of DNA damage and inflammation e.g. the 

activation of macrophages and the expression of inflammatory cytokines are not limited 

to irradiated field and occurs at very early times following irradiation and is maintained 

in a cyclic pattern to later times when the onset of functional symptoms is expected 64,68,70. 

Some reported that, this inflammatory response in rodent lung is strongly associated with 

radiation-induced hypoxia 47,49,71. They showed in vitro that hypoxia elicits macrophages 

to produce higher levels of TGF-β, vascular endothelial growth factor (VEGF), and 

superoxide, leading to enhanced oxidative stress which was diminished by applying an 

antioxidant superoxide dismutase mimetic 71. Hence, they concluded that hypoxia (and 

consequently, oxidative stress) is a significant driving force in initiating and perpetuating 

radiation-induced lung injury 47,49,50,71. Based on their recent in vivo studies, they hypoth-

1
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esized that this early hypoxia is caused by early vascular changes and the consequential 

perfusion defect in the lung 50. Changes in perfusion are believed to be brought about by 

an acute increase in capillary permeability with interstitial and alveolar edema, caused by 

changes in both type I pneumocytes and endothelial cells (ECs) 13,14,72-77. Within hours to 

days following lung irradiation, blebbing, disruption of the membrane, separation from 

basement membrane and subendothelial edema were reported in these cells 72,73. Such 

changes are believed not only to contribute to changes in perfusion but also to result 

in endothelial and epithelial cell death with denudation of basement membranes 14,74-77. 

Some studies proposed that the damaged cells cause an immediate radiation-induced 

molecular processes such as cytokine release with proliferation of fibroblasts and produc-

tion of collagen which gradually leads to chronic fibrosis 60,78. Starting immediately and 

sustained for up to 26 weeks post-irradiation, increase in mRNA expression of proin-

flammatory (Interleukin 1=IL-1, Tumor Necrosis Factor α=TNFα) and profibrogenic 

cytokines (TGFβ) have been paralleled by inflammatory histopathologic changes as well 

as rise in collagen and fibronectin expression in the irradiated murine lung tissue 60,78-

80. This continuous production of inflammatory and fibrogenic cytokines was shown to 

be mediated by early post-irradiation hypoxia which was proposed to be an important 

contributing factor in the development of late lung tissue injury 47. Some studies on the 

other hand, challenged the relation and the consequentiality of early and late injuries by 

arguing that both radiation pneumonitis and fibrosis can appear independently of each 

other 61,81,82. As mentioned so far interesting aspects of the pathophysiology of radiation-

induced toxicity in the lungs have been described in the literature (Figure.2), yet how 

these radiation-induced changes lead to function loss remains an enigma.

In attempt to unravel this relation, using our rat model we showed for the first 

time that  depending on the irradiated dose and volume, two types of acute damage 

occur in the lung each having a different implication on the functional response 45. We 

identified two distinct radiation-induced histopathologic features in the early phase of 

lung injury having an unequal impact on later pathologic features 45. Vascular changes 

were observed at low dose of irradiation, with a large capacity for recovery and minimal 

structural or functional consequences at later time 45. 
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Parenchymal inflammation however, was produced by higher doses and almost 

invariably ended in histopathological features of fibrosis 45. Furthermore, the irradi-

ated volume determined whether a specific radiation-induced histopathologic feature 

resulted in functional response. Irradiation of a small-volume did not lead to substantial 

pulmonary dysfunction at any post-irradiation time, despite the very high doses and 

severe parenchymal inflammation and fibrosis 45. Large-volume low-dose irradiation on 

the other hand, produced predominantly vascular damage with substantial pulmonary 

dysfunction occurring at week 4-8 post-irradiation. This suggested that vascular damage 

has an important role in the development of early pulmonary dysfunction 45. Later 52-54, 

consistent with our findings, large-volume low-dose irradiation was reported to be associ-

ated with substantial pulmonary dysfunction. In clinical studies 15,83,84 strong correlations 

were also found between severe pneumonitis and the irradiated volume of the lungs. Lung 

volumes receiving low dose of 5-13 Gy (V05-V13), were described as the best predictors 

of the risk of radiation pneumonitis, suggesting that treatment of large lung volumes 

to a low dose may be an important risk factor in the development of this complication. 

Nevertheless, the underlying pathophysiology of the high incidence of radiation pneu-

monitis in this population is not yet fully understood.  Already back in seventies, there 

was a consensus that acute changes in vasculature, and especially those to the endothe-

lium, play an important role in the pathophysiology of radiation-induced lung injury 
14,72,74-77,85-88. In vitro and in vivo studies reported detachment of ECs from the basal 

lamina 72, loss of endothelium integrity due to EC retraction 86 and increased perme-

ability to low molecular weight solutes 75,88 occurring hours to days after irradiation. Yet, 

the role of these acute radiation-induced changes in the pathophysiology of lung injury 

remains unknown. It is generally known that changes to ECs and the consequent vascular 

damage cause physiological changes in the pulmonary system such as increased pulmo-

nary tension 89. In the field of irradiation, the increased pulmonary pressure was reported 

for the first time in large animal studies after whole thorax irradiation (dogs and sheep) 
43,44 however the underlying pathophysiology was not described or related to the devel-

opment of radiation-induced pulmonary dysfunction. Part of the present work (chapter 

2) was therefore dedicated to elucidate the underlying pathophysiology of this relation.  

1
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In the thorax the heart resides in the proximity of the lung, of which, depending on 

the location and the size of the tumor, some parts may be co-irradiated in thoracic radio-

therapy 40,90.  Although early radiation-induced effects in the heart have been reported in 

experimental 91-94 and clinical studies 95-98, the heart is not considered to be functionally 

affected early after irradiation 90,99-101. However, acute inflammation, loss of alkaline phos-

phatase activity in capillary ECs and loss of capillaries occurs in the heart already hours 

to days after radiation 91-94. The early effects of irradiation are recently getting more atten-

tion in breast cancer and Hodgkin’s Lymphoma patients with longer survival since, it is 

believed that they may predict late cardiac damage 90,102,103. In other thoracic tumors such 

as lung and esophageal cancers however, due to lower life expectancy of patients, early 

effects have never received that much attention as they are not recognized as a clinical 

problem. Later metabolic cardiac changes were observed 3-9 months after thoracic radio-

therapy in patients with esophageal cancer where parts of the heart were co-irradiated 97,98.

These changes were shown to correlate well with elevated plasma levels of brain natriu-

retic peptide, a known marker of cardiac dysfunction 104,105. Moreover, in our pre-clinical 

studies 37-39 concomitant irradiation of the heart with the lungs enhanced the risk of 

radiation-induced pulmonary dysfunction. Inclusion of the information on the contami-

nant irradiation of the heart was shown to be essential to be able to accurately predict the 

incidence of radiation pneumonitis in our rat model 39 and also in patients with NSCLC 
40. These all together suggest that irradiation of the heart induces acute cardiac changes 

which may play an important role in the development of the lung toxicity after thoracic 

irradiation. Given the lung and heart anatomical proximity and physiological interde-

pendence, it is not surprising that the damage in either the heart or the lung results in 

downstream effects in the other 106-108. For instance, it is well known that the damage to 

the pulmonary vasculature increases the vascular resistance in the lung which consequen-

tially affects the right heart that has to pump the blood inside the lungs 109. Right-sided 

cardiac damage and acute or late pulmonary heart disease e.g. pulmonary hypertension 

were indeed reported in severe cases of thoracic radiation-induced lung injury in both 

experimental and clinical settings 6,9,14,44,51,110,111. This suggests that the heart and the lung 

interact closely in response to thoracic irradiation. Until now, however, the mechanism 

1
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by which this interaction takes place is not known. Part of the present work therefore 

addressed this issue and investigated whether physiological changes caused by irradia-

tion of lung and/or heart can explain their interaction in the development of thoracic 

radiation-induced cardio-pulmonary dysfunction (chapter 3). 

2. CURRENT METHODS OF ASSESSING THORACIC RADI-
OTHERAPY-INDUCED LUNG TOXICITY

As mentioned earlier the classical framework for discussing early and late side 

effects of irradiation under the target-cell hypothesis was that the main effect of ionizing 

radiation on tissues and organs is a direct consequence of radiation on the crucial cell 

populations 41. Recent pre-clinical and clinical findings such as spatial heterogeneity of 

the response of the lung 42,57,64, regional differences 42,112, out-of-field effects 46,57,113 and 

interaction with other organs 38,40 however challenged this classic local dose-local damage 

paradigm 12 and indicated that thoracic radiation-induced toxicity may be a multi-organ 

complication rather than a local disease due to local dose 46. This however, has not been 

clinically confirmed yet since current techniques could not measure it. 

In the pre-clinical studies, lung toxicity after thoracic irradiation can be detected 

and assessed by morphological evaluations of the tissue. Clinically however, non-inva-

sive methods are more preferred. Radiation-induced morphological changes in the lung 

such as perivascular and interstitial edema, vascular changes, parenchymal inflammation 

and fibrosis 9 lead to density changes, and can be measured with computed tomography 

(CT) scans 112. CT scans have therefore been used for non-invasive assessment of radia-

tion-induced lung toxicity in both humans and animal models for many years 112,114-119. 

Recently, it was shown that significant changes in CT density three to six months after 

concurrent chemoradiotherapy for NSCLC were most evident in regions receiving >30 

Gy, with only minor changes occurring at lower dose levels 120. Similarly, threshold doses 

for radiation-induced density changes between 27 Gy 121 and 40 Gy 5 have been reported. 

However, dose-volume parameters such as the V5-V20 are still correlated with the devel-

opment of radiation pneumonitis 15,83, indicating that the yet undetectable damage may 

play an important role. In most studies, the mean lung density in the whole lung or a 
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large part of it was used to quantify the tissue damage 5,120,122. However as mentioned 

above, this analysis seems insensitive to detect small changes in low dose regions. More 

sensitive methods therefore need to be developed which next to changes in mean lung 

density take additional information of the tissue structure into account. Previously, a CT 

analysis technique was developed in our group 119 that incorporated the variation in the 

lung density, in addition to mean density. Inclusion of this additional structural informa-

tion is expected to make the CT analysis more sensitive than the frequently-used analyses 

based on mean density changes alone. Chapter 4 adapted and modified the previous 

method 119 for local quantification of structural changes in the lung tissue and tested its 

sensitivity in a pre-clinical setting with homogenous dose distributions. Subsequently 

in chapter 5 the sensitivity of the new method was tested in a pilot clinical setting by 

applying the method to small, widely varied population of lung cancer patients.  

1
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AIM AND OUTLINE OF THE THESIS
Improved prevention or treatment of thoracic radiotherapy-induced dyspnea and 

accurate prediction of its risk requires more knowledge into its underlying pathophysi-

ology as well as developing accurate tools for its assessment. 

Based on what was described earlier in this chapter, the current work hypothesized 

that thoracic radiotherapy-induced toxicities in the lung and the heart are very much 

inter-related via mutual cardio-pulmonary vascular connections and the physiological 

changes in the whole system may determine the manifestation of thoracic radiation-

induced dyspnea.  

To test this hypothesis we investigated 2 main tracks in the present work: first, 

dissecting the pathophysiological changes in the cardio-pulmonary system and their 

interaction on manifestation of dyspnea after thoracic irradiation (chapter 2 and 3) and 

second, developing highly sensitive method for more accurate non-invasive assessment of 

the manifestation of this toxicity in the lung tissue (chapter 4 and 5).

Chapter 2: The role of pulmonary vascular response in the development of the 

clinical symptoms of thoracic radiotherapy-induced toxicity in the lung and the heart 

is largely unknown. Using our unique rat model with high-precision proton radiation 

beams and by irradiating small, intermediate and large volumes of rat lungs with graded 

radiation doses, we could dissect to what extent different levels of vascular damage are 

responsible for the cardio-pulmonary dysfunction. 

Chapter 3: It is generally known that damage in either the lung or the heart may 

elicit secondary damage in the other. In the radiation field however, the close interaction 

between these two organs in response to thoracic irradiation has not received much atten-

tion. Our previous preclinical studies showed strong evidence of this interaction, albeit 

through unknown mechanisms. We therefore focused on unraveling the pathophysiology 

of this interaction in this chapter. Here again our rat model with proton irradiation was 

a very suitable tool for elucidating the individual contributions of heart and lung irradia-

tion on tissue damage and cardio-pulmonary dysfunction through the irradiation of each 

of them separately and determining the mutual response when both are irradiated. 

Chapter 4 and 5: The physiological changes in the cardio-pulmonary system after 
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thoracic irradiation and the consequences on the clinical symptoms e.g. dyspnea remained 

unappreciated, partly because routinely-used imaging techniques are not sensitive enough 

to confirm this in the clinical practice. Therefore, we developed a new method that incor-

porates more information in the tissue structure than routinely-used methods and thus 

is expected to be more sensitive in detecting small changes in the lung. The sensitivity 

of the newly-developed method was subsequently tested in our rat model (chapter 4) as 

well as in a pilot clinical setting in a small population of lung cancer patients (chapter 5). 

1
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LUNG IRRADIATION INDUCES PULMONARY HYPER-
TENSION

Abstract
Pulmonary arterial hypertension (PAH) is an often late diagnosed, commonly 

fatal pulmonary vascular disease in humans and is characterized by a progressive rise in 

pulmonary vascular resistance resulting from typical vascular remodeling. Recent data 

suggest that vascular damage plays an important role in the development of radiation-

induced pulmonary toxicity. Therefore, we investigated whether irradiation of the lung 

also induces pulmonary hypertension. To this end, different sub-volumes of the rat lung 

were irradiated with protons known to induce different levels of pulmonary vascular 

damage. Early loss of endothelial cells (ECs) and vascular edema was observed not only 

within the irradiation field but also in shielded parts of the lung, even before the onset 

of clinical symptoms. Subsequently, eight weeks after irradiation irradiated volume 

dependent vascular remodeling was observed, correlating perfectly with pulmonary 

arterial pressure, right ventricle hypertrophy and pulmonary dysfunction. Our findings 

indicate that partial lung irradiation induces pulmonary vascular remodeling resulting 

from acute pulmonary EC loss and consequential pulmonary hypertension. Moreover, 

the close resemblance of the observed vascular remodeling with vascular lesions in PAH 

makes partial lung irradiation a promising new model for studying PAH. 

Keywords: lung cancer, drug induced lung disease, vascular remodeling, pulmonary 

hypertension, endothelial cell loss, radiation pneumonitis 
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1. INTRODUCTION
Pulmonary arterial hypertension (PAH) is a severe and progressive form of pulmo-

nary hypertension that leads to right heart failure and premature death, without a cure 

available1. PAH is characterized by typical angioproliferative lesions, such as neointimal 

lesions, leading to increased pulmonary vascular resistance2.The elevated pulmonary 

vascular resistance leads to high right ventricle systolic pressure and subsequent right 

ventricular hypertrophy (RVH) ultimately resulting in heart failure 3,4. The pathogen-

esis of the increased pulmonary vascular resistance is due to combination of sustained 

vasoconstriction, arterial wall remodeling and thrombosis5. Although the typical histopa-

thology of the angioproliferative lesions is well described, the mechanisms are so far 

unknown. A variety of animal models has been developed to study the mechanism 

of development and maintenance of pulmonary hypertension. However, few of these 

models fully describe human PAH6. Interestingly, we recently showed in a preclinical 

model that also thoracic irradiation leads to vascular damage, being the predominant 

histological change after irradiation of large volumes with a relatively low dose7. Our 

findings agreed with what was suggested from clinical8 and preclinical studies9 indicating 

that treatment of large lung volumes even to a low dose is an important risk factor in the 

development of pulmonary toxicity. Moreover, whole-thoracic-irradiation with a sub-

lethal dose was shown to induce an increased pulmonary vascular resistance as well as a 

decrease in pulmonary arterial distensibility and vascular density early after radiation10. 

These features seem similar to that what is observed in patients with pulmonary hyperten-

sion11. Interestingly, individuals already suffering from pre-existing pulmonary vascular 

disease, manifesting as sub-clinical increases in pulmonary artery pressure, are known to 

have an increased risk for radiation-induced pulmonary toxicity12. However, the type, 

evolution and consequences of pulmonary vascular remodeling after radiation are largely 

unknown. In the present study, we hypothesize that vascular damage after irradiation 

of the lung may develop into PAH. Using high-precision proton radiation beams, this 

hypothesis was tested by inducing different levels of vascular damage by irradiating small, 

intermediate and large volumes of rat lungs with graded radiation doses, resulting in an 

equal risk of inducing pulmonary dysfunction13. Since vascular damage plays a central 
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role in radiation-induced pulmonary dysfunction as well as pulmonary hypertension, we 

investigated the commonalities between radiation-induced vascular remodeling and that 

of previously described PAH models.

2. MATERIAL AND METHODS 
2.1 Animals 

Adult male albino wistar rats (n=78, 270gr-320gr, 8-9 weeks old) of the Hsd/

Cpb:WU strain bred in a specific pathogen free colony (Harlan-CPB, Rijswijk, The 

Netherlands) were used in the experiments. They were housed five to a cage under a 

12 h light - 12 h dark cycle and fed rodent chow (RMH-B, Hope Farms, Woerden, 

The Netherlands) and water ad libitum. 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). 

2.2 Irradiation technique 

To induce different levels of vascular damage, 33%, 50%, 75% or 100% of the rats’ 

lungs were irradiated to 28, 20/22, 17 and 13 Gy (single fraction) respectively (Figure.1). 

Figure.1:  Overview of applied irradiation ports

This was done with 150 MeV protons from the cyclotron at the Kernfysisch 

Versneller Instituut, using the shoot-through technique as published previously13-16. 

This results in very sharp lateral field edges (20–80% isodose distance: 1 mm)16 thus 

sparing the shielded part of the lung very effectively. The irradiation ports (Figure.1) were 

designed using computed tomography scans of animals of the same age and weight17.

2
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2.3 Histopathology 

For morphological analysis, tissue samples were taken from both in- and out-of-

field of the left lung at a distance of at least 3 mm from the field edge and compared with 

non-irradiated controls (n=3). The radiation response of the pulmonary vasculature was 

assessed by evaluating the morphology before (2 weeks post-irradiation) and at the peak 

of pulmonary dysfunction (8 weeks post-irradiation)17 in 3 rats per group. Pulmonary 

sections (5-μm thick) were stained with Haematoxylin and Eosin, rat endothelial cells 

specific marker (HIS52) or Verhoeff’s elastica stain. Since 70% of the pulmonary vascular 

bed consists of radiosensitive microvasculature18,19 and damage of these can be expected 

to have the largest impact on lung function, small intra-acinar vessels (<50 μm) were 

selected for morphological analysis. For morphometric analysis of the vascular dimen-

sions, lung sections with Verhoeff’s elastica stain were used according to van Albada et 

al.20. In short, 40 randomly chosen pulmonary intra-acinar vessels <50 μm were assessed 

at 400x magnification using an image analysis system (CZ KS400; Imaging Associates, 

Bicester, UK). Two different vascular areas were defined: outer vessel area and luminal 

area. The outer vessel area was defined as the area within the external elastic lamina. 

The area within the internal elastic lamina was defined as the luminal area. Areas were 

transformed into diameters and subsequently wall thickness was defined by subtracting 

the external diameter from the luminal diameter. Occlusion was then calculated in these 

pulmonary vessels accordingly, as (outer vessel diameter- luminal diameter) / (outer vessel 

diameter). Vessels were excluded from the measurement if they were too elliptical (ratio 

of the largest and smallest diameter exceeded 2), had an incomplete circular shape, were 

collapsed along more than one quarter of the vessel wall or were located adjacent to an 

airway. 

2.4 Hemodynamics 

To assess the effect of the early radiation response of the lung vasculature on 

pulmonary/cardiac hemodynamics, right ventricle and pulmonary artery pressure (RVP 

and PAP) were directly measured at the peak of pulmonary dysfunction, 8 weeks post-

lung irradiation, according to Rabinovitch et al.21. In short, the rats (n=4 per group) first 

were anesthetized (isoflurane) and ventilated with room air. A fluid-filled catheter with 
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the pressure transducer was induced via right external jugular vein into right ventricle(RV) 

cavity and guided to the pulmonary artery (PA) under pressure waveform monitoring to 

record the RVP and PAP. After completion of the hemodynamic measurement, the thorax 

was opened and heart and lungs were excised.  The heart was divided into atria, ventricles 

and septum and weighted separately. Right ventricle hypertrophy (RVH) was assessed by 

measuring the ratio of the weights of RV to the combination of left ventricle (LV) and 

intraventricular septum (IVS). The measurements were compared with non-irradiated 

controls (n=3).

2.5 Breathing rate (BR) assay 

In pre-clinical studies, BR is considered as a surrogate for pulmonary function17,22. 

BR was measured before and every two weeks after the irradiations up to week 10 (n=24 

per group), as previously described17. The increase of the BR at this time, relative to 

the mean BR in weeks 0–2 after irradiation, was used as an indicator of early pulmo-

nary dysfunction. The BR of non-irradiated controls was available in our database from 

previous experiments (n=9).

2.6 Statistics 

To test whether differences exist between groups in pressure measurements and 

RVH assessment, the Post hoc-Bonferroni test was performed using one-way ANOVA. 

For morphology quantification, the linear mixed model and F-test was specifically used to 

test differences between quantified parameters when comparing all groups at once. In this 

test randomly chosen vessels per rat per group were considered as randomly repeated vari-

ables. The nominal level of significance was 0.05. In order to determine to what extent the 

changes in BR is explained by changes in PAP, the Pearson’s product-moment correlation 

coefficient of these 2 parameters was used. A correlation was considered significant if the 

hypothesis of no correlation was rejected at p<0.05. Breathing rate change has significant 

amount of variation due to random errors in the measurement. Therefore when using all 

individual data points for correlation, in order to answer our main question, the correla-

tion coefficient has to be corrected for attenuation due to the random errors of BR meas-

urement according to the following formula 23.

2
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BR

BRmPAP
corrected yreliabilit

r
r ,=

The reliability is inversely related to random errors and is the consistency of a set 

of measurements24. In order to assess the random error in the BR measurement, 4 random 

groups of rats with random dose distributions were chosen to resemble the variation in 

the irradiated population. Their BR measurements during the whole follow up post-irra-

diation were duplicated which was carried out by the same person. The reliability is then 

estimated as the concordance correlation coefficient between these two administrations of 

the same measure 24 and was 0.77 25. 

3.  RESULTS
3.1 Global loss of pulmonary endothelial cells precedes parenchymal damage 

and induces global pulmonary vascular remodeling. 

At 2 weeks post- 50% lung irradiation to 20 Gy, prior to pulmonary dysfunc-

tion17, the morphology of irradiated and shielded lung tissue was evaluated. In previous 

work we showed that this irradiation setting results in a comparable level of parenchymal 

and vascular damage at 8 weeks post-irradiation, the peak of pulmonary dysfunction 7,17. 

Indeed, prominent perivascular edema in both large and small vessels was observed in 

the radiation field (in-field), whereas besides minor changes in the epithelium, no major 

morphological changes in the alveolar parenchyma could be observed yet (Figure.2a vs 

2b). Interestingly, a similar effect was observed in the shielded part of the lung (out-of-

field) which received no dose, suggesting a vascular effect throughout the entire lung 

(Figure.2c). Besides the vascular edema, loss of cells expressing the rat endothelial cell-

specific marker HIS52 was observed both in- and out-of-field (Figure.2a vs 2b and 2c), 

indicating a global detachment of endothelial cells (ECs) and disruption of the endothe-

lium in pulmonary vasculature. 
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Figure.2:  Global loss of pulmonary endothelial cells (ECs) precedes paren-
chymal damage. The effect of lung irradiation on lung tissue and ECs was assessed 
by evaluation of the morphology of lung tissue by H&E and immunohistochemical 
staining of rat ECs specific marker (HIS52) respectively. Lung samples were taken 
from both in- and out-of-field 2 weeks post-50% lung irradiation to 20 Gy. Nuclei 
are stained with DAPI (blue) and HIS52 positive are stained with brown. Panel a 
shows a large and a small vessel in non-irradiated lung tissue with fine lung paren-
chyma. A close view of a small vessel in non-irradiated lung tissue shows an intact 
endothelial layer; the integrated lining of ECs is shown in a higher magnification. 
Perivascular edema (both in-field and out-of-field, b and c respectively; pointed by 
arrows) and EC detachment (leading to a disrupted endothelial layer) are the 
predominant damage. The results are representative sections from 3 irradiated rat 
lungs.

Since it is well known that changes in the integrity of ECs lead to increased perme-

ability and leakage in irradiated tissues26, the early response of pulmonary vasculature to 

lung irradiation may be initiated from the global lung EC loss. 

2
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Figure.3:  Early radiation response of lung vasculature leads to global pulmo-
nary vascular remodeling. (a) Anatomy of non-irradiated control pulmonary 
intra-acinar vessel (<50 μm). Pulmonary vascular remodeling was assessed by 
immunohistochemical staining (Verhoeff’s elastica stain) of pulmonary intra-acinar 
vessels 8 weeks post-irradiation of 33, 50 and 75% rats’ lungs to 28, 22 and 17 Gy 
respectively. (b) Lung irradiation induces vascular remodeling such as musculariza-
tion, adventitia thickening and neointima formation. (c) Vascular remodeling were 
present both in- and out-of- field showing a global pulmonary vascular response in 
all irradiated volumes. L= luminal diameter, O= outer vessel diameter, SMCs= 
smooth muscle cells. Magnification 400x.
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EC injury is a hallmark in initiating/mediating structural changes in pulmonary 

vasculature 27. Therefore, the morphology of the lung vasculature was investigated at the 

peak of pulmonary dysfunction17. Indeed lung irradiation-induced structural changes 

in the vasculature such as muscularization of the media layer, thickening of the adven-

titia as well as more advanced lesions, including neointimal lesions and obliteration of 

small pulmonary vessels (Figure.3b), indicative of advanced remodeling of all layers. As 

expected, due to the global nature of vascular response, these features were also present 

out-of-field. In order to check whether the vascular response occurs at lower doses, the 

morphology of 100% to a low dose of 13 Gy irradiated lungs, were evaluated. In previous 

work 7,17 we showed  that this irradiation setting has the lowest applicable dose which 

produces a pronounced pulmonary dysfunction. Indeed prior to pulmonary dysfunc-

tion, again predominant perivascular edema was observed with no sign of parenchymal 

damage (Supplementary figure.1a). At the peak of pulmonary dysfunction again severe 

vascular remodeling was observed without major parenchymal remodeling (Supplemen-

tary figure.1b). This may indicate that the tolerance dose for vascular response is lower 

than parenchymal response. 

3.2 Global response of pulmonary vasculature is irradiated volume dependent. 

Development of pulmonary dysfunction depends on the irradiated lung 

volume7,17,28. Therefore, the extent to which pulmonary dysfunction is determined by 

pulmonary vascular remodeling was assessed by morphological quantification of vascular 

damage, induced to different levels by irradiating different lung volumes (Figure.3c)  

Strikingly irradiated-volume dependent increases were observed in absolute wall thick-

ness (Figure.4b, p<0.05) and the percentage of luminal occlusion (Figure.4c, p<0.05). 

Vascular remodeling was more pronounced with an increase in irradiated volume despite 

the lower radiation dose. Moreover, the out-of-field response increased as the irradiated 

volume increased (Figure.4b and c, p<0.05).This indicates a global pulmonary vascular 

response rather than a response confined only to the area where the radiation dose is 

deposited.

2
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Figure.4:  Early radiation response of lung vasculature depends on irradiated 
volume rather than on local dose and is a global effect in the lung. (a) An example 
of quantification of vascular response in lung tissue in- and out-of-field from different irradi-
ated volumes 8 weeks post-irradiation. A large overview of the lung tissue was shown with 
arrows pointing at remodeled pulmonary intra-acinar vessels (<50 μm). Two vessels were 
chosen to show the procedure of quantification by measuring the absolute wall thickness and 
the percentage of luminal occlusion. This quantification was applied for 40 pulmonary intra-
acinar vessels per rat per field (in-field or out-of-field) and the average of the obtained values 
was used as an assessment of the vascular response of that particular lung tissue. (b, c) Early 
pulmonary vascular response depends on irradiated lung volume and is a global effect in the 
lungs. For each group 3 rats and for each rat 2 fields (in-field or out-of-field) and for each 
field 40 randomly chosen vessels were used for the morphological quantification. The 
outcome from each group was subtracted from the outcome of the control group and then 
represented in the graphs. The data are presented as mean ± SEM. A significant difference 
between groups was found at p value less than 0.0000001.
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3.3 Global pulmonary vasculature response determines pulmonary dysfunction. 

Global changes in vascular bed increases the pulmonary vascular resistance and 

induces elevated RVP and PAP, features that are known as pulmonary hypertension29. 

Indeed lung irradiation was found to induce pulmonary hypertension by showing an 

irradiated-volume dependent increase in all components of RVP and PAP, despite the 

decreasing dose (Figure.5a). Moreover, as can be expected with an increase in pulmo-

nary vascular resistance and PAP, the increased RV workload led to an irradiated-volume 

dependent RVH and a decrease in IVS weight (Figure.5b). These are generally consid-

ered as characteristics of the severity of pulmonary hypertension29. Therefore the results 

showed that rats irradiated to the largest lung volume (75%) even to a relatively low 

dose (17 Gy) suffer from severe pulmonary hypertension. In addition, as a measure of 

pulmonary function, the breathing rate (BR) of the irradiated animals increased in a 

similar manner to all other measured parameters, indicating that the development of 

pulmonary dysfunction is related to pulmonary hypertension (Figure.5c). To determine 

to what extent the global pulmonary vascular response and hence pulmonary hyperten-

sion is responsible for pulmonary dysfunction, the increase in BR and mPAP were corre-

lated using all individual data(Figure.5c). Remarkably, a strong correlation of these two 

parameters (Figure.5c, r=0.9) was found. Taken together our results indicate that the 

global pulmonary vascular response plays a major role in the development of early radia-

tion-induced pulmonary dysfunction. 

4. DISCUSSION
In preclinical studies radiation of the lungs at large volumes leading to pulmo-

nary dysfunction seems to be caused by vascular damage. Since vascular remodeling is a 

hallmark of PAH, we investigated whether irradiation could induce pulmonary hyperten-

sion with the related pulmonary vascular changes. We show the proof of principle that 

irradiation of the lung leads to pulmonary vascular remodeling with subsequent pulmo-

nary hypertension and RVH. The pulmonary vascular remodeling induced by irradia-

tion showed striking similarities with the characteristic histopathology of PAH, included 

endothelial cell damage, vascular cell proliferation and neointimal lesions 30. 
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Figure.5:  Early global response of pulmonary vasculature and the consequent 
pulmonary hypertension determines radiation-induced pulmonary dysfunc-
tion. (a) Pulmonary and cardiac hemodynamics measurement with right-sided cardiac cath-
eterization at 8 weeks post-irradiation showed that all components of RVP and PAP increase 
with increasing the irradiated volume. s = systolic, d = diastolic, and m = mean. (b) The 
increased workload of RV leaded to irradiated volume dependent increase in RVH.  LV, RV, 
and IVS weights of all groups are indicated in the table. (c) Indeed early radiation-induced 
pulmonary dysfunction showed a similar irradiated volume dependent response as assessed 
by BR increase. The strong correlation of the increase in BR and mPAP as a readout of global 
pulmonary vascular remodeling (r corrected = 0.9) indicates that the development of pulmo-
nary dysfunction strongly depends on global response of lung vasculature. The increases of 
RVP, PAP and RVH of the irradiated rats were compared to control levels. The outcome from 
each group was subtracted from the outcome of the control group and then represented in 
the graphs. Data is represented in mean ± SEM. A significant difference in measurements of 
sRVP, sPAP, dPAP, mPAP, RVH and BR-increase between groups was found with p values of 
0.004, 0.0004, 0.0001, 0.00005, 0.00006 and 0.000003 respectively.



47

Lung irradiation induces pulmonary hypertension

The first sign of vascular changes such as EC loss and perivascular edema were 

observed both within the irradiated and shielded parts of the lung before any apparent 

parenchymal or BR changes. Subsequent to global pulmonary vascular remodeling accom-

panied by PAP elevation, RVH was observed indicative of pulmonary hypertension.  This 

cascade of events was shown to play a major role in the development of BR increase as a 

surrogate measure for pulmonary dysfunction. BR is a nonspecific measure for pulmo-

nary function. It is only part of the lung function (which is not easily measurable in rats) 

and changes can be induced by several factors such as reduced diffusion capacity due to 

parenchymal damage. However, the very strong correlation between pulmonary hyper-

tension and BR in our study suggests that in our model the reduced ventilatory efficiency 

as a consequence of reduced perfusion is responsible for the increases in BR, as frequently 

observed in patients with PAH 31. Hence in this model of PAH in rats, BR may seem to 

be a sufficient surrogate measure of pulmonary function.  

The acute EC loss and perivascular edema found in the current study may result 

from ECs detaching from the basal lamina32, loss of endothelium integrity due to EC 

retraction and increased permeability to low molecular weight solutes26 shown to occur 

hours to days after radiation of pulmonary ECs. Although not yet studied in lungs, the 

importance of acute EC loss in the development of radiation-induced normal tissue 

damage has been established for other tissues such as intestine, spinal cord and rectum33-

35. In patients treated for rectal cancer with preoperative radiotherapy the radiation injury 

to normal tissue correlated strongly with the radiation-induced vascular damage as quan-

tified by vascular wall thickness33. In the same study33, it was also demonstrated that 

irradiated ECs induce migration and proliferation of vascular smooth muscle cells, an 

important feature of vascular remodeling in PAH 36. It therefore seems that ECs may be 

the main target of radiation in many organs and may have a pivotal role in the develop-

ment of early radiation-induced vascular changes in the lung. However, the current study 

shows for the first time that this phenomenon can induce pulmonary hypertension and 

function failure. Indeed in many pulmonary vascular diseases, such as PAH, EC dysfunc-

tion is considered to play an initiating role in the pathogenesis of vascular remodeling27. 

The features of vascular remodeling in our model show striking similarities with those 
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observed in other experimental pulmonary hypertension models using the same strain 

of rats and age20 or Sprague-Dawley with almost the same age and weight (300-350 

gr) 37,38. This supports the hypothesis that EC loss also plays an initiating role in the 

pathogenesis of the early radiation-induced vascular changes in the lung. Moreover, in 

other animal models observations in line with ours have been published after thoracic 

irradiation, such as acute vascular remodeling in August rats39 and increased mean pulmo-

nary artery pressure in Sprague-Dawley rats40, dogs41 and sheep42,43. Therefore, our find-

ings open a new way of studying the radiation model of pulmonary hypertension for a 

better understanding of EC dysfunction and degeneration of vasculature in pulmonary 

vascular disease leading to PAH, a disease in which the inducing mechanisms are so far 

not completely understood 44,45.  

One of the most striking observations in this model of radiation-induced pulmo-

nary vascular damage is that the histomorphology shows the development of neointimal 

lesions, which are considered hallmarks of PAH6,20,46-49. Treatment of patients with PAH, 

in the international classification type I PAH, still have a poor prognosis despite improve-

ment in therapeutic regimens1, hence it is referred to as the “irreversible” form of PAH 
46,47. Irreversibility of pulmonary hypertensive disease has been specifically associated with 

the presence of these neointimal lesions 50. Although many PAH models have shown to 

develop medial hypertrophy, so far, only few models have been described that consistently 

develop neointima lesions 29,37,49,51. In the current era, neointimal models are needed to 

adequately study the pathobiology of PAH and the effects of new treatment strategies. 

The occurrence of actual neointimal lesions in this radiation-induced pulmonary hyper-

tension may offer such a novel model. A unique feature of the radiation-induced model 

is the irradiated lung volume dependence of the induction of damage52 and consequent 

changes in PAP (present work), which facilitates well-controlled induction to pre-deter-

mined levels of PAH to study different stages of disease development in a controlled 

manner.

Radiation-induced EC loss (e.g. due to apoptosis) and the consequent disrup-

tion of endothelial lining with increased permeability and perivascular edema shown in 

this model may decrease the blood flow in the irradiated vasculature. As a compensa-
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tory effect, the pressure, blood flow and thereby the shear stress would increase in the 

vasculature in the non-irradiated part of the lungs. This increase of the shear stress may 

then lead to changes in function and structure of ECs in the non-irradiated vasculature. 

Indeed, changes in blood flow and shear stress are known to specifically regulate vascular 

remodeling by altering EC and smooth muscle cells apoptosis and proliferation rates53,54. 

Increased shear stress induced by increased pulmonary blood flow in patients and animal 

models with large congenital cardiac shunts is known to lead to pulmonary endothelial 

dysfunction and progressive vascular remodeling and, thus, flow-associated PAH 30,44. 

This may be a mechanism by which out-of-field EC loss and whole lung vascular remod-

eling develops. It is expected that irradiation of larger lung volumes even to low dose 

(high enough to induce EC apoptosis) induces a more pronounced increase in blood flow 

and shear stress in non-irradiated vasculatures leading to an enhanced out-of-field effect. 

The unique behavior of our radiation-induced pulmonary hypertension model enables 

inducing different levels of vascular response in different parts of the lung and hence may 

provide opportunities to study the mechanisms involved in progressive vascular remode-

ling in flow-associated PAH. So far, treatment for PAH has focused on the use of epopros-

terenol, phosphodieestares inhibitors and endothelin-recepetor antagonists with limited 

success 1. Recently, the use of antiproliferative agents as imatinib, a platelet derived growth 

factor inhibitor, was suggested to be a new class of drugs leading to improved outcome 

of patients with PAH 55. Alternatively, cell-based therapies, as the use of bone-marrow 

derived endothelial progenitor cells have recently been introduced in experimental PAH 

and was shown to have a positive effect on pulmonary vascular hemodynamics 27,56,57. For 

all putative new treatment strategies, however, it is of paramount importance that they 

show improvements in experimental models mimicking the unique histomorphology of 

PAH i.e. with neointimal lesions.

5. CONCLUSION
Lung irradiation was shown to induce pulmonary vascular degeneration and 

pulmonary hypertension possibly initiated from EC loss.  As the histopathology of these 

lesions closely resembles vascular remodeling in PAH, including neointimal lesions, 
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partial lung irradiation may be a promising new model to study and develop strategies for 

the prevention and treatment of pulmonary arterial hypertension.
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SUPPLEMENT MATERIAL

Supplementary figure.1:  Vascular response occurs at low dose of irradiation and 
precedes parenchymal damage. The histology of irradiated lungs was evaluated 2 (a) 
and 8 weeks (b) after 100% lung irradiation to 13 Gy. 2 weeks post-irradiation, prior to 
pulmonary dysfunction, perivascular edema is the predominant damage (a). Low dose 
of irradiation to large volume induces severe vascular remodeling with no sign of major 
parenchymal damage (b) 8 weeks post-irradiation, at the peak of pulmonary dysfunction.
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PHYSIOLOGICAL INTERACTION OF HEART AND LUNG 
IN THORACIC IRRADIATION

Abstract
Introduction: The risk of early radiation-induced lung toxicity (RILT) limits the 

dose and efficacy of radiotherapy of thoracic tumors. In addition to lung dose, co-irradi-

ation of the heart is a known risk factor in the development RILT. The aim of the present 

study is to identify the underlying physiology of the interaction between lung and heart 

in thoracic irradiation. Methods and Materials: Rat hearts and/or lungs were irradi-

ated to 20Gy using high-precision proton beams. Cardio-pulmonary performance was 

assessed using breathing rate measurements and 18F-FDG-PET scans biweekly, and left/

right-sided cardiac hemodynamic measurements and histopathology analysis at 8 weeks 

post-irradiation. Results: 2-12 weeks post-heart irradiation a pronounced defect in the 

uptake of 18F-FDG in the left ventricle (LV) was observed. At 8 weeks post-irradiation 

this coincided with LV perivascular fibrosis, an increase in LV end-diastolic pressure and 

pulmonary edema in the shielded lungs. Lung irradiation alone not only increased pulmo-

nary artery pressure and perivascular edema, but also induced an increased LV relaxation 

time. Combined irradiation of lung and heart induced pronounced increases in LV end-

diastolic pressure and relaxation time, in addition to an increase in right ventricle end-

diastolic pressure, indicative of biventricular diastolic dysfunction. Moreover, enhanced 

pulmonary edema, inflammation and fibrosis were also observed. Conclusions: Both 

lung and heart irradiation cause cardiac and pulmonary toxicity via different mecha-

nisms. Thus when combined, the loss of cardio-pulmonary performance is even further 

intensified, explaining the deleterious effects of heart and lung co-irradiation. Our find-

ings show for the first time the physiological mechanism underlying the development of 

a multi-organ complication RILT. Reduction of dose to either of these organs offers new 

opportunities to improve radiotherapy treatment of thoracic tumors, potentially facili-

tating increased treatment doses and tumor control.

Keywords: Heart-lung interaction, Thoracic irradiation.
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1. INTRODUCTION
For many thoracic tumors treated with radiotherapy, dose escalation is expected 

to improve local control. However, the dose that can be administered safely is limited by 

the risk of potentially lethal radiation-induced lung toxicity (RILT). In a clinical situ-

ation, RILT manifests as respiratory distress and changes on thorax X-ray/computed 

tomography 1. Several treatment-related factors such as the radiation dose and amount 

of irradiated lung tissue correlate with the risk of developing RILT 1. In addition to 

lung tissue, a part of the heart is often also irradiated 2. Although the heart is generally 

considered not to be functionally affected early after irradiation, early radiation-induced 

effects have been reported in animal 3 and clinical studies 4. Co-irradiation of the heart 

was also shown to enhance the risk of RILT both in animal studies 5,6 and in patients with 

non-small-cell lung cancer (NSCLC) 2. Therefore the contribution of the heart as well as 

the lung in the development of early RILT should be taken into account for treatment 

optimization. Until now, however, the mechanism by which this interaction takes place 

is not known. Recently, it was shown in rats that lung irradiation induces pulmonary 

hypertension and right ventricle hypertrophy in an irradiated-volume dependent manner 
7. Pulmonary hypertension can contribute to cardiac dysfunction 8. The possible contri-

bution of radiation-induced pulmonary hypertension in cardiac damage was suggested in 

the early 1990s in a canine model 9, however, the underlying physiological changes, are 

still unknown. 

Taken together, these observations indicate that lung irradiation can cause changes 

in the heart and that heart irradiation can cause changes in the lung, leading collectively 

to physiological changes in the cardio-pulmonary system. Therefore, in the present study 

we investigated whether physiological changes caused by irradiation of lung and/or heart 

can explain their interaction in the development of radiation-induced cardio-pulmonary 

dysfunction. 

2. MATERIALS AND METHODS
2.1 Animals 

Adult male Wistar rats were used. The experiments were performed in agreement 
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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). 

2.2 Irradiation technique 

Rat hearts and/or lungs were irradiated (single-fraction) using a high-precision 

proton beam (150MeV) as published previously 6. Briefly, high-energy protons were 

employed leading to very uniform dose distributions in the longitudinal direction (1%) 

with sharp lateral field edges (20–80% isodose distance: 1mm). This steep penumbra 

(0.9-1.1mm) facilitates the separate irradiation of lung and heart required for dissecting 

the individual contributions of each on tissue damage/dysfunction. The rats were irradi-

ated under anesthesia (isoflurane) and suspended from their incisors. The isodose curves 

of the irradiation portals (Supplementary Table S1) are shown in Figure.1.

Figure.1:  Isodose contours and anatomy. 
Colored areas indicate dose, the solid and dashed 
contour indicate the outlines of heart and lung, 
respectively.

2.3 Breathing rate assay 

In pre-clinical studies, 

BR is considered as a surrogate 

measurement for pulmonary 

function 7. The increase of the 

post-irradiation BR relative 

to the mean BR in weeks 0–2 

after irradiation was used as an 

indicator of early pulmonary 

dysfunction 7. Current data 

(n=5/group) were combined 

with historical data 5,6.

2.4 Electrocardiogram(ECG)-gated cardiac18F-FDG (fluoride-deoxy-glucose) 

positron emission tomography(PET) 

Scans were used to investigate whether heart irradiation induces cardiac changes. 

3
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Reduction in 18F-FDG uptake of the left ventricle (LV) was scored (Supplementary Table 

S2) (n=6/group) and was reported as LV 18F-FDG uptake defect. 

2.5 LV or right ventricle (RV) hemodynamic measurements

Measurements were carried out to investigate cardiac physiological changes 8 

weeks post-irradiation. For LV hemodynamic measurement (n=5/group), a pressure 

catheter was introduced via the carotid artery and guided through the aorta into the 

LV to obtain LV end-diastolic pressure(LVEDP) and Tau(LV relaxation constant). RV 

pressure(RVP) and pulmonary artery pressure(PAP) (n=4/group) were recorded from RV 

hemodynamic measurement 7. Wet lungs were weighed to check if they were edematous. 

The heart was divided into atria, ventricles and septum and weighed separately to assess 

RV hypertrophy(RVH) 7. 

2.6 Morphological changes 

Pulmonary edema, inflammation and fibrosis, as well as cardiac perivascular 

fibrosis, were assessed in samples from the irradiated and the shielded lung and heart 

(n≥4/group). Pulmonary edema was assessed using Haematoxylin & Eosin (H&E) 

staining and semi-quantitative scoring of interstitial and perivascular edema. For inter-

stitial edema, scores from 0-3 were given reflecting the severity of the damage to the 

interstitial tissue and the amount of affected tissue with/without interstitial infiltrate. For 

perivascular edema, scores from 0-2 were given to show the severity of the edema around 

vessels. At least 5 big vessels (>100μm) and 20 small vessels (<100μm) with/without 

perivascular infiltrate were scored. Using H&E staining, pulmonary parenchymal inflam-

mation was scored from 0-3 based on the number of inflammatory cells in the lung 

parenchyma. For fibrosis, Masson Trichrome staining was used. Pulmonary parenchymal 

fibrosis was scored 0-3 based on the amount of deposited collagen. Cardiac perivascular 

fibrosis was quantified by calculating the ratio of the fibrosis area surrounding the vessel 

to the total vessel area using an image analysis system (CZ KS400;Imaging Associates, 

Bicester, UK). For this, at least 20 vessels were examined and depending on the amount 

of vessels, the average results per group were obtained from at least 4 rats’ LVs.

2.7 QPCR 

Total RNA was extracted from the PBS-perfused rat LVs (n=4/group) and cDNA 
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was generated subsequently according to the manufacturers’ protocols. Bio-Rad IQTM 

SYBR@ Green Supermix was used to perform amplifications in a Bio-Rad IQ iCycler 

machine as described by the manufacturer. The following primers were used to amplify 

fibronectin: 5’-agaccatacctgccgaatgtag and gagagcttcttgtcctgtagag. The mRNA levels were 

normalized using 36B4(ribosomal) primers with the sequences: 5’-gttgcctcagtgcctcactc 

and 5’-gcagccgcaaatgcagatgg. 

2.8 Statistical analysis 

Differences between groups were tested by comparing the functional and physi-

ological parameters of the groups using one-way ANOVA with Bonferroni post-hoc anal-

ysis, to correct for multiple comparisons. For morphological assessments, non-parametric 

Kruskal-Wallis test was performed. P values < 0.05 were considered statistically signifi-

cant. To determine to what extent the physiological changes can be explained by changes 

in the morphology, the Pearson’s product-moment correlation coefficient was used. A 

correlation was considered significant if the hypothesis of no correlation was rejected at 

p<0.05.

More details can be found in the Supplementary material.

3. RESULTS
3.1 Radiation induces early cardiac damage

To confirm the interaction between lungs and heart on radiation-induced pulmo-

nary dysfunction (5), we investigated the BR post-partial irradiation of the rat lung, with 

or without irradiation of the heart. Co-irradiation of the heart induced a pronounced 

BR-increase (Supplementary figure.1). This suggests that heart irradiation may induce 

early sub-clinical heart damage that manifests only in combination with lung irradia-

tion resulting in an aggravated reduction in lung function5. To determine whether heart 

irradiation induces early cardiac damage, cardiac metabolism was assessed by 18F-FDG-

PET scans. Scans were taken biweekly for 12 weeks after irradiation of the heart and the 

adjacent lung tissue (25% of the lung) with a dose below and above 18Gy; the threshold 

for lung/heart interaction 6. Indeed a significant defect in 18F-FDG uptake was observed 

in the LVs, at both dose levels (Figure.2, P<0.01 H+25%L, 16Gy vs control and P<0.001 

3



62

Chapter 3

H+25%L, 25Gy vs control). 

3.2 Heart irradiation induces cardiac fibrosis and myocardial damage

To investigate the origin of these metabolic changes, we investigated the 

morphology of the LVs. Immuno-histochemical staining (Figure.3a) and morphological 

quantification (Figure.3b, P<0.01) showed pronounced perivascular fibrosis in the irradi-

ated LVs (20Gy). Moreover, in irradiated LVs a relative increase in fibronectin mRNA 

expression, a well-established profibrotic gene (10), was observed (Figure.3c, P<0.05).  

Aside from perivascular fibrosis, contraction bands (Figure.3d, yellow arrows) were 

observed in the myocardium of the irradiated LVs located predominately in endocardium 

and epicardium. 

Figure.2:  Cardiac metabolic changes after heart irradiation. Scoring of reduced 
18F-FDG uptake in irradiated hearts at diastolic phase (week2-12 post-irradia-
tion) (a) shows 18F-FDG uptake defect in irradiated LVs to 16 and 25 Gy with 
more pronounced effect in 25Gy (b). The areas under the curves (week2-12) were 
compared. ***P<0.001 **P<0.01 *P<0.05 all when compared to control. Data are 
presented as mean±SEM.
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3.3 Heart irradiation induces left ventricle diastolic dysfunction

Myocardial damage and perivascular fibrosis are known to be an important patho-

physiological processes contributing to diastolic dysfunction by impairing cardiac relaxa-

tion 11,12. 

Figure.3:  LV perivascular fibrosis and myocardial damage in irradiated hearts, 
observed by immuno-histochemical staining (a, d), morphological quantification of 
perivascular fibrosis (b) and relative fibronectin mRNA expression (c).  Contraction 
bands (d, shown by yellow arrows) were observed in the epicardium and endocar-
dium of the irradiated hearts. Scale bars on panel a, d and e represent 50μm, 1mm 
and 100μm respectively. Masson Trichrome staining was performed, red 
stain=muscle fiber, blue stain=collagen. ***P<0.001 **P<0.01 *P<0.05 all when 
compared to control. Data are presented as mean±SEM.

Therefore, we next investigated whether the observed histo-pathology and meta-

bolic changes translate into changes in cardiac function. To this end, LV hemodynamics 

were assessed. Heart irradiation (20 Gy) induced a pronounced elevation of the LVEDP 

(Figure.4a, P<0.05). Moreover, pericardial effusion was observed in 2 out of 9 irradiated 

hearts. 

3
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Next we determined to what extent radiation-induced physiological changes can 

be explained by LV morphological changes, by correlating LV perivascular fibrosis with 

LVEDP. The perfect correlation (Supplementary figure.2a) indicated that LV diastolic 

dysfunction can be fully explained by changes in cardiac vasculature.

3.4 Heart irradiation enhances lung tissue damage 

Since diastolic dysfunction is known to promote pulmonary edema 13, it may be 

the mechanism by which heart irradiation induces pulmonary dysfunction. If so, this 

would lead to pulmonary edema in shielded lung tissue. Morphological analysis showed 

significant pulmonary interstitial edema post-heart irradiation (Figure.5a, P<0.001). 

Moreover, the wet weight of the lungs was higher when the hearts were irradiated (Supple-

mentary figure.3). Also in 3 out of 9 rats with irradiated hearts (20 Gy), pleural effusion 

was observed. A strong correlation between LVEDP and pulmonary interstitial edema 

(Supplementary figure.2a) suggests that LV diastolic dysfunction induces secondary 

lung damage. In addition to pulmonary edema, morphological evaluation revealed more 

pulmonary parenchymal inflammation and fibrosis (Figure.5b, P<0.001 and P<0.01 

respectively) when the heart was co-irradiated.  

3.5 Combined lung and heart irradiation: Double trouble 

If irradiation of heart and lung would both have a common consequence, this 

would explain the observed interaction between them. 

Figure.4:  LV Hemodynamics after heart and/or lung irradiation. Significant 
increases in LVEDP were observed in H+25%L and H+50%L groups (a) while 
elevation of Tau was observed in 50%L and H+50%L groups (b). ***P<0.001 
**P<0.01 *P<0.05 all when compared to control. Data are presented as mean±SEM.
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Figure.5:  The morphology of the lung after heart and/or lung irradiation. a) Semi-
quantitative scoring of pulmonary interstitial (blue arrows) and perivascular edema (black arrows). 
The numbers in the pictures show the given scores (Interstitial edema: blue, Perivascular edema: 
black). The first, second and third rows show representative examples of the lung tissue taken from 
non-irradiated controls, shielded and irradiated parts respectively. From left to right, columns show 
increasing levels of the tissue damage. Significant increase of global pulmonary interstitial edema 
was observed when the heart was co-irradiated with the lungs (a). 50% lung irradiation with/
without co-irradiation of the heart significantly increased pulmonary perivascular edema (a). b) The 
first and second rows show semiquantitative scoring of parenchymal inflammation in representative 
examples of the lung tissue taken from shielded and irradiated parts respectively (H&E staining). 
The third row shows semiquantitative scoring of parenchymal fibrosis in the lung tissue. The 
numbers on the left upper corner of the pictures show the given scores (Inflammation: black, 
fibrosis: blue). Co-irradiation of the heart significantly increased the number of inflammatory cells 
(b) and the amount of deposited collagen (b) in the lung tissue. Lung irradiation alone significantly 
increases the number of inflammatory cells. Scale bar shows 100μm. The purple bar shows 
increasing the level of tissue damage. ***P<0.001 **P<0.01 *P<0.05 all when compared to control. 
Data are presented as mean±SEM.
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Importantly, irradiation of 50% lungs (20Gy) has also been shown to induce not 

only pulmonary edema (Figure.5a, Supplementary figure.3, P<0.05) and inflammation 

(Figure.5b, P<0.05), but also affect the heart due to increased pulmonary tension, leading 

to RV systolic pressure overload and RVH (7, Supplementary figure.4). Since all of these 

factors are known to cause LV dysfunction 8, we investigated LV function post-lung irra-

diation. Indeed, significant elevation of Tau (Figure.4b, P<0.05) was observed. A strong 

correlation between pulmonary hypertension, perivascular edema and Tau (Supplemen-

tary figure.2b) indicates that secondary cardiac damage can be explained by radiation-

induced lung damage.   

We next investigated whether combining these effects by simultaneous irra-

diation of both organs results in enhanced response. To this end, cardiac performance 

was assessed after heart+50% lung irradiation (20Gy). Significant elevation of both 

LVEDP (Figure.4a, P<0.01) and Tau (Figure.4b, P<0.05), in addition to perivascular 

fibrosis (Figure.3b, P<0.001) were observed in this setting. Furthermore, enhanced wet 

lung weight increase (Supplementary figure.2, P<0.001), pulmonary interstitial edema 

(Figure.5a, P<0.001), perivascular edema (Figure.5a, P<0.05), parenchymal inflamma-

Figure.6:  RV hemodynamics after irradiation of the heart and 50% of the 
lung. A dramatic elevation of RV diastolic pressure (RVDP) was observed. 
***P<0.001 (H+50%L vs Control), †††P<0.001 (H+50%L vs 50%). Data are 
presented as mean±SEM.
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tion (Figure.5b, P<0.001), fibrosis (Figure.5b, P<0.001) and pleural effusion (5 out of 

9 rats) were observed in the group that received combined lung-heart irradiation. In 

addition to LV diastolic dysfunction, pulmonary edema may also develop from RV 

diastolic dysfunction, as it may be induced by pulmonary hypertension (Supplemen-

tary figure.4a,b). Consistent with this, we also observed a pronounced increase in RVDP 

(Figure.6, P<0.001). 

4. DISCUSSION
The present results document the physiology of how cardiac and pulmonary 

damage can mutually influence cardio-pulmonary function. We observed that heart 

irradiation directly affects cardiac vasculature and myocardium and therefore increases 

end-diastolic pressure, leading to LV diastolic dysfunction, which promotes pulmonary 

interstitial edema. Lung irradiation indirectly impairs LV diastolic function through 

radiation-induced pulmonary hypertension, pulmonary perivascular edema and the 

resultant effect on LV relaxation time. Combined lung-heart irradiation enhances cardiac 

diastolic dysfunction via both mechanisms, which may result in bi-ventricle dysfunc-

tion, explaining the observed aggravated cardio-pulmonary dysfunction. We propose that 

cardiac dysfunction, either originating directly from heart irradiation or indirectly caused 

by lung irradiation, may be an important factor causing and/or enhancing cardio-pulmo-

nary toxicity after thoracic radiotherapy.

Consistent with our observations, changes in cardiac 18F-FDG uptake were 

observed in patients with esophageal cancer 3-9 months post-radiotherapy. Moreover, 

these changes correlated with elevated plasma levels of brain natriuretic peptide, a known 

marker of cardiac diastolic dysfunction in patients with acute dyspnea 14. In pre-clinical 

studies on RILT, BR increase is often considered a surrogate measurement of radiation 

pneumonitis1. Indeed, these BR changes may reflect a reduced diffusion capacity due 

to parenchymal damage such as alveolitis. In addition, it may reflect decreased ventila-

tion efficiency as a consequence of reduced perfusion, a symptom frequently observed 

in patients with pulmonary hypertension and edema 7. Radiation-induced pulmonary 

hypertension was shown to contribute to BR changes not only in single irradiation dose 
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preclinical studies 7,9 but also in fractionation study in a canine model 15. Clinical symp-

toms of cardiac diastolic dysfunction are also predominantly respiratory in nature, due to 

backward failure of the LV causing congestion of the pulmonary vasculature and pulmo-

nary edema 13. Consistent with this, cardiac dysfunction was shown to play key role 

in the development of BR increase in the present study. Taken together, this suggests 

that dyspnea may originate from physiological cardio-pulmonary changes such as cardiac 

diastolic dysfunction and pulmonary hypertension rather than parenchymal damage 

alone. However to substantiate our findings, studies with fractionated dose in larger 

animal models and/or in patients should be performed. 

Current practice in the optimization of the treatment of NSCLC is mainly based 

on the dose distribution in the lungs and the dose to spinal cord. The local control of the 

lung tumors could be improved to ~80-90% by increasing the tumor dose by ~20% 16. At 

present however, this dose escalation is not possible in the majority of patients due to the 

associated risk of RILT.  Importantly, in our pre-clinical studies differences in tolerance 

dose between co-irradiating and sparing of the heart were typically in the same range 5,6. 

Currently, conforming to the dose constraints of the lung often results in an increase of 

dose to the heart. Our present work shows that for a given lung dose, increasing dose to 

the heart may in fact increase the risk of RILT, thus hampering efforts for dose escala-

tion. Therefore, adding dose constraints for the heart in the treatment optimization for 

NSCLC may allow dose escalation and consequently increase the local control. Recently, 

pre-clinical and clinical studies have suggested that models of RILT can be improved by 

accounting for the impact of dose to the heart on the risk of complications 2,6. However, 

the approach to optimally distribute dose over the lung and heart is still unclear. Since we 

now show that symptomatic RILT results from physiological cardio-pulmonary changes, 

dose-response relationships of these changes such as LVEDP and PAP in patients incor-

porating both lung and heart dose-volume variables are needed to build more accurate 

predictive models.

In addition to dosimetric factors, pre-treatment clinical factors could be incorpo-

rated into the predictive models. Pre-existing lung diseases 17 and cardiac and pulmonary 

comorbidity 18 are known to predict adverse effects of a treatment. More accurate models 
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will help to identify patients with a higher risk of RILT. Notably, dose limits for the entire 

population is currently based on these patients, accurately identifying them increases the 

tolerance of the residual population, thereby allowing tumor dose escalation. The patients 

for whom tumor location and size prevents radiotherapy with conventional modalities 

are suitable candidates for dose escalation by more focalized radiation treatment modali-

ties such as particle radiotherapy 19. Here, the dose is more confined to the target and 

co-irradiation of the heart and large volumes of healthy lung tissue can be more effectively 

spared 19.

Symptoms of RILT were shown not to be limited to patients with radiologic 

changes, nor were these changes exclusively associated with symptomatic patients 20. 

Radiographically occult factors such as vascular damage 7 and cardiac damage (present 

results) may contribute to the development of RILT and the associated symptoms. There-

fore, in addition to diagnostic tools of lung damage, (sub-clinical)cardiac damage should 

be assessed for a better assessment of RILT. 

Taken together, our findings show for the first time that reducing the risk of 

the multi-organ complication RILT, requires specific optimization of the treatment with 

respect to cardiac and pulmonary dose. This may lead to the development of more accu-

rate prediction and more effective treatment of thoracic cancers, thereby facilitating indi-

vidualized dose escalation, increased local control and quality of life of patients under-

going thoracic radiotherapy. 
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SUPPLEMENT MATERIAL
Animals Adult male albino wistar rats (n=50, 270gr-320gr) of the Hsd/Cpb:WU 

strain bred in a specific pathogen free colony (Harlan-CPB, Rijswijk, The Netherlands) 

were used. They were housed five to a cage under a 12h light-12h dark cycle and fed 

rodent chow (RMH-B, Hope Farms, Woerden, The Netherlands) and water ad libitum. 

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). 

Irradiation technique Rats’ heart and/or lung were irradiated with 150 MeV 

protons (single fraction)  from the cyclotron at the Kernfysisch Versneller Instituut, Gron-

ingen, using the shoot-through technique as previously published 1,2. In short, the shoot-

through technique only employs high-energy protons ( the plateau of the Bragg curve). In 

the plateau the stopping power (and consequently dose) increases by approximately 1% 

within the rat, along the beam axis. A homogeneous dose distribution of scattered proton 

beams was created, using a double scatter foil system. This resulted in a very uniform dose 

distribution in the longitudinal direction (1%) and sharp lateral field edges (20–80% 

isodose distance: 1 mm). The steep penumbra (0.9-1.1 mm) of the proton beam with 

this irradiation technique facilitates the separate irradiation of lung and heart required for 

dissecting the individual contributions of each on tissue damage and cardio-pulmonary 

dysfunction. The rats were irradiated while they were under anesthesia (isoflurane) and 

hung from their incisors. The irradiation ports were designed using computed tomog-

raphy scans of 5 rats of the same age and weight in the same set up as previously published 
1,2. The irradiation ports and their fields of irradiation are described in Table S1. Overview 

of isodose curves of applied irradiation ports is shown in Figure.1.

Cardiac gated 18F-FDG-PET scans Electrocardiogram (ECG)-gated cardiac18F-

FDG (fluoride-deoxy-glucose) positron emission tomography(PET) scans were used to 

investigate whether heart irradiation induces cardiac changes). Rats (n=6) were scanned 

under isoflurane anaesthesia biweekly till week 12 after heart irradiation (+25% inevitably 

lung irradiation) to 16 or 25Gy. Each cardiac cycle, delimited by peaks in the ECG, was 

divided to 8 gates. Because of its high workload, the left ventricle (LV) uses more glucose 
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compared to the surrounding tissues and is therefore clearly visible on an 18F-FDG-PET 

scan. Prior to the scan 1ml of saline containing 60MBq of 18F-FDG was injected in the 

superficial penile vein. Emission scans were made and then reconstructed for all the gates. 
18F-FDG uptake defects were scored blindly by two observers. Each image was given a 

score for the estimated part of the myocardium that had a reduced uptake of 18F-FDG 

(Table S2). Subsequently the average of the scores in diastolic phase was calculated for 

each group and was reported as LV 18F-FDG uptake defect. To compare the difference 

between the groups the area under the curves from week 2 till 12 were calculated. 

Cardiac Hemodynamic measurements To investigate early cardiac physiological 

changes LV or right ventricle(RV) hemodynamic measurements were carried out 8 weeks 

after irradiation. For LV hemodynamic measurement, a pressure catheter was introduced 

via the carotid artery and guided through the aorta into the LV to obtain hemodynamic 

parameters (n=5 per group) 3 and LV end-diastolic pressure(LVEDP) and Tau(LV relaxa-

tion constant) were recorded. Right ventricle pressure(RVP) and pulmonary artery 

pressure(PAP) (n=4 per group) were recorded from RV hemodynamic measurement as 

previously published 4, All procedures were carried out while the rats were anesthetized 

(isoflurane) and ventilated with room air. Subsequently the thorax was opened and heart 

and lungs were examined in situ for overt abnormalities such as pericardial and pleural 

effusion and then excised for further histological analysis. Wet lungs were weighted to 

check if they are edematous. The heart was divided into atria, ventricles and septum and 

weighted separately to assess RV hypertrophy(RVH) as published previously4.

Histopathology Morphological changes in the heart and lung tissue were 

assessed in samples from heart, irradiated and shielded (distance>3 mm from the irra-

diated field-edge) parts of the lung. Tissue sections (5-μm thick) were stained with 

Haematoxylin&Eosin and Masson’s trichrome and analyzed morphologically for signs of 

pulmonary edema, parenchymal inflammation and fibrosis as well as myocardial damage. 

Pulmonary edema was assessed on Haematoxylin&Eosin stained lung tissue by semi-

quantitative scoring of interstitial and perivascular edema. For interstitial edema: score 

0: no edema in the interstitial tissue (thin septa); score 1: Mild-moderate edema without 

interstitial infiltrate, affected area (a)<50% of total tissue section; score 2: moderate-sever 

3
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edema with interstitial infiltrate, a<50%; score 3: sever edema with interstitial infiltrate, 

a>50%. For perivascular edema: score 0: no edema around vessels; score 1: mild-moderate 

edema with/without perivascular infiltrate; score 2: moderate-severe edema with/ without 

perivascular infiltrate. All vessels in the tissue section (at least 5 big vessels>100μm and 

20 small vessels<100μm) were scored blindly by two observers separately and then aver-

aged for the representative score of that section. Pulmonary parenchymal inflammation 

was scored on Haematoxylin&Eosin stained lung tissue as the level of inflammatory cells 

in the lung parenchyma on each slide. No distinction was made between the different 

cell types. No inflammatory cells = Score 0; only a few inflammatory cells in the lung 

= Score 1; many nonclustered inflammatory cells present (200X magnification) = Score 

2; and large amounts of clustered inflammatory cells present (100X magnification) and 

total affected area volume of 50% or more of the total tissue cross-section = Score 3. 

Pulmonary parenchymal fibrosis was scored on Masson Trichrome stained lung tissue. 

No fibrosis = Score 0; thickening of lung parenchyma, alveolar structures still visible 

= Score 1; complete breakdown of lung parenchyma, a clod of fibrotic tissue replaces 

alveolar tissue (total affected area < 50% of the total tissue section) = Score 2; complete 

breakdown of lung parenchyma, a clod of fibrotic tissue replaces alveolar tissue (total 

affected area volume of 50% or more of the total tissue cross-section) = Score 3. Cardiac 

perivascular fibrosis was quantified on Masson Trichrome stained heart tissue by calcu-

lating the ratio of the fibrosis area surrounding the vessel to the total vessel area using an 

image analysis system (CZ KS400;Imaging Associates, Bicester, UK). For this at least 20 

vessels were examined and depending on the amount of vessels the average results per 

group were obtained from at least 4 rats’ LVs. 

QPCR Total RNA was extracted from the PBS-perfused rat LVs using the Strata-

gene Absolutely RNA miniprep-kit and cDNA was generated subsequently using the 

M-MLV Reverse Transcriptase kit (Invitrogen) according to the manufacturers’ proto-

cols. Bio-Rad IQTM SYBR@ Green Supermix was used to perform amplifications in a 

Bio-Rad IQ iCycler machine as described by the manufacturer. The following primers 

were used to amplify fibronectin: 5’-agaccatacctgccgaatgtag and gagagcttcttgtcctgtagag. 

The mRNA levels were normalized using 36B4(ribosomal) primers with the sequences: 
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5’-gttgcctcagtgcctcactc and 5’-gcagccgcaaatgcagatgg.

Fields Irradiation details Corresponding 

panel

25%L Irradiation of 25% of the right base of the lung Figure.1a

H + 25% L Irradiation of the heart plus unavoidable 25% 

of the surrounding lung tissue

Figure.1b

H+ 50% L Irradiation of the 25% of the lateral part of the 

lung in addition to H+25%L

Figure.1c

    50%L 

 

Irradiation of the 50% of the lateral part of 

the lung

Figure.1d

Table S1: Detailed description of the irradiation fields

          Score  Part with reduced intensity (x)

0 No reduction
1 x ≤ 25%
2 25% < x ≤ 50%
3 x>50%

Table S2: Scoring system for left-ventricle FDG uptake reductions.

3
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Supplementary figure.1:  Co-irradiation of the heart enhances early radia-
tion-induced pulmonary dysfunction. Small lung irradiation(25%) does not 
translate to BR-increase whereas larger irradiated lung volume(50%) clearly 
induces pulmonary dysfunction shown by significant BR-increase(***P<0.001, 
50%L vs Control). Co-irradiation of the heart adversely enhances this 
response(†P<0.05, 50%L vs H+50%L). The graph shows the area under the 
curve of BR increase (week0-8 post-irradiation, containing the peak response 1,2). 
Current data supplemented with data from 1,2. Data are presented as mean±SEM.



77

Supplement material

Supplementary figure.2:  Correlation between different morphological and phys-
iological parameters indicates that irradiation of heart and lung can independ-
ently cause both cardiac and pulmonary damage/dysfunction via different mecha-
nisms. a)  An almost perfect correlation between an increase in left ventricle 
end-diastolic pressure (LVEDP) and left ventricle (LV) perivascular fibrosis (r=0.99) 
suggests that heart irradiation induces LV perivascular fibrosis leading to an increase of 
LVEDP and LV diastolic dysfunction. This cardiac damage in turn may cause secondary 
lung toxicity by promoting pulmonary interstitial edema both in irradiated (close 
symbols, r=0.98) and shielded lung tissue (open symbols, r=0.95). b) Lung irradiation 
induces pulmonary hypertension (4) which promotes pulmonary perivascular edema 
both in irradiated (close symbols, r=0.91) and shielded lung tissue (open symbols, 
r=0.83). a strong correlation between Tau and pulmonary perivascular edema both in 
irradiated (close symbols, r=0.99) and shielded lung tissue (open symbols, r=0.98) 
suggests that this global lung damage  indirectly leads to impairment of LV diastolic 
function through its resultant effect on LV relaxation time (Tau), Data are presented 
as mean ± SEM.  

3
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Supplementary figure.3:  Wet lung weight is increased after lung irradiation 
(*P<0.05 50%L vs Control) which further elevated when co-irradiated with the heart 
(†P<0.05 50%L vs H+50%L; ***P<0.001 H+50%L vs Control).  Data are presented 
as mean ± SEM. 

Supplementary figure.4:  50% lung with or without heart irradiation (20Gy) 
induces pulmonary hypertension and right ventricle hypertrophy. This was shown 
by a) significant elevation of mean pulmonary artery pressure (mPAP), *P<0.05 (50%L 
vs Control) and b) right ventricle hypertrophy (RVH), (*P<0.05 50%L vs Control and 
**P<0.01 (H+50%L vs Control)). RVH was assessed indirectly by 18F-FDG scans 
and directly by measuring the ratio of the weights of RV to the combination of IVS 
and LV. 18F-FDG scans show the top view of the hearts. 18F-FDG uptake of the RV 
increased dramatically after lung irradiation indicative of increased work load of the 
RV. Data are presented as mean ± SEM.  
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QUANTIFYING LOCAL RADIATION-INDUCED LUNG 
DAMAGE 

Abstract 
Purpose: Optimal implementation of new radiotherapy techniques requires 

accurate predictive models for normal tissue complications. Since clinically-used dose 

distributions are non-uniform local tissue damage needs to be measured and related to 

local tissue dose. In lung radiation-induced damage results in density changes that have 

been measured by Computed Tomography (CT) imaging non-invasively, but not yet on 

a localized scale. Therefore, the aim of the present study was to develop a method for 

quantification of local radiation-induced lung tissue damage using CT. Methods and 

Materials: CT-images of the thorax were made 8 and 26 weeks after irradiation of 100, 

75, 50 and 25% lung volume of rats. Local lung tissue structure (SL) was quantified from 

local mean and local standard deviation of the CT density (HU) in 1-mm3 sub-volumes. 

The relation of changes in SL (∆SL) to histological changes and breathing rate (BR) was 

investigated. Feasibility for clinical application was tested by applying the method to 

CT-images of a non-small cell lung carcinoma patient and investigating local dose-effect 

relationship of ∆SL. Results: In rats a clear dose response relationship of ∆SL was observed 

at different time points after radiation. Furthermore, ∆SL correlated strongly to histo-

logical endpoints (infiltrates and inflammatory cells) and BR. In the patient progres-

sive local-dose dependent increases in ∆SL were observed. Conclusion: We developed 

a method to quantify local radiation-induced tissue damage in the lung using CT. This 

method can be used in the development of more accurate predictive models for normal 

tissue complications.

Keywords: Radiation-induced lung damage; CT-imaging; CT density changes; Normal 

tissue injury. 
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1. INTRODUCTION
In non–small-cell lung cancer (NSCLC), escalation of radiation dose to the tumor 

is expected to result in increased local control1,2. However, the tumor dose is limited 

by the risk of  life-threatening complications, such as radiation-induced pneumonitis 

and fibrosis 3. Since dose and irradiated volume are risk factors for the development of 

pulmonary morbidity 4-6, modern radiation technologies, such as intensity modulated 

radiotherapy (IMRT) and protons, are aiming at reducing dose and irradiated volume. 

However, optimal clinical application of these techniques requires detailed knowledge 

on the relationship between dose distribution and the risk of complications. Aggregative 

local radiation-induced damage determines the occurrence of symptomatic radiation-

induced loss of lung function (SRILF) 7,8. Thus, in order to elucidate the relationship 

between dose distributions and the risk of SRILF in clinical settings with inhomogeneous 

dose distribution, an objective measure for local lung tissue damage needs to be quanti-

fied and related to local dose.

Radiation-induced changes in the lung, such as edema, cell infiltration into 

air spaces, thickened alveolar walls and fibrosis, cause density changes 9. These density 

changes can be non-invasively measured using Computed Tomography (CT) imaging. 

This imaging modality is generally used to image radiation-induced pulmonary injury 

in both humans and animal models 9-15.  In most studies, the mean lung density in the 

whole or a large part of the lung was used to quantify tissue damage. However, the mean 

lung density does not change in combination of local density increase and hyperinfla-

tion in the irradiated lungs4,5. Considering this, we recently developed a method that 

quantitatively measures regional structural changes in homogeneous irradiated rat lung 

from CT-images 15 using a combination of mean density changes with the corresponding 

standard deviation. However, regional quantification can not be used for measurement of 

dose-effect relationships for local changes occurring after irradiation in clinical practice 

using non-uniform dose distributions. 

Therefore, the aim of the present study was to develop a method using CT to 

obtain local quantities of structural changes in very small sub-volumes of the lung tissue. 

In order to accurately determine the structural changes from CT-images, it is necessary to 
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study homogenous dose distributions using our rat lung model first 4,5,16.  We showed that 

local structural changes quantified from CT-image were representative for local damage 

as they related to local histological damage. Functional relevance of these local measure-

ments was shown by correlation with the global lung function. In addition, the feasibility 

of this method in the clinical setting was demonstrated by applying the method to serial 

CT-images of one patient.

2. MATERIALS AND METHODS
2.1 Animal experiment

2.1.1 Study design

Adult male albino wistar rats (n=211, Hsd/Cpb: WU-strain) were used. Radiation 

portals were designed using planning CT-images of 5 age-matched rats 5. 100%, 75%, 

50% or 25% of the lung volumes were irradiated with 9-13Gy, 12-17Gy, 13-22Gy and 

27-36Gy respectively (Figure.1) using either proton or photon irradiation 4,5,14-17. 

Figure.1:  Overview of irradiation ports used.

Since heart irradiation may influence the response of the lung to the irradiation, 

the dose distributions were chosen such that the heart was either spared or irradiated to 

a dose (<14Gy), which is below the threshold dose of 18Gy and known not to influence 

4
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pulmonary function 5,16,17. Therefore, the observed irradiation-induced injuries were the 

result of damage to lung tissue only. Data on some of the rats were available in our data-

base from previous studies4,15-17. 

2.1.2 Irradiation techniques

Data available from two types of irradiation proton vs photon (previously 

obtained,4,15) were included in this study to demonstrate that quantification of local struc-

tural changes is independent of different irradiation techniques.172 rats were irradiated in 

a single fraction with either 150MeV protons (n=139) or photons (n=33). Protons were 

derived from the cyclotron at the Kernfysisch Versneller Instituut, and delivered using the 

shoot-through technique, employing the high-energy plateau protons (not Bragg-peak 

protons)18. Photons were delivered as two parallel opposing anterior-posterior/posterior-

anterior irradiation fields from an orthovoltage X-ray machine (200kV,15mA, for details  

see5). 

2.1.3 CT-imaging

Local density changes were assessed using CT-imaging (pixel size=0.37×0.37mm2, 

slice-thickness=1mm) 8 and 26 weeks after irradiation. These time intervals were chosen 

to obtain information during pneumonitis and fibrotic phase, respectively. 

At each point the same three randomly chosen rats from each group were anesthe-

tized with an i.p. injection of ketelar (36mg/kg) and rompun (6mg/kg) and scanned in a 

specially designed CT holder5,15. 

2.1.4 Breathing rate assay

To assess the effect of irradiation on lung function, breathing rate (BR) was meas-

ured5. Function loss was expressed as the increase of the mean BR in periods of 6-12 

weeks and 16-28 weeks relative to the mean BR in 0–4weeks after irradiation, for pneu-

monitis and fibrotic phase, respectively.

2.1.5 Histological examinations

To assess local tissue damage early after radiation, histological examination was 

performed 8 weeks after radiation. Lung tissue samples were taken from both inside 

and outside the radiation field in 50%-lateral irradiated lungs (Figure.1c). Details of the 

procedure and scoring have been previously published4,5. 
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2.1.6 Quantification of local structural changes 

In the CT-images, lung tissue was delineated using an automated contouring 

procedure15. In the previous study, the structure of the lung tissue was characterized by 

regional mean and standard deviation of the density in Hounsfield Unit (HU)15. 

Abbreviations Descriptions

μL Local mean  of the density in 1-mm3 sub-volume

σL Local standard deviation of the density in 1-mm3 sub-
volume

r The distance of a sample to the origin (mean) of the control 
population

c Control population spread

SL Local structure in 1-mm3 sub-volume

∆SL Local structural change

 

€ 

ΔSL
Mean of ∆SL in voxels received equivalent doses (clinical 
case with inhomogeneous dose )

€ 

ΔS
Mean of ∆SL  inside/outside the irradiation field ( rat model 
with homogeneous dose distribution) 

€ 

ΔSm
Mean of ∆SL over the entire lung

 Table 1. Overview of abbreviated quantities and their descriptions

In the present study irradiated and non-irradiated lung tissue structures were 

compared to quantify local structural changes. For this local structure comparison, it 

is necessary to transform the different sets of CT data into the same coordinate system 

and geometrically align CT-images of the same tissue taken at different times. For this 

purpose, at each time point, one non-irradiated rat was selected as an anatomical refer-

ence. All CT-images were aligned to their corresponding anatomical reference image 

using deformable image registration19. 

Local mean (μL) and local standard deviation (σL) of the density were calculated 

4
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and used to quantify local structure (SL), for each 1-mm3 sub-volume in each individual 

rat (Figure.2a).  An overview of the abbreviated quantities and their definitions is shown 

in Table 1.

Figure.2:  (a) Local changes in density of tissue manifest itself in local mean (μL) 
and standard deviation (σL) of CT density. (b) Obtained σL vs. μL in the control 
population can be characterized by a local covariance ellipse. (c) Quantification of 
local structure (SL) of individual rats defined by measuring the distance between a 
sample rat and the control population using Mahalanobis distance method. (d) 
Subtracting SL-map of a sample rat (SL,Sample-map) from S-map in an average control 
population (SL,Control-map) yields a map of local structural changes of the sample rat 
(∆SL,Sample-map).

Since the structure of the lung tissue is not homogeneous, the spread in μL  and  

σL for each sub-volume of 1-mm3 in the control population was characterized by a local 

covariance ellipse (Figure.2b). For each sub-volume, the distance of the effect of an 

individual sample to the origin of the ellipse (the mean of the control population) was 
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determined (r). Next SL is quantified by dividing (normalizing) r by the control popula-

tion spread (c) in the same direction (Figure.2c) (Mahalanobis distance method20). This 

procedure was repeated for each sub-volume of the irradiated and non-irradiated lungs 

yielding a map of SL of each lung separately (SL-map) (Figure.2c). For each time point 

after radiation, the mean SL-map of the control population (SL,Control -map) was subtracted 

from the SL-map of a sample rat (SL,Sample -map) to obtain a map of structural changes of 

the sample (∆SL,Sample -map) (Figure.2d). See table 1 for the overview of the abbreviations.

2.2 Patient Study

Serial CT-images of a patient, treated for stage IIIB-NSCLC (T4N0M0), were 

used. Before radiotherapy, gemcitabine/cisplatin containing induction chemotherapy was 

administered. 

Figure.3:  (a) For each cube, control situation was defined by the neighbourhood 
of 3x3x3 cubes in the pre-treatment CT-image. (b) Each cube of post-treatment 
CT-images was characterized by local mean (μL)  and  and standard deviation (σL) of 
CT density. (c) Quantification of local structure (SL) in post-treatment CT-images.

4
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During radiation treatment (25x2.4Gy, 5times/week), concurrent gemcitabine 

was given every week. Images were made before treatment and 6, 10 and 14 weeks after 

the last treatment (voxel size=0.75x0.75x1.5mm3). Full-inspiration breath-hold images at 

the four time points were used. All calculations were done in the coordinate system of the 

pre-treatment maximum-inspiration image, which was taken as reference. To evaluate 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 19,21. For 

details on registration settings see appendix. 

2.2.1 Quantification of local structural changes

To quantify SL in the patient lung, μL and σL of the density (HU) was calculated in 

small cubes (6x6x3 voxels=4.5x4.5x4.5mm3) of the lung. Cubes that consisted for more 

than 95% of voxels with low density (HU<-700) 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. For each cube, the control 

situation was summarized by the distribution of μL and σL in a surrounding region of 

3x3x3 cubes (Figure.3a) in the pre-treatment image. From these 27 cubes a local covari-

ance ellipse was calculated (Figure.3c). SL-map in a post-treatment image (Figure.3b) was 

then determined by the same procedure as described for the animal experiment (Figure.2d 

and Figure.3c). For each time point, a ∆SL-map was calculated by subtracting the SL-map 

of the pre-treatment image from the SL-map of the corresponding post-treatment image. 

Subsequently the mean of ∆SL ( 

€ 

ΔSL ) was calculated for voxels that received equivalent 

doses (dose intervals = 7.5Gy from 0-67.5Gy) to yield a dose response curve for local 

damage. This was done for 3 regions defined by their distance to the centre of the PTV, 

creating spherical layers around it. The PTV was manually contoured on the planning 

CT for treatment planning.

2.3 Statistics

The strength of the relation between the structural and functional changes was 

investigated by determination of the Pearson’s product-moment correlation coefficients. 

A correlation was considered significant if the hypothesis of no correlation was rejected 

at p<0.05. To determine the extent of this correlation, it is necessary to account for errors 
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in the BR change and ∆SL measurements. To assess the error in ∆SL measurement, 2 

random groups of rats from 2 different types of treatment were selected and scanned 2 

times on the same day. ∆SL was then determined separately for each scan. In order to 

assess the error in the BR measurement, 4 groups of rats with different doses were chosen 

to resemble the variation in the irradiated population. Their BR measurements during 

the whole follow up were duplicated and the changes in BR were determined separately 

for each measurement. Since these measurements errors can attenuate the correlation 

coefficient, the reliability 22 of both measurements was calculated and the correlation 

coefficient between BR change and ∆SL were corrected for attenuation due to these errors.

€ 

r
corrected

=
rΔS,BR

reliabilityΔS × reliabilityBR
=

rΔS,BR
0.86 × 0.77

 RESULTS 
2.4 Dose-effect relations for local structural change

To test the capability of the method to measure radiation effects, the dose-effect 

relation was first determined in rats using homogenous dose distributions. 

Figure.4:  Mean of local structural changes in the irradiated part of lungs ( 

€ 

ΔS ) as a 
function of dose in 50%-lateral irradiated lung 8 (solid-line) and 26 weeks (dashed-
line) after radiation. Error bars represent standard error of mean. The bar shows the 
mean of local structural changes over entire lung in control lungs ( 

€ 

ΔSm  ) ± standard 
deviation (SD) at both time points after radiation.

4
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Here to, a dose response curve was created from rat lung CT-images for ∆SL at 

different time points after irradiation. First, to correct for growth of the thorax in time 

after irradiation, the irradiation field of 50%-lateral (Figure.1c) was reshaped to fit the 

lung size 8 and 26 week post irradiation. Subsequently, these fields were projected on 

the corresponding CT-images of lung. To show the dose-effect relation, the mean of ∆SL 

in the irradiated part of lungs was calculated ( 

€ 

ΔS ) and related to the dose. Figure.4 

shows the dose response curve in 50%-lateral irradiated lung volume 8 and 26 weeks after 

proton irradiation. 

€ 

ΔS  increases with increasing doses at all points, showing a clear dose 

response relation at different time points after radiation. In the group receiving 22Gy, 

most of the rats did not survive 26 weeks after radiation and the shape of the lungs of 

the remaining rats were irregular because of large amount of fibrosis in the irradiation 

field. Consequently the contouring program didn’t work well on these rats. Therefore, we 

decided to exclude them from the analysis.

Figure.5:  Relation between (a) mean density and inflammatory cells, (b) mean 
density and infiltrates, (c) mean of local structural changes ( 

€ 

ΔS ) and inflammatory 
cells, (d)  

€ 

ΔS  and infiltrates, inside (closed-markers) and outside (open-markers) 
the irradiation field, 8 weeks after radiation. Control situation is shown by a star. 
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2.5 Local structural change: Local tissue damage in vivo

To compare ∆SL and mean density value in quantifying radiation-induced damage 

from CT-images, their relation to infiltrates and inflammatory cells were investigated in 

the same set of rats (Figure.1c). The mean lung density (HU) and the mean of ∆SL (

€ 

ΔS  

) both inside and outside the irradiation field were correlated to corresponding histology 

endpoints 8 weeks after radiation. Figure.5 clearly demonstrates that the mean density 

alone is not sufficient for the local quantification of radiation-induced tissue damage. This 

shows the additive value of standard deviation in the quantification of ∆S in the present 

method. The results clearly imply that ∆S is representative for local lung tissue damage 

in vivo.

2.6 Structure and Function

To demonstrate relevance of ∆SL to function, the relationship between global lung 

function (BR) and ∆SL was investigated in our rat model using homogeneous dose distri-

butions (Figure.1) For this purpose, the correlation between the mean of ∆SL over the 

entire lung (

€ 

ΔSm  ) and BR change was tested. Since the observed BR increases should 

purely be due to damage to lung tissue only, effects due to heart co-irradiation needed to 

be avoided. Therefore, only those fields in which either the heart was spared or received 

a dose known not to influence loss of pulmonary function 16,17 were included. For each 

individual rat, BR changes and 

€ 

ΔSm  were determined for the early (6-12wks) and inter-

mediate fibrotic (16-28wks) phase to asses whether the correlation depended on the type 

of damage (Figure.6). First, the correlation between 

€ 

ΔSm  and BR change was tested for 

the early phase after proton irradiation only (Figure.6a). A significant correlation was 

observed (r=0.7). An even better correlation was found when datasets of the intermediate 

phase were included (Figure.6b) (r=0.8). As mentioned earlier the method was tested also 

for photon irradiation. Figure.6c combines these datasets to indicate that 

€ 

ΔSm  correlates 

to BR change independent of radiation source (r=0.8) or type of damage. Even when 

the data were pooled for all measured time points, irradiated field and type of radiation,  

€ 

ΔSm  correlated to BR change (Figure.6c). The correlation to global function loss in the 

pooled dataset implies that, independent of dose distribution, irradiated volume, irradia-

tion technique and time after irradiation, the method is able to translate local radiation 

4
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effects into loss of global pulmonary function after partial lung irradiation. 

Figure.6:  Correlation between individual rat breathing rate (BR) change and the 
mean of local structural changes over entire lung of corresponding rat ( 

€ 

ΔSm ). The 
figures contain individual rats with different irradiated volumes (a) 8 weeks (blue) 
after proton irradiation (r=0.7), (b) 8 and 26 weeks (red) after proton irradiation 
(r=0.8), (c) 8 and 26 weeks after either proton (closed-markers) or photon irradia-
tion (open-markers) (r=0.8).

2.7 Clinical Feasibility

The method’s ability of quantifying local lung tissue damage, offers the opportu-

nity to investigate dose-effect relations in the clinical setting with inhomogeneous dose. 

Therefore, the method was tested serial CT-images of one patient. The dose dependency 

of ∆SL was determined in three regions at different distances (d) from the PTV edge and 

at different time points after irradiation, to detect the potential difference in radiation 

response in different regions. For this purpose, tissue in the right lung was divided in to 

3 regions; region I (d=0-6.6cm), region II (d=6.6-8.4cm) and region III (d=8.4-11cm) 
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(Figure.7). Dose-effect relationships were calculated by binning the effect in small sub-

volumes (4.5x4.5x4.5mm3) with corresponding dose. Dose intervals of 7.5Gy, ranging 

from 0-67.5Gy were used. 

Figure.7:  Dose-effect relationship for local structural changes (

€ 

ΔSL  ) at different 
distances (d) from planning target volume. (a) d=0-6.6cm, (b) d=6.6-8.4cm, (c) 
d=8.4-11cm, (d) d=0-11cm. The dashed-line indicates the base-line. The grayscale 
images on the upper-left of each subsection represent the different regions the dose-
effects were calculated in.

Figure.7 shows the dose-effect relationship for 

€ 

ΔSL  for different regions. The 

base-line value  

€ 

ΔSL =0.51 is the average value calculated in the low-dose regions (<5Gy) 

of the contra-lateral lung. In all regions clear dose-effects were observed at all time points. 

Also, an increase in damage with the time elapsed after the irradiation was observed. 

4
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3.  DISCUSSION
Radiation-induced lung damage is a major dose-limiting factor in radiotherapy 

for thoracic tumours3. In models that are currently available to predict the risk of normal 

tissue complications, the only factor taken into account is either mean lung dose 23 or 

lung volume receiving more than a certain dose (i.e. V13 or V20 for 13Gy or 20Gy)24. 

Even though these quantities correlate significantly to the risk of SRILF, correlations are 

generally weak25,26. Therefore, more accurate predictive models need to be developed. 

More accurate models would allow the identification of patients that could be treated to 

higher doses, thereby possibly improving local control1,2 and survival1. Development of 

such models requires insight in the dependence of local lung tissue damage and loss of 

lung function on the dose distribution. Since loss of lung function results from aggrega-

tion of local radiation-induced tissue damage7,8, local lung tissue damage is required to 

be quantified and related to local dose. Therefore the present study was aimed at devel-

oping a method for quantification of local radiation-induced lung tissue damage using 

CT-images. As described in the results, a novel method of quantification of local struc-

tural changes from CT-images was proposed. This local measurement correlated well with 

local histological endpoints showing that the quantification is representative of local tissue 

damage and can thus be used to evaluate local radiation-induced tissue damage in vivo. 

In order to be able to develop and test predictive models in a clinical setting, the 

measured local tissue damage needs to be related to clinical endpoints.  In the animal 

part of the present study this was shown by good correlation between local structural 

change and loss of global lung function. The lung as an organ, possesses a functional 

reserve capacity 7. It can be hypothesized that the risk of SRILF is given by the probability 

that the total amount of local loss of function exceeds the functional reserve capacity of 

the lung27. This hypothesis can be translated in a mathematical model for SRILF, which 

would, if the hypothesis is correct, describe the dependence of the risk of SRILF on the 

dose distribution. 

∆SL maps the local damage in the lung tissue from which the damaged-volume 

can be calculated.  Measured damaged-volume as a function of dose distribution can be 

used to test any predictive models for dose-volume effects. This would provide critical 
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information in development of more accurate predictive models and enables CT-images 

to be used as a non-invasive tool in developing such models for the risk of radiation-

induced lung complications. 

The first step toward this aim is showing the feasibility of the use of the method in 

a clinical setting.  For this purpose in the current study, a clinical case was included. The 

method characterizes structural change in a sample comparing its structure to a control 

situation. The characterization of a healthy control population, however, is challenging 

in the clinic, as the lungs of many patients have been exposed to toxic agents or may not 

be considered normal due to pre-existing lung diseases. To overcome this limitation in 

the present study, the control situation of the patient lung was defined in a pre-treatment 

CT-image of the lung before radiotherapy started. In other words, when applying this 

method in clinic, each patient lung before radiation treatment serves as its own control 

situation. 

Regional differences in development of radiation injury in the lung are known to 

exist 10,28,29. It was shown (Figure.7) that the current method can be used to investigate 

dose-effect relations of local structural changes for different regions in the lung in one 

patient. To be able to use the current method in the clinic, first the robustness of the 

method should be tested in a clinical study with population of patients. It can then be 

applied to investigate the relation between local damage and local dose in vivo in patients 

with different dose distribution, tumor size, location and etc. This facilitates investigation 

of regional difference by defining different regions in the population. 

4. CONCLUSION
A method was developed which is capable of measuring local damage to lung 

tissue in vivo. This local damage measurement correlated well with both histological 

changes as with global pulmonary function. The method provides essential information 

in elucidating the relation between risk of complications and dose distribution required 

for development of more accurate predictive models for normal tissue complication.

4
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SUPPLEMENT MATERIAL
Registration settings

The CT-images are registered using translation transformation followed by 

B-splines deformable transformation19. For both registrations Mattes-mutual informa-

tion21 as metric and Stochastic Gradient Descent (SGD) as an optimizer30 were used. 

Registration was performed at three resolutions.

 Three parameters, a, A and α, control the convergence of the optimizer. 

A=10% of the number of iterations and α=0.602 30. For translation (first reso-

lution) a=1600, halved the value (each next resolutions). For deformable registration 

a=40000 (all resolutions).

The registration was stopped after 100 iterations for the translation and 200 for 

the deformable registration (all resolutions). 20,000 randomly sampled pixels were used 

(all resolutions). To model deformations in the lung B-spline grid-spacing<40mm is 

required31. The used grid-spacing= 20mm.
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A NEW METHOD TO ASSESS RADIATION-INDUCED 
LUNG DENSITY CHANGES

 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 negli-

gible or no dose was investigated 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. Scans from 

different time-points were geometrically aligned with the dose distribution. Subsequently, 

radiation-induced changes in the lung tissue were assessed locally (in 4.5x4.5x4.5 mm3 

cubes) either by quantifying local 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: Signifi-

cant increases in ∆S were observed already 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 is more sensitive than using 

density only. This increased sensitivity enabled the detection of lung damage in regions 

receiving no or a negligible dose, confirming observations in animals. Conclusions: The 

novel CT analysis technique using information on tissue structure (∆S) is more sensi-

tive 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.  

5
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1. INTRODUCTION
Concurrent chemoradiotherapy is the cornerstone in the management of locally 

advanced non–small-cell lung cancer (NSCLC). Unfortunately, locoregional control 

using conventional doses remains poor 1. Dose escalation is expected to increase locore-

gional control 2, but is hampered by the risk of radiation pneumonitis 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 predictive 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 subpopulations 

is critical. 

Frequently used clinical end-points for RILT, such as dyspnea and use of corti-

costeroids, are subjective or non-specific. As a consequence, models based on these end-

points, may have weak predictive power. Adding objective quantitative parameters, such 

as Computed Tomography (CT) may improve their performance.

Radiation-induced changes in the lung involve edema, parenchymal inflamma-

tion, hyperinflation and parenchymal fibrosis 5. These may all lead to density changes as 

measured on CT-scans 6. Indeed, significant changes in CT density 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 occur-

ring at lower dose levels. Similarly, threshold doses for radiation-induced density changes 

between 27 Gy 8 and 40 Gy have been reported. However, radiation-induced changes in 

the lung were not detected in the volume receiving a lower dose, such as the V5-V13, 

known to correlate with the development radiation pneumonitis 9. 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-irradiated regions 10,11. 

As such, part of the damage, although involved in the development of RILT, may not 
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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.

The low sensitivity of the analysis of mean density changes in the lung may be 

attributed to compensatory hyperinflation of lung tissue, which is also a common feature 

of radiation-induced lung damage observed on CT-scans 6. As a consequence, the mean 

density may remain constant even though clear changes in the tissue have occurred. Thus, 

it seems important to take into account the spread in density changes represented by the 

standard deviation to describe structural changes as well. As such, using a rat model a new 

method to assess CT-derived structural changes (∆S) of lung tissue was developed It uses 

local (1 mm3 sub-volumes) mean density changes with the corresponding standard devia-

tion 12,13. Interestingly, ∆S strongly correlated with loss of lung function and histopatho-

logical changes, unlike the mean density alone 12-15. 

The aim of this pilot-study was to test the sensitivity of the ∆S method in detecting 

damage to the lung tissue in patients.

 
2. MATERIALS AND METHODS
2.1 Study Design: 

Patients with NSCLC (UICC stage II/IIIA/IIIB) or limited-disease small cell 

lung cancer (tumor confined to hemithorax without evidence of distant 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 function 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 protocol. Briefly, after acquisition of a planning 4D-CT-scan incorpo-

rating 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 

5
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gemcitabine. SCLC patients were treated at a dose of 45 Gy/25fx concurrently with 

cisplatin and etoposide. Conventional 3D-conformal radiotherapy or IMRT was deliv-

ered 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 committee and all patients gave written informed consent prior to treatment.

2.2 CT-scans:

CT-scans were performed on a Siemens Somatom Sensation Open. Scans 

comprised 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 performed prior to 

the start of radiotherapy and at 6 and 24 weeks after completion 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. 

2.3 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 geometrically aligned. 

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 evaluate 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. 

2.4 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 quantifying local mean density (∆mean) or ∆S including changes 

in the structure. ∆S analysis uses not only local ∆mean but also changes in the local 

standard deviation of the density (∆σ) for quantification of the local structural changes 

in the lung tissue 12. The results from quantification of ∆S and ∆mean were compared 
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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). 

2.5 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 ∆Mean 

and ∆S maps (Figure.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, respec-

tively. These were inserted in Figure.3 and Figure.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 oper-

ating characteristic curve (ROC curves) was used to assess the correspondence of both 

methods with the SWOG criteria.

Figure.1:  Determination of the detection threshold. Two deep inspiration CTs 
of the same patient (left panel) were registered using deformable image registration. 
Subsequently the ∆S and ∆Mean methods were applied to the deformed image and 
the resultant maps are shown in the right panel.

5
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2.6 Statistics: 

To test whether the changes in ∆Mean and ∆S were statistically significant from 

the detection threshold, two-sided independent samples t-tests were performed. Calcula-

tions were performed using SPSS version 19.0. Statistical significance was set at p<0.05. 

3. RESULTS
3.1 Patient characteristics

Twenty patients were enrolled. Treatment parameters and patient characteristics 

are shown in Table 1. 

Table 1. Patients characteristics.

N Sex Age cTNM Pathology

Radiation 
dose

(total dose/fx)

Mean Lung
Dose (Gy)

Concurrent
Chemotherapy

SWOG 
Score 

Radiation 
pneumonitis

1 M 62 cT3 
N0 M0 NSCLC 60 Gy/25fx 13.1 Yes 2

3 M 70 cT4 
N3 M0 NSCLC 60 Gy/25fx 17.7 Yes 0

4 M 82 cT4 
N3 M0 NSCLC 60 Gy/25fx 17 Yes 2

5 M 82 cT2 
N2 M0 NSCLC 39Gy/13fx 12.2 No 1

6 M 60 cT2 
N1 M0 NSCLC 60 Gy/25fx 12.8 Yes 2

8 M 77 cTx 
N3 M0 NSCLC 60 Gy/25fx 15.3 Yes 0

10 M 59 cT4 
N3 M0 NSCLC 60 Gy/25fx 14.7 Yes 0

11 M 72 cT2 
N2 M0 NSCLC 60 Gy/25fx 16.4 Yes 2

12 M 75 cTx 
N3 M0 SCLC 50 Gy/25fx 17.3 Yes 1

14 M 79 cT4 
N0 M0 NSCLC 60 Gy/25fx 11.3 Yes 1

16 V 53 cT3 
N0 M0 NSCLC 60 Gy/25fx 3.7 Yes 0

19 V 52 cT2 
N2 M0 NSCLC 60 Gy/25fx 17 Yes 0

20 M 74 cT4 
N2 M0 NSCLC 60 Gy/25fx 10.7 Yes 1
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Three patients refused further CT-scans after treatment, 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 treatment. As such, 13 CT scans were available at 

week 6, and 9 CT scans were available 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 deteriorated general condition. 

3.2 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 

Figure.2a. 

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, are shown. The dose distribution is shown superimposed on a 
routinely-acquired 4D-CT-scan in panel a. Six weeks after treatment, dense consol-
idation of lung tissue is observed suggestive of radiation pneumonitis (b) which 
resolved at 24 weeks but then fibrosis developed according to the beam arrange-
ment (c). ∆S and ∆Mean maps of patient #4 were compared 6 (b) and 24 (c) weeks 
post-RT.

5



110

Chapter 5

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 quan-

tification (Figure.2b). However, as indicated by the red arrows, ∆S could detect struc-

tural changes that were not detected using ∆mean. At 24 weeks, the dense consolidation 

resolved, however, fibrosis developed according to the beam arrangement (Figure.2c).

 Comparison of both methods

Next, to show differences in sensitivity between the ∆Mean and ∆S methods 

quantitatively, individual values of ∆Mean and ∆S were pooled into bins, and the aver-

ages were correlated. 

Figure.3:  ∆S method is more sensitive than ∆Mean in detecting radiation-
induced lung damage in the patient population at both 6 (a) and 24 weeks 
(b) post-treatment, as demonstrated quantitatively by comparing ∆S and ∆Mean 
values. Individual values of ∆Mean and ∆S were pooled into bins, and the averages 
were plotted. Different symbols represent different patients. The green and blue 
dotted lines are indicative of the level of the detection threshold of the damage by 
∆S and ∆Mean methods respectively. Red points indicate the data of patient #4.

For both methods the detection thresholds as obtained from the pretreatment 

scans are shown (Figure.3 blue and green dotted lines for ∆Mean and ∆S methods, 
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respectively). As shown in Figure.3 (red points = patient #4), all values of the ∆S method 

were above the detection threshold (green dotted line), whereas for ∆mean, many values 

were below within the detection threshold (blue dotted line), indicating the higher sensi-

tivity of the ∆S method, at week 6 (Figure.3a) and week 24 (Figure.3b), respectively. 

3.3 ∆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 (Figure.4a) with ∆Mean (Figure.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 Figure.4a, *** p<0.001). 

Figure.4:  In contrast to ∆mean, ∆S 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 after 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 significant starting already at 0-2.5 
Gy regions at both time-points post-treatment (***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 significant above 22.5 Gy (*p<0.05) and 27.5 
Gy (†p<0.05) at week 6 and 24 respectively. This indicates that ∆S method is 
more sensitive in detecting small changes in the lung tissue. Data are presented as 
mean values with standard error of the mean (SEM). The dotted lines represent the 
methods detection threshold of the damage. 

5
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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 Figure.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 Figure.4a, 

††† p<0.001), further increasing as a function of dose. In contrast, significant changes in 

mean lung density could only be observed above 27.5 Gy (see in Figure.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 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 (Figure.4a and b). 

3.4 ∆S method is more sensitive and specific in detecting radiation pneumonitis

To determine whether the additional damage detected by the ∆S method relates to 

clinical radiation pneumonitis, ROC curve analysis was performed. The analysis showed 

that the ∆S method is superior to ∆Mean method in detecting radiation pneumonitis at 

week 6 after radiotherapy (SWOG scoring, grade 1 and higher) with area under the curve 

of 0.925 vs 0.675 (Table 2).

In summary, our novel method using ∆S seems more sensitive to detect struc-

tural changes in the lungs when compared to the ∆Mean method. This higher sensitivity 

enables ∆S method to detect radiation pneumonitis better than the ∆Mean method.

 
Test Variables AUC 95% confidence interval

∆S 0.925 0.781- 1

∆Mean 0.675 0.37 - 0.98

Table 2. ∆S method detects radiation pneumonitis more accurately than does 
∆mean. This was shown by ROC curve analysis.  Radiation-induced lung damage 
which was quantified with both ∆S  and ∆mean method were related to grade 1 
or higher radiation pneumonitis (SWOG scoring system). Area Under the Curve 
(AUC) for ∆S method is 0.925 compared to 0.675 for ∆mean. 
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4. 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 tissue. 

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 generalized lung disease, originating at the site of injury 

and then spreading throughout the lungs, rather than damage in the irradiated lung tissue 

only. Although from our present study, it is impossible to conclusively verify these obser-

vations in humans, the ∆S method was able to detect structural changes in the lung in 

areas where no dose was deposited. A more thorough investigation using the ∆S method 

in combination with e.g. perfusion scans 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 radi-

ation-induced morphological lung tissue damage 12. Moreover, in contrast to routinely 

used mean density changes that have weak correlations to pulmonary 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 accurate information from CT scans than currently used methods. More sensitive 

tools such as ∆S method enable more accurate assessment of the relation between dose 

distribution and the resultant lung tissue damage and clinical endpoint (e.g. dyspnea). 

5
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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 radia-

tion pneumonitis needs to be confirmed in a larger cohort of patients. 

In conclusion, we showed that large inter-individual variation in lung density 

changes occur after (chemo)radiotherapy. Our highly sensitive ∆S method outperformed 

currently-used methods based on changes in mean lung density. It is more sensitive in 

detecting changes in the lung at low doses and relates better to radiation pneumonitis. 

Therefore, our novel method may be an important tool for the accurate and objective 

assessment of radiation-induced lung damage. 
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CHAPTER 6

Summarized discussion and future perspectives

I don’t want you to draw any conclusion. Just listen to what I gonna say.
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SUMMARIZED DISCUSSION
Radiation treatment plays an important role in the treatment of thoracic tumors 

1,2. The efficacy of the treatment however, is limited by the sensitivity of unavoidably 

co-irradiated healthy tissues 3-9. In thoracic radiotherapy depending on the type, size and 

location of the tumor, parts of the healthy lung and/or heart are co-irradiated with the 

tumor causing toxicities 3-9. One of the most common life-threatening complications 

after this treatment is thoracic radiation-induced respiratory dysfunction 3-8,10-13. This 

complication is difficult to assess clinically since the criteria being used for its assess-

ment are subjective and non-specific 4,10,25. Respiratory dysfunction is often depicted as 

radiation pneumonitis and may subjectively experienced as some extent of breathlessness, 

“dyspnea”, which is prevalent among lung cancer patients especially in locally advanced 

non-small cell lung carcinoma (NSCLC) occurring in up to a fifth of patients 8,14. To 

develop a more efficient thoracic radiotherapy, a reduction of the chance of developing 

irradiation-induced respiratory dysfunction is needed. This can be achieved by accu-

rate prediction of the risk, improved prevention and/or treatment of this complication. 

Attempts to develop methods for this have been made for several years, albeit with limited 

success due to insufficient insight into the fundamental processes leading to this compli-

cation 15,16. Thoracic radiotherapy-induced dyspnea is mostly referred to as being caused 

by radiation pneumonitis, an early inflammatory reaction involving the lung parenchyma 
10. This consensus however, is challenged by recent preclinical and clinical findings 17-22. 

Previous preclinical findings from our group pointed towards a critical role of the pulmo-

nary vascular system and the heart in the development of thoracic irradiation-induced 

respiratory dysfunction 18,20. Therefore, in chapter 2 and 3 we focused on these anatomical 

substrates in our rat model and showed that thoracic radiation-induced damage to the 

lung and the heart are very much inter-related and that respiratory dysfunction becomes 

manifest through physiological changes in the whole cardio-pulmonary system rather 

than through changes in the lung only (Figure.1).  

Respiratory dysfunction in preclinical studies in the field of thoracic irradiation is 

measured by increases in breathing rate 19. As mentioned earlier, it is generally accepted 

that subjective experience of dyspnea may reflect a reduced diffusion capacity due to 

6
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parenchymal damage in the lung 10. The findings of chapter 2 and 3 showed however 

that physiological changes in the cardio-pulmonary system of the rats might be the main 

driving force of this response rather than parenchymal damage.

In Chapter 2 we described that lung irradiation increases pulmonary pressure 

leading to pulmonary hypertension in rats, in an irradiated-volume dependent manner. 

This may originate from perivascular edema and vascular remodeling in the whole lung, 

possibly initiated by global loss of pulmonary endothelial cells. Global loss of endothelial 

cells was observed prior to breathing rate increase and any morphological changes in the 

parenchyma, suggesting that vascular response may precede parenchymal damage. The 

increase in pulmonary pressure correlated strongly with the increase in breathing rate 

suggesting that lung irradiation-induced respiratory dysfunction in rats may be due to the 

vascular remodeling and not necessarily only by lung parenchymal damage. 

In Chapter 3 it was described that radiation-induced pulmonary hypertension 

and pulmonary perivascular edema secondarily impair left ventricle diastolic function by 

increasing the relaxation time of the left ventricle.  This may be caused from decreased 

blood input from the lungs back to the heart. Left ventricle diastolic dysfunction also 

occurs after heart irradiation, possibly initiated from radiation-induced cardiac perivas-

cular fibrosis. This direct effect of irradiation of the heart on diastolic function induces a 

secondary effect on the lung by promoting pulmonary interstitial edema.

These findings clearly show that heart and lung irradiation can cause independ-

ently both cardiac and pulmonary damage/dysfunction, which secondarily affect each 

other through their vascular connections (Figure.1). Furthermore, simultaneous irra-

diation of both organs combined these effects and subsequently enhanced respiratory 

dysfunctio measured as pronounced breathing rate increase in the rats. Here both right 

and left ventricles of the heart are compromised and the combination of lung irradiation-

induced perivascular edema and heart irradiation-induced interstitial edema causes exces-

sive accumulation of fluid in the pleura, which may be the determinant of enhanced 

respiratory dysfunction. Cardiac diastolic dysfunction, pulmonary hypertension and the 

resultant pulmonary edema and pleural effusion are all known to impair ventilation by 

reducing perfusion due to either backward failure of the LV or vascular damage, causing 
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congestion of the pulmonary vasculature 23,24. 
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Clinically, in patients with these kinds of cardio-pulmonary diseases, the decreased 

ventilation efficiency manifests as respiratory dysfunction, which is subjectively experi-

enced as dyspnea 23. Similarly, the thoracic radiation-induced respiratory dysfunction 

in our preclinical setting may have originated from the described physiological changes 

in the cardio-pulmonary system rather than from the lung parenchymal damage only 

(Figure.1). This, however, needs testing in a clinical setting to show clinical relevance 

for patients after thoracic radiotherapy. In the clinical practice of radiotherapy however, 

as mentioned before, the criteria being used for the assessment of respiratory dysfunc-

tion are subjective and non-specific 4,10,25. Use of objective quantitative parameters, such 

as Computed Tomography (CT) scans of the lungs may improve this assessment. As 

mentioned earlier thoracic radiation-induced injury to lung tissue in rats was found to 

be a global tissue response, possibly due to the role of cardio-pulmonary physiological 

changes. Even with clinical reports 26, this global tissue response has not received much 

attention yet since with routinely used methods it could not be confirmed in the clinic. 

This may be due to the lack of sensitivity of currently used methods. Therefore, to be able 

to translate our preclinical findings to the clinic we developed a more sensitive CT-based 

tool (∆S method) to assess radiation-induced lung tissue damage (chapter 4 and 5). This 

method quantifies the structural changes in the lung tissue (∆S) by including variation 

of the lung density in addition to routinely used mean lung density changes.  The ∆S 

method showed to be superior to the previously used methods, being more sensitive and 

specific in detecting lung tissue damage and dyspnea in both preclinical (chapter 4) and 

clinical settings (chapter 5). 



123

Future perspectives

FUTURE PERSPECTIVES
1. FUTURE PERSPECTIVES IN THE THORACIC RADIO-
THERAPY

As mentioned earlier, attempts to predict, prevent and intervene in thoracic irra-

diation-induced respiratory dysfunction have largely failed so far 15,16. New considera-

tions should be made by acquiring more insight in the pathophysiology of the processes 

leading to this complication. Preclinical studies offer this opportunity, since the effect of 

dosimetric parameters on pathophysiological processes can be tested in a well-controlled 

manner and over a wide range. Several of these studies including ours 18,20,27-33 indeed 

found new aspects and suggested contribution of other factors such as cardio-pulmonary 

physiological changes in the development of respiratory dysfunction. The presence of 

these phenomena in the clinic has yet to be shown and validated in patient populations 

with thoracic tumors. We cannot use the same tools in humans as we use in animals, 

therefore non-invasive tools such as echocardiography, MRI and CT are imperative for 

the assessment of the post-treatment changes in the lung and the heart. Thoracic radi-

otherapy-induced damage to the lung tissue is routinely assessed using CT-based tools 
3,26,34, which untill now have not indicated changes in the structure of the lungs in the 

low dose regions (≤ 27-40 Gy). Furthermore, the assessed changes in the lungs were 

not shown to be exclusively associated with symptomatic patients nor were the symp-

toms limited to patients with these changes 26. These together suggest that our observa-

tions in animals are not valid for patients or that the current methods may not be suffi-

ciently sensitive. Indeed, our newly developed ∆S method was shown to be capable of 

detecting lung tissue damage in regions receiving negligible dose and be a more sensitive 

and specific tool in detecting symptomatic patients, therefore adding a superior tool to 

the routinely used CT-based tools  (chapter 5). The results of the current work not only 

propose a new perspective in the pathophysiology of thoracic radiation-induced cardio-

pulmonary toxicity and the development of respiratory dysfunction and dyspnea, but also 

provide a more sensitive tool in the assessment of the manifestation of potentially related 

lung density changes. Based on our current findings, new methods for prevention and/

or treatment of lung/heart toxicity as well as prediction of their risk may be developed. 
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Figure.2:  Biology-based prediction of the risk of cardio-pulmonary complica-
tions after thoracic irradiation in a preclinical setting. Incorporating additional 
factors such as dosimetric parameters of the heart, pre-treatment cardio-pulmonary 
parameters (e.g. PAP) and lung structure information (S) into predictive models for 
the risk of thoracic irradiation-induced cardio-pulmonary toxicity may lead to 
more accurate prediction. Pulmonary artery pressure (PAP), left ventricle diastolic 
pressure (LVdP) and lung structural changes (∆S) can be indirectly assessed using 
noninvasive techniques such as echocardiography, MRI and CT scans. Establishing 
the relation between pre-treatment parameters and the post-treatment changes in 
different situations of thoracic irradiation (different DL,H and VL,H) in rats helps 
to determine an endpoint or endpoints to which dyspnea relate to the best in each 
situation.
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In preclinical settings we have the opportunity to establish a comprehensive 

overview of the dose-volume relationships with cardio-pulmonary parameters by well-

controlled induction of the effects using a wide range of dosimetric and volumetric 

parameters in the lungs and the heart. This helps to determine critical dosimetric and 

volumetric parameters with which respiratory dysfunction occurs in different situations 

of thoracic irradiation (Figure.2, first step).  The effect of these dosimetric and volumetric 

parameters can be tested on individual post-treatment cardio-pulmonary endpoints 

such as pulmonary artery pressure (PAP), left ventricle diastolic pressure (LVdP) and 

S to determine which endpoint or endpoints irradiation-induced respiratory dysfunc-

tion correlates most closely to, in different situations of thoracic irradiation. Pre-existing 

cardio-pulmonary vascular disease may also affect the risk of the development of treat-

ment-related cardio-pulmonary complications 22,35. Therefore, pre-treatment physiolog-

ical and structural parameters should be added to dosimetric and volumetric parameters 

and the effect of pre-existing levels of both on post-treatment changes should also be 

determined (Figure.2, second step). In a pre-clinical setting, pre-treatment cardio-pulmo-

nary diseases can be induced to different levels by other means than irradiation, e.g. 

monocrotaline induction 36-38. The effect of irradiation on these types of animal models 

should however be first established. This is an exercise for determination of the most 

relevant endpoints to the risk of irradiation-induced respiratory dysfunction in different 

situations of thoracic radiotherapy with different lung and heart dose-volume and pre-

treatment parameters. Although these relations still should be tested and verified in 

clinical studies, this preclinical practice provides critical biological information needed 

to allow building of hypothetical predictive models of thoracic radiotherapy-induced 

respiratory dysfunction, which can/should be validated in the clinic. Many reports have 

attempted to identify potential risk factors and improve such predictive models 39-44, but 

due to insufficient knowledge in the biological processes leading to this complication, 

progress has been modest 8,15. Based on our pre-clinical findings on the critical role of the 

heart 20,45, recently Huang EX et. al. 21 showed in a population of lung cancer patients 

improvement in the risk modeling of radiation pneumonitis as a surrogate for irradiation-

induced respiratory dysfunction, by adding heart-related parameters to currently-used 
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lung-related ones such as mean lung dose 39-44. Moreover, Jenkins P. et. al. 46 could also 

recently significantly improve the predictive models by incorporating physiologic param-

eters such as transfer factor for carbon monoxide into the dosimetric-related ones. They 

found that the geometric position of tumors, irrespective of dose–volume parameters, is 

important in the development of radiation pneumonitis 46, albeit without describing an 

underlying mechanism. Caudally situated tumors in the thorax between vertebra levels 

of T5-T9 were associated with higher risk 46. The heart is located in this position in the 

thorax which could suggest that irradiation of the tumors around the heart are associated 

with higher risk of developing respiratory dysfunction.  

Taken all together, we suggest that dosimetric parameters in the lungs may not 

be the only component determining respiratory dysfunction and other factors such as 

heart dosimetric/volumetric parameters (e.g. VH, DH), pre-existing cardio-pulmonary 

diseases (e.g. pre-treatment pulmonary artery pressure) (Figure.2) should also be taken 

into account for a more accurate prediction of the risk. 

1.1 Individual-tailored thoracic radiotherapy

5-20% of the patients treated for thoracic tumors establish acute irradiation-

induced clinical symptoms including dyspnoea 5. Currently the severity of the toxicity 

is graded and the treatment given only after such symptoms have been noted 5. More 

accurate prediction however, means that practically a radiation-oncologist can identify 

patients at risk based on, for example, patient’s pre-existing diseases, the type, size and 

location of tumor in advance. Yet efficient thoracic radiotherapy will only be achieved 

when these individuals receive optimum prevention or treatment of the to be expected 

clinical symptoms. Since the clinical symptoms are believed to be caused by the inflam-

matory response in the lungs, the initial treatment of choice for the symptomatic patients 

is currently anti-inflammatory medicines e.g. corticosteroids 5,11,47. Limited published 

evidence however, exists showing the efficacy of these medicines. Furthermore, there is a 

lack of pre-clinical and clinical data evaluating the outcomes of other therapies 5. 

As mentioned earlier, based on our preclinical findings, lung parenchymal inflam-

mation may not initiate the cascade of the events leading to respiratory dysfunction 

(Figure.1). Lung parenchymal inflammation could be a secondary effect originally initi-
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ated from pulmonary vascular changes (e.g. activation of ECs) or cardiac damage, well 

known to mediate the influx of inflammatory cells in the lung 48-50. Suppressing inflam-

mation by corticosteroids may therefore only solve the resultant effects. This may explain 

why the symptoms recur after the cessation of corticosteroids therapy 3. 

Instead of the general use of corticosteroids therapy for all symptomatic patients, 

other treatment strategies could potentially be envisioned in the future if our pre-clinical 

data are confirmed in the clinic. Such treatments could consist of an individual treatment 

in which optimal combinations of prevention/treatment strategies can be selected for 

each patient based on radiotherapy- and patient-related parameters (Figure.3). 

Figure.3:  Potential individual-tailored thoracic radiotherapy. Blue boxes: Treat-
ment strategies for thoracic radiotherapy-induced cardio-pulmonary complications; 
green boxes: Optimization of thoracic radiotherapy techniques. RT: Radiotherapy, 
DH: Heart irradiation dose, VH: Heart irradiated volume, DL,H: Lung and heart 
irradiation dose, VL,H: Lung and heart irradiated volume, TP: Treatment-related 
Parameters, PP: Patient-related Parameters, EPC: Endothelial Progenitor Cells, 
ACE: Angiotensin Converting Enzyme.
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This, as mentioned earlier, will not be feasible without first testing different 

prevention/treatment strategies for different combinations of pre-treatment and treat-

ment-related parameters in pre-clinical settings, and then validating them in the clinic. 

When a patient is referred to thoracic radiotherapy, first the dose-volume parameters for 

the lung and the heart (treatment-related parameters: TP) are generated at the treatment 

planning. Next to this, with routine pre-treatment checkups for each individual patient, 

the level of pre-treatment cardio-pulmonary parameters (PP) such as PAP, LVdP and S 

can be determined by e.g. CT scans and echocardiography (Figure.3). 

Based on accurate biology-based predictive models, it can be predicted that 

whether these treatment and pre-treatment parameters (TP and PP) are associated with 

clinical symptoms (Figure.3). Depending on that, a treatment or combinations of treat-

ments can be selected for patients whom are at risk to develop complications. Based on 

the preclinical findings of the current work, targeting changes in pulmonary vasculature 

(e.g. endothelial cell loss) and/or cardiac damage (e.g. perivascular cardiac fibrosis) may 

be potential treatment strategies for thoracic irradiation-induced respiratory dysfunction.

1.2   Endothelial progenitor cell therapy

Bone marrow derived stem cells have been shown pre-clinically to be capable to 

contribute to the regeneration of radiation-injured organs such as salivary glands 51,52. 

Under homeostatic conditions bone marrow derived non-hematopoietic stem cells, such 

as endothelial progenitor cells (EPCs), fibrocytes and mesenchymals stem cells (MSCs) 

circulate in the blood and contribute to repair of the lung in response to damage 53. Circu-

lating EPCs are thought to be involved in the repairing and regeneration of damaged 

blood vessels throughout the body and have been shown to participate in re-endothe-

lialization and neo-vascularization 54. We showed in rats that lung irradiation induces 

endothelial cell loss, which might initiate the cascade of vascular remodeling, pulmonary 

hypertension and eventually respiratory dysfunction (chapter 2). Timely replacement of 

these cells using bone marrow derived EPCs may prevent this whole cascade. Such cell-

based therapy recently showed potential success both pre-clinically and clinically in the 

demonstration of ability to attenuate monocrotaline/hypoxia-induced pulmonary hyper-

tension in rats, dogs and mice 55,56 , as well as in pediatric and adult patients with idio-
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pathic pulmonary arterial hypertension 57,58. These findings warrant experimental studies 

to investigate their possible therapeutic effect after thoracic irradiation. When successful, 

it may open the road to the clinical use of these strategies in thoracic radiotherapy. Such 

a treatment may be useful in patients without pre-existing cardio-pulmonary diseases 

of which the tumor size necessitates irradiation of a large lung volume and potentially 

more severe pulmonary hypertension (Figure.3). The effect of such therapy on the tumor 

growth however first needs to be carefully investigated.

1.3 Intervening in vascular remodeling pathways

For patients with pre-existing cardio-pulmonary diseases, EPC therapy may 

not be efficient since the endothelium layer of their pulmonary vessels may already be 

remodeled59-64. Large population of patients undergoing thoracic radiotherapy, especially 

those with lung and esophagus cancers, present with these diseases prior to the radiation 

treatment 4,5,8,14. This population may be more prone to develop thoracic radiotherapy-

induced respiratory dysfunction since for instance pre-treatment pulmonary pressure is 

known to be a risk factor 22. Depending on treatment- and patient-related parameters, 

different treatment strategies might be employed for them to ameliorate the extra stress 

that the thoracic irradiation may impose on their cardio-pulmonary system (Figure.3). 

For patients with pre-existing pulmonary vascular disease such as pulmonary hyperten-

sion, for whom treatment-related parameters (TP) correlates with an increased risk of 

respiratory dysfunction, treatment strategies, which target the vascular remodeling path-

ways, may be beneficial (Figure.3). Changes in endothelium and the resultant alteration 

in Nitric Oxide (NO) signaling 65 play a critical role in the development of vascular 

remodeling 66 which if inhibited, attenuates pulmonary hypertension 67. Combination of 

this treatment with EPC therapy dramatically reduced monocrotaline-induced pulmo-

nary hypertension in rats 55. Thoracic irradiation also increases the expression of NO in 

the lung 68 which when attenuated led to decreased level of lung injury in rats 6). Targeting 

NO signaling pathway alone or in combination with other therapies could therefore, be a 

promising treatment strategy. Another possible strategy may be targeting the NOTCH3 

pathway, which is well known to be central in controlling the proliferation of vascular 

smooth muscle cells in small pulmonary arteries, one of the main features of pulmonary 

6
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vascular remodeling 70,71. Inhibition of NOTCH3 pathway effectively prevented hypoxia-

induced pulmonary hypertension in mice 70. 

1.4 Treatment for cardiac dysfunction

The presence of clinical/sub-clinical cardiac damage in our animals models might 

point towards a role for this in the development of thoracic irradiation-induced respira-

tory dysfunction and dyspnea in patients (chapter 3). When this is the case, treatment 

strategies targeting such damage may also be needed for a more efficient treatment. This 

could be beneficial for patients who present with cardiac diseases e.g. cardiac diastolic 

failure prior to thoracic radiotherapy (Figure.3).  Current practice in the optimization 

of the treatment of thoracic tumors such as NSCLC does not take the dose distribu-

tion in the heart in the relation to acute respiratory complications into account 8. We 

however, showed in rats that for a given lung dose, increasing dose to the heart might 

in fact enhance this risk (chapter 3). This could suggest that adding dose constraints for 

the heart might further optimize thoracic radiotherapy particularly for patients of whom 

large volume of the lung has to be co-irradiated. Patients for whom the size and location 

of the tumor inevitably exposes their heart to irradiation could benefit from treatment 

strategies that ameliorate clinical/sub-clinical cardiac damage (Figure 6.3). Angiotensin 

II (Ag II) receptor antagonists or angiotensin converting enzyme (ACE) inhibitors are 

currently been used to treat patients with cardiovascular diseases 72. Interestingly, the ACE 

inhibitor captopril has also been shown to reduce myocardial fibrosis after localized heart 

irradiation in rats 73. Ag II is known to initiate cardiac perivascular fibrosis and diastolic 

dysfunction 74,75 and be involved in the induction of pulmonary fibrosis during cardiac 

dysfunction 49,76. We observed that co-irradiation of the heart induces cardiac perivascular 

fibrosis and diastolic dysfunction as well as significant amount of pulmonary fibrosis in 

rats (chapter 3). Interestingly, in the clinic, acute respiratory complications and post-radi-

otherapy radiologic changes such as lung consolidation were less likely to develop in lung 

cancer patients who used ACE inhibitors 26,77. Taken together, these observations suggest 

that modulation of angiotensin signaling may ameliorate cardiac fibrosis and diastolic 

dysfunction as well as pulmonary edema and fibrosis, and may be of a great therapeutic 

interest for the treatment of thoracic irradiation-induced acute respiratory dysfunction. 
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This therapy may be a good treatment option for patients of whom the size of tumor 

and proximity to the heart requires irradiation of large volume of the lung and the heart 

(Figure.3). These patients could potentially also be good candidates for more focalized 

radiation treatments such as particle therapy e.g. by applying proton beams (Figure.3). 

Because of the physical characteristic of proton beams, including steep dose gradient, 

they can be used for treatments in which organ preservation is very important 78. For 

instance, in the treatment of unresectable NSCLC, protons may offer the opportunity to 

confine the irradiation to the target volume and avoid spreading low dose of irradiation 

to large volume of the healthy tissue. It was shown that in comparison to standard photon 

therapy, proton radiotherapy for lung cancer significantly reduces the dose to normal 

lungs and heart, even with dose escalation 79-81. For these tumors however, uncertainties 

in proton treatment planning caused by tumor motion and changes in lung density due 

to respiration are still challenging 82. 

As described above, the findings of the current work suggest to study new consid-

erations for optimization of thoracic radiotherapy, which after validation in the clinic 

may eventually change the current practice by introducing new avenues to develop not 

only interventions for prevention/treatment of the complications but also more accu-

rate risk models for their prediction (Figure.3). Applying these strategies may improve 

the effectiveness of thoracic radiotherapy. For instance, in radiotherapy of NSCLC the 

patients with the lowest tolerance for developing acute respiratory complications due 

to for example pre-existing cardio-pulmonary disease can be accurately identified and 

excluded from the remaining population. Subsequently, this allows for tumor dose escala-

tion in the residual population and thereby they may have a higher local tumor control. 

The identified population at risk could also experience less toxicity either after applying 

more effective treatment strategies combining radiotherapy with e.g. ACE inhibitors and/

or optimized radiation treatment techniques with e.g. particle therapy. All the suggestions 

described might, when valid for patients lead to more efficient thoracic radiotherapy. 

6
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2. IMPLICATIONS TO THE FIELD OF CARDIOPULMO-
NARY VASCULAR DISEASES

Despite improvement in therapeutic regimens, PAH still has a poor prognosis 
62,83,84. This is in part due to the lack of good experimental models, which can produce 

the characteristics of PAH such as neointima lesions 37. Besides giving opportunities for 

improving thoracic radiation treatment, the findings described in this thesis introduce a 

new model that could be used for the study of underlying mechanisms of lung and heart 

interaction in the field of cardiopulmonary vascular diseases such as pulmonary arte-

rial hypertension (PAH) and heart failure. The animal radiation model provides poten-

tial tools for inducing different levels and states of these diseases by tuning dosimetric 

and volumetric factors of lung and heart irradiation. Indeed, our lung irradiation model 

closely resembles PAH (chapter 2).  Unique features of radiation model such as endothe-

lial changes, presence of neointimal lesions both in and out of the irradiation field, well-

controlled induction of damage and partial recovery in time make it a promising new 

model of PAH. Studying the pathophysiology of the development and recovery of the 

radiation model of PAH offers opportunities for developing prevention and treatment 

strategies of PAH. The combined irradiation of the lung and the heart produces severe 

right ventricle diastolic dysfunction in combination with PAH. Severe right ventricle 

dysfunction is a major determinant of outcome in PAH, and may strongly influence 

the clinical management. The general concept is that right ventricle failure associated 

with PAH is strictly due to the increased right ventricle afterload 85. A new paradigm 

however, argues that chronic pulmonary artery pressure elevation is insufficient to explain 

right ventricle failure and right ventricle fibrosis is also required 85. In this respect, the 

combined heart and lung irradiation in which right ventricle dysfunction occurs with 

PAH in the presence of right ventricle fibrosis (chapter 3) is a potential model to study 

the pathophysiology of right ventricle failure in general. 

Taken together, the findings of the current work show for the first time that 

thoracic irradiation-induced respiratory dysfunction in rats is a multi-organ complica-

tion that develops through physiological changes in the whole cardio-pulmonary system, 

rather than through changes in the lung only. This, although still in preclinical stage, 
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suggests new considerations in the optimization of thoracic radiotherapy. These findings 

could be helpful with the development of new methods for more effective treatment of 

thoracic radiotherapy-induced dyspnea and more accurate prediction of its risk, poten-

tially leading to a more individualized thoracic radiotherapy and improvement of quality 

of life for patients undergoing this therapy. Furthermore, studying the pathophysiology 

of thoracic radiation-induced cardio-pulmonary toxicities offers opportunity to study 

and develop strategies for the prevention and treatment of cardio-pulmonary vascular 

diseases in general such as pulmonary arterial hypertension.
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Dutch Summary

DUTCH SUMMARY
Radiotherapie speelt een belangrijke rol bij de behandeling van de, in de thorax 

gelegen tumoren. Ondanks dat moderne bestralingstechnieken ontworpen zijn om de 

dosis stralingsenergie optimaal in de tumor af te geven, komt er toch een hoeveelheid 

straling in de omliggend normale weefsels b.v. de longen en/of het hart. Dit kan schade 

toebrengen aan deze weefsels en aanleiding geven tot levensbedreigende complicaties. 

Een van de meest voorkomende complicaties na de behandeling met bestraling 

van thoracale tumoren is respiratoire dysfunctie. 5-20% van de patiënten met thoracale 

tumoren vooral patiënten met longkanker hebben na deze behandeling last van respira-

toire dysfunctie in de vorm van dyspneu. 

Longkanker is de meest voorkomende oorzaak van kankersterfte in de wereld. 

Lokaal uitgebreide niet-klein cellig longcarcinoom (NKCLC) is de meest voorkomende 

vorm van longkanker. Voor patiënten met deze tumoren is behandeling met radiotherapie 

in combinatie met chemotherapie de enige hoop op genezing. Ondanks deze behande-

ling sterft de meerderheid van de patiënten binnen twee jaar na de diagnose. Dit komt 

doordat de optimale dosis om het NKCLC te vernietigen hoger ligt dan tolerantie van 

het normale weefsels. 

Momenteel in de radiotherapie van NKCLC, wordt de voorgeschreven bestral-

ingsdosis bepaald door de dosis die de totale kankerpatiënten populatie kan verdragen, 

dus ook de 5% meest gevoelige. 

Om een efficiëntere behandeling met radiotherapie te bereiken moet een voor 

elk individu aangepaste specifieke behandeling de kans op respiratoire dysfunctie 

verminderen. Dit kan bereikt worden door nauwkeurige voorspelling van het risico, 

betere preventie en/of behandeling van respiratoire dysfunctie. Bijvoorbeeld in het geval 

van NKCLC wanneer de risicopopulatie (~ 20% van totale NKCLC patiënten) door 

nauwkeurige voorspelling van het risico van respiratoire dysfunctie adequaat geïdentifi-

ceerd kan worden, de overige 80% van totale NKCLC patiënten de mogelijkheid hebben 

om met een hogere bestraling dosis te behandeld worden en daardoor een betere tumor 

controle te krijgen. 

Hiernaast zou dan vervolgens door een betere preventie- of behandelingsmethode A
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de verwachte respiratoire dysfunctie in de risicopopulatie voorkomen of verminderd 

kunnen worden. 

Er wordt al een aantal jaren gestreefd naar ontwikkelen van dergelijke meth-

oden. Maar vanwege onvoldoend inzicht in de fundamentele processen van respiratoir 

dysfunctie is er maar een beperkt succes geboekt. Daarom is deze studie bedoeld om over 

de pathofysiologie van deze complicatie meer kennis te verwerven.

De respiratoire dysfunctie na de behandeling van thoracale tumoren met bestraling 

wordt meestal toegeschreven aan radiatie-pneumonitis of te wel een stralingsgeïnduceerde 

longontsteking. Deze consensus wordt echter door de recente preklinische en klinische 

bevindingen niet ondersteund. De resultaten beschreven in dit proefschrift wijzen erop 

dat de ontstekingsreactie van de long wellicht niet de enige oorzaak van respiratoir 

dysfunctie zou kunnen zijn. 

De bevindingen zoals vermeldt in de hoofdstukken 2 en 3 tonen aan dat cardi-

opulmonaire fysiologische veranderingen een belangrijke bijdrage kunnen leveren aan de 

ontwikkeling van deze complicatie. 

In een preklinische studie (hoofdstuk 2) wordt beschreven dat bestraling van de 

long pulmonale hypertensie kan veroorzaken. Dit kan afkomstig zijn van perivasculaire 

oedeem en vasculaire remodellering in de gehele long, eventueel geïnitieerd door bescha-

diging van pulmonale endotheelcellen. Dit is gebaseerd op de waarneming dat bescha-

diging van de pulmonale endotheelcellen eerder werd waargenomen dan beschadiging 

van het parenchym van de longen. Tevens bleek dat de ontwikkeling van straling-geïn-

duceerde pulmonale hypertensie sterk gecorreleerd was met de respiratoire functie. Deze 

resultaten suggereren dat de vasculaire respons kan leiden de ontwikkeling van stralings-

geinduceerde respiratoire dysfunctie.

In hoofdstuk 3 wordt beschreven dat door straling geïnduceerde pulmonale 

hypertensie en pulmonale perivasculaire oedeem secundair linker ventrikel diastolische 

dysfunctie kan ontstaan. Linker ventrikel diastolische dysfunctie treedt ook op na hart 

bestraling, mogelijk geïnitieerd vanuit straling-geïnduceerde cardiale perivasculaire 

fibrose. Dit leidt vervolgens weer tot een secundair effect op de longen door het bevor-

deren van pulmonale interstitiële oedeem.
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Hieruit blijkt dat de schade aan de longen en het hart sterk met elkaar zijn 

verbonden door hun vasculaire verbindingen. De schade aan een van deze organen 

veroorzaakt schade aan de andere en visa versa. Respiratoire dysfunctie manifesteert zich 

door de fysiologische veranderingen in het hele cardiopulmonaire systeem en niet alleen 

door de veranderingen in de longen of het hart. 

Deze bevindingen introduceren nieuwe methoden niet alleen voor de preventie 

en behandeling van respiratoire dysfunctie, maar ook om accurate risico-modellen te 

ontwikkelen die deze complicatie beter voorspellen. Hiervoor moeten we echter ook in 

patiënten goed de verandering in de long die geïnduceerd worden door bestraling kunnen 

bepalen.

In de klinische praktijk van de radiotherapie zijn de gehanteerde criteria voor 

de beoordeling van respiratoire dysfunctie subjectief en niet-specifiek. Door gebruik 

te maken van objectieve kwantitatieve parameters, zoals verkrijgbaar met behulp van 

Computed Tomography (CT) scans van de longen, kan deze beoordeling verbeteren. 

Daarom hebben we in de hoofdstukken 4 en 5 een nauwkeurige methode 

ontwikkeld voor de detectie van longschade met behulp van CT-scans methode voor 

de beoordeling ontwikkeld. Deze methode is erop gebaseerd dat naast zoals gebruikelijk 

de dichtheid ook de standaard afwijking van de dichtheid meegenomen als parameter. 

Hierdoor kunnen we met grote nauwkeurigheid veranderingen in de long waarnemen die 

tot nu toe niet zichtbaar gemaakt konden werden. De in hoofdstuk 4 in een preklinisch 

onderzoek ontwikkelde methode, werd er in hoofdstuk 5 vertaald naar een methode die 

gebruikt kan worden bij longkankerpatiënten. Ook hier blijkt dat deze methode een hoge 

sensitiviteit voor detectie van longschade na een behandeling met bestraling heeft. 

Met de bevindingen beschreven in dit proefschrift zou er vervolg onderzoek 

gedaan kunnen worden naar een efficiëntere thoracale radiotherapie en een voor het indi-

vidu passende behandeling voor mogelijk toekomstige toepassing. 
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that’s why I am always looking up to you. Thanks for being the hero of my life. 

Amir, my dearest lovely brother (dadash koochooloo, Tiamat e bozorg ☺), you 

have every thing a brother should have.  I feel you so close that cannot even find words to 

describe my feelings. So close that even distance between our homes never could make us 

feel the other way. I should tell you that your very individual talent fills my heart full of 

honor and pride. Keep up working hard to “The infinity and Beyond”! Thanks for always 

loving me in a very special way of yours.   

Rana, the prettiest creature I’ve ever seen, it’s not a long time you joined our small 

family but I feel I know you for a very long time. Thanks for being such a sweet partner 

for Amir. You know I feel so relieved now that you are around of my parents. You are a 

real daughter of them I believe, which for sure would make them missing me less ☺. 

Thanks for all the effort, talent and art you and Amir put on visualizing my ideas of the 

cover of this book. You are gifted and I am proud of you and Amir.    

I chose to start a long travel along with you, Emad. That was not just because you 

are my beautiful love. You understand who I am and this gives me a good feeling of relief 

and reassurance when you are around. From our very first dates, aside from butterflies in 

my tummy, I felt like this. And what I wanted more than a peaceful life next to somebody 

I love. You are always here and there for me, even now that you are busy with revising the 

Persian summary of this book. I also support you: bringing fresh tea for you every hour 

☺ and like this you are happy, very simple life is. Let me tell you a story: Once before A
pp

en
di

x



156

Appendix

I met you I was reading a novel about a single and successful women in her 40ish who 

met another single and successful man in his 50ish. Along the story, they fell in love and 

once while they were having tea together the woman asked the man: “you are such a sweet 

company, how on earth you could not find a partner till now?” And guess what the man 

answered: he said ”It took me long to realize that life is nothing more than enjoying your 

time while having a tea with somebody you love, this much simple life is.”   This says 

everything; I should not try to say more about you. Thanks for being the only reason for 

me to bring Arwin to this world. 

Arwin, my cutest little angel, now mama comes to you. This way I am looking 

into future because I learnt from my supervisor, Rob: “Sparen voor Later”. It would take 

you few years to be able to read this part and understand how much mama is proud of 

you. It should not be easy to have a busy mom, I know. But you little boy are SO patient. 

Thanks, for putting a big small on my face every single morning and giving me the energy 

I need to keep up going.  Love you so much.

Ghazale

Feb 2013
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