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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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Chapter 4

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.




