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Abstract 

 

Purpose 

Dose-escalation for NSCLC patients within the PET-boost trial (NCT01024829) exposes portions of 

normal lung tissue to high radiation doses. The relationship between lung parenchyma dose and 

density changes on CT was analyzed. 

Methods and Materials 

CT scans of 59 stage IB-III NSCLC patients, randomized between a boost to the whole primary tumor 

and an integrated boost to its 50% SUVmax volume, were analyzed in this study. Patients were treated 

with concurrent or sequential chemoradiation or radiation only. Deformable registration mapped the 

3 month follow-up CT to the planning CT. Hounsfield Unit differences (∆HU) were extracted to assess 
lung parenchyma density changes. EQD2-∆HU response was described sigmoidally, while regional 

response variation was studied by polar analysis. Prognostic factors of ∆HU were obtained through 
generalized linear modeling. 

Results 

Saturation of ∆HU was observed above 60 Gy. No interaction was found between boost dose 

distribution (D1cc and V70Gy) and ∆HU at lower doses. ∆HU was lowest peripherally from the tumor 
and peaked posteriorly at 3 cm from the tumor border (3.1 HU/Gy). Right lung location was an 

independent risk factor for ∆HU (p=0.02). 

Conclusions 

No apparent increase of lung density changes at 3 months follow-up was observed above 60 Gy 

EQD2 for NSCLC patients treated with (concurrent or sequential chemo) radiation. The mild response 

observed peripherally in the lung parenchyma might be exploited in plan optimization routines 

minimizing lung damage. 
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Introduction 

Local recurrence rates in locally advanced non-small cell lung cancer (LA-NSCLC) remain high (30%) at 

2 years after standard concurrent chemoradiotherapy. Also, overall survival rates are low (20%) at 5 

years after treatment [1]. As higher prescribed radiation dose might be associated with increased 

long-term tumor control and survival, radiation dose-escalation strategies have been explored to 

improve outcome [2-3].  

Recently, several planning studies and trials have embarked on dose-escalation using advanced 

treatment and imaging modalities [4-7]. One example is the phase II PET-boost trial based on the 

observation of residual metabolic-active tumor areas after therapy at locations corresponding with 

the original high uptake areas using a pre-treatment FDG-PET scan [4]. The trial randomizes between 

a non-selective boost to the whole primary tumor and a selective boost to the 50% SUVmax volume 

within the primary tumor [5]. In both study arms, an accelerated 24 fraction treatment is delivered, 

which may be combined with sequential or concurrent chemotherapy in case of stage III disease. 

Planned dose prescription is escalated until a limiting organ at risk (OAR) constraint is reached. It is 

uncertain whether these constraints safely apply to accelerated delivery of escalated doses. 

Therefore, next to the primary PET-boost trial objective to determine the freedom from local failure, 

a secondary objective is to thoroughly evaluate toxicities as a function of the dose and volume of 

tissue irradiated. 

While the adopted pulmonary toxicity constraint (Mean Lung Dose (MLD) below 20 Gy), derived from 

historical conventionally fractionated treatments [8-9], appeared to work as intended in a 

hypofractionation setting [10], more in-depth analyses are still required to fully understand the 

impact of experimental dose-escalation treatments on pulmonary toxicity. In the PET-Boost trial, 

severe pulmonary toxicity events were acceptable in a preliminary analysis (9.5% grade 3 radiation 

pneumonitis) [11], however, the multifactorial nature of symptoms remains an important caveat 

[12]. Furthermore, pneumonitis symptoms are scored using graded non-quantitative scales (CTCAE 

3.0), hampering dose response modeling. Therefore, image-based lung features could provide 

important additional information on lung damage, including voxelized response data of the lung 

parenchyma exposed to high dose. Understanding the regional dose volume effects responsible for 

lung parenchyma damage induction is a crucial step in order to be able to dissect the causes of the 

multifactorial radiation-induced pulmonary toxicity. One surrogate of lung damage is the lung tissue 

density change evaluated on CT scans. Indications that CT density changes indeed reflect lung tissue 

damage are its strong dose-dependence [13-23] and the correlation with pulmonary toxicity scores 

observed by some authors [20, 23]. This simple CT-based metric also proved to be a continuous and 

reproducible endpoint [15, 19-20]. 

Severe radiation-induced lung tissue damage occurs in approximately 20% of patients after standard 

treatment for LA-NSCLC [9,24-25]. The mechanism of formation of lung infiltrations is not well 

understood. Lung dose-density change models [15,19,22] could only be validated to a limited extent 

in individual patients or in subregions of the lung [20,26], and this mostly in stage I lesions treated 

with extreme hypofractionation, leading to a reproducible saturation of the dose response. A better 

understanding of the dose-density change response mechanism at the higher dose regimes in LA-

NSCLC might be important for unraveling the causes of pulmonary toxicity and for increasing the 

therapeutic ratio using dose-escalation. 

The aim of this study was to quantify early lung tissue CT density changes 3 months post-

(chemo)radiotherapy in the PET-boost trial for LA-NSCLC, as a surrogate of lung damage. The possible 

impact of dose-volume features characterizing the high-dose lung tissue region was studied. Finally, 
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regional differences in lung density change were assessed and prognostic factors were searched 

through generalized linear modeling. 

 

 

Methods and Materials 

Patient dataset 

The dataset consisted of 59 stage IB-III NSCLC patients treated after written informed consent in a 

randomized phase II study (NCT01024829), a PET-boost trial. PET-boost eligibility criteria included a 

minimum primary tumor (GTVprim) diameter of 4 cm and no prior radiotherapy to the thorax. From 85 

patients randomized between April 2010 and June 2015 in 3 institutions, 59 had a CT scan in the first 

6 months after treatment. The study arms were a dose-escalation to the primary tumor planning 

target volume (PTVprim) as a whole (Arm A), and an integrated boost to PTVhigh, the expanded GTVhigh 

(50% SUVmax volume of GTVprim) (Arm B), both delivered in 24 fractions. Planned dose escalation was 

attempted until a limiting OAR constraint was reached. The highest allowed prescription dose was 

129.6 Gy (5.4 Gy fraction dose). When constraints prevented escalation to at least 72 Gy (3 Gy 

fraction dose), the patient was treated with 66 Gy in 24 fractions and excluded from current analysis. 

Further planning details were previously described [5]. The planning CT (CT0), follow-up CT (CTfup) 

approximately 3 months post RT, contours and dose maps corrected to equivalent doses in 2 Gy 

fractions (EQD2, α/β=3 Gy [27]) were collected. Atelectasis on CT0  was excluded from the lung 

contour. 

Intensity-modulated radiotherapy (IMRT) or volumetric modulated arc therapy (VMAT) treatments 

were delivered. Mid-ventilation or mid-position planning CT scans were mostly used [28]. Free-

breathing scans using an internal target volume approach were also accepted in the study (7 

patients). Slice thickness was 3 mm and in-slice pixel size 0.98 mm.  

No clinical target volume (CTV) margin was applied to GTVhigh, while GTVprim was enlarged by a CTV-

margin of 0-5 mm. Patient-specific PTV margins of 10-15 mm were applied according to institutional 

policies accounting for various geometrical uncertainties such as delineation variability, differential 

motion between primary tumor and lymph nodes as well as respiratory motion. Advanced type B 

dose calculation algorithms were used, which consider lateral electron transport leading to accurate 

dose calculation near tissue inhomogeneities. Image guidance using daily cone beam CT (CBCT) was 

mandatory in the trial. CTfup was an inspiration breath-hold scan in 35 patients and a mid-ventilation 

scan in 24 patients. 

Density change analysis 

Deformable Image Registration (DIR) mapped the CTfup to the CT0 using in-house developed software 

at XXXX. A multiresolution cubic B-spline algorithm (final control point spacing of 1 cm) driven by the 

Hounsfield Unit (HU) correlation ratio similarity measure was used [29]. Additional constraints on the 

smoothness and the rigidity of the deformation vector field within the ‘both lungs minus GTVprim’ 
mask were used as regularization terms to avoid unnecessary reshaping of infiltrations on the CTfup 

[30]. A rigid bony anatomy match was the starting point for the DIR. Subsequently, a dose–density 

change response analysis was performed in MeVisLab 2.6.2 (MeVis Fraunhofer, Bremen, Germany) as 

previously reported [20]. A difference image was created by voxel-wise subtraction of HU values 

(∆HU = HUfup -HU0). All voxels within the ‘both lungs minus GTVprim’ mask, eroded by 1 voxel to 
eliminate potential errors at its boundary, were analyzed. For the overall dose response curve, the 
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dose map was first resampled to the CT image grid using Lanczos interpolation. Median ∆HU of lung 
voxels was extracted per dose bin of 5 Gy EQD2. Dose bins associated with a lung volume <10 cc 

were discarded on a per patient basis. For each patient, the median ∆HU in the lowest dose bin (lung 

voxels receiving <5 Gy) was subtracted from the median ∆HU of all other dose bins (i.e., negligible 

density change at low dose was assumed [13-14]). Sigmoids were fitted to the population average 

data points according to following logistic function,                          
with ∆HUsat the ∆HU saturation level, D50 the dose where 50% of ∆HUsat is reached and γ the 
steepness of the sigmoid. The saturation point was defined as the dose where 95% of ∆HUsat was 

reached. For the regional dose response analysis, Lanczos resampling to a uniform 3 mm voxel grid 

was performed for ∆HU and dose maps. This way, representative one-voxel rings of ipsilateral lung 

∆HU and dose at equal distances of 1, 2, 3 and 4 cm from the GTVprim border could be selected in the 

central GTVprim slice, in order to describe angular dose responses. Per ring and per patient, the 

median ∆HU and median ∆HU/Gy was defined per 20 degree angular bin (angles as seen from the 
GTVprim center of mass). A zero degree angle referred to lung voxels located centrally from GTVprim, 

while 90°, 180° and 270° indicated anterior, peripheral and posterior locations respectively. 6
th

 order 

polynomials were fitted to the average polar response data. All fits were performed in Matlab 

R2015b (The Mathworks Inc., Natick, MA) using least squares optimization. 

Statistics 

Differences in ∆HU response between study arms were analyzed using a Mann-Whitney U test for 

every dose bin. Prognostic factors of individual patients’ ∆HU were searched in the representative 
40-45 Gy, 60-65 Gy, 80-85 Gy and 100-105 Gy dose bins using univariate linear regression. The 

studied covariates were lung side, lobe location, central/peripheral tumor location, GTVprim volume, 

prescription dose (EQD2), lung D1cc (EQD2 delivered to hottest 1 cc of lung tissue), lung V70 (volume of 

lung receiving >70 Gy EQD2) as 70-75 Gy was the highest dose bin found in every patient, the mean 

lung dose (MLD), mean heart dose (MHD), heart Dmax, chemotherapy regimen, age and treatment 

technique (VMAT vs IMRT). p-values below 0.05 were considered statistically significant. The False 

Discovery Rate (FDR) was controlled by the Benjamini-Hochberg procedure quantifying multiple 

testing error rates. Regional ∆HU was analyzed by comparing ∆HU of voxels located at the central, 
anterior, peripheral and posterior side of GTVprim (detailed definition of these regions can be found in 

Appendix 1) in the 2 cm ring using within-subjects ANOVA with Fisher’s LSD pairwise comparisons. 
Finally, a generalized linear model (GLM) was built separately for every covariate to test their 

interaction with regional location. All tests were performed in Statistica 13 (Dell Inc., Tulsa, OK). 

 

Results 

Patient and treatment characteristics are summarized in Table 1. The average ∆HU response data 
was well described sigmoidally (R

2
=0.81) with model parameters D50=29.9 Gy, ∆HUsat=92.9 HU and  

γ=0.74. The saturation point was 60.0 Gy (Figure 1). Sigmoidal fits for the separate study arms were 
not statistically different according to the 95% confidence intervals of the model parameters 

(saturation points of 59.4 Gy and 66.8 Gy, Table 2) and no ∆HU difference between the study arms 

was observed in any of the dose bins (p>0.11). On the other hand, a likelihood ratio test indicated 

that the fit with separate sigmoids per study arm had a significantly higher likelihood (p<0.01). Lung 

D1cc (higher in Arm A) had minimal non-local impact on ∆HU in lower dose bins, which was confirmed 
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in linear regression (non-significant negative associations between D1cc and ∆HU). Appendix 2 shows 
the absence of any significant risk factor of ∆HU in linear regression. 

The average angular ∆HU (radius at 2 cm from GTVprim) was low peripherally from the tumor 

(approximately 50 HU) and peaked posteriorly and anterocentrally (100-150 HU) (Figure 2). The same 

behavior was observed in ∆HU/Gy analysis. Regional comparison identified a significantly lower ∆HU 
peripherally compared to centrally, p=0.050 (Table 3). Analyzing the average ∆HU as a function of 
distance from GTVprim, it peaked centrally at 1 cm (183 HU), but peaked posteriorly at larger distances 

(167 HU at 3 cm). The peripheral response remained the lowest at all distances (between 53 HU and 

64 HU). In ∆HU/Gy, the highest response was observed posteriorly at 3 cm (3.1 HU/Gy). It should be 
noted that most patients contributed only for a limited angle to this regional analysis according to 

the tumor location. In further GLM analysis, the central location could therefore not be included. An 

overview of primary tumor locations is depicted in Figure 3.  

Taking regional differences into account in GLM modeling resulted in right lung as the only additional 

significant risk factor, with a large effect size (η2
): p=0.017 (FDR=22%) and η2=0.39 for ∆HU and 

p=0.029 (FDR=38%) and η2=0.34 for ∆HU/Gy. No indication of lung V70  or D1cc causing ∆HU increase 
was thus observed. However, the D1cc parameter was not equally distributed within its range as only 

a limited number of fraction doses >4 Gy and associated D1cc>140 Gy were present in the dataset 

(Figure 3). Finally, combining lung side and D1cc  into one GLM resulted in regional location and lung 

side as independent predictors of ∆HU with p=0.035 (η2=0.26) and p=0.028 (η2
=0.37), respectively 

(for ∆HU/Gy: p=0.024 (η2
=0.29) and p=0.045 (η2

=0.32), respectively). 

 

Discussion 

To the best of our knowledge this is the first study analyzing a quantitative endpoint of lung 

parenchyma damage on CT scan after dose-escalation treatments (>72 Gy in 24 fractions) for LA-

NSCLC. We observed a saturation of lung dose-density response at biologically corrected doses >60 

Gy EQD2 in IMRT or VMAT treated patients randomized in the PET-boost trial. The different boost 

techniques (including the whole primary tumor PTV or only a selected subvolume) did not influence 

the ∆HU feature, nor did the escalation volume or the highest dose level in the lung. No detrimental 
effect of a small high-dose lung region (D1cc from 89.5 Gy EQD2 up to 245.9 Gy EQD2) on its local 

surrounding was observed. While dose-escalation was shown to be safe for clinical endpoints [11,31-

32], our study confirms that prescribed doses from 86.4 Gy EQD2 to 217.7 Gy EQD2 (24 fractions of 3 

Gy and 5.4 Gy, respectively) did not negatively impact an objective lung parenchyma density change 

endpoint 3 months post RT. 

While local dose was strongly associated with local ∆HU response overall, subregion analysis brought 
more clarity to the mechanism of lung damage induction. Low ∆HU was reported for lung tissue 

located peripherally from the GTVprim border, while the highest ∆HU/Gy response was observed in 
posterior direction. It should be noted that these findings relate only to a 2D analysis within the 

central tumor slice. A thorough 3D analysis in a larger dataset is required to understand the 

underlying cause. Finally, right-sided lungs showed significantly higher ∆HU independently of 
regional variations in our dataset. 

Our results are consistent with literature. A lung tissue density increase plateau at 3 months was 

reported after stereotactic radiotherapy (SABR) of stage I tumors: above 80 Gy EQD2 [14], 30 Gy 

physical dose (equaling 63 Gy EQD2 for the predominant 4-fraction treatments) [13,18] or a patient-

specific dose [20]. A saturation of lung perfusion reduction post SABR was also observed around 80 
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Gy EQD2 using SPECT scans [33]. After conventional LA-NSCLC treatments, likely due to lower lung 

doses rarely exceeding 60 Gy EQD2, a saturation could previously not be observed [15,17,20]. 

Regional differences in absolute ∆HU could not be explained by the regional heterogeneity of lung 
HU at baseline (heterogeneous presence of parenchyma, blood vessels and bronchial tree structure) 

as previously reported [20,26]. Peripheral lung tissue was not observed having lower baseline density 

in our dataset (Appendix 1, Figure A3). The remodeling of lung vasculature and subsequent 

pulmonary hypertension described after lung irradiation in small animal studies could be an 

explanation [34-35]. Pulmonary hypertension was shown to be associated with infiltrations located 

centrally in the lung, which corresponds to the higher density increase observed centrally compared 

to peripherally in our study [36]. Right-sided lungs were also previously reported to be prone to 

higher density increase [26]. It should be noted that slightly higher heart doses were delivered to 

right-sided tumors in our dataset. Nevertheless, the previously reported heart dose dependence of 

∆HU could not be confirmed [37]. Similarly, no impact of chemotherapy regimen on ∆HU could be 
observed [22]. 

This study had some important limitations. The primary limitation was the challenging deformable 

registration of two CTs with 3 months interval, combined with tremendous tumor shrinkage, 

observed in almost all patients, and newly formed lung infiltrations. We designed a robust approach 

based on deformation field regularization and the assumption of elastic tumor regression, i.e., lung 

tissue surrounding the tumor moving inside the initial tumor volume [38]. Regularization term 

weights were optimized using a subset of the database by visual image overlay assessment of 

registrations. The optimized registration settings were then applied to all patients. In order to correct 

for the breathing state, a lung HU correction was also performed using the median ΔHU in the lung 

subvolume receiving 0-5 Gy. This median ΔHU in the low-dose region was considered a baseline 

breathing-related HU shift and thus subtracted from the median ΔHU of all other lung subvolumes. 

The validity of the underlying assumption of an undamaged low-dose region cannot be answered 

with this dataset. 4DCT acquisition is therefore recommended both for baseline and follow-up CT in 

future ΔHU response analyses. To limit potential errors in ∆HU quantification, additional safety 

measures were introduced. An erosion of the lung mask was performed to avoid potential boundary 

problems near the ribs (e.g. pleural effusion), GTVprim (extreme tumor shrinkage), mediastinum and 

atelectasis regions. Regarding the latter, it should be noted that voxels within the atelectasis region 

on CT0 were excluded from the lung contour and thus not included in our analysis. Finally, a minimal 

volume of 10 cc was required per dose bin and the median ∆HU over all bin voxels was computed to 

eliminate outliers. While these practices resulted in loss of some high-dose information, ∆HU up to 
140 Gy EQD2 could be extracted (Figure 1). An unexplained drop in ∆HU was seen close to GTVprim in 

several patients and was also visible in the Arm A response curve. Similar behavior was reported in 

other dose-density change studies [14,20,39]. Despite the safety measures, an influence of 

misregistrations centrally in the lung (mediastinum, large vessels, etc.) on the larger ∆HU observed 
centrally cannot completely be excluded. For the polar analysis, the median ∆HU over all voxels 
located within 20° sectors was computed with the same purpose of eliminating outliers. This limited 

angular resolution might have prevented the detection of effects associated with the different 

treatment dose accumulation history and dose rate variability of VMAT compared to IMRT 

treatments, potentially impacting lung damage. Nevertheless, the analysis of the standard deviation 

of ∆HU within the 20° sectors did not show any difference between IMRT and VMAT cases (p>0.05 

for all sectors, Figure A4, Appendix 1). Taking into account the non-rigid registration uncertainties 

and the small VMAT cohort (14 patients), however, any difference in lung ∆HU response between 

both delivery techniques cannot be excluded based on this dataset. 
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Secondly, the limited size of the dataset prevented extensive multivariable analyses. For the same 

reason, the impact of only one dose (D1cc) and volume (V70) characteristic was analyzed, and FDR was 

introduced for multiple testing assessment. For the regional analysis, only few patients had lung 

tissue information for the whole 360° around GTVprim, even at 1 cm distance. The number of cases 

with lung tissue located centrally from GTVprim was quite limited (few small peripheral tumors, Figure 

3). Patients that could not be escalated due to limiting OAR constraints were excluded from the study 

as it was a small (15 patients) and biased subgroup (e.g. large GTV volumes combined with the 

smallest lung volumes or highest heart doses). It should be noted that a large range of GTVprim 

volumes (11-810 cc) was still present in our dataset. 

Finally, we assumed planned dose to equal delivered dose during the whole time course of 

treatment. No adaptive re-planning was taken into our analysis, which could have been performed to 

account for intrathoracic anatomical changes. The different motion management techniques and 

margin concepts could also have influenced planned dose close to the tumor. Nonetheless, a ∆HU 
saturation was consistently observed in both treatment arms. 

In summary, this study indicates that the induction of large lung density increase processes in LA-

NSCLC treated with modern era IMRT and VMAT techniques is not influenced by high escalation 

doses to a small lung volume. The limited damage peripherally in the lung could be exploited by dose 

redistribution using IMRT optimization tools, proton therapy beam angle choices [40] or adaptive 

treatment workflows which have been shown to enable further dose-escalation [41-42]. At the same 

time, posteriorly located lung parenchyma could be spared especially in right-sided lungs by 

conformal avoidance planning. Importantly, the differential dose-∆HU response between patients 

can be larger than the observed average regional differences, as indicated by a boxplot of all density 

changes in the dataset (Figure A5, Appendix 3). A genetic biomarker predicting the patient’s lung 
damage susceptibility would therefore clearly improve the application of our findings. The clinical 

relevance of our strategies to limit lung damage should thus be validated in a clinical trial. Finally, 

future work should include more imaging features, to optimally capture different types of lung 

damage [43].  

A time trend in lung density change response has been described previously [13, 15, 17]. Two phases 

could be unraveled: a transient phase peaking at 3-4 months and a fibrotic phase after 9 months. 

These were shown to coincide well with symptomatic radiation pneumonitis and fibrosis timepoints. 

The 3 month after treatment CT scan timepoint used in our study is thus representative for the early 

effect. This is a crucial timepoint as acute pulmonary toxicity was shown to be highly dose-limiting 

(e.g. in the QUANTEC dose response curves [8]). Moreover, the early effect was shown to be 

correlated to the late effect in an IMRT dataset [17]. On the other hand, a study in rats showed 

different pathologies involved in early and late radiation-induced lung damage and different dose 

volume dependences for the different timepoints [44]. Future time- and volume-dependent 

modeling efforts of CT derived damage metrics seem thus required. Additionally, studying other 

surrogates of lung damage based on functional lung ventilation or perfusion maps of the lung might 

be helpful, although initially unventilated/unperfused lung regions often recover after treatment, 

which might bias the lung dose-damage response modeling [45]. 

Present parenchyma lung density change findings could thus help in dissecting the causes of dose-

limiting pulmonary toxicity. Lung damage is indeed likely to be an important driver of the 

multifactorial pulmonary toxicity endpoint, although reports on the coincidence of lung density 

changes with clinical symptoms have been inconsistent [19-20,23-24,32]. The new knowledge on 

∆HU saturation and hotspot independence, together with lung side and regional variations, provides 
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crucial information explaining the variability in lung tissue dose-damage response and could thus 

lead to better understanding and prediction of pulmonary toxicity in future studies. 
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Figure captions 

 

Figure 1. Population dose response curves for local density change of lung tissue 3 months post 

treatment. 

In the whole dataset of 59 patients (left graph) and separately for Arm A (28 patients, non-selective 

boost) and Arm B (31 patients, selective boost) of the PET-boost trial (right graph). Mean and 

standard error of mean (SEM) per 5 Gy dose bin and sigmoidal fit to the data points (least squares 

optimization using the reciprocals of SEM as weights). Model parameters of the fits are summarized 

in Table 2. The saturation point (dose where 95% of the saturation level ∆HUsat is reached) is 

indicated on the curves by a cross mark. 

 

 

 

Figure 2. Polar plot of lung tissue density changes 3 months post treatment.  

Median ∆HU and ∆HU/Gy of all lung voxels in the same angular location from the primary tumor  

GTV center of mass perspective, averaged over all patients. Lung voxels in rings at 1, 2, 3 and 4 cm 

distance from the primary tumor GTV boundary were combined per 20 degree angular bins and 6
th

 

order polynomials provided the best fit to the data points. Peripherally (towards the thoracic wall) 

very small changes were observed. At larger distances from the tumor, the highest density change 

was observed posteriorly.  The average lung tissue doses delivered per angle can be found in 

Appendix 1 (Figure A2). 
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Figure 3. Overview of tumor locations and prescription doses.  

Center of mass location of the primary tumors in the dataset (left figure). Radiological convention 

views of the 59 center of mass coordinates transferred to a reference lung. Overview of the 

prescribed fraction doses in the dataset and the associated lung tissue D1cc (EQD2 to hottest 1 cc of 

lung tissue) planned (right figure). The fraction doses ranged from a lower limit of 3 Gy (1 patient) to 

an upper limit of 5.4 Gy (5 Arm B patients). All treatments were delivered in 24 fractions.  

 



Table 1 Patient and treatment characteristics of the 59 analyzed PET-boost trial patients. Descriptive 

statistics, variables are summarized by median value and range, or absolute number and percentage. 

 

 n=59 

Gender 

Male 

Female 

 

44 (74.6%) 

15 (25.4%) 

Age (years) 69.3 (36.2-83.9) 

Chemotherapy treatment 

Concurrent 

Sequential 

None 

 

39 (66.1%) 

5 (8.5%) 

15 (25.4%) 

Lung side 

Right 

Left 

 

36 (61.0%) 

23 (39.0%) 

Lung lobe 

Upper 

Lower 

Combined 

 

37 (62.7%) 

18 (30.5%) 

4 (6.8%) 

Treatment technique 

IMRT 

VMAT 

 

45 (76.3%) 

14 (23.7%) 

Study arm 

Arm A 

Arm B 

 

28 (47.5%) 

31 (52.5%) 

GTVprim volume (cc) 113.8 (11.0-809.7) 

Prescribed dose (Gy EQD2) 

Arm A 

Arm B 

 

101.7 (86.4-177.0) 

108.6 (90.6-217.7) 

Mean Lung Dose (Gy physical dose) 17.9 (7.8-22.0) 

Mean Heart Dose (Gy physical dose) 11.3 (0.5-34.1) 

Heart Dmax (Gy EQD2) 80.0 (1.3-111.2) 

Lung D1cc (Gy EQD2) 113.5 (89.5-245.9) 

Lung V70 volume (cc) 172.1 (70.9-526.0) 

CTfup timepoint (months) 2.9 (0.4-4.1) 

Dose voxel size (mm) 3.0 (2.5-4.0) 

Abbreviations: IMRT: Intensity-Modulated Radiotherapy; VMAT: Volumetric Modulated Arc Therapy; GTVprim: 

primary Gross Tumor Volume; EQD2: Equivalent Dose in 2 Gy fractions; Lung D1cc: Minimal lung dose of hottest 

1cc of lung; Lung V70: Relative lung volume receiving at least 70 Gy; CTfup: Follow-up CT scan. 

 

 

 

 

 

 

 

Table



Table 2 Model parameters D50, ∆HUsat and γ of the sigmoidal fits to the population average EQD2-

∆HU data points. Optimal fit parameters and 95% confidence interval (profile likelihood method) for 

the whole dataset and separately for patients treated in both study arms. No significant difference 

between the fits was found according to 95% CI of the parameters. The last column describes the 

global fit quality assessed using the coefficient of determination (R
2
). Figure 1 depicts the 

corresponding sigmoids and data points. 

 

 D50 (Gy) ∆HUsat (HU) γ R
2
 

Whole dataset (n=59) 29.9 (25.8; 33.9) 92.9 (74.3; 111.4) 0.74 (0.37; 1.11) 0.81 

Arm A (n=28) 30.4 (26.8; 34.0) 90.2 (74.4; 106.0) 0.78 (0.42; 1.14) 0.79 

Arm B (n=31) 32.2 (25.5; 38.9) 102.3 (65.6; 138.9) 0.69 (0.17; 1.20) 0.81 

Abbreviations: D50: Dose where 50% of maximal dose response (∆HUsat) is reached; Gy: Gray; HU: Hounsfield 

Units; ∆HUsat: the saturation level of ∆HU response;  γ: Steepness of the dose response sigmoid; R
2
: Coefficient 

of determination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 3 Regional differences in lung tissue density change between 4 distinct lung locations in a ring 

at 2 cm distance around the primary tumor GTV. The 2 cm ring was chosen for regional comparisons 

as its dose is not consistently exceeding the saturation point (as opposed to rings at shorter distance, 

Appendix 1 (Figure A2)), and as it contains a large number of lung voxels around the primary tumor 

(as opposed to rings at larger distances). Pairwise comparison p values (Fisher’s LSD test) of a within-

subjects ANOVA and mean difference and 95% confidence interval (CI) for the ∆HU and ∆HU/Gy 
metrics. Significant differences in bold. 

 

                             

 

 

∆HU ∆HU/Gy 

p Mean difference and 

95% CI (HU) 

p Mean difference and 

95% CI (HU/Gy) 

Peripheral vs Central 0.050 -161.5 (-323.5;0.47) 0.056 -1.77 (-3.62;-0.079) 

Peripheral vs Posterior 0.074 -137.5 (-299.5;24.5) 0.068 -1.63 (-3.47;0.22) 

Peripheral vs Anterior 0.12 -109.5 (-271.5;52.5) 0.12 -1.25 (-3.10;0.59) 

Posterior vs Central 0.67 -24.0 (-186.0;138.0) 0.82 -0.14 (-1.99;1.70) 

Posterior vs Anterior 0.62 28.0 (-134.0;190.0) 0.57 0.37 (-2.22;1.48) 

Central vs Anterior 0.38 52.0 (-110.0;214.0) 0.44 0.51 (-1.33;2.36) 

Abbreviations: HU: Hounsfield Units; CI: Confidence Interval; Gy: Gray. 



Figure 1

Click here to download high resolution image

http://ees.elsevier.com/rob/download.aspx?id=1521738&guid=3f77ba5d-30e8-4589-8201-65d5b636e59d&scheme=1


Figure 2

Click here to download high resolution image

http://ees.elsevier.com/rob/download.aspx?id=1521739&guid=15167e34-e689-43fc-bbdc-0766ef58b89c&scheme=1


Figure 3

Click here to download high resolution image

http://ees.elsevier.com/rob/download.aspx?id=1521740&guid=b5134536-b72d-4df8-981f-a38c54004a06&scheme=1



