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Abstract 
Purpose: Lung toxicity is a primary side effect in stereotactic radiotherapy 
(SBRT) for early-stage non-small cell lung cancer (NSCLC). We aimed to use 
a set of radiobiological models to evaluate and compare modern IMRT deli-
very techniques with three-dimensional conformal techniques for SBRT 
treatment of NSCLC in terms of lung toxicity, and aimed to compare the re-
sults from different radiobiologcal models. Methods: Ten early-stage NSCLC 
patients treated with SBRT were retrospectively selected. Five treatment plans 
were generated to deliver 50 Gy in five fractions to the planning target volume 
for each case: a helical tomotherapy (HT) plan, two three-dimensional cof-
nromal radiotherapy (3D-CRT) plans using 6-MV and 10-MV photon beams 
respectively, and two volumetric modulated arc therapy (VMAT) plans using 
one and two arc fields respectively. The lung RDV was calculated with three 
parallel functional sub-unit (FSU) models and two normal tissue complication 
probability (NTCP) models. Results: Both the HT and VMAT plans showed 
significantly higher contralateral mean lung dose and lower ipsilateral mean 
lung dose compared to the 3D-CRT plans. There was no statistically signifi-
cant difference in terms of lung toxicities between the IMRT and 3D-CRT 
techniques using either the FSU models or the NTCP models. Based on both 
the FSU and the NTCP models, there was strong correlation between lung 
toxicity and the mean lung dose in SBRT treatment plans. Conclusions: 
Based on both the NTCP and parallel FSU models, both IMRT and traditional 
3D-CRT delivery techniques could achieve comparable lung sparing inn SBRT 
treatment of early-stage lung cancer. However, the validity of the radiobiolog-
ical model results should be checked by clinical data. 
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1. Introduction 

In recent years, hypofractionated stereotactic body radiotherapy (SBRT) has 
been widely implemented as a definitive treatment modality for early-stage 
non-small cell lung cancer (NSCLC), especially for patients who are not candi-
dates for surgery due to existing morbidities including cardiopulmonary com-
plications [1] [2] [3]. In a systematic review of thirty-five published studies, the 
local control rate was all above 80% at 1 - 5 years for stage I NSCLC treated with 
SBRT, and a significant number of patients did not have any sign of adverse ef-
fects during the course of treatment [4]. While early-stage lung cancer patients 
could potentially be cured from SBRT treatments, it is imperative to minimize 
radiation-induced toxicities to reduce post-treatment morbidities. As multiple 
radiation therapy (RT) delivery techniques exist to deliver SBRT to the lung, in-
cluding three-dimensional conformal radiotherapy (3D-CRT), and intensity- 
modulated radiotherapy (IMRT) techniques, objective and quantitative methods 
to evaluate treatment plan quality are needed to choose the optimal treatment 
plan for disease control and sparing of normal organs. 

In SBRT treatment of lung cancer, normal lung toxicity is a primary concern 
for treatment complications [4]. In conventional lung cancer RT, commonly 
used dosimetric quantities include the volume of the lung receiving dose above 
20 Gy (V20), and the mean lung dose (MLD) [5]. Due to the large dose per frac-
tion in SBRT treatments, clinical experiences based on conventional RT fractio-
nation schemes may not be applicable in SBRT treatment plan evaluation [6]. 
More sophisticated radiobiological models have been proposed to predict radia-
tion toxicities to the lung. The equivalent uniform dose (EUD) model has long 
been used to evaluate organ toxicities. In the EUD model, a power-law formula 
is used to convert the dose-volume histogram (DVH) from a RT plan to a single 
equivalent dose parameter, which can be translated to normal tissue complica-
tion probability (NTCP) through a sigmoid function [7]. On the other hand, the 
DVH can be reduced to a volume parameter using mathematical formulations 
based on the parallel functional sub-unit (FSU) model [8] [9]. In contrast to the 
EUD concept, the parallel FSU model quantifies the percentage of lung volume 
damaged by RT treatment, which is potentially a clinically measurable quantity. 
Previous studies using the parallel FSU model indicate that this model could be 
relevant in evaluation of organ toxicities in RT treatments [10] [11]. 

In this study, we aimed to use the existing lung toxicity models to quantify 
lung toxicities for comparison of different RT delivery techniques. We also 
aimed to evaluate the discrepancies between existing radiobiological models in 
lung toxicity modeling in SBRT treatments. 

2. Materials and Methods 

We retrospectively selected ten patients with early-stage non-small cell lung 
cancer who previously received definitive SBRT treatment at our institution. 
Table 1 lists patient characteristics. Prior to treatment planning, each patient  
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Table 1. Characteristics of patients in this study. 

Patient Index Age at treatment PTV/cc PTV Location 

1 70 30.2 RUL 

2 72 104.6 LLL 

3 81 40.4 LLL 

4 70 206.5 RUL 

5 72 93.3 RML 

6 92 187.9 LUL 

7 62 30.3 RLL 

8 54 38.6 LLL 

9 78 143.0 RLL 

10 64 36.4 RUL 

 
received computed tomography (CT) scans in the thoracic region with 3 mm 
slice thickness in the helical mode. Three CT scans were performed for each pa-
tient, while the patient was in shallow free breathing and at the end of the inspi-
ration and expiration phases, respectively. In a treatment planning system (Ec-
lipse Version 11, Varian Medical Systems, Inc., Palo Alto, California), the three 
CT image sets were registered rigidly, and contours of critical organs including 
the lungs, heart, spinal cord, esophagus were drawn on the free-breathing CT 
images. The gross target volume (GTV) was drawn on each of the CT image sets, 
and then combined to form the internal target volume (ITV). The planning tar-
get volume (PTV) was created by adding 5-mm lateral margin and 10-mm supe-
rior-inferior margin to the ITV. The average PTV volume was 91.1 ± 67.7 cm3 
(range: 30.2 - 206.5 cm3). 

In this study, we generated the following five treatment plans for each patient: 
1) A 3D-CRT treatment plan using 6MV photon beams (3D-6MV plan). Each 

plan used 12 non-coplanar fields, with the orientation and relative weighting of 
each field manually chosen for each individual plan to minimize critical organ 
dose. In the Eclipse treatment planning system, the analytical anisotropic algo-
rithm (AAA) was used for dosimetric calculation with heterogeneity correction 
applied. 

2) A 3D-CRT plan using 10MV photon beams (3D-10MV plan). For each 
case, the 3D-10MV plan used the same field geometry as the 3D-6MV plan. The 
same dosimetric calculation algorithm was used. 

3) A helical tomotherapy plan (HT plan). The jaw size of either 2.5 cm or 1.0 
cm was used, depending on PTV dimension. A pitch of 0.15 was used in all the 
HT plans. A superposition-convolution algorithm with heterogeneity correction 
was used for dose calculation. 

4) A single-arc RapidArc VMAT plan (VMAT-1 plan). In this plan, a 6-MV 
single arc field rotates around the patient for a complete gantry rotation. Both 
the dose rate and the gantry speed were allowed to modulate during the arc rota-
tion. The Progressive Resolution Optimization (PRO) algorithm in the Eclipse 
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treatment planning system was used for optimization, and the AAA algorithm 
was used for final dose calculation with heterogeneity correction.  

5) A two-arc RapidArc VMAT plan (VMAT-2 plan). In this plan, two 6-MV 
arc fields, with identical complete gantry rotation range but opposing rotational 
directions, were used. The same optimization and dose calculation algorithms 
were used as in the VMAT-1 plans. 

The RTOG Protocol 0623 was followed as the guideline for dose prescription 
and normal organ dose constraints. The PTV receives 50 Gy in 5 uniform frac-
tions in each treatment plan. All the treatment plans were normalized so that 
95% of the PTV received at least the prescription dose. In IMRT treatment plan 
optimization, higher priority was on minimizing normal lung dose, rather than 
on dose homogeneity of the PTV.  

Lung toxicity was evaluated using the parallel FSU model in the following 
steps. First, the dose-volume histogram (DVH) of the normal lung volume in the 
differential form was converted to the normalized biologic equivalent (NBE) 
DVH using the linear-quadratic model with the α/β ratio of 3 Gy for the normal 
lung [6] [12] [13]. Specifically, the dose in the i-th bin of the lung DVH is nor-
malized using the following equation: 

( )
,normalized

1 3
1 2 3

i
i i

D n Gy
D D

Gy Gy
⋅
+

=
+

, where n is the number of treatment fractions. 

Second, the normalized DVH was reduced to a single lung toxicity parameter 
that represents the relative damaged volume (RDV) for the lung. To calculate 
the RDV for each treatment plan, a local effective function, E(D), was calculated 
as a function of the local lung dose. The RDV is then given by [6] [11]: 

( ),normalizedRDV i i
i

E D V= ⋅∑  

where Di,normalized and Vi are the normalized dose and percentage volume in the 
i-th bin of the differential DVH, respectively. This definition is based on the as-
sumption that the lung is composed of parallel functional sub-units with iden-
tical radiation response characteristics.  

Multiple mathematical formulations exist in the literature for calculating the 
effective dose function E(D). When E(D) is a linear function of the local dose D, 
RDV is mathematically equivalent to using the MLD in plan evaluation. Other 
authors used sigmoid forms for the calculation of E(D). To evaluate the robust-
ness and consistency of the models, we applied the following three mathematical 
formulations in this study. 

1) The logistic model formulation [11]. With this model, E(D) is given by a  

logistic function: ( )
L50

1

1
kE D

D
D

=
 +  
 

. DL50 is the dose level at which the local  

dose effect is 50% (E(DL50) = 50%), and k represents the steepness of the logistic 
function curve. In this study, k is taken as 2. 

2) The S-shape model formulation [6]. With this model, E(D) is given by: 
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3) The modified linear model formulation. E(D) is given by: 

( ) L50
L50

L50

, when 2
2
1, when 2

D D D
DE D

D D

 ≤= 
 >

 

Figure 1 plots the three local effective dose functions for comparison. While 
E(D) approaches 1 asymptotically with increasing dose in the logistic model, it 
reaches 1 when D = 2DL50 in both the S-shape model and the modified linear 
model. 

In published literature, the value of DL50 had significant uncertainty due to 
heterogeneity in datasets used and toxicity level evaluated [5]. To evaluate the 
robustness of the parallel FSU model, we allowed DL50 to vary from 20 Gy to 40 
Gy in the analysis. For comparison, we also calculated normal tissue complica-
tion probability (NTCP) of the total lung for each treatment plan, based on the 
Lyman-Kutcher-Burman (LKB) model as well as the mean-lung-dose (MLD) 
model, respectively. With the LKB model, the EUD of the normal lung is given 
by: 

1

total

EUD
n

n i
ii

VD
V

 
=  
 
∑  

and the NTCP value is obtained by: 
 

 
Figure 1. Three local effective dose functions used in this 
study: the S-shaped function (solid line), the logistic function 
(dotted line), and the linear function (dashed line). 
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Three parameters, n, m, and TD50, exist in the LKB model. 
With the MLD formulation, the NTCP can be expressed by a logistic function: 
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Parameters for the LKB and MLD models were obtained from [5], based on 
clinical data for radiation pneumonitis. 

Correlation between the mean lung dose and the modeling outcomes (RDV or 
NTCP values) was evaluated using Spearman’s rank order correlation analysis, 
using the statistical computing system R [14]. 

3. Results 

Table 2 lists average and standard deviation values for the maximum PTV dose 
and mean PTV dose for each treatment technique. On average, the maximum 
dose to the PTV was about 34% higher relative to the prescription dose in the 
3D-6MV and 3D-10MV plans; it was 23% - 24% higher in the HT, VMAT-1, 
and VMAT-2 plans. Paired t-tests showed that both the maximum dose and the 
mean dose to the PTV were significantly higher in the 3D-6MV and 3D-10MV 
plans compared to the IMRT plans (two tailed p-value < 0.05). There was no sta-
tistically significant difference in the maximum dose or the mean dose between 
the 3D-6MV and 3D-10MV plans, or among the HT, VMAT-1, and VMAT-2 
plans.  

Table 3 lists average values of the mean dose to the ipsilateral and contrala-
teral lungs, mean dose to the heart, and the maximum dose to the spinal cord 
with each treatment technique. Paired t-tests were performed to evaluate the sta-
tistical significance in difference for each dosimetric parameter between any pair 
of treatment techniques. There was no significant difference in the maximum 
dose to the spinal cord or the mean dose to the heart among all the treatment 
techniques. As to the contralateral lung, each of the three IMRT techniques 
showed significantly higher mean lung dose compared to the 3D techniques, 
while there was no significant difference among the three IMRT techniques. For 
the ipsilateral lung, each of the three IMRT techniques showed significantly  
 
Table 2. PTV dose statistics for each treatment technique. 

Treatment Delivery Technique Average Dmax ± StdDev/Gy Average Dmean ± StdDev/Gy 

3D-6MV 67.0 ± 3.7 (range: 61.9 - 73.3) 57.3 ± 1.6 (range: 54.3 - 59.5) 

3D-10MV 67.1 ± 4.4 (range: 59.7 - 74.3) 58.9 ± 1.8 (range: 54.7 - 61.1) 

HT 61.3 ± 2.2 (range: 57.3 - 64.7) 58.8 ± 2.0 (range: 54.3 - 61.3) 

VMAT-1 61.8 ± 2.6 (range: 58.6 - 67.7) 55.2 ± 1.5 (range: 52.3 - 57.9) 

VMAT-2 62.0 ± 2.3 (range: 59.3 - 67.2) 55.6 ± 1.1 (range: 54.1 - 57.7) 

Dmax: maximum dose; Dmean: mean dose; StdDev: standard deviation. 
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Table 3. Dosimetric statistics for major organs. 

Treatment Technique HT 3D-6MV 3D-10MV VMAT-1 VMAT-2 

Dosimetric Parameter Average Value ± StdDev/Gy 

Mean dose to lung 3.9 ± 1.9 4.0 ± 1.5 4.0 ± 1.5 4.0 ± 1.5 3.8 ± 1.6 

to ipsilateral lung 6.2 ± 2.7 7.4 ± 3.4 7.5 ± 3.3 6.3 ± 2.5 5.7 ± 2.6 

to contralateral lung 2.5 ± 2.1 1.4 ± 1.1 1.3 ± 1.0 2.0 ± 1.1 2.0 ± 1.2 

Mean dose to heart 3.4 ± 3.3 3.0 ± 2.0 3.0 ± 1.9 2.7 ± 3.0 2.6 ± 2.8 

Maximum dose to 
spinal cord 

11.6 ± 6.8 12.8 ± 7.2 12.6 ± 7.0 14.4 ± 5.5 13.6 ± 6.4 

StdDev: standard deviation. 

 
lower mean lung dose compared to the 3D techniques. There was no significant 
difference between the HT plans and the VMAT-1 plans, or between the HT 
plans and the VMAT-2 plans. However, the VMAT-2 plans showed significantly 
lower ipsilateral mean lung dose compared to the VMAT-1 plans (p = 0.002). 

Figure 2 plots the average RDV as a function of DL50 using the S-shaped mod-
el, the logistic model, and the linear model, respectively. Paired t-tests were used 
to compare the RDV values among different models using the same treatment 
technique and DL50. The logistic model gave significantly larger RDV values 
compared to the S-shaped model (p < 0.05), and the linear model gave signifi-
cantly larger RDV values compared to the other two models (p < 0.05) over the 
evaluated range of DL50. Although the HT and VMAT-2 plans showed lower av-
erage RDV values compared to the other treatment techniques with each of the 
three RDV models, the absolute difference is relatively small. Paried t-tests 
showed no significant difference in RDV values in all the five delivery tech-
niques. 

Table 4 lists average NTCP values for each delivery technique using the LKB 
model and the MLD model, respectively, at the prescription dose level of 50 Gy. 
Similar to results obtained using the RDV models, the differences among the de-
livery techniques were not statistically significant using either the LKB model or 
the MLD model (p > 0.05). The NTCP values obtained using the LKB model 
were significantly larger than those obtained using the MLD model (p < 0.05). 

Figure 3 shows the RDV value as a function of mean lung dose (MLD) in 
treatment plans with each of the three RDV models. In general, the RDV in-
creases with increasing MLD. The correlation between the MLD and the RDV 
was analyzed by evaluating Spearman’s rank order correlation coefficients; the 
results showed strong correlation (correlation coefficient > 0.9) with statistical 
significance (p-value < 0.01) for any given delivery technique and the RDV for-
mulation used. Figure 4 shows the NTCP value as a function of mean lung dose 
with with the LKB and the MLD models, respectively. In general, both the RDV 
and the NTCP values increase with increasing MLD value. The correlation be-
tween the MLD and the NTCP value was analyzed by evaluating Spearman’s 
rank order correlation coefficients; the results showed strong correlation (corre-
lation coefficient > 0.95) with statistical significance (p-value < 0.01) for any  
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Figure 2. Comparison of average RDV values with each treatment de-
livery technique using the S-shaped model (a), the logistic model (b), 
and the linear model (c). 

 
given delivery technique and the NTCP formulation used. 

4. Discussions 

Radiation pneumonitis (RP) is a primary concern in SBRT treatment of early 
stage non-small cell lung cancer. While most patients will develop asymptomatic  
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Figure 3. RDV values as a function of mean lung dose (MLD) with 
each treatment delivery technique using the S-shaped model (a), the 
logistic model (b), and the linear model (c), respectively. 

 
Grade-1 RP, the chance of developing Grade-2 or 3 RP is relatively low [5] [15]. 
However, pulmonary toxicity is the primary type of late toxicity after SBRT 
treatments to the lung, and grade 5 pulmonary toxicities have been reported [5]. 
As patients can be potentially cured with SBRT treatments, it is imperative to 
quantitatively assess RP risks during SBRT treatment planning to avoid treat-
ment-induced morbidities. Given hypofractionation scheme in SBRT treat-
ments, normal lung response to radiation could be different from that in con-
ventional RT treatments. However, most recent dosimetric planning studies still 
used conventional dosimetric parameters in evaluation of lung toxicity [16] [17].  
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Figure 4. NTCP values as a function of mean lung dose (MLD) with each treatment deli-
very technique using the LKB model (a) and the MLD model (b), respectively. 
 
We believe that this is the first study that used a comprehensive set of radiobio-
logical models for comparison of multiple delivery techniques for SBRT treat-
ment of early-stage NSCLC. 

VMAT and HT are two modern IMRT techniques that utilize a rotating gan-
try to delivery radiation from a large number of beam portals. When the two 
techniques are used to deliver radiation to the thoracic region, a significantly 
higher percentage of the normal lung volume typically receives low dose radia-
tion compared to 3D-CRT techniques, which has raised concerns over increased 
lung toxicities [18] [19]. Therefore, we were motivated to carry out this study to 
compare the VMAT and HT techniques with conventional 3D-CRT techniques  
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Table 4. Average normal tissue complication probability with each delivery technique 
using the Lyman-Kutcher-Burman (LKB) model and the mean-lung-dose (MLD) model, 
respectively. 

Delivery Technique 
Average NTCP ± StdDev (Range) 

LKB Model MLD Model 

3D-6MV 
0.0341 ± 0.0149 
(0.0209 - 0.0685) 

0.0405 ± 0.0136 
(0.0282 - 0.0717) 

3D-10MV 
0.0342 ± 0.0145 
(0.0206 - 0.0682) 

0.0406 ± 0.0132 
(0.0280 - 0.0714) 

Tomo 
0.0346 ± 0.0163 
(0.0182 - 0.0725) 

0.0409 ± 0.0149 
(0.0256 - 0.0753) 

VMAT-1 
0.0337 ± 0.0141 
(0.0201 - 0.0662) 

0.0402 ± 0.0129 
(0.0274 - 0.0696) 

VMAT-2 
0.0326 ± 0.0136 
(0.0190 - 0.0633) 

0.0391 ± 0.0125 
(0.0264 - 0.0670) 

StdDev: standard deviation. 

 
in terms of lung toxicities by using radiobiological models. Based on the results 
given by existing radiobiological models, the VMAT and HT techniques could at 
least achieve similar levels of lung sparing compared to 3D-CRT techniques. 

The EUD and FSU models are two widely used normal tissue toxicity models. 
While both models reduce the normal organ DVH to a single parameter, they 
differ by representing the DVH with a dose parameter and a volume parameter, 
respectively.  

For a comprehensive evaluation of lung toxicity with different delivery tech-
niques, both models were used in this study. It is interesting to note that the re-
sults from both models showed remarkable agreement in this study, indicating 
similar predictive power with these two types of models. 

Figure 3 and Figure 4 provided practical results relevant for clinical dosime-
try planning in SBRT treatment of early-stage non-small lung cancer patients. 
Even with non-linear NTCP and RDV models, the degree of lung toxicities, as 
measured by the NTCP value or the RDV value, increases approximately mono-
tonously with the mean lung dose. Note that since the normalized lung DVH 
was used in model calculations, the RDV value does not have a linear relation-
ship with the mean lung dose even with the linear model. Based on results from 
the radiobiological models, the mean lung dose can be an efficient parameter to 
use in evaluation of lung toxicities in lung SBRT treatment plans.  

Different dose normalization methods could affect results in studies that cor-
relate dosimetric parameters with RP occurrence risks. Baker et al. evaluated a 
set of dosimetric and clinical parameters for correlations with RP after five-frac- 
tion SBRT treatments [20]. No DVH normalization was performed. While cer-
tain dosimetric parameters were found to be predictive of RP in univariate anal-
ysis, the correlations were not significant in multivariable analysis. Guckenberg-
er et al. analyzed 59 patients who received SBRT treatments to the lung with 
various fractionation schemes [13]. The lung DVHs were normalized using α/β 
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ratio of 3 Gy. The MLD of the ipsilateral lung, as well as the ipsilateral lung vo-
lume exposed to doses between 2.5 and 50 Gy, were found to be correlated to RP 
incidence. Scheenstra et al. evaluated the relation between local dose and relative 
lung perfusion reduction after SBRT treatment, using α/β ratio of 3 Gy to nor-
malize the lung DVH [12]. The study found that the relation between local dose 
and perfusion reduction can be best modeled by a logistic function. The k value 
in the logistic model was found to be 2.2. 

The value of DL50 depends on the type of radiation response endpoints used, 
and in the case of RP, the grade of RP used in the analysis. Theuws et al. and 
Marks et al. studied radiation-induced lung perfusion reduction for patients who 
received radiation treatments in the thorax region including lymphoma and 
breast cancer patients [21] [22]. Their combined data gave DL50 of 55 Gy and k 
value of 2.2 in the logistic model. In contrast, Scheenstra et al. evaluated lung 
perfusion reduction for lung cancer patients receiving SBRT treatments, and 
they found DL50 to be 28.7 Gy (95% confidence interval (CI): 26.3 - 31.1) and k to 
be 2.2 (95% CI: 1.8 - 2.5) in the logistic model (12). Marks et al. compiled clinical 
RP data (5). Using the MLD model and the LKB model to fit the data, DL50 was 
found to be 30.8 Gy (95% CI: 28.7 - 33.9) and 31.4 Gy (95% CI: 29.0 - 34.7), re-
spectively. It should be noted that heterogeneous RP criteria were used in the 
compiled data. Due to the uncertainty of DL50 values in published results, we al-
lowed DL50 to vary in the range of 20 to 40 Gy in this study. 

5. Conclusion 

Using different radiobiological models for radiation-induced lung toxicities, a 
comprehensive set of delivery techniques were compared for SBRT treatment of 
early-stage lung cancer. The current study showed that VMAT and HT plans 
could achieve comparable lung sparing compared to traditional 3D-CRT tech-
niques. The NTCP modeling results confirmed the results based on parallel FSU 
models. However, the validity of the radiobiological models should be tested by 
clinical data. 
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