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Acta Oncologica, 2011; 50: 772–776
                             Estimated radiation pneumonitis risk after photon versus proton 
therapy alone or combined with chemotherapy for lung cancer      
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 Abstract 
  Background . Traditionally, radiation therapy plans are optimized without consideration of chemotherapy. Here, we model 
the risk of radiation pneumonitis (RP) in the presence of a possible interaction between chemotherapy and radiation dose 
distribution.  Material and methods . Three alternative treatment plans are compared in 18 non-small cell lung cancer patients 
previously treated with helical tomotherapy; the tomotherapy plan, an intensity modulated proton therapy plan (IMPT) 
and a three dimensional conformal radiotherapy (3D-CRT) plan. All plans are optimized without consideration of the 
chemotherapy effect. The effect of chemotherapy is modeled as an independent cell killing process using a uniform chem-
otherapy equivalent radiation dose (CERD) added to the entire organ at risk. We estimate the risk of grade 3 or higher RP 
(G3RP) using the critical volume model.  Results . The mean risk of clinical G3RP at zero CERD is 5% for tomotherapy 
(range: 1 – 18 %) and 14% for 3D-CRT (range 2 – 49%). When the CERD exceeds 9 Gy, however, the risk of RP with the 
tomotherapy plans become  higher  than the 3D-CRT plans. The IMPT plans are less toxic both at zero CERD (mean 2%, 
range 1 – 5%) and at CERD  �  10 Gy (mean 7%, range 1 – 28%). Tomotherapy yields a lower risk of RP than 3D-CRT for 
17/18 patients at zero CERD, but only for 7/18 patients at CERD  �  10 Gy. IMPT gives the lowest risk of all plans for 
17/18 patients at zero CERD and for all patients with CERD  �  10 Gy.  Conclusions . The low dose bath from highly con-
formal photon techniques may become relevant for lung toxicity when radiation is combined with cytotoxic chemotherapy 
as shown here. Proton therapy allows highly conformal delivery while minimizing the low dose bath potentially interacting 
with chemotherapy. Thus, intensive drug-radiation combinations could be an interesting indication for selecting patients 
for proton therapy. It is likely that the IMRT plans would perform better if the CERD was accounted for during optimiza-
tion, but more clinical data is required to facilitate evidence-based plan optimization in the multi-modality setting.   
  Advanced imaging, treatment planning and delivery 
techniques have enabled highly conformal 
treatments, reducing dramatically the volume of 
normal tissue irradiated to high doses. However, 
these techniques redistribute dose so volumes 
receiving relatively low doses are increased. It is 
unclear exactly how these low dose volumes will 
infl uence the risk of toxicity. Moreover, modern 
cancer treatment often combines of radiotherapy 
and systemic treatment, and we lack modeling tools 
to analyze the possible interactions between these 
modalities. 
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 As an example of this, among the fi rst 46 patients 
treated with helical tomotherapy in an in-house sin-
gle-arm phase I/II dose-per-fraction escalation trial, 
the incidence of grade 2 and 3 radiation pneumoni-
tis (RP) was only 13% and 0%, respectively, despite 
treating large volume disease to very high equivalent 
doses [1]. In contrast, Song et al. reported 7/37 
cases (19%) with grade 3 or greater RP in 37 patients 
also treated with helical IMRT, but 24/37 patients 
had received concurrent and 13 had received neo-
adjuvant chemotherapy, illustrating the impact of 
chemotherapy [2]. 
alet, Blegdamsvej 9, 2100 K ø benhavn  Ø , Denmark. E-mail: vogelius@gmail.com  
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 Recently, we demonstrated that if cytotoxic ther-
apy acts as an independent cell killing process, the 
use of multimodality therapy will not only change the 
toxicity of treatment in a critical volume model, but 
also affect the relative merits of competing dose 
plans [3]. Specifi cally, a simple dose plan without the 
low dose bath associated with intensity modulated 
photon RT (IMRT) may become less toxic than a 
more complex intensity modulated dose plan when 
a certain level of chemotherapy-related normal tissue 
damage is exceeded [3]. 

 Proton therapy allows delivery of highly con-
formal RT while minimizing the integral dose to 
non-target tissues [4]. Consequently, proton therapy 
could potentially reduce the possible interaction 
between the low dose bath of IMRT and chemo-
therapy. Here, this proposition is examined in a mod-
eling study comparing the predicted risk of radiation 
pneumonitis associated with proton therapy plans 
versus helical photon IMRT and 3D-CRT plans in 
the presence of chemotherapy thus extending our 
previous study of this effect [3].   

 Material and methods 

 Eighteen patients with non-small cell lung cancer 
(NSCLC) previously treated at the University of 
Wisconsin were selected for this modeling study [1]. 
These patients were the initial enrollees of a Phase I/II 
hypofractionation, dose-escalation study designed 
for patients who were not surgical candidates sec-
ondary to either medical comorbidities or advanced 
disease. Of the 18 patients, stage ranged from IIB to 
IV, with the majority being stage IIIA (six patients) 
and stage IIIB (seven patients). 

 Radiotherapy was delivered via helical tomother-
apy and limited to the primary site and clinically proven 
or radiographically suspicious nodal regions. Elective 
nodal irradiation was prohibited. Planning imaging 
included a thin slice treatment planning CT and a 
4D-CT. A custom-made double vacuum based immo-
bilization system was utilized to reduce and normalize 
respiratory motion. The 4D-CT was acquired to iden-
tify the motion-defi ned envelope of the gross tumor 
volume (GTV). PET imaging was also utilized to defi ne 
the extent of the GTV. A 6 mm margin was then added 
to the motion envelope to account for microscopic 
extension and set-up error, forming the PTV. 

 In addition to the clinically used tomotherapy 
plans, two plans were optimized for this modeling 
study: a 3D-CRT plan and a spot scanning inten-
sity modulated proton therapy (IMPT) plan. The 
3D-CRT and the tomotherapy plans are described 
in detail in [3]. The IMPT plans were generated 
using Eclipse version 8.6 and the Varian Proton Con-
volution Superposition algorithm (version 8.6.15) 
with the generic beam data of the PT2 Varian Proton 
Therapy System. The machine has a span of proton 
energies of 70 – 250 MeV and a range shifter was 
introduced when appropriate. The IMPT plan was 
generated assuming freedom to irradiate from 360 
degrees, but irradiation from anterior angles where 
the respiratory motion can be expected to change the 
effective path length to the target was avoided. Typi-
cally, two to three beam directions were used for the 
plans. All plans were normalized to deliver exactly 60 
Gy to 95% of the target volume. 

 After planning, the dose volume histograms were 
converted into 2 Gy equivalent doses using an  α  /  β  ratio 
of 4 Gy for the lung (for the endpoint of radiation 
pneumonitis) and 10 Gy for the tumor as described 
in detail in [5]. The critical volume model was used 
to estimate the risk of radiation pneumonitis associ-
ated with a given dose distribution [6,7]. In short, 
the critical volume model assumes that the organ at 
risk consists of a number of independent functional 
subunits (FSUs). The probability of damaging the FSU 
is estimated by a sigmoid function of the local dose. 
The volume of damaged FSUs can then be calculated 
from the dose distribution. Finally, the volume of 
damaged lung and the risk of clinical overt RP is 
linked by a second sigmoid function. In the present work, 
the tolerance of the FSUs was assumed to be 20 Gy 
with an infi nite steepness of the local dose-response 
relationship  –  hence the volume of the lung exposed 
to 20 Gy or more is assumed to be damaged and the 
volume of lung exposed to a lower dose is assumed to 
retain function after RT. The normal tissue complica-
tion probability, NTCP, is estimated from the volume 
of damaged lung, f dam , using the logistic function: 
where  β  0  and  β  1  are fi tting parameters. We use 
 β  0   �  -5.2 and  β  1   �  13.3 based on the fi tted function 
linking f dam  to clinical grade 3 RP in a previous pub-
lication [8]. Note that the fi tting parameters,  β  0  and 
 β  1 , defi ne the position and steepness of the sigmoid 
link between the damaged volume and the risk of 
clinical RP, but that the link function is monotonous. 
As a consequence, the  ranking  of dose plans is deter-
mined by the value of f dam  alone; independent of the 
values of  β  0  and  β  1 . The modeling is further described 
in [3]. When calculating the risk of RP, the organ at 
risk was defi ned as both lungs minus the PTV and 
the effect of chemotherapy was modeled as an inde-
pendent cell killing process by adding a chemother-
apy equivalent radiation dose (CERD) in 2-Gy 
fractions to all voxels in the organ at risk. 

 The mean NTCP for the 18 patients was calcu-
lated for each plan with CERD varied from 0 Gy (no 
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effect of chemotherapy) to 20 Gy (chemotherapy 
dose equal to FSU tolerance dose). The uncertainty 
of the mean values was estimated by bootstrap resa-
mpling whereby 5000 simulated groups of 18 patients 
in each were randomly drawn from the original pop-
ulation with replacement. The Monte Carlo 68% 
confi dence interval of the mean (approximately cor-
responding to  � 1 S.D.) was then estimated from the 
5000 samples as the 16th to 84th percentile of the 
simulated means. Statistical comparisons between 
plans were performed as two-tailed Wilcoxon signed 
rank sum tests in SPSS version 15.0.   

 Results 

 Table I shows the main dose-volume metrics for the 
three plan types for CERD  �  0 and 10 Gy along with 
the mean and range of the NTCP estimates. Figure 1 
displays a representative example of the intensity 
modulated plans in a single patient. Note that the 
tomotherapy plan is highly conformal, with only the 
target receiving the prescribed 60 Gy. The tomotherapy 
plan, however, is also associated with a large volume 
of the lung exposed to low doses. In contrast, the IMPT 
plan is equally conformal to the target but is not asso-
ciated with the extensive low dose volume as the con-
tralateral lung distal to the target seen from the direction 
of the beam receives no appreciable dose. 

 Figure 2 shows the resulting NTCP as calculated 
from the critical volume model for the three studied 
dose plans as a function of CERD. Note, that with-
out chemotherapy, i.e. at zero CERD, the tomother-
apy plans are superior to the 3D-CRT plans, whereas 
the proton plans are the best of all three plans. 
However, However, as CERD increases, the low 
dose associated with the tomotherapy plans become 
penalized, as shown in our previous study [3]. This 
results in a steep increase in NTCP as with increas-
ing CERD. In contrast, the 3D-CRT curve is fl atter. 
Intuitively, this refl ects that only volumes exposed to 
less than 20 Gy can change from undamaged to 
Table I. Mean and range of dose-volume metrics for the three types of d
the critical volume model with D50 � 20 Gy and k � infi nity. CERD,
Vx, volume of lung receiving x Gy. All values are corrected for fractio
monotonically correlated with NTCP. Also, V10 with CERD � 0 Gy is

Plan Type MLD V10

3D-CRT 12 Gy (4–20 Gy) 31% (12–4
TOMO 10 Gy (3–17 Gy) 33% (3–66
Protons  5 Gy (0.2–9 Gy) 16% (1–32

3D-CRT 22 Gy (14–30 Gy) 100%
TOMO 20 Gy (13–29 Gy) 100%
Protons 15 Gy (10–19 Gy) 100%
damaged in the critical volume model as CERD 
increases. The 3D-CRT plans only expose limited 
volumes to such low doses and are therefore rela-
tively insensitive to reasonable values of CERD. 
Similarly, the proton plans are not associated with 
any appreciable low dose volume, and only the frac-
tion of the lung between the beam entrance and the 
target are exposed to low doses. Consequently, the 
favorable ranking of the proton therapy dose plans 
is preserved as CERD increases. 

 Tomotherapy gives a smaller risk of RP than 
3D-CRT for 17/18 patients at zero CERD. When 
CERD exceeds 9 Gy, however 3D-CRT is on average 
less toxic. With CERD  �  10Gy, 3D-CRT gives a 
smaller risk of RP for 11/18 patients when compared 
to tomotherapy. Proton therapy yields the lowest risk 
of all plans for 17/18 patients at zero CERD (maxi-
mum sparing of RP risk compared to best photon 
plan: 9 percent points, p  �  0.001) and for all patients 
with CERD  �  10 Gy (maximum sparing of RP risk: 
26 percent points, p  �  0.001).   

 Discussion 

 A simple additive model was chosen here to represent 
the effect of combining chemotherapy and radiation. 
Alternative models could be proposed, for example 
models where chemotherapy is assumed to modify 
the local effect of radiation dose, i.e. (local) radiation 
sensitization. While increased toxicity of chemoradiation 
compared to RT alone has been documented in fl urry 
of studies, there are very few published studies with 
data allowing discrimination between different mod-
els of drug-radiation interactions. One study reported 
dose-response curves for subcutaneous fi brosis after 
postmatectomy radiotherapy over a range of doses 
with and without cyclophosphamide, methotrexate 
and 5-fl uorouracil (CMF). Different models of the 
effect of chemotherapy were considered. There was 
no evidence for repair inhibition after RT � CMF. 
Attempts to model the increased risk of normal-tissue 
ose plans and the mean and range of the NTCP as calculated with 
 chemotherapy equivalent radiation dose; MLD, mean lung dose; 
nation with α/β � 4 Gy for the residual lung. Note that V20 is 
 equal to V20 at CERD � 10 Gy.

CERD � 0 Gy

V20 NTCP

9%) 22% (8–39%) 14% (2–49%)
%) 14% (0–28%) 5% (1–18%)
%) 10% (0–18%) 2% (1–5%)

CERD � 10 Gy
31% (12–49%) 35% (3–79 %)
33% (3–66%) 39 % (7–97%)
16% (1–32%) 7% (1–28%)



  Chemo-radiation induced pneumonitis   775

  

0 5 10 15 20
0

20

40

60

80

100

Chemotherapy equivalent radiation dose [Gy]

E
st

im
at

ed
 r

is
k 

of
 r

ad
ia

tio
n 

pn
eu

m
on

iti
s 

[%
]

 

 

Tomotherapy

3D-CRT

Proton
injury by means of a dose-modifying effect of CMF 
produced a signifi cantly poorer fi t to the data than a 
model with an additive effect of chemotherapy [9]. 
Although generalizations to other normal tissues and 
chemotherapy schedules are problematic there is to 
the best of our knowledge no relevant analysis for RP. 
We therefore chose the simplest possible assumption 
of additive, independent effects. It should be noted, 
however, that the value of CERD  �  10 Gy, where 
plan ranking changes, is consistent with reported 
clinical data on RP incidence after radiation plus 
adjuvant chemotherapy [1]. 

 Proton therapy is more sensitive to anatomic 
changes and motion effects than photon therapy. 
Consequently, more generous margins CTV to PTV 
margins are often used for proton therapy [10,11]. 
In the present study, we applied the same margins 
for photon and proton therapy, which may infl uence 
the comparison of NTCP, especially at zero CERD. 
As the normal lung was defi ned as lung tissue outside 
the PTV, we used the same PTV margin for both 
plans. Alternatively, one could have defi ned the nor-
mal lung as the lung outside the photon PTV and 
then have added the additional expanded margin for 
the proton plan. While this would have increased the 
volume of lung exposed to high doses in the proton 
plan, the absence of the low dose bath means that 
the relative insensitivity to CERD will be preserved. 
Furthermore, we note that state-of-the-art motion 
management can minimize the problem of motion, 
also for protons [12], although several issues still 
make respiratory gating and tracking particularly 
diffi cult with protons [13]. 

 If reliable chemo-radiation dose-effect models 
were available, IMRT plans could be optimized with 
the drug-radiation effect taken explicitly into account. 
Thereby, photon IMRT plans could likely compare 
favorably with 3D-CRT, or at least do equally well 
as the optimizer would ultimately drive the IMRT 
plan towards the 3D-CRT plan if the latter was really 
optimal. Unfortunately, the lack of accurate clinical 
parameter estimates means that the model proposed 
here and in [3] should be considered hypothesis 
generating and cannot be used for clinical plan opti-
mization. The present study is intended as an explor-
ative, proof-of-principle study. 

 In conclusion, interaction between radiation dose 
distribution and administration of chemotherapy might 
infl uence the relative merits of competing dose plans 
and optimizing the radiation plan separately cannot 
be assumed to produce the best possible treatment 
plan in a multimodality setting. Using proton ther-
apy, however, could potentially minimize the unde-
sired interaction between the modalities with respect 
to normal tissue tolerance by avoiding the low dose 
Figure 1.     An illustrative case of the intensity modulated photon plan (left) and proton plan (right). The Tomotherapy plan provides very high 
conformality at the expense of large low dose volumes of the lung. The proton IMPT plan, however, provides conformal target coverage 
with very little exposure of the residual lung. The bold purple line is the target volume prescribed to 60 Gy.  
Figure 2. The estimated risk of radiation pneumonitis versus chemo-
therapy equivalent dose using the critical volume model. The solid 
lines indicate average risk and the dotted lines indicate the 68% 
confi dence interval of the mean as derived by bootstrap resampling.
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bath associated with modern, conformal photon 
therapy. 
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