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                        ORIGINAL ARTICLE    

 First clinical results of adaptive radiotherapy based on 3D portal 
dosimetry for lung cancer patients with atelectasis treated with 
volumetric-modulated arc therapy (VMAT)      

    LUCAS C. G. G.     PERSOON  1  ,       ADA G. T. M.     EGELMEER  1  ,       MICHEL C.      Ö LLERS  1  , 
      SEBASTIAAN M. J. J. G.     NIJSTEN  1  ,       ESTHER G. C.     TROOST  1     &         FRANK     VERHAEGEN  1,2    

  1 Department of Radiation Oncology (MAASTRO), GROW-School for Oncology and Developmental Biology, 
Maastricht University Medical Centre, Maastricht, The Netherlands and 
 2  Medical Physics Unit, Department of Oncology, McGill University, Montr é al, Qu é bec, Canada                             

  Abstract 
 Atelectasis in lung cancer patients can change rapidly during a treatment course, which may displace the tumor/healthy tis-
sues, or change tissue densities locally. This may result in differences between the planned and the actually delivered dose. 
With complex delivery techniques treatment verifi cation is essential and inter-fractional adaptation may be necessary. We 
present the fi rst clinical results of treatment adaptation based on an in-house developed three-dimensional (3D) portal dose 
measurement (PDM) system.  Material and methods.  A method was developed for 3D PDM combined with cone beam 
computed tomography (kV-CBCT) imaging. Lung cancer patients are monitored routinely with this imaging technique. 
During treatment, the fi rst three fractions are analyzed with 3D PDM and weekly thereafter. The reconstructed measured 
dose is compared to the planned dose using dose-volume histograms and a  γ  evaluation. Patients having | γ | �    1 in more than 
5% of the (primary tumor or organ at risk) volume were subjected to further analysis. In this study we show the PDM dose 
changes for fi ve patients.  Results . We detected relevant dose changes induced by changes in atelectasis in the presented cases. 
Two patients received two treatment adaptations after being detected with PDM confi rmed by visual inspection of the kV-
CBCTs, and in two other patients the radiation treatment plan was adapted once. In one case no dose delivery change was 
detected with PDM.  Conclusion.  The fi rst clinical patients show that 3D PDM combined with kV-CBCT is a valuable qual-
ity assurance tool for detecting anatomical alterations and their dosimetric consequences during the course of radiotherapy. 
In our clinic, 3D PDM is fully automated for ease and speed of the procedure, and for minimization of human error. The 
technique is able to fl ag patients with suspected dose discrepancies for potential adaptation of the treatment plan.   

 Volumetric-modulated arc therapy (VMAT) is a 
complex radiation dose delivery technique capable of 
delivering dose highly conformal to the tumor in a 
short delivery time [1]. For VMAT the gantry angle, 
rotation speed, fi eld shape and dose rate are con-
tinuously varied during treatment delivery. Due to 
the highly conformal dose achieved with VMAT and 
the complexities of the radiation delivery, quality 
assurance (QA) is more diffi cult to perform in 
comparison with conformal or intensity-modulated 
radiotherapy (IMRT). Dose verifi cation of such a 
complex delivery modality, both pre- and in-treatment, 
is vital to maintain accurate dose delivery throughout 
a treatment course. VMAT QA is predominantly 
achieved with fi lms, ion chamber arrays, diode arrays 
or the electronic portal imaging device (EPID) [2,3]. 

Portal dose measurement (PDM) with an EPID 
has been demonstrated a valuable means for dose 
verifi cation both pre- and in-treatment [3,4]. At 
MAASTRO clinic we recently embarked on three-
dimensional (3D) EPID dosimetry for both pre- and 
in-treatment dose verifi cation, and the results of the 
EPID dosimetry method are used to adapt treatment 
when necessary. During the treatment this is done in 
combination with a kilo Voltage (kV) cone beam 
computed tomography (CBCT) patient image. 

 Atelectasis, i.e. collapse or closure of the lung, is a 
condition frequently occurring in lung cancer patients 
and it can change rapidly during a treatment course, 
potentially displacing the tumor/healthy tissues or 
changing local tissue densities. The condition may 
result in differences between the planned and the 
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actually delivered radiation dose. With VMAT, treat-
ment verifi cation is essential to ensure error-free treat-
ment delivery, for inter-fractional adaptation may be 
necessary to account for changing patient geometry. 
We have introduced PDM to acquire data for the 
defi nition of an adaptive treatment protocol for lung 
cancer patients with atelectasis. 

 In this study we present clinical results for fi ve 
lung cancer patients undergoing treatment adapta-
tion based on PDM.  

 Material and methods  

 Equipment and 3D portal dose reconstruction 

 Portal images are acquired using the aSi EPID of a 
Varian TrueBeam linear accelerator (Varian Medical 
Systems, Palo Alto, CA, USA). The linac is equipped 
with a kV-CBCT imager and can deliver photon 
beams of 6 and 10 MV. Portal images for 3D dosim-
etry are acquired with Varian ’ s iTools, a software 
package to capture all individual image frames dur-
ing the VMAT delivery. This is essential since the 
native TrueBeam image acquisition software can only 
export integrated EPID images. Integrated images 
are  insuffi cient to calculate a 3D portal dose distribu-
tion. Figure 1 shows the workfl ow of the PDM 

 procedure. 2D megavoltage (MV) EPID images/
frames were acquired during treatment with the 
image acquisition workstation. These MV EPID 
images were automatically converted to 2D portal 
dose images using an in-house developed algorithm 
and a dose-guided radiotherapy workfl ow [5,6]. 
The 2D portal dose images were subsequently auto-
matically processed by a 3D portal dose reconstruc-
tion algorithm to calculate the true delivered 3D 
patient dose distribution of the day from the kV-
CBCT image acquired immediately prior to treat-
ment [4]. For this study we used Varian ’ s treatment 
planning system (TPS) Eclipse with dose calculation 
algorithm Acuros for both the calculation of the 
planned dose and the PDM. 3D PDM was used to 
quantify the dosimetric effect of the anatomical 
changes. The measured 3D portal dose was auto-
matically compared to the planned dose with a  γ  
evaluation [7,8]. In addition, dose-volume histo-
grams (DVHs) were compared. The entire workfl ow 
from image acquisition to presentation of the 3D 
reconstructed dose distributions is a fully automated 
process. PDM not passing certain  γ  criteria are auto-
matically fl agged and subjected to further analysis. 
At MAASTRO clinic all patients (approx. 4000 per 
year) receive PDM.   

  Figure 1.     Workfl ow of the PDM acquisition and extraction of dose metrics from the DVH and  γ  evaluations. On the left side a typical 
treatment planning process is depicted; the acquisition of the planning CT and the delineation of target volumes and organs at risk resulting 
in a treatment plan and planned or desired dose. This dose is the reference dose and is compared with the PDMs. On the right side the 
treatment process is depicted, the acquisition of the PDM. First kV-CBCT is acquired for the patient geometry of the day. Second the 
treatment beam itself is imaged with iTools. The MV image acquisition and the image frames are converted into 2D portal dose frames. 
Together with the kV-CBCT and the 2D portal dose frames a 3D dose calculation can be performed. This PDM is then compared with 
a  γ  evaluation and a DVH comparison to the planned or desired dose, and fl agged for further investigation when the  γ  and/or DVH criteria 
fail. When it is fl agged the kV-CBCT is re-delineated and compared in further detail.  
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 Adaptive protocol and patients 

 At MAASTRO clinic all lung cancer patients with 
atelectasis apparent in the pre-treatment images are 
subjected to a protocol aimed at detecting anatomical 
changes and thus facilitating treatment adaptation. In 
this protocol a respiratory correlated (RC-) CT with 
 18 F-fl uorodeoxyglucose positron emission tomogra-
phy (FDG-PET) is acquired for radiation planning. 
At several time points throughout the treatment 
course (fi rst three fractions and every fi fth fraction 
thereafter) kV-CBCT images for setup correction 
and visual detection of anatomical changes are 
acquired together with a 3D PDM. The process for 
treatment adaptation is as follows: First, the 3D PDM 
is automatically fl agged for further investigation and 
possible treatment adaptation if the | γ | �    1 in more 
than 5% of the pixels in the clinical target volume 
(CTV; for primary tumor, CTV-1; for lymph nodes, 
CTV-2), using dose and distance-to-agreement crite-
ria of 3%/3 mm. Second, the radiation oncologist 
visually inspects every kV-CBCT fl agged by 3D 
PDM and treatment is adapted if the atelectasis 
changes by more than 7 mm in any direction. When 
one of the here presented patients ’  plans was fl agged 
for adaptation based on the PDM and confi rmed by 
visual inspection, the CTV of the primary tumor was 
re-delineated manually on the kV-CBCT image, and 
the DVH and  γ  metrics (fail rate) were re-calculated. 
Other re-delineated structures were the body con-
tour, the non-involved lung, the esophagus and the 
spinal cord. The main DVH metrics analyzed were 
the volume receiving 99% of the dose (V 99% ) and the 
dose to 5% of the volume (D 5% ) of the CTVs. V 99%  
was included to investigate whether coverage of the 
CTV was altered due to a change in patient anatomy, 
and D 5%  was used for the detection of hot spots 
within the CTV volumes. Finally, the decision for 
re-planning was based on both quan titative dose 
analysis and visual inspection of the kV-CBCT. 

 In case of treatment adaptation, a new FDG-PET/
CT is acquired and a new radiation plan is created for 
the remainder of the treatment, or until again replan-
ning is deemed necessary. For this study we show the 
results for fi ve lung cancer patients treated with this 
adaptive protocol, for which treatment plans were 
adapted in four patients. In one patient (Case A) a 
clear atelectasis was present from the beginning of 
treatment onwards, but this patient was neither fl agged 
nor did considerable deformations occur during treat-
ment. This patient was added as a negative control for 
comparison with the four who underwent adaptation.    

 Results 

 In four out of fi ve cases shown the dose was adapted, 
based on PDM confi rmed with a visual inspection of 
the kV-CBCT. Table I shows the  γ  and DVH metrics 
for the analyzed cases. 

 Case B showed an increase in atelectasis and 
large shifts of the mediastinum. These changes caused 
failure of the  γ  criteria for the clinical target volumes, 
with a  γ  fail rate of 12% and 24% for the CTV-1and 
CTV-2, respectively. Figure 2 shows the  γ  measure-
ments for this patient throughout the course of treat-
ment as well as the DVHs of the PDM. The dose 
analysis and DVH metrics consequently showed that 
the coverage of the CTVs decreased drastically 
(Table I, patient B, plan I). After treatment adapta-
tion, the atelectasis and patient geometry changed 
again infl uencing the tumor coverage with a high  γ  
fail rate (Table I, patient B, plan II). Subsequently, 
a third plan was created and thereafter the dose of 
the PDM and the planned dose agreed reasonably 
(Figure 2; DVH of plan 3). Although the  γ  fail rate 
for CTV-2 exceeded the threshold of 5% slightly it 
was decided to not adapt treatment again because 
there were no clear visual differences between the 
third planning FDG-PET/CT and the kV-CBCT, 
and because the remaining treatment-time (eight 

  Table I.  γ  metrics and DVH metrics for the fi ve patient cases. For details see text.  

Patient Plan TPS D 5% TPS V 99% CBCT 
Fx #

CBCT D 5% CBCT V 99% P(| γ | �    1)

CTV1 CTV2 CTV1 CTV2 CTV1 CTV2 CTV1 CTV2 CTV1 CTV2

A I 108% – 97% – 20 108% – 98% – 3% –
B I 100% 99% 93% 93% 11 106% 99% 91% 83% 12% 24%

II 107% 100% 94% 93% 29 105% 102% 88% 76% 33% 33%
III 111% 102% 98% 98% 32 112% 102% 99% 94% 0% 8%

C I 100% – 93% – 3 104% – 93% – 18% –
II 105% – 95% – 31 107% – 92% – 13% –
III 103% – 96% – 33 103% – 95% – 17% –

D I 110% 106% 100% 100% 21 109% 109% 98% 100% 8% 3%
II 109% 105% 98% 97% 27 111% 109% 100% 99% 23% 33%

E I 109% – 100% – 4 106% – 97% – 22% –
II 107% – 98% – 7 111% – 98% – 5% –
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  Figure 2.     The top left panel shows the planning CT for the 1st treatment plan of case B with delineations of the lungs (yellow), esophagus 
(white) and CTVs (purple). The 95% isodose is also indicated (red color-wash). Next to the planning CT a re-delineated CBCT slice of 
fraction 11 is shown. The lower panels show the  γ  evaluations for fractions 11, 29 and 32, respectively. Voxels failing the (3%, 3 mm) 
criteria show up in blue (under dosage) and red (overdosage). The lungs are drawn in black, the dashed lines are the CBCT delineations 
and the solid lines are the planning CT delineations. Next to the  γ  plots are the different DVHs for the CTV (planned: green; measured: 
purple) and the esophagus (planned: yellow; measured: blue).  

fractions, four days) was too short for another full 
re-planned adaptation. 

 Case C showed a drastic decrease in atelectasis 
after the fi rst three fractions fl agged by the PDM 
with a high  γ  fail rate (Table I, patient C). Visual 
inspection of the kV-CBCT by the radiation oncolo-
gist and a second planning FDG-PET/CT image 
consequentially showed a CTV shift. When taking 
the CTV shift into account the CTV coverage (V 99% ) 
decreased by 10%, from 93% (V 99%  for TPS and 
CBCT) to 83%. During the delivery of the second 

plan the atelectasis returned and the plan was fl agged 
by the PDM. A subsequent treatment adaptation was 
conducted because a large atelectasis had formed 
close to the tumor. Even though this third plan still 
showed a high  γ  fail rate of 17% caused by a change 
in patient anatomy of 3 mm no signifi cant differences 
in DVHs were found. This can be explained by a 
change in patient anatomy (3 mm) compared with 
the applied  γ  criteria (3%, 3 mm). No treatment 
adaptation was conducted because the shift of 3 mm 
was within the 7 mm threshold and due to the  limited 
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number of remaining fractions compared to the delay 
introduced by re-planning. 

 Initially, case D had a relatively low  γ  fail rate for 
CTV-1 (8%) albeit above the threshold of 5%. How-
ever, the peritumoral anatomy showed large deforma-
tions exceeding 7mm on the kV-CBCT. Due to 
deformations and shifts in the CTV, the tumor cover-
age (V 99% ) dropped to 67%. After treatment adapta-
tion, renewed large deformations were detected 
towards the end of the treatment course resulting in a 
high  γ  fail rate (Table I, patient D, plan II). The treat-
ment was not adapted again since only a small number 
of fractions were left. Nevertheless, the mean dose to 
the tumor and affected lymph nodes increased by 2% 
and 3%, respectively, explaining the  γ  high fail rate. 

 Finally, case E showed a high  γ  fail rate (22%) for 
an atelectasis in the right lung that had formed at the 
start of the treatment, consequently shifting the tumor 
outside the CTV. The changes in anatomy of more than 
7 mm and the compromised CTV coverage (Table I, 
patient E, plan I), led to the design of a new treatment 
plan. After plan adaptation the  γ  fail rate of PDM 
dropped drastically confi rmed by the absence of visual 
changes on kV-CBCT. This treatment was not fl agged 
again by the  γ  evaluation after the fi rst adaptation. 

 In general, in all cases fl agged with PDM the 
change in atelectasis also shifted the tumor drastically 
sometimes moving the tumor partially out of the high 
dose area (case D and E). Furthermore, we found 
that in two cases more than one adaptation was nec-
essary over the course of treatment because atelecta-
sis which had disappeared returned (case B and C).   

 Discussion 

 Image-guided radiotherapy and VMAT has facilitated 
the delivery of high precision radiotherapy. kV-CBCT 
images are acquired during several treatment fractions 
to ensure correct patient positioning and dose delivery. 
Currently, it is common practice for radiation oncolo-
gists and technicians to visually inspect the CBCT 
images to identify possible anatomical changes that 
would infl uence the dose in such a way that treatment 
adaptation is necessary. This visual qualitative inspec-
tion of CBCT scans is time-consuming and prone to 
variation in interpretation. At MAASTRO clinic we 
have implemented a fully automatically 3D PDM at 
certain time points and discrepancies between the 
planned dose and PDM exceeding certain  γ  fail rate 
levels are fl agged. The main advantage of such a 
method is that a quantitative analysis is presented and 
potential problems are fl agged based on user indepen-
dent criteria, designed to automatically fl ag clinical 
relevant dose delivery changes during treatment. 
The quantitative analysis of the dose distributions, the 
DVHs and the automated fl agging procedure reduce 

the time that has to be spent on checking and analyz-
ing the CBCT images. This procedure has facilitated 
the decision-making and individual treatment adapta-
tion for the demonstrated cases. Furthermore, we have 
seen that dose changes detected with the  γ  evaluation 
do not always correlate with clear changes in the DVH. 
Recent reports of 2D planar EPID dosimetry and 
changes in DVHs show a weak or no correlation [9,10] 
while others have reported otherwise and have shown 
a correlation between patient setup changes and 
changes in the DVH [11]. For the correlation between 
3D PDM and DVHs no results were reported yet. 
The process of re-planning including re-delineation 
is still a time-consuming procedure in daily clinical 
practice. One of the major disadvantages of kV-
CBCT is that tumor re-delineation is diffi cult based 
on these images [12]. The difference in image quality 
between the kV-CBCT and CT is an issue. This dif-
ference can be reduced by optimizing the reconstruc-
tion and acquisition methods of the kV-CBCT 
improving the image quality, closer to the CT image 
quality [13]. Furthermore, the re-delineation process 
could be supported by using deformable image reg-
istration and contour propagation. However, consid-
erable limitations have been reported [14] when 
large deformations are present. 

 Nevertheless, it remains vital to analyze at least 
in a quantitative way the effect of anatomical changes. 
We have illustrated in the presented cases that the 
reduction or development of atelectasis can shift the 
tumor drastically, easily by more than 5 mm, which 
may move the tumor out of the high dose volume. 
This phenomenon was observed in two of the pre-
sented cases where full clarifi cation was gathered 
from the new planning FDG-PET/CT. PDM and 
kV-CBCT are therefore complementary in the deci-
sion making for re-planning or other adaptive strate-
gies. Adapting treatments based on single fraction 
information may not always be necessary, therefore 
observing dose delivery trends in a treatment are of 
importance for decision making [5]. 

 Several alternative adaptive strategies have been 
proposed by others, e.g. using an in-room CT to re-
calculate the dose on a weekly basis or when image 
guidance indicated a re-calculation of the dose [15], 
using deformable registration to propagate contours 
for online and offl ine re-planning [14,16]. Another 
adaptive approach consists of pre-calculating multiple 
plans and selecting the best fi tting plan of the day [17]. 
Our PDM automated fl agging was introduced in daily 
clinical practice and time-consuming re-planning was 
only performed after a detailed analysis by a radiation 
oncologist but only for the fl agged instances. The 
abovementioned alternative adaptive strategies still 
rely on human-intervention, to decide whether or not 
to adapt except for the multiple pre-calculated plan 
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approach. In this approach the best suited plan of the 
day is selected based on the image(s) just prior to treat-
ment. Our method could be added to this procedure 
in order to validate the treatment delivery and improve 
plan selection. With the in-room CT imaging a similar 
automated analysis is possible as in our method, which 
could improve effi ciency of this method. However, the 
in-room CT analysis does not take into account the 
actual linac delivery at the moment of treatment like 
PDM does. The main advantage of using an in-room 
CT is that the images may be used to identify apparent 
shifts of the tumor. Several large shifts of the tumor 
have been observed in our study, which were diffi cult 
to see in the kV-CBCT but were apparent in a new 
FDG-PET/CT. In general our method is complemen-
tary to most adaptive strategies and can be used to 
either reduce decision time or validate results of the 
treatment adaptation, and technology such as propa-
gation of contours would contribute signifi cantly 
towards improve PDM fl agging accuracy. 

 We have used 3D PDM for treatment adaptation. 
Others [18] have reported on 2D PDM to catch dose 
errors and intervene with the treatment. These inter-
ventions were found to be necessary in only a small 
amount of cases; 17 of 4337 patients from which seven 
were classifi ed as patient anatomy changes. They 
extended their 2D PDM back-projection method to 
3D PDM and included verifi cation of VMAT treat-
ments [3]. However, they have reported accuracy issues 
with their back-projection algorithm for lung cancer 
patients because their method did not account cor-
rectly for tissue inhomogeneity which was resolved by 
using an in-aqua solution [19]. Our 3D PDM method 
uses a forward dose calculation using the geometry of 
the day (kV-CBCT) [4]. The difference between these 
studies and ours is that they use the PDMs mainly as 
a patient-specifi c quality assurance tool and not for 
informed decision making for adaptive radiotherapy. 

 One of the main advantages of the PDM method 
is the immediate quantifi cation of under/overdosage 
when no adaptation is applied. It can also play a role 
in informed decision-making when adapting the plan. 
Cases were fl agged with PDMs and confi rmed with 
the kV-CBCT analysis. However, in the future error 
fl agging criteria and trend analyses need to be further 
developed for the detection of specifi c dose delivery 
discrepancies and improved decision-making. Further-
more, the sensitivity and specifi city of the PDM method 
needs further investigation. We conclude that 3D PDM 
is a promising method to reveal dose discrepancies and 
changes over time for lung cancer patients and poten-
tially for other cancer sites as well.         
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