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Evaluation of volumetric modulated arc therapy 
technique for cranio-spinal irradiation: A rando - 

phantom based dosimetric study 

INTRODUCTION 

Cranio-spinal irradiation (CSI) is one of the 
most challenging techniques in radiation                 
therapy. With two laterally opposed cranial 
fields, matched to a posterior spinal field, this 
technique results in a dose inhomogeneity,        

especially at the junctions, and a significant dose 
anterior to the spinal target volume. There are 
some risks associated with CSI, such as radiation
-induced myelitis in the case of overdosage and 
local failure if there is under dosage along the 
field-matching region. Delivering the prescribed 
dose to the target volumes is essential for tumor 
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ABSTRACT 

Background: In this study, clinical advantages and the dosimetric accuracy 
of volumetric modulated arc therapy (VMAT) technique for cranio-spinal 
irradiation (CSI) were investigated and compared with field in field (FinF) and 
intensity modulated radiotherapy (IMRT) techniques. Materials and Methods: 
The organs at risk (OARs) and planning target volume (PTV) were generated 
on the RANDO phantom computerized tomography (CT) image series. The 
dose–volume parameters for PTVs and OARs were compared for three 
techniques. Furthermore, the dose distribution inside the RANDO phantom 
was measured with thermoluminescent dosimeter (TLD) for all three 
techniques. Comparisons were done between measured and calculated doses 
of field junctions, targets and OARs. Results: FinF failed to obtain an adequate 
dose distribution for the upper spine (US), while VMAT and IMRT provided 
good dose coverage for all parts of the PTV. The most homogeneous dose 
distribution at the field junctions was obtained with the VMAT. Although 
heart, thyroid, intestine, lung, liver and testicular maximum doses were lower 
for the VMAT, the mean doses were higher except for the heart and thyroid. 
The absolute volume receiving prescription dose was significantly lower for 
the VMAT. The median differences between the TLD measurements and TPS 
calculations were 0.27% (7.8, -9.7; p=0.394), -0.28% (8.1, -10.7; p=0.322) and -
0.33% (8.4, -12; p=0.338) for the FinF, IMRT and VMAT, respectively.  These 
differences were not found statistically significant for the VMAT technique, as 
were the other two techniques. Conclusion: We conclude that the VMAT 
technique is the optimal Linac based CSI treatment in regards to dose 
coverage, dose homogeneity in field junctions and OAR sparing for higher 
doses. In addition, the VMAT showed dose distribution accuracy as good as 
the two other techniques in measurements simulating real clinical situations. 
  
Keywords: Cranio-spinal irradiation, VMAT, TLD, RANDO phantom.  

*Corresponding authors: 
Evren O. Goksel, Ph.D.,  
E-mail: 

e.ozangoksel@gmail.com  

Revised: May 2020  

Accepted: June 2020  

Int. J. Radiat. Res., July 2021;         
19(3): 531-541 

►  Original article 

DOI: 10.29252/ijrr.19.2.531  

 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
19

.3
.5

31
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
rr

.c
om

 o
n 

20
23

-0
5-

22
 ]

 

                             1 / 12

http://dx.doi.org/10.52547/ijrr.19.3.531
http://ijrr.com/article-1-3762-en.html


control, and protecting the  normal tissue is               
important to reduce toxicity and risk of                   
developing secondary cancers (SC) (1-3).  

Nowadays, pencil scanning beam proton                 
therapy is considered to be the most convenient 
treatment option for CSI because of the special 
depth dose characteristics (4, 5). On the other 
hand, scanning beams (protons) are not                 
available in many countries (6). For this reason, 
conventional field-in-field (FinF), Intensity              
Modulated Radiotherapy (IMRT) and Volumetric 
Modulated Arc Therapy (VMAT) techniques with 
high-energy photons are used in the treatment 
of CSI in most of the world.  

The clinical worldwide use of the VMAT               
technique has been significantly increasing,               
given the improved conformal dose distribution 
within the target, better normal tissue sparing 
and more homogeneous dose distribution in the 
field junctions (7). It provides shorter treatment 
delivery time and reduction in monitor unit 
(MU) usage when compared to fixed gantry 
IMRT (8). There are feasibility studies                       
investigating the clinical suitability of VMAT 
technique and comparing it to other techniques 
based on the evaluation of dose distributions 
and dose-volume histograms (DVH) on the  
treatment planning system (TPS) for different 
clinical cases including CSI (9,10). Fogliata et al. 
reported five different institutes’ VMAT CSI 
treatment results for five patients (11). The              
results indicated that this technique was                
applicable to be used in clinical practice and 
could be advantageous in treating patients             
requiring CSI. The planar dose check for plan 
verifications was evaluated; however dosimetric 
measurements simulating the real treatment 
conditions were not reported in this study. But 
dosimetric accuracy should be tested before            
implementing a new technique as complicated 
as VMAT-CSI for patient treatment and the        
precision of the TPS should be confirmed.  

There are several studies in the literature              
evaluating the dosimetric accuracy of                     
conventional techniques for CSI, such as those of 
Baghani et al., but there is no comprehensive 
dosimetric study for VMAT-CSI (12-15). Baghani et 
al. investigated the   dosimetric accuracy of         
CorePlan 3-dimensional (3D) TPS for conformal 

532 

CSI technique using RANDO phantom and                
GR-200 thermoluminescent dosimeter (TLD). 
They concluded that measured dose results            
support the accuracy of the treatment planning 
software. 

Hood et al. investigated correlation of                   
3D-planned and measured dosimetry of photon 
and electron craniospinal radiation in a pediatric               
anthropomorphic phantom and they concluded 
that the 3D TPS predicted dose distribution             
matches the delivered dose in most instances 
(13). Besides Shoa et al. measured lens doses with 
TLD in 15 pediatric patients for 3D conformal                    
radiotherapy (3DCRT) technique and showed 
the difference with planning as 6.5% (14). 

Panandiker et al. reported a new technique 
that aimed to improve dose coverage and obtain 
a more homogeneous dose distribution for CSI 
with IMRT (15). Twelve patients’ computerized                
tomography (CT) image series were used for CSI 
planning with both conventional and IMRT               
techniques. The plans were compared for dose 
homogeneity in the target, and treatments were 
applied with the IMRT technique. Film                
dosimetry was used to verify the field-matching 
dose between cranial and spinal fields.  

In this study, the clinical advantages and             
dosimetric accuracy of the VMAT technique for 
CSI on a RANDO phantom were investigated and             
compared with those of the conventional FinF 
and IMRT techniques. To our knowledge, this is 
the first study to perform extensive dosimetric               
measurements in a humanlike phantom for the 
VMAT-CSI technique  
 
 

MATERIALS AND METHODS 
 

Contouring 
The humanlike RANDO phantom (CIRS                

ATOM® Dosimetry Phantoms, Model 701, CIRS 
Inc., VA) was placed in a supine position without 
using any immobilization devices, and CT images 
with 3 mm slice thickness were obtained using a 
Picker PQ 5000 (Philips Medical Systems,               
Cleveland, OH). Although RANDO phantom does 
not provide the same complexity and variability 
as human anatomy, it enables us to perform both 
planning comparisons and delivery verification 
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which are essential to developing a better           
understanding of limitations and pitfalls of this 
complex treatment technique. 

To use the optimization process for IMRT and 
VMAT, PTV brain (whole brain plus 0.5 cm) and 
PTV spinal (whole spinal canal plus 1 cm)           
volumes were generated. RANDO phantom               
provided only bony anatomy, brain, lungs and 
spinal canal as structures. Therefore, in order to 
contour other OAR volumes (eyes, optic nerves, 
oral cavity, and heart, liver, thyroid, kidneys and 
small bowel), CT images of a previously treated 
patient whose physical anatomy was compatible 
with the phantom were registered to the                
phantom CT images and used as a reference for 
volume delineation. Non-target tissue was                
generated by subtracting target structures from 
the whole body. 

 
Treatment planning 

The total prescription dose was 36Gy in 
1.8Gy/frx to the craniospinal axis. Varian Eclipse 
(version 8.6, Eclipse: Varian Medical Systems, 
Palo Alto, CA) TPS was used to create plans for 
VMAT, sliding window IMRT and FinF                
techniques. For VMAT plans, Progressive              
Resolution Optimizer (PROII) was used as an 
inverse planning optimizer and Anisotropic Ana-
lytical Algorithm (AAA) was used for dose calcu-
lations with a dose grid size set to 2.5 mm. The 
dose-volume parameters for target volumes and 
OARs were compared for three treatment              
techniques. 

 
Conventional (FinF) technique 

For the FinF technique, the cranial part of the 
target volume was planned with two 6MV lateral 
opposing fields, and segmental corrections were 
done for overdoses at the frontal and occipital 
areas as described in Kusters et al. study (16). The 
inferior border of the cranial fields was matched 
to the superior border of the spinal field, with 
preference at the level of vertebrae C5/C6 to 
spare the mandible and avoid the shoulders as 
much as possible. A collimator rotation for the 
cranial fields was applied to match the                    
divergence of the posterior spinal field. Since the 
RANDO phantom is an adult male, the length of it 

is not suitable to treat the spinal region with  
only one posterior field. For this reason, two 
posterior spinal segmented fields (6 and 18 MV) 
were generated. The couch was rotated 900 for 
the lower spinal (LS) field, and the gantry angle 
was matched to the divergence of the inferior 
edge of the upper spinal (US) field.  

 
IMRT technique 

The same cranial fields that had already been 
generated with the FinF technique were used. 
The spinal region was divided into two                   
components, and each component was                   
separately planned using an inverse planning 
sliding window IMRT technique with 6MV five 
isocentric posterior oblique fields (140, 160, 
180, 200 and 220 gantry angles) (9, 16, 17). The US 
fields overlapped by 2 cm with the cranial and 
LS fields in order to provide a homogeneous 
dose distribution since these overlapping fields 
were accounted for by the optimization                  
algorithm to reduce the dose gradient in the 
junctions. When optimizing the US plan, the          
cranial plan was used as a base plan. In the same 
way, when optimizing the LS plan, the US plan 
was used as a base plan.  

 
VMAT technique 

Three partial arcs for the cranial region and 
one full arc for each of the US and LS regions 
were used (figure 1). In the cranial arcs, 50–310 
degree gantry angles were left empty in order to 
protect the lenses, and because of the arms, 245
–305 and 55–105 degree gantry angles were left 
blank in the spinal arcs. The upper spinal arc 
was overlapped 2 cm with both the cranial and 
LS arcs (18). All arcs were optimized in the same 
plan. Using a base dose plan and optimizing each 
arc individually for each isocenter did not                
provide sufficient dose homogeneity in the field 
junctions, therefore all arcs were optimized in 
the same plan. 

Considering the clinical suitability of the 
plans, dose distributions of the axial-sagittal   
slices in terms of dose coverage in the target 
structures, dose homogeneity in the field                
junctions and the DVHs for the OARs doses were 
evaluated.  
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TLD calibration 

A total of 80 new GR-200A TLDs were used 
for this study. Before measurements, the                
individual TLD sensitivities were estimated by 
exposing them five times to a uniform dose of 
1Gy from a Co60 beam under full scatter               
conditions. During these measurements, the 
field size was 20 × 20 cm, the source to skin            
distance was 80 cm and the depth of the TLDs 
was 5 cm in the solid water phantom. The TLD 
readings were performed with a Fimel (FIMEL, 
France) TLD reader. For each irradiation, the 
reading of each TLD within the group was            
compared to the average group reading to             
estimate the individual calibration factors. The 
standard deviations of the calibration factors 
were used to estimate individual TLD                       
sensitivities. The 51 TLDs, which had a               
calibration factor within the range of 2%              
standard deviation, were selected to be used for 
point dose measurements in the humanlike 
phantom. The mean value of the individual 
standard deviation of each TLD chip was 1.6% 
(0.8, 2.4). Three of the most stable TLDs were 
kept as the calibration group and exposed to a 
known dose of 1 Gy at the calibration conditions 

immediately after the CSI delivery to the                 
humanlike phantom. 

 

RANDO phantom irradiation 

Locations in the RANDO phantom for point 
dose measurements were determined using             
axial, coronal and sagittal plane views of the CT 
images on the TPS. The taps were pulled out 
from the RANDO phantom and were cut in the 
middle of the long axis and shortened from both 
sides to match the thickness of the TLD chips. 
The TLD chips were made into a sandwich                
between tap pieces and inserted into the same 
hole from which they were pulled out. The            
locations of the 23 TLDs inside the RANDO  
phantom are shown in figure 2.  

 

The RANDO phantom was irradiated with 
Varian Linac (Trilogy, Varian Medical Systems, 
and Palo Alto, CA) equipped with RapidArc and 
OBI with integrated Millennium 120MLC.  Setup 
verifications were done using a kV-kV match for 
all isocenters of all plans. Treatment plans         
generated for each technique were applied to the 
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Figure 1. 3D arc arrangement for the VMAT technique. Three 
partial arcs for the cranial region and one full arc for each of 
the US and LS regions were used. There was no beam entry 

from the lenses in the cranial region and from the arms in the 
spinal areas. 

Figure 2. TLD locations and the number of TLD used are            
sorted by the slice number of the RANDO phantom in order to 

measure the delivered dose for each technique. FJ refers to 
Field Junction. 
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RANDO phantom 5 times in order to get 5           
different readings from TLD measurements. The 
mean values for these 5 measurements were 
calculated. The calculated point doses where the 
TLDs were placed in the RANDO phantom were 
determined from the TPS and compared with 
the TLD readings. Thus, calculated versus              
measured dose differences were obtained.   

 
Statistical analysis 

The Wilcoxon test (Nonparametric version of 
paired-samples t-test) was used to evaluate             
differences between measured and calculated 
values. All hypotheses tested using a criterion 
level of p=0.05. Statistical analysis was                    
performed by SPSS (IBM, Chicago, IL, USA)              
software version 23.0. 

 

 

RESULTS 
 

The comparative dose distributions in the 
sagittal views are presented for all techniques in 
figure  3 and figure  4 with an absolute dose   
color wash for (figure 3) 30Gy and (figure 4)           
10Gy. The VMAT-CSI shows the most                         
homogeneous dose distribution, especially in 
the field junction regions. The VMAT and IMRT 
demonstrate substantial dose reduction for the 
10 Gy dose bath in the anterior area of the spine.  

Target coverage 
The mean target doses and D95, D98, D2 and 

V107 values are shown in table1 to evaluate           
target coverage and hot spots. Although, VMAT 
and IMRT techniques achieved successful target 
coverage; FinF provided inferior target coverage, 
especially in the spinal region. When D95 doses 
were compared to PTV Spinal by the percentage 
of the prescribed dose, VMAT and IMRT               
provided more than 95%, while FinF was able to 
provide only 88%. The PTV Brain mean, D95 and 
D2 doses were (37.5, 36.2 and 38.8Gy), (38.4, 
37.2 and 39.5Gy), (35.9, 34.5 and 37.4Gy) for the 
VMAT, IMRT and FinF techniques, respectively.  

When the volumes exposed to a high dose of 
107% were evaluated within the target volumes, 
IMRT technique was very high with 47% for PTV 
brain and 75% for PTV spinal. Figures 5 and 6 

Figure 3. Sagittal and thoracal axial view, dose color wash 
comparison of VMAT, IMRT and FinF techniques for 30 Gy. It is 

observed that the dose distribution in the field intersection 
regions is more homogeneous in the VMAT technique than 

the other two techniques (The orange arrows show the field 
intersection areas). 

Figure 4. Sagittal and thoracal axial view, dose color wash 
comparison of VMAT, IMRT and FinF techniques for 10 Gy. In 
particular, organs located in the anterior of the spinal region 
were exposed to a dose of 10 Gy in the FinF technique, while 

the IMRT and VMAT techniques better limited this dose 
(Orange arrows show these OARs located in the anterior of 

the spinal region). 

  VMAT IMRT FinF 

Target 
PTV 

Brain 
PTV 

Spinal 
PTV 

Brain 
PTV 

Spinal 
PTV 

Brain 
PTV 

Spinal 

Mean Dose (Gy) 37.5 36.4 38.4 38.8 35.9 31.9 

D95% (Gy) 36.2 34.6 37.2 36.9 34.5 31.9 

D98% (Gy) 35.6 33.9 36.6 35.5 34.0 31.3 

D2% (Gy) 38.8 38.0 39.5 40.0 37.4 39.2 

V107% (%) 6.2 0.4 47.0 75.0 0.0 6.7 

Table 1. Dose statistics of target structures according to the 
techniques used. 

 [
 D

O
I:

 1
0.

52
54

7/
ijr

r.
19

.3
.5

31
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
rr

.c
om

 o
n 

20
23

-0
5-

22
 ]

 

                             5 / 12

http://dx.doi.org/10.52547/ijrr.19.3.531
http://ijrr.com/article-1-3762-en.html


Goksel et al. / Evaluation of VMAT technique for CSI 

Int. J. Radiat. Res., Vol. 19  No. 3, July 2021 536 

show the comparison of maximum and mean 
OAR doses for each technique in the bar chart. 
The lowest max doses were obtained with the 
VMAT technique for the liver, heart, thyroid, 
eyes, and lungs, IMRT technique for the kidneys 
and FinF technique for testicles.  

Mean doses for the liver and small bowel 
were comparable for all three techniques. The 
lowest mean doses for the oral cavity, kidneys 
and lung were found in the FinF technique, 
while the highest were found in the VMAT             
technique. 

 
Non-target tissue sparing 

Although the mean doses to non-target tissue 
were similar for all three techniques (6.27Gy for 
FinF, 6.87Gy for IMRT and 6.93Gy for VMAT), 
absolute volume receiving the prescribed dose 
was significantly lower for the VMAT-CSI. The 
absolute non-target tissue volumes receiving the 
prescribed dose were 1031 cm3, 1553 cm3 and 

121 cm3 for the FinF, IMRT and VMAT,                
respectively. Fifty percent of the entire                    
non-target volume (D%50) was exposed 1.06 Gy 
by the FinF, 3.36 Gy by the IMRT and 5.1 Gy by 
the VMAT.  

 
Dosimetry 

The percentage of dose differences between 
the calculated doses and the mean of TLD dose 
readings in each location for the FinF, IMRT and 
VMAT techniques were the key for evaluating 
the accuracy of the three-dimensional dose           
distribution (table 2). In all three techniques, 
maximum dose differences were found in               
testicles where located outside the treatment 
field. The percentage of dose differences in              
testicles was 9.7%, 10.7% and 12% for FinF, 
IMRT and VMAT respectively. Other high dose 
differences were found in low-density lungs. The 
percentage of difference was 7.8% for FinF, 
8.2% for IMRT and 8.4% for VMAT. Other very 
important regions to be evaluated were field 
junctions. The dose differences for those regions 
were comparable for the three techniques. The 
highest differences were found in the VMAT 
technique with 1.6% in the cervical region and 
0.7% in the lumbar region. The differences              
between the calculated and measured doses 
were not found as statistically significant for all 
three techniques. The p values were 0.394, 
0.322 and 0.338 for FinF, IMRT and VMAT            
respectively.  

 
Treatment times and MUs 

The FinF technique provided the minimum 
monitor units (MU) (511 MU) and the shortest 
total treatment time (~22 min). Although the kV
-kV setup verification time was similar for FinF 
and IMRT (~6 min), it was three times longer for 
the VMAT-CSI (~18 min) because of the                    
machine’s limitations secondary to the multiple 
isocenters in one plan. Nevertheless, the total 
treatment time for the VMAT-CSI was equal to 
the IMRT technique (~28 min). The MUs for 
VMAT and IMRT were 742 MU and 1109 MU  
respectively. VMAT technique provided a                 
reduction of about 33% in MU when compared 
to IMRT.  

Figure 5. Organs at risk maximum doses were shown            
comparatively for VMAT, IMRT and FinF techniques. 

Figure 6. Organs at risk mean doses were shown                  
comparatively for VMAT, IMRT and FinF techniques. 
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DISCUSSION 

Craniospinal irradiation is one of the most 
difficult and complex treatments in radiation 
therapy. Both target coverage and sparing of 
OARs are important for tumor control and               
toxicities. Treating the spine with a single PA 
field causes a high exit dose along with all the 
critical organs, which are placed anteriorly to 
the spine such as the thyroid, heart and small 
intestine. Additionally, dose variation in the             
vertebral body has an effect on asymmetric bone 
growth in children. The field junctions may              
produce hot and cold dose areas, which are          
critical for myelitis and local tumor control              
failure. For these reasons, clinical advantages 
and the dosimetric accuracy of new treatment 
modalities should be investigated and                   
implemented in the routine for CSI. We have 
evaluated these parameters for the VMAT                
technique in this study. 

A humanlike phantom was planned and              
irradiated in a supine position for this study. The 
prone position was preferred in a conventional 
manner because field junctions can be seen on 

the patient’s skin but overlapping fields are used 
to provide dose homogeinity by optimizing field 
fluence for modulated techniques. Additionally, 
the prone position is not only uncomfortable, 
but it is also not suitable if anesthesia is                     
required (19-21). An uncomfortable setup can 
cause intrafractional errors and reduce the              
dosimetric accuracy of the treatment. 

Evaluating the sagittal view with color wash 
dose distributions shows (figure 3) that the 
most conformal and homogenous dose                     
distribution, especially in the field junctions, was 
obtained with the VMAT technique. All three 
techniques showed good dose coverage for PTV 
Brain and succeeded to provide more than 95% 
of the prescribed dose (>34.2 Gy) to 95% of the 
PTV Brain volume (D95). 

The spinal PTV mean, D95 and D2 doses were 
(36.4, 34.6 and 38.0Gy), (38.8, 36.9 and 40Gy) 
and (31.9, 31.9 and 39.2Gy) for the VMAT, IMRT 
and FinF techniques, respectively. Both the 
VMAT and IMRT plans gave similar results            
regarding target coverage, but the FinF plan 
showed insufficient dose coverage, especially in 
the US region. When D95 doses were evaluated 

  VMAT IMRT FinF 

Organ TLD (cGy) TPS (cGy) %DD TLD (cGy) TPS (cGy) %DD TLD (cGy) TPS (cGy) %DD 

Brain1 181 187,5 3,4 190.7 188.6 -1.1 187.1 188.7 0.8 

Brain2 180,4 184,5 2,2 188.7 191.9 1.6 190.6 191.1 0.3 

Cribriform plate 30,8 30,6 -0,8 10.9 10.8 -0.8 188.1 187.9 -0.1 

Left Eye 29,4 28,1 -4,5 15.8 15.3 -3.6 18.8 19.2 1.9 

Right Eye 39,2 40,4 3 17.8 16.9 -5.7 18.4 19.1 3.6 

Brainstem 194,9 190 -2,6 180.8 185.7 2.6 187.9 185.7 -1.2 

Oral Cavity 197,4 190,9 -3,4 188.1 186.8 -0.7 10.8 10.8 -0.0 

Thyroid1 57,9 57,5 -0,4 92.9 95.3 2.5 127.7 126.0 -1.0 

Thyroid2 33,1 33 -0,3 47.9 46.1 -3.9 104.8 108.9 3.8 

Spinal Cord Cervical (Field Junction) 173 175,9 1,6 151.7 149.7 -1.3 182.7 181.3 -0.7 

Lung1 27,5 30,1 8,4 23.7 25.8 8.2 4.7 5.1 7.0 

Lung2 35,6 38,5 7,4 24.1 25.7 6.0 97.3 100.3 2.9 

Lung3 19,1 20,6 7,3 31.9 33.8 5.7 107.0 116.1 7.8 

Lung4 39 41,6 6,8 12.5 13 3.4 7.7 7.9 2.3 

Heart1 22,2 21,2 -4,7 12.8 12.5 -2.5 7.7 8 3.4 

Heart2 43,1 45,4 5,1 32.1 32.8 2.1 5.6 5.4 -4.7 

Liver 73,2 71,1 -3 66.7 67.3 0.8 41.9 43.8 4.1 

Right kidney 33,5 31,1 -7,7 12.8 12.2 -5.5 5.6 5.7 1.4 

Left Kidney 20 19,8 -0,9 16.4 16.4 -0.2 6.8 6.4 -6.1 

Spinal Cord Lumbar1 (FJ) 181,9 183,1 0,6 184.2 185.3 0.6 191.2 190.4 -0.4 

Spinal Cord Lumbar2 (Field Junction) 184,9 186,3 0,7 198.2 199.7 0.7 155.9 155.0 -0.6 

Testicle 0,4 0,4 -12 0.9 0.8 -10.7 0.5 0.5 -9.7 

Table 2. The percentage of dose differences between the planned and the mean TLD measurements for each technique. %DD 
refers to percentage dose difference. 
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in regard to PTVSpinal by the percentage of the 
prescribed dose, VMAT and IMRT provided 
more than 95%, while FinF was able to provide 
only 88%. These results are significant in                 
evaluating tumor control probability. In addition 
to poor dose coverage in the spinal region, the 
highest maximum doses to the heart, thyroid 
and small bowel were found in the conventional 
FinF technique. Although the maximum doses 
for heart, thyroid, lung, liver, intestine and               
testicle were found to be lower in the VMAT 
plan than in the other two techniques, the mean 
doses were found to be higher for all OARs           
except the heart and thyroid. Brondin NP et al 
compared 3DCRT, VMAT and intensity                
modulated proton therapy (IMPT) techniques 
for CSI and reported that while the risk of             
developing heart failure, hearing loss,                   
hypothyroidism and xerostomia was highest for 
the 3D CRT plans, estimates of SC risk was             
higher for the VMAT plans (4). Studenski et al. 
compared the DVH results of the same three 
techniques with our study for 10 adult CSI                
patients. Although the shortest treatment time 
was reached with 3DCRT, it also showed the 
highest maximum OAR doses. Not only did the 
IMRT have the longest treatment time, but also 
it had the highest maximum dose in the target. 
Even so, the IMRT provided the greatest OAR 
sparing; the VMAT provided the best PTV                
coverage in the spine region but also delivered 
the highest mean dose to the OARs. Studenski et 
al. concluded that although inefficient, the IMRT 
technique is the most clinically feasible because 
of the increased mean OAR dose with the VMAT 
technique, and they warned that providing     
quality assurance of the beams, especially in the 
junction regions, is essential (26).  

Target, OARs and non-target tissue doses in 
the VMAT plan of our study were comparable to 
the results reported in Fogliata et al. (14). They 
reported the DVH results of the VMAT-CSI             
treatment plans from five different institutes 
and compared the results with a Tomotherapy 
CSI study. The lengths of targets varied between 
54.6 and 78.4 cm. While two patients were in a 
supine position, the other three were in a prone 
position. Each institute used a different arc           
arrangement. The mean D95 and D2 doses for 

PTV were 34.4 Gy and 38.5 Gy, respectively. The 
organ at risk mean doses were compared with 
the Tomotherapy study and reported VMAT vs. 
Tomotherapy for the heart was 6.7–11 Gy. The 
mean heart dose was 7.1 Gy in VMAT plan of our 
study. The mean dose for normal tissue was 5.6 
Gy, and the volume receiving the prescription 
dose (36 Gy) was 37.4 cm3. In conclusion, the 
VMAT-CSI technique was applied successfully in 
five different institutes in Europe, and they             
reported that the VMAT-CSI has some                        
advantages over other techniques. The most  
important superiority was a shorter beam-on 
time compared with Tomotherapy (14, 27). 

Comparing dose distributions on the axial 
view and DVHs demonstrates that a larger 
amount of OARs’ volumes were exposed to low 
doses with the IMRT and VMAT as expected. The 
mean doses for non-target tissue were similar 
for all three techniques, but the absolute volume 
receiving the prescribed dose was significantly 
smaller in the VMAT plan (121 cm3 vs. 1553 cm3 
and 1031). Any technique requiring multiple 
entry angles like VMAT will increase the            
low-dose bath region that may result in higher 
secondary malignancy risk especially for            
children who compose the majority of the             
patient treated with this technique (22). Galloway 
et al. reported 16 CSI patients who developed 
radiation-induced secondary cancers (23). All  
patients were treated with a conventional             
technique. The applied dose was categorized 
into 3 groups: high dose (> 45 Gy), moderate 
dose (20–36 Gy), and low dose (< 20 Gy). The 
median age of patients who developed second 
tumors was 7.2 years (range, 2.0–17.4). The 
most common location of the second tumor was 
in the whole brain field (57%) and in the            
moderate dose range (81%). Other sites were 
the thyroid, spinal region and nasal cavity. Only 
one patient developed secondary thyroid cancer 
in the low dose region as a result of exposure to 
the exit dose of the spinal PA field. In our study, 
normal tissue volume receiving a 20–36 Gy 
(moderate) dose range was found significantly 
lower with the VMAT when compared to the 
other two techniques. In addition, the mean and 
maximum dose to the thyroid was found to be 
significantly lower for the VMAT with respect to 
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the FinF. Therefore, one can speculate that this 
result could be an indicator that a low dose to a 
larger normal tissue volume with VMAT does 
not increase the probability of secondary              
malignancies (24).  A more homogeneous dose 
distribution, better OAR sparing and the same or 
less probability for an SC might be achieved with 
proton therapy (25). However, this change is only 
an advantage if the proton machine employs a 
pencil-scanning beam. Many proton facilities use 
passive modulation to produce a field of                  
sufficient size, but the use of a scattering foil 
produces neutrons, which results in an effective 
dose to the patient higher than that                             
characteristic of IMRT. The benefit of protons is 
only achieved if a scanning beam is used in 
which the doses are 10 times lower than with 
IMRT (6). However, radiation leakage can be            
reduced by using VMAT as a result of a               
decreased total number of MUs than IMRT. 
There was no assessment of SC risk for                   
treatment techniques that was evaluated in this 
study. 

DVH superiority alone is not enough for             
transitioning a complex technique such as VMAT
-CSI to clinical practice directly. Calculated dose 
distribution accuracy should be tested in a      
humanlike phantom for simulating real clinical 
circumstances as closely as possible. In                   
particular, field junction regions should be             
investigated carefully as mentioned in other 
studies that evaluate CSI treatment techniques 
(12-14,26). Surucu et al. have investigated target 
and OAR doses for VMAT TMI (Total Marrow 
Irradiation) and measured calculated-delivered 
dose differences with TLD. The mean lung dose 
was 600 cGy, and they reported that it is 35% 
lower than the pulmonary toxicity cut-off of ’940 
cGy’. In our study, the mean lung dose was             
limited to 667 cGy, which is 29% lower than that 
cut-off. The VMAT TMI is as complex technique 
as VMAT CSI is because multiple isocenters and 
overlapping arcs are used in both techniques. 
TLD measurements were matched with                   
calculated doses, and the median difference was 
0.5% (-4.3, 6.6) for VMAT TMI (28). That dose  
delivery accuracy result can be compared to our 
results. In our study, median differences              
between calculated dose and TLD                   

measurements were 0.27% (7.8, -9.7) for FinF, 
0.28% (8.1, -10.7) for IMRT and 0.33% (8.4, -12) 
for VMAT. Although the biggest difference was 
found for VMAT, the calculated and measured 
doses were not statistically different for all three 
techniques. The p values were 0.394 (FinF), 
0.322 (IMRT) and 0.338 (VMAT). The biggest 
difference was found for VMAT because there 
are many variables in VMAT. During the gantry 
rotation, the shapes of multileaf collimators 
(MLC) are modulated as well as the dose rate, 
and the gantry rotation speed is optimized. 
Moreover, a steep dose gradient in the                    
modulated techniques affects the accuracy of 
point dose measurements. By contrast, gantry 
and MLC are stationary during irradiation for 
FinF, and the dose gradient is smoother than 
with the modulated techniques. Besides the             
testicle, the maximum dose differences were 
found in the lungs for all techniques because of 
the non-homogeneous medium. It is known that 
AAA calculates the dose higher than realty for a 
low-intensity medium like the lung (29, 30). The 
testicle is located in the peripheral region, and it 
is exposed to very low doses between 0.15 and 
0.25 Gy. Therefore, small differences between 
the calculated and measured doses cause a big 
percentage difference. Additionally, field             
junctions are the most important areas where 
the compliance between the planned and             
irradiated dose should be investigated. For the 
VMAT-CSI, calculated and measured doses 
showed good agreement both in the upper and 
lower field junctions. The differences were 1.6% 
and 0.7%, respectively. To increase the accuracy 
of the calculation, algorithms that can calculate 
dose distribution as accurately as Monte Carlo 
can be chosen (31, 32, 33). 

In addition to evaluating DVH parameters 
and dosimetric accuracy of treatment                   
techniques, MU values and total treatment times 
should also be evaluated because reducing these 
parameters is important to reduce radiation 
leakage and intrafractional errors. The FinF  
provided the most efficient delivery with the 
minimum of MUs, the shortest beam on, and the 
shortest treatment time. Although the total 
treatment times, including setup verifications, 
were comparable for IMRT and VMAT, the actual 
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MUs and beam on time were shorter for VMAT 
than for IMRT. Comparison of MUs between 
VMAT and IMRT was compatible with the                  
literature; VMAT technique provided a                       
reduction of about 33% in MU when compared 
to IMRT (34). 

 
 

CONCLUSION 

 
VMAT-CSI was found to be the superior              

technique in terms of delivering a prescription 
dose to the target structures and sparing normal 
tissues from higher doses. However, the risk of 
secondary cancer based on increased low dose 
volume should be evaluated for individual cases. 
The encouraging dosimetric results in regard to 
the TLD measurements in a humanlike phantom 
corroborate that the VMAT-CSI technique can be 
used clinically as confidently as conventional 
FinF and IMRT techniques.  
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