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Introduction

It is well-known that, radiotherapy is one of the important modality 
in the treatment of patients suffering from different types of can-
cers- malignant or benign. It has emerged as one of the cost effec-

tive ways in cancer management considering patient stage and health 
status. The cancer treatments are performed by a wide range of radiation 
generating machines such as cobalt-60 machines and high energy linacs 
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ABSTRACT
Background: In developing countries like India, cobalt-60 machines still find their 
applicability, considering the cost and maintenance issues. With a view to deliver con-
formal treatment plans using teletherapy machines, an automated Multi-Leaf Colli-
mator (MLC) was developed for the existing machines as a retrofit attachment to the 
collimator assembly without any modifications to the unit. 
Objective: This study aims to investigate the radiation characteristics of leaf de-
signs incorporated in two add-on prototype MLC systems with respect to the shape 
of leaf projected at the isocenter plane and the isodose distribution around the target. 
Besides, the dosimetric characteristics of prototype MLC with divergent leaf design 
are validated through simulation and experimental measurements.
Material and Methods: In this experimental study, two add-on prototype MLC 
systems were designed and fabricated. The characteristic measurements of leaf designs 
incorporated in both the prototypes were carried out using Gafchromic films (GAF) 
and compared with Monte Carlo (MC) simulations. For divergent leaf design, beam 
profiles were obtained using Monte Carlo simulations which are complemented with 
the results obtained from measurements of radiochromic films and ionization chamber 
(IC) profiler. Dosimetric characteristics like radiation field width and beam penumbra 
were evaluated. 
Results: The Monte Carlo simulated data are in agreement with experimental data 
from IC profiler as well as from Radiochromic films. The results of this study are well 
within acceptable tolerance limits.  
Conclusion: The prototype MLC system designed for existing telecobalt machines 
supports its clinical applicability for conformal therapy to better manage treatment in 
rural areas, which can provide superior cost effective treatments.
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combined with advanced technologies. Differ-
ent protocols are developed depending on the 
stage of cancer and presented for treatment to 
attain the goal of radiotherapy by minimizing 
radiation dose to normal tissues and to deliver 
maximum uniform dose to tumor by applying 
different strategic techniques. 

According to WHO, deaths due to cancers 
accounts to nearly 70% of the incidence rate 
in low- and middle-income countries. In de-
veloping countries like India, this increase in 
death rate is partly due to unavailability of ap-
propriate centers for treatment and cost-effec-
tiveness of required technology. Munshi et al. 
addressed the current situation of radiotherapy 
in India bridging the gap between past and 
present facilities with an overview for future 
developments [1]. In view of above, there is 
always a continuing need for affordable treat-
ment machines considering the treatment facil-
ities available for growing demands of cancer 
population. In addition to linear accelerators, 
cobalt-60 teletherapy machines still find their 
existence in terms of new advancements either 
through modifications to the existing ones or 
by development of indigenous machines in-
corporating new technological features [2]. 

Ravichandran emphasized that cobalt-60 
machines still are better options for majority 
of treatable cancers in scenario of facilities 
available in radiation oncology departments 
in developing countries such as India [3]. Co-
balt-60 machines with added beam improve-
ments can be utilized for cost-effective treat-
ment management. Van Dyke presented out 
the possibilities that how cobalt-60 units can 
be improvised to provide dose distributions, 
comparable to those provided with higher en-
ergy radiation despite of its limitations com-
pared to linear accelerators [4]. The multileaf 
collimators are one of those, eliminating the 
need for shielding blocks. They are a standard 
feature on accelerator machines; however, the 
telecobalt units can be retrofitted with modern 
multileaf collimator (MLC) owing to its char-
acteristics.

Due to providing low-cost cancer care in 
rural areas of developing countries, continu-
ing efforts are being made in the improvisa-
tion of cobalt-60 beams for conformal therapy. 
A fully automated add-on MLC system inte-
grated with 3D treatment planning system was 
developed for Theratron 780E phoenix teleco-
balt machine [5]. For this add-on MLC, there 
is no need to make any modifications to the 
machine. However, the add-on MLC limits 
us to use auxiliary tray holder and fits in the 
same space allocated for the block-tray slot 
that comes with the machine. Two prototypes, 
including prototype-1 and prototype-2 MLCs 
were designed and manufactured with differ-
ent leaf designs and tested for their radiation 
characteristics. 

In a study, Galvin et al. have reported that 
a dosimetric issue with MLC is the stepped 
dose pattern, occurring at the edges of the 
fields defined by MLC, where the leaves must 
be moved in order to conform to the irregular 
target which differs from the fields created by 
divergent block. Also, variations in daily pa-
tient setup have the advantage of blurring di-
vergent block field edges and MLC field edges 
to some extent [6]. In another study, Galvin et 
al. suggested a different technique for remov-
ing the stepped dose that appears in the fields 
defined by MLC. This technique involves the 
movement of treatment-table to smoothen the 
stepped dose pattern at the MLC field edges 
[7]. The prototype MLC leaves in our study 
resulted in a smooth isodose lines across the 
fields despite of the irregular stepped pattern 
or smooth outline contour across the target. 
This is due to the relatively large penumbra 
caused by the cobalt-60 source.

Material and Methods
In this experimental study, some of the char-

acteristics of the two in-house developed add-
on MLCs were investigated.

Technical Design Specifications
The design and radiation characteristic study 
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of prototype-1 MLCs were presented in con-
ferences [8-10] and reported [5, 11]. For both 
the prototypes 1 and 2, the material used was 
tungsten alloy with density of 18 g/cm3 (W 
95% + Ni 3.5% + Cu 1.5%). The choice of 
tungsten alloy material for leaves was also 
suggested by AAPM report no.72 [12].
Leaf Configuration and Cross Section
To compare the leaf cross section, the pro-

totype-1 comprises of 14 non-divergent leaf 
pairs that each leaf of 150 mm long with round-
ed edge, 7 mm wide by 40 mm height with 
straight edge bound through 20 mm height by 
2 mm depth tongue and groove construction 
and defines a field size of 14 × 14 cm². It is 
important to find an optimal design for leaves 
because of the extensive use of MLCs in 3D 
treatment planning. In view of this necessity, 
prototype-2 was designed consisting of diver-
gent 16 leaf pairs with 155 mm length, 40 mm 
height with 6.5 mm width on top and 7 mm 
width at the bottom to follow the divergence 
of the cobalt radiation with a step design for 
leaf sides and leaf end rounded edge. It can 
define a maximum field size of 14 × 16 cm² 
at the isocenter. Both the leaf pairs can over-
travel a distance of 50 mm across the central 
axis. They are designed to project a leaf width 
of 10 mm at isocenter (80 cm). 

The leaves are machined so that they follow 
beam divergence from a point source situated 
52 cm from the top of the leaves and 56 cm 
from the bottom of the leaves.
Automation of the Mlc
The automation of prototype-2 MLC sys-

tem, shown in Figure 1, differs from proto-
type-1 MLC system in terms of numbers of 
linear actuators needed to drive the respective 
leaves. In prototype-1, the leaves are driven 
by independent 28 linear actuator (LA) of 12 
Volts each whereas in prototype-2, each leaf is 
driven by 2 LAs of 6 Volts each with different 
gear ratios. Additionally, the leaves were sup-
ported by ball bearings for smooth movement 
in the unused 50 mm length of the leaves. The 
leaf positions were calibrated to be reproduc-

ible within 1-2 mm tolerance.

Treatment Planning
Both prototypes are integrated with Ra-

diation Oncology treatment planning system 
(ROPS) for conformal treatment plans. The 
detailed specifications of ROPS can be found 
from the website at https://sites.google.com/
site/tjcsrops. Publications on ROPS treatment 
planning system show feasibility in generating 
conformal plans for clinical radiation beams 
for different treatment machines [13, 14]. 
Three dimensional (3D) conformal planning 
requires an accurate delineation of the target 
volume and beam shaping to conform to the 
volume. The design of shaped fields is accom-
plished by multileaf collimator (MLCs) in each 
beam’s eye view. The radiation field shaped by 
MLC has a stepwise outline and is not iden-
tical to the desired target field with smooth 
outline. When MLCs are used, the collimation 
occurs in discrete steps but the measurements 
indicate that the rounded edges of the MLC 
leaves resulted in a smooth outline. ROPS is 
facilitated to use both the options available, 
including smooth outline with margin around 
target by default or irregular field using MLC 
leaf shape for calculations. An irregular brain 
field planned with both features was exposed 
using Gafchromic film at isocenter and the re-

Figure 1: Prototype-2 Multi-Leaf Collimator 
(MLC) system
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sults are presented.

Study of Leaf Designs
To study the leaf designs, the projection of 

leaf shape at isocenter was evaluated [Fig-
ure 2]. In 6 × 6 cm² square field generated by 
MLCs, a single leaf was moved to the center 
of the field to study the effect of divergence.

The Monte Carlo (MC) simulations were 
carried out using the same machine specifi-
cations which were explained in detail in our 
previous simulations as well [11]. The MLC 
leaves were opened to 6 × 6 cm² square field 
with the collimator jaws wide open. One of the 
bank leaves of the field was positioned on the 
central axis. Each simulation had been run for 
5 billion histories and the dose was calculated 
on a water phantom with DOSXYZnrc pro-
gram. Planar data was extracted using separate 
programs and excel was used to evaluate the 
data.

For experimental verification, the study was 
carried out using Phoenix model Cobalt-60 
machine at MNJ Institute of Oncology & Re-
gional Cancer Centre with Gafchromic (GAF) 
EBT3 films at the isocenter. The film was 
setup on virtual water slab at source to axis 
distance (SAD) of 80 cm with a buildup of 0.5 
cm and irradiated for 1min. The images were 
scanned using EPSON 11000XL flatbed scan-
ner and analyzed as well.

Study of Radiation Characteristics 
of Prototype-2 Mlc

Extensive measurements were made using 
prototype-2 MLC to evaluate radiation prop-
erties.
Transmission Measurements
The transmission through the leaves and leaf 

end was determined with ion chamber mea-
surements in air for the Theratron 780E Phoe-
nix machine. A 0.13 cm³ ionization chamber 
was placed at 80 cm source to surface distance 
(SSD), measuring 24 cm from the bottom of 
the leaves on the central axis with 5 mm build 
cap. Measurements were made for 10 × 10 
cm² field defined by the MLC in the closed 
and open positions with the upper and lower 
jaws wide open. The ratio of measurements 
with MLC leaves closed to open gives the leaf 
end transmission. 

For transmission through leaves, measure-
ments were made by closing the leaves across 
the collimator field size at an off-axis point. 
The ratio of dose under closed field to that un-
der open field, expressed in percentage, pro-
vides the transmission.
Output Factors
The ratio of output for a given field size to 

that for a reference field size gives the output 
factor. Measurements were taken for different 
collimators and MLC openings with a 0.13 cc 
ion chamber with build cap of 0.5 cm setup in 

Figure 2: Single leaf projection at the center of field: (A) Block Diagram of Multi-Leaf Collimator 
(MLC) prototype (B) Gafchromic film with an exposed 6 × 6 cm² MLC field.

 

(A)                                                       (B) 
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air at SAD of 80 cm. The output factors were 
normalized to the 10 × 10 cm² open field size.
Dosimetric Parameters
The Monte Carlo simulations were per-

formed using BEAMnrc code with the full co-
balt machine specifications, used in our previ-
ous simulations [11] with MLC prototype-2 at 
the block tray position. The source simulated 
used the bare Co-60 spectrum with cylindrical 
shape, emitting isotropic radiation. The phase-
space files were generated at treatment dis-
tance of 80 cm from the source. These phase-
space files from BEAMnrc simulation serve 
as the radiation source for dose deposition in 
a water phantom. The simulation process was 
run for 1010 histories for each field size. The 
parameters chosen were ECUT = 0.7 MeV and 
PCUT= 0.01 MeV. The default EGSnrc trans-
port parameters were used for accurate results. 
No variance reduction techniques were used. 
For each field size, dose deposition in 30 × 30 
× 30 cm3 water phantom was simulated us-
ing DOSXYZnrc with 2.5 mm voxel size and 
compared against measured data.

Experimentally beam profiles were mea-
sured by IC Profiler™ (Sun Nuclear Corpora-
tion, Melbourne, FL) and Gafchromic EBT3 
films. The commercial water scanners could 
not fit under the machine with MLC prototype 
attached to it due to clearance of 22 cm distance 
from MLC system to isocenter. Alternatively, 
IC profiler comprising of 251 multi-axis ion 
chamber arrays, each of 0.05 cm³ volume with 
a spacing of 5 mm from one detector to anoth-
er, was used. Array calibration was done for 
the cobalt-60 beam with appropriate correc-
tion factors, including background correction 
of total 32 × 32 cm² active area of detector. 
Although, only the central 20 × 20 cm² area 
was used: this caters to our MLC generated 
field sizes. Measurements were performed in 
continuous mode with buildup of 1cm adher-
ing to its inherent buildup of 0.9 gcm-2 at SAD 
of 80 cm. The beam profiles were normalized 
and presented. 

Similarly, EBT3 Gafchromic films were 

used with virtual water slabs to generate beam 
profiles. The films were calibrated for known 
doses at SAD 80 cm for a 5 × 5 cm² collima-
tor field size, covering a dose range of 10 cGy 
to 350 cGy. The prototype-2 MLC generated 
fields, ranging from 2 × 2 to 14 × 14 cm² with 
fully open collimator, exposed in a SAD setup 
at 80 cm and at a depth of maximum dose. The 
films were cut 2 cm larger on both sides for 
each field and exposed. Precautions were taken 
for handling the films as per AAPM TG-55 re-
port [15]. Using EPSON Expression 11000XL 
flatbed scanner, the films were scanned with 
72 dpi resolution in 48-bit RGB mode. The 
profile data was taken directly from the dose 
matrix. Full width at half maximum (FWHM) 
and penumbra for each field size were evalu-
ated.

Results

Effect of Leaf Design
The profile width was taken at 50% dose lev-

el. The profiles were taken at an off-axis dis-
tance of 1.5 cm from the center in the direction 
perpendicular to the leaf movement (Y-axis), 
as shown in Figures 3 and 4, for Monte Carlo 
simulations and Gafchromic film scans. Ta-
ble 1 gives the comparison of leaf projection 
width obtained from Monte Carlo simulations 
and measurements obtained from Gafchromic 
films for prototype-1 and prototype-2 MLCs:

As seen in Table 1, penumbra effect is small-
er with divergent leaf as expected.

Treatment Planning Evaluation
The Beam’s-eye-view image will typically 

contain the images of the patient’s anatomy 
and the beam modifiers such as jaws or Multi-
Leaf Collimator (MLC). The exposed irregu-
lar brain field is shown in the Figure 5.

Radiation Characteristics of Pro-
totype-2 Mlc
Leakage through Mlcs
The transmission measurements through the 
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leaves indicated 1.6%. The leaf end transmis-
sion is 3.7% which is in compliance with IEC 
recommendations compared to non-IMRT 
MLCs [16].
Output Factors
The treatment planning system uses a mea-

sured data file with appropriate MLC correc-
tion factors for accurate dose calculations. 
Figure 6 demonstrates the variation in output 

Figure 3: Profile width comparison at 1.5 cm distance from center through the middle of leaf 
for prototype-1 and prototype-2 Multi-Leaf Collimator (MLC) using Monte Carlo simulations.

Figure 4: Profile width comparison at 1.5 cm distance from center through the middle of leaf 
for prototype-1 and prototype-2 Multi-Leaf Collimator (MLC) from Gafchromic film. Blue line 
represents prototype-1 and magenta line represents prototype-2 leaf widths.

FWHM PROTO1 PROTO2
MC Simulation 1.25 cm 1.01 cm

GAF film 1.35 cm 1.05 cm
FWHM: Full width at half maximum, MC: Monte Carlo, 
GAF: Gafchromic

Table 1: Comparison of leaf projection width 
of prototype Multi-Leaf Collimator (MLC) – 1 
and 2. 
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Figure 5: Stepwise outline (A) Beam’s-eye-view (B) Dosimetric representation and Smooth out-
line (C) Beams eye view (D) Dosimetric representation in Radiation Oncology treatment plan-
ning system (ROPS). The red line depicts 50% isodose line from measured data and green line 
depicts Multi-Leaf Collimator (MLC) leaf position outline around target.

Figure 6: Output factors for Multi-Leaf Collimator (MLC) field sizes ranging from 2 × 2 cm² to 14 
× 14 cm². 
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factors for various MLC field sizes.
Central Axis Profiles and Penumbra
The same dosimetric parameters used for 

conventional collimators were evaluated for 
MLC-shaped fields as well. Dose profiles ob-
tained in crossplane (L-R) and inplane (G-F) 
directions across the central axis were analyzed 
for FWHM and penumbra measurements. The 

full width at half maximum (FWHM) was 
evaluated at 50% isodose line, defining the ra-
diation field width and the 80% - 20% width 
was considered for penumbra. The normalized 
profiles and the evaluated data through Monte 
Carlo simulations, IC profiler and Gafchromic 
films are presented in Figure 7 and Tables 2, 
3 and 4.

Figure 7: Crossplane and Inplane beam profiles for Multi-Leaf Collimator (MLC) generated 
square fields – 2 × 2 cm² to 14 × 14 cm² from (A) Monte Carlo simulations (B) Ionization cham-
ber (IC) Profiler (C) Gafchromic films.

 
(A) 

 
(B) 

 
(C) 
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FIELD 
(cm × cm)

PROFILE/ 
DIRECTION

FWHM 
(mm)

PENUMBRA   
Gantry (mm)

PENUMBRA  
Feet (mm)

PENUMBRA 
Left (mm)

PENUMBRA  
Right (mm) 

2 × 2
G-F 21.3 7.0 8.3   
L-R 21.2   4.8 4.8

4 × 4
G-F 41.2 5.4 5.5   
L-R 41.3   4.8 4.7

6 × 6
G-F 59.6 5.2 5.7   
L-R 60.3   5.6 5.4

8 × 8
G-F 79.7 5.3 5.9   
L-R 80.3   5.6 5.9

10 × 10
G-F 99.7 5.5 6.0   
L-R 100.1   5.8 5.7

12 × 12
G-F 119.5 5.8 6.6   
L-R 119.9   5.8 6.0

14 × 14
G-F 139.5 6.3 6.8   
L-R 139.9   6.0 6.0

FWHM: Full width at half maximum

Table 2: Analysis of dosimetric parameters- Full width at half maximum (FWHM) and Penumbra 
from Monte Carlo simulations.

FIELD 
(cm × cm)

PROFILE/ 
DIRECTION

FWHM 
(mm)

PENUMBRA   
Gantry (mm)

PENUMBRA  
Feet (mm)

PENUMBRA 
Left (mm)

PENUMBRA  
Right (mm) 

2 × 2
G-F 21.6 7.4 7.8
L-R 21.3 9.6 9.2

4 × 4
G-F 41.6 7.5 7.7
L-R 40.2 7.2 7.2

6 × 6
G-F 61.5 8.1 8.0
L-R 60.1 7.4 7.4

8 × 8
G-F 81.4 8.1 8.0
L-R 80.2 7.5 7.6

10 × 10
G-F 101.5 8.5 8.1
L-R 100.8 7.6 7.6

12 × 12
G-F 121 7.6 8.2
L-R 119.9 8.0 8.0

14 × 14
G-F 141.4 9.2 8.5
L-R 140.4 7.9 7.9

FWHM: Full width at half maximum

Table 3: Analysis of dosimetric parameters- Full width at half maximum (FWHM) and Penumbra 
using ionization chamber (IC) Profiler.
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Comparison of beam profile for a 10 × 10 
cm² MLC field at depth of maximum dose 
(Dmax) for three modes of measurements is 
shown in Figure 8.

The Gafchromic film profiles show sharp 

dose fall-off than the MC simulations and IC 
profiler measurements. Despite this differ-
ence, there is good agreement between the 
simulated and measured data for 10 × 10 cm² 
MLC field size.

Roopa Rani Akula, et al

FIELD 
(cm × cm)

PROFILE/ 
DIRECTION

FWHM 
(mm)

PENUMBRA   
Gantry (mm)

PENUMBRA  
Feet (mm)

PENUMBRA 
Left (mm)

PENUMBRA  
Right (mm) 

2 × 2
G-F 20.5 6.2 5.4
L-R 20.9 5.6 6.4

4 × 4
G-F 41.2 5.4 6.4
L-R 40.6 5.0 5.0

6 × 6
G-F 60.8 6.2 6.4
L-R 61.2 6.0 6.6

8 × 8
G-F 80.6 7.5 6.3
L-R 80.5 5.3 5.4

10 × 10
G-F 99.6 8.8 6.2
L-R 98.5 7.6 7.2

12 × 12
G-F 120 7.0 6.9
L-R 117.9 7.5 8.5

14 × 14
G-F 140.8 5.6 7.8
L-R 139 6.7 6.8

FWHM: Full width at half maximum

Table 4: Analysis of dosimetric parameters- Full width at half maximum (FWHM) and Penumbra 
using Gafchromic films.

Figure 8: Comparison of 10 × 10 cm² Multi-Leaf Collimator (MLC) field beam profile (A) cross-
plane (B) inplane for Monte Carlo (MC) simulations, ionization chamber (IC) profiler and Gaf-
chromic film measurements.

 
(A) (B) 
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Discussion

Effect of Leaf Design
The projected leaf width at isocenter due to 

X-ray attenuation is dependent on the distance 
between source and MLC. In these prototypes, 
the source to diaphragm distance is 52 cm and 
the bottom of the leaves is at 56 cm. The re-
sults presented in Figure 3 clearly show that 
the non-divergent prototype-1 MLC leaf casts 
a wider shadow ≈ 1.2 cm and hence has more 
width in the valley region of the curves. In 
view of the large leaf width and cobalt penum-
bra, the difference between the divergent and 
non-divergent leaf is small. As seen in Figure 
4, there is good agreement between the results 
obtained from Gafchromic film scans and the 
MC simulations.

Treatment Planning Evaluation
The 50% isodose line represents the region 

where 50% of the prescribed dose lies. This 
ensures that the periphery of the tumor will re-
ceive at least the prescribed dose. Moreover, 
the dose inside the tumor will be higher than 
the prescribed dose following rapid dose fall 
off outside the tumor thus sparing the organs at 
risk (OARs). Dosimetrically, the rounded ends 
of the leaves resulted in smooth isodose lines 
around the target.

Radiation Characteristics of Pro-
totype-2 Mlc
Leakage through Mlcs
The leaf transmission plays an important role 

in determining the height of the MLC leaves. 
Measurements agree within recommended tol-
erance limit of 2% as per Task Group (TG)-50 
reports. The leaf end transmission was found 
to be within 5% tolerance limit, applicable for 
non-IMRT MLCs.
Output Factors
Since MLCs are used as tertiary collimator 

with existing collimator jaws, the output fac-
tors are not affected unless the MLC generated 
fields are smaller than the jaw opening. The 

scatter fluence depends mostly on the collima-
tor opening. For every field, we first apply the 
collimator field size factor. In addition, we ap-
ply the MLC factor based on the equivalent 
square of the MLC open area.
Central Axis Profiles and Penumbra
The simulated as well as measured pro-

file data in crossplane and inplane directions 
showed comparable results. Experimentally, 
an ion chamber array detector IC profiler was 
chosen since the available 3D water phantom 
was not suitable for dose measurements with 
MLCs in place on the telecobalt machine due 
to height limitations. Both IC profiler and Gaf-
chromic films produced reliable data. From the 
tabulated data, it can be seen that FWHM for 
all the fields agree within 2 mm and penum-
bra lies within 5-10 mm range as mentioned 
in Atomic Energy Regulatory Board (AERB) 
safety code [17]. In case of measured data, it is 
observed that penumbra is little more signifi-
cant in gantry to feet direction (G-F) since the 
jaws were opened wider than the MLC field 
sizes, which can be optimized with same jaw 
size in direction perpendicular to leaf move-
ment.

Conclusion
In this study, the prototype MLC designed is 

a retrofit to existing cobalt machines. For con-
venience of easy fabrication, the leaves in the 
prototype-1 MLC were fabricated without di-
vergence. Since straight blocks cause undesir-
able transmission penumbra in the target, the 
prototype-2 MLC has been designed to fol-
low divergence of the cobalt radiation with a 
step design for leaf sides and leaf end rounded 
edge. The use of divergent leaf is most useful 
in some clinical situations where there is open 
field on both sides of the leaf. Experimentally, 
the dosimetric parameters of divergent leaf de-
sign were found to be within tolerance limits. 
With these MLCs in place, the beam charac-
teristics remain unaltered. Also, we can con-
clude that in view of providing cost-effective 
care with the existing telecobalt machines in 

Multi-Leaf Collimator
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rural areas, the prototype-2 MLC system can 
be used for conformal therapy, eliminating 
the need for blocks and setting up the fields 
quickly.
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