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A B S T R A C T

The dosimetric measurements of small fields of radiation are undertaken with detectors such as: GafchromicTM
films, diodes, diamond detectors and ionization chambers of small volumes. The penumbra width, e.g. the spatial
distance between 80% and 20% dose, is smaller in small fields. This fact increases the curvature and hence the
volume effect in the penumbra region. The accuracy in the penumbra calculation is important at the QA test for
implementation of the cranial Stereotactic Radiosurgery. The objective of this work was to apply a Gradient-
Based Edge Detection plugin to calculate the penumbra of a radiation beam defined with the Elekta SRS Cone
Collimators for beams of 6MV (Flattening Filter – FF) and 6MV (Flattening Filter Free – FFF) energies using the
beam profile obtained with GafchromicTM film. The results corroborate those from the literature, and they allow
a quantitative evaluation of the width of dosimetric penumbra by Gradient-Based Edge Detection.

1. Introduction

The concept of stereotactic radiosurgery (SRS) was introduced by
the neurosurgeon Lars Leksell in 1951 (Schell et al., 1995). SRS is an
irradiation method used to deliver a single and high absorbed dose of
radiation in a small intracranial target volume through the intact skull.
Therefore, it requires high accuracy and high conformity. One of the
major problems with dosimetry used in SRS is the use of small fields
(micro-MLC or circular collimator). It is known that small field dosi-
metry is complex due to the lack of equilibrium of charged particles,
partial occlusion of the source and effect of volume versus detector size.
Dosimetry technical reports and task groups, such as IAEA TRS-398
(IAEA, 2006) and AAPM TG -51 (AAPM , 1999) provide guidelines for
traditional radiation fields (from 3 cm×3 cm–40 cm×40 cm).

Circular collimation systems for SRS allow the use of small fields. An
evaluation consistent of their mechanical, geometric and dosimetric
parameters is necessary for correct and assurance use of these small
fields. In this type of collimation systems, the inner surface presents the
same behavior of the divergence of the beam, which reduces the pe-
numbra transmission. Although it is possible to reduce the effect of the
transmission penumbra with the design of the circular cones, it is not
possible the complete removal of this effect. The penumbra concept, in
general, consists of a consensus, and it means the region of the field

edge, in which the dose rate is reduced as a distance function of the
central axis of the beam.

The penumbra transmission corresponds to the region irradiated by
photons that are transmitted by the edge of the collimation system.
Another type of penumbra, also known as geometric penumbra, mainly
defined by the collimation geometry of the radiation source (primary,
secondary and tertiary, when applicable), source size and source-sur-
face distance (SSD). It can be determined using the mathematical
formalism of triangle similarity.

In this study, the parameter evaluated is the penumbra width of this
collimation system for different sizes of cone collimators, ranging from
5mm to 35mm in diameter. The penumbra characterization of a cir-
cular collimation system depends on: alignment of the collimation
system with the central axis of the radiation beam, distance from the
collimator to the radiation source, dimensions of the source and dis-
tance from the source to the measuring plane.

In order to measure the thickness of the geometric penumbra there
are different methodologies, in which the uncertainties also depend on
the detector. According to TRS 483 (IAEA, 2017), the most suitable
detectors for determining the penumbra in small fields are tissue
equivalent radiochromic film, diodes, diamond detectors, small air-
filled ionization chambers and liquid chambers. For this reason, the
penumbra was evaluated using radiochromic film. A mathematical
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methodology was used to minimize the uncertainties of the measure-
ment. Therefore, the objective of this study was to measure the geo-
metric penumbra of the circular collimator (ELEKTA Stereotactic Cone
System), for ten diameters, using a mathematical tool, called gradient-
based edge detection, which uses first derivative, in an edge field re-
gion, characterized by a signal profile.

2. Materials and methods

All irradiations were undertaken in the Radiotherapy Sector of the
Hospital das Americas (Rio de Janeiro, Brazil) using the photon beams:
6MV Flattening Filter and 6MV Flattening Filter Free. To perform this
study, a tertiary collimation system (ELEKTA Stereotactic Circular
Collimators) was attached on a linear accelerator ELEKTA VersaHD,
which also has its own collimation system: Agility Collimation system
(Elekta AB, Stockholm, Sweden). The circular collimator system is
adapted for treatment of stereotactic SRS indexing it in the LINAC
through the base Collimator Mount (Fig. 1). The diameter of the cone
collimators ranged from 5mm to 35mm. The aperture of the secondary
collimation system Agility, used as backup for the attached system was
5 cm×5 cm, for measurements with these circular collimators.

The EBT3 film consists of an active layer of 27 μm between two
layers of opaque polyester of 120 μm, which makes it more robust. It
was used in conjunction with an EPSON EXPRESSION 10000 XL film
scanner (74 dpi resolution), which allows multi-channel analysis. The
dose range of the EBT3 film is up to 10 Gy with the red color channel.
EBT3 film is dose rate independent, close to tissue equivalent, and can
be used in solid water phantoms slabs. The spatial resolution of EBT3 is

mainly determined by the scanner resolution.
ImageJ is a free software, where image processing and segmentation

is written in the JAVA language developed by the NIH Image, National
Institutes of Health, Bethesda, USA (Ferreira and Wayne, 2012). This
software allows viewing, editing, analyzing, processing, segmenting,
saving and printing 8-bit, 16-bit and 32-bit images, being able to read
images of different formats, among them, the TIF format (used in this
study). ImageJ was developed with an open architecture that provides
extensibility via plugins or macros written in the JAVA language.
Therefore, with this tool the user can solve a great number of problems
of image processing (Ferreira and Wayne, 2012). The representation of
a pixel is the data byte type to grayscale of color images and shorts to
16-bit grayscale images. The byte and short are associated with a range
of values, and it is important to note that for values of grayscale these
values are positive (Ferreira and Wayne, 2012). One feature of ImageJ
is the possibility of developing plugins to apply new image analysis
tools as well as tools to obtain information about the image being
analyzed. Plugins are classes of a programming language with the
purpose of extending the functionality of a software (Oliveira et al.,
2010). These plugins can be classified into two groups: those that do not
require an image as input and the plugins whose input are images, the
latter called Filter Plugins (Bailer, 2006). The plugins used in this study
are specifically associated with image analysis, such as gradient-based
edge detection. In this plugin, the first derivative is defined for a con-
tinuous function f (x) at a position x, such as a signal profile of an
image. Fig. 2 shows an image and the application of a first derivative on
the profile f (x) along the image center.

To perform this study, the tertiary circular collimation system
(Stereotactic Circular Collimators) coupled to the Linac Elekta Versa
HD was used, Fig. 1. For irradiation, the EBT3 films were placed be-
tween solid water slabs (RW3 slab phantom), Fig. 3, in a perpendicular
orientation to the beam central axis (CAX), and they were irradiated by
500 monitor units (MU). The measurements were performed at 2 cm
depth (isocenter plan) and 98 cm source-surface distance (SSD). Ac-
cording to the IAEA TRS 398 (2006), in the reference conditions
(SSD=100 cm, field=10 cm×10 cm and depth=10 cm), for a
linear accelerator (photon beams) with beam calibration in SSD and
exposure of 1 MU is equivalent to 1 cGy at the maximum dose depth
(dmax). Considering the irradiation setup for this study (SSD=98 cm,
field= 5 cm×5 cm and depth of 2 cm), applying the correction fac-
tors, 500 MU corresponds to 501,8 cGy at 2 cm depth. For the circular
fields (5mm–35mm in diameter), their respective output factors were
applied.

Both cross-plane and in-plane beam profiles of all cone sizes were
measured using EBT3 films. The exposed films were scanned by EPSON
EXPRESSION 10000 XL (74 dpi resolution). Each field projection on
film was considered an original image, and an inplane f(x) and cross-
plane f(y) signal profiles along the midline of the image were defined.
The penumbra width was defined computing the first derivative of f(x)
from left to right as f'x= df(x)/dx and f(y) from gun to target (accel-
erator direction) as f'y= df(y)/dy and measuring the distance between
points on the x-axis of signal distribution. The signal profile computing

Fig. 1. Geometry of Elekta VersaHD head. Initial electron beam impact target
block from the vacuum in the direction of z-axis. The component dimensions
and material composition were provided by the manufacturer under nondi-
sclosure agreement (Borzov et al., 2018).

Fig. 2. a) Original image, b) Profile f (x) in the horizontal direction, c) First
derivative of f(x) (Burger and Burge, 2008).
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in the central part of the beam projection from left (x1) to right (x2) and
from gun (y1) to target (y2) are shown in Fig. 4. The application of this
plugin is to measure the of the penumbra width, calculating the dis-
tance between the points with coordinates (x1, 0) and (x2, 0), (x'1, 0)
and (x'2, 0). The values defined for x1, x'1, x2 and x'2 correspond to 20%
and 80% of the signal, to characterize the penumbra region.

The original image (Fig. 5a) is uploaded to Image J and there was
applied a smooth tool. A gradient edge detector plugin is used to gen-
erate vertical and horizontal derivatives and define a region between
minimum and maximum signals (range of gray level), Fig. 5b. After this
step, a tool is used to define a straight line to plot profile in the
crossplane and inplane direction, Fig. 5 (c), (d).

3. Results and discussion

There are different methodologies for measuring the penumbra
(Laub and Wong, 2003), and in this study the analysis used the ImageJ
software applying an Edge Operator for Edge Detection. Films are the
detectors of choice for measuring profiles, because results are obtained
in a better characterization of the beam penumbra (Azcona et al.,
2017). In this study, EBT3 films were used to measure the beam profiles
for ELEKTA SRS cone collimators. The beam profile parameter

(penumbra width) was calculated for each cone size in the x and y
profiles. Applying the first derivative using Find Edge Plugin on the film
exposed the image was obtained that corresponds to the penumbra
projection (Fig. 6).

To measure the penumbra width in millimeters, a calibration was
made to define the factor that corrects the distance in pixels to milli-
meters. The measurement of the penumbra width was make using the
graphics as shown at Fig. 7. The measurement was performed in the
same way in the y directions. The values of penumbra width for all
cones in x and y direction using 6MV FF and 6MV FFF beams, are
presented in Table 1.

In this study an edge detection algorithm was used based on a rig-
orous mathematical approach. For a better understanding of this un-
certainty, it is important to separate it into four parts: (a) the un-
certainty of X coordinate of a point; (b) the uncertainty of Y coordinate
of a point; (c) the uncertainty of determining the center of circular field;
and (d) the pixel length uncertainty. Therefore, the summary defines
the total uncertainty associated with the measurements of this work.
The uncertainties related to the detection of edges on the x-axes and y-
axes, determined by software, are estimated to be the largest possible
uncertainties that the program can introduce in determining a point at
the edge of the circular field (Costa, 2010). This value is estimated to be
the half of a pixel length, because if the edge of the aperture is not
exactly over the intersection of two pixels, but over the middle of a
pixel, the program will automatically detect the border as if it were over
one end of this pixel. This value is assigned a rectangular distribution
because the probability of the aperture edge being contained at a given
point inside a pixel is the same for all points within this pixel. For the
determination of the center of the circular field in the x and y axes, the
values of the edges in both axes are used, the center is determined
through the average of these values. Therefore, the center of the circle
is the average of a series of values. As a way of estimating a doubt for
the determination of the center of the circular field, the amplitude of all
possible center values used in the calculation of the mean value is de-
termined. This procedure is valid for both axes. The pixel length in the x
and y axes are values obtained from a previous calibration of the image.
However, in this study, considering the pixel length, 0.34mm, the
uncertainty associated with the measurements performed in the ImageJ
software corresponds to the half of the smallest unit of measurement

Fig. 3. Experimental arrangement for irradiation of radiochromic films with
conical beams.

Fig. 4. Signal profile orientations.

Fig. 5. Projection beam of irradiated film with
cone collimator of 10mm diameter in ImageJ
software. (a) Image of film scanned and (b)
Image post-processing using gradient edge de-
tection Puglin. The yellow lines represent the
straight lines to plot profiles in crossplane (c)
and inplane (d). (For interpretation of the re-
ferences to color in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 6. Image post-processing using Edge Detection Puglin. This image corre-
sponds to an irradiated film with cone collimator of 10mm diameter in ImageJ
software.
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used in this evaluation, ie± 0.17mm.
The mean values obtained for the 6MV FF beams were 1.8mm,

1.9 mm, 2.0mm, 2.0 mm for x1, x2, y1, y2, respectively. On the other
hand, the mean values of penumbra width for the 6MV FFF beams were
1.8 mm, 2.0mm, 2.0 mm, 2.0mm, in the same order. This difference of
x1 and x2 can be attributed to a subtle misalignment with respect to the
central axis of beam and the conical tertiary system. For the alignment
of the cone, other methodology was used, which corroborates that the
methodology proposed by this work can also be used as a tool to check
this parameter.

The effect of overlapping penumbra on the FWHM of the lateral
beam profile for small fields illustrates the apparent field widening
compared to the collimator settings (IAEA, 2017). In addition to the
longer forward electron range, higher energy beams have also a longer
lateral electron range that increases the penumbra width significantly.
Even for conventional broad fields, when tertiary collimation is used for
reduction of their penumbra, the effect of the detector's finite volume
can lead to inaccuracies in the determination of the penumbra width.
For these reasons, in this study the detector used was a EBT3 film. This
film (EBT3) has sufficient spatial resolution for small field dosimetry. It
was observed that penumbra width measured in x and y directions for
cones is less than linac equivalent square fields (Costa, 2010). Smaller
penumbra for cones in comparison with penumbra for equivalent
square field is partially due to cones closer to the phantom surface and

different geometry and scattering in cones in comparison with jaws
(Borzov et al., 2018). Therefore, in this study, the proposed metho-
dology was applied to 6MV: FF and FFF beams, and the results obtained
for the penumbra width presented a small difference. The biggest dif-
ference between 6MV FF and FFF was 0.5mm. Considering the pe-
numbra width found by Al Shukaili et al. (2017) and Yarahmadi et al.
(2013), this methodology underestimates the values of penumbra
width. In general, the penumbra width values were close to those ob-
tained during commissioning. Borzov et al. (2018) obtained a value of
2mm for the cone (10mm diameter) using the same Cone System.
However, a specific point for this analysis is the plane where data were
taken, because the distance from the source is smaller than that used in
literature. Therefore, it is considered important to apply this metho-
dology to other setups.

4. Conclusion

The values show that a quantitative analysis of the penumbra width
of small fields is possible using the mathematical toll Gradient-Based
Edge Detection. This tool can be used in some softwares as Find Edge
Plugin. The results obtained in this study corroborate the expected
values of penumbra for the Elekta Stereotactic Cone Collimation
System, as well as suggested, through other studies, a potential tool to
evaluate the alignment of this tertiary system. The methodology used
allows to affirm that the use of an edge detection operator as a tool for
the evaluation of penumbra width is possible. However, some of the
results suggest that the application of image evaluation features, such as
smoothing, can help in the evaluation of signal profiles for penumbra
calculation.
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