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The dosimetry is used to verify the dose magnitude with artificial samples (phantoms) before
giving the planned radiation therapy to the patient. Typically, dose distribution is measured
only in a single point or on a two-dimensional matrix plane. New techniques of radiation
therapy ensure more detailed planning of radiation dose distribution which will lead to the
need of measuring the radiation dose distribution three-dimensionally. The gel dosimetry is
used to indicate and determine the ionizing radiation three-dimensionally. The radiation
causes changes in chemical properties of the gel. The radiation dose distribution is defined by
measuring the chemical changes. A conventional method is the magnetic resonance imaging
and a new possibility is optical computed tomography (optical-CT). The optical-CT is much
cheaper and more practical than magnetic resonance imaging. In this project, an optical-CT
based method device was built by aiming at low material costs and a simple realization. The
constructed device applies the charge coupled device camera and fluorescent lamp technologies. The test results show that the opacity level of the radiated gel can be measured accurately
enough. The imaging accuracy is restricted by the optical distortion, e. g. vignetting, of the
lenses, the distortion of a fluorescent lamp as the light source and a noisy measuring environment.
Index terms: gel dosimetry, measuring opacity, optical-CT, tomography, verification of radiation
therapy

INTRODUCTION
Intensity modulated radiation therapy (IMRT) is
based on the use of an accurate three-dimensional distribution of the radiation dose. This leads to a need for
a higher quality control for the determination of the
dose distribution [1]. This is usually done by radiating
a gel phantom first and determining the chemical
changes which can be measured either by magnetic or
optical methods. The gel dosimetry has traditionally
been based on magnetic resonance imaging (MRI), but
optical computed tomography (optical-CT) has come
to be an alternative [2]. There is a clear need for a reliable, inexpensive and accurate measuring device for
determining the chemical changes of the gel. It would
remarkably widen the use of gel dosimetry.
The optical-CT utilizes the changes of the opacity of the gel due to the radiated dose. It is important
that the opacity changes are linear or at least deterministic for a mathematical calculation of the radiated
dose of the opacity change.
* Corresponding author; e-mail: esko.alasaarela@ee.ouli.fi

This study focuses on problems of applying an
optical-CT to determine the dose distribution. A special objective is to analyze the optical properties of a
MAGAT gel, which has in previous studies been found
to be a good method to determine the magnetic
changes [3-5].
The basic principle of the optical computed tomography is the same as with the X-ray computed tomography. The object is illuminated with a light
source from one side and the transposed energy is defined by a linear array of detectors on the opposite side
of the object. The object (or the transmitter receiver
mechanism) is rotated incrementally, little by little,
and the illumination is done from each angle of view.
The cross-sectional image opacity of the object can
then be reconstructed from the measured data of the
transposed light energy.
In this study, the reconstruction process is based
on an inverse radon transform [6], although iterative
algorithms could have given even better quality of tomography images. The radon transform is mathematically
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is filtered directly by convolution or transformed into
the frequency domain by a fast Fourier transform,
multiplied by the filter function and returned back by
an inverse Fourier transform. Second, the back projection is finalized by summing the dragged projections
up, maintaining their original angles. [10]
The refraction on material boundaries affects the
reliability of the results in optical measurements. The
refraction phenomenon complies with Snell's law
n1 sin j1 = n 2 sin j2

(3)

where sub-indices 1 and 2 refer to two different materials, n is the refraction coefficient and j is the angle
between the beam and the boundary surface [11]. The
refraction can be minimized by using perpendicular
surfaces and materials with similar refraction coefficients. Figure 2 presents the refraction of light beams
on the boundaries between gel, the gel container and
the surrounding matching material.

Figure 1. Co-ordinate system and variables of the
radon transform
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where d is the unit impulse function, x and y – the co-ordinates in the object space, x – the distance of the beam
from the origin, and f – the projection angle [7]. The x
and f are the so called sinogram co-ordinates. The radon transform utilises transposed projections. The
co-ordinate system and variables are defined in fig. 1.
A is the distribution in the object and the radon
transform gives the projections B. The point P is a single point of the projection with its value. Equation 1
gives the values of the projection B from two dimensional data of the object A.
The inverse radon transform defines the
cross-sectional tomography image points of the object
from the projection data. Mathematically it is
p

f BP ( x, y ) = ò p( x cos f + y sin f, f ) d f

(2)

0

where the integration from 0 to p is enough because
the integration from p to 2p gives the same information. Practically, the tomography image which is calculated directly by the inverse radon transform is inaccurate, due to the finite sampling rate of the
measurement array [8]. The finite number of sensors
and projection angles leads to a finite number of slice
data. The frequency domain cannot be filled completely, and far from the origin, the interpolate error
grows. This is called the 1/r inaccuracy [9]. In the tomography image, the error grows as a function of spatial frequency.
A filtered back projection method has been developed to minimize this error. A sinogram calculated
from the projections is filtered by a focusing high pass
filter before the back projection. The filter properties
have to be selected case-specifically. The filtered back
projection happens in two phases. First, the sinogram

Figure 2. Refraction of light on boundaries

CONSTRUCTED MEASUREMENT
TECHNIQUE

Two main techniques have been used in optical
tomography. One is based on a coherent laser beam
[12-15] and another on a CCD cell technique proposed
originally by Wolodzko [16-22]. The latter utilizes the
incoherent light and a CCD camera (fig. 3).
In this study, the CCD camera technique was applied. The light source was a fluorescent lamp with a
diffuser window. The gel was set on a turntable and
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Figure 3. Principle of an optical-CT based on
CCD camera

Figure 5. User interface of the constructed optical
tomography installation. A projection image of a gel
radiated with a square field can be seen in the display

and no temperature control was used. Also no study on
dependency between the light source wavelength and
the temperature was included because of the intention
to construct a cost effective set-up.

TEST RESULTS
Figure 4. The constructed installation: A – the water
tank, B – the basement of the water tank with the step
motor and turntable, C – the step motor driver, D – the
CCD camera with a stand, and E a mechanism for fixation of gels

immersed in an acrylic water tank. The turntable was
rotated by a hybrid step motor, which was driven by an
Applied Motion Products 3540i driver. The step motor
driver was controlled by a PC. The CCD camera was a
Philips LTC 0330/51 with a Maxtor Meteor II frame
grabber and software. Two different objectives were
tested: the Philips LTC 3361/20 2.8-6 mm 1:1.2 and
the Canon TV-Zoom lens J6x11 11-70 mm 1:1.4. The
water was used as a matching medium to minimize the
refraction problems (fig. 4).
A user interface of the developed software can
be seen in fig. 5. It controls both the projection angle
setting and the image capturing. The projection images are stored as 8 bit TIFF files.
Another software was developed for the back
projection process. A filtered algorithm was adopted
with two alternative filter functions: the Shepp-Logan
or Ram-Lak filters [23, 24].
The direct expenses of the optical-CT device
were far below 3000 €, which was much less than using the MRI. Also, the functional expenses are lower,
with a faster performance. All measurements were
done in a room temperature of 22 degrees centigrade

There are several issues which have an affect
upon the image accuracy. For example, the smoothness of the illuminating light affects the quality of the
projection images and particularly disturbs the evaluation of the absolute level of radiation doses. In addition, the quality of the projection images is weakened
by vignetting the lens and surrounding light and other
imaging conditions.
In addition to the abovementioned projection
image quality issues, tomography images are affected
by the lens errors particularly with short focus lenses.
The distortions of tomography images were
studied with pins (fig. 6). The pins were fixed on the
gel basement in line so that the central pin hits on the
rotation axis. The diameter of the pins is 0.6 mm and
the spacing distances are 5 mm and 10 mm.
The pins were imaged using both Philips and
Canon lenses. Figure 7 is a sinogram from the projection images taken with the Canon lens.
The tomography images were reconstructed
from 200 and 400 projections using the Ram-Lak filter. The image quality of only 100 projections was not
good enough for test purposes. The resulting tomography images show that the quality of the pin images
weakens far from the rotating axis (see fig. 8). With the
Canon lens, the pins are sharp up to 4 cm out from the
rotating axis.
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Figure 6. Test object built from pins on the gel basement

Figure 9. Tomography slice image of the test pins
processed from the data taken with the Philips lens

Figure 7. Sinogram which is calculated from the
projection images taken with the Canon lens

Figure 10. Tomography image of the pins when the camera is not pointed exactly on the rotating axis

Figure 8. Tomography slice image of the test pins
processed from the data taken with the Canon lens

The spreading of the pins can be seen more
clearly with the short focus Philips lens (fig. 9). Only
five central pin images are accurate.
In both cases (figs. 8 and 9), the accuracy of the
pin images decreases when going far from the rotating
axis. This experiment shows that the lens has remarkable effect on the image quality, particularly, far from
the rotating axis.

When imaging pins, it is also possible to see that
the image accuracy weakens when the camera is not
pointed exactly on the rotating axis (fig. 10). The pins
can be seen as the half circle images whose radius is
equal to the error of the camera positioning. This error
weakens image quality all across the imaging space.
A systematic inaccuracy of the imaging angle
also creates an image distortion similar to the lens errors (fig. 11).
The optical density differences can be recognized in the gel if the local opacity gradient is large
enough. For testing purposes, two square fields were
radiated into the gel within each other so that the
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Figure 11. The tomography images of the pins, when the
systematic error of the imaging angle is (from left) 0%,
1%, 5 %, and 10%

Figure 12. From left: Projection image of the gel with a
slice plane marker, a tomography image on the slice
plane and histogram smoothed tomography image

dose level of the inner field was 1.5 Gy and the outer
0.75 Gy. Figure 12 shows the results of the test. From
the left, the first image shows a projection image with a
slice plane marked with a black horizontal line. The
next image shows the tomography image and the last
one, the same image with a histogram process to emphasize the square fields. Notice that the square fields
are at a 45 degree angle to each other. They can be distinguished, but the edges can not be seen clearly.
A dose response in gel dosimetry describes dependency between the radiation strength and the measured grayscale. Especially, when studying the absolute level of the radiation dose, the dependency must
be linear, or at least mathematically deterministic. A
linear dependency has been found, for example, in
FSX gels (Ferrous Sulphate and Xylenol) [17],
normoxic N-Vinylpyrrolidone based polymer gels
(VIPET) [25]. Also an N-isopropyl acrylamide
(NIPAM) polymer gel can be considered as a linear dependent [26].
In this study, the dose response of the MAGAT
gel (Methacrylic Acid, Gelatine and Tetrakis
phosphonium chloride) was studied by means of calibrating series of samples (fig. 13).
The gel samples (in fig. 13 from left to right)
were radiated by the doses of 0, 15, 30, 80, 130, 150,
180, 200, 230, and 280 MU (monitor unit), where
1 Gy = 97.8 MU in the used radiation therapy unit. The
median gray scale value was measured from the defined region of interest (ROI) of the tomography images of the samples. The defined ROI is equal in each
sample and situated 15 mm from the bottom of the
sample bottle by assuming that it is the place where the
dose is at maximum. The tomography images of the
slices can be seen in fig. 14 where an irradiated sample

217

Figure 13. Calibrating series made of MAGAT gel
imaged after radiation. The opacity change due to
growing radiation dose can easily be seen by eyes

Figure 14. Tomography images of the ROI slices of
MAGAT gel samples seen in fig. 13. The measured opacity values are used to evaluate the accuracy and linearity
of the developed experimental installation

Figure 15. Experimental graph of the dose response of
the MAGAT gel

is on the upper left, and a sample of 280 MU dose is on
the lower right.
Two series of gel samples were prepared for
studying dose responses, and they were measured on
different days (13th and 17th of March). The results
have been collected into fig. 15, where it can be seen
that the measurements have managed to be repeated
rather well. The slight difference might be explained
by a continuing of the polymerization process between
the imaging days. The unanticipated rise of the gray
values of dose response at 2.04 Gy cannot be explained.
An important finding is that the MAGAT gel
does not function linearly. The linearity, however, is
not required if the dose response is systematic and can
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Figure 16. Matching of the dose response to the
measured values of gray level

be matched [27]. A good approximation can be found
by applying the exponential matching (fig. 16). The
matching can still be improved by using the inverse
values of gray level and polynomic matching, which
leads to a correlation of R2 = 0.9885 and thus to the acceptable accuracy for clinical use. Later, after acquiring enough experimental data, it is possible to develop
automatic software for calibration.

DISCUSSION AND CONCLUSION

The developed optical tomography installation
can be used to detect the opacity differences
three-dimensionally. The imaging accuracy is close to
the rotating axis less than 0.6 mm which is good
enough for most radiation therapy applications. However, more studies and development work is needed to
get the gel dosimetry, based on CCD camera technology, workable, accurate and reliable enough to replace
the expensive and slow MRI based gel dosimetry.
The problems of using the optical computed tomography (optical-CT) based on the CCD camera
have been studied and tried to be solved in many ways.
For example, to get a better imaging accuracy, the
so-called plano-convex lenses have been applied to
solve the optical problems of the lens [17]. Also, a differential imaging used to differentiate the gel from its
background in the projection images can be used to
solve the problems of the refraction and the smoothness of the illuminating light source [22]. The problem
of vignetting can be solved by using higher quality but
more expensive lenses. Anyway, in this study, an accuracy better than 0.6 mm was achieved, close to the rotation axis.
In addition to the imaging accuracy, the repeatability of the measurement is important to consider for
making it possible to also define the absolute doses
from the gel samples. The MAGAT gel, which has
been found successful with the MRI, has no linear
dose response in optical-CT based dosimetry. The
dose response of the FSX gel seems to be remarkably
smoother. However, the FSX gel is much less sensitive
than the MAGAT gel, and is therefore suitable when a
wider dose scale is needed. In fact, a new gel with optimal optical parameters would be needed.

In conclusion, this study shows that the optical-CT is a promising gel dosimetry method for determining the dose distribution in radiation therapy. The
studies should be continued to develop a reliable and
accurate measuring method for quality control of this
three-dimensional radiation therapy. This would lead
to a more accurate and better managed radiation therapy in an easy, rapid and inexpensive form.
Defining dependency between the light source
wavelength and the temperature emerges issues for
further research. Also the iterative algorithms instead
of the inverse radon transverse should be considered to
improve the quality of tomography images.
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Mati KAUPINEN, Esko ALASARELA, Antero KOIVULA, Sini ROUHIAINEN
PRIMENA OPTI^KE TOMOGRAFIJE ZA MEREWE
RASPODELE DOZE U TERAPIJI ZRA^EWEM
Dozimetrija se koristi za potvrdu ja~ine doze u ve{ta~kim uzorcima (fantomima) pre
davawa planirane terapije pacijentima. Uobi~ajeno, raspodela doze meri su u jednoj ta~ki ili u
vi{e ta~aka jedne ravni. Nove tehnike u terapiji zra~ewem obezbe|uju detaqnije planirawe
raspodele doze te postoji potreba za merewem raspodele doza u tri dimenzije. U tu svrhu koriste se
gel dozimetri. Zra~ewe izaziva promene u hemijskom svojstvu gela i merewem tih hemijskih
promena odre|uje se raspodela doze zra~ewa. Konvencionalna metoda je upotreba magnetne
rezonance MRI, a kao nova mogu}nost javqa se opti~ka kompjuterizovana tomografija, opti~ka-CT.
Opti~ka-CT je mnogo prakti~nija i jeftinija u odnosu na MRI. U ovom radu prikazan je ure|aj
napravqen prema metodi opti~ke-CT zasnovan na upotrebi jeftinog materijala i jednostavne
realizacije. Ure|aj koristi CCD kamere i fluorescentne lampe. Rezultati testova pokazuju da se
nivo neprozirnosti ozra~enog gela mo`e izmeriti sa dovoqnom ta~no{}u. Ta~nost je ograni~ena
opti~kom distorzijom so~iva, distorzijom fluorescentne lampe kao izvora svetlosti i {umom
okoline tokom merewa.
Kqu~ne re~i: gel dozimetar, merewe neprozirnosti, opti~ka-CT, tomografija, terapija
..........................zra~ewem

