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Abstract

The point spread functions (PSFs), which show the spread of signal in water slabs and metal
plates (Al, Cu and W), were calculated with the Monte Carlo method. The parameters were
the energy of monoenergetic incident photons (1 ~ 20 MeV), the slab thicknesses (10-30 cm
for water slabs and 0.5-5 mm for metal plates), and the air gaps in case of water slabs (0-100
cm). The scatter-to-primary ratios of water slabs and the conversion factors of metal plates are
calculated using the calculated results.

1 Introduction

Accurate dose delivery to tumor volume with sparing the surrounding healthy tissues is essential
for radiation therapy. The portal image is the image which is made using the x-ray beam that exits
from a patient during radiotherapy. The relation between the irradiated volume and the anatomical
structure (i.e. bone or air in the body) of a patient is shown to identify patient positioning errors in
the "double exposure’ portal image. The image is obtained superimposing the image with a shaped
collimator on that with a collimator wide open. Since the energy of x-rays used in radiotherapy
is relatively high compared to that used in diagnostic radiology, the portal image suffers from low
contrast and may lack details of the anatomic structure to determine if the prescribed volume is
irradiated. !

The principle of the portal imaging is in Figure 1. X-rays from a source irradiate an object and
an x-ray image with transmitted x-rays is formed below the object. The x-ray image is converted
to an electron image in metal plates mainly by the Compton scattering. The metal plate also
rejects secondary x-rays, electrons and positrons from the object by absorption. A phosphor screen
is often used to convert the electron image to an optical photon image. The electron or optical
photon image are detected by a sensor. The sensors used in the portal imaging are the film systems
and the electronic portal imaging devices (EPIDs). The EPIDs include the devices such as liquid
matrix ionization chambers, video-camera systems and flat-panel imaging systems.[1]-[4]

The portal image with MeV x-rays reflects the variation of density in the body because the
Compton scattering is dominant in this energy range [Fig. 2(a)].  The differences in the attenua-
tion coefficients of various tissues in the body are small in the MeV energy range [Fig. 2(b)]. As a
result, the image contrast in the portal image is small.

In transmission radiography, the x-rays reaching the detector consist of primary (unscattered)
and scattered components. While the primary components contribute to the signal in the resultant
image, the scatter components may reduce image contrast and introduce noise. The differences
in the transmission of primary x-rays in different tissues are the source of image contrast. As the

'While MeV x-rays (~ 20 MeV) are used in portal imaging, keV x-rays (~ 150 keV) are utilized in diagnostic
radiology.

2The probability of the Compton scattering is nearly dependent on the density of materials. The diagnostic x-ray
image reflects not only the variation of density but that of the atomic number. See Figure 2(b) for reference.
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Figure 1: The principle of the portal imaging. The x-ray image by transmitted x-rays is converted
to an electron image in metal plates. The electron image (or an optical photon image which is
generated with a phosphor screen) is detected by a sensor.
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Figure 2: (a) The dependence of the mass attenuation coefficients of each interaction in water on
x-ray energy. Note that the Compton scattering predominates in the MeV energy range. (b) The
dependence of the mass attenuation coefficients of various tissues in the body on x-ray energy. It
should be noted that the coefficients are dependent only on density in the MeV energy range.
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Figure 3: Model in the calculation of the point spread functions. The parameters in the calculation
were (i) photon energy [1 ~ 20 MeV], (ii) slab thicknesses [10 ~ 30 cm for water slabs and 0.5 ~
5 mm for metal plates], (iii) the air gaps in case of water slabs [0 ~ 100 cm], and (iv) the kinds of

metal plates [Al, Cu and W].

differences are small in the megavoltage energy range, the portal image is very susceptible to noise
and the quality of the portal image is poorer than that of the diagnostic x-ray image.

The signal in the portal image is based on the primary transmitted x-rays: the difference in the
intensity of them forms the subject contrast. The signal is spread by secondary particles during
the transmission in the object and the conversion of x-rays to electrons in metal plates (and that of
electrons to optical photons in a phosphor screen). These phenomena affect the signal transfer and
result in the blurring of image. The signal spread attributed to the x-ray source and the detector
response also contributes to the blurring.[4]-[6]

The point spread functions of water slabs and metal plates were calculated with the Monte
Carlo method. Water slabs and metal plates are chosen because they are indispensable for the
portal imaging. The spread of photons, electrons and positrons emitted from the bottom of water
slabs and metal plates was estimated. The effects of x-ray energy, water or metal thickness, and
the kind of metals on the signal spread are shown. The scatter-to-primary ratios (SPRs) of water
slabs and the conversion factors of various metal plates are also calculated.

2 Materials and Methods

The point spread functions (PSEs) of water slabs and metal plates were calculated with the Monte
Carlo method. The model in the calculation is in Fig. 3. A pencil beam of monoenergetic photons
was incident on the cylindrical slab of water or metal. The energy of incident photons was from 1 to
20 MeV. The metal plates of aluminum, copper and tungsten were incorporated in the calculation.
The diameter of the cylinder was 30 cm ¢. The thickness of water slabs and metal plates was 10,
20 and 30 cm and 0.5, 1, 3 and 5 mm, respectively. The energy fluence of particles (i.e. photons,
electrons and positrons) emitted from the bottom of the water slabs or metal plates was registered
at the scoring plane as a function of the distance from the center r. The PSFs were normalized
to the area of each scoring region, and to the energy fluence of incident photons. In case of water
slabs, the air gap (0, 50 and 100 cm) was set below the slabs to estimate the effect on the scatter
rejection.

The scatter-to-primary ratios (SPRs), which are the ratios of the scatter components to the
primary components in transmitted beams, of water slabs are calculated: the smaller the SPR is,



the less the fraction of scatter is in the x-ray image. The conversion factors, which are the ratios
of the energy fluence of electrons or positrons to that of incident photons, of metal plates are also
calculated.

The EGS4 code was used in the calculation. The PRESTA option was utilized in the calculation.
The photoelectric effect, the coherent scattering, the Compton scattering with free electrons, the
pair production were included. The production of the bremsstrahlung photons was taken into
account. Both of the cutoff energy of photons and electrons were 10 keV (i.e. PCUT = 0.01; and
ECUT = 0.561;) in the calculation.

3 Results and Discussion

The examples of calculated results are shown in Figure 4 to 8. As the signals are transfered mainly
by photons in water slabs and by electrons and positrons in metal plates, only the results for them
are shown in this section.

3.1 Point spread function and scatter-to-primary ratio of water slabs

Figure 4 shows the point spread functions (PSFs) of 20 cm water with various air gaps. The relative
energy fluence at 0 cm is mainly attributed to the primary photons: the rest is due to the scatter
components. The scatter components are reduced substantially by the air gaps. The effect of
incident photon energy on the PSFs is apparent in the air gap of 0 cm. The effect is supposed to be
mainly due to the dependence of the scattering angle on photon energy in the Compton scattering.
The dependence is far less in the larger air gaps. The same tendency is observed with water slabs
of 10 cm and 30 cm.

The scatter-to-primary ratios (SPRs) of a 20 cm water slab are shown in Figure 5. The SPRs are
dependent on photon energy: the fraction of scatter in transmitted beams is smaller with incident
photons of higher-energy. The SPRs are also smaller with the larger air gaps. The SPRs also
depend on water thickness: they are larger with thicker water slabs.

3.2 Point spread function and conversion factor of metal plates

The PSFs of electron and positron in copper plates are shown in Figure 6. The spread of electrons
and positrons is dependent on photon energy. The spread is larger with thicker metals. Though
the same tendency was observed with Al and W plates, the dependence of the spread on photon
energy is small in tungsten plates (Fig. 7).

The conversion factors of electrons and positrons of metal plates are shown in Figure 8. The
conversion factors depend on photon energy. The factors are also dependent on metal thickness
especially in aluminum. In tungsten, however, the dependence is minimal because the generation
of electron and positron is almost saturated in a tungsten plate of 0.5 mm thickness.

3.3 Advantage of Monte Carlo calculation over experimental study

The advantage of the Monte Carlo (MC) calculation over the experimental study in image analysis
is that the effects of various parameters on image quality are estimated separately. Therefore, the
limiting factor of image quality can be found and the optimization of the imaging system is possible
with the results of the MC calculation.

4 Conclusions

The point spread functions of water slabs (10-30 cm thickness) and metal plates (Al, Cu and W,
0.5-5 mm thickness) were calculated with the EGS4 code. The photon spread in water slabs and
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Figure 4: The point spread functions of the water slab of 20 ¢m thickness with the different air
gaps. The parameters were photon energy.
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Figure 5: The scatter-to-primary ratios of water slabs with different air gaps. Those of water slabs
of different thicknesses were also shown.

the electron or positron spread in metal plates are shown in this paper. The scatter-to-primary
ratios (SPRs) of water and the conversion factors of metal plates are also shown. The Monte Carlo
calculation is useful because the effects of each parameter on the portal imaging can be assessed
separately. The results contribute to the optimization of the portal imaging system.
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Figure 6: The point spread functions of copper plates of electrons [(a) ~ (c)] and positrons [(d) ~
(f)]. The parameters were incident photon energy.
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Figure 7: The point spread functions of electrons of various metal plates. The parameters were
incident photon energy.
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Figure 8: The conversion factors of electrons [(a) ~ (¢)] and positrons [(d) ~ (f)] in aluminum,
copper and tungsten plates of different thicknesses.

plates. Note that the horizontal broken line in each figure indicates 1%.

The parameters were thicknesses of metal



