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Abstract
Purpose: In the treatment planning of uniform scanning proton therapy, an aperture block is designed for each beam with a
margin, which typically includes the lateral penumbra measured in water (homogenous) medium. However, during real proton
therapy treatment, protons may pass through tissues of different densities within the patient's body before they are stopped.
The main aim of this study was to investigate the dependency of lateral penumbra on low- and high-density heterogeneities
placed in the plateau and spread-out Bragg peak (SOBP) regions. Method: The measurements were performed by placing radio-
graphic films at the isocenter (center of SOBP), and each proton beam was delivered with 150 monitor units using standard
beam conditions of the institution. Results and Conclusion: The preliminary results from this study showed that the lateral pe-
numbra of uniform scanning proton beams was less sensitive to the inhomogeneities introduced in the protons beam path. The
low-density heterogeneity in the plateau region had more impact on the lateral penumbra when compared to the low-density
in the SOBP region. In contrast, the placement of high-density heterogeneity (whether in the plateau or SOBP region) pro-
duced a very minimal difference. The overall difference in lateral penumbra among different phantoms was within ±1 mm.
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Introduction
In uniform scanning proton therapy planning, an aperture
block is designed for each beam with a margin, which typi-
cally includes the width of the lateral penumbra. A sharp
lateral penumbra is particularly important for the treatment
sites that have organs at risk (OARs) abutting the target
volume. Several groups1-5 have performed the measurements
and Monte Carlo simulation investigating the dependency of
lateral penumbra of proton beams on different beam condi-
tions and geometrical configurations, and it was found that
lateral penumbra increases with an increase in range (or
energy), depth, and air gap between the aperture/range
compensator and phantom.

The commissioning of treatment planning system (TPS) typ-
ically includes the measured data that are obtained in a ho-
mogenous medium. However, during real proton therapy
treatment, protons may pass through tissues of different den-
sities within the patient's body before they are stopped. The
presence of heterogeneity along the protons beam path can
change the energy spectrum of proton fluence, and this may
change the width of lateral penumbra at a given depth as
well as cause the degradation of the Bragg peak region.
While previous studies have investigated the lateral penum-
bra of protons in a homogenous medium, the impact of high-
and low-density heterogeneities on lateral penumbra for
uniform scanning proton beams is yet to be investigated. The
principal aim of this study was to perform the experimental
measurements to investigate the dependency of lateral pe-
numbra on inhomogeneities placed at different locations
upstream from the measurement depth.

Methods and Materials

The measurements in this study were performed for uniform
scanning proton beams on an IBA Cyclotron (IBA, Lou-
vain-la-Neuve, Belgium). A detailed description on the uni-
form scanning proton therapy system has been provided
elsewhere.6, 7 In order to study the impact of heterogeneities
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on lateral penumbra, we manufactured one homogenous
phantom and four inhomogeneous phantoms (Figure 1) uti-
lizing solid-water plates (CIRS, Norfolk, VA), air, and
poly-vinyl chloride (PVC) tile.

FIG. 1: Schematic diagram of homogenous Phantom A and inhomo-
geneous Phantoms B, C, D, and E. In each phantom, the measure-
ment was always taken at 11 cm depth from the top surface of the
phantom. Each phantom had a rectangular area of 30 × 30 cm2.

Heterogeneities in the plateau region

An inhomogeneous Phantom B was manufactured by intro-
ducing a 2 cm thick PVC tile at the depth 2 cm downstream
from the top phantom surface as shown in the Figure 1. An
inhomogeneous Phantom C was manufactured by replacing
the PVC tile in Phantom B with an air gap thickness of 2 cm.

FIG. 2: An experimental setup showing (a) Phantom A (homogenous
medium), (b) Phantom B (inhomogeneous medium with 2 cm thick
PVC tile in the plateau region), and (c) Phantom C (inhomogeneous
medium with 2 cm air gap thickness in the plateau region)

Heterogeneities in the spread-out Bragg peak (SOBP)
region

As shown in the Figure 1, an inhomogeneous Phantom D
consisted of a 2 cm thick PVC tile at the depth 7 cm down-
stream from the top surface of the phantom. An inhomoge-
neous Phantom E was created by replacing the PVC tile in
Phantom D with an air gap thickness of 2 cm.

Lateral penumbra measurements and analysis

First, the measurements in each phantom were performed by
placing radiographic films (Kodak, Rochester, NY; type
EDR-2) at the isocenter, and each proton beam was delivered
with 150 monitor units (MU). The measurements were taken
for beam conditions listed in Table 1.

TABLE 1: Beam conditions and geometrical configurations for lateral
penumbra.

Beam conditions Values
Range 16 cm
Modulation 10 cm
Air gap 7 cm
Depth = center of SOBP = isocenter 11 cm
Range compensator thickness 0
Aperture diameter (circular) 10 cm
Snout 10

Abbreviations: SOBP = Spread-out Bragg Peak; Snout10 = maximum
field size of 10 cm circular diameter at the isocenter plane.

(Note: The measurement depth was always at the center of SOBP,
which coincided with the isocenter. The proton beam was calibrated to
deliver 1cGy absorbed proton dose to water per MU at the center of
SOBP under reference conditions (range =16 cm, modulation = 10 cm,
aperture = 10 cm, and air gap = 7 cm).

Second, the Medical Film Processor (Konica Minolta Medical
& Graphic, Inc., Tokyo, Japan; model SRX-101A) was used to
develop the irradiated EDR-2 films. Third, the Vidar Scanner
(Vidar Systems Corporation, Herndon, VA; model
DosimetryPro Advantage) was used to scan the processed
EDR-2 films. The OmniPro-I'mRT software, version 1.6.009
(IBA Dosimetry, Schwarzenbruck, Germany) was then used
for film analysis in order to obtain the measured lateral pe-
numbra (80%-20% distance).
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Results and Discussion

Table 2 shows the measured lateral penumbra of uniform
scanning proton beams in Phantoms A, B, C, D, and E. The
results indicate that the lateral penumbra of X-magnet is
always greater by 0.5 to 0.9 mm than that of Y-magnet. This
was mainly due to the positioning of two scanning magnets
in beam line with respect to the virtual source. Specifically,
the X-magnet has a virtual source to isocenter distance
(SAD) of 220 cm, whereas the Y-magnet has a SAD of 183
cm. Since the geometric penumbra becomes larger with an
increase in SAD, the X-magnet with a larger SAD will have a
wider geometric penumbra resulting increase in overall lat-
eral penumbra when compared to the lateral penumbra of
the Y-magnet with a smaller SAD.

Table 2: Measured lateral penumbra of uniform scanning proton
beams in homogenous and inhomogeneous phantoms. (Range =16
cm, Modulation = 10 cm, Aperture = 10 cm Circular Diameter, Meas-
urement Depth = Center of SOBP = Isocenter)

Phantoms

A
(mm)

B
(mm)

C
(mm)

D
(mm)

E
(mm)

X-magnet 4.2 4.5 3.8 4.5 4.1

Y-magnet 3.6 4.0 2.9 3.7 3.5

Average 3.9 4.2 3.3 4.1 3.8

Abbreviations: X-magnet = horizontal scanning magnet, Y-magnet =
vertical scanning magnet.

(Note: Phantom A has a homogenous (solid-water) medium, Phantom
B has a PVC tile in the plateau region, Phantom C has an air gap in the
plateau region, Phantom D has a PVC tile in the SOBP region, and
Phantoms E has an air gap in the SOBP region)

FIG. 3: Comparison of average lateral penumbra results in inhomo-
geneous phantoms with respect to average lateral penumbra in ref-
erence (homogenous) phantom A.
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where, Dx = difference in lateral penumbra of X-magnet between
inhomogeneous phantoms (B, C, D, and E) and reference phantom
A, and Dy = difference in lateral penumbra of Y-magnet between
inhomogeneous phantoms (B, C, D, and E) and reference Phantom
A.

Heterogeneities in the plateau region

The lateral penumbra in Phantom B was greater than that of
Phantom A by an average difference of 0.3 mm. In contrast,
the results in Phantom C are smaller by an average differ-
ence of 0.6 mm when compared to the ones in Phantom A.
(Figure 3)

Heterogeneities in the SOBP region

In comparison to the Phantom A, the lateral penumbra in
Phantom D was greater (average difference 0.2 mm), where-
as the lateral penumbra in Phantom E was slightly smaller
(average difference 0.1 mm). (Figure 3)

The results from this study demonstrated that, at a fixed
depth, the high-density heterogeneity can increase the lat-
eral penumbra, whereas the low-density heterogeneity will
typically decrease the lateral penumbra. This is mainly due
to change in range (or energy) of proton beam as range is
dependent on the inhomogeneities introduced in the protons
beam path. Additionally, the low-density heterogeneity in
the plateau region (Phantom C) had more impact on the
lateral penumbra when compared to the low-density in the
SOBP region (Phantom E). (Figure 3) In contrast, the place-
ment of high-density heterogeneity (whether in the plateau
or SOBP region) produced a very minimal difference.

In this study, we investigated the impact of heterogeneities
that have rectangular shape, and each inhomogeneous
phantom contained either an air gap or a PVC tile. However,
in the real clinical situations, proton beams may pass
through multiple non-rectangular heterogeneities with var-
ious thicknesses before reaching the target. Although the
average difference in lateral penumbra due to
inhomogeneities is within ±1 mm, the difference may in-
crease for inhomogeneities with thickness more than 2 cm.

Additionally, if the treatment setup has a proton beam pass-
ing through the immobilization devices, one should make an
effort in reducing the air gap between such devices and the
patient body surface. Since the beam aperture margins are
typically selected based on the lateral penumbra of a proton
beam for a specific range, it is imperative to investigate the
accuracy of treatment planning system in predicting the
range of proton beam in the presence of inhomogeneities.
An inaccurate prediction of proton range by the treatment
planning system will lead to wrong selection of the lateral
penumbra, and the aperture margins based on the inaccurate
lateral penumbra may lead to over-dose to the normal tissues
or under-dose to the target volume during the real clinical
treatment.
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Conclusion

The preliminary results from this study showed that the
lateral penumbra of uniform scanning proton beams was less
sensitive to the inhomogeneities introduced in the protons
beam path. In general, the high-density heterogeneity tend
to increase the lateral penumbra, whereas the low-density
heterogeneity slightly decreased the lateral penumbra when
compared to the results in the homogenous medium. The
overall difference in lateral penumbra among different
phantoms in this study was within ±1 mm.
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