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ARTICLE INFO ABSTRACT

Keywords Microbeam radiation therapy (MRT), a so far preclinical method in radiation oncology, modulates treatment
Microbeams doses on a micrometre scale. MRT uses treatment fields with a few ten micrometre wide high dose regions (peaks)
Lung separated by a few hundred micrometre wide low dose regions (valleys) and was shown to spare tissue much
Dosimetry more effectively than conventional radiation therapy at similar tumour control rates. While preclinical research
Monte Carlo focused primarily on tumours of the central nervous system, recently also lung tumours have been suggested as a
potential target for MRT.This study investigates the effect of the lung microstructure, comprising air cavities of a
few hundred micrometre diameter, on the microbeam dose distribution in lung. In Monte Carlo simulations dif-
ferent models of heterogeneous lung tissue are compared with pure water and homogeneous air-water mixtures.
Experimentally, microbeam dose distributions in porous foam material with cavity sizes similar to the size of lung
alveoli were measured with film dosimetry at the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France.Simulations and experiments show that the microstructure of the lung has a huge impact on the local
doses in the microbeam fields. Locally, material inhomogeneities may change the dose by a factor of 1.7, and
also average peak and valley doses substantially differ from those in homogeneous material.Our results implicate
that accurate dose prediction for MRT in lung requires adequate models of the lung microstructure. Even if only
average peak and valley doses are of interest, the assumption of a simple homogeneous air-water mixture is not
sufficient. Since anatomic information on a micrometre scale are unavailable for clinical treatment planning, al-

ternative methods and models have to be developed.

1. Introduction

Worldwide, lung cancer is the leading cause of cancer related death
in men and second in women and made up for around 12% of new
cancer cases in the year 2018 [1]. The 5 year survival ranges between
10 and 20%. Radiation Therapy is a key component of interdiscipli-
nary treatment. However, treatment with radiation therapy is often lim-
ited, especially in patients with large volume tumors or reduced pul-
monary function, as normal lung tissue is extremely radiation sensitive
in terms of dose and volume. Key toxicities include pulmonary fibro-
sis and edema, which can lead to severe and life-threatening conditions.
Therefore, treatment success with conventional radiation therapy is of-
ten poor due to this risk of severe radiation induced side effects such as
pneumonitis and fibrosis [2] limiting the radiation dose to the tumour.
To optimize the therapeutic window between local control optimization
and reduction of side effects, alternative treatment strategies enabling
better tumour control at a lower risk of severe side effects are urgently
required.

A fundamentally different, but hitherto preclinical treatment strat-
egy in radiation oncology is microbeam radiation therapy (MRT) [3]
which is being developed at large third generation synchrotrons. MRT
uses multiple parallel and planar, between 25 and 100 pm wide beams
with a spacing of a few hundred micrometers. Microbeam peak
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doses reach unconventionally high values of several hundred Gy, while
the dose in the valleys between the beams remains below the tissue tol-
erance level. A significant body of preclinical data demonstrates that
such a spatial fractionation [4] of radiotherapy doses drastically reduces
the normal tissue toxicity [5-8], without compromising tumour control
rate when compared to conventional radiation therapy [5,9-11].

Technical prerequisites for MRT are low photon energies of around
100keV to achieve sharp beam penumbras and a high dose rate of sev-
eral 100 Gy/s to limit the effect of organ motion during the exposure. In
the past preclinical research in MRT focused on brain tumours [12]. The
technical rationales of the brain as target organ are comparably shallow
treatment depths and little organ motion. However, due to the extraor-
dinary tolerance of normal tissue to microbeams, MRT is a promising
technique also for other tumour types and was suggested for the treat-
ment of lung tumours [13].

Dose calculation and dosimetry in MRT is challenging due to the re-
quired high resolution and wide range of treatment relevant doses. So
far, dose calculations were mostly based on Monte Carlo simulations,
and carried out using various Monte Carlo codes such as EGS4 [14],
EGS5 [15], PENELOPE [16] and Geant4 [17]. Many calculations as-
sume homogeneous tissue and only a few take tissue inhomogeneities
into account [16,18]. However, due to the low photon energies, ma-
terial interfaces have a substantial impact on microbeam dose distribu-
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tions. In the lung millions of submillimetre sized air cavities lead to a
high density of water-tissue interfaces. Since the size of the alveoli of
typically 50 to 250 pm have the same order of magnitude as microbeam
width and spacing, it is expected that such micro-scale structures ef-
fect the microbeam dose distribution. Previous MRT dose calculations in
lung have usually ignored the lung microstructure [19,20].

In this study we investigate the influence of the lung microstructure
on MRT dose distributions. In a simplified model of the lung we investi-
gate the dose absorption by means of Monte Carlo simulations. We val-
idate these findings qualitatively with radiochromic film dosimetry in
porous gels.

2. Methods

To simulate the dose distribution inside of lung tissue six differ-
ent lung models (Table 1) were investigated. Model 1 consists of ho-
mogeneous material without any substructure and the chemical com-
position of water. It has a mean mass density of 0.26 g/cm®. Model
2 & 3 consist of a water filled volume with small spherical air cavi-
ties (r = 100 pm) arranged in a face centered cubic packing (fcc). The
average mass density of model 2 & 3 are identical to that of model
1. For model 3 the fcc arrangement was rotated 17° around all three
axes to minimize lattice effects on the dose distribution, such that the
three lattice vectors pointed towards e)’( = (0.9978 0.0472 —0.0472), 6‘;

= (—0.0472 0.9978 0.0472) and e; = (0.0472 —0.0472 0.9978). Model
4 consists of homogeneous material and the composition of water with
a density of 0.54 g/cm®3. Model 5 & 6 are set up from a water filled
volume with spherical air cavities (r = 100 pm) which were arranged
in a simple cubic packing, leading to the same mass density

Table 1
The table displays the six different lung models used in the Monte Carlo simulations.

Density [g/
Model  cm 3] Substructure
1 0.26 none
0.26 face centred cubic arrangement of air spheres
3 0.26 face centred cubic arrangement of air spheres, rotated
by 17°
4 0.54 none
5 0.54 simple cubic arrangement of air spheres
6 0.54 simple cubic arrangement of air spheres, rotated by 17°
I Lung model
] Homogeneous tissue
I water

2.5
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as in model 4. Similar to model 3, model 6 is rotated by 17° around all
three axes.

The structures of models 1 to 6 were generated in a cubic volume of
5mm X 5mm X 5 mm size, where energy absorption was scored. This
volume was embedded into a 15 mm X 15 mm X 15 mm cube of a ho-
mogeneous water—air mix with 0.26 g/cm3 and 0.54 g/cm? density, re-
spectively. Homogeneous water surrounded this artificial lung, such that
the total phantom size was 25 mm X 25 mm X 25 mm (see Fig. 1a).
For reference purposes a simulation in which all elements of the phan-
tom consisted of water was performed as well.

The photon source was modeled as a 20 X 20mm radiation field
of microbeams with a center-to-center distance of 400 pm and a peak
width of 50 pm located 10 mm from the phantom surface. Beams were
assumed to be perfectly parallel with equal beam intensity, any colli-
mator scattering effects were neglected. The spectrum of the biomedical
beamline at the European Synchrotron Radiation Facility (ESRF) with a
mean photon energy of 100 keV [21] was assumed for all simulations,
since the ESRF may be the facility where first clinical trials in MRT are
carried out. For the models 2, 3, 5 and 6 energy absorption was scored
within water only.

The resolution of the scoring grid was set to 5 pm perpendicular to
the microbeams (x-axis), 250 pm parallel to the microbeams (y-axis) and
1000 pm in beam direction (z-axis). To calculate the final dose per voxel
the scored energy is divided by the mean density of the corresponding
voxel. The voxel densities for lung models 2, 3, 5 and 6 were approxi-
mated using Monte Carlo integration.

All Monte Carlo simulations were performed in the Geant4 toolbox
version 10.0 patch 2 using the penelope physics libraries with a total
number of §.10? particle histories. The cut-off range for the simulated
electrons was 1 pm.

Microbeam dose distributions in porous materials were also stud-
ied experimentally by means of radiochromic film dosimetry. A be-
spoke PMMA phantom as displayed in Fig. 1b accommodated two dif-
ferent kinds of inlets, one made of gelified water (type 1) and one of
a foamy water-gelatin mixture that was beaten with a household mixer
(type 2). To detect short ranged secondary electrons the active layer of
Gafchromic EBT3 (Ashland, USA) films was placed as close as possible
to the surrounding inlet. Since the plastic protection layers before and
after the active layer of the EBT3 film have a thickness of 125 pm and
the range of secondary electrons for 100 keV photons have about the
same free range, specially modified Gafchromic EBT3 films that lack one
protection layer were used, which Ashland Inc. kindly provided.
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Fig. 1. (a) Displays a schematic drawing of the simulated phantom, (b) shows the phantom made of PMMA that was used for the experiment. All measures are given in mm.
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Inlet type 1 is made of pure water (93 weight%) and gelatin (7
weight%) which was heated up to 50 °C under continuous stirring until
the mixture changes from a milky white to clear and transparent.

After being filled into the two halves of the phantom a 6 pm thick
Mylar foil is placed on top of the inlet and the phantom is cooled to 4 °C
for hardening. The Mylar foil is required to prevent the inlets from stick-
ing to the film or damaging the active layer, while keeping the distance
between film and inlet as small as possible. Spare material like gel and
foil were cut off with a scalpel.

For inlet type 2 again water (92.5 weight%) and gelatin (7 weight%)
were mixed and heated under continuous stirring. When becoming clear
and transparent 0.5 weight% of sodiumdodecylsulphate was added as a
surface-active agent. The mixture was beaten with a conventional house-
hold mixer to create a firm white foam. The beating time determines the
mean diameter of air cavities and was adjusted to create air cavities with
a mean diameter of 115 pm and a standard deviation of 66 pm. Since
the volume of the mixture increased from 100ml to around 500 ml dur-
ing the beating of the foam, its density was estimated to be 0.2 g/cm>.

The experiment was performed at the ID17 beamline of the ESRF.
Films were calibrated with a homogeneous field of 20 X 20 mm size.
Reference dosimetry of the homogeneous radiation field was performed
using a pin-point ionization chamber (PTW, PinPoint Ion Chamber
31023).

For the actual measurement the film was placed in between the two
inlets before the phantom was put together. Since Gafchromic EBT3
films are sensitive in a dose range between 1 and 20 Gy [22], two
films were used for the measurement, one with the peak and one with

ii|

Dosela.w. ]

=2
e o 200 400 600 8OO 1000 1200

Position|pm]

(a)

. —— Water
1 n a Modeld
Models

F ] |

] 200 400 600 8OO 1000 1200
Position|pm]

(c)

Dosela.u. ]
=1
=

10

Physica Medica xxx (xxxX) XXX-XXX

the valley dose in the sensitive range. The evaluation of the films was
performed as described previously [23].

3. Results

The simulated dose profiles were averaged along the beam axis
(z-axis) and parallel to the microbeams (y-axis) and displayed in Fig. 2.

Models with internal structure showed higher peak and valley doses.
In models 2 & 3 the peak dose was 18.0% and 19.1% higher than in
model 1 and the valley dose increased slightly by 5.5% and 6.4%. There-
fore, the PVDR of models 2 & 3 was 26.7% and 27.6% higher than in the
homogeneous model 1. Also models 5 & 6 showed a 13.6% and 14.6%
higher peak dose, however the increase in the valley dose was larger
by 44.1% and 34.3%, respectively, leading to a reduction in PVDR of
12.5% and 5% compared to the homogeneous model 4. The comparison
between water and the different lung models shows in all models except
model 4 a substantial rise in valley dose of up to 60.8%.

The internal structure also changes the shape of the beam penum-
bras. Compared to homogeneous material of the same density the dose
fall-off at the microbeam edges is steeper but becomes less steep towards
the valley. To calculate the beam penumbras the distance between 10%
and 90% of its peak dose was evaluated. The homogeneous model 1
showed a penumbra of 54.8 pm which is more than twice the penumbra
of model 2 & 3 with 22.3 pm and 20.0 pm. A similar behaviour has been
observed for model 4 with a beam penumbra of 35.0 pm compared to
the penumbras of model 5 and model 6 with both 20.0 pm.

Compared to simulations in water, simulations in all of the six
lung models showed a lower PVDR. The PVDR also decreased with the
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Fig. 2. (a)-(d) Display the simulations of the different lung models 2, 3, 5, and 6 in comparison to model 1 (model 4) and to water.
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mean density of the absorbing medium (Fig. 3). All values are listed in
Table 2.

As compared to the valley doses of models 1 and 3, model 2 showed
periodically occurring inhomogeneities in the valley dose. Difference in
the shape of the valley dose were also observed between models 5 and
6. The valley dose in model 5 is plateau shaped with a small peak in the
middle of the valley. Model 6, however, shows a more U-shaped dose
distribution.

Preparation of the gel in inlet 2 created approximately spherical air
cavities of varying size. The diameter of around 300 cavities was manu-
ally measured with an optical microscope for all cavities accessible in a
few randomly selected fields of views. The average air cavity diameter
of the foam inlet decreased with beating time, which was set to 7 min.

Gafchromic films (Fig. 4a) that were exposed to microbeams to-
gether with inlet 2 showed up to 67% broader and more blurred peaks
than those films irradiated together with inlet 1 (Fig. 4a). Furthermore,
scans of films exposed with inlet 2 revealed strong variations in the
valley dose while the valley dose of the films irradiated with inlet 1
was much more homogeneous. The film exposed together with inlet 2
depicts an approximately 1.5 mm diameter area in the centre of the
scanned region with higher local dose. This area was situated close to a
lager air cavity in the foam inlet.

4, Discussion

The Monte Carlo simulations in the lung models demonstrate that air
filled micrometer sized structures in the lung tissue cause a rise of both,
peak and valley doses compared to simulations without substructure.
The observation of higher valley doses in model 2, 3, 5, and 6 can be ex-
plained by the strongly contrasting range of electrons in water (140 ym
at 100 keV) and in air (13 cm at 100 keV) [24].

Compared to simulations in water, the lower mean density in the
models 1 and 4 causes a higher electron range which results in elec-
tron scattering out of the peaks and subsequently wider peaks. How-
ever, due to the lower density of air, electrons can pass through the air
cavities in the models 2, 3, 5, and 6 without substantial energy loss.
Since the size of the cavities (200 pm) has the same order of magnitude
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as the spatial modulation of peak and valley dose, electrons from the
peak regions can penetrate through the air filled areas much deeper into
the valley regions than in the homogeneous models 1 and 4.

The simulations also show a strong dependence of the valley dose on
the spatial arrangement of the air cavities. The largest effect is observed
in model 2, where the valley dose is inhomogeneous and shows areas
with higher and lower dose. The structure of the valley dose is caused
by symmetry effects in the fcc cavity arrangement since the low-dose re-
gions coincide with the position of air cavities. This effect is also visible
in model 5. The plateau like shape of the valley dose and the small peak
in the middle of all valley regions coincides with the position of air cav-
ities. This effect is eliminated by rotating the arrangement in the mod-
els 3 and 6. However, it should be noted that displayed dose profiles in
models 3 and 6 are averaged over volumes much larger than the cavity
volume. The local energy absorption is subject to influences of nearby
air cavities. In a treatment of lung tissue with microbeams, micrometer
sized structures in the lung will lead to substantial local deviations from
regular microbeam dose patterns. Particularly, areas close to the air-wa-
ter interface will be prone to locally increased valley doses.

Due to an increase in valley dose, the PVDR decreases with smaller
density as can be seen in Fig. 3. Apart from this, the lower density
causes a higher electron range which enables secondary electrons to
penetrate deeper into the valley region and to contribute to a higher
valley dose. These two effects can be well observed in the homoge-
neous models 1 and 4. In the substructured models (2, 3, 5 and 6), how-
ever, the secondary electrons can pass through the air cavities without
a substantial energy loss. Therefore, nearly all interactions take place in
the water filled areas between the cavities leading to locally enhanced
doses.

Interestingly, the effect of the microstructure on the width of beam
penumbras in models 2, 3, 5 and 6 is not as clear. At the microbeam
edge the dose fall-off in the structured models is as steep as in homo-
geneous water. In the structured models, dose is only absorbed in the
water parts and there secondary electrons are shorter ranged than in
the lower density materials of models 1 and 4. Consequently the mi-
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Fig. 3. The figure displays the PVDR values for all 6 lung models and water.
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Table 2

The table displays peak and valley dose and the PVDR derived from the simulations. Peak
and valley doses are the average dose over the central 30 pm of all peaks and central
210 pm of all valleys.

Peak dose, normalized Valley dose, normalized

Simulation to water peak dose to water peak dose Mean PVDR
Water 1+0.00* (2.86 +0.00*)- 1072 33.52 +0.00*
Model 1 0.94 +0.00* (4.32+£0.00%)- 1072 19.27 +0.00*
Model 2 1.11 £ 0.01 (4.56 +0.05)- 1072 24.59+0.33
Model 3 1.12 +£0.01 (4.60 + 0.05)- 1072 2442 +0.32
Model 4 1.03 + 0.00* (2.86 +0.00%)- 1072 32.57 £ 0.00*
Model 5 1.17 £0.01 (4.12+0.02)- 1072 28.50+0.17
Model 6 1.18 £0.01 (3.84+0.02)- 1072 30.78 £0.20

*Uncertainty < 0.01.

crobeam penumbras in the structured models are effectively smaller
than in the unstructured models at equal average mass density. How-
ever, with distance to the microbeam edge the slope of the dose fall-off
in the structured models is strongly reduced compared to the unstruc-
tured models due to air cavities allowing electrons to penetrate deep
into the valley region.

The local inhomogeneities caused by air cavities were also experi-
mentally observed as shown in Fig. 4a. The peak broadening for inlet
2 is caused by the lower density of the foam compared to the gel. This
causes wider beam penumbras and larger peak widths on the film. Air
cavities close to the sensitive layer cause a strong local increase in the
valley dose for inlet 2.

However, the experimental data allows only a qualitative compar-
ison due to setup uncertainties. One major obstacle for a quantitative
analysis of the films is the interface between inlet and film, because
small submillimeter air gaps substantially impact on the experimental
results.

Both experimental and simulated results show the strong influence
of micrometer sized air structures on MRT dose distribution. For pre-
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cise predictions of microbeam doses in a potential future MRT treatment
of the lung, the microstructure of the lung needs to be taken into ac-
count. Since structural information on the patient anatomy on such a
small spatial scale is unavailable and Monte Carlo simulations involving
millions of micrometer sized volumes are unrealistic, appropriate mod-
els are required that provide reasonable estimates for the therapeutically
relevant peak and valley doses. The therapeutic impact of microbeam
radiotherapy is large and includes the possibility of increase local con-
trol, while also reduction side effects. The present work is a solid basis
for further development in microbeams towards clinical applications.

5. Conclusion

Results from experiments and simulations clearly demonstrate that
the microscopic structure of alveoli and bronchioles have a substan-
tial impact on the dose distribution when exposing lung tissue to mi-
crobeams. Both, mass density and structure strongly influence the lo-
cal energy absorption. Particularly the epithelial layer will receive en-
hanced valley doses, since the valley dose is very sensitive to adjacent
air filled cavities. Also for the prediction of average peak and valley
doses the assumption of a homogeneous mixture of water and air mim-
icking the observed Hounsfield units of the planning CT is not sufficient.

However, detailed simulations of doses on a micrometre scale will
not be feasible for clinical applications, since anatomic information on a
micrometre scale are not available, and the computational load for such
detailed simulations is practically not manageable. Instead, we envisage
the development of analytic models that predict average peak and valley
doses delivered to various tissues in the lung as a basis for a treatment
related risk assessment.

Acknowledgement

We thank Ashland for providing us with Gafchromic EBT3 films
without protection layer.

“" Dose [Gy] ¥

3
Position [mm]

(b)

Fig. 4. (a) Displays the scanned film irradiated with inlet 1, (b) the film scan with inlet 2. The resolution was reduced to 25 pm in order to reduce the film granularity and the dose was
normalized to 1 Gy mean valley dose. Please note that the peaks were outside the calibration of the films and are therefore just visualized as dark blue bars. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)
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