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Abstract

Purpose: To predict and mitigate for the degradation in physical and biologi-
cally effective dose distributions of particle beams caused by microscopic het-
erogeneities in lung tissue.

Materials and Methods: The TRiP98 treatment planning system was adapted
to account for the beam-modulating effect of heterogeneous lung tissue in phys-
ical and biological inverse treatment planning. The implementation employs an
analytical model that derives the degradation from the established “modula-
tion power” parameter P4 and the total water-equivalent thickness of lung
parenchyma traversed by the beam. Beam modulation was reproduced through
an on-the-fly convolution of the reference Bragg curve with Gaussian kernels
depending on the modulation power of lung tissue (upstream). For biological
doses, the degradation was determined by modulating dose-averaged «, 3, and
LET distributions. Carbon SOBP measurements behind lung substitute material
were performed to validate the code. The implementation was then applied to a
phantom and patient case.

Results: Experimental results show the passage through a 20-cm Gammex
LN300 slab led to a decrease in target coverage and broadening of the SOBP
distal fall-off. However, dose coverage was regained through optimization. A
good agreement between calculated and measured SOBPs was also found. In
addition, a patient case study revealed a 3.2% decrease in Dg5 from degrada-
tion (Pmoq = 450 um), which was reduced to a 0.4% difference after optimization.
Furthermore, widening of the RBE distribution beyond the target distal edge was
observed. This implies an increased degradation in the biological dose, which
could be harmful to healthy tissues distal to the target.

Conclusions: This is the first implementation capable of compensating for lung
dose perturbations, which is more effective than margin extensions. A larger
patient study is needed to examine the observed modulation in the RBE distri-
bution and judge the clinical relevance also in IMPT, where margins might prove
insufficient to recover target coverage.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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COMPENSATING FOR LUNG MODULATION

1 | INTRODUCTION

Tissue inhomogeneity has long been considered as
a source of uncertainty for particle therapy! Early
studies have shown that density heterogeneities in the
beam path cause changes to the energy spectrum,
which then leads to the degradation of the Bragg
peak and broadening of the distal fall-off’~3 This is
of particular concern for the treatment of lung tumors
where microscopic, lung soft tissue-to-air interfaces
exist. However, these porous microstructures are not
captured by conventional CT scanners due to limitations
in resolution*% Consequently, heterogeneities in lung
tissue are not accounted for during treatment planning
and the resulting Bragg peak degradation cannot be
considered accurately during the dose calculation. This
can lead to inadequate dose to the target volume and
unwanted dose to normal tissues.’

In order to address the potential dose uncertainties,
several works have focused on establishing an analyti-
cal model for the Bragg peak degradation. It was found
that the distribution of traversed water-equivalent thick-
ness in the porous material can be approximated by a
Gaussian function® The modulated depth-dose curve
can then be estimated from the convolution of the pris-
tine Bragg curve and the derived Gaussian function.®
In addition, the degradation was reproduced by modu-
lating the density of individual voxels in the CT image
based on a density distribution obtained from the Gaus-
sian function.® Following this technique, Monte Carlo-
based treatment planning studies were performed both
on phantom and patient cases. An increase in the degra-
dation was observed with decreasing tumor volume and
increasing depth within the lung5°'% However, also a
deterministic treatment planning program like TRiP98
can be used to assess the degradation from lung mod-
ulation by overlaying a series of dose distributions (typi-
cally n = 50—100) with resampled density distributions.'
An inherent disadvantage of these approaches, how-
ever, is that multiple recalculations of the plan are
required to sufficiently sample the density distribution.
This permits forward dose calculation at very long calcu-
lation times, which is incompatible with clinical treatment
planning processes. Moreover, a consideration in inverse
treatment plan optimization is not possible. Recently, the
degradation model was implemented into the dose cal-
culation algorithm of the matRad treatment planning
toolkit and used to evaluate the beam-modulation effect
on a patient cohort treated with proton therapy.'? Their
results showed that for a deep-seated, small tumor vol-
ume, the target underdosage increased by up to 26%.
These works have so far investigated the modulation
effects only on the physical dose calculation. Neverthe-
less, in order to mitigate for this effect, the Bragg peak
degradation has to be accounted for also in the dose
optimization stage.
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In this study, we demonstrate the mitigation of dose
perturbations due to microscopic lung heterogeneities
using the TRiP98 treatment planning system with some
additionally implemented analytical formula in order to
avoid time consuming random procedures. The degra-
dation model was implemented not only in the calcula-
tion of physical dose but also extended to the absorbed
dose optimization. The implementation is also capable
of predicting and compensating for degradations in bio-
logically effective doses for treatments with carbon ions.
This study is the first to include beam-modulating effects
in the physical and biological inverse treatment planning,
which is suitable in a clinical setting.

2 | MATERIALS AND METHODS
2.1 | Mathematical model for Bragg peak
degradation

Monoenergetic charged particles traveling through a
porous material follow different paths in a locally chang-
ing density distribution. As a result, the particles expe-
rience a fluctuation in energy loss in addition to the
energy-loss straggling incurred from the large num-
ber of collisions in the slowing-down process.'®>'* The
increased energy spread of the particles then leads
to a broadening of the Bragg peak. To model this
phenomenon, the porous material can be represented
by a binary voxelized geometry>®'® In the case of
the human lung, the highly heterogeneous, microscopic
structure of lung parenchyma is replicated by dividing
the lung model into sub-millimeter sized cubic voxels,
which are randomly filled with either lung tissue or with
air? Each path across the voxelized lung traverses a
different sequence of lung tissue and air voxels and,
therefore, impart a different water-equivalent thickness.
The probability that a beam path has a water-equivalent
thickness t' can be approximated by a Gaussian distri-
bution,

P(1o(@) 1.(2) = L) )

i 207 )’

V275(2)

where t;(z) = Y t; is the total water-equivalent path

1
length of lung voxels ¢; upstream of the water-equivalent
depth z, and

9(2) = VPmod - tL(2). )

The modulation power P4 is a characteristic mea-
sure of the degree of degradation®'® This material-
specific quantity varies according to the size of the
microscopic fine structure making up the porous mate-
rial. The larger the structure size, the stronger is the
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induced degradation. Typical modulation power values
determined from porcine lungs have been reported to be
in the range of 250-450 um 21912 The variation in the
measured values is attributed to the spatial deviation in
structure size throughout the lung. A higher modulation
effect is expected in the central lung regions where the
structure size is larger than in peripheral areas.'°

The beam modulation at the water-equivalent depth
z is then reproduced by convolving the pristine Bragg
curve D(z) with the corresponding Gaussian kernel,

Dinoa(2) = / P(t0(2), t,(2)) Dz + ). (3)

Note that the convolution is only applied for o(z) > 0.

2.2 | Model implementation

In this work, the dose calculation and optimization
engines of the GSI in-house treatment planning system
TRiP98'¢ were modified to account for beam modulation
due to microscopic-scale heterogeneities in lung tissue.

2.2.1 | Extraction of the degree of
modulation

Regions in the CT image consisting of lung parenchyma
were filtered by identifying voxels with Hounsfield units
(HU) in the range of —900 to —500. These HU values
are consistent with the density range of 0.1-0.5 g/cm?®
obtained in inflated porcine lung experiments®''.1°
A Hounsfield-range look-up table was then used in
a Siddon-based raytracing algorithm to compute the
total water-equivalent path length in lung traversed
by the beam for each voxel. Subsequently, the o val-
ues of Equation (2) were determined by assuming a
constant modulation power in all voxels identified as
lung parenchyma.

2.2.2 | Dose calculation

For physical dose, the broadened depth-dose curve was
calculated by on-the-fly convolutions (Equations 1-3),
applying for each depth z the corresponding Gaussian
kernel. For biological doses, the relative biological effec-
tiveness (RBE) of the complex radiation field produced
by a carbon ion irradiation was calculated based on the
local-effect model (LEM).'® The low-dose approximation
of LEM version IV was used to generate tissue-specific
input tables containing initial RBE values as a function of
particle species and LET."'® The dose-averaged intrin-
sic radio-sensitivity parameters a and § for the mixed
radiation field on each voxel were then computed based
on these input tables. In order to determine the beam-

modulating effect on biological doses, the spreading of
the entire particle spectra in depth has to be replicated.
Modulating the full spectra, however, entails the convo-
lution of individual particle distributions for all energy
bins and for all primary and secondary particles. Per-
forming such a computation per voxel would significantly
slow down the dose calculation. Therefore, a more effi-
cient approach is adopted by performing the convolution
directly with the dose-averaged «a, 8, and LET distribu-
tions of the unperturbed beam with the same concept
as the convolution of the depth dose distribution (see
Equation 3). The calculation speed was further improved
by applying a Fast Fourier transform (FFT) to carry out
the convolution. As the computation solely involved real-
valued functions, symmetries of the Fourier transform
were exploited, which enabled the evaluation of two
functions in a single FFT operation.'®

2.3 | Experimental validation

In order to validate the implementation of the degra-
dation model, measurements were performed at the
Marburg lon-Beam Therapy Center (MIT), Marburg, Ger-
many. A diagram of the experimental setup is shown in
Figure 1. A 20-cm thick Gammex LN300 lung substitute
material was irradiated with a pristine Bragg peak from
a carbon ion beam. The modulated depth-dose distri-
bution was acquired downstream of the sample using
a water column. The laterally integrated depth dose
curves for each of the nine iso-energy slices comprising
the SOBP were then measured consecutively. For the
Reference SOBP measurement, a 4.8-cm thick PMMA
bolus was inserted in front of the water column instead
of the lung substitute material. The PMMA bolus was
set to have the same water-equivalent thickness as the
LN300 plates to facilitate measurement at the same
depth points for all the SOBPs.

Prior to the experiment, the LN300 slabs were char-
acterized to have an effective modulation power of
Prod = 208 um and a total water-equivalent thickness of
t, = 5.76 cmH,0 through Bragg curve measurements
as described in Ringbaek et al.'® Two treatment plans
(Reference and Optimized plans) for spread-out Bragg
peaks with field sizes of 1.0 x 1.0 cm? and widths of
2.0 cm were generated using carbon ion energies
between 257.60 MeV/u and 283.19 MeV/u. The plans
used a regular grid of beam spots with a 2.0-mm spac-
ing, an iso-energy slice spacing of 3.0-mmH,0 and a
3.0-mm ripple filter. For the Optimized plan, the CT phan-
tom consisted of a 20-cm thick lung substitute mate-
rial with an HU = —716 situated in front of the 20-cm
water column. The Optimized plan was then computed
accounting for the beam modulation in both dose calcu-
lation and optimization stages. For the Reference plan,
the lung substitute material was replaced with a 5.76-
cm thick water bolus. Both plans were calculated with a
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Experimental setup. A 20-cm thick Gammex LN300 lung substitute material was irradiated with carbon ions. The modulated

dose distribution was measured using a water column (PTW PeakFinder) downstream of the sample. For the reference case, the sample was
replaced with a 4.8-cm thick PMMA bolus so that the same depth points can be adopted for all measurements

lateral size of 10.0 x 10.0 cm? to account for the 8-cm
diameter active area of the water column.

During the experiment, three sets of SOBPs were
measured, namely the Reference, Degraded, and Opti-
mized SOBPs. The Reference SOBP was obtained by
irradiating the 4.8-cm block of PMMA using the Refer-
ence plan. For the Degraded SOBP, the Reference plan
was utilized to irradiate the LN300 slabs placed in front
of the water column. Finally, the Optimized SOBP was
measured downstream of the LN300 slabs using the
Optimized plan.

To test the implementation against the beam-
modulating effect of the lung substitute material,
measured depth-dose distributions were compared with
the corresponding distributions calculated in TRiP98
adopting a modulation power of Py = 208 um for
the LN300 plates. The agreement between measured
and calculated curves were judged from their dose
difference normalized to the entrance dose, that is, dose
at the minimum depth point measured of 2.3 cm. For the
calculated SOBPs, the impact of the degradation was
evaluated according to Dgs and Vg5 values at the target
region. The distal fall-off widths were also determined
from the distance required for the dose distribution to
fall from 80% to 20% of the prescribed dose distal to
the uniform dose region of the SOBP°

2.4 | \Verification of the spectral
convolution

A sample spectral base data from TRiP98 for a 270.55-
MeV/u carbon ion was used to ascertain the broaden-
ing of the entire particle spectra in depth caused by the
traversal through the 20-cm LN300 plates. The spectral
data contain the energy distributions of the primary ion
and secondary fragment particles per depth. To carry
out the convolution of the full particle spectra, a Gaus-
sian function was generated using a Poq = 208 um
and water-equivalent thickness of f, = 5.76 cmH,O.
Then for every particle species, each energy bin as a
function of depth was convolved with the Gaussian ker-

nel through a Matlab script. The depth dose distribution
was obtained from the convolved spectra along with an
energy loss table as in Kramer et al?° The biological
dose was also determined following the approach out-
lined in Kramer and Scholz.'® The RBE distribution was
computed from the ratio of biological to physical dose.
The corresponding physical, biological depth-dose dis-
tributions, and RBE profile were then calculated using
the FFT-based TRiP98 implementation to verify that the
full spectral convolution can be accurately replicated.

2.5 | Patient data and treatment planning
The modified biological dose calculation and optimiza-
tion algorithms were tested on a sample patient case
diagnosed with stage | NSCLC. The patient was origi-
nally treated with photon SBRT at the Champalimaud
Centre for the Unknown in Lisbon, Portugal. The patient
4DCT was obtained with 10 motion phases. Target and
OAR contours, which were delineated in the end-inhale
reference phase, were propagated to other motion
phases through deformable image registration (DIR).
The clinical target volume (CTV) was 1.6 cm? in size
and was situated in the left superior lung.?’

The plan was recalculated for a carbon ion therapy
treatment using a fraction dose of 3.5 GyE in accor-
dance with a regimen of 70 GyE in 20 fractions pre-
scribed for centrally located disease at Shanghai Proton
and Heavy lon Center (SPHIC).?? The biologically effec-
tive doses were computed using LEM IV assuming an
a/fB of 6 and 2 for the target and for OARSs, respectively.
To model the beam-modulation effect, two different mod-
ulation power values were investigated, namely P04 =
256 um and 450 um. This covers the range of modula-
tion power values recently reported in literature.'®'? For
the treatment planning, the CTV was expanded with a 3-
mm isotropic margin to account for setup uncertainties.
A range-considering ITV for a single oblique field was
then constructed on the expanded CTV from the patient
4DCT?® A beam spot with a 6.0-mm FWHM in a regular
grid spacing of 2.0 mm, an iso-energy slice spacing of
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(a) Laterally integrated depth dose curves measured from a 271.13-MeV/u carbon ion beam passing through a 4.8-cm PMMA

bolus (Reference curve) and a 20-cm Gammex LN300 lung substitute material (Degraded curve). The minimum depth point measured is at 2.3
cm. (b) Calculated Bragg curves assuming a modulation power of Py,q = 208 um are superimposed on measured data points. The nine
different colors correspond to the nine Bragg peaks that comprise the Degraded SOBP

3.0-mmH,0, and a 3.0-mm ripple filter were also used in
the planning. To isolate the effects of Bragg peak degra-
dation from that of target motion, the fraction dose was
assumed to be delivered equally among the 10 motion
phases?*

The impact of the Bragg peak degradation on the
dose distribution was assessed based on Dgs5 and Vgg
values evaluated on the CTV. Furthermore, dose to nor-
mal tissues around the target volume was determined
from the mean dose received by a 13-mm thick spheri-
cal shell around the CTV.

3 | RESULTS AND DISCUSSIONS
3.1 | Estimation of degradation in the
physical dose calculation

Figure 2(a) shows a comparison between the refer-
ence Bragg curve and the dose distribution measured
downstream of the 20-cm Gammex LN300 slab for
an incident 271.13-MeV/u carbon ion beam. In the
modulated scenario, carbon ions incurred additional
energy loss straggling as they traverse through the
lung substitute material. The added straggling, how-
ever, has a negligible effect on the absorbed dose at
the entrance channel. Consequently, the reference and
modulated Bragg curves coincide at the plateau region.
But as the particles slow down, the influence of the
increased energy loss straggling becomes prominent,
resulting in the broadening of the Bragg peak. Overall,
the effect leads to a reduction in the peak-to-plateau
ratio and the widening of the distal fall-off. A spread-
ing of the dose is also observed at the proximal side
of the Bragg peak albeit at a lesser extent than at the
distal edge.

Depth-dose distributions measured from nine carbon
beam energies that constitute the Degraded SOBP are
depicted in Figure 2(b). The corresponding calculated

Bragg curves are plotted against the measured data
points. As seen in Figure 2(b), the calculated Bragg
curves fitted the measured ones accurately. The mean
dose difference did not exceed 1.5%. This result demon-
strates the capability of the modified dose calcula-
tion engine to accurately predict the degradation in
the absorbed dose given the modulation power of the
porous material traversed by the beam.

3.2 | Recovery of target coverage
Calculated depth-dose curves along the central beam
axis of the Reference, Degraded, and Optimized SOBPs
are given in Figure 3(a). The corresponding dose-
volume histograms (DVH) are presented in Figure 3(b).
As a consequence of the Bragg peak degradation, a
56.0% increase in the distal fall-off is observed on the
Degraded SOBP relative to the Reference SOBP. An
inadequate dose is given to the target volume, which
is indicated by low Dgs and Vg5 values of 80.7% and
78.3%, respectively. To compensate for these dose per-
turbations, the degradation model was then applied in
the dose optimization stage. A considerable improve-
ment in target coverage is achieved with a Vg5 of 98.9%.
Underdosage in the target region is also avoided yield-
ing a Dgs of 97.8%. As depicted in Figure 3(a) and (b),a
sufficient target coverage is regained as a result of the
optimization. However, the extension of the distal fall-off
cannot be corrected by the optimization. These findings
are consistent with experimental results shown in Fig-
ure 3(c). At the target region, while a clear underdosage
is found for the Degraded SOBP (green squares), the
laterally integrated dose distribution of the Optimized
case (red triangles) matches that of the Reference
SOBP (black circles). A comparison between calculated
and measured laterally integrated dose profiles also
shows a good agreement with mean dose differences
not exceeding 1.8%.
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(a) Depth-dose profiles along the central beam axis of a 2-cm SOBP calculated with TRiP98 for the Reference, Degraded, and

Optimized cases. (b) Dose-volume histograms resulting from the dose distributions in (a). Dgs and Vg5 are indicated by solid black horizontal
and vertical lines, respectively. (¢) Calculated (solid lines) and measured (symbols) laterally integrated dose distributions for the Reference,

Degraded, and Optimized SOBPs

3.3 | The influence of the degradation to
the biological dose

The impact of the degradation to the primary carbon ion
spectra and exemplary secondary particle spectra from
a 270.55 MeV/u carbon ion beam is illustrated in Fig-
ure 4(a)—(d). Secondary particles such as helium frag-
ments have a broad energy distribution. Hence, they are
barely influenced by the beam modulation. On the other
hand, the broadening is more pronounced for the pri-
mary carbon ion spectra due to its initially sharp distri-
bution. It is also worth noting that the smearing of the
carbon ion distribution has led to the addition of par-
ticles from neighboring higher and lower energy bins
to the energy spectrum in each depth. This change in
energy spectrum per depth can cause an equivalent
change to the radiation quality. To highlight the effect
of this scenario, the physical and biological doses as
well as the RBE distribution resulting from the full spec-
tral convolution (performed in Matlab) are depicted in
Figure 4(e)—(g) as green circles. Both physical and
biological doses exhibit the characteristic features of
the beam-modulating effect—a reduced dose to the
Bragg peak and widened fall-off. Nevertheless, an even
stronger degradation is seen in the biological dose as

evident by the broader RBE distribution that extends
beyond the distal edge. This is attributed to the pres-
ence of additional low-energy primary particles at the
distal region as a consequence of the beam modula-
tion. Moreover, the low absorbed dose also resulted in a
high biological effectiveness at this region.2°

Superimposed in Figure 4(e)—(g) as solid lines are
the corresponding physical, biological and RBE distri-
butions obtained from the FFT-based TRiP98 imple-
mentation. As depicted in the figure, the plots gener-
ated through a lengthy spectral convolution in Matlab
are reproduced well by using the simpler convolution of
the dose-averaged «, 8,and LET distributions. Based on
these results, it can be inferred that the implementation
can effectively simulate the beam-modulating effects
also in the biological dose calculation.

3.4 | Mitigation of the Bragg peak
degradation in a patient case

The 4D-dose distribution from the Reference and
Degraded treatment plans computed with P,oq = 450
um are given in Figure 5(a) and (b), respectively. Due to
the tumor location, a long beam path through lung tissue
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TABLE 1 Dose metrics for the patient plans shown in Figure 5.
All tabulated values are percent of the planned dose (3.5 GyE) or
percent of the specified volumes

Pmod = 256 um Pmod = 450 um

Dgs Vgs Shell Dpean Dgs Vs Shell Dpean
Reference 98.8 100 62.6
Degraded 97.3 98.4 61.1 95.6 96.3 60.1
Optimized 98.8 100 63.4 98.4 100 64.2

Degraded + RM 98.6 100 67.7 98.8 100 69.2

is unavoidable. As a result, the Bragg peak degradation
has compromised target dose coverage as seen in Fig-
ure 5(b) as the reduction in high dose areas around the
target. An expansion of the regions receiving low dose
(green) can also be observed distal to the target.
Figure 5(c)—(e) shows depth-dose profiles, RBE dis-
tributions, and DVHs for the Reference, Degraded, and
Optimized plans for Pyoq = 256 um. The correspond-
ing plots for a higher modulation power of P,,q = 450
um are given in Figure 5(f)—(h). The Degraded biological
dose profiles exhibit underdosage particularly at the dis-
tal region of the CTV. A significant broadening of the fall-
off is also observed. Although this resulted in a slightly
lower dose directly behind the CTV, the dose extended
further into the healthy lung tissue. The decrease in
Dgs and Vgs values (see Table 1) for the Degraded
plans in comparison to the Reference plan clearly point
to a decrease in target coverage. For the nominal
modulation power of Pnoq = 256 um, the Dgs and
Vg5 were reduced by 1.5% and 1.6%, respectively,
whereas for Poq = 450 um, a 3.2% and 3.7% reduc-
tion were found. As the beam-modulating effect of lung
tissue introduces systematic uncertainties, this level of
dose perturbations will be present in all treatment frac-
tions. Consequently, systematic deviations such as this
are considered to have a larger impact than random
errors, which can potentially average-out over different
fractions 2627 Therefore, when left uncompensated, this
can be detrimental to the treatment. In order to mitigate
for this effect, the RBE-weighted dose was optimized
accounting for the modulation in the beam path. As seen
in Figure 5(c) and (e) and 5(f) and (h), a better target cov-
erage is achieved after the optimization. The Optimized
dose profiles matched the Reference profile at the target
region. Dgs and Vg5 values for the Reference plan were
also closely matched by the Optimized plans. An alter-
native method to regain target coverage is to increase
the proximal and distal margins on the CTV in the beam
direction.'? To test this approach against the Optimized
plans, an additional range margin is employed in the ITV
computation. The resulting Degraded dose profiles with
the added range margins (Degraded + RM curves) are
plotted in Figure 5(c) and (f). An improvement in the
target coverage is also achieved as indicated by the
increased Dgs and Vgs values. However, the improve-

ment is at an expense of a much higher dose delivered
to the surrounding normal tissues. For the Optimized
plans,the mean dose on the shell around the CTV differs
from the Reference case by 1.3% and 2.6% for Pyoq =
256 um and 450 um, respectively. In contrast, the added
CTV margins for the corresponding modulation powers
resulted in a 8.1% and 10.5% increase in dose to the
healthy tissues.

Another important implication of the widened distal
fall-off is the change in the RBE distribution as depicted
in Figure 5(d) and (g). The Degraded plans display much
broader RBE profiles than the Reference plan, which
maintain values with RBE > 3 for an extended region.
A shift in the RBE maximum can also be observed. The
shift is larger for a higher modulation power. As was
illustrated in the previous section, the modulation of the
particle spectra altered the quality of the mixed radia-
tion field around the Bragg peak area. The modulation
enabled primary carbon ions to travel farther than their
original maximum range. The displacement of high-LET
particles then leads to the shift in the RBE maximum.
Consequently, normal lung tissue behind the target is
exposed to a higher toxicity than is predicted by the Ref-
erence plan. The Optimized plans also exhibit similar
broadened RBE distributions as the Degraded plans.

As this is the first work that considered the influence of
lung tissue heterogeneities on the RBE-weighted dose,
a larger patient study is needed to examine the extent
of this biological effect. Ideally a patient-specific mod-
ulation power can be used that maps the strength of
degradation in each region of the lung. However, as this
is currently unattainable, a good alternative would be to
use the modulation power as a parameter in a robust
optimization algorithm. In addition, the extension of the
RBE distribution can also be validated in an in vitro cell
experiment. With a more comprehensive investigation,
we can assess the clinical relevance of the altered bio-
logical effectiveness caused by the spectral modulation.

4 | CONCLUSIONS

We presented an adaptation of the TRiP98 treatment
planning system that accounted for Bragg peak degra-
dation due to microscopic-scale heterogeneities of lung
tissue. The implementation was validated through mea-
surements with carbon ions at the Marburg lon-Beam
Therapy Center. Results from the phantom and patient
case studies indicated that the modulation caused
underdosage in the target volume and the widening
of the distal fall-off. A broader RBE distribution was
also observed, imparting a higher toxicity to healthy
lung tissues distal to the target. These characteristic
features of beam modulation were accurately predicted
by the modified dose calculation algorithm. To com-
pensate for the dose perturbations, the implementation
was extended to the dose optimization engine. Target
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coverage was restored as a result of the optimization.
This is the first implementation capable of mitigating
for beam modulation in physical and biological inverse
treatment planning.
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