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Abstract

Purpose: The accuracy of analytical dose calculations (ADC) and dose uncertainties resulting from
anatomical changes are both limiting factors in proton therapy. For the latter, rapid plan adaption is
necessary, whereas for the former, Monte Carlo (MC) approaches are instead being increasingly
recommended. These however are inherently slower than analytical approaches, potentially limiting the
ability to rapidly adapt plans. Here, we compare the clinical relevance of uncertainties resulting from
both.

Materials and Methods: Five non-small-cell lung cancer (NSCLC) patients with up to nine CTs acquired
during treatment and five paranasal (HN) patients with 10 simulated anatomical changes (sinus filling),
were analyzed. On the initial planning-CTs, treatment plans were optimized and calculated using an ADC
and then recalculated with MC. Additionally, all plans were recalculated (non-adapted) and re-optimized
(adapted), on each repeated CT using the same ADC as for the initial plan and resulting dose
distributions compared.

Results: When comparing analytical and MC calculations in the initial treatment plan and averaged over
all patients, 94.2% (NSCLC) and 98.5% (HN) of voxels had differences <t5% and only minor differences in
CTV V95 (average <2%) were observed. In contrast, when re-calculating nominal plans on the repeat
(anatomically changed) CTs, CTV V95 degraded by up to 34%. Plan adaption however restored CTV V95
differences between adapted and nominal plans to <0.5%. Adapted OAR doses remained the same or
improved.

Conclusion: Dose degradations caused by anatomical changes are substantially larger than uncertainties
introduced by the use of analytical instead of MC dose calculations. Thus, if the use of analytical
calculations can enable more rapid and efficient plan adaption than MC approaches, they can, and
indeed should be used for plan adaption for these patient groups.

Introduction

High dose conformity and steep dose gradients can be achieved with proton therapy, allowing for
excellent normal tissue sparing (1, 2). This makes proton therapy especially suitable for pediatric cancer
or for tumors close to organs at risk, including tumors in the brain, head and neck (HN) and lung, and
clinical benefits were shown (3-10).

However, the large density heterogeneities between air/lung, bone and soft tissue in these anatomical
regions are known to be difficult to model with analytical dose calculations. As such, Monte Carlo (MC)
dose calculations are increasingly being recommended (11, 12), particularly in regions with complex
density heterogeneities as observed in the lung and around the nasal cavities (13—16). Additionally, a
number of studies have reported shortcomings of some analytical algorithms when a range shifter is
used (17, 18) although this has not been observed for other analytical algorithms (19).

On the other hand, anatomical changes can also substantially limit the accuracy of proton therapy.
These also frequently occur in HN (20, 21) and lung cancer patients (22, 23) and can cause large dose
distortions during the treatment course. Thus, regular plan adaption is advised in these areas (24-26).
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To deal with slow anatomical changes, such as weight gain or loss, it is sufficient to adapt the plan within
a few days (27). However, other changes, such as rectal, bladder or nasal cavity filling, should be
adapted as quickly as possible, ideally on a daily basis, and within a short time (e.g. 5-10 minutes) after
daily imaging. Previous studies have shown that adapting the plan on the daily anatomy has advantages
over using anatomically robust optimization (26). Current adaption protocols are however time and
resource consuming. Times required for re-planning using MC optimization, which take 5 minutes or
more at best, are incompatible with daily online adaption and a high throughput patient workflow
(28,29). Re-planning using an analytical algorithm on the other hand can be extremely time efficient,
reducing the complete re-planning process to just a few seconds (30), enabling rapid plan adaption on a
daily basis.

In this study therefore, we investigate whether an online adaptive protocol based on plan re-
optimization using a fast, but limited accuracy analytical algorithm can still provide improvements to the
overall treatment dose for patients with cancer in the lung and HN regions. For this, we compare dose
differences to the nominal plan as a result of anatomical changes to those arising from the use of an
analytical dose calculation, and contrast these to those resulting if an online adaptive approach is used.

Materials and Methods
Patient data and treatment plans

Five NSCLC patients (previously treated with photon radiotherapy), and 5 patients treated with protons
in the paranasal region were included in this study (Figure 1a). All NSCLC patients had locally advanced
tumors including mediastinal lymph nodes and showed large anatomical variations during treatment. To
mitigate intra-fractional motion in the lung cases, voluntary, visually guided deep-inspiration breath-
hold (DIBH) was used for all CTs. During the treatment course, up to 9 additional DIBH CTs were
acquired (31), referred to as repeat CTs. An intensity modulated proton therapy (IMPT) plan consisting
of 3 individually selected fields was calculated for each patient on the initial DIBH planning CT (Figure
1b) using a prescribed dose of 66 Gy (RBE) in 2Gy (RBE) per fraction (32) (RBE = 1.1 (33)).

For the paranasal tumor patients, artificially generated CTs were used, as described elsewhere (25),
simulating 10 CTs during the treatment course (referred to as simulated CTs), each with random
anatomy and setup differences. Anatomical changes were simulated by filling each pre-contoured nasal
cavity independently by first overwriting with the HU of air, and then with the HU of mucus in a layer-
wise approach (26) with a randomly selected filling stage (25). The layer-wise approach was considered
to most realistically mimic actual filling of the nasal cavities (26) and with a random filling selected for
each daily delivery, a worst case scenario has been simulated. For all paranasal cases, 4-field IMPT plan
was optimized to deliver 60 Gy (RBE) in 30 fractions (Figure 1b).

All cases have been planned and optimized using a clinically validated and in-house developed analytical
algorithm (34), which scales dose calculation grid points to their water equivalent depth in the patient
(based on CT information) and approximates lateral scatter using a single Gaussian model. Airgaps are
considered by using different look-up tables for the beamsize in air, which is given by the moments of
the angular spatial distribution and depending on nozzle extraction, preabsorber setting and beam
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energy, together with a contribution due to multiple Coulomb scattering based on the water equivalent
depths of the calculation point (34). This algorithm has recently been implemented on GPU hardware
and has been shown to be able to fully re-optimise complete treatment plans in just a few seconds (30).

Monte Carlo simulations

All initial plans were recalculated using the TOPAS MC tool (35), using the default physics libraries and
tuned to model beam data from PSI Gantry 2 (19, 36). The number of protons per pencil beam in the MC
simulations were calculated directly from the number of protons provided by the treatment planning
system, divided by 1000. This results in statistical fluctuations of less than 1% (37). Each MC field was
normalized to the same mean PTV dose as the corresponding analytical field (19). After this, all MC fields
were summed up to construct the MC recalculated plan (Figure 1c).

Structures and fraction dose during treatment

For the NSCLC patients, all repeat CTs (Figure 1d) were first aligned to the planning CT using rigid image
registration (RIR) to propagate the target contours, and then with deformable image registration (DIR)
for OAR contour propagation using Velocity (Varian Medical Systems, Palo Alto, USA). OAR contours
were visually verified and corrected as necessary. As the anatomical changes of paranasal patients were
directly simulated in the planning CT, no image registration was necessary and all structures were rigidly
propagated. For all patients, treatment plans were recalculated (non-adapted) and re-optimized (online
adapted) on all repeat CTs using the same ray casting (analytical) algorithm and input parameters as for
the initial treatment plan on the planning CT (Figure 1e and f). Additionally, for one NSCLC patient all
DAPT plans were also recalculated with MC.

Evaluation methods

3% and 5% voxel specific dose differences for all voxels with dose >10% of the prescribed dose between
the analytical and MC dose distributions were evaluated, excluding dose in air. Also, differences
between dose parameters for the CTV (D98, V95) and selected OARs for doses calculated on the on-
treatment CTs were evaluated for all cases.

Results
Differences between analytical and Monte Carlo dose calculations

For both NSCLC and paranasal tumor patients, voxel specific agreement between the analytical and MC
dose distributions was good, with more than 94.2% and 98.5% of the voxels on average having
differences <t5% respectively. However, this higher voxel dose agreement for paranasal tumor patients
compared to NSCLC patients did not translate into a better agreement between OARs. Indeed,
differences in OARs and, as expected, in the CTV V95, D98 doses were similar for both treatment sites
(Table 1a).
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Effect of anatomical changes.

For all patients, plans were recalculated (non-adapted) and re-optimized (adapted) on all repeated and
simulated CTs with the ADC. Differences in CTV coverage and in the dose to selected organs at risks
(OARs) are shown in Figures 2 and 3, respectively.

For non-adapted plans, the CTV V95 is severely degraded (Table 1b), resulting in a reduction compared
to the initial plan of -2.8% [ranging from -5.2% to -2.1%] and of -15% [-34.5% to -0.9%] for NSCLC and
paranasal patients respectively. However, plan adaption could restore the CTV coverage (mean
difference between reoptimized and initial CTV V95 < 0.5%, Table 1c, Figure 2 and 3) and, in some cases,
could even improve coverage compared to the initial plan (e.g. the D98% was increased by 1.9% with
adaption for NSCLC patient 5).

Similar results were observed for OAR sparing, with the mean heart dose for the NSCLC cases increasing
by up to 3.3% [2.1% - 5.4%] (NSCLC patient 3) due to anatomical changes during treatment. The mean
heart doses could, however, be restored to <0.6% of those of the nominal plan by using adaption. Lung
dose did not change substantially with adaption, mainly due to the selection of beam angles from a plan
robustness perspective and the lack of additional lung constraints in the re-optimization process. For the
paranasal tumor patients, differences for single fraction doses to the chiasm (up to 5%, patient 1) and
brainstem (up to 18.6%, patient 4) were observed, while DAPT substantially reduced these differences.

Finally, as the adapted plans have been calculated using the ADC only, we also recalculated the DAPT
plans of NSCLC patient 4, the patient with the lowest agreement between MC and ADC in the initial plan
using MC. The voxel-wise dose differences of more than 3% and 5% were on average 85.8% and 94.8%
respectively, so in the range of those for the initial NSCLC plans shown in Table 1a.

Discussion

We have investigated the dose-effects of anatomical changes on proton therapy treatments in the lung
and paranasal regions, and compared these to uncertainties resulting from using a fast analytical, rather
than MC calculation engine. We have demonstrated that dose variations caused by anatomical changes
are in general much larger than those caused by using the analytical rather than MC algorithm,
particularly in relation to CTV coverage. As such, we could show that online analytical plan adaption,
which restores the plan quality back to that of the nominal plan, is a valid approach to improve the
overall treatment dose.

For both paranasal tumor and NSCLC patients, we found good agreement between our ADC and MC,
with more than 94.2% and 98.5% of the voxels on average having differences of less than +/-5%
respectively. This is in agreement with previous work from our group comparing these two algorithms
(19), but in contrast to other publications performing similar comparisons with other analytical
algorithms, where it has been suggested that such algorithms should be avoided in the presence of
highly heterogeneous anatomies (14). However, even though in this study the NSCLC patients had rather
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large tumor volumes (which implied less heterogeneity than for those investigated in (14)), the good
agreement between analytical and MC for the majority of patients reported in this paper indicates that
such algorithms can still be applicable for the fast adaption of proton treatments

In contrast, for both NSCLC and paranasal tumor patients, the dose quality was substantially degraded.
Indeed, CTV V95% averaged over all repeated and simulated CTs, was reduced by up to 5.2% and 34.5%
for NSCLC and HN patients respectively (Figure 2, Figure 3, Table 1b). The use of adaption restored CTV
coverage almost completely in all cases and for all CTs (mean differences <0.5%). Interestingly, adaption
has also been shown, in some cases, to improve dose to OARs (Figure 3). For example, note the drastic
reduction of mean heart dose (averaged over all repeated CTs) of NSCLC patient 3 from +3.3% without
adaption to -0.6% with adaption compared to the initial plan. As the heart dose is a predictor of overall
survival for NSCLC patients (38) such an increase might have an effect on the patient outcome,
depending on the initial heart dose.

In this study the anatomical changes for paranasal tumor patients have been generated by simulating
nasal cavity fillings. This model assumes rather drastic interfractional anatomical changes, but has
already been used in other studies (25, 26) and showed to provide a reasonable estimation of the effect
of the fillings of the sinus. For the NSCLC patients on the other hand, clinically observed anatomical
changes based on DIBH CTs acquired during the treatment course have been used. Previous studies
evaluating NSCLC patients have reported suboptimal treatment doses in free-breathing mode, especially
with large breathing motion (39), while DIBH (40) is an appropriate method to apply the proton dose
safely to the patients (41). It has also been reported that inter-fractional anatomical changes cause
larger dose distortions than breathing motion (22). This shows that for NSCLC patients, inter-fractional
anatomical changes are challenging and that these patients could benefit from fast plan adaption, even
if other sources of uncertainty still exist (e.g. the use of an analytical calculation for speed or breathing
motion).

We have recalculated and adapted plans on each DIBH CT, thus assuming the whole treatment can then
be applied within a single breath hold. In clinical practice a dose delivery for NSCLC patients takes
typically 2-3 breathholds. We assume that a daily adaption would account for interfractional changes,
while the visually guided breath-hold will mitigate intrafractional motion. Although this is a simplified
approach, it is sufficient for our study in order to compare the effects of interfractional anatomical
changes to those caused by analytical calculation approximations. In addition, we focused on the effects
caused by anatomical changes to the dose distribution on each CT, which corresponds to a single
fraction, whereas the dose deterioration would be reduced if the effect of fractionation was considered.
Nevertheless, when the fraction effect was considered, a target dose degradation of more than 5% was
reported for 3 out of 15 NSCLC patients and for 4 out of 5 HN patients (25, 32), indicating that adaption
is necessary even if fractionation is considered.

It should be noted however, that doses in the repeat CTs (both non-adapted and adapted scenarios)
have also been calculated with ADC rather than MC. Only for NSCLC patient 4 (the patient with the
worst agreement between MC and ADC for the initial plan) the DAPT plans were also recalculated with
MC. Dose differences between the two algorithms were similar as for the initial NSCLC plans (Table 1a)
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and in agreement with previous publications (19). Indeed, they were even slightly better than the
agreements found in the initial plan for this patient. In addition, the voxel-to-voxel agreement between
analytical and MC was similar for all patients of each indication when comparing these calculation
approaches on the nominal anatomy. As such, there is no reason to believe that differences between
analytical and MC would be substantially different on the repeat, rather than planning CT’s, and will
therefore be substantially smaller than the difference observed due to anatomical changes.

We are aware that a fast plan optimization with MC would be preferable. However, even though recent
developments achieved large improvements for the speed of proton MC dose calculations (29, 42—-44), a
full plan optimization takes ~5 minutes and is therefore still much slower than analytical approaches,
which only take some seconds (30). In an on-line daily adaptive approach the calculation time is a critical
factor, therefore for this application an ultra-fast analytical approach is preferable. Given that there are
other potentially time-consuming processes that would also need to be performed as part of a daily
adaptive approach, such as contour propagation and plan specific quality assurance (45), it is particularly
important that the plan adaption/re-optimization is as fast as possible (29, 30). This currently can be
best achieved using analytical calculations, even if their accuracy is somewhat compromised in
comparison to a full Monte Carlo approach. However, as demonstrated, such differences are much
smaller than those resulting from anatomical changes. In addition, MC calculations can also be
incorporated into an analytical based DAPT workflow. For instance, after delivery of each adapted
fraction, a full MC dose reconstruction could be performed on the anatomy of the day, by also taking
into account information from the log-files of the delivered treatment (37). Such a log-file based MC
dose calculation could then be used for offline QA and dose accumulation. Indeed, this is the approach
that will be taken at our institute for the incorporation of a full MC-based dose calculation into the DAPT
workflow. However, for dose accumulation deformable image registration might introduce additional
not well quantifiable uncertainties (46—48). Alternatively, if a fast MC dose calculation (e.g. less than one
minute) is available, a MC recalculation of the analytically optimized plan could also be performed as a
QA measure directly before the delivery of the plan.

Conclusion

Dose uncertainties for NSCLC and paranasal patients caused by anatomical changes are substantially
larger than those caused by the use of a simple, but fast, analytical dose calculation. We therefore
caution the overuse of MC calculations for adaptive planning if the resulting time overhead
compromises the ability to rapidly adapt treatment plans to anatomical changes.
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Tables

Table 1: a) Mean and range of differences in target coverage and voxel-dose-agreement (VDA)
between the reference plan calculated on the initial CT with ADC and the dose re-calculated
with MC. Differences are caused only by the algorithm. b) Mean and range of differences in
5 target coverage and in selected OAR doses between the reference plan (calculated on the initial

CT with ADC) and the plans re-calculated (with ADC) on all repeated and simulated CTs. Only
differences caused by anatomical changes are considered. c) Mean and range of differences in
target coverage and selected OAR doses between the reference plan (initial CT, ADC) and the
plans re-optimized (adapted) on all repeated and simulated CTs.

10

mean difference

NSCLC patients paranasal patients
3% VDA 84.3 [82.6 - 86.7] 93.5[91.1 - 95.0]
5%VDA 94.2 [93.1-95.4] 98.5[97.7 - 99.0]
ACTV V95 -1.1[-4.9-0.8] -1.6 [-3.1--0.3]
ACTV D98 -1.2[-4.0-0.2] -1.5[-3.5--0.2]
a) ADCvs MC Aheart mean 0.1[-0.4-0.7]
AV20 lung 2.3[0.4-4.4]
AVA40 lung 0.2[0.0-0.5]
AD2 brainstem 1.0[0.5-2.0]
AD2 chiasma 0.8[0.2-1.4]
ACTV V95 -2.8[-5.2--0.2] -15.3 [-34.5--0.9]
ACTV D98 -3.1[-6.2--0.4] -10.8 [-22.0 - -0.4]
Aheart mean 1.3[0.5-3.3]
b) non-adapt AV20 lung 2.2[-1.2-9.3]
AVA40 lung 1.0[-1.0-3.1]
AD2 brainstem -1.0[-3.8--0.2]
AD2 chiasma -1.0[-1.8--0.1]
ACTV V95 0.5[-0.1-1.1] -0.3[-0.7 - 0.0]
ACTV D98 1.2[-0.3-1.9] -0.2 [-0.8-0.2]
Aheart mean 0.3[-0.6-1.2]
c) adapt AV20 lung 2.5[-9.6-3.7]
AV40 lung -0.2[-1.6-2.7]
AD2 brainstem -0.4[-1.9-0.7]
AD2 chiasma -0.1[-1.9--0.1]
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Figure captions

Figure 1: Dose distributions for an example NSCLC and a paranasal tumor patient (a) calculated
with an ADC on the initial planning CT, (b) recalculated on the initial CT with a MC algorithm, (c)
recalculated (non-adapted,) on the repeated (NSCLC) or simulated (HN) CT and (d) reoptimized
(adapted) on the repeated or simulated CT. Field directions, CTV and PTV contour are shown in
red.

Figure 2: The effect of anatomical changes in relation to the effect of dose algorithm on CTV
coverage for NSCLC and paranasal patients: Differences relative to the dose optimized with ADC
on the initial planning CT due to anatomical changes are shown in boxes, differences between
MC and ADC on the initial plan with yellow circles. If plans are not adapted (left) differences
caused by the algorithm are smaller or similar than caused by anatomy. Adaption (right)
reduces dose differences due to anatomy changes to a smaller or similar level as the difference
in algorithm. Boxes show median, 25% and 75% percentile, whiskers the most extreme data
points within 1.5 interquartile range, outliers more extreme than this are marked with +.

Figure 3: The effect of anatomical changes in relation to the effect of dose algorithm for
selected OARs. The difference relative to the dose optimized with ADC on the initial planning CT due
to anatomical changes are shown in boxes, differences between MC and RC on the initial plan
with yellow circles. Differences due to the algorithm are smaller or similar than differences due
to anatomy (left). Adaption (right) reduces dose differences due to anatomy. Boxes show
median, 25% and 75% percentile, whiskers the most extreme data points within 1.5
interquartile range, outliers more extreme than this are marked with +.
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