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Abstract

Background/purpose: Setup variations and anatomical changes can severely affect the quality
of head and neck intensity-modulated proton therapy (IMPT) treatments. The impact of these
changes can be alleviated by increasing the plan’s robustness a priori, or by adapting the plan
online. This work compares these approaches in the context of head and neck IMPT.

Materials/methods: A representative cohort of 10 head and neck squamous cell carcinoma
(HNSCC) patients with daily cone-beam computed tomography (CBCT) was evaluated. For each
patient, three IMPT plans were created: 1- a classical robust optimization (cRO) plan optimized on
the planning CT, 2- an anatomical robust optimization (aRO) plan additionally including the two
first daily CBCTs and 3- a plan optimized without robustness constraints, but online-adapted (OA)
daily, using a constrained spot intensity re-optimization technique only.

Results: The cumulative dose following OA fulfilled the clinical objective of both the high-risk
and low-risk clinical target volumes (CTV) coverage in all 10 patients, compared to 8 for aRO and
4 for cRO. aRO did not significantly increase the dose to most organs at risk compared to cRO,
although the integral dose was higher. OA significantly reduced the integral dose to healthy tissues
compared to both robust methods, while providing equivalent or superior target coverage.

Conclusion: Using a simple spot intensity re-optimization, daily OA can achieve superior target
coverage and lower dose to organs at risk than robust optimization methods.
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Introduction

Radiation-induced toxicities are an important concern for patients undergoing radiation
therapy of the head and neck region, as common long-term effects, such as xerostomia and
dysphagia, can have a significant impact on their quality of life [1]. For this reason, a strong
interest in using intensity-modulated proton therapy (IMPT) for the treatment of head and
neck squamous cell carcinomas (HNSCC) has emerged over the past few years [2].
Compared to photon radiotherapy, IMPT has the potential to reduce the dose to organs at
risk (OAR), while providing equivalent to superior target coverage [3-7]. However, the
sharp dose fall-off created by proton beams makes IMPT more sensitive than photon
radiation therapy against setup and anatomical variations, which are common amongst head
and neck patients. This can lead to a severe degradation of the treatment plan, requiring time
and resource consuming replanning [8,9].

In order to maintain the benefits of IMPT amid anatomical changes and setup variations,
several robust optimization approaches have been proposed [10]. In addition to the nominal
scenario, these methods explicitly account for different uncertainty sources during the
optimization process, substantially reducing the sensitivity of the final plan toward these
uncertainties. Classical robust optimization (cRO), which typically considers setup and
range uncertainties, has been investigated for HNSCC [11-14]. More recently, anatomical
robust optimization (aRO), which additionally include non-rigid anatomical variations
during the optimization process, has been shown to reduce the need of replanning in
HNSCC patients [15-18]. However, since several uncertainty scenarios have to be
considered simultaneously, robustness is generally achieved at the cost of an increased
integral dose to healthy tissues [19, 20].

A different approach that can be used to uphold the dosimetric benefits of IMPT over the
course of a fractionated treatment is to adapt the plan online, at each fraction [18, 21-23].
Compared to offline replanning, online adaptation (OA) has the advantage of not delaying
nor interrupting the treatment schedule and allows the adapted plan to reflect the exact
patient position and anatomy. Different types of OA might be performed in the future,
ranging from full replanning [21, 24] to limited plan restoration techniques [22, 23]. For
prostate patients, a recent simulation study has shown that a simple daily spot-intensity re-
optimization technique could achieve superior target coverage and lower dose to OAR than
robust optimization, and similar outcomes as full re-optimization [25]. However, such an
evaluation is yet to be done in head and neck patients.

The aim of this work was to evaluate the benefits of online adaptation compared to robust
optimization for the treatment of HNSCC with IMPT, in the presence of realistic setup
variations and anatomical changes. For this purpose, a cohort of ten HNSCC patients with
daily cone-beam computed tomography (CBCT) was considered. For each patient, two plans
were robustly optimized with cRO and aRO respectively, while the other was optimized
without robustness constraints, but adapted daily using a constrained spot-intensity re-
optimization technique. Dose tracking using deformable image registration of the CBCT
images to the planning CT was performed in order to compare the cumulative dose
distributions associated with each approach.
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Methods and Materials

Patient data

Ten HNSCC patients originally treated with volumetric-modulated arc therapy (VMAT) at
the Massachusetts General Hospital between July and December 2019 were considered in
this retrospective study, as CBCT was not available for our proton patients. For each patient,
a planning CT was acquired on a wide bore GE scanner (General Electric Medical Systems,
Milwaukee, WI). Each patient dataset additionally included a series of daily CBCTs,
obtained on an Elekta XV1 system (Elekta AB, Stockholm, Sweden) using a 100 kVp tube
voltage and a 220 degree acquisition. The number of daily CBCTs available for each patient
ranged between 31 and 35 with a median of 33 CBCT volumes.

Contours delineation was performed by an experienced radiation oncologist on the planning
CT. Two clinical target volumes (CTV) were defined: a high-risk CTV, which included the
primary tumour and adjacent high-risk lymph nodes, as well as a low-risk CTV,
encompassing bilateral lymph nodes considered at risk to harbor subclinical disease. Parotid
glands, spinal cord, constrictor muscles, esophagus, oral cavity, larynx and brainstem were
additionally contoured and treated as OARs. Relevant clinical details of our patient cohort
including tumor location, disease staging and weight change during treatment are listed in
Supplementary File 1.

As patients considered in this study were originally treated with photon radiotherapy, most
of them only had a single contrast-enhanced CT available for treatment planning purposes.
The presence of contrast agent in single-energy CT images is known to affect dose
calculation in proton therapy [26, 27], therefore we mitigated that effect by delineating
regions of high contrast uptake in the treatment planning system and set their density to the
one of soft tissue (1.05 g/cm3).

Treatment planning

For each patient, three treatment plans were created in RayStation (v8.99, Raysearch
Laboratories, Stockholm, Sweden): 1) a classical robust optimization (cRO) using a 3 mm
setup uncertainty, 2) an anatomical robust optimization (aRO) using the same criteria as
cRO, but optimized simultaneously on the planning CT and the two first fractions’ CBCTs
to include realistic variability in patient positioning and 3) a plan optimized without
robustness constraints, but online-adapted (OA) on each CBCT using a constrained spot
intensity re-optimization technique only. In practice, aRO would include several planning
CTs obtained before treatment to reflect potential non-rigid patient anatomy variations [19],
but those were not available for our patients. Similarly as Cubillos-Mesias et a/. [15, 17], we
instead used CBCT data from the two first fractions of each patient in order to introduce
realistic non-rigid variations without substantial treatment-induced anatomical changes.

The minimax approach [28] was used to create both robust plans, enforcing robustness to the
dose constraints of both CTVs, the spinal cord, the brainstem and the parotid glands. In
order to isolate the impact of anatomical changes and setup variations on target coverage, it
was assumed that all uncertainties not directly addressed by the daily CBCT data, i.e. all
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except for setup and patient anatomy, were considered in the original volumes definition,
similarly as in Botas et al. [23].

All plans were created using a simultaneous integrated boost (SIB) technique, with a
prescribed mean dose of 57 Gy and 70 Gy to the low-risk and high-risk CTV respectively, in
the same number of fractions as available daily CBCTs for each patient. An intermediate
region of 10 mm was created between the low- and high-risk CTV to foster a steep dose
gradient between the two regions. The following constraints were applied to both target
volumes: Dggg, = 95% and Doy, < 107% of the prescription dose, where Dggy, and Dyg, are
the minimum doses to 98% and 2% of the target volume respectively. For the OARS, mean
or maximum dose (Dean @nd Dppax) constraints were used as follows: Dy < 45 Gy in the
spinal cord, Diean < 26 Gy to both parotids individually, Dmean < 42 Gy to the constrictor
muscles, Dmax < 54 Gy to the brainstem, Dyean < 40 Gy to the larynx. Plans were optimized
with multi-criteria optimization considering all OARs listed above, in addition to oral cavity
and esophagus, for which dose was kept as low as reasonably achievable.

All plans were created using the /BA Dedjcated Nozzle beam model (spot size in air at 150
MeV of 3.73 mm), with beam angles of 60°, 180° and 300°, a 40 mm range shifter, a 30 mm
minimum air gap and spot spacing factor of 1. Dose calculation was performed with the
Monte Carlo algorithm of RayStation in a 2.0 x 2.0 x 2.0 mm? dose grid and a relative
biological effectiveness (RBE) of 1.1.

Online adaptation

Online adaptation was performed as outlined in Figure 1 using an in-house developed
workflow. First, the daily CBCT images were corrected for scatter artifacts using a fast
deep-learning based method validated for proton therapy dose calculation [29]. Then,
contours from the planning CT were propagated to the scatter-corrected daily CBCT using
the graphics processing unit (GPU) parallelized B-spline deformable image registration
(DIR) algorithm Plastimatch [30]. The accuracy of the propagated contours was visually
verified for each CBCT. The GPU accelerated Monte Carlo dose calculation algorithm
gPMC [31] was then executed to derive the dose associated with each beamlet of the IMPT
treatment plan on the corrected CBCT images, using the same beam model as in RayStation.
From there, plan restoration was performed by only re-optimizing the intensity of a subset of
spots with Opt4D [32], an in-house developed optimization tool. The same objectives and
constraints as for the initial treatment plan were used for adaptation. Contrary to the online
adaptation methods of Botas et a/. [23] and Jagt et al. [25], the energy and position of the
spots were not modified, in order to constrain the level of deviation from the original
treatment plan allowed and to reduce the risk of obtaining undeliverable treatment plans. In
cases with severe anatomical changes, additional energy layers would be required to achieve
target coverage. Our methodology specifically does not consider such cases as we aim at
providing deviations from the original plan that are limited to beamlet weight changes to
potentially avoid elaborate quality assurance (QA) processes needed for an entirely new plan
which could make OA impractical or even infeasible. Severe changes would result in the
need for replanning with a threshold defined by whether our algorithm is able to find an
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acceptable adapted plan. This was however not the case for any of our cohort patients,
despite the important weight change some experienced.

Similarly as in Botas et al. [23], the spots selected for intensity re-optimization were defined
as the smallest set of beamlets carrying at least 33% of the total spots’ intensity, with the
constraint that the number of spots selected represented at least 10% of the total number of
beamlets. No constraints were applied to the proportion of spots selected for each field,
although the re-optimized spots were generally evenly distributed within all three beams.
The average number of spots selected for weight tuning within our patient cohort was 896,
while the average number of spots per treatment plan was 7632.

Dose accumulation and data analysis

Results

For each treatment plan, dose distributions were calculated on the corrected daily CBCTs
and deformed to the planning CT for dose accumulation. Dose calculation on the daily
CBCTs was performed using RayStation (with Monte Carlo) for cRO and aRO, while gPMC
was used for OA. This way, any potential discrepancies between gPMC and RayStation
would be intrinsically addressed by OA without affecting the robust methods. Dose-volume
metrics were evaluated on the cumulative dose distributions in order to establish the
performance of each method. The statistical significance of the differences between the dose
metrics of each approach was evaluated using Wilcoxon signed-rank tests, considering a p-
value <.05 as statistically significant.

Nominal and cumulative dose statistics are presented for each method in Table 1. All plans
met the clinical goals in the nominal scenario, both in terms of target coverage and OAR
constrains. In the cumulative scenario, target coverage (Dggos) Of the low-risk CTV was
significantly lower for cRO and aRO compared to OA (p=.002 and p=.014 respectively),
with median values of 95.06%, 96.54% and 97.97% respectively. A similar trend was
observed in the high-risk CTV, with median values of 96.58%, 97.47%, 98.07% for cRO,
aRO and OA respectively. Once again, difference between cRO and aRO with respect to OA
were significant (p=.002 and p=.004). Differences in the cumulative Dggy, values between
cRO and aRO were also significant for both CTVs (p=.002 and p=.010 for low-risk and
high-risk CTVs respectively). The overdosage of the high-risk CTV, reflected in Dy, Was
not significantly different between the three methods.

Cumulative target coverages are presented for each patient individually in Figure 2. Of all
three methods, only OA was able to achieve a cumulative Dggo, over 95% for both CTVs
simultaneously in all patients, although aRO met this criterium 8 times out of 10. With cRO,
target underdosage was more common in the low-risk CTV (5 patients out of 10) than in the
high-risk one (2 patients out of 10). The distributions of cumulative dose statistics to OARs
are presented in Figure 3. Comparing the two robust methods together, one can see that the
increased robustness of aRO over cRO is not achieved at the cost of a significantly higher
dose to most OARs, although the integral dose was increased.
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The evolution of target coverage over the course of treatment is presented for five
representative patients in Figure 4. Some of them, like patient 2 and 3, exhibited a
continuous degradation of the target coverage for both robust optimization methods,
especially perceptible in the low-risk CTV. Both patients experienced a progressive weight
loss during treatment. Some other patients, like patients 5 and 10, display irregular
fluctuations of the coverage in the high-risk CTV, which were more likely associated with an
inconsistent positioning of the target from fraction to fraction. Dose distributions associated
with three of these patients are shown in Figure 5. For patient 2, where the weight loss was
less severe than for patient 3, cold spots are visible in the low-risk CTV of cRO, but not in
aRO nor OA. However, one can see that the 35 Gy isodose line is more conformal to the
target volume in OA than in aRO, which highlights the reduced integral dose associated with
the former approach. For patient 3, who experienced more significant weight loss, both
robust approaches yielded cold spots in the low-risk CTV, as neither of them could anticipate
such drastic changes in the patient’s anatomy. Finally, in patient 5, variations in the
positioning of the high-risk CTV during treatment induced a cold spot for cRO, but not in
aRO. This patient was treated for a base of tongue tumor, for which consistent positioning is
particularly challenging. In this case, aRO was able to achieve satisfying coverage, as
representative variable positions of the tongue were covered by the additional scenarios
introduced to optimize the plan. Nonetheless, OA was able to achieve target coverage in both
patients 3 and 5, which demonstrates the robustness of the approach toward the type of
variations affecting the treatments.

Discussion

In this study, we compared three strategies to maintain the dosimetric benefits of IMPT for
HNSCC treatments in the presence of setup variations and anatomic changes. Our results
demonstrated the benefits of online adaptation to restore initial treatment plan quality of
head and neck IMPT plans using a simple spot intensity re-optimization technique. With this
strategy, OA was able to meet the clinical goals for both CTVs simultaneously in all 10
patients, compared to 8/10 and 4/10 for anatomical and classical robust optimization
respectively. This suggests that the clinical implementation of a simple OA workflow could
be beneficial for the subset of patients where robust treatment plans fail to ensure target
coverage and for whom disruptive replanning would otherwise be needed. This finding is
similar to what was reported in prostate patients by Jagt et a/. [25] and for sinonasal tumors
by van de Water et al. [18], where a daily online dose restoration method provided superior
target coverage and better OAR sparing than robust optimization approaches.

Our study also supports the superiority of anatomical robust optimization, also known as
multiple-CT optimization [16, 33], over classical robust optimization for the treatment of
HNSCC, as reported by Cubillos-Mesias et a/. [15, 17]. Similar findings were also made by
Wang et al. [33] and Li et al. [34] for lung treatments and by van de Water et a/. [18] for
sinonasal tumours. Based on daily CBCTSs instead to weekly CTs, our investigation
additionally highlighted the daily fluctuations of patients’ setup and anatomy. In that regard,
our results indicated that the benefits of aRO over cRO were especially important in patients
where the reproducibility of target positioning is more challenging, such as for base of
tongue tumors. Although increasing setup robustness for these cases could be considered, it
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is interesting to see that OA has the potential to compensate the limitations of
immobilization hardware.

Our results also indicated that the benefits of aRO over cRO were not acquired at the cost of
a significantly higher dose to OARSs, but at a significant increase of the integral dose. This
was also observed by Cubillos-Mesias et al. [15], which tends to demonstrate that using aRO
over cRO is appropriate in order to increase target coverage without compromising critical
structures. However, our data also indicates that OA has the potential to significantly reduce
the dose to most OARs as well as the integral dose to healthy tissues, and an equivalent to
superior target coverage compared to robust methods. Eliminating all additional dose needed
to account for anatomical changes and setup variations resulted in a reduction in the dose to
healthy tissues of 18.70% for OA compared to aRO. The low dose volume shrinkage
associated with OA seemed to be particularly beneficial to OARs situated further from the
target volume, such as the spinal cord, where the median D1 was reduced by more than
50% with OA over cRO and aRO. For OARs closer to the target, like the parotids, and
especially the ipsilateral one, smaller gains were observed, and those were not statistically
significant.

A critical aspect of online adaptation is the time requirement. In our patient cohort, the total
time for treatment adaption ranged between 8 and 22 minutes, with a median time of 12
minutes. The time was approximately distributed as follows: 5 seconds for CBCT scatter-
correction, 2 minutes for contour propagation, 4 minutes for dose calculation and 6 minutes
for spot intensity re-optimization. While this might be clinically acceptable, several
strategies could be investigated to improve the efficiency of our workflow. For instance, the
use of a multi-GPU system should substantially reduce the time required for deformable
image registration as well as Monte Carlo dose calculation [23]. Since our workflow is
mostly automated, some user-related tasks could also be done in parallel, in order to limit
the total time required for plan adaptation. For example, visual inspection of the propagated
contours, which is not included in the total time reported above, can be performed while the
dose-influence matrix of the beamlets are being calculated. Another challenge facing the
clinical implementation of online adaptation of IMPT treatments that was not tackled by this
work is the QA of the adapted plan. While QA would arguably be simplified using our
weight tuning approach over full re-optimization or complete replanning, log file-based
analysis could be considered [35], as well as /n vivo range verification using prompt gamma
detection [36, 37]. Finally, different adaptation frequencies could be considered if the time
and resource requirements of OA are found to be impractical for daily use [38].

A limitation of this work is the use of CBCT images for dose calculation, which was
necessary in order to accurately reflect the effect of daily setup variations and anatomical
changes. Dose calculation based on CBCT data is known to be challenging [39, 40], and this
had the potential to introduce an additional level of plan degradation for the cRO case, which
was optimized on CT data only. To mitigate this effect, all CBCT images used in this study
were corrected with a projection-based method that was previously validated in phantom and
patient images, achieving millimetric agreement in range prediction between CT and scatter-
corrected CBCT images, as well as 3%/3mm gamma pass-rate above 98% in HNSCC plans
[29]. Considering the fact that stopping power accuracy has a limited impact on target
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coverage compared to anatomical changes in head and neck patients [17], we believe that
scatter-corrected CBCTs were a reasonable surrogate to daily CT data for the purpose of this
work.

Another limitation worth mentioning is the assumption that all uncertainty sources other
than setup and anatomical variations affected equally the three methods and could therefore
have been considered at the target definition stage. This includes range uncertainty, which
we did not explicitly incorporated in the robust optimization and online adaptation. By
including range uncertainty in the robust optimization and then relying on the daily CBCTs
to recalculate the delivered doses, we could have overestimated target coverage, as
robustness against range uncertainties could artificially compensate anatomical changes in
the beam’s direction. We instead treated range uncertainties as if they were included in the
target volumes’ definition, which was suitable for the purpose of this work since the
estimated range accuracy was similar for all methods and because beams arrangement was
not changed for adaptation. While these conditions are representative of most foreseeable
clinical scenarios, there are some situations where it might not be the case, for instance if
substantially different imaging modalities were used for treatment planning and adaptation
(e.g. dual-energy CT for planning [41, 42] and MRI for adaptation [43, 44]), if
fundamentally different dose calculation algorithms were used for planning and adaptation
[45], or if /n vivorange verification was available for OA [36, 37]. In such cases, range
uncertainties would be different for online adaptation and robust treatment planning, and this
could have an impact on the relative performance of each method reported in this work.
Studying the effects of variable levels of uncertainty for sources other than setup and
anatomical changes on the benefits of OA over robust methods was out of the scope of this
study, but warrants further investigations.

Finally, it should be noted that the same deformation fields were used to propagate the
contours for OA and to accumulate the dose for all methods. Our results therefore reflect the
best-case scenario of OA, where DIR accuracy for contour propagation is neglected. In a
clinical scenario, the level of scrutiny applied to the daily contours would have to be
balanced between the desired accuracy and the time constraints, something we did not tackle
in this work. It is also important to stress out that our work was based on CBCT data from
VMAT patients, which might differ from IMPT patients in terms of setup reproducibility and
response to treatment. The positioning protocols at our institutions are however very similar
between IMPT and VMAT, except that we typically use slightly different immobilization
masks for each modality.

Globally, our study suggests that online adaptation of IMPT plans based on a simple spot-
intensity re-optimization has the potential to increase treatment quality for HNSCC
compared to state-of-the-art robust optimization methods. The main benefits of this
approach over robust methods were an improved target coverage, reduced integral dose and
the fact that it performed similarly well in cases exhibiting random positioning fluctuations
as those with more drastic anatomical changes, this without relying on disruptive re-
planning.
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. An online adaptive strategy was compared to two robust optimization
methods in the context of head and neck IMPT
. Daily CBCT images from 10 representative patients were used to evaluate the
impact of setup variations and anatomical changes on each approach
. The most performing robust optimization method achieved adequate target
coverage in 8/10 patients
. Online adaptation achieved adequate target coverage in all patients
. The dose to most OAR as well as the integral dose were reduced using online

adaptation over robust optimization
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Planning CT

Figure 1 —.

Overview of the online adaptation workflow used in this study. Abbreviations: CBCT =
cone-beam computed tomography; CT = computed tomography; DIR = deformable image
registration; GPU = graphics processing unit.
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Figure 2 —.

C1g'V coverage expressed as the difference between the accumulated Dggoy, in each scenario
and 95% of the prescription dose. The differences in Dggo, Values are statistically significant
between all three methods and for both CTVs. Abbreviations: CTV = clinical target volume;
cRO = classical robust optimization; aRO = anatomical robust optimization; OA = online
adaptation.
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Distribution of dose parameters within the patient cohort derived from the accumulated dose
distributions from each scenario. The horizontal line represents the mean value of the
distribution, while the vertical line spans over two standard deviations. Abbreviations. cRO
= classical robust optimization; aRO = anatomical robust optimization; OA = online

adaptation.
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subset of five representative patients. Fraction 0 represents the nominal dose distribution.
The thin lines connect each fraction, while the thick lines show the 3-fraction average value.
These values were derived from the CBCT dose distributions deformed to the planning CT.
Abbreviations: CTV = clinical target volume; cRO = classical robust optimization; aRO =
anatomical robust optimization; OA = online adaptation.
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Isgdose lines from the accumulated dose distributions of each scenario in three
representative patients. Yellow arrows highlight regions of underdosage. Abbreviations:
CTV = clinical target volume; cRO = classical robust optimization; aRO = anatomical robust
optimization; OA = online adaptation.
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Table 1 -

Dose statistics for the nominal and cumulative dose distributions
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Plan
ROI Metric Dose median (min-max)
cRO aRO OA
Nominal 98.78 (98.19-99.22) 98.48 (97.51-99.71) 98.61 (98.13-99.16)
Low-risk CTV Dogo, (%) )
Cumulative 95.06 (87.88-96.17) 96.54 (91.44-98.53) 97.97 (97.34-98.65)
Doac(%) Nominal 98.51 (98.01-98.99) 98.30 (97.26-98.93) 98.20 (98.0-98.7)
98%( /0
Cumulative 96.58 (91.81-97.92) 97.47 (94.25-98.66) 98.07 (97.15-99.73)
High-risk CTV
Dss(%6) Nominal 103.11 (102.43-104.00) | 103.06 (101.74-104.02) | 102.77 (101.91-103.65)
29%( 70,
Cumulative | 102.33 (101.08-103.61) | 102.66 (101.91-104.13) | 102.58 (102.00-103.54)
Nominal 24.02 (17.78-30.22) 26.42 (20.04-32.76) 16.77 (11.83-27.67)
Spinal Cord D1cc(GY) .
Cumulative 23.74 (18.58-30.81) 25.78 (21.00-32.08) 12.03 (8.50-25.26)
Nominal 21.0 (16.33-56.54) 19.66 (15.72-56.86) 20.62 (10.75-54.19)
Ipsilateral Parotid Dimean(GY) )
Cumulative 25.05 (19.33-56.40) 22.43 (18.37-57.00) 23.60 (11.29-56.35)
Nominal 19.85 (17.08-21.74) 18.74 (15.64-20.30) 15.54 (11.70-21.42)
Contralateral Parotid Dimean(GY) )
Cumulative 21.43 (18.41-28.76) 19.85 (18.68-26.14) 15.78 (14.21-26.85)
Nominal 30.69 (16.73-38.56) 31.65 (14.76-38.74) 25.73 (11.75-34.49)
Larynx Dmean(GY) .
Cumulative 33.20 (10.95-41.39) 31.44 (13.96-41.39) 24.37 (6.92-35.89)
Nominal 37.21 (19.44-59.93) 37.34 (15.36 — 59.90) 33.49 (11.91-58.34)
Constrictor muscles Drmean(GY) .
Cumulative 37.33 (14.26-60.33) 38.01 (16.41-60.50) 30.90 (9.26-59.88)
Nominal 15.27 (8.65-49.05) 16.74 (11.37-54.70) 11.09 (6.77-43.23)
Oral cavity Drmean(GY) )
Cumulative 15.90 (8.38-50.82) 17.85 (11.08-56.55) 12.15 (6.21-51.20)
Nominal 6.20 (0.55-17.14) 5.45 (0.74-27.55) 1.32 (0.34-16.26)
Brainstem D1cc(GY) .
Cumulative 5.04 (0.47-17.11) 4.97 (0.60-29.07) 0.99 (0.43-15.08)
Nominal 59.79 (46.13-92.0) 61.63 (49.67 — 96.74) 49.82 (40.37-81.0)
Healthy tissue Integral dose (Gy*I) )
Cumulative 61.43 (48.07-96.28) 63.66 (53.40-101.13) 51.76 (43.06-87.56)
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