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Purpose

To demonstrate the suitability of optically stimulated luminescence detectors (OSLDs) for accurate simultaneous measurement of the absolute point dose and dose-weighted linear energy transfer (LETD) in an anthropomorphic phantom for experimental validation of daily adaptive proton therapy.





Methods

A clinically realistic intensity-modulated proton therapy (IMPT) treatment plan was created based on a CT of an anthropomorphic head-and-neck phantom made of tissue-equivalent material. The IMPT plan was optimized with three fields to deliver a uniform dose to the target volume covering the OSLDs. Different scenarios representing inter-fractional anatomical changes were created by modifying the phantom. An online adaptive proton therapy workflow was used to recover the daily dose distribution and account for the applied geometry changes. To validate the adaptive workflow, measurements were performed by irradiating Al2O3:C OSLDs inside the phantom. In addition to the measurements, retrospective Monte Carlo simulations were performed to compare the absolute dose and dose-averaged LET (LETD) delivered to the OSLDs.





Results

The online adaptive proton therapy workflow was shown to recover significant degradation in dose conformity resulting from large anatomical and positioning deviations from the reference plan. The Monte Carlo simulations were in close agreement with the OSLD measurements, with an average relative error of 1.4% for doses and 3.2% for LETD. The use of OSLDs for LET determination allowed for a correction for the ionization quenched response.





Conclusion

The OSLDs appear to be an excellent detector for simultaneously assessing dose and LET distributions in proton irradiation of an anthropomorphic phantom. The OSLDs can be cut to almost any size and shape, making them ideal for in-phantom measurements to probe the radiation quality and dose in a predefined region of interest. Although we have presented the results obtained in the experimental validation of an adaptive proton therapy workflow, the same approach can be generalized and used for a variety of clinical innovations and workflow developments that require accurate assessment of point dose and/or average LET.
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1 Introduction

Clinical innovations and translational research in radiotherapy often require precise dose measurements in different phantoms to validate the expected dose distribution and its variation according to different irradiation conditions. In proton therapy, another important parameter is the linear energy transfer (LET). It is considered a surrogate for the relative biological effectiveness (RBE) (1), even though RBE does not necessarily scale linearly with LET (2, 3). Dosimetry, however, is challenged by the elevated LET at the spread-out Bragg peak (SOBP), which limits the use of many dosimeter types due to ionization quenching (4). Therefore, for accurate ion beam dosimetry, a dosimeter subject to quenching must also be able to assess the radiation quality, e.g. through an estimation of the average LET, in order to correct the measured dose for quenching. Besides the capability of assessing both dose and LET distributions simultaneously, the detector should only disturb the radiation field negligibly. One example application is the experimental validation of the dose and LET distributions in an online adaptive proton therapy workflow in an anthropomorphic phantom.

Passive luminescent detectors have been applied for simultaneous dose and LET determination in light ion beams for decades (5, 6). Among the available detector types, particularly the use of optically stimulated luminescence detectors (OSLDs) is attractive for in-phantom measurements due to the possibility of creating ultra-thin detectors (< 100 µm) that can be cut to arbitrary shapes (7). While previous studies have determined the dose and LET with OSLDs in proton beams under reference conditions, we demonstrate for the first time how these quantities can be measured in the mixed particle fields relevant to SOBPs to validate adaptive radiotherapy (8–10). Although the LET can be averaged in different ways, in our work we always refer to the dose-weighted LET (LETD) with contributions from protons only.

Adaptive radiotherapy refers to fractionated treatment delivery that takes into account changes in the patient’s anatomy during treatment. Geometric changes can occur within a fraction (intra-fractional) or between consecutive fractions (inter-fractional). The former is mostly due to respiratory motion, which particularly affects some tumor sites such as the abdomen and thorax. The latter can have various causes, such as weight gain or loss, tumor shrinkage, or even sinus filling. The goal of adaptation is to restore the original coverage of the target while sparing as much healthy tissue as possible. Proton therapy can particularly benefit from adaptation due to its well-defined range and sharp gradients. Daily variations in a patient’s geometry can affect the range of the protons, resulting in under-dosing of the target or over-dosing of organs at risk (OARs). Several adaptive proton therapy workflows have been proposed (11–30).

In this work, we report on the use of OSLDs for experimental testing of the adaptive workflow developed at the Paul Scherrer Institute (PSI) based on daily analytical plan recalculation according to the computed tomography (CT) of the day (21–24). To simulate realistic anatomical and positioning changes, we employed an anthropomorphic head-and-neck phantom previously developed at PSI. Our approach can be generalized and used in other experimental validations of proton therapy developments that require an accurate evaluation of point dose and/or LET.




2 Materials and methods



2.1 Anthropomorphic head-and-neck phantom

Dose delivery and measurements were conducted with PSI’s Gantry 2 (31) using the anthropomorphic head-and-neck phantom. The phantom was developed at PSI in collaboration with CIRS (Computerized Imaging Reference Systems, Inc., Norfolk, USA) and used in a previous study to validate the daily adaptive proton therapy workflow developed at PSI (32). It is constructed from tissue-equivalent material and sliced into five sections along the coronal plane. The nasal cavities can be filled with mucus-equivalent material to mimic the effects of nasal congestion in head-and-neck patients. In addition, a fat layer can be applied to the neck area to simulate weight changes. Further details on the phantom can be found elsewhere (32).

For our study, a reproducible position of the OSLDs in the phantom was required. To accomplish this, we positioned the OSLDs on top of a tissue-equivalent rod (see Figure 1) placed in the cylindrical channel drilled through the phantom. Sliding the rod to the end of the channel ensured consistent positioning across all measured fractions. Seven 3-mm diameter OSLDs were fixed in a circular manner (see section 2.4), with one positioned at the center of the rod as seen in Figure 1B. Figure 1A shows the axial slice of the CT with the OSLD arrangement visible on the scan. To simulate anatomical changes, we applied different configurations of the nasal cavity fillings as well as the 1 cm fat layer around the neck area.




Figure 1 | Anthropomorphic head-and-neck phantom used for measurements. The 1 cm fat layer is positioned around the phantom in this figure. The circular OSLD arrangement is visible on the axial CT slice in (A). Seven 3-mm OSLDs are attached to the top of the tissue-equivalent rod, as seen in (B). The PTV is extended posteriorly to include the OSLD contour, as seen in the axial and sagittal CT slices in (A, C).






2.2 Treatment planning and the DAPT workflow

The nominal treatment plan was created on the reference (planning) CT imaged with the PSI Gantry 2 in-room CT scanner (33). We fixed the head-and-neck phantom with a thermoplastic mesh mask and a moulage to ensure consistent positioning between the reference CT and the consequent fraction images. Various regions of interest (ROIs), including OARs and a clinical target volume (CTV), were delineated by an experienced radiation oncologist. In addition, we extended the superior part of the CTV posteriorly to cover the OSLDs, as shown in Figure 1. A planning target volume (PTV) was then created by isotropically expanding the CTV by 2 mm.

Treatment planning was performed using PSI’s in-house treatment planning system, FIonA. The CTV received a prescription of 2.0 Gy(RBE) per fraction, assuming a constant RBE of 1.1 (physical dose = 1.82 Gy). Three anterior fields were introduced to deliver a combined uniform dose to the PTV with the following gantry angles: -20°, 0°, and 20°. The nominal plan was then optimized to the PTV with a range robustness setting of ± 3.0% and additional OAR objectives/constraints to fulfill the QUANTEC guidelines (34). The resulting IMPT plan served as the reference plan for the online plan adaptation.

Online plan adaptation was performed using PSI’s daily adaptive proton therapy (DAPT) workflow (12, 32). The reference plan, created on the reference CT, defines the beam geometries and ROI objectives/constraints to be used for daily dose re-optimization based on the anatomy of the day: first, daily imaging is performed with the same in-room CT scanner as for reference imaging, followed by rigid registration. The resulting vector field is used to propagate contours from the reference CT to the daily image. Once the daily ROIs are defined, the daily plan is created by optimizing the dose using the same set of objectives and constraints as in the reference plan. The daily plan is then delivered after clinical and physical quality assurance. More details on DAPT can be found elsewhere (32).




2.3 Treatment delivery and fractions

Two delivery methods were considered: the non-adaptive (NA) scenario and the daily adaptive (DAPT) scenario. In NA, the reference plan from the nominal/reference CT was delivered to the daily fraction image without any corrections. In DAPT, a daily plan was created and optimized based on the daily image using the DAPT workflow described above.

Table 1 shows an overview of the delivered and measured fractions simulated by applying different combinations of positioning and anatomical changes compared to the reference CT. The nominal treatment plan was designed on the reference CT, which we refer to as the nominal positioning and nominal anatomy composition: no fat layer and nasal cavities filled with the mucus-equivalent material. Fraction 1 was a replication of the nominal/reference conditions, and only the NA scenario was measured for this fraction. For the remaining fractions, both NA and DAPT scenarios were delivered and measured. We used the same in-room CT scanner that was used for the reference CT to image the fractions.


Table 1 | Overview of the delivered fractions.



In fraction 2, we applied the 1 cm fat layer in the neck area as previously shown in Figure 1. This also affected the position of the phantom, as the fat layer induced both a spatial offset and an angular deviation compared to the reference. In fraction 3, we removed the fat layer and moved the phantom 1 cm laterally from its nominal position. In fraction 4, the phantom was in its nominal position, and we removed half of the nasal cavity fillings (starting from the most posterior section). In fraction 5, the phantom remained in its nominal position, and we removed the remaining half of the mucus-equivalent material, leaving the nasal cavities empty.

To confirm our positioning reproducibility, a quantitative measure is given in Figure 2. The figure overlays the nominal/reference CT and the CT of fraction 1 in complementary colors, blue and yellow, respectively (both at 50% transparency). The positioning errors can be seen by the blue/yellow shades throughout the image, especially visible at the edges and between the plates of the phantom. In addition, the OSLD contours for both CTs are visible on the axial slice, along with a calculation of the center of mass (COM) relative to the mutual CT origin. The difference between the two calculated COMs yields sub-millimeter accuracy in all three dimensions.




Figure 2 | Estimation of the positioning reproducibility of the phantom and the OSLDs. Both the nominal/reference CT and fraction 1 CT are overlayed in complementary colors (blue and yellow, respectively), highlighting the positioning errors between the two images. On the axial slice, the OSLD contour is visible for both images, along with a calculation of the COM relative to the mutual CT origin. The difference between the two calculated COMs yields sub-millimeter accuracy in all three dimensions.






2.4 OSL detector preparation

All measurements were conducted with optically stimulated luminescence (OSL) Al2O3:C detectors. The 3-mm diameter OSLDs were cut from a single film made from < 38 μm Al2O3 grains mixed with a binder and a 75 μm polyester substrate as described in Ref (35). The OSLDs were optically bleached with a green light prior to irradiation. The OSLDs were placed inside the phantom as shown in Figure 1, which also served to shield the OSLDs from ambient light after irradiation. The OSLDs were fixed to the rod using a piece of tape sticking to the polymer side.




2.5 OSL readout and dosimetry

To determine the dose and LET to each Al2O3:C OSLD, the detectors were read out using pulsed stimulation to separate the blue emission band from the UV emission (36). The OSLDs were read out in a commercial reader (Risø TL/OSL-DA-20, DTU Nutech, Denmark) in an automated sequence defined in Ref (37). Only the blue emission band was used for dosimetry through the dose calibration in Figure 3A obtained with 240 MeV protons, due to its dose linearity below 5 Gy relevant to this study along with a low fading-rate and dose-rate independence (37). To improve the dosimetry and reduce the effects of inter-sample differences, the OSLDs were subject to a reference irradiation with a known dose to normalize the signal (7). This enables a standard deviation of the residuals lower than 1% as seen in Figure 3A.




Figure 3 | (A) The OSLD dose calibration for 240 MeV protons, which relates the blue OSL emission intensity to the dose measured with an ionization chamber. (B) Relative detector efficiency for the blue OSL emission for protons, where the emission band is subject to ionization quenching increasing with the LET. (c) Ratio of the UV and blue emission bands versus LET at reference conditions, i.e. the LET calibration. Error bars illustrate the (coverage factor k=1) uncertainties. The shaded bands in the residual plots outline the standard deviation of the residuals, which is 0.6%, 3.8%, and 1.8% for (A–C), respectively.



One challenge with OSLD dosimetry in light ion beams is its ionization-quenched response, in line with other solid-state detectors (38–41). The relative detector efficiency for the blue OSL emission band is shown in Figure 3B for protons, where the efficiency decreases with increasing LET. Unless corrected, the quenched response will lead to an underestimated dose for measurements in an SOBP. However, an LET correction can be derived from the OSL response itself through the ratio of the UV and blue emission bands. Figure 3C shows the ratio of the two OSL signals as a function of LETD, where the OSLDs were irradiated at different radiation qualities and the LETD at each position assessed with Monte Carlo simulation methods. A detailed explanation of the data can be found in (7). The relationship between the UV and blue emission band ratios enables a determination of the LETD for each OSLD readout. The use of the OSLD emission band ratio to determine LETD has been demonstrated for protons, helium, and carbon ions up to 41.3 keV/μm in water. For ions heavier than carbon, the dense ionizations cause a signal saturation, and the emission band ratio is difficult to relate to the LET (10). The estimated LETD can in turn be used to look up the relative detector efficiency in Figure 3B to correct ionization quenched dose in the OSLD. Hence, a single OSLD permits to determine the dose and average LET simultaneously (8, 10).




2.6 Monte Carlo dosimetry

In each delivered and measured fraction, both dose and LETD were retrospectively simulated using MOQUI (42), an open-source GPU-based Monte Carlo code. For this purpose, we implemented the PSI Gantry 2 beam model in MOQUI and cross-validated dose calculations in water with the treatment planning system FIonA.

MOQUI scores both dose and LETD distributions on the CT grid separately for each treatment field. dE/dx was calculated by dividing a particle’s energy loss (dE) by the corresponding travel distance (dx). The   to each voxel   with the density   is scored as in Ref (43) with a water density   of   and weighted by the energy deposition:

	

The above equation calculates   distributions for each field F, which are then used together with the field doses DF to calculate the total LETD:

	

The precision of the Monte Carlo dose calculation is related to the number of particles simulated. We simulated particles on the CT images of the phantom (i.e., based on its density and structures) until a statistical uncertainty threshold of 1% was reached for the dose in the target. The voxel-wise dose and LETD distributions were then averaged over a single-slice OSLD contour created on the axial CT slice to compare the Monte Carlo dosimetry results with the measurements. We contoured this structure to encompass all seven OSLDs on the tissue-equivalent rod (see Figure 1).





3 Results



3.1 OSLD dosimetry and LET determination

The readouts of the seven OSLDs in the DAPT fraction 2 are shown in Figure 4. The integral OSL emissions from each OSLD are shown in Figures 4A, B for the emissions in the blue and UV emission bands, respectively. To improve the OSL signal precision, each of the integral OSL emissions is scaled by the intensity of the reference irradiation as discussed in section 2.5. To determine the average LETD to each OSLD, the ratio of the UV to its blue emission intensity is used to look-up the corresponding LETD value in Figure 3C, where the determined LETD values are shown in Figure 4C. The variation of determined LETD values reflect the variation in the SOBP, where the highest LETD occurs at the distal edge. The dose to each OSLD in Figure 4D is determined by applying the OSL dose calibration in Figure 3A to the blue emission readouts shown in Figure 4A, which are subject to ionization quenching. The determined LETD values in Figure 4C are used to determine individual ionization quenching correction factors for each of the OSLDs in Figure 4D through the relative detector efficiency in Figure 3B.




Figure 4 | Example of the seven OSL detectors irradiated during the DAPT fraction 2. Each OSLD is annotated with its position number and the numerical value of the readout with units given in the color bar. (A, B) show the relative blue and UV emission intensities, respectively. Using the ratio of the blue and UV emissions, the LETD to each OSLD in (C) is estimated through the calibration curve in Figure 3C. Finally, the intensity of the blue emissions in (A) is used to determine the dose to the OSLDs shown in (D) through the dose calibration in Figure 3A. Each LET determination in (C) has been used to correct the doses in (D) for ionization quenching through the correction factors derived from Figure 3B.






3.2 Comparison of OSLD measurements and Monte Carlo

The results of the OSLD measurements and Monte Carlo simulations are summarized in Figure 5 for different fractions for dose and LETD in (Figures 5A, B) respectively. For the Monte Carlo results, the bar plots show the mean values obtained by averaging the voxel-wise values over the OSLD contour, whereas the uncertainty bars represent the standard deviation of the same values (coverage factor k=1). For the OSLD results, the bar plots show the same metrics obtained by averaging the measured values for the seven OSL detectors. In addition, the uncertainty bars for the OSLD measurements illustrate the standard deviation of the data. The overlay with circular markers shows the determined dose or LETD from each OSLD measurement. As the LETD varies throughout the delineated volume in the SOBP where the OSLDs are placed, there will be a spread of the experimental data. However, as the relative detector efficiency in Figure 3B varies only little with the LETD for protons. This means that, e.g., a 10% deviation of the determined LETD typically only leads to a 1% deviation of the LETD-derived quenching correction and consequently has a smaller impact on the accuracy of the dosimetry.




Figure 5 | The mean (A) dose and (B) LETD values determined through the Monte Carlo simulations with MOQUI and measurements with the OSLDs. For Monte Carlo, the uncertainty bars represent the standard deviation of the voxel-wise values acquired for each voxel within the OSLD contour. The uncertainty bars for the OSLDs show the standard deviation of the data of the seven OSLDs in each fraction. All uncertainties are given for a coverage factor k=1. The result from each OSLD is illustrated with a circular marker. The larger uncertainty bars in (B) relative to (A) are a result of the variations in LETD throughout the circular OSLD arrangement (see Figure 4). The relative error between the simulated and measured values was 1.4% for the doses and 3.2% for the LETD. A significant loss of target coverage is observed for the NA delivery in fraction 2.



Figure 5 shows the NA delivery of the reference plan to fraction 1 (which replicates the planning CT) and the DAPT-generated daily plans delivered to the subsequent four fractions. In addition, the NA scenario for fraction 2 is shown as a worst-case example of the reference plan delivery among all fractions. For this fraction, the 1 cm fat layer around the phantom neck area caused a large spatial offset and angular deviation compared to the planning CT. The resulting loss of target coverage is further evident in Figure 6.




Figure 6 | Monte Carlo simulated dose distributions superimposed on the CT scans. The single-slice OSLD contour used for Monte Carlo evaluation is visible on the axial slices. Fraction 1 represents the reference anatomy and positioning, matching the planning CT. Fraction 2 contains an offset and angle deviation caused by the introduced fat layer around the neck area. For fraction 2, DAPT considerably improves the dose conformity over NA. Doses below 0.2 Gy(RBE) are transparent in all slices.



Figure 6 shows the Monte Carlo dose distributions simulated for fractions 1 and 2. The dose distributions are superimposed on the axial and sagittal CT slices. FX1 NA represents the nominal reference plan delivered to the repositioned planning CT, while in FX2 NA the same plan is delivered to the mispositioned phantom (also including anatomical variations with the addition of a fat layer). The simulated underdose is clearly visible in both the axial and sagittal slices. Finally, DAPT restores the nominal dose conformity of FX1 NA by delivering the daily plan to fraction 2. Monte Carlo simulated LETD distributions are shown on the same CT slices in Figure 7. Higher LETD values are observed at the proton beam’s end-of-range. Due to the positioning and anatomical mismatch in fraction 2, these elevated LETD values penetrate more deeply into the spinal cord for the NA delivery scenario.




Figure 7 | Monte Carlo simulated LETD distributions superimposed on the same CT slices as in Figure 6. For fraction 2, NA shows higher LETD values further downstream compared to DAPT, penetrating into the spinal cord. LETD values below 0.5 keV/μm are transparent in all slices.







4 Discussion

We demonstrated the first use of OSLDs for simultaneous dose and average LET determination in an anthropomorphic phantom for clinically plausible validation of a daily adaptive proton therapy treatment. These measurements allowed the verification of an online adaptive proton therapy workflow in terms of absolute dosimetry. The average LET was in this work only estimated as the LETD for protons to demonstrate an applicability for RBE assessment, but could also have been estimated with respect to e.g. fluence-averaging. We simultaneously measured the point dose and LETD in different geometries by varying the positioning and anatomy of a head-and-neck phantom. The Monte Carlo simulation results were in agreement with the OSLD measured values within uncertainties: The average relative error between the two was 1.4% and 3.2% for the doses and for the LETD, respectively. The good agreement between simulated and measured doses is a result of the high readout precision (< 1%) achievable with OSLDs, and the relatively low quenching correction factors (< 10%) estimated from the determined LETD. This is in contrast to OSLD dosimetry in carbon ion beams, where the quenching correction can exceed 50% and is the main contribution to the dose uncertainty with OSLDs (10).

The slightly larger relative LETD deviation can result from several contributions. The determination of the LETD relies on the UV/blue ratio from each OSLD, which is determined with a precision better than 0.6%, as the ratio of the two emission bands itself cancels out OSL material differences or sensitivity changes (7). Hence, the largest contribution to the LETD determination uncertainty with OSLDs arises from the experimentally determined LETD calibration curve in Figure 3C, where the (k=1) spread of the residuals is 1.8%, which is taken as an estimate of the systematic uncertainty. Due to the non-linearity of the LETD calibration curve, the combined uncertainty depends on the LETD value but is estimated to be around 2% (k=1). To improve the agreement between Monte Carlo simulations and experimental determination of the LETD, a more accurate LETD calibration curve is needed.

Nevertheless, the use of OSLDs to determine the average LET enabled a correction of the ionization quenched response, which would not have been feasible with standard dosimetric methods such as e.g. radiochromic film or other solid-state detectors without an inherent way of estimating the averaged LET. This is particularly relevant in our case since we measured the delivery close to the beam’s end-of-range, as shown in Figure 6. While in the nominal/reference scenario the OSLDs are within the homogeneous region of the SOBP, a positioning error (such as in fraction 2) can lead to a displacement of the detectors into the dose fall-off region, where high dose and/or LETD gradients can affect the measurements.

In addition, the novel experimental approach allowed us to verify underdosage in the target volume for delivery of the non-adapted reference plan to a modified phantom geometry (fraction 2). Applying the DAPT workflow to this fraction effectively restored the initially planned dose distribution, highlighting the efficacy of online adaptive proton therapy. As a result, our study measured and compared both adaptive and non-adaptive deliveries, a distinction from the previous experimental verification of DAPT (32), which measured only the adaptive delivery. Also, in that study, fractional changes were limited to adjustments in the nasal cavity fillings compared to the reference CT. In our study, DAPT was additionally tested for fractions with large offsets from the reference, verifying its applicability to more extreme cases. Another difference from the previous experiment was our use of OSLDs over radiochromic films, which allowed us to measure the absorbed dose rather than just a relative distribution.

While the use of OSLDs allowed for point-like measurements, seven OSLDs were employed to map the dose and LETD in the ROI. For radiation fields with sharp dose or LETD gradients, this presents a challenge due to the averaging of the signal over the 3-mm diameter OSLD surface. In our specific case, this was a greater concern for LETD than for dose measurements due to the high LET gradients within the ROI (Figures 6, 7). For this reason, our circular OSLD arrangement would ideally be replaced by high-resolution measurements with an OSLD film. Further investigations are planned to extend the dose and LETD determination from point to 2D measurements. Furthermore, the OSLD readout protocol used a two-week delay between irradiation and readout to minimize the effect of signal fading. For OSLDs to be used effectively in daily QA, modifications to this readout procedure are essential. For the same reason, real-time use of OSLDs is not feasible during online adaptive proton therapy treatments, where changes in patient anatomy and tumor motion can occur in the time frame of minutes to seconds (12). However, other clinical applications could potentially be envisioned for in vivo patient measurements, such as cases with cardiac devices or pregnant patients.

Limitations of our study include that the implementation of the PSI Gantry 2 beam model in MOQUI was only cross-validated with the treatment planning system and was never independently verified through direct measurements. In addition, there are inherent uncertainties in the delineation of the OSLD ROI contour on the planning CT, as well as image registration uncertainties for the contours propagated from the planning CT to the daily fraction images. Despite these aspects, there was a notable agreement between the Monte Carlo evaluation and both measured values of dose and LETD, highlighting the robustness of our methodology.

In conclusion, we found the OSLDs to be a suitable choice for the simultaneous measurement of the absolute point dose and LETD delivered by multi-field proton irradiation to an anthropomorphic phantom. This innovative approach allowed us to validate the efficacy of an online adaptive proton therapy workflow under clinically relevant conditions. The fact that OSLD detectors can be cut to almost any size and shape makes them perfectly suited for in-phantom measurements within a predefined ROI. While our focus was the experimental validation study of an online adaptive proton therapy workflow, the same approach could be applied to a variety of clinical innovation projects and workflow developments that require accurate measurements of the point dose and LET.
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Fraction  Positioning Anatomy Delivery

Ref. CT Nominal Nominal (no fat layer, full
nasal cavities)

1 Nominal Nominal NA
2 Nominal 1 cm fat layer NA, DAPT
3 1lcm Nominal NA, DAPT

lateral shift

4 Nominal Y nasal cavity fillings NA, DAPT

5 Nominal empty nasal cavity fillings NA, DAPT

NA refers to the non-adaptive scenario, while DAPT refers to the daily adaptive scenario.





