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Purpose: The aim of this work was to evaluate the feasibility of cone-beam computed
tomography (CBCT) and deformable image registration (DIR)-based “dose of the day”
calculations for adaptive proton therapy.

Methods: Intensity-modulated radiation therapy (IMRT) and proton therapy plans were
designed for 3 head and neck patients that required replanning, and hence had a replan
computed tomography (CT). Proton plans were generated for different beam
arrangements and optimizations: intensity modulated proton therapy and single-field
uniform dose. We used an in-house DIR software implemented at our institution to
generate a deformed CT, by warping the planning CT onto the daily CBCT. This CBCT
had a similar patient geometry to the replanned CT. Dose distributions on the replanned
CT were considered the gold standard for “dose of the day” calculations, and were
compared with doses on deformed CT (our method) and directly on the calibrated CBCT
and rigidly aligned planning CT (alternative methods) in terms of dose difference (DD),
by calculating the percentage of voxels whose DD was smaller than 2% of the prescribed
dose (DDZ%_pp) and the root mean square of the DD distribution (DDRMS).

Results: Using a deformed CT, the DDZ%_pp within the CBCT imaging volume was
93.2% = 0.7% for IMRT, and 87% = 3% for proton plans. In a region of higher dose
gradient, we found that although DD5e, ,, Was 94.3% = 0.2% for IMRT, in proton plans, it
dropped to 74% = 4%. A larger number of treatment beams and single-field uniform dose
optimization appear to make the proton plans less sensitive to DIR errors. For example,
within the treated volume, the DDgys Was reduced from 2.6% =+ 0.6% of the prescribed
doseto 1.0% = 1.3% ofthe prescribed dose when using single-field uniform dose optimization.
Conclusions: Promising results were found for DIR- and CBCT-based proton dose
calculations. Proton dose calculations were, however, more sensitive to registration errors than
IMRT doses were, particularly in high dose gradient regions.

Keywords: adaptive radiation therapy; cone-beam computed tomography; deformable image
registration; head and neck cancer
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Introduction

Volumetric imaging has proven to be extremely valuable for patient positioning and daily monitoring of anatomic changes
during photon treatments, particularly for patients with head and neck malignancies. The anatomy is known to change during
the course of the treatment [1], and it can compromise the dosimetric objectives of the original photon plan [2]. Adaptive
radiation therapy approaches that use in-room imaging techniques, such as computed tomography (CT) on-rails and cone-
beam CT (CBCT), are becoming increasingly popular in state-of-art photon therapy care [3]. Moreover, CBCT has some
advantages over in-room CT scanners: the patient does not need to be moved between scanning and treatment, the extra
imaging dose burden is smaller, and CBCT scanners are a more cost-efficient equipment for image guidance. However, CBCT
image quality is not reliable for direct-dose calculations [4].

Interest has recently increased in translating existing 3-dimensional photon imaging technology, particularly CBCT, into the
proton clinic. The development of CBCT in proton therapy systems requires solving engineering problems related with the
geometry of a proton gantry. Seabra et al [5] describe the major challenges for CBCT integration in a proton gantry compared
with a linear accelerator. Such challenges include higher thermal capacity x-ray tubes being necessary because of the larger
source to isocenter distance of a proton gantry. Several groups are currently commissioning CBCT systems for clinical use in
proton therapy [5-7] in collaboration with manufacturers that already advertise such products with their proton-therapy
solutions. The only reliable alternative for 3-dimensional imaging before treatment is in-room CT, which is not widely available
[8].

Numerous published reports have documented the theoretic [9—12] advantages of, and clinical evidence [13—17] for, the
benefits of proton therapy over photon therapy for head and neck malignancies. It is possible with proton therapy to achieve
decreased dose to the optic nerves, the parotid glands, and the oral cavity, leading to fewer feeding tubes being used. This
reduction is accomplished without compromising the conformity index, dose homogeneity, and coverage of the target volume
[18]. Although theoretically protons have dosimetric advantages versus photons, to fully take advantage of the potential of
proton therapy and achieve clinical benefit, the variations in anatomy (such as weight loss and tumor shrinkage) have to be
monitored and accounted for, similar to that in photon therapy [19].

Work conducted previously by our group demonstrated the feasibility of using deformable image registration (DIR) to map
the Hounsfield units (HUs) from the CT to the geometry of the daily CBCT. This method provided a good estimation of the
“dose of the day” for intensity modulated radiation therapy (IMRT) treatments [20], which can be used to feed an adaptive
radiation therapy workflow. However, the challenges found in conventional photon therapy are even more concerning for
proton therapy, and this approximation may no longer be valid for proton therapy mainly for 2 reasons. First, because the dose
gradient in proton dose distributions is steeper, accurate positioning is even more crucial to minimize the risk of overdosing
organs at risk (OARs) and/or underdosing target volumes. Additionally, fraction to fraction changes in size and position of
tissue heterogeneities will adversely affect the dose distribution properties of protons to a greater extent than with photons
because proton dose-depth curves are more dependent on the physical properties of the tissue than photons are. In the head
and neck region, the changes can be complex because protons travel through a complex anatomy composed of air, bone, and
soft tissues [11]. Proton dose calculations are, therefore, expected to be more sensitive to registration errors than analogous
IMRT cases. The aim of this work was to evaluate the feasibility of a CBCT- and DIR-based “dose of the day” calculation for
adaptive proton therapy, which was previously evaluated for IMRT treatments. A more sophisticated and improved registration
algorithm was used in this study.

Methods

Patient Data and Imaging

Data from 3 patients with head and neck cancer treated at our institution were used retrospectively for this study. All patients
underwent CT for treatment planning (GE Widebore 16 slice system, GE Healthcare, Little Chalfont, UK) and weekly CBCT for
verification (On-Board Imaging v1.4, Varian Medical Systems, Palo Alto, California). The CBCTs were acquired in half-fan
mode, full rotation, 110 kVp, 20 mA, 20 ms, with a maximum field-of-view (FoV) of 45 cm in diameter, and 16 cm in length (4-6
mSyv per scan). The patients included in this study also had a replan CT (rCT) because large anatomic changes were observed
during treatment that compromised the treatment objectives; therefore, a replan was necessary. Thus, the patients selected
benefit from adaptive radiation therapy approaches and were challenging cases for DIR. Imaging resolution was

0.977 X 0.977 X 2.5 mm for the CTs, whereas the CBCT corresponded to 0.879 X 0.879 X2 mm with a maximum of 16 cm in
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length. A customized thermoplastic mask and headrest were used for immobilization. The rCT was acquired with a new mask
that attempted to reproduce the previous immobilization as closely as possible.

For the rCT and CBCT to contain the same information, they should ideally be acquired at the same time and positioning. In
practice, such a data set is not easily available because not only there is no clinical benefit in acquiring both scans on the same
day but also there would still exist residual differences from moving the patient between imaging systems. The first CBCT we
had available clinically with the patient in the same treatment position was acquired 5-7 days after the rCT. To deal with the
nonnegligible geometric differences between the rCT and the CBCT, we generated a simulated CBCT by deforming the real
CBCT to match the rCT. This step was carefully evaluated patient by patient to maximize the similarity between rCT and CBCT
and thus to minimize the errors in dose estimation because of such discrepancies. The simulated CBCT was used both for DIR
and direct-dose calculations.

Treatment Planning

The choice of beams was to optimize target coverage while minimizing dose to the brainstem, spinal canal, oral cavity, salivary
glands, and larynx. The same prescribed doses and volumes were used in all treatment approaches: 65 Gy (relative biological
effectiveness [RBE]) to the primary disease and 54 Gy (RBE) to the secondary disease were planned for delivery in 30
fractions. The planning target volumes (PTVs) were defined as a 3 mm expansion of the clinical target volumes. The primary
objective of the plans was to achieve 95% of the prescribed dose to the PTV while maximizing conformity. The plans were then
optimized to minimize the dose to the OARs without compromising target coverage. Tolerance doses followed the University
College London Hospital guidelines for IMRT treatments: maximum doses of 46 Gy (RBE) and 55 Gy (RBE) to the spinal canal
and brainstem, and mean unilateral dose of 20 Gy (RBE) and bilateral dose of 25 Gy (RBE) to the parotid glands.

Treatment planning was performed on the planning CT (pCT) scan using the Eclipse External Beam planning system
(version 10.8, Varian Medical Systems, Palo Alto, California). For IMRT cases, the patients were planned as part of our clinical
workflow using a 7-field protocol, and they were treated with the plans used in this study. Proton treatment planning was done
retrospectively, with the plans generated per patient consisting of 2 types of optimization: intensity-modulated proton therapy
(IMPT) and single-field uniform dose (SFUD), and 2 different beam arrangements: 3 beams with gantry rotations of 60°, 180°,
and 300° and 5 beams with gantry rotations of 45°, 135°, 180°, 225°, and 315°. A total of 3 plans were generated, IMPT with 3
and 5 beams (IMPT3g and IMPT5g) and SFUD with 3 beams (SFUD3g). The IMPT 35 represents a standard curative approach,
which maximizes the potential benefits of proton therapy (ie, reduced integral dose, minimized dose to OARs, and greater
homogeneity inside the PTV) [12, 17]. However, such plans can be sensitive to positioning errors and anatomic changes. In
contrast, IMPTsg and SFUD3g are more robust planning strategies at the cost of smaller dosimetric benefits. Particularly,
SFUD3p reduced the ability to minimize the maximum dose to the canal because all the fields have similar weight, whereas
IMPTsg increased the integral dose. Table 1 presents the dose statistics and properties of the plans, such as mean and
maximum doses to OARs, conformity index [21], homogeneity index [22], and nontarget integral dose [23]. The focus of this
article is not treatment planning; therefore, the proton plans were designed to be clinically acceptable and to demonstrate the
benefits of proton therapy, and not necessarily to be optimal (Figure 1).

Image Registration

We registered the pCT to the simulated CBCT using the open-source registration package implemented at our institution,
NiftyReg (http://cmic.cs.ucl.ac.uk/home/software/). NiftyReg includes several B-spline free-form deformation-based algorithms
[24], and we opted to use the implementation based on the stationary velocity-field transformation model [25]. This is a
symmetric and inverse-consistent algorithm, which provides both the forward and inverse transformations. The localized
normalized cross-correlation was used as a similarity measure because it is well suited to account for the differences in image
intensities between CT and CBCT. Because the localized normalized cross-correlation calculates the similarity over local
windows, rather than the whole volume, it can better account for the spatially varying intensity values in CBCT imaging than
global similarity measures, such as the normalized cross-correlation or the sum of squared differences. Bending energy was
used as a regularization term [24]. More details on the registration’s optimization and validation can be found elsewhere [20,
26].

The reduced length in the superior-inferior direction of the CBCT scans often makes the images unusable for dose
calculations. In our previous work [20], we proposed a method to handle this limitation that estimates the deformation, and
hence the volume, outside the CBCT FoV as a smooth transition between the initial rigid alignment and the deformation
optimized during the DIR inside the imaging volume. We found this approximation reliable for IMRT treatments, but mostly in
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Table 1. Mean = SD of the dose statistics and properties of the plans used in this study.

IMRT IMPTag SFUD;s IMPTsg

Spinal canal

Dmax [Gy (RBE)]

Dmean [GY (RBE)]

Left parotid

Drmax [Gy (RBE)] + 63 + 4 64 + 4 64 + 5

Dimean [Gy (RBE)] 33 +2 37.8 + 0.7 333+ 16

Conformity index?®

0.87 + 0.02 0.81 = 0.06 0.88 = 0.03 0.80 + 0.05

Integral dose® (Gy X L) 160 + 40 120 + 20 120 + 20 130 + 20

Abbreviations: 3B, 3-beam; 5B, 5-beam; Dyax, maximum dose; Dyean, mean dose; IMPT, intensity-modulated proton therapy;
IMRT, intensity-modulated radiation therapy; RBE, relative biological effectiveness; SFUD, single-field uniform dose.

@Confidence interval = Vpry N Vose/ Vose,, Where Vpry is the volume of the planning target volume, and Vs, is the volume of the
95% isodose level.

bHetogeneity index = Dse,/Dgse,, Where Dse, and Dgso, are the doses received by 5% and 95% of the planning target volume.
°Integral dose = Vv X Dimean, Where Vyry is the nontarget volume, and Dyean is mean dose.

the superior direction, where the anatomy moves rigidly. However, the limited FoV is expected to be more problematic in
proton therapy, so the suitability of this approximation was also evaluated in this work.

Dose Comparison

We used the DIR to map the HU from the pCT to a CBCT that closely resembled the rCT (the simulated CBCT described in the
Patient Data and Imaging section). This process results in a deformed CT (dCT) that has the geometric information of the
CBCT but the HU values from the pCT and can, therefore, be used for accurate dose calculations.

A dosimetric evaluation was performed to evaluate the effect of the registration errors in calculating the “dose of the day.”
Figure 2 shows a diagram of the images used in this study and the corresponding dose calculations performed. Dose
distributions calculated on rCT were considered the gold standard and were compared with doses on dCT (our method) and
directly with the calibrated CBCT and rigidly aligned pCT (alternative methods). The calibrated CBCT refers to the simulated

Figure 1. Dose-volume histogram comparing intensity-modulated 100 Dose volume histogram for different treatment approaches
radiation therapy and proton plans for one of the patients included in —— IMRT
this study. Right parotid omitted for figure clarity. —IMPTy;
- --SFUD,y |
80 i 'IMPTSB
PTVsagy
g 607 1
Q
g
=
S 40 1
20 1
O \
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Figure 2. Diagram of the imaging data used and respective dose
calculations. The pCT was deformed onto a CBCT that closely [ time >
resembled the rCT. This was a simulated CBCT that resulted from ¢ ly ¢
deforming the real CBCT to match the rCT. Dose distributions for the plan CT replan CT
same photon and proton plans were calculated on the rigidly aligned (pCT) (CT) DIR CBCT
pCT, rCT, dCT, and calibrated CBCT (Dpcr, Drct, Dact, @and Deger, |
respectively). Abbreviations: CBCT, cone-beam computed tomogra-
phy; CT, computed tomography; dCT, deformed computed tomog- . simulated
raphy; pCT, planning computed tomography; rCT, replan computed CBCT
tomography. I

deformed calibrated

CT (dCT) CBCT

I I

pCT dose dCT dose rCT dose | |CBCT dose
(DpCT) (DdcT) (OrcT) | | (DCBCT)

CBCT after its HU values were corrected using a quadratic relationship between CT and CBCT measured with the Catphan-
504 (Phantom Laboratory, Greenwich, New York). Finally, the calibrated CBCT was also extended in the superior-inferior
direction using the corresponding rigidly aligned pCT slices [20]. Therefore, dose distributions for the same IMRT and proton
plans were calculated on the pCT, rCT, dCT, and the calibrated CBCT (Dycr, Dict, Dyct, @and Deger, respectively). The
isocenter was placed in the same point in both cases based on rigid alignment of the vertebrae. All doses were calculated with
a resolution of 2 mm.

The uncertainty of the dose calculations was evaluated by computing the voxelwise difference between dose distributions,
known as the dose difference (DD) test. The DD results were assessed calculating the DD-test pass percentage using a
tolerance of 2% of the prescribed dose (pD) (ie, the percentage of pixels whose DD was within tolerance [DDse,-pp]) and the
root mean square of the DD distribution (DDrys). Additionally, we computed the dose-volume histograms and the differences
in calculating the mean and maximum doses (ADpean @and ADnax) to OARs.

Results

Table 2 provides the results obtained for DDye,,, and DDgus between the different methods and the rCT within different
regions of interest. Because of the anatomic changes, the pCT does not give a good estimate of the dose of the day,
particularly for proton plans. Dose calculations on the calibrated CBCT also result in a poor estimation of the “dose of the day”
in spite of the images closely representing the anatomy of the day. Visual inspection of the DD maps revealed that the major
source of dose mismatch was within regions in which the CBCT imaging quality was degraded (such as near the shoulders
where the imaging volume is larger [27]). In such larger volumes, a single calibration curve failed to recover the correct HU,
resulting in inaccurate dose calculations. Proton plans were, therefore, more sensitive both to anatomic changes and to the
inconsistency in the HU characteristic of the CBCT imaging than were the photon plans. The errors in the “dose of the day”
calculations on the dCT were also larger for the proton plans than they were for the IMRT plans but, in all cases, were
considerably lower than for the calibrated CBCT and rigidly aligned pCT.

Different regions of the dose map were more sensitive to registration errors. The DD, differences between the volume
encompassed by the planning 95% isodose surface (the treated volume [TV]) and the volume receiving 50% to 95% of the
prescribed dose (the irradiated volume [IV] minus the TV [IV — TV]), where higher gradients are more likely to occur, indicate
that the local properties of the dose map affect the accuracy of the “dose of the day” calculations. Proton plans were also more
sensitive than photon plans were to higher dose gradients. For example, for IMPT3g, the DDrys was 2.6% =+ 0.6% of the pD
within the TV, and that value increased to 8.2% =+ 0.4% of the pD within the IV — TV. Similar behavior was found for all the
plans, but in the IMRT, the DDrus was considerably lower (0.57% = 0.09% of the pD and 3.1% =+ 0.3% of the pD for TV and
IV — TV, respectively). Figure 3 provides a qualitative view of this effect. Although, in IMRT, most errors occurred near the skin
and airways, in proton plans, the differences were larger within the high dose and dose-gradient regions. Additionally, in the
proton plans, the DDoq,.,, Outside the imaging FoV was consistently smaller than within the CBCT FoV, unlike the IMRT case.
This is indicative that whereas using the pCT outside the imaging FoV was a valid approximation for proton treatments
(particularly in the superior direction), special care is needed if high-dose gradients occur outside the imaging FoV.

Veiga et al. (2015), Int J Particle Ther
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Table 2. Mean * SD of the DD5q,.,, and DDrus between doses calculated using a rigidly aligned planning CT, calibrated CBCT and deformed CT in
comparison with a replan CT within different regions of interest. The CBCT and nonimaged FoV stand for the regions where more than 10% of the
prescribed dose was deposited that were imaged or not, respectively. The TV corresponds to the volume encompassed by the planning 95% isodose
surface, while the 1V corresponds to the volume encompassed by the planning 50% isodose surface. Therefore IV-TV is the volume where 50 to 95% of
the dose was planned to be delivered.

Nonimaged FoV CBCT FoV TV IV-TV

DDyopp (%)  DDgms (%pD)  DDaoypp (%)  DDgus (%pD)  DDaopp (%) ~ DDgms (%pD)  DDaopp (%)  DDgus (%pD)
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o
©

Dceer

IMPTsg

Dceer 68 * 4 44 05 66 = 3 58 £ 0.8 76 = 8 32 1.1 447 = 0.8 8.6 + 1.0

Abbreviations: 3B, 3-beam; 5B, 5-beam; %pD, percentage of the prescribed dose; CBCT, cone-beam computed tomography; CT, computed tomography; DD, ,,, , dose difference
test pass-percentage (pass criteria of 2% of the prescribed dose); Dcgct, dose distribution of the calibrated cone-beam computed tomography; Dycr, dose distribution of the
deformed computed tomography; Dycr, dose distribution in the planning computed tomography; DDgus, root mean square of the dose difference distribution; FoV, field-of-view;
IMPT, intensity-modulated proton therapy; IMRT, intensity-modulated radiation therapy; IV, irradiated volume; SFUD, single-field uniform dose; TV, treated volume.

Different optimization and delivery techniques for the proton plans resulted in different DDyo, o, @nd DDgys. The IMPTgg
was more sensitive to DIR errors, particularly within IV — TV. The SFUD3g performed particularly well within the TV because all
fields delivered a uniform dose to the high-dose region, making it less sensitive to DIR errors. In general, the IMPTsg also
performed better than IMPT3g did because less dose was delivered outside the target per beam. The DIR method appears to
perform better in photon cases, whereas SFUD optimization and/or additional IMPT beams also lead to better performance.

Figure 3. Dose color wash (a) (b) (c) (d)
overlayed on the replan CT : :
(top row) and difference in
dose between replan CT and
deformed CT (bottom row) for
(A) the IMRT plan, (B) the
|MPT33 plan, (C) the SFUDsB
plan, and (D) the IMPTsg plan
for one of the patients included
in this study. The horizontal
purple lines indicate the length
of the CBCT FoV. Abbrevia-
tions: CBCT, cone-beam com-
puted tomography; CT,
computed tomography; FoV,
field of view; IMPT, intensity-
modulated radiation therapy;
IMRT, intensity-modulated
radiation therapy; SFUD,
single-field uniform dose.
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Table 3. Mean = SD of DD, pp, DDgms, ADmean, @nd ADpax to OARs (spinal canal, brainstem, and
parotids) when using the deformed CT to calculate the “dose of the day” (as a percentage of the pD).

DDZ%-pp (%) DDgus (%PD) ADean (%pD) ADmax (%pD)
IMRT CELE) == 01 0.3 £ 0.1 0.1 = 0.1 0.2 = 0.1

SFUD3g 85 + 12 1.6 £ 0.8 (09 == (045 1.3 25

Abbreviations: AD,, difference in maximum dose; ADnean, difference in mean dose; 3B, 3-beam; 5B, 5-beam; %pD,
percentage of the prescribed dose; CT, computed tomography; DD, dose difference test pass-percentage (pass criteria of
2% of the prescribed dose); DDgrus, root mean square of the dose differences; IMPT, intensity-modulated proton therapy; IMRT,
intensity-modulated radiation therapy; OARs, organs at risk; pD, prescribed dose; SFUD, single-field uniform dose.

Table 3 presents the results for Dyct within the OARs. The same trend of better results being obtained for photon plans was
observed here. The larger standard deviation found for DD,o, ,, in proton plans is due to the relative positioning of the different
OARs in the dose map for each patient. For IMPT3g, the DDae,.pp Was 94% * 6% for the brainstem and spinal canal and
68% = 14% for the parotids. In general, the parotids have the worst results because of being partially within the TV and,
therefore, being more susceptible to high doses and high-dose gradients. One of advantages of using DIR to generate a dCT
is to also generate deformed contours automatically, removing the need to delineate all the regions of interest from scratch.
The differences when plotting the dose-volume histograms were small when the manual structure set was considered. If the
pCT structures were used to generate deformed contours in the dCT, the differences between the curves became more
evident (Figure 4). The same trend was also found for IMRT plans. The variability in OAR contouring has a significant role
when evaluating the need to replan, independent of the treatment modality; therefore, consistent delineations between time
points are important for adaptive radiation therapy.

Discussion

Although CBCT imaging is a common imaging modality in photon therapy, it is still in its infancy in proton therapy. With CBCT
becoming clinically available, it becomes important to understand how to use it for treatment adaptation and what the inherent
uncertainties associated with it are. We evaluated a DIR-based adaptive radiation-therapy workflow that uses doses
recalculated in a deformed geometry. Very recent studies by Landry et al [28, 29] also evaluated DIR- and CBCT-based
proton-dose calculations on a deformable phantom and patient data, but unlike this work, those studies were less focused on
the dosimetric implications and the effect of different treatment strategies. Calculating the “dose of the day” directly on the
CBCT was extensively studied for photon therapy [27, 30]. Both approaches can benefit from further refining because of the
greater accuracy required for proton-therapy applications. We found that using dCT was more accurate than using a calibrated
CBCT approach. Visual inspection of the doses obtained showed that larger imaging volumes have greater noise and less

Figure 4. Dose-volume histo- (@ Dose volume histogram for replan (®) Dose volume histogram for replan
gram comparing dose in rCT 100 i} and deformed CT (IMRT) and deformed CT (IMPT;g)
and deformed CT for (A) IMRT T=- ' ' ' " ' '
and (B) IMPTgg using dCT,,,
and dCTy structures, for one of
the patients included in this
study. Right parotid omitted for 751
figure clarity. Abbreviations:
CT, computed tomography;
dCTy, deformed computed
tomography (with manually
delineated structures); dCT,,,
manual deformed computed
tomography (with automatically
deformed structures); IMPT,
intensity-modulated proton
therapy; IMRT, intensity-
modulated radiation therapy;
rCT, replan computed tomography.
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contrast and are the main source of errors in recalculating proton dose directly on a CBCT. We did not fully optimize the CBCT
imaging and its calibration to its full potential; therefore, the dose calculations were indicative but clearly suboptimal. Dose
calculations directly on the CBCT require more-sophisticated methods to account for variability in patient size and imaging
artifacts rather than a single calibration curve extracted from simplistic phantoms. This was, however, out of the scope of this
study.

The results found for the dose similarity between dCT and rCT are promising for proton-therapy applications, even though
significantly inferior to the IMRT cases. The estimation of the IMPT3g dose was less accurate in the region of the high-dose
gradient but still showed good accuracy in the regions of highest clinical importance, (ie, the TV and OARs). We acknowledge
that the lack of a perfect gold standard is the major limitation of our study. However, because there would still be setup errors
between the CBCT and rCT scan, even if they were acquired on the same day (because the scanners are in different rooms), we
did not think that extra and unnecessary (from a clinical perspective) imaging dose to the patient needed to acquire an extra
CBCT on the same day as the rCT was justifiable. We believe that the effect of using an imperfect gold standard is more likely to
have a negative than a positive impact on our results; that is, any mismatching between the rCT and the simulated CBCT should
not help our method appear better than it really is. It is true that this could happen by chance, if the errors in registering the pCT to
the simulated CBCT were the exact opposite of the errors when generating the simulated CBCT, but in our opinion this is
unlikely. Furthermore, we have estimated the effect of using an imperfect gold standard by also performing the same dose
analysis on a deformed CT resulting from warping the pCT to match the rCT (dCT,c1). In such a case, the geometric information
is correct; thus, the additional uncertainty caused by the incorrect gold standard should lay between the values reported in this
article and the results found on the dCT,ct. For proton plans, this additional uncertainty within the CBCT FoV was estimated to be
approximately 5% and 1.5% of the pD for DD,q,,, and DDgws, respectively. An additional limitation is the small patient sample
used. Although the sample was appropriate for a proof-of-concept study such as this, follow-up studies with larger samples would
be required to fully characterize the uncertainty of CBCT and DIR based “dose of the day” calculations.

The method proposed is of potential interest for adaptive proton therapy, but further work is necessary to address its poorer
reliability in regions where the dose varies rapidly. We identified 3 major points that are crucial for CBCT- and DIR-based
adaptive proton-therapy workflow and that can be further improved: (1) the registration algorithm, (2) the CBCT acquisition for
adaptive radiation-therapy applications, and (3) the robustness of the treatment plan:

(1) Proton plans are more sensitive to inaccuracies in the registrations. Even though we used the state-of-art registration
algorithm available in NiftyReg, that is a general-purpose algorithm designed to be applicable to a wide range of medical
images from different modalities and on different parts of the anatomy. General-purpose algorithms can be made more
realistic by incorporating additional constraints (eg, to avoid bone deformation [31]). Alternatively, algorithms specifically
designed for the treatment site could be used, such as biomechanical-based algorithms that model the physical properties
of the tissues being registered [32, 33]. Further work is also necessary to ensure the registration of (and attenuation by) the
immobilization devices. For simplicity reasons, we removed the immobilization mask and treatment couch from the dose
calculations, but the mask can contribute significantly to the attenuation of proton beams.

(2) The information acquired by the CBCT has to be adequate as missing important geometrical information due to limited FoV
is concerning, particularly for adaptive proton therapy. Because the length of the CBCT scan is limited by the geometry of
the system, acquiring 2 consecutive images may be the most appropriate solution for larger treatment volumes. Further
improvement in the image quality will also facilitate the registrations.

(3) The SFUD3g and IMPTsg dose distributions were less sensitive to registration errors than the IMPT3g was, which can be
related to the robustness of the plan. Robust treatment-plan optimization can result in plans that maintain target coverage
and spare normal tissue in the presence of setup errors and range uncertainties [34]. Robust planning will have an
important role in minimizing and accounting for the issues generated by the anatomic changes and could be used to make
plans that are less sensitive to registration errors.

The level of accuracy necessary for the dose calculations will depend on the final application. For example, if the aim is to
use the “dose of the day” to identify which patients may benefit from replanning, the accuracy requirements are not
necessarily high because the decision to replan is being made clinically on a patient-by-patient basis. It is crucial for clinical
translation to fully characterize the errors and uncertainties inherent in the dose calculations and to develop planning methods
that account for them robustly.

This study assumes that CBCT imaging quality is the same as if the system was mounted on a linear-accelerator head,
which may not be the case. The larger source-to-detector distance and the flex of the support system induced by gravity
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increase the magnitude of the geometric deformation in comparison with photon systems and degrade the reconstruction
process of the CBCT image [35]. The effect of such degradation will have to be verified once patient CBCT data during proton
therapy becomes available. The lower image quality will most likely have more of an effect on dose calculations directly on the
CBCT than it would on a dCT.

Even though the method proposed is still not optimal and can certainly be improved, it is clear that treatment adaptation in
proton therapy is important, as shown by the dose differences between pCT and rCT. The range of proton beams within the
patient needs to be predicted as accurately as possible not only during treatment planning but also throughout the treatment
course. Knowledge of where the proton dose is being delivered throughout the treatment and online treatment adaptation is
made possible by the introduction of CBCT imaging and has the potential to bring additional confidence to reduce the larger
safety margins characteristic of proton therapy and, therefore, to fully use the potential advantages of this treatment modality
[36]. The framework presented here is not exclusive to the head and neck and could be further extended to other anatomic
sites of interest. However, site-specific validation work will be necessary because it is crucial for the DIR algorithm to be
tailored for the specifics of the region being registered and the quality of the images acquired in such volumes.

Conclusions

We have presented a feasibility study investigating the use of CBCT and DIR for adaptive proton therapy. Even though the
proposed method performed worse for proton therapy than it did for IMRT cases, accounting for anatomic changes is of
additional importance in proton therapy, and the results found were promising. Improvements to registration, image
acquisition, and planning strategies will allow for adaptive proton therapy based on daily CBCT.
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