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Evaluating Proton Dose and
Associated Range Uncertainty
Using Daily Cone-Beam CT
Heng Li*, William T. Hrinivich , Hao Chen, Khadija Sheikh, Meng Wei Ho, Rachel Ger ,
Dezhi Liu , Russell Kenneth Hales, Khinh Ranh Voong, Aditya Halthore
and Curtiland Deville

Radiation Oncology and Molecular Radiation Sciences, Johns Hopkins University School of Medicine, Baltimore,
MD, United States

Purpose: This study aimed to quantitatively evaluate the range uncertainties that arise
from daily cone-beam CT (CBCT) images for proton dose calculation compared to CT
using a measurement-based technique.

Methods: For head and thorax phantoms, wedge-shaped intensity-modulated proton
therapy (IMPT) treatment plans were created such that the gradient of the wedge
intersected and was measured with a 2D ion chamber array. The measured 2D dose
distributions were compared with 2D dose planes extracted from the dose distributions
using the IMPT plan calculated on CT and CBCT. Treatment plans of a thymoma cancer
patient treated with breath-hold (BH) IMPT were recalculated on 28 CBCTs and 9 CTs,
and the resulting dose distributions were compared.

Results: The range uncertainties for the head phantom were determined to be 1.2% with
CBCT, compared to 0.5% for CT, whereas the range uncertainties for the thorax phantom
were 2.1% with CBCT, compared to 0.8% for CT. The doses calculated on CBCT and CT
were similar with similar anatomy changes. For the thymoma patient, the primary source of
anatomy change was the BH uncertainty, which could be up to 8 mm in the superior–
inferior (SI) direction.

Conclusion: We developed a measurement-based range uncertainty evaluation method
with high sensitivity and used it to validate the accuracy of CBCT-based range and dose
calculation. Our study demonstrated that the CBCT-based dose calculation could be
used for daily dose validation in selected proton patients.

Keywords: dose calculation, CBCT, radiation measurement, radiation therapy, proton radiation therapy (PBT)
INTRODUCTION

The use of daily cone-beam CT (CBCT) guidance has improved patient setup accuracy and
precision in various radiotherapy delivery modalities, including proton therapy (1, 2). Since the
proton range, and hence the proton dose distribution, is sensitive toward any density change along
the beam path, CBCT can provide an additional benefit of verifying proton range and dose
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distribution, complementing the geometrical verification of the
patient anatomy daily (3–5). However, the Hounsfield unit (HU)
accuracy and image quality of the CBCT images are inferior to
those of regular CT and often considered inadequate for proton
dose calculation without correction. Methods to correct the HU
of CBCT and generate synthetic CT from CBCT images using
regular CT images as a priori information have been extensively
studied (6–8). However, problems arise when there is a difference
between CBCT and regular CT. The CBCT data could be skewed
and biased toward the regular CT, masking the very information
we seek from CBCT. For example, Veiga et al. proposed to use
deformable image registration (DIR) to create virtual CT (vCT)
from CBCT and planning CT (pCT) (8–10). However, an
additional correction step, which has an unknown impact on
the final result, was necessary because the DIR process could
artificially change the patient’s anatomy as observed on CBCT
(8). In general, when a priori information such as pCT was used,
the bias it introduced and its impact on the range and dose
distribution would compound with the actual anatomy change of
the patient and could not be adequately quantified. On the other
hand, previous studies have shown that using CBCT HU to
density table (HU-D table) could produce mass density and dose
calculation results with accuracy on the order of 1% for intensity-
modulated radiation (photon) therapy (IMRT) treatments, even
with inferior HU accuracy compared to CT (11). However, for
proton radiotherapy, the proton range uncertainty arising from
CBCT images with HU to density conversion instead of HU
correction, and its impact on dose calculation, has not been
quantitatively studied (12).

This study proposes using a measurement-based technique to
quantify the proton range uncertainties arising from CBCT HU
to density conversion, as compared to helical CT. We will also
demonstrate the feasibility of CBCT-based daily dose validation
without HU correction using a patient case.
MATERIALS AND METHODS

Imaging Systems and Proton
Dose Calculation
The RayStation treatment planning system (versions 9A/10A,
RaySearch Laboratories, Stockholm, Sweden) was used for this
study. Proton dose engines in RayStation require a complete
description of the material composition, including mass density,
mass fraction of atomic elements, and mean ionization energy
for each voxel of the patient. With the use of CT images as input,
this was implemented by converting HU to mass density with the
HU-D table. Then, the mass fraction of atomic elements and
mean ionization energy of the voxel were determined from a
number of well-established core materials through the
interpolation of mass density (13).

A stoichiometric calibration method (14, 15) was used to
establish the HU-D table for the CT simulator used in this study
(Siemens SOMATOMDefinition Edge plus, Siemens Healthcare,
Forchheim, Germany). Separately, a patient group-based method
(11) was used to create the HU-D table for the CBCT system
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used in this study (integrated into the Hitachi Probeat CR proton
delivery system, Hitachi, Ltd., Tokyo, Japan). CT and CBCT
image datasets of brain, head and neck, and thorax patients were
used to establish the HU-D relationship on the CBCT images for
typical materials such as air, brain, bone, or lung. The HU-D
tables for CT and CBCT were then used for proton dose
calculation on images acquired with respective modalities.

Phantom Imaging
A CT electron density phantom with inserts of known density
(Gammex Inc., Middleton, WI, USA) and two anthropomorphic
phantoms (Radiological Support Devices Inc., Long Beach, CA,
USA) (one head phantom and one thorax phantom) were used in
this study. Figure 1A shows the CT electron density phantom,
Figure 1B shows the head and thorax phantoms put together on
the simulator, Figure 1C shows the head phantom on top of a
solid water slab at the simulator, and Figure 1D shows the head
phantom on top of a solid water slab and a 2D ion chamber array
(Octavius, PTW, Freiburg, Germany) at the treatment position
ready for CBCT.

Phantom Treatment Planning
The pCT images were sent to RayStation. A solid water “Base”
support was inserted posterior to the phantom, as it would be
placed on top of the detector array during delivery. A wedge-
shaped clinical target volume (CTV) was added posterior to the
head such that the gradient of the wedge intersected the solid
water slabs, as shown in Figure 2. This target design was chosen
so that range error could be estimated from the gradient region
of the wedge structure as measured using the detector array. For
example, if the gradient edge was measured further laterally than
computed by the TPS, this would indicate a measurement range
deeper than the TPS predicted. A single anterior–posterior (AP)
beam was optimized to deliver a homogeneous dose of 200 cGy
(relative biological effectiveness (RBE)) to the wedge target, with
robust optimization parameters of 0-mm setup uncertainties and
3.5% range uncertainties. The final dose was computed using a
Monte Carlo proton dose engine with a 1-mm isotropic dose grid
and exported in RT DICOM format to the Oncology
Information System (OIS, Mosaiq, Elekta, Crawley, UK).

Phantom Setup and
Cone-Beam CT Imaging
The head phantom was then set up to the “treatment” position,
as shown in Figure 1C with laser, followed by shifts guided by a
3D–3D rigid registration between the CBCT and the plan CT.
The CBCT images and the rigid registration were sent to OIS
and RT PACS (Evercore DICOM RT archive, TeraMedica,
Milwaukee, WI, USA).

Phantom Measurement
The treatment plan was then delivered using the proton
treatment delivery system. A 2D plane of the delivered dose
was measured using the 2D ion chamber array. A single 1-cm
slab of solid water was placed between the phantom headrest and
the detector array to ensure that the gradient region of the wedge
intersected the detector array, as shown in Figure 1C.
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Hounsfield Unit Difference Between CT
and Cone-Beam CT Images
The HUs of the CT and CBCT images for CT density inserts and
patient images were compared. The difference of HU for the
same material on the CT and CBCT images leads to different
HU-D calibrations for the two different modalities.

Phantom Cone-Beam CT-Based
Dose Calculation
The acquired CBCT images and the rigid registration were sent
to the TPS from PACS. The proton plan was recalculated on
CBCT with the isocenter placed using the registration.

Phantom Quantification of Range
Uncertainties From CT and
Cone-Beam CT
The proton dose distribution calculated on CT and CBCT was
exported from the TPS. The measured 2D dose planes with the
CT and CBCT doses were compared using Matlab (MathWorks,
Inc., Natick, MA, USA). The measurement plane was determined
on CT and CBCT, respectively. The corresponding dose planes
on CT and CBCT were extracted and compared with the 2D
A

B

DC

FIGURE 1 | Phantoms that were used in the study. (A) CT density phantom, (B) head and thorax phantoms put together on the simulator, (C) the head phantom
on top of a solid water slab at the simulator, and (D) the head phantom on top of a solid water slab and a 2D ion chamber array at the treatment position ready for
cone-beam CT (CBCT).
FIGURE 2 | CT image of the head phantom with a wedge-shaped target.
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measurement by calculating the gamma indexes with criteria of
3 mm/3%. Because of the range uncertainties associated with the
HU-D-proton stopping power conversion process, the measured
dose planemay be shifted only on the range direction, assuming no
geometrical uncertainties. Therefore, the range uncertainties
between the calculated dose and the measurement could be
quantified by the difference between the calculated measurement
depth and the actual measurement depth. The actual measurement
depth could be determined by comparing various dose planes
extracted from the 3D dose calculated on CT/CBCT with the
measured 2D dose plane.

Determination of the range uncertainties from CT and CBCT
was repeated for head and thorax phantoms.

Workflow of Cone-Beam CT-Based
Dose Verification
Figure 3 shows the workflow of using CBCT for patient dose
verification. Black lines represent the data transfer of pCT and
the treatment plan, the blue line represents the data transfer of
CBCT, and the orange line represents the data transfer of rigid
registration. The workflow is similar to the phantom validation
workflow described above, and a large part of the workflow could
be automated through scripting.

Patient Case Study
A patient with thymoma treated with active breathing control
(ABC) (16), which is a breath-hold (BH) technique, and daily
CBCT-guided intensity-modulated proton therapy (IMPT) was
retrospectively studied. Three consecutive BH CT scans were
acquired during patient simulation for treatment planning.
Additionally, the patient acquired two additional sets of
repeated CTs throughout the treatment, each consisting of
three consecutive BH scans. The patient was given a total dose
to CTV of 5,400-cGy RBE in 27 fractions. The patient went
through CBCT imaging the first day on the treatment machine
Frontiers in Oncology | www.frontiersin.org 4
without actual treatment delivery, followed by daily CBCT-
guided proton therapy, resulting in an additional set of CBCT
images. For daily CBCT acquired with BH, the patient held their
breath for ~25 s for each BH, and each full scan of CBCT
acquisition required ~3–4 BH. In summary, there were 9 CTs
and 28 CBCTs available for the patient.

Two treatment plans were created for the patient with
robustly optimized IMPT using a spot scanning technique (17,
18). The first plan was created with only one of the planning BH
CTs (19), whereas the second plan used all three planning BH
CTs with multiple-CT optimization (20, 21). With the IMPT
technique, all surrounding organs at risk (OARs), including the
lung and the heart, received doses well below clinical tolerance in
both plans. The main challenge was maintaining target coverage
with the intra-fractional and inter-fractional motions of the
patient. The proton plans were recalculated on all 9 CT and 28
CBCT scans to monitor and evaluate the impact of the motion.
The target coverage along with heart and lung doses on each scan
was evaluated.
RESULTS

Phantom Study
Figure 4 shows the comparison between HU from CT and CBCT
for the same materials. The figure shows the HUs for inserts in
the CT electron density phantom with known densities,
extracted from CT images (x-axis) and CBCT images (y-axis).
It also shows the HUs of volumes of interest (VOI) with nearly
homogenous densities on the reference CT and the daily CBCT
images (11), along with the HU-D curves for CT and CBCT
modalities. There is a substantial difference between HUs from
CT and CBCT for lung and soft tissue materials.

Figure 5 shows the proton dose distribution calculated on
pCT (Figure 5A) and CBCT (Figure 5B) for the head phantom.
FIGURE 3 | Workflow of using cone-beam CT (CBCT) for patient dose verification. The black lines represent the data transfer of planning CT and the treatment
plan, the blue line represents the data transfer of CBCT, and the orange line represents the data transfer of rigid registration.
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FIGURE 4 | Hounsfield unit (HU) comparison between CT and cone-beam CT (CBCT) for the same materials. The solid line represents the HU-D calibration curve,
the circles represent inserts on the CT density phantom with known densities, and the crosses represent volumes of interest with nearly homogenous density on
patient images.
A B

FIGURE 5 | The proton dose distribution calculated on (A) planning CT and (B) cone-beam CT (CBCT) for the head phantom. Only the prescription dose of 200
cGy is shown in the red color wash, and the red contour represents the target.
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The prescription dose of 200-cGy RBE is shown in the red color
wash, and the red contour represents the target. As shown in the
figures, since zero setup uncertainties were used in treatment
planning, the prescription dose highly conformed to the target
contour on lateral directions of the beam. Since 3.5% range
uncertainties were used, there were margins on the proximal and
distal directions of the beam between the prescription dose and
the target. The 2D detector array could be easily identified from
the CBCT. Since the entire base was overridden as solid water
(shown in the figures as gray blocks), the material composition
difference between CT and CBCT was not of concern.

As described in the Materials and Methods section, 2D dose
planes from the 3D dose on CT and CBCT were extracted in
1-mm spacing and compared with the measured 2D plane
dose. Figure 6 shows the comparison among 2D planes
extracted from the 3D dose calculated on CT (Figure 6A) and
CBCT (Figure 6B) that best matches the 2D plane measurement
(Figure 6C). Figure 6D shows the dose profile of Figures 6A–C,
which were again the 2D array measurement along with the
best-matched dose planes from dose calculation using CT and
CBCT (solid lines). Also shown in the figure, in dashed lines, are
the dose profiles from CT and CBCT dose planes that were
3 mm proximal and distal toward the best-matched dose
planes. This figure demonstrates the geometric accuracy
of the comparison and the sensitivity of the test toward
range uncertainties.

Figure 7 shows the proton dose distribution calculated on
pCT (Figure 7A) and CBCT (Figure 7B) for the thorax
phantom. Figure 8 shows the 2D gamma passing rate with a
Frontiers in Oncology | www.frontiersin.org 6
criterion of 3 mm/3% as a function of percentage range error,
comparing the 2D measurement and 2D dose planes from CT or
CBCT dose, for the head phantom (Figure 8A) and the thorax
phantom (Figure 8B), respectively. The range error from CT was
0.5% and 0.8%, whereas the range error from CBCT was 1.2%
and 2.1% for the head and thorax phantoms, respectively.

Patient Study
Two treatment plans were based on one ABC BH CT and on
multiple (three) ABC BH scans. The first column of
Figures 9A, B shows the dose distribution on the single pCT
and multiple BH CTs, respectively. In the figures, only the dose
cloud of the prescription dose (5,400-cGy RBE, red) and 50%
(2,700-cGy RBE, green) are shown along with the CTV (yellow
contour). The plan was recalculated on all 9 CTs and 28 CBCTs.
The middle and right columns of Figures 9A, B show the dose
distributions on CBCT and CT with the worst CTV coverage,
respectively. As observed from CBCT and CT, the BH
uncertainty was the primary source of anatomy change in the
patient. The BH level could differ up to 8 mm in the superior–
inferior (SI) direction. Red arrows in Figure 9A point to areas
where target coverage was reduced on the daily CBCT or
repeated CT. The treatment plan based on a single BH CT
could not account for the anatomy change in the worst-case
CBCT and CT; both result in loss of tumor dose coverage,
whereas the dose coverage was maintained for the multiple BH
CT plan. These results suggest that CBCT could provide similar
information as repeated CT to support the clinical decision
on adaptation.
A B

D

C

FIGURE 6 | The comparison among 2D planes extracted from the 3D dose calculated on (A) CT and (B) cone-beam CT (CBCT) that best match (C) the 2D plane
measurement. (D) Dose profile of panels A–C (solid lines) and dose profiles from CT and CBCT dose planes that were 3 mm proximal and distal toward the best-
matched dose planes (dashed lines).
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Figure 10 shows CTV, and heart and lung dose–volume
histograms (DVHs) for the single CT (Figure 10A) and multiple
CT (Figure 10B) plans, calculated on all CTs and CBCTs,
respectively. The solid line represents DVHs on pCT, the
dashed lines represent DVHs on all CTs, and the bands
represent DVHs on all CBCTs. The figure shows that V100%
from the single CT plan dropped to 95.0% and 94.5%, in the
worst case on CTs and CBCTs, respectively. The V100% for the
multiple CT plan dropped to 98.4% for both CTs and CBCTs.
Both plans’ heart and lung doses remained excellent on all CTs
and CBCTs.
Frontiers in Oncology | www.frontiersin.org 7
DISCUSSION

In this study, we quantified the proton range uncertainties and
their impact on dose calculation arising from CBCT images with
HU to density calibration for the first time. The range
uncertainties for the head phantom were determined to be
1.2% with CBCT, compared to 0.5% for CT, whereas the range
uncertainties for the thorax phantom were 2.1% with CBCT,
compared to 0.8% for CT. The profile comparison in Figure 6D
and the gamma index comparison in Figure 8 both showed
excellent resolution of the measurement-based technique, in
A B

FIGURE 7 | The proton dose distribution calculated on (A) planning CT and (B) cone-beam CT (CBCT) for the thorax phantom.
A B

FIGURE 8 | 2D gamma passing rate with criterion of 3 mm/3% as a function of percentage range error, comparing the 2D measurement and 2D dose planes from
CT or cone-beam CT (CBCT) dose for (A) the head phantom and (B) the thorax phantom, respectively.
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terms of both general geometric accuracy and the determination
of range uncertainties based on dose gradient. These results are
comparable with synthetic CT techniques for head (22) and
thorax (8) studies.

Onenotabledifferencebetween thecurrent andprevious studies is
thatmeasurementwas used as the baseline for our study.Muchof the
literature investigating CBCT-based proton dose calculation
converted CBCT HU to CT HU and then used CT HU for proton
dose calculation (3, 23–27). However, as mentioned above and
demonstrated in this study, using CT as the baseline would
introduce the inherent range uncertainties associated with the CT
HU-D-stopping power conversion, which could potentially be
removed by direct CBCT HU-D-stopping power conversion. Many
HUcorrection techniques also useCT as a priori information that, as
previously discussed, could introduce bias and geometrical
uncertainties, which could compound with the actual patient
Frontiers in Oncology | www.frontiersin.org 8
anatomy change. Since the uncertainties could not be adequately
quantified,oneof themajorbenefitsofCBCTimages (i.e., its excellent
geometrical accuracy) would be negated. Figure 11 demonstrates an
example of geometric uncertainties from the DIR-based HU
correction techniques. In the figure, the planning ABC CT (left)
used a priori information to correct the CBCT images (center) using
deformation registration to create the synthetic CT images (right) on
two consecutive days at day 5 (Figure 11A) and day 6 (Figure 11B),
respectively (8). While the HU accuracy was generally improved on
the syntheticCTcompared toCBCT, thediaphragmwasdisplaced in
the syntheticCTonday 6. Since pCT is not the ground truth for daily
patient data, the magnitude of the geometrical distortion in the
synthetic CT could not be adequately quantified. This observation is
consistent with previous publications (8–10). Advanced techniques
for CBCT HU to density conversion without distorting the patient
geometry could further improve the accuracy of the CBCT-based
A

B

FIGURE 9 | Dose distribution calculated on planning CT (left), worst-case cone-beam CT (CBCT) (middle), and worst-case repeated CT (right) for (A) the single
breath-hold BH CT plan and (B) multiple BH CT plan. There were ~8-mm superior–inferior (SI) BH uncertainties between the planning CT and the worst-case CBCT
or CT. Red arrows in panel A point to the area where target coverage was reduced.
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dose calculation.For example, Spadea et al. andThummerer et al. (22,
28) proposed a deep convolutional neural network based on CBCT
HU to CT HUmapping to create synthetic CT without introducing
geometry distortion.

We compared the dose calculated on CBCTs with CTs for an
ABC BH patient as a feasibility study. The results showed that the
Frontiers in Oncology | www.frontiersin.org 9
CBCTcalculated dosewas consistentwithCTcalculated dosewhen
there were similar BH-induced uncertainties. These results suggest
that with a simple workflow, CBCT-based dose validation could be
unbiased with excellent geometrical accuracy, and acceptable
accuracy range determination, and may be an alternative to
synthetic CT-based dose validation for selected proton patients.
A

B

FIGURE 10 | Clinical target volume (CTV), and heart and lung dose–volume histograms (DVHs) for (A) single CT and (B) multiple CT plans, calculated on all CTs and
cone-beam CTs (CBCTs), respectively.
A

B

FIGURE 11 | Planning CT (left), daily cone-beam CT (CBCT (middle), and synthetic CT (right) for the same patient on (A) day 5 and (B) day 6.
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In addition to the inferior image quality, CBCT also has other
inherent problems that could limit the use ofCBCTdirectly for dose
calculation. For example, CBCT image quality could deteriorate
with artifacts from metal or motion. One of the other major
limitations of CBCT is the limited field of view (FOV). For
accurate proton dose calculation, the entire beam path that
transverses the patient and any supporting devices need to be
included in the FOV of the images, which may not be feasible for
many patients with pelvic targets. In addition, the HU accuracy of
CBCT images is known to deteriorate with patient size. Therefore,
we limited our investigation to head and thorax phantoms in this
study.Wedonot expect touseCBCTdirectly for dose calculation in
large patients where the FOV could not cover the entire patient.
CONCLUSION

We developed a measurement-based range uncertainty
evaluation method with high sensitivity and used it to validate
the accuracy of CBCT-based range and dose calculation. Our
study demonstrated that the CBCT-based dose calculation could
be used for daily dose validation in selected proton patients.
Frontiers in Oncology | www.frontiersin.org 10
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