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Introduction

Accurate determination of the stopping power ratio (SPR) of
the tissues along the beam path is required for calculations
of dose deposition in proton therapy. Schneider et al. [1]
proposed a stoichiometric calibration method to convert
computed tomography (CT) numbers to SPRs via a fitted cali-
bration curve, which is commonly used [2]. However, this
conversion introduces an uncertainty of 3-3.5% in proton
range [2-6]. To minimize the impact of range uncertainty on
treatment plans, either larger margins distal and proximal to
the tumor are added or robust optimization must be per-
formed [7,8]. This practice may result in irradiating surround-
ing healthy tissues more than necessary.

Dual-source dual energy CT (DECT) was proposed to
address such challenges [6,9]. SPR can be calculated on the
basis of the Bethe formula utilizing the relative electron
density (p.) and mean excitation energy (/,,) of tissues. Yang
et al. [6] first proposed to use p. and the effective atomic
number (Z.s) obtained from DECT to calculate SPR with a lin-
ear fit between Z. and In /,,. Bourque et al. [10] later pro-
posed a continuous association between Z.s and /,, which
was well adopted in subsequent studies to estimate /,, from
Zegr [3,11]. Hudobivnik et al. [12] demonstrated a higher
accuracy in SPR derived from DECT than from single-energy
CT (SECT). The accuracy of DECT approach was validated in a
ground-truth anthropomorphic phantom [13], and its clinical
relevance was demonstrated in patient-cohort analyses [14].
The root-mean-square error (RMSE) of SPR with a DECT
approach was <1%, in comparison with proton beam meas-
urements [15,16].

Dual-layer CT (DLCT) is a newer type of DECT with a novel
detector design [17]. DLCT splits the polychromatic X-ray
spectrum of a single CT scan into low- and high-energy spec-
tra on a detector level to generate p,, Zs and virtual mono-
energetic (MonoE, 40-200 keV) images. A recent evaluation
of the first commercial DLCT system reported that the accur-
acy of p. was better than 1%, as compared with that of

reference values, and the deviation in Z.# was within +2%,
except for lung tissues [18].

Studies on DLCT for particle therapy applications are
scarce. Feller et al. [19] reported 0.6% accuracy of SPR predic-
tion for tissue-mimicking materials (TMMs) by comparing cal-
culated and measured SPRs with carbon ion beams. Landry
et al. [20] showed that <1% RMSE in SPR can be achieved
with DLCT for TMMs. Nevertheless, lung TMM inserts exhib-
ited larger errors for all quantities in their study and were
therefore excluded from the reported RMSE values. The
chemical compositions of fresh tissues differ from those of
TMMs, which can affect the proton beam transport. The
experimental validation of proton range with DLCT using real
tissues is pertinent and much needed.

In this study, we determined the accuracy of SPR esti-
mated from DLCT and performed the first experimental valid-
ation of proton ranges calculated in a treatment-planning
system (TPS) for both TMMs and animal tissues.

Materials and methods

The Supplemental materials contain additional details on
materials and methods.

CT scans and preparation of phantoms and
animal tissues

Both SECT and DLCT data were simultaneously acquired with
a Philips IQon spectral CT scanner with the following set-
tings: 120 kVp, 18.9 mGy CTDIvol, 16 x 0.625 mm collimation,
and 1.5-mm slice thickness. CT numbers of images were gen-
erated by using iDose4 level-3 iterative reconstruction.

Eleven types of TMMs from a tissue characterization phan-
tom (Gammex Model 467, Sun Nuclear, Middleton, WI, USA)
were scanned (see Table 1).

Seven fresh bovine (lung, liver, and kidney) and porcine
(brain, meat [muscle], shoulder, and bone) tissues and two
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Table 1. Percent difference in SPR from reference values with SECT and DLCT for TMMs of a tissue characterization phantom

(Gammex 467).
Deviation (%), Deviation (%),
SPRsgct SPRsecr from SPRpLct SPRpLct from
TMM Reference SPRg (mean + SD) SPRg (mean + SD) SPRg
Lung (LN300) 0.281 0.297 +0.03 5.99 0.274+0.02 -2.17
Lung (LN450) 0.453 0.485+0.03 7.21 0.448 +0.02 -1.07
Brain (BRN) 1.058 1.030£0.01 -2.63 1.070£0.02 1.15
Adipose (AP6) 0.948 0.954 +0.02 0.68 0.957 +0.02 0.99
Breast (BR) 0.977 0.996 +0.02 1.98 0.973+0.02 -0.36
Liver (LV) 1.072 1.071£0.01 -0.18 1.073£0.01 0.02
Inner bone (IB3) 1.092 1.122£0.01 277 1.091 £0.02 -0.09
Bone material (B200) 1.097 1.126 £0.01 2.63 1.093+£0.01 -0.40
Bone (CB2-30% CaCOs) 1.249 1.239+0.01 -0.77 1.261£0.02 0.96
Bone (CB2-50% CaCO3) 1.419 1.435+0.01 1.16 1.417 £0.02 -0.12
Cortical bone (SB3) 1.615 1.643 £0.01 1.73 1.614+0.02 -0.07

DLCT: dual-layer computed tomography; SECT: single-energy computed tomography; SD: standard deviation; SPR: stopping power ratio;
SPRg: reference stopping power ratio; TMM: tissue-mimicking material. The reference SPR (SPRg) is the theoretical reference data calculated

with the Bethe formula with known chemical compositions.

frozen animal tissues (liver and lung) were also scanned. The
meat was pure soft tissues. The shoulder contained soft tis-
sues and bones inside. The animal samples were reasonable
tightly packed into the container with reasonable efforts and
with added water added subsequently. Lung samples were
as packed with care to avoid deformation with no water
added. Extra care was taken using a utility cart to maintain
the container stability during the transfer of moving the sam-
ples between CT room and adjacent irradiation rooms. The
time between scan and irradiation was minimized by per-
forming the experiments when both rooms were available.

Calibration and SPR calculations

SPR calculations with SECT followed the stoichiometric cali-
bration method proposed by Schneider et al. [1]. A tissue
characterization phantom (Gammex 467) with TMM inserts
was scanned to extract the TMM-specific CT numbers. To
avoid the partial volume effect at the boundary of each
insert, we included approximately 80% of the insert volume
in the volumes of interest. DLCT does not require a prior cali-
bration for monoenergetic images. Comparisons of measured
CT numbers and those calculated by the theoretical mass
attenuation coefficients are provided in Supplemental
Section S.3. SPRs with DLCT were derived from p, and Z.g by
applying a combination of the Saito [21] and Zhu-Penfold
[22] methods to a pair of 70keV and 100 keV MonoE images.
The reference SPRs for TMMs were calculated for 221 MeV
proton beams using vendor-provided chemical compositions.

Treatment planning

Treatment plans for the proton beam delivery system
PROBEAT-V (Hitachi America, Ltd., Tarrytown, NY, USA) were
designed in Varian Eclipse TPS. The proton range Ry, corre-
sponding to the 90% dose at the distal edge of the spread-
out Bragg peak was determined from the plan and used to
calculate tissue water equivalent thickness (WET).

Proton range measurements with TMM and
animal tissues

The ranges of proton beams of 200.4 and 221.3 MeV passing
through the TMMs and tissues were measured with multi-
layer ionization chamber and water tank with an Advanced
Marcus chamber, respectively. The single-spot proton beams
were aligned with the central axis of the TMM cylinder. For
animal tissues, nine measurement positions were marked
with 2-cm spacing in a grid of 3 x 3 on the surface of the
container (Figure 1(A)) in the center of the uniform field.
Treatment plans generated with TPS for experiments were
optimized to deliver a uniform dose to a 5 x 5cm? target in
the center of the tissues by a field of single energy spots.

Results

We summarized the reference SPR values for TMMs and the
calculated SPRs with SECT- and DLCT-based methods in
Table 1. The percent deviation from the reference SPR values
was smaller for the DLCT method than it was for the SECT
method. The improved accuracy of the SPR calculations was
particularly substantial for lung and brain TMMs. For bone
and soft tissue TMMs, DLCT produced a <1% deviation in
SPR, whereas SECT resulted in up to 2.77% for IB3 (inner
bone), 2.63% for BRN (brain), and 2.63% in B200 (bone
material) TMMs. The percent deviation for the lung TMM was
5.99% for LN300 and 7.21% for LN450 with SECT, and was
reduced to 2.17% and 1.07% for DLCT.

The percent deviations in WET with the SECT and DLCT
methods for TMMs are plotted in Figure 1(B). The RMSE cal-
culated over six TMMs was 4.15% and 1.62% for the SECT-
and DLCT-based methods, respectively. The reduction in the
percent deviation of WET from SECT to DLCT for the TMMs
in Figure 1(B) was also observed for the animal tissues in
Figures 1(C,D). For all the soft tissues measured, the RMSE
was 1.05% and 0.77% with SECT and DLCT, respectively. For
the bone tissue (femur), the estimated error was 1.78% and
1.28% with SECT and DLCT, respectively. The largest differ-
ence between DLCT and SECT occurred in lung tissues. The
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Figure 1. (A) Experiments with animal tissues placed in containers. The target 5 x 5cm is the structure used for plan optimization in TPS. (B) Percent deviation of

WET for TMMs of a tissue characterization phantom (Gammex 467) with SECT- and

DLCT-based methods. The “+" symbol on the X-axis indicates that two types of

TMMs were placed one after another in the direction of the beam. (C) and (D) Percent deviation of WET for fresh and frozen animal tissues with SECT- and DLCT-

based methods. The error bars are calculated from the measurements at 9 points fol

percent deviation was reduced from 4.25% to 1.63% for fresh
lung and from 5.67% to 2.70% for frozen lung.

Discussion

This is the first experimental validation of SPR calculation
with animal tissues for DLCT. The Saito and Zhu-Penfold

r 200.4 MeV and 221 MeV.

methods originally proposed for dual-source DECT systems
to calculate p, and Z.¢ were applied to the MonoE images of
DLCT. Substantial improvements in SPR accuracy of lung and
brain TMMs were observed. Significant reductions in the dif-
ferences between calculated and measured proton ranges
for animal lung tissues were demonstrated for the first time
with DLCT.



Similar to the findings by Bar et al. [15] for dual-source
DECT, our study revealed that the SECT method performed
reasonably well in SPR estimations for soft tissues, which
explains why the gain with DECT was marginal for
these tissues.

By using a polymer gel for proton range measurements,
Niepel et al. [23] reported that the SECT approach yielded an
overall greater mean deviation of 1.2% in SPR calculations,
whereas the dual-source DECT method resulted in a 0.2%
deviation for all animal tissue samples in their study. In our
animal tissue experiments, the derived SPR errors were
1.05% and 0.77% with SECT and DLCT, respectively.

Landry et al. [20] reported the results of SPR calculations
for TMMs with DLCT based on MonoE image pairs of 50 keV
and 200 keV from 140kV scans. The SPRs were calculated for
a carbon ion beam, and lung TMMs were excluded from
their RMSE calculations. They concluded that an accuracy
value below 1% can be achieved for SPR calculations with
DLCT. We used different MonoE photon images of 70keV
and 100keV for proton SPR calculations of both TMMs and
animal tissues to avoid relying on synthesized MonoE images
in the extreme ends of the CT energy range. Our findings on
SPR accuracy are consistent with theirs, demonstrating that
DLCT is beneficial for deriving SPRs for particle therapy. Our
results with lung TMM show that the deviation in SPR was
greatly reduced from up to 7% with SECT to up to 2% with
DLCT. The large standard deviation in measured SPRs of ani-
mal tissues may be associated with the inhomogeneity of
the animal tissue samples, causing variations in the WET
among 9 measurement points. This is a limitation of the
study. Importantly, the DLCT method produced a smaller
deviation than did the SECT method.

Feller et al. [19] calculated SPRs of TMMs based on the
Bethe equation using p. and Z. generated directly from
commercial spectral basis images of DLCT. The predicted SPR
values were reported to have a mean accuracy of 0.6% com-
pared to measurements with carbon ion beams. We used
proton beams and observed percentage deviations ranging
from 0.02% (liver) to 1.15% (brain) with a mean value of
0.78% for soft tissue and bone TMMs. Our measurements
with the lung TMMs had a larger deviation (up to 2.2%) com-
pared to theirs but demonstrated a greater improvement
over the SECT method.

Recent studies evaluating DECT performance on SPR or
proton range estimation with animal tissues are summarized
in Supplementary Table S.2. Despite differences in the DECT
scanners, methods of SPR estimation, and metrics of evalu-
ation, the evidence is strong that DECT, including DLCT, out-
performs SECT for SPR and range prediction.

Conclusion

The Saito and Zhu-Penfold methods originally developed for
estimating p. and Z.q respectively, from high and low kVp
images of dual-source DECT were applicable to MonoE
images of DLCT. The improved proton range estimation with
DLCT was demonstrated, particularly for lung tissues. The
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improved range estimation with the DLCT method warrants
continued investigation of its dosimetric benefits in patients.
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