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Objectives: When iodinated contrast is administered
during CT simulation, standard practice requires a sepa-
rate non-contrast CT for dose calculation. The objec-
tive of this study is to validate our hypothesis that since
iodine affects Hounsfield units (HUs) more than electron
density (ED), the information from post-contrast dual-
layer CT (DLCT) would be sufficient for accurate dose
calculation for both photon and proton therapy.
Methods and materials: 10 pediatric patients with
abdominal tumors underwent DLCT scans before and
after iodinated contrast administration for radiotherapy
planning. Dose distributions with these DLCT-based
methods were compared to those with conventional
calibration-curve methods that map HU images to ED
and stopping-power ratio (SPR) images.

Results: For photon plans, conventional and DLCT
approaches based on post-contrast scans underes-
timated the PTV D99 by 0.87 + 0.70% (p = 0.18) and
0.36 + 0.31% (p = 0.34), respectively, comparing to their
non-contrast optimization plans. Renal iodine concen-
tration was weakly associated with D99 deviation for
both conventional (R? = 0.10) and DLCT (R? = 0.02)

INTRODUCTION

To calculate absorbed dose, most radiotherapy planning
systems convert the Hounsfield unit (HU) values of CT
images to the electron density (ED) for photon therapy or
the proton stopping-power ratio (SPR) for proton therapy
via stoichiometric calibration curves.' This conversion
leads to an error in the ED determination®® such that two
tissue types with different EDs may be assigned incorrectly
to the same ED because they have the same HU values.
Given that the proton SPR strongly depends on the rela-
tive ED based on the Bethe formula,* accurate calculation
of the SPR™® is paramount to minimize the effects of range

approaches. For proton plans, the clinical target volume
D99 errors were 3.67 + 2.43% (p = 0.0001) and 0.30
0.25% (p = 0.40) for conventional and DLCT approaches,
respectively. The proton beam range changed noticeably
with the conventional approach. Renal iodine concentra-
tion was highly associated with D99 deviation for the
conventional approach (R? = 0.83) but not for DLCT (R?
= 0.007).

Conclusion: Conventional CT with iodine contrast
resulted in a large dosimetric error for proton therapy,
compared to true non-contrast plans, but the error was
less for photon therapy. These errors can be greatly
reduced in the case of the proton plans if DLCT is used,
raising the possibility of using only a single post-contrast
CT for radiotherapy dose calculation, thus reducing the
time and imaging dose required.

Advances in knowledge: This study is the first to
compare directly the differences in the calculated dose
distributions between pre- and post-contrast CT images
generated by single-energy CT and dual-energy CT
methods for photon and proton therapy.

uncertainty in the beam path. Several groups have reported
on the benefits of using dual-energy CT (DECT) rather
than conventional single-energy CT (SECT) for radio-
therapy applications.”™ It was reported' that the relative
EDs of all tissue substitutes could be determined with accu-
racy better than 1%. The past studies'"'* determined that
the root-mean-square error (RMSE) of the SPR with the
DECT approach was 1% or less according to proton beam
measurements. The two groups®"’ performed extensive
SPR analyses and demonstrated the overall range uncer-
tainties with DECT to be 2.2 and 2.4%, respectively, based
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on experimental measurements. Nevertheless, applications other
than the reduction of range uncertainty and the enhancement of
tumor visibility remain to be discovered.

Current clinical practice for radiation therapy simulation with
contrast administration is to acquire two CT scans back to
back: one scan before contrast injection for dose calculation
and another scan after contrast administration to aid in tumor
delineation. The use of intravenous iodinated contrast is an inte-
gral part of CT-based radiotherapy planning for certain tumors
and treatment sites. Contrast is particularly useful to discern
tumor from normal tissues and to define regional anatomy.
Iodine, one of the most commonly used contrast media, has a
high atomic number of 53, which enables it to be distinguished
from most tissues in the body. Different photoelectric absorp-
tion interactions produce iodine contrast images with increased
HU values. If left uncorrected, the increased HU values from the
contrast scan could lead to an inaccurate dose calculation for
both photons and protons as a result of the incorrect mapping of
HU-ED and HU-SPR calibration curves, respectively.

The impact of contrast agent administration has been investigated
by several groups. The presence of contrast agent introduced
errors of 1-2% in the photon dose calculation,'*™” whereas the
contrast agent used for proton dose calculation resulted in errors
of up to 10 mm in the proton range.'®!? It was reported’ that
the DECT method predicts the SPR of iodinated intravenous
contrast with an accuracy of 1%, whereas accuracy with SECT
calibration remains at the level of 20-25%. In these ex vivo vali-
dations with animal tissues,” the differences between measured
SPR and derived SPR were found to be <1% with DECT because
the SPR accuracy strongly depends on the accuracy of electron
density than that of the atomic number of a material. However,
the SPR accuracy with the conventional SECT simply reflects the
accuracy in HU. For a high-Z material such as iodine, the HU
can be incorrectly mapped to the SPR of a high density material
such as bone.

In this work, we used a new type of dual-layer DECT (DLCT)
scanner (the IQon Spectral CT from Philips Healthcare) that
acquires high- and low-energy X-ray projection data simulta-
neously without exposing the patient to additional radiation.

Ates et al

The DLCT scanner directly generates not only conventional
HU images but also ED, effective atomic number (EAN), and
monoenergetic (MonoE, 40-200 keV) images in a single scan.
To test the hypothesis that a single post-contrast CT would be
sufficient for dose calculation in radiation therapy, we analyzed
the pre- and post-contrast CT images of patients who had previ-
ously undergone CT simulation with DLCT. Institutional review
board approval was obtained for the retrospective analysis. Our
demonstration of the feasibility of this approach should help
reduce CT simulation time and radiation exposure. For pediatric
patients, the anesthesia time can also be decreased.

To our knowledge, this study is the first to compare directly the
differences in the calculated dose distributions between pre- and
post-contrast CT images generated by SECT and DLCT methods
for photon and proton therapy.

METHODS AND MATERIALS

This section describes the retrospective analysis of 10 patients
with abdominal tumors, whose pre- and post-contrast DLCT
scans were used to simulate the treatment planning process for
the SECT approach and the DECT approach. It also details how
doses calculated on contrast CT images were compared to those
on true non-contrast CT images for photon and proton treat-
ment scenarios.

Patient selection

The patients included in this study were randomly selected
from among those with tumor sites close to the kidneys who
had undergone DLCT scans for CT simulation. Because iodine
is excreted by glomerular filtration in the kidneys, these organs
often exhibit relatively high iodine concentrations on post-
contrast scans and are, therefore, ideal for assessing the impact
of contrast presence on dose calculation. Figure 1 shows sample
CT images of a study patient (Patient 9), showing the peritoneal
disease site adjacent to the kidneys with the post-operative retro-
peritoneal clinical target volume (CTV).

For each patient, the iodine concentration was determined
by contouring the kidneys on HU images and overlaying the
contours on iodine density images to calculate the average iodine

Figure 1. (a) Non-contrast HU image as conventionally used for radiation therapy dose calculation. (b) lodine density image show-
ing higher iodine concentrations in the kidneys. (¢) Post-contrast HU image acquired 4 min after iodine contrast administration.

HU, Hounsfield unit.

R. Kidney

L. Kidney
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Table 1. Patient characteristics at the time of post-contrast CT

Patient # Diagnosis Disease site Age (y) Renal iodine uptake (mg mL™")
1 Neuroblastoma Adrenal (left) 13 2.39
2 Neuroblastoma Adrenal (left) 6 2.46
3 Neuroblastoma Adrenal (left) 5 3.10
4 Neuroblastoma Adrenal (right) 4 3.31
5 Neuroblastoma Adrenal (left) 6 3.37
6 Neuroblastoma Adrenal (right) 4 3.39
7 Neuroblastoma Adrenal (right) 11 4.56
8 Hodgkin lymphoma Retroperitoneal LN 20 4.74
9 Hodgkin lymphoma Porta hepatis LN 11 4.83
10 Rhabdomyosarcoma Para-aortic LN 18 5.33

LN, Lymph nodes.

concentration, as shown in Figure 1b. The average iodine density
for both kidneys was recorded as the renal iodine uptake in milli-
grams per milliliter. Table 1 lists the 10 study patients in order of
increasing renal iodine concentration.

Image acquisition

All imaging data for 10 study patients were acquired before and
after iodine administration with a Philips IQon spectral CT, using
the clinical helical scan protocol of abdomen (120 kVp, auto colli-
mation, 500 mm field of view, 512 x 512 matrix size, Standard (B)
reconstruction kernel, and dose right index of 20). Each abdom-
inal scan protocol delivers an imaging dose of 10.2 mGy measured
on 32 cm CTDI body phantom. iDose4 Level 3 iterative recon-
struction and 1.5 mm slice thicknesses were selected. In order to
obtain non-contrast and contrast images, two spectral CT scans

were acquired, and hence doubled the imaging dose. However, a
single DLCT scan can be used to derive electron density, effective
atomic number, iodine density, and conventional HU images. The
patient dose saving is gained by performing a single DLCT scan
as opposed to two SECT scans. The potential anatomic misalign-
ment between two scans can also be eliminated.

Conventional SECT method for mapping HU to ED
and SPR

A stoichiometric calibration method' was used for the conven-
tional SECT approach. The calibration curves in our clinical
treatment-planning systems mapped HU to ED for photon dose
calculation and HU to SPR for proton dose calculation. Figure 2a
shows the data flow for the SECT method.

Figure 2. (a) Data flow for the SECT method using HU images and the calibration-curve mapping. (b) Data flow for the DLCT
method using ED or SPR images calculated from ED and Z¢ images. Both contrast and non-contrast images went through these
workflows. DLCT, dual layer CT; ED, electron density; HU, Hounsfield unit; SECT, single-energy CT; SPR, stopping-power ratio.
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DLCT method for directly calculating ED and SPR
The DLCT scanner simultaneously acquires energy-sensitive
data via its dual-layer detectors. The upper layer absorbs lower
photon energies, whereas the lower layer detects higher photon
energies. The physical interactions at different photon energy,
such as photoelectric or Compton scatter components, can be
separated from each other?’ This enables the calculation of
high- and low-energy attenuation coefficients*! and, hence, the
density and composition of the materials can be determined.
In DLCT, electron density estimation is calculated based on a
linear combination of Compton scatter and photoelectric inter-
actions where Compton scatter component dominates. The two
parameters of the linear combination coeflicients are determined
by fitting the expected electron densities of literature tissues
provided in International Commission on Radiation Units and
Measurement (ICRU) Report 44 (ICRU 1989). Effective atomic
number is determined based on a method'® where the ratio of
two measured monoenergetic attenuation coefficients from a
DLCT scan is compared to the theoretical plot of effective atomic
number vs the ratio of the linear attenuation coefficients at two
energies. The theoretical effective atomic number for a tissue
can be calculated based on elemental compositions and their
fractional weights. The theoretical monoenergy attenuations
can be calculated based on the photon cross-section database of
National Institute of Standards and Technology. After a single
spectral scan, DLCT can automatically generate electron density
(pe), effective atomic number (Zejf), and monoenergetic (MonoE,
40—200 keV) images.

The SPR images for the DLCT method were computed based on
the Bethe formula in Equation. 1

2 2
SPR = p,In {13,'?1276—222) - ﬂz] /In [% -6 ()

where p, is the relative electron density, I, and I,,,;,, are the mean
excitation energies of the materials and water, respectively, m,
is the electron mass, ¢ is the speed of light in a vacuum, and f is
the ratio of the proton speed to the speed of light for the proton’s
energy taken as 219 MeV. In accordance with National Institute
of Standards and Technology recommendations, the I, value
is taken as 75 eV. The latest recommendation of the value is 78
eV per ICRU (Errata and Addenda: ICRU Report 73). p, and
the Z,5 values are extracted directly from DLCT images. Based
on this Bethe equation, Z.g is converted to I,, to be substituted
into the SPR calculation. Two functions have been proposed for
converting Zg into Inl,,.>** Both functions were used to fit the
data provided in ICRU Report 46 (ICRU 1992). After the fitting
functions are used, Inl,, is calculated using the Bragg additivity
rule (Equation 2):

Z %fl ><lnI,-

Ty eE (2)

Aj

Inl,, =

where w; denotes the fractional weight of element i in the tissue,
A; is the mass number, and z; is the atomic number. After I, is
calculated, the expression is inserted into the Bethe formula
shown in Equation 1. A dedicated algorithm in MATLAB
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(MathWorks, Inc. Natick, MA) was used to generate SPR images
for the DLCT method. Figure 2b shows a block diagram of this
DLCT workflow.

Comparing non- and post-contrast treatment plan
dosimetry for photon and proton therapy scenarios
All study patients originally underwent proton therapy; their
photon treatment plans were created retrospectively solely for
research purposes in Varian Eclipse treatment planning system
(TPS) (v. 13.7). For both photon and proton scenarios, we first
generated the treatment plans (termed “optimization plans”)
based on true non-contrast images in TPS. These plans were
then applied to images with post-contrast to recalculate the dose
distributions using the same beam parameters from the original
plans without reoptimization. In this paper, we use the term
“verification plans” to represent the latter. Figures 3 and 4 illus-
trate the treatment-planning process.

For photon therapy, 7-field co-planar IMRT plans were gener-
ated using gantry angles of 0°, 50°, 130°, 230°, 280°, 290°, and
310°. The prescription dose to the target was 23.4 Gy (1.8 Gy
per fraction x 13 fractions). The planning target goals for PTV
(photon) and CTV (proton) were the same as D100% = 95%,
D99% = 95% and V110% < 10%. Planning constraints for critical
organs were mean dose <14.4 Gy, D50% < 18 Gy (ipsilateral), and
D50% < 8 Gy (contralateral) for kidneys; D50% < 18 Gy for liver;
D100% < 24 Gy for heart; and D80% =+20% of the prescription
dose for vertebral bodies.

As shown in Figure 3, the optimization plans were created sepa-
rately on non-contrast HU images for the SECT method and
on non-contrast ED images for the DLCT method. These two
plans were not directly compared with each other. Instead, they
were compared to the subsequent verification plans for contrast
images to determine the effect of the presence of iodine contrast
on target dosimetry.

For proton therapy, treatment plans were designed for spot-
scanning proton beams from a commercial proton beam therapy
system (PROBEAT-V, Hitachi America, Ltd). Beam arrange-
ments, identical to those in the original clinical plans, comprised
two posterior-oblique beams, each positioned 30° away from
the posterior axis to avoid traversing bowel gas pockets, which
vary daily. Either multifield optimization (MFO) or a single-field
uniform-dose (SFUD) optimization technique was used. Dose
constraints for target and critical structures were identical to
those for photon plans. 3% range and 3 mm setup uncertainties
were used for robust optimization. The results were displayed
based on the nominal scenario. An RBE factor of 1.1 was applied.
As shown in Figure 4, the optimization plans were created based
on non-contrast HU images for the SECT method, whereas non-
contrast SPR images were used for the DLCT method. Subse-
quent verification plans were generated by using contrast images
for comparison.

RESULTS
The conventional approach was selected as the SECT method for
both photon and proton plans, whereas ED images for photon
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Figure 3. (a) The SECT method using HU images for photon therapy planning. (b) The DLCT method using ED images for photon
therapy planning. DLCT, dual layer CT; ED, electron density; HU, Hounsfield unit; SECT, single-energy CT.
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plans and SPR images for proton plans were used for the direct
calculation with the DLCT method. The dosimetric and statis-
tical analyses were also performed for the two methods with and
without contrast agent to demonstrate the feasibility of relying
on only a single post-contrast DLCT scan, which was found to be
sufficient for dose calculation in both photon and proton clinics.

Effect of iodine contrast on photon plan dosimetry

Overall, treatment plans calculated on post-contrast scans
underestimated the PTV D99 by 0.87 + 0.70% (p = 0.18) and
0.36 + 0.31% (p = 0.34) for the SECT and DLCT methods,
respectively, which revealed no statistically significant difference
between non-contrast optimization and post-contrast verifica-
tion plans. Renal iodine concentration was weakly associated

Verification Plan
' . Dosimetric
Analysis for
Contrast vs

Non-Contrast )

Contrast HU Images
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' Dosimetric
Analysis for
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Non-Contrast
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with the deviation in D99 for the SECT (R? = 0.10) and DLCT
(R? = 0.02) methods. The individual iodine concentrations and
D99 deviations are listed in Table 2, where liver and uninvolved
kidney (not overlapped with the target) mean doses showing
<14.4 Gy as planned for the two SECT and DLCT methods with
no significant difference.

For the SECT method, the mean target dose was generally lower
in the verification plan than in the optimization plan because
the high-Z material (contrast agent) in the beam path attenu-
ated some of the beams. The dose distribution and dose-volume
histograms for an example patient (Patient 9) are shown in
Figures 5 and 6.

Figure 4. (a) The SECT method using HU images for proton therapy planning. (b) The DLCT method using SPR images for proton
therapy planning. DLCT, dual layer CT; HU, Hounsfield unit; SECT, single-energy CT; SPR, stopping-power ratio.
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Table 2. Individual and average differences in PTV coverage between contrast and non-contrast plans for photon therapy as well
as mean doses of liver and kidney for SECT and DLCT methods. The 7-field IMRT technique was used for all study patients

Renal iodine uptake SECTMethod DLCTMethod Liver/Kidney Mean Dose (Gy)

Patient # (mg ml™) AD99% AD99% SECT DLCT
1 2.39 1.4 0.9 9.2/8.6 9.3/8.7
2 2.46 0.2 0.1 10.3/11.3 9.5/11.5
3 3.10 0.4 0.1 7.0/11.0 7.0/11.2
4 3.31 0.5 0.2 10.4/9.4 9.9/9.7
5 3.37 1.5 0.9 4.9/12.6 4.8/12.2
6 3.39 0.6 0.1 8.0/8.9 8.0/9.4
7 4.56 0.2 0.2 13.6/13.8 13.2/13.6
8 4.74 0.4 0.5 5.7/12.7 5.8/13.0
9 4.83 1.2 0.3 7.8/8.8 7.5/9.1
10 533 2.3 0.3 4.6/9.2 4.5/8.7
Mean + SD 3.75+1.02 0.87 £0.70 0.36 £ 0.31

DLCT, dual layer CT; PTV, planning target volume; SD, standard deviation; SECT, single-energy CT.

Effect of iodine contrast on proton plan dosimetry

For proton plan dosimetry, the decreases in target coverage, as
evaluated with the CTV D99, were 3.67 + 2.43% (p = 0.0001)
and 0.30 + 0.25% (p = 0.40) for the SECT and DLCT approaches,
respectively, as detailed in Table 3, where liver and uninvolved
kidney (not overlapped with the target) mean doses showing
<14.4 Gy as planned for the two SECT and DLCT methods with
no significant difference. Changes to the proton beam range
were quite noticeable with the SECT approach, with an average

pullback of 3 mm as measured at the R90 of the spread-out Bragg
peaks between contrast and non-contrast plans. Renal iodine
concentration was therefore highly associated with the deviation
in D99 for the SECT approach (R? = 0.83) but there was no such
association for the DLCT approach (R* = 0.007).

Dose distributions and dose-volume histograms for an example
patient (Patient 9) are shown in Figures 7 and 8. The zoomed-in
regions (black rectangles) in Figure 7a, b highlight the calculated

Figure 5. Photon dose distribution in an example patient (Patient 9) with zoomed-in figures showing 95% isodose line affixed on
the right top corner. (a) Optimization plan on non-contrast HU images. (b) Verification plan on post-contrast HU images. (c) Opti-
mization plan on non-contrast ED images. (d) Verification plan on post-contrast ED images. ED, electrondensity; HU, Hounsfield

unit; PTV, panningtarget volume.

"ED non-contrast

.
EDcontrast
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Figure 6. Dose-volume histograms for an example patient (Patient 9) planned for photon therapy. (a) Optimization (non-contrast)
vs verification (contrast) for the SECT method. (b) Optimization (non-contrast) vs verification (contrast) for the DLCT method.
DLCT, duallayer CT; ED, electron density; HU, Hounsfield unit; PTV, panning target volume;SECT, single-energy CT; SPR, stopping-

power ratio.
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range pullback when iodine contrast was in the beam path,
moving the distal edge of the Bragg peak closer to the beam
entrance because of the increased water-equivalent path length.

Photon and proton dosimetry comparison

For the patients included in this study, the presence of iodine
contrast did not significantly affect the photon dosimetry (p =
0.18, R* = 0.10) but it did significantly affect the proton dosim-
etry (p = 0.0001, R* = 0.83) when treatment plans were designed
with the conventional SECT method. Using multiple beam angles
in the IMRT plan decreases the impact of a few angles passing
through iodine-containing organs. The average change in D99%
was <1%, reaching up to 2.3% in individual patients for photon
plans. The impact of iodinated contrast on proton therapy was
more significant, because the kidneys were in the beam paths of
both posterior-oblique fields, resulting in range pullback (by an

Ratio of Tatal Structure Vielume [3]

Dese [<Gyl
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average of 3 mm) at the distal edge of the spread-out Bragg peak
for the SECT method. The average change in D99% was 3.7%,
reaching up to 7.3% in individual patients for proton plans.

When the DLCT method was adopted, we demonstrated that
ED and SPR images were directly used in the treatment plan-
ning system for photon and proton dosimetry, respectively. The
dosimetric difference was not statistically significant for photon
plans (p = 0.34, R? = 0.02) or proton plans (p = 0.40, R* = 0.007)
when contrast medium was present in the image.

Proton treatment planning based on the HU contrast image
with the SECT method dramatically affected the plan qualities.
Figure 9 demonstrates this phenomenon for Patient 9 when the
proton range was pulled back by 4 mm, resulting in a severe cold
region at the distal end of the spread-out Bragg peak that showed

Table 3. Individual and average differences in CTV coverage between contrast and non-contrast plans for proton therapy as well

as mean doses of liver and kidney for SECT and DLCT methods

Liver/Kidney

Renal iodine Range pullback | SECT method | DLCT method mean dose (Gy)
Patient # Technique | uptake (mg ml™?) (cm) AD99% AD99% SECT DLCT
1 MFO 2.39 0.3 1.1 0.1 1.2/3.7 1.0/3.5
2 SFUD 2.46 0.3 2.5 0.1 3.3/9.4 2.8/9.21
3 MFO 3.10 0.2 1.2 0.4 1.0/5.9 1.0/5.52.9
4 MFO 3.31 0.2 2.8 0.2 3.4/2.6 2.9/2.8
5 MFO 3.37 0.3 1.8 0.8 1.0/11.2 1.2/10.3
6 SFUD 3.39 0.5 2.3 0.2 1.4/1.9 1.4/1.9
7 SFUD 4.56 0.4 4.1 0.7 4.5/10.7 4.8/10.4
8 MFO 4.74 0.3 6.5 0.2 1.3/9.3 1.2/9.3
9 SFUD 4.83 0.4 7.3 0.1 2.8/7.2 2.6/7.1
10 SFUD 533 0.3 7.1 0.2 0.5/3.7 0.5/3.6
Mean + SD - 3.75 % 1.02 0.3+0.1 3.67 £2.43 0.30 £0.25

CTV, clinical target volume; DLCT, dual layer CT; ED, electron density; HU, Hounsfield unit; MFO, multifield optimization;SD, standard deviation;

SECT, single-energy CT,; SFUD, single-field uniform-dose optimization.
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Figure 7. Proton dose distribution for an example patient (Patient 9) with zoomed-in figures showing 95% isodose line affixed on
the right top corner. (a) Optimization plan on non-contrast HU images. (b) Verification plan on contrast HU images. (c) Optimi-
zation plan on non-contrast SPR images. (d) Verification plan on contrast SPR images. HU, Hounsfieldunit; SPR, stopping-power

ratio.

the total plan dose difference as large as 7.5 Gy compared to orig-
inal plan (the prescription dose was 23.4 Gy). With the DLCT
method that directly uses SPR images for planning, the range
pullback was negligible. Figure 10 shows these minimal differ-
ences in the spread-out Bragg peak and dose distribution differ-
ence between non-contrast and contrast plans when the DLCT
method was adopted.

DISCUSSION

In diagnostic kilovoltage X-ray CT scans, the photoelectric
effect and Compton scatter are the primary interactions between
photons and matter. Compton scattering is nearly independent
of the photon energy and depends on the electron density of

matter. The probability of photoelectric absorption dominates
in diagnostic X-ray imaging and is approximately proportional
to (Z/E),> where Z is the atomic number of the matter and E
is the photon energy. Iodine has a high atomic number of 53
and an ideal K-shell binding energy (37.4 keV) for absorption
which is close to the mean energy of the most diagnostic X-ray
beams. Thus, iodine shows as enhanced HU on conventional CT
scans. For the SECT approach, when the CT calibration curve of
HU-ED or HU-SPR is used, enhanced HU in iodine could result
in incorrect mapping of ED or SPR. For DLCT method, mate-
rial composition can be analyzed through image acquisition at
two different energy level. This makes DLCT sensitive to atomic
number and density, but it is not sensitive to chemical binding.

Figure 8. Dose-volume histogram for an example patient (Patient 9) planned for proton therapy. (a) Optimization (non-contrast)
vs verification (contrast) for the SECT method. (b) Optimization (non-contrast) vs verification (contrast) for the DLCT method.
CTV, clinical targetvolume; DLCT, dual layer CT; HU, Hounsfield unit; SECT,single-energy CT; SPR, stopping-power ratio.
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Figure 9. (a) The proton dose difference between non-contrast and contrast plans (for Patient 9) with the SECT method, shown
in the transverse (top) and sagittal (bottom) planes. (b) A 4 mm range pullback was observed in the R90 of the spread-out Bragg
peaks of the two plans. HU, Hounsfieldunit; SECT, single-energy CT.

For the photon dosimetry, there is a constant relation between
collision kerma and absorbed dose beyond electronic equilib-
rium during photon attenuation and scattering in the medium.
The most important characteristic of the photon’s stopping
power ratios is that they are almost constant beyond the depth
of transient electronic equilibrium according to Spencer-Attix
cavity theory. Therefore, the average energy of the generated
electrons and their range does not change by depth which causes
only minimal deviation when introduced contrast media in the
beam path. The depth-dose distribution for photons reveals a
maximum dose close to the entry point and a decreasing dose
deposition with increasing depth in the tissue. Because of this
phenomenon, multiple gantry beams around the patient can
still ensure a high dose to the tumor region. Although high-Z
materials such as contrast media are expected to be avoided for
photon planning, using multiple IMRT beams could still enable
overall tumor conformity of the treatment.
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Unlike photons, protons are charged particles that undergo
frequent interactions in media and have a finite range in
tissue. The proton dose increases with depth, resulting in
a Bragg peak at the end of the range of the beam. When the
Bragg peak occurs, the protons start to deposit the maximum
energy per path length close to the end of the beam range.
This phenomenon enables fewer beam angles to be used when
compared to photon techniques. However, any changes in
proton range will shift the Bragg peak and, hence, adversely
affect the dose deposition at the target. Contrast media such as
those containing iodine are considered high-Z materials; they
elevate the HU values in the SECT scan and cause an erro-
neous dose calculation if present in the beam path. The DLCT
method could greatly reduce the errors in calculated doses
by directly utilizing the ED of the contrast CT which is not
significantly affected with the presence of the contrast media
when compared to HU.

Figure 10. (a) The proton dose difference between non-contrast and contrast plans (for Patient 9) with the DLCT method, shown
in transverse (top) and sagittal (bottom) planes. (b) With this approach, no range pullback was observed in the R90 of the spread-
out Bragg peaks of the two plans. CTV, clinical targetvolume; DLCT, dual layer CT; SPR, stopping-power ratio.
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In this study, we tested the performance of the SECT and DLCT
methods when iodine contrast was present in images used for
treatment planning. Non-contrast and contrast plans were
compared to determine whether a single post-contrast CT could
be used for treatment planning without introducing a large dosi-
metric error. We have demonstrated that this deviation could be
significant when post-contrast HU images were used for proton
dose calculation, whereas the deviation was less than 1% if post-
contrast SPR images generated from DECT were used instead.
Although we did not compare the SPR-based dose calculation
with measurements to prove its superiority over the conven-
tional HU-based approach, many researchers'>**** have already
reported improved accuracy with DECT-based SPR estimation.

CONCLUSION

We have demonstrated that the presence of iodine contrast in
HU images can introduce a large dosimetric error into proton
therapy for some patients with abdominal disease sites. For
photon therapy, this error was less significant as a result of the use
of multiple intensity modulated radiation therapy beam angles
and had the lower sensitivity of photon attenuation to high-Z
material in the beam path. These errors can be greatly reduced if
ED and SPR images derived from DLCT, instead of HU images,

Ates et al

are used for treatment planning. This approach would enable us
to rely on only a single post-contrast scan for radiation therapy
simulation and dose calculation, thus reducing the imaging dose
and the anesthesia time for younger children.
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