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ABSTRACT

Monte Carlo proton dose calculations requires mass densities calculated from the patient CT image.
This work investigates the impact of different single-energy CT (SECT) and dual-energy CT (DECT) to
density conversion methods in proton dose distributions for brain tumours.

Material and methods: Head CT scans for four patients were acquirecTiMin SECT and DECT acquisition
modes. Commercial software was used to reconstruct DirectDensity images in Relative Electron
Densities (RED, p,) and to obtain DECT-based pseudo-monoenergetic images (PMI). PMI and SECT
images were converted to RED using piecewise linear interpolations calibrated on a head-sized phan-
tom, these fits were referred to as “PMI2RED” and “CT2RED”. Two DECT-based calibration methods
(“Hinemohr-15it” and “Saito-15it") were also investigated. p, images were converted to mass-densities
(py,) to investigate p,, differences and one representative patient case was used to make a proton
treatment plan. Using CT2RED as reference method, dose distribution differences in the target and in
five organs-at-risk (OARs) were quantified.

Results: In the phantom stud}{é Saito-15it and Hlinemohr-15it produced the lowest p, root-mean-square
error (0.7%) and DirectDensity ~ the highest error (2.7%). The proton plan evaluated in the Saito-15it and
Hunemohr-15it datasets showed the largest relative differences compared to initial CT2RED plan down
to —6% of the prescribed dose. Compared to CT2RED, average range differences were calculated:
—0.1+£0.3mm for PMI2RED; —0.8 + 0.4 mm for Hinemohr-15it, and —1.2+0.4 mm for Saito-15it.
Conclusion: Given the wide choice of available conversion methods, studies investigating the density
accuracy for proton dose calculations are necessary. However, there is still a gap between performing
accuracy studies in reference p, phantoms and applying these methods in human CT images. For this
treatment case, the PMI2RED method was equivalent to the conventional CT2RED method in terms of
dose distribution, CTV coverage and OAR sparing, whereas Hlinemohr-15it and Saito-15it presented
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the largest differences.

Introduction

In conventional radiotherapy, single-energy computed tom-
ography (SECT) images are used to perform dose distribution
calculations for treatment planning due to their capability of
identifying tissue attenuation characteristics. In the treatment
planning procedure, sufficient tumour coverage and healthy
tissue sparing are desired. The more advanced photon thera-
pies and proton therapy can lead to conformal tumour dose
distributions, allowing optimal sparing of organs-at-risk
(OARs) [1-3]. With increasing conformity of tumour dose, the
accuracy of the dose calculation algorithm and its input from
CT imaging becomes more critical. In this study, we will
focus on the accuracy of proton dose calculations based on
various information extraction methods from CT images.

In a treatment planning system (TPS) for proton radiother-
apy the dose calculation engine requests material properties
from the patient CT scan, such as stopping power ratios
(SPR) or mass densities (p,,), depending on the type of dose

calculation algorithm. Most proton centres today base their
treatment plan on SECT images, although it has been sug-
gested in the literature that dual-energy CT (DECT) can lead
to more accurate proton range prediction [4-8]. In proton
radiotherapy, various methods are available to convert SECT
and DECT images into p,, which can be converted into p,,
following a simple linear relationship [9].

In radiotherapy clinics, the CT number to density conver-
sion curve is one of the most commonly used methods [10].
This conversion curve is derived from tissue mimicking phan-
tom measurements with known material properties [11,12].
Alternatively, those tissue mimicking phantom measurement
can also be used for the stoichiometric calibration [13] that
aims to model CT scanner aspects such as the X-ray spec-
trum and the detector energy response, and subsequently
use this model to predict CT numbers. However, recent stud-
ies have shown that stoichiometric methods depend on the
tissue mimicking materials used for calibration [14] and
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concluded that the phantom tissue substitutes used in this
work seem to be a good representative of biological tissues
and that the “stoichiometric calibration becomes unnecessary
and may be replaced by a much simpler SECT calibration
procedure [14]”. Hudobivnik et al. [5] investigated the accur-
acy of the stoichiometric calibration and the CT to density
conversion curve for proton stopping power ratios calculated
using tissue mimicking inserts similar to the insert materials
used in this study. They found mean square error differences
compared to the ground truth of 1.8% compared to 1.9%
respectively. The CT number to density conversion curve and
the stoichiometric calibration are both influenced by the X-
ray tube potential, so commercial solutions have been devel-
oped to provide an energy independent reconstruction algo-
rithm that directly reconstructs CT numbers into relative
electron density (p,, RED) units independent from the X-ray
tube potential [15].

DECT-based p, conversion methods are less used in clinical
routine because radiotherapy treatment planning system do
not provide standardised methods for reading DECT images
for dose calculations. In 2016, Wohlfahrt et al. [7] discussed
the clinical implementation of DECT for proton treatment
planning based on pseudo-monoenergetic images (PMls).

In this study, the p, accuracy of two SECT and three DECT-
based p, conversion methods were evaluated in a phantom
study with accurately known material properties. Additionally,
these five conversion methods were studied in four patient
brain CT scans. A proton treatment plan was created for one
patient and differences in dose distribution, particularly target
coverage and sparing of OARs, were quantified.

Material and methods
Phantom study and CT protocols

Two p, phantoms with certified chemical compositions and
densities were scanned with a SOMATOM Confidence® RT pro
64-slice CT scanner (Siemens Healthineers, Forchheim,
Germany) in SECT acquisition mode at 120 kVp and dual-spiral
DECT acquisition mode at 80 and 140 kVp. All phantom scans
were reconstructed with sinogram affirmed iterative
reconstruction (SAFIRE, Siemens terminology) with beam hard-
ening correction for bone enabled (Q34 kernel, strength 3).
The SECT scan was also reconstructed with the commercially
available iterative DirectDensityTM (Siemens Healthineers)
reconstruction algorithm (F30 kernel, strength 3) (15).
DirectDensityTM is a projection-based algorithm that recon-
structs SECT scans in RED image intensities independently
from the X-ray tube potential and without additional user cali-
brations. For all phantom acquisitions, the X-ray tube current
(mAs) was manually set to have a constant CT dose index
(32cm) of approximately 30 mGy. Compared to the clinical
scanning protocols, a higher CT dose index was chosen to
limit noise influences in the phantom study. Instead of a
16cm CT dose index, the 32cm dose index was reported for
this phantom study because the shoulders were also imaged
according to our clinical neurological scan protocol. In the
manufacturer’s neurological scan protocol (16cm), the
patient’s shoulders also exceed the limited field-of-view.

The first phantom was a head-size home-made PMMA
cylinder (diameter = 15.0 cm, length = 28.0 cm) consisting of
one central hole (diameter = 2.8cm) drilled through the
entire cylinder length to fit four RMI 467 tissue characterisa-
tion inserts (Gammex Inc., Middleton, WI) simultaneously.
Different insert combinations were inserted in the PMMA
phantom so that a total of 14 tissue mimicking inserts were
scanned. The second phantom was the central bulk and the
inserts of the 062 M phantom (CIRS Inc., Norfolk, VA). The
mean CTyy numbers of each insert from both phantoms
were computed in a cylindrical volume-of-interest containing
seven central axial CT slices and two-dimensionally eroded
with four pixels in the axial CT planes to avoid the insert
edges. Symbol CTyy is used to denote CT numbers in
Hounsfield Units (HU). The PMMA phantom was used for the
calibration of four p, conversion methods, and the validation
of DirectDensity", whereas the 062 M phantom was used for
the validation of all five conversion methods.

p. conversion methods

Single-energy CT

This paper examines two SECT methods to convert CTyy
numbers to p,. In the first conversion method, the cylindrical
PMMA phantom was used to obtain the energy dependent
CThu number to p, conversion curve for the 120 kVp acquisi-
tion (called “CT2RED” onwards). The CT to p, conversion
curve was then applied to the 062 M validation phantom.

In the second conversion method, the 120 kVp acquisition
of both phantoms was reconstructed by DirectDensityW,
which should be independent of the X-ray tube potential
and reconstructs directly into CTgep numbers [15]. CTgep
denotes CT numbers in units that are linearly scalable to
p. using a fixed linear relationship: p, = CTgegp/1000+ 1 [15].
No additional p, calibration procedure was required and
therefore, the p, values of both phantoms were used for val-
idation of this method.

Dual-energy CT

This paper examines three DECT based CTyy number to p,
conversion methods. In the first method, Saito’s method-
ology [16] was used to convert the DECT images into p,.
This method uses a linear fit procedure between a weighted
subtraction of the 80 and 140 kVp CT images to obtain scan-
ner and protocol specific fit parameters g, b and o

(1 4+ o)CTH,—o CTE,
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The mean 80 and 140 kVp CTyy numbers of the PMMA
phantom inserts (CTf, and CTf},) computed in cylindrical
regions-of-interest in the middle of the inserts, were used in
the calibration procedure. As validation, the CTf, and CT}},
of the 062 M validation phantom were combined according
to Equation 1. Furthermore, a denoising algorithm was
applied in the resulting p, images, which consisted of an
edge-preserving curvature flow image filter (time step =
0.05, iterations = 15) implemented in the Insight




Segmentation and Registration Toolkit (ITK) [17]. This imple-
mentation is denoted as “Saito-15it".

In the second DECT based extraction method
(“Hunemohr-15it"), Hinemohr's methodology [6] was used to
calculate the p, image. This methodology starts from the
same equation as Saito's method [18-20], performing a
weighted subtraction of the 80 and 140 kVp CT images, but
bases its calibration on one single fit parameter (c.) accord-
ing to Equation 2. This method is implemented in syngo.via's
RHO/Z package (Siemens Healthineers, VB30) and is therefore
added to this study. Currently, the syngo.via VB30 software
uses a non-system specific and default fit parameter (c.) to
calculate the p, images. Our Hunemohr-15it implementation,
which is based on a dedicated calibration fit, derived this c,
fit parameter for a body site specific and system specific
protocol (SOMATOM Confidence RT Pro) and serves as the
best-case scenario possible to achieve with syngo.via as com-
mercial software. The effect of denoising was investigated in
Supplementary Material A.

H L
oo=co (G 1) <)

The third and last DECT based p, extraction method used
a pseudo monoenergetic CTyy number to p, conversion
curve. Here the PMI was «calculated by syngo.via's
Monoenergetic Plus algorithm; this method will be denoted
“PMI2RED” onwards [21]. Following Wohlfahrt et al. [7], the
PMI was reconstructed at 79keV. The same calibration pro-
cedure was used to obtain the CT2RED and PMI2RED conver-
sion curves. Both conversion curves are added as
Supplementary Material B and the schematic study workflow
is depicted in Supplementary Material C.

Brain tumour CT scans

A mass density comparison was performed for all patients
and one patient dataset was used to perform proton dose
calculations on the mass density datasets (Supplementary
Material C).

CT protocol and post-processing

To evaluate p,, differences between the different p, conversion
methods, brain CT scans of four patients were acquired with a
contrast-enhanced SECT imaging protocol and a dual-spiral 80
and 140 kVp DECT imaging protocol using the SOMATOM
Confidence® RT pro CT scanner. After the contrast medium
injection (iodine), a latency time of 5min was considered before
starting the SECT scan, after that the DECT scan was directly
acquired (<1 min). The impact of the contrast medium on the
images was investigated for one of the patients (Supplementary
Material D). All scans were acquired with a constant CT dose
index (32.cm) of 20 mGy and reconstructed with a voxel dimen-
sion of 0.64 x 0.64 x 1.00mm?>. The study was approved by the
internal review board of Maastro Clinic (P0243).

The SECT and DECT acquisitions were reconstructed with
the SAFIRE technique with beam hardening correction for
bone enabled (Q34 kernel, strength 3). Additionally, the
SECT-based DirectDensityTM reconstruction (F30 kernel,
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strength 3) was performed for one representative patient,
since this algorithm is not recommended for proton ther-
apy'. The DECT reconstructions were registered using
deformable image registration software (Elastix) [22], and
post-processed to calculate the p, images based on Saito’s
and Hunemohr's methods. Additionally, syngo.via's DECT soft-
ware package was used to calculate the PMIs at 79 keV.

A proton treatment plan was created for one of the four
brain CT scan with a fictitious tumour and prior to the planning
stage, the five p, images were converted to p,, by using a lin-
ear fit relationship (maximum fit error <1%) based on human
tissues and recommended in TG186 [9]: p,, = —0.175 4+ 1.176 -
pe (R? =0.99992). Between the CT acquisitions, the anatomy
of the patient can change due to motion, therefore all
P, images originating from the DECT conversion methods
were elastically deformed to the p,, image originating from the
SECT 120 kVp scan. Finally, the same values of p,, for the vox-
els outside the body structure were assigned in all sets to
assure that the differences found in the treatment plan were
caused only by the p,, values of the patient geometry.

Proton treatment planning

The Clinical Target Volume (CTV) corresponding to a fictitious
brain tumour (craniopharyngioma), as well as the OARs were
delineated by a radiation oncologist in the conventional 120
kVp SECT scan. A pencil beam scanning treatment plan was
made in RayStation v8A Monte Carlo (RaySearch Laboratories
AB, Stockholm, Sweden) using the CT2RED p,,-image. Three
coplanar fields (one posterior and two lateral) were aimed at
the CTV with a prescription dose of 54Gy (RBE) in 30 frac-
tions (Figure 1). The beam angles (80°, 180°, 290°) were
chosen to avoid crossing the right and left hippocampi,
which have a low dose tolerance (D4go, < 7.3Gy) [23]. The
optical chiasm with a tolerance of Dgg3 < 55Gy is located
at the distal edge of the posterior beam [23].

The optimisation toolbox and the RayStation Monte Carlo
dose engine were used to compute the final dose with 0.5%
statistical uncertainty in the CT2RED p,, image. After this, the
final plan was recalculated, without performing a new opti-
misation, in the other four sets of density images
(DirectDensity", PMI2RED, Hiinemohr-15it and Saito-15it) and
relative differences between the CT2RED and the other dose
distributions were assessed. Furthermore, dose volume histo-
grams (DVH) for the CTV and selected OARs (optical chiasm,
brainstem, hippocampi and pituitary gland) were analysed.
Finally, a plan with a single posterior beam (beam 3 in
Figure 1) was made with the purpose of quantifying differen-
ces in proton range (defined as the 80% distal fall-off)
between the different methods. Beam 3 was chosen to inves-
tigate the dose influence on the chiasm.

Results

Calculated relative electron density accuracy
in phantoms

The relative difference between the determined p, by the
five conversion methods and the certified p, for the PMMA
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Figure 1. A proton treatment plan with a fictitious brain tumour irradiated by three proton beams was created to evaluate dose and proton range differences for

one example patient.
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Figure 2. The relative p, difference (%) (measurement-reference) for the five conversion methods. The error bars indicate + 1 standard deviation (a) On the left,
the differences were calculated for the 062 M phantom. On the right, the differences were calculated for the PMMA phantom. The measurement setup is illustrated

in (b) and (c).

and 062M phantoms is illustrated in Figure 2(a). In both
phantoms, the largest p, errors were found in the high-dens-
ity bone inserts for the DirectDensityTM image reconstruction
method. Compared to the manufacturer's p, certificate,
DirectDensity" overestimated the p. of ‘Bone 1.53' by 3.9%
and ‘Bone 1.82' by 5.5%. The lowest root-mean-square (RMS)
errors for p, were found for the Saito-15it (a=0.999,
b=0.995, «=0.864) and the Hunemohr-15it (cc = 0.873)
methods, which were below +1.0%. Overall, the RMS errors
for the 062 M inserts were 2.7% for DirectDensity and 1.0%
for CT2RED and PMI2RED.

The standard deviations calculated in the inserts for the
Saito-15it and the Hunemohr-15it methods were larger

compared to the other conversion methods, although edge-
preserving denoising was applied as post-processing
(Supplementary Material A). Between these two DECT meth-
ods, no significant differences in RED calculation were
observed. (p=.003, paired t-test). The CT2RED and PMI2RED
methods showed comparable errors; only in the medium
and high-density bone inserts, the p, errors were larger than
1.4% for both methods.

Mass density differences in the patient geometries

Absolute p,, differences (g/cm3) in arbitrary cranial slices
between the conventional CT2RED conversion method and
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Figure 3. Absolute mass density differences (Ap,,) are shown in one representative CT slice for each of the four patients (#1-4). Differences are calculated for the
PMI2RED, Hiinemohr-15it and Saito-15it conversion methods minus the conventional reference CT2RED. In the right panels, the frequency histogram is shown over

the entire CT image excluding air cavities and dental artefacts.

three other methods are depicted in Figure 3 for the differ-
ent brain CT scans. In the right column of Figure 3, a histo-
gram indicates the normalised frequency distribution of
the absolute p,, differences in bins of 0.01g/cm® between
the conventional CT2RED method (as reference) and the
PMI2RED, Hunemohr-15it and Saito-15it conversion methods.
For each of the four brain CT scans, Figure 4 shows the aver-
age p,, differences for all tissues (excl. air cavities and dental
filling artefacts), but also for the soft tissues (0.9 < p,, <
1.2g/cm?) and for bone tissues (p,, > 1.2g/cm®) separately.
Air cavities were excluded by thresholding (p,, < 0.2g/cm?)

and dental artefacts were excluded by manual artefact seg-
mentation. The DirectDensityTM results for patient #1 are
shown in Supplementary Material E.

With respect to CT2RED, the PMI2RED (—0.01+0.01g/
cm?), Hinemohr-15it (—0.04+0.04g/cm® and Saito-15it
(—0.0210.029/cm3) conversion methods resulted in overall
lower bone densities (i.e., negative differences compared to
CT2RED) averaged over the four brain CT scans. For the
same conversion methods, overall positive differences were
observed for the soft tissues: 0.003+0.001 g/cm3,
0.011+0.002 g/cm? and 0.018 +0.001g/cm?, respectively.
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Figure 4. Mass density differences (Ap,,) (= 1 standard deviation) for the PMI2RED, Hiinemohr-15it and Saito-15it methods minus the conventional CT2RED con-
version method calculated over the entire patient geometry excluding air and dental fillings, for all tissues (left), only for bone tissues (middle) and only for soft tis-

sues (right panel).

Differences in proton dose distributions

Relative dose differences between the CT2RED and the other
three conversion methods for a representative axial CT image
slice of the transversal plane are shown in Figure 5(a—c). The
plan evaluated on the Saito-15it image shows the largest dif-
ferences compared to the initial plan (down to —6%), fol-
lowed by the Hunemohr-15it method (down to —4%) and
the PMI2RED method (almost no visible differences). The
DVHs resulting from each plan are depicted in Figure 5(d) for
the CTV and five selected OARs, with the DVH of the CTV
zoomed-in on Figure 5(e).

For the dose from one posterior beam, differences in pro-
ton range resulted in an average of —0.1£0.3mm for
PMI2RED; —0.8+0.4mm for Hinemohr-15it, and
—1.24+0.4 mm for Saito-15it.

Discussion

The recent availability of CT scanners with DECT capabilities in
addition to the standard SECT mode, and different methods of
converting CTyy or CTrep numbers to p, in radiotherapy facilities
raises the question which one to use and its impact on treatment
planning. This study aims to investigate the differences in relative
electron densities and dose calculations for proton treatment
planning depending on which conversion method is used:
CT2RED, PMI2RED, Hunemohr-15it and Saito-15it, from which the
first two methods are part of commercially available software.
Initially, the p, accuracy was assessed in two phantoms.
The 062 M phantom was used as validation phantom for all
methods and relative errors with respect to the reference
p. showed a higher discrepancy in the high-density materials
(Figure 1). Saito-15it and Hunemohr-15it had the lowest

root-mean-square  (RMS) error of 0.7%, whereas
DirectDensityTM showed the highest RMS error of 2.7%. This
study used head-sized phantoms, but it should be noted
that the DirectDensityTM algorithm does not support user cali-
bration and is developed by Siemens Healthineers on an
abdominal-sized phantom?. It is expected that the RED
accuracy of the DirectDensityTM will improve when the algo-
rithm is optimised for head-sized volumes, however this
remains speculation and needs further investigation.

With SECT and DECT scans from four patients, p, images
were created using each conversion method and converted
in p,, using the recommendation from TG186 [9]. Lacking a
ground truth for the patient scans, the CT2RED p,, images
were used as reference because this method is used at our
institute for photon (Eclipse TPS, Varian Medical Systems)
and for proton dose calculations. Differences with the other
conversion methods were assessed (Figures 3 and 4).

The Hunemohr-15it method aims to reproduce the results
that the commercial syngo.via RHO/Z package would give, if
a proper scanner-, size- and energy-specific calibration were
used. Scanner and body site specific calibration parameters
could not be adapted in the syngo.via version installed at
our institution, therefore our own implementation of the
method had to be used. The use of this commercial RHO/Z
package without an optimal calibration might result in rela-
tive electron density discrepancies and dose distribution dif-
ferences. The ability to specify scan-specific fit parameters in
clinical software would be beneficial for the accuracy of the
relative electron density images and furthermore the radio-
therapy dose calculations.

The dose distribution discrepancies caused by the p,, differ-
ences were investigated for one example patient, in which the
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Figure 5. Top panel: dose differences between the plan calculated on the CT2RED images and the same plan evaluated on (a) PMI2RED, (b) Hinemohr-15it and (c)
Saito-15it datasets. Bottom panel: (d) dose volume histograms of the five evaluated methods for the CTV (solid line) and five organs-at-risk; (e) zoomed-in CTV
dose volume histogram. The method specific DVH curves for the brainstem largely overlap.

CT2RED derived dataset was used as reference. In the planning
stage of this treatment plan, robust planning [24] was consid-
ered to follow the trend in clinical practice to account for set-up
and range uncertainties, but it was found that a robust plan did
not alter the main conclusions shown. Therefore, no robust
optimisation was used in this study. Results in Figure 5(a—c)
agree with the p,, differences observed in Figures 3 and 4. The
contributions of bone and soft tissues to these dose differences
were assessed and it was found that, although dense bone tis-
sues show the higher absolute p,, differences between meth-
ods, it has a negligible contribution for this patient plan
because the proton beam path through brain tissue is much
longer than the beam path through bone.

For the single posterior beam plan (beam 3), average 80%
distal fall-off range differences were reported between
—1.2mm (Saito-15it) and 0.1 mm (PMI2RED) which fall within
the voxel size of (1 mm)? typically used in radiotherapy for
head CT scans. The 0.1 £0.3mm difference found with the
PMI2RED conversion is lower but comparable to the 0.3 mm
range reported for a head-and-neck cancer patient by

Wohlfahrt et al. [7] where the hypothetical treatment beam
had to pass more bone than in our treatment plan.

The optical chiasm and pituitary gland show the largest
differences in DVH for the three methods, because of their
location in the distal edge of the posterior beam and their
small volume, making them more sensitive to small varia-
tions. In contrast, the brainstem and hippocampi show simi-
lar dose coverages for all methods, since these organs are
not in the beam paths. To follow up on this study, a larger
cohort of patients and different sites should be analysed to
confirm the robustness and consistency of each method.

Given the wide choice of commercially available methods for
converting SECT and DECT images to p,, studies are needed to
assess the accuracy of these methods, as well as its impact for
proton dose calculations. However, there is still a gap between
performing accuracy studies in certified p, phantoms with
known compositions and applying these methods in human CT
images. Furthermore, full-DECT treatment planning is currently
not an option in commercial TPS, where the only solution for the
user is to pre-process the DECT images and use the resulting
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P, (or SPR) image as input [25]. This work quantifies the differen-
ces in p,, for four patients and quantifies differences in dose and
proton range for a neurological patient between the conven-
tional CT2RED method and three other SECT- or DECT- based
conversion methods. For this treatment site, the PMI2RED
method was equivalent to the conventional CT2RED method in
terms of dose distribution, CTV coverage and dose to the OARs,
whereas Hiinemohr-15it and Saito-15it led to differences in pro-
ton dose and range. Which method approximates best reality in
a patient cannot be determined in this study. However, the mass
density differences observed in our patient cohort were in agree-
ment with the differences observed in the phantom study. In this
phantom study, DECT-based methods with body site and proto-
col specific calibration such as Hunemohr-15it and Saito-15it
achieved the highest relative electron density accuracy, which
allows to speculate that these methods also achieved the highest
accuracy in our patient cohort. Furthermore, the dose differences
between the different conversions were in agreement with previ-
ously published research [4,26].

Not only further research is required to evaluate the
accuracy of the available conversion methods in larger
patient cohorts or in realistic phantom geometries with
known material properties, also efforts from the imaging and
TPS manufacturers are required to improve the accuracy of
the radiotherapy dose calculations. Clinics should be enabled
to set optimised DECT parameters (e.g., c. fit coefficient in
Hunemohr-15it) according to their clinical scan protocols and
should be enabled to directly use post-processed DECT
acquisitions in the TPS to perform dose calculations.

Notes
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