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Purpose: Though virtual monochromatic images (VMIs) at low energy levels can improve image quality, the
measured Hounsfield unit (HU) values can be inaccurate. We assessed the dosimetric error due to inaccurate HU
estimation in volumetric modulated arc therapy (VMAT) planning.

Methods: Based on the VMIs at 50 keV (VMIsgkey), 77 keV (VMI;7.y) and single-energy CT (SECT) image for a
phantom with different sizes, lookup tables (LUT;, and LUTg) were created. Using an anthropomorphic phantom
(head and spine regions), VMAT plans were generated based on VMIsorey, VM7 ey and SECT using the cor-
responding LUT}, and then, the doses were re-calculated using LUTs. For clinical cases, 30 VMAT plans (prostate,
brain, and spine cases) were generated based on VMIsgyey and VMI ey .

Results: In the anthropomorphic phantom study, the difference in the dosimetric parameters for planning target
volume (PTV) in the VMAT plan based on the VMI,;y was smallest (within 0.1 Gy) among three types of
treatment planning approach. In clinical cases, in general, the differences of the 3-dimensional gamma passing
rate and dosimetric parameters in the treatment plans based on the VMIsgcy Were larger than those in the
VMI;7ey. Especially for brain cases, the difference for PTV was more prominent when AXB was used (the
maximum difference was 0.5 Gy) than AAA.

Conclusions: The dosimetric error due to the inaccurate HU estimation was larger in the VMIs at low energy
levels. This may be clinically insignificant, but should be avoided in the VMAT treatment planning.

1. Introduction

two different photon beams for its operation; one of the advantage of
the DECT scanner is that it can be used to generate virtual monochro-

In modern radiotherapy, the volumetric modulated arc therapy
(VMAT) irradiation technique, which involves continuously varying the
gantry rotation speed, multi-leaf collimator (MLC) pattern, and dose
rate during delivery, has become increasingly common in clinical
practice [1-3]. High doses to the target, while minimizing the doses to
organs at risk (OAR) is to be expected of any highly conformal radio-
therapy. For such sophisticated treatment techniques, computed to-
mography (CT) simulations play an important role in achieving accu-
rate target delineation and evaluating doses for the targets as well as
surrounding OAR:s.

Recent advancements in CT scanner technology have led to the
development and clinical use of dual-energy CT (DECT) that utilizes

matic images (VMIs) at a specified photon energy levels for both high
and low photon energies [4]. Several researchers have demonstrated
that VMIs obtained at low energy levels (40-60keV) provided sig-
nificantly higher image quality for various tumor sites compared with
VMIs at high energy levels (70-77 keV), where the energy levels were
equivalent to the conventional single polychromatic images (i.e., at
120 kVp) [5-7]; this improvement in image quality has the potential for
improving inter- and/or intra-observer variations when determining
gross tumor volume in radiotherapy treatment planning.

However, some previous studies showed that the CT numbers
(Hounsfield unit; HU) in the case of VMIs at low energy level could be
considerably inaccurate, especially for high-density materials; in

Abbreviations: DECT, dual-energy CT; VMI, virtual monochromatic image; SECT, single-energy CT; LUT, lookup table
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Table 1
Specification of the reference materials.
Reference Rod material Electron density Physical density
material # relative to water (g/cm®)
1 LN-300 Lung 0.278 0.290
2 LN-450 Lung 0.455 0.470
3 AP6 Adipose 0.932 0.949
4 BR-12 Breast 0.960 0.983
5 Water Insert 1.000 1.000
6 CT Solid Water 1 0.987 1.016
7 CT Solid Water 2 0.987 1.016
8 CT Solid Water 3 0.987 1.016
9 BRN-SR2 Brain 1.047 1.051
10 LV1 Liver 1.060 1.091
11 IB Inner bone 1.096 1.143
12 B200 Bone 1.104 1.152
mineral
13 CB2-30% CaCO3 1.277 1.332
14 CB2-50% CaCO3 1.469 1.559
15 SB3 Cortical 1.694 1.822
Bone
16 Aluminum 1100 2.360 2.710

addition, the accuracy of the HU values varied based on the volume of
the surrounding tissues [8,9]. In general, the CT numbers (Hounsfield
unit, HU) are converted into electron and physical density values by
using lookup tables (LUTs) for dose calculation in the radiotherapy
treatment planning processes to account for inhomogeneous environ-
ments in patient anatomy. It is a common practice to register the LUT
acquired using a commercial phantom for a corresponding CT scanner
in a treatment planning system; thus, the use of VMIs obtained at low
energy levels for VMAT planning might induce unexpected dosimetric
errors during the dose calculation process because of the inaccurate
estimation of HU values. To the best of our knowledge, no previous
studies have investigated the effect of inaccurate HU estimation on dose
distributions in VMAT planning.

Our study consisted of two components. First, we assessed the
variance of HU measurements in the VMIs at 50 keV (VMIsgkey; high
contrast image) and 77 keV (VMI;7key; equivalent HU values for a
conventional 120 kVp CT image) and single-energy CT (SECT) images
with different phantom sizes. Second, we compared the effect of the
inaccuracy of HU estimation for VMAT planning in an anthropomorphic
phantom and patients.

Physica Medica 60 (2019) 83-90

2. Materials and Methods
2.1. Generation of LUTs

We used a 16.5-cm-deep multi-energy phantom (Gammex RMI
1472; Gammex RMI, Middleton, WI), which consisted of inner (20 cm in
diameter) and outer (40 cm in width and 30 cm in height) sections
composed of a water-equivalent material to simulate large and small
patient sizes. The phantom contained cylindrical holes (2.85cm in
diameter) to enable the placement of various rods of the reference
materials to be tested. In our study, 16 reference materials for a tissue
characterization phantom (Gammex RMI 467; Gammex RMI) were in-
serted in the multi-energy phantom specified earlier. To extend the
usable region of the LUT in our work, Al was used as one of the re-
ference materials. Table 1 lists the specifications of the reference ma-
terials used in our study; these specifications were provided by the
manufacturer. The phantoms with large and small sizes were scanned
using a single-source DECT scanner with rapid kilovolt peak switching
(Revolution HD; GE Medical Systems, Milwaukee, WI). To generate the
LUTs, the dual-energy scan (protocol number #1 in Table 2) and the
single-energy scan (protocol number #9 in Table 2) were repeated five
times to reduce the effect of random variations on data measurements.
Subsequently, various scanning parameters (protocol number #1-16 in
Table 2) were applied, and scans were repeated three times for each
protocol to investigate the effect of the scanning parameters on the
quantitative measurements.

The acquired data sets were transferred to a workstation (Advantage
Sim, GE Medical Systems), using which the VMI5qey and VMI, 7.y were
reconstructed using the projection-based method. We considered the
HU values in the VMI; .y are equivalent with that in the conventional
CT image with 120kVp because the HU values between these two
images in the tissue characterization phantom (GAMMEX RMI 467) are
almost perfectly coincident in our previous work [10]. A circular region
of interest of 20-mm diameter was placed at the center of each re-
ference material on the VMIs. Further, the quantitative data obtained
using the phantom images (both large and small phantom sizes) were
used to create LUTs to convert the measured HU values of the VMIs
(LUTso1, LUTs0s, LUT,7;, and LUT,,g) and SECT (LUTsgcry, and LUTgg.
crs) images to electron and physical density values. The effect of the
scanning parameters on the quantitative measurements was evaluated
as the standard deviation (SD) of repeated measurements for each
protocol in Table 2.

Table 2

Scanning protocols.
Protocol Type of scanning Field of = Beam collimation  Gantry rotation
number # field of view view (mm) time (s/rot)

Helical Tube current CTDI,q Tube voltage Scanning Slice thickness
pitch (mA) (mGy) (kvp) mode (mm)

Dual-energy scan

1 Large body 500 40 1.0
2 Large body 500 40 0.7
3 Medium body 500 40 1.0
4 Medium body 500 40 0.6
5 Medium head 320 20 0.9
6 Medium head 320 20 0.8
7 Small head 320 20 0.5
8 Small head 320 20 0.8
Single-energy scan

9 Large body 500 40 1.0
10 Large body 500 40 0.7
11 Medium body 500 40 1.0
12 Medium body 500 40 0.6
13 Medium head 320 20 0.9
14 Medium head 320 20 0.8
15 Small head 320 20 0.5
16 Small head 320 20 0.8

0.984 600 32.52 80/140 Helical 2
0.984 260 9.05

0.984 600 33.96

0.984 275 9.66

0.969 600 72.65

0.969 260 26.22

0.969 630 39.66

0.969 260 23.12

0.984 400 32.60 120 Helical 2
0.984 160 9.13

0.984 400 33.75

0.984 190 9.62

0.969 390 72.33

0.969 160 26.38

0.969 430 39.48

0.969 155 22.77

84



S. Ohira, et al.

CT scan

Physica Medica 60 (2019) 83-90

Treatment plan based on
LUT acquired using large phantom

Dose re-calculation

Treatment plan based on
LUT acquired using small phantom

\4

Fig. 1. Schematic workflow that is used to investigate the effect of inaccurate HU estimation on dose distributions in VMAT planning.

2.2. VMAT planning for anthropomorphic phantom

In accordance with our clinical settings, VMAT treatment plans were
generated using an anthropomorphic phantom (Alderson Rando
phantom, Alderson Research Laboratories, Stamford, CT) of the head
and spine (thorax) regions. The prescription dose for the planning
target volume (PTV) in the head and spine region was 60 and 25 Gy,
respectively. Fig. 1 shows the schematic workflow used in this study to
investigate the effect of inaccurate HU estimation on dose distributions
in VMAT planning. The VMAT plans were generated based on VMI5gyey,
VMI, v and SECT; furthermore, LUTsq;, LUT,»; and LUTggcr, were
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used for the dose calculation process. Doses of the resultant treatment
plans obtained using VMIsgey (TPsor), VMI;zey (TP77) and SECT
(TPsgcrL) were re-calculated using LUTsos, LUT,7s and LUTsgcrs with
all planning parameters (dose calculation algorithm, beam arrange-
ment, leaf motion, number of monitor units, etc.) remaining consistent.
All treatment plans were generated using a treatment planning system
(Eclipse version 13.7; Varian Medical Systems, Palo Alto, CA) with a 6-
MV photon beam energy. Furthermore, the doses were calculated using
an anisotropic analytical algorithm (AAA) and Acuros XB (AXB) with a
grid size of 2 mm. The absolute difference in dosimetric parameter was
determined by subtracting the dosimetric parameters of the planning
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Fig. 2. Lookup tables generated from VMI at 50 keV and 77 keV, and single-energy CT image (120kVp) using different phantom sizes.
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Fig. 3. Effect of the scanning parameters on the quantitative measurements of CT numbers.
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AAA AAA AAA AXB AAA AXB AAA AXB AAA AXB

Dggs, Dsos, Dig, Dggs, Dsos, Dy,

CT number on VMAT plans in anthropomorphic phantom. Dggo, Dsge, and Dy, indicate dose receiving 99%, 50% and 1% of PTV

target volume (PTV) in TPsq;, TP71, and TPsgcrr, from those in TPss, simulations. For patients with brain tumor, an intravenous contrast-

TP77S and TPSECTS-

enhanced agent was injected for the delineation of targets; in clinical
practice, VMI, .y was used for VMAT planning to deliver prescription

2.3. VMAT planning for patients doses of 78 Gy, 60 Gy, and 25-35 Gy for the PTV in the case of prostate

cancer (body region), brain tumor (head region), and spine metastases

This retrospective study included 30 patients (10 patients with plans (high density target), respectively.

prostate cancer, 10 with brain tumor, and 10 with spine metastases) The difference in doses for PTV and OARs between treatment plans
who underwent VMAT treatment at our institution. This study was based on VMI (TPsq;, versus TPsos and TP, versus TP;7s) were com-
approved by our ethics committee, and written informed consent was pared. The three-dimensional (3D) gamma analysis based on local dose
obtained from each patient. All patients underwent the DECT was performed with the evaluation criteria of 1%/1 mm with a low-
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Table 3
CT numbers of the target and OARs in the VMIs at 50 and 77 keV.
Structure 50 keV (HU) 77 keV (HU) p-value
Mean SD Mean SD
Prostate (n = 10)
PTV 25.5 10.5 22.3 6.9 0.07
Bladder 17.0 13.5 7.0 9.6 < 0.01
Rectum —-11.6 53.0 —-21.1 54.3 < 0.01
Brain (n = 10)
PTV 116.4 51.3 67.9 25.4 < 0.01
Brainstem 48.1 4.5 30.2 1.3 < 0.01
Chiasm 40.4 6.5 25.0 4.4 < 0.01
Spine (n = 10)
PTV 282.3 96.2 160.5 55.8 < 0.01
Spinal cord 51.6 10.9 33.7 7.2 < 0.01
Esophagus —4.8 53.0 —-16.7 50.1 0.02
[ ]50kev || 77 kev * p<0.05
Prostate
100 | I — M
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Fig. 5. Mean 3D-GPR derived from doses computed based on the LUTs gener-
ated using the large phantom size and those using the small phantom size.
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dose threshold of 10% [11]. The 3D gamma passing rate (3D-GPR) was
defined as the percentage of points satisfying the condition that the
gamma index was < 1. Subsequently, the absolute difference in dosi-
metric parameter was determined by subtracting the dosimetric para-
meters of the PTV as well as OARs in TPsq;, and TP, from those in
TPsps and TP,,s. The discrepancies were expressed as a dose for the
PTV, brainstem, chiasm, spinal cord, and esophagus, and as percentage
volume of organ for the rectum and bladder. Statistical analysis was
performed using the paired Wilcoxon signed-rank test (IBM SPSS Sta-
tistics version 24; IBM, Armonk, NY, USA). A p-value of < 0.05 was
considered to indicate statistical significance.

3. Results

Fig. 2 shows the LUTs (electron density) generated from VMIsgyey,
VMI; ey and SECT image. In particular, for high-density materials
(electron density > 1.1), VMI5orey provided higher HU values than
VMI;ev and SECT. Furthermore, the differences in the absolute (re-
lative) HU value in the case of VMIsgkey between the large and small
phantoms were 179.9 (14.5%), 240.4 (12.3%), and 389.2 (14.5%) HU
for the reference materials of CB2-50%, SB3, and Al, respectively, while
these differences in the case of VMI, .y were 57.6 (7.8%), 76.8 (6.8%),
and 174.1 HU (9.8%), respectively. For SECT, these differences were
142.7 (18.7%), 188.4 (16.3%) and 436.6 HU (25.3%) for CB2-50%,
SB3, and Al, respectively. Fig. 3 shows the effect of the scanning
parameters on the quantitative measurements of HU values using dif-
ferent scanning protocols. In the large phantom, the measured HU va-
lues were varied widely depending on the scanning protocols than those
in the small phantom. The maximum SD in the VMIsgcy and SECT
image were 167.7, 122.8 HU in the large phantom while that in the
VMI; ey Was 65.2 HU.

Fig. 4 shows the effect of the inaccurate CT number on the dosi-
metric parameters in the anthropomorphic phantom. For the head re-
gion, the absolute difference in dosimetric parameter was largest in the
treatment plan based on the SECT, and the maximum difference was
0.25 Gy (D;14) when AXB was used. For the spine region, the maximum
differences of 0.09 Gy was observed in the treatment plan based on the
VMIsgkey. With regard to the treatment plan based on the VMI; .y, the
difference was smallest among three types of treatment planning ap-
proach, and the maximum difference was within 0.10 Gy for all eval-
uated parameters.

Table 3 lists the HU values in VMIsokey and VMI; .y for the pros-
tate, brain, and spine cases. For almost all structures, VMI5qy.y provided
significantly higher HU values (p < 0.05) than the corresponding va-
lues in VMI;7ey. In the cases of the spine, the PTV involved high-
density structures and HU values were highest (282.3 = 96.2 HU for
VMIsgkey and 160.5 = 55.8 HU for VMI;.y) in the evaluated targets/
OARs. In contrast, VMI5gxey and VMI, .y provided equivalent HU va-
lues (p = 0.07) for PTV for the prostate cases (25.5 + 10.5 HU for the
VMIsgiev and 22.3 = 6.9 HU for the VMI;ev).

Fig. 5 illustrates the mean 3D-GPR derived from doses computed
based on the LUTs generated using the large phantom size and those
using the small phantom size. For both TPsgyey and TPy, the mean
3D-GPR with 1%/1 mm the criteria were > 90% for all evaluated
structures, and the 3D-GPR was generally higher when doses were
calculated by the AAA than AXB. In brain cases, the mean effect of the
inaccurate HU estimation was significantly larger but statistically sig-
nificant (p < 0.05) in the TP5qey (the mean 3D-GPR was 98.3% and
97.3% for overall and PTV, respectively) than those in the TP,y (the
mean 3D-GPR was 99.5% and 99.4% for overall and PTV, respectively)
when doses were calculated by the AXB.

Fig. 6 shows the absolute differences in the dosimetric parameters
between treatment plans based on the LUTs acquired using different
phantom sizes for PTV (Fig. 6a) and OARs (Fig. 6b). Except for prostate
cases, the differences in the dosimetric parameters with VMI5qey for
PTV (the maximum difference was 0.35 Gy for Dsq, in brain case) were



S. Ohira, et al.

—
Q
~

Absolute difference in dosimetric parameter for PTV

(b)

Absolute difference in dosimetric parameter for OARs

Fig. 6. Differences in the dosimetric parameters between the treatment plans using the LUTs acquired using different phantom sizes for the (a) PTV and (b) OARs.
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slightly larger but statistically significant (p < 0.05) than the corre-
sponding values with VMI,,.y (the maximum difference was 0.16 Gy
for Dsg in brain case) when AAA was used for treatment planning.
When AXB was used, the differences for PTV varied widely in brain
cases, and the maximum difference in dosimetric parameters with
VMI,7key Was 0.21 Gy (Di¢,) while that with VMIsgeey was 0.5 Gy
(Dggos). For OARs, when VMI;y .y was used for treatment planning, the
mean effect of the inaccurate HU estimation was < 0.1Gy (or <
0.1%) for all evaluated structures, and maximum difference was 0.12%
for Vogy for rectum in the prostate case with AXB. Generally, the dif-
ferences in the dosimetric parameters with VMIsoey were slightly
larger but statistically significant (p < 0.05) than the corresponding
values with VMI,yey.

4. Discussion

In this study, we demonstrated that the HU values in VMIsgyey and
SECT image varied depending on the volume of the surrounding ma-
terials and the scanning parameters, especially in the case of high-
density materials (Figs. 2 and 3). Consequently, in our anthro-
pomorphic phantom study, inaccurate HU estimation in the case of
VMIsgev and SECT induced a larger dose deviation than the VMI, .y
case (Fig. 4). In theory, the VMIs are less affected by the beam-hard-
ening effect, which is recognized as one of the major concerns in terms
of inaccurate HU measurement, and thus provide more accurate HU
values than conventional single-energy CT scanners that use a poly-
chromatic energy beam [12]. However, Goodsitt et al. reported that
differences between measured and theoretical HU values was as high as
300 HU for VMIsgyev in the case of a dense material (1.83 g/cm®); thus,
they concluded that monochromatic images were not truly monochro-
matic [8]. Moreover, the quantitative measurements of HU values in
the VMIsokev and SECT image varied widely depending on the scanning
protocols especially for high density materials in the large phantom
(Fig. 3). Thus, the inaccurate HU estimation in the VMI5gyy and SECT
image may cause dosimetric errors in treatment planning procedure
and the use of the VMI;y.y for treatment planning can be feasible. We
believe that understanding the performance of DECT scanners is im-
perative for creating suitable LUTs for treatment planning.

Zurl et al. varied the scanning protocols (tube voltage, tube current,
reconstruction filter, etc.) using a conventional CT scanner (120 kVp) to
generate 270 LUTs; then, they applied incorrect LUTs for brain radio-
therapy treatment planning (20 patients received opposed field irra-
diation, 5 patients received orthogonal field irradiation, and 3 patients
received intensity-modulated radiotherapy) [13]. Consequently, they
observed that the mean increase in radiation dose was 0.7 * 0.1% in
the brain tissue, while it was 1.3 + 0.4% in the bone. Tsukihara et al.
utilized an anthropomorphic phantom and investigated the effect of
inaccurate HU estimation in the case of the conventional CT scanner by
varying the phantom size [14]; in their study, the difference in the
dosimetric parameters (opposed field irradiation) using two different
LUTs was limited (1.5%) in the lung tumor case, whereas it was up to
11.7% in the oral tumor case, wherein a high-density structure was
involved in the PTV. To the best of our knowledge, our study is the first
work to investigate the effect of inaccurate HU estimation of the VMI at
low energy levels on dose distributions for VMAT treatment planning
for patients with prostate cancer (large patient body), brain tumor
(small patient body), and spine metastases (high-density target). In
general, the difference in the 3D-GPR and dosimetric parameters be-
tween TPsqo, and TPsos was larger than those between TP, and TP;s,
and the difference was more prominent for brain cases when AXB was
used (the maximum difference was approximately 0.5Gy for brain
cases). Because the difference of 0.5 Gy was < 1% of the prescription
dose (60 Gy), the effect of inaccurate HU estimation on the treatment
planning based on the VMI at low energy levels might be clinically
insignificant considering its advantage of improving the visibility of
regions of interest to assist radiation oncologists. However, careful
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consideration is needed before clinical introduction especially for more
sophisticated dose calculation algorithm, because the errors in dose
calculations due to inaccurate HU estimation should not occur. Ideally,
a large phantom should be used for generating the LUT for bigger
treatment planning sites such as lung and pelvis, and a small one should
be for head-and-neck and brain, which have smaller external contour.

However, there are several limitations to our study that warrant
mention. First, the phantom used to simulate different phantom sizes
was composed of homogeneous water-equivalent material; thus, var-
ious factors in the inhomogeneous environment of a real patient were
not considered. Second, the effect of the contrast-enhanced agent on
dose distribution is not investigated; in particular, the HU values in the
case of the contrast-enhanced agent rapidly increases in the VMI at a
low energy level because of K-shell photon absorption [4]; this differ-
ence in HU values between contrast-enhanced and unenhanced VMI
might induce unexpected dose errors. Third, VMAT plans for patients
were generated based on the VMIsgcy and VMI, .y, and the VMAT
plans based on the SECT images could not be evaluated. Fourth, there
are several acquisition techniques for dual-energy data using meth-
odologies such as dual source and dual layer techniques, with each
having inherent advantages and disadvantages [15,16]; thus, the ac-
curacy of HU estimation might differ based on the DECT systems used.
Finally, the effect of the inaccurate CT numbers on the accuracy of the
dose delivery cannot be investigated. However, despite these limita-
tions, the quantitative data obtained in our study provides important
insights in the use of low-energy VMI for VMAT treatment planning.

In conclusion, the HU values measured using the fast kilovoltage
switching DECT scanner varied depending on the volume of the sur-
rounding material and the scanning protocols; in addition, the observed
variation in the HU values was more prominent for high-density ma-
terials in the low-energy VMI. The maximum dosimetric error in VMAT
planning caused by inaccurate HU estimation was 0.5 Gy (< 1% of the
prescription dose) for VMIsok.y Wwhen doses were calculated by the AXB.
Though the dosimetric error may be clinically insignificant, it should
not occur during the treatment planning procedure.
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