Long-term stability of the Hounsfield unit to
electron density calibration curve in cone-beam
computed tomography images for adaptive
radiotherapy treatment planning
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Abstract

Aim: To use cone-beam computed tomography (CBCT) images for treatment planning, the Hounsfield unit
(HU)-electron density (ED) calibration table for CBCT should be stable. The purpose of this study was to
verify the stability of the HU values for the CBCT system over 1 year and to evaluate the effects of variation in
HU-ED calibration curves on dose calculation.

Materials and Methods: A tissue characterisation phantom was scanned with the field of view (FOV) of size S
(FOV-S) and FOV of size M (FOV-M) using the CBCT system once a month for 1 year. A single field treatment
plan was constructed on digital phantom images to validate the dose distribution using mean HU-ED
calibration curves and possible variations.

Results: HU values for each material rod over the observation period varied with trend. The HU value of the
cortical bone rod decreased by about 100 HU for the FOV-S and by about 300 HU for the FOV-M. Possible variation
in the HU-ED calibration curves produced a <17-9% dose difference in the dose maximum in the treatment plan.

Conclusions: The CBCT system should be calibrated periodically for consistent dose calculation.

Keywords: adaptive radiotherapy; CBCT; dose calculation; HU-ED calibration table; long-term
stability

INTRODUCTION patient setup error in precision radiation therapy.

Treatment planning using CBCT images for
Cone-beam computed tomography (CBCT) adaptive radiotherapy has been investigated by
images are typically used for the correction of several studies.'™ Guan et al.® found that dose
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calculation based on CBCT images acquired using
an On-Board Imager (OBI) system (Varian
Medical Systems, Palo Alto, CA, USA) had a
maximum dose difference of 7% relative to the
dose calculated on the planning computed tomo-
graphy (CT) images. The authors of that study did
not recommend the use of Catphan® phantoms
(The Phantom Laboratory, Salem, NY, USA) for
acquiring a Hounsfield unit (HU) to relative
electron density (HU-ED) calibration curves for
CBCT scanners and instead suggested the use of a
dedicated phantom. They also emphasised the
importance of an appropriate HU-ED calibration
curve for dose calculation using CBCT images.”

HU values in CBCT images are affected by
object size and CBCT scan conditions. Hatton
et al.” evaluated the effects of phantom diameter
and length on a HU-ED calibration curve and
subsequent dose calculation. They found that
differences in the phantom length resulted in a
maximum difference of 260 HU, and differences
in the phantom diameter resulted in a maximum
difference of 1,200 HU. In addition, the calcu-
lated dose from 6 and 18 MV photon beams
varied by <20% at points near bony structures.
Rong et al.® evaluated the effects of the CBCT
conditions (mAs, source-to-isocenter distance,
cone angle) and phantom size (diameter and
length) on dose calculation and proposed a site-
specific calibration curve.

To accomplish accurate dose calculation based
on CBCT images with a HU-ED calibration
curve dependent on the scanning conditions and
object size, the HU values based on CBCT images
were transferred to appropriate HU values for dose
calculations for adaptive radiotherapy in a number
of studies.>*>” However, this technique is not
widely available in clinical practice, and variations
in the HU value and HU-ED calibration curve
may affect the accuracy of dose calculation. Further,
as CBCT systems age, changes in the HU-ED
calibration curve may appear.

Yadav et al.'"’ investigated the stability of the
HU-ED calibration curve for the Varian OBI
system over the course of 6 months and found
the CBCT system to be fairly stable. However,
this characteristic 1s system-dependent and
cannot be extrapolated to all CBCT systems. The

long-term stability of the HU-ED calibration
curve for the X-ray Volume Imaging system
(XVI; Elekta AB, Stockholm, Sweden) has not
yet been investigated. The objectives of the
present study were to verify the stability of the
HU value of the XVI system over a period of
1 year, and to evaluate the effects of variation in the
HU-ED calibration curves on dose calculation.

MATERIALS AND METHODS

The XVI mounted on a Synergy linear
accelerator (Elekta AB) was used for acquisition of
CBCT images. The Gammex model 467 tissue
characterisation ~ phantom (Gammex Inc.,
Middleton, WI, USA) was scanned using the
CBCT system once a month over a period of
1 year. The CBCT scan conditions were as fol-
lows: 120 kV, 40 mA, a S20 collimator, a FO filter
(no-bowtie filter) and 360° acquisition for
field of view (FOV) of size S (FOV-S, 27 cm
diameter); and 120kV, 40 mA, a M20 colli-
mator, a F1 bowtie filter and 360° acquisition for
the FOV of size M (FOV-M, 41 cm diameter).
The HU value for air cannot be obtained from an
image set using the FOV-S because the phantom
diameter of 33 cm is larger than the diameter of the
FOV-S. Therefore, one of the Solid Water®
(Gammex Inc., Middleton, WI, USA) insert rods
was removed to create an air region where the HU
values could be measured. The recommendations
in the Gammex manual were followed regarding
placement of the other rods (Figure 1). Regarding
the FOV-M, the same phantom was scanned to
match the phantom conditions with the FOV-S
scan. The phantom was placed at the isocenter.
HU values for each material rod on three slices
around the centre slice of the phantom were
measured and averaged. The beam hardening
correction was applied to the HU values of the
inner rods according to the Gammex manual.

The scan and measurements were repeated
monthly for 1 year. The mean HU-ED calibra-
tion curves for the FOV-S and FOV-M (Smean
and Mmean, respectively) were compiled from
the mean HU values of the rods. HU-ED
calibration curves using the mean +twice the
standard deviation were also created (S+2SD;
S—=2SD; M+2SD; M-—2SD) to simulate
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Relative electron

Number Rod material

density
1 LN-300 Lung 0.291
2 LN-450 Lung 0.473
3 AP6 Adipose 0.928
4 BR-12 Breast 0.957
5 Water insert 1.000
6 CT Solid Water 0.987
7 BRN-SR2 Brain 1.048
8 LV1 Liver 1.061
9 IB Inner Bone 1.092
10 B200 Bone mineral 1.104
11 CB2-30% CaCO3a 1.280
12 CB2-50% CaCO3a 1.471
13 SB3 Cortical Bone 1.696
14 Air 0.000

Figure 1. Materials used and placement of the rods in the tissue characterisation phantom.

possible variation. Each of the HU values above
an ED of 1-:0 and HU values below an ED of 1-0
were approximated using a linear function for
creation of the HU-ED calibration curves. The
resulting calibration curves were used to evaluate
the impact on dose calculation.

Dose distributions on digital phantoms were
calculated using the XiO radiation treatment
planning system release 4-62 (Elekta AB).
Digital phantoms of size 27 X27X25 and
30 X 30 X 25 cm”> were created for the FOV-S
and the FOV-M, respectively. The HU value for
the digital phantom was the same as the mean
value for the Solid Water rod for each FOV-S
and FOV-M. The voxel size of the digital
phantom 1images for both the FOV-S and
FOV-M was 1-0 X 1-0 X 1-0 mm>; and was the
same as that in the CBCT images for both the
FOV-S and FOV-M. The reason why the digital
phantoms were used for dose calculation instead
of actual CBCT images was that the HU value
for a CBCT image can be affected by other
factors such as object volume.”® This study
focused on the temporal variation in the HU
values. When the Solid Water slab phantom was
scanned with the CBCT system, the HU values
obtained diftered from the mean HU value for
the Solid Water rod in the tissue characterisation
phantom.
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X rays with energies of 6 and 10 MV generated
using a Synergy BM (Elekta AB) were used
for treatment planning. The treatment plan
involved one port of the gantry angled at 0° and
the collimator angled at 0°. A field size of
10-2 X 10-2 cm” was achieved using 4-mm thick
multi-leaf collimators, because the Synergy BM
does not have jaw collimators. The plan isocenter
was placed at a depth of 10 cm and a dose of 1-0 Gy
was planned to this point using the superposition
algorithm. A dose profile along the central axis of
the beam was obtained from each calculated dose
distribution to compare the eftects of variation in
the HU-ED calibration curve.

RESULTS
The HU value for the higher ED rods decreased
between the first and last measurements.

Specifically, the HU for the SB3 cortical bone
rod decreased by about 100 HU for the FOV-S
and by about 300 HU for the FOV-M. HU
values for the other rods, with the exception of
the air space for both the FOV-S and FOV-M,
the LN-450 lung rod for the FOV-M, and the
LN-300 for the FOV-M showed a decreasing
trend. The HU for the air space for both
the FOV-S and FOV-M and for the LN-450
and LN-300 rods were stable. However, the
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Figure 2. Variation in the HU values for the FOV-S and FOV-M. (a) The yearly variation in the HU values for the FOV-S.

(b) The yearly variation in the HU values for the FOV-M.

Abbreviations: HU, Hounsfield unit; FOV-S, field of view of size S; FOV-M, field of view of size M.

decreasing trends could change the slope of the
HU-ED calibration curve over the 1-year eva-
luation period (Figure 2). The HU values for the
FOV-M measured over 1 year had larger SDs
than those for the FOV-S (Figure 3). Regarding
the SD for the FOV-M, the HU value for the
higher ED rods had larger SDs than those for the
lower ED rods.

The HU-ED calibration curves for the FOV-S
and FOV-M are shown in Figure 4. The HU-ED
calibration curve for the FOV-S was steeper than
that for the FOV-M. Because almost all of the
standard deviations of the HU wvalues for the
FOV-M were larger than those for the FOV-S,
the M +2SD and M —2SD HU-ED calibration
curves exhibited greater divergence from the
Mmean calibration curve than was the case for the
S+2SD and S —2SD HU-ED calibration curves.

Regarding the dose profiles of the 6 and
10 MV photon beams for the FOV-S, those for

the HU-ED calibration curves of S+ 2SD and
S—2SD had different slopes compared with
the profiles of the 6 and 10 MV beams for the
HU-ED calibration curve for the Smean. The
slope of the dose profile for the S+ 2SD curve
was more gradual than that for the Smean, and
the slope of the dose profile for the S—2SD
curve was steeper. The profile for the S+2SD
curve involved a lower dose than that for the
Smean curve until a depth of 10 cm, and the
profile for the S —2SD curve involved a higher
dose. The maximum dose for the Smean curve was
148-:0% for the 6 MV beam and 138-:2% for the
10 MV beam. The maximum dose for the S + 2SD
curve was 138:9% (—9:1%) and 129-8% (—8-4%)
for the 6 and 10 MV beams, respectively. The
maximum dose for the S — 2SD curve was 165-8%
(+17-8%) and 153-8% (+15:6%) for the 6 and
10 MV beams, respectively (Figures 5a and 5b).

Regarding the profiles for the FOV-M, the
profiles for the M +2SD and M —2SD curves
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Figure 3. Standard deviation of the HU values for the material rods measured over a 1-year period.
Abbreviation: HU, Hounsfield unit.
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Figure 4. HU-ED calibration curves for the FOV-S and FOV-M. (a) The HU-ED calibration curves for the FOV-S. (b) The

HU-ED calibration curves for the FOV-M.

Abbreviations: HU-ED, Hounsfield unit to relative electron density; FOV-S, field of view of size S; FOV-M, field of view of

size M.

had a different slope compared with the profile
for the Mmean curve, as well as the profiles for
the FOV-S. The maximum dose for the Mmean
curve was 147-9% for the 6 MV beam and
137-9% for the 10 MV beam. The maximum
dose for the M + 2SD curve was 140-0% (—7-9%)
and 130:3% (—=7-6%) for the 6 and 10 MV beams,
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respectively, the maximum dose for the M-2SD
curve was 165-8% (+17-8%) and 153-8%
(+15-6%) for the 6 and 10 MV beams, respec-
tively (Figures 5¢ and 5d). The difterences of the
maximum doses for the S +2SD compared with
that for the Smean were larger than those for the
M +2SD and Mmean.
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Figure 5. Dose profiles in the digital phantoms. (a) Profiles for the FOV-S using 6 MV X rays. (b) Profiles for the FOV-S using
10 MV X rays. (c) Profiles for the FOV-M using 6 MV X rays. (d) Profiles for the FOV-M using 10 MV X rays.
Abbreviations: FOV-S, field of view of size S; FOV-M, field of view of size M.

DISCUSSION

In the present study, a trend in HU values was
found over the 1-year period. Specifically, the
HU values of the high ED rods decreased over
time. The overall difference between the first
scan and the final scan for these rods was about
100 HU for FOV-S and about 300 HU for
FOV-M. The standard deviation of voxel values
in measured regions of interest for the high ED
rods was about 20 HU for FOV-S and about
90 HU for FOV-M. The overall decrement was
larger than the maximum standard deviations.
Possible reasons for this trend are changes in
output from the X-ray tube and changes in
the sensitivity of the flat-panel detector (FPD).
The X-ray tube was replaced during the period
of study. The results from April and May were
obtained after the tube replacement and the HU
values were almost the same as those obtained in
March before the tube was replaced. The X-ray
output was also checked by a maintenance
technician employed by the manufacturer after
the tube replacement. Thus, changes in X-ray
output were not the factor responsible for the

trends observed with the HU values. Instead, the
trend in HU values may have resulted from a
change in sensitivity of the FPD. For comparison
with this study, Hu et al.* verified the stability of
HU values over the course of 3 months and they
observed a maximum change in HU of 21.
However, 3 months is a relatively short period
for evaluation of trending in HU values.

For the FOV-M, the HU values of the IB
Inner Bone rod were larger than those of the
CB2-30% CaCO3a rod and the B200 Bone
mineral rod (Figure 2b). The HU value of the IB
Inner Bone rod should be lower than those of the
CB2-30% CaCO3a rod and the B200 Bone
mineral rod as well as lower than the results
obtained for the FOV-S based on their ED
values. This shift in HU values resulted in a
fluctuation of the HU-ED calibration curve.
However, such fluctuations in HU-ED calibra-
tion curves are often observed with general CT
systems.™!" Cheng et al.'' compared HU-relative
stopping power curves of several CT systems
based on HU values. They found that the
fluctuation in relative HU-stopping power
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curves occurred around the relative ED value of
1-0. At relative ED values of <1-2, the relative
stopping power was almost the same as the
relative ED. This study used a bowtie filter
for the CBCT scans with FOV-M. This filter
changes the X-ray spectrum of the CBCT and 1s
likely the reason for fluctuations of the HU-ED
calibration curve observed with the FOV-M.

The HU-ED calibration curve for the FOV-S
was steeper than that for the FOV-M, and both
of the HU-ED calibration curves were also
steeper than that typically observed with a general
CT system. This phenomenon occurs because the
HU value of CBCT scanners is not a true HU
value based on the attenuation coefticient of
water. The HU values of CBCT scanners are
dependent on scan conditions such as X-ray tube
voltage and current. Thus, HU-ED calibration
curves for all the CBCT conditions expected
to be used need to be obtained for accurate dose
calculations on CBCT images.

In addition, dose distributions calculated using a
steep HU-ED calibration curve can be very
sensitive to variations in the HU wvalues caused
by image noise or artifact. In this study, the
difference in dose calculated using the Smean and
the S+ 2SD or S — 2SD curves was larger than the
difference in dose between the Mmean and the
M+2SD or M—2SD curves. A maximum
deviation of 17-8% occurred in the dose calculated
with the S—2SD curve owing to the steeper
HU-ED calibration curve. For the FOV-S,
an ED of about 0-8 and 1-4 was applied to the
digital phantom in the HU-ED conversion in
dose calculations for the S+2SD and S—2SD
curves, respectively. Regarding the FOV-M,
an ED of about 0-9 and 1-1 was applied in dose
calculations involving the M + 2SD and M — 28D,
respectively. The true ED for Solid Water is 0-987.
The HU-ED calibration curve for CBCT systems
are typically steeper than those for a general
CT system and impact radiotherapy treatment
planning. Dose calculations using CBCT images
will be more sensitive to noise and artifacts than
dose calculations made on planning CT images.

Consequently, if CBCT images are to be used
for dose calculation in the clinical practice (such
as adaptive radiotherapy), a HU-ED calibration
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curve for the CBCT scanner should be obtained
periodically because as variations in HU values
can affect dose calculations. In addition, the
object volume and CBCT scan conditions can
affect the HU values.”® Therefore, a stabilisation
method for the long-term stability of the HU
value and a HU value correction method for
dependency on volume and CBCT conditions
should be applied to the CBCT images for dose
calculation.

CONCLUSION

HU values for each ED rod varied over a 1-year
period, with a trend and possible variations in the
HU-ED calibration curve producing a <17-9%
difference in the maximum dose in a one port
treatment plan. Thus, if CBCT images will be
used for dose calculation, a HU-ED calibration
curve should be obtained periodically.
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