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density, and mass density®*) than that acquired by conventional scanners. Furthermore, the
monochromatic X-ray image acquired by the dual-energy scanner theoretically yields more
accurate data than that of the conventional scanner because the theory (details in the paragraph
below) predicts the elimination of spectral beam hardening artifacts.(:¢-7) We reasoned that the
monochromatic image could make more accurate dose distribution calculations when applied
to radiotherapy treatment planning (RTP). Therefore, we set out to validate this technique.

There are three types of dual-energy CT acquisition systems commercially available: Toshiba
(Toshiba Corporation, Tokyo, Japan) with one tube and two rotations, Siemens® (Siemens
Medical Solutions, Malvern, PA, USA) with two tubes and one rotation, and GE® (GE
Healthcare, Waukesha, WI, USA) with one tube one rotation called a fast switching system, The
similar system to that from GE is described in several papers.(7-1%1) One of the most important
requirements for the success of dual-energy CT scanning is that there should be minimal time
delay between the two acquisitions of the two single energy projection/images. We utilize a
Discovery CT750 HD (GE Healthcare). In the GE system, fast rotation speed (0.5-1 s), use
of X-ray focal spot deflection, fast voltage switching speed between 80 and 140 k'Vp in less
than 0.5 ms, and a newly developed cerium activated garnet rare-earth composite scintillator
detector with 100 times faster response than a typical gadolinium oxysulfide CT detector allow
us to perform successful dual-energy CT acquisition.

The basic theory of this algorithm was first reported by Alvarez and Macovski® and studied
extensively by others.(1213) The system uses a dual-energy pre-reconstruction algorithm for
creating synthesized monochromatic CT image from the material density images. The fol-
lowing is an explanation of the method.”) The basic assumption underlying this algorithm is
that over the diagnostic X-ray energy range, the explicitly energy-dependent linear attenuation
coefficient of all materials can be expressed with sufficient accuracy as a linear combination of
photoelectric and Compton coefficients.®® In direct consequence, the linear attenuation coef-
ficient in each voxel of CT image at energy, E, is given by:

uHE)=d, - p"(E), +d, - u"(E), (1)

where ((E) is linear attenuation coefficient in each voxel at X-ray energy £ (in kVp), and d,,
and d;are the dual-energy CT determined densities or concentrations of basis materials zand
at the voxel location, respectively. Thus, the information of two materials is needed to calculate
the linear attenuation coefficient. It should be sufficiently different in their atomic number Z and
in their photoelectric and Compton attenuation characteristics to distinguish the two materials.

#M(E),, and /J,M(E) are the mass attenuation coefficients of material ¢ and B. In CT, the line
mtegral over the lmedr attenuation coefficient { u* (r E)ds is determined for each focus position
and detector element, respectively. This integral can be expressed accordingly as:

f/,tL(r,E)ds =4, 'ﬂM(E)a +0, '/"M(E)ﬁ @
where
S, =fdi(r)ds (3)

&, is the area density in g/cm? and d,(r) is the local density in g/cm? of the basis material i.
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The equivalent area densities, 5, and 5/3, are determined for each ray path in projections. This
problem is solved by measuring the attenuation with two different energies (specira). Because
the X-ray attenuates according to Beer-Lambert law (i.e., exponential attenuation law):

I,(E)-exp [ fuL(r }')ds] “)

where 7 and /, are the attenuated and primary intensities, two nonlinear equations for each path
are derived:

III =IOI1(E).eXp [—511 ./’LM(E)Q ”6[i MW(E)ﬁ]dE (5)

I, =1y(B)-exp [-6, - 1" (B), -8, - 1 (E), |dE 6)

The subscripts 4 and / refer to the high- and low-kVp energy. Eqs. (5) and (6) can be solved
for the equivalent area densities, &, and J;.

Since mass attenuation coefficient would have been measured with a mono-energetic X-ray
source,'®) once the equivalent area densities are determined, the projection data can be cal-
culated. This is done by multiplying the known area density values by the mass attenuation -
coefficients of the respective basis materials for an arbitrary mono-energy £, (in keV):

f‘u L (r, Eo)dS = 541 ’ .u' M (EO)(Z + (sﬂ ’ MM (EO)ﬁ (7)

where UM(E,), are taken from Storm and Isracl.!'¥) The projection data are then subjected to the
standard reconstruction process yielding CT images in Hounsfield units (FU).(19)
In conventional CT, the HU or CT number (CT#) is computed as:

cr#(E) = 1 E)-p(E), 000 ®)

u*(E),

where (F(E) , is the linear attenuation of pure water at a given energy E. In dual-energy CT, to
calculate C'T# at E, the equation is transformed using the linear mass relationship 1= pr!
and substituted Eq. (1) into Eq. (8):

dtx 'AuM(EO)a + dﬁ ’“M(Eﬂ)ﬁ - pw ./’LM(EO)W
P’ u (Eo )w

cT#(E, )= -1000 ©)

where p,, and ,uM(E ),, are the pure water mass density and mass attenuation coefficient of pure
water at energy k£ respectlvely This monochromatic image synthesis workflow is implemented
in Gemstone spectral imaging (GSI) mode while standard polychromatic images were obtained
using the regular operation mode.

The goal of this study is to provide CT to ED (electron density) conversion curves derived from
dual-energy CT monochromatic images for RTP. The CT number accuracy, as well as the repro-
ducibility of CT numbers (an important factor on quality assurance), was also investigated.
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II. MATERIALS AND METHODS

A. Phantom

A tissue characterization phantom (Gammex RMI 467, Gammex RMI, Middleton, W1, USA)
with 33 cm in diameter and 5 cm in height was used. The rods’ compositions mimicked those
of human body organs with known electron densities relative to water, ranging from low (e.g.,
air) to high (e.g., bone). The phantom was composed mainly of solid water. In radiotherapy,
this phantom is commonly used to establish EDs of various tissues and their corresponding CT
numbers (in Hounsfield units, HU) for accurate corrections for tissue heterogeneity. Table 1
summarizes the physical characteristics of the rods (provided by the manufacturer to compen-
sate slight differences among products). Correctly aligning rods is quite important because
high-density rods cause artifacts that affect the accuracy of the CT numbers. Therefore, rods
were inserted into the phantom according to the manufacture’s recommendations (Tissue
Characterization Phantom Model 467 User’s Guide).('9) Figure 1 shows the distribution of the
rods used in this study.

TanLE 1. Physical characteristics of rods. The data are listed in ascending order by electron density.

Rod Material Electron Density Relative to Water Physical Density (g/cni’)
LN-300 Lung 0.284 0.290
IN-450 Lung 0.445 0.460
AP6 Adipose 0.924 0.941
BR-12 Breast 0.957 0.980
CT Solid Water 0.988 1.017
Water Insert 1.000 1.000
BRN-SR2 Brain 1.049 1.053
LVI Liver 1.062 1.094
IB Inner Bone 1.097 1.144
B200 Bone Mineral 1.096 . 1.143
CB2-30% CaCO, 1.279 1.334
CB2-50% CaCO'3 1.470 1.560
SB3 Cortical Bone 1.696 1.824

. ortical
Boneg,

FiG. 1. Phantom rod alignment. The high-density materials were positioned to minimize artifacts.

2.8cm
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B. Measurements
The phantom was carefully placed at the isocenter of the gantry using well-coordinated laser
pointer system to ensure that the central axis and transverse plane of the phantom were pre-
cisely on the longitudinal axis and imaging plane, respectively. Since helical scanning was
typically used in the CT simulation for RTP, all measurements were acquired by helical scan-
ning in either Regular or GSI mode. Table 2 summarizes the scan parameters. The standard
120 kVp image was reconstructed using Regular mode with the parameters listed in Table 3.
The monochromatic images at 60 keV (relatively lower setting), 77 keV, 100 keV, and 140 keV
(the highest setting) were reconstructed using GSI mode with the parameters listed in Table 3,
where 77 keV is approximately equal to the effective energy of a 120 kVp polychromatic X-ray
beam, according to the scanner specifications.

Furthermore, the reproducibility of CT number was validated over “short” (< 24 h) and
“long” (~ 1 month) time periods, which were every two hours from 9 am. to 5 p.m., or once a
week, respectively. Each scan was performed once.

TabLg 2. Scan parameters.

Rotation Stice Beam
Time Thickness Collimation
Mode Secan kVp mA (s) SFOV (mm) (mm)
Regular Helical 120 630 0.5 Large body 2.5 40
GSI Helical 80/140 600 1.0 Large body 2.5 40

SFOV = scan field of view.

TaLE 3. Reconstruction parameters of the two imaging modes.

Mode DFOV (em) Recon Kernel Energy
Regular 50 Standard N/A
GSI 50 Standard Mono 60-140 keV

DFOV = display field of view, N/A = not applicable.

C. Data analysis

The region of interest (ROI) measurement for each phantom rod was delineated using ImageJ
software.(I” Images at the center slice were analyzed. The ROI diameter was approximately
1.9 cm and its size was slightly smaller than that of the rod. Solid water-rod CT numbers are
represented by the average for the four rods in the phantom.

We first plotted the measured CT number for each material against the monochromatic imag-
ing energy. Second, the reproducibility of the CT data for each material and monochromatic
imaging energy was evaluated by using their standard deviation at short and long time periods,
as indicated above. Two-sided 68% confidence intervals were used to assess precision. Third,
we plotted relative ED as a function of CT number.

The true CT numbers of the rods inserted in the phantom at each energy were computed from
the mass attenuation coefficients using NIST XCOM computer program,!%1) and the mass
densities are shown in Table 1. The material composition of the inserts used in the program is
provided by the manufacture. The program uses the following equation:

’ Au'M (EO )_] - pw : MM (EO W

P,
TH(E,) = <
C #( 0), PW'HM(EU)W

-1000 (10)
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where p, and pM(E,). are the mass density of material j and mass attenuation coefficient of the
materiaI, at energy Eg, respectively. At room temperature, 0.99823 g/cm?® at 20°C was used as
water mass density.

lll. RESULTS

A. Differences in CT number with different combinations of materials and
monochromatic imaging energies

Figure 2 presents the CT images acquired by scanning in both modes. The 60 keV image con-

tains an artifact appearing as a dark band around the cortical bone rod (Fig. 2(b), arrow). The

magnitude of this artifact was reduced as monochromatic image energy increased. However,

Fia. 2. Overview of polychromatic and monochromatic images: a) 120 kVp, b) 60 keV, ¢) 77 keV, d) 100keV, e) 140 keV.
The arrow indicates an artifact appearing as a dark band around the cortical bone rod.

Journal of Applied Clinical Medical Physics, Vol. 14, No. 5, 2013



179 Yagi et al.: Gemstone spectral imaging for RTP 179

a slight artifact around the rod was observed at 140 keV. The image at 100 keV was visibly
better in quality in this study.

The CT number changed dramatically for high-density material rods as shown by the
monochromatic images in Fig. 3. However, the CT number varied little in the materials with
densities less than or equal to water, and CT number differences for high-energy images were
less than those of lower energy images for the various material regions. The CT number range
at 140 keV was about 1470 HU compared with 2300 HU at 60 keV, and was approximately
1.5-fold smaller at high energies.

2000
1500 % -~SB3 Cortical Bone
-~CB2-50% CaCO3
_ -~CB2-30% CaCO3
a 1000 ~-B200 Bone Mineral
E | i —-1B Inner Bone
£ 500 : ~-LV1 Liver
E ’\t\::_‘iﬂ __~~~BRN-SR2 Brain
S 0 e %~ Water Insert
-CT Solid Water
\\‘\*BR-I 2 Breast
-500 ............................................ A6 A dipose
: ~#+LN-450 Lung
-1000 - ~~LN-300 Lung

0 60 8 100 120 140
Monochromatic Energy (keV)

Fia. 3. Distribution of CT number among materials as a function of monochromatic energy.
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B. CT number reproducibility over a short time period

Figure 4 shows standard deviations of the CT numbers over a short time period. The standard
deviation at 120 kVp was close to that at 77 keV (-7.48 + -1.56 HU, the difference averaged for
all materials) and was also small at high energies: 140 keV, CB2-50% = 2.7 HU. In contrast,
this number was greater at low energies: 60 keV, CB2-50% = 22.8 HU.
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FiG. 4. Standard deviations of CT numbers over a short time period.
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C. CT number reproducibility over a long time period
Figure 5 shows standard deviations for CT numbers over a long time period. The trend was
similar to that for a short time period, as stated above.
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Fii. 5. Standard deviations of CT numbers over a long time period.
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D. CT number differences between monochromatic image and theoretical value
The CT number accuracy of the inserts was investigated. Figure 6 shows CT number differ-
ence between monochromatic image and theoretical (true) value in soft tissues. As the energy
increases, the difference is smaller. The 140 keV monochromatic image had the least amount
of CT number deviation among the materials. Figure 7 shows differences between monochro-
matic image and theoretical (true) CT number values in bony materials. The difference is less
in images at higher energy. In SB3 cortical bone, the CT number is dramatically affected by
the energy increases.
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Fi6. 6. CT number difference between monochromatic image (measured) and theoretical (true) value in soft tissues.
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Fia. 7. CT number difference between monochromatic image (measured) and theoretical (true) value in bony materials.
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E. CT number to ED conversion curves for monochromatic images

Figure 8 shows the CT to ED conversion curves for various monochromatic images. These
curves were generated from the short time period data. The curves plotted from the data for long
time periods exhibited the similar trend and are, therefore, not presented here. The standard CT
image curve displayed a bilinear relationship clustering around 0 HU (Fig. 8). There were no
significant differences between the curves at numbers < water (0 HU). The curves’ shapes at
77 keV and 120 kVp were similar. The bilinear relationship gradually diminished with increas-
ing energy. The curve for 140 keV was nearly linear.
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Fig. 8. CT to ED conversion curves obtained by monochromatic images. The cutout shows the plots around 0 HU.

IV. DISCUSSION

Dual-energy CT provides clinically useful, material-specific information® in addition to the
morphological information.?%2D As a first step on the application of dual-energy CT for RTP,
we evaluated the CT numbers of ED-known materials on monochromatic images obtained by
the GSI operation mode.

In the GSI mode, the “monochromatic image” is reconstructed from “monochromatic
projections”, which are calculated from 80 kVp and 140 kVp projections. In other words, the
monochromatic image is not obtained with monochromatic X-ray projections, but “synthe-
sized” with polychromatic 80 kVp and 140 kVp X-ray projections. It should be noted that the
lowest energy (e.g., 60 keV) monochromatic image is predominantly derived from 80 kVp
projections than 140 kVp ones. It is well known that lower energy X-rays are attenuated to a
greater extent than higher energy X-rays when a polychromatic X-ray beam, especially one
generated with a low tube voltage, passes through an object being imaged. This so-called
beam hardening phenomenon®? induces dark (or white) band artifacts because X-rays from
some projection angles are hardened to a differing extent than rays from other angles. This
confuses the reconstruction algorithm. The most common example occurs between the dense
materials, and is demonstrated in Fig. 2(a) from 120 kVp imaging. This phenomenon could be
theoretically suppressed with a “true” monochromatic X-ray, but remains in the “synthesized”
monochromatic image, especially at a lower energy (Fig. 2(b)). Goodsitt et al.?% also reported
that the synthesized monochromatic images are not truly monochromatic, especially at lower
energy. This is partly due to the scattering X-rays from outside the focal spot or surrounding
material. The theory is not able to take into account the scatter effect while addressing the beam
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hardening effect. The scatter effect on dual-energy CT was studied by Vetter and Holden.?
They found about 2% variations under different measurement conditions, and demonstrated
nonlinearities in lookup tables due to the scatter effect. Their scanner had a collimator of 10 mm
width. However, the GE scanner in this experiment used a 20 to 40 mm width. As a result, the
scanner suffers from the scatter effect due to higher scatter fractions. In addition, the scatter
fraction changes with each energy.?* Implementing better scatter correction algorithms,?% as
well as increasing spectral separation between the low- and high-energy X-ray,»2627 could
improve the synthesized monochromatic image.

To our knowledge, there have been few reports using the GE scanner to study the CT number
of various materials except for water.?>?® The CT number changed dramatically for high-density
materials in the different monochromatic images (Fig. 3). This result is consistent with data
acquired using iodine solutions.®® The high degree of change in CT numbers is caused by the
dominance of the photoelectric effect over that of the Compton effect. The photoelectric effect
probability at low energy is proportional to the atomic number cubed. In contrast, the Compton
effect becomes dominant as the photon energy increases and is independent of atomic number.
Therefore, the CT number varies little among diverse types of materials at high energy and
explains why the CT number range is small for high-energy images.

CT number reproducibility during short and long time periods is quite important for any
application using the CT number, such as the RTP system. To our knowledge, there are no
reports of the stability over a day or a month. The stability of CT number of any materials is
investigated only over the short term.?>?® The trend of the CT number reproducibility was
the same over a short or long time period, thus confirming the scanner stability. However, the
standard deviation was somewhat large for CB2-50% at 60 keV. We consider that this might be
due to the streak artifact reported by Papanikolaou et al.* This artifact would be, as described
above, due to the fact that the image is not truly monochromatic. The artifact extended in a
direction toward the CB2-50% rod (Fig. 2(b)). The artifact was reduced as the energy used
to generate the monochromatic image was increased. This would explain the stability of CT
number at the CB2-50% rod (Figs. 4 and 5). Although the large standard deviation may also
result from noise on the 60 keV image, the noise is comparatively lower, as reported by Zhang
et al.,®® and would not primarily affect the standard deviation.

Image noise for given dose is also an important property. The noise determines the lower
limit of subject contrast that can be distinguished by the observer. Less noise image would
have more benefit for contouring objects, as well as dose calculation, in RTP. Theory predicts
that there is an optimal energy for which the noise in the monochromatic energy has the
same energy as in a regular CT, for the same given dose.(1?) A study using a water-equivalent
uniform phantom shows that the monochromatic images at the optimal energy have higher
noise level than diagnostic X-ray energy range under the same acquisition and reconstruction
conditions.®% In our experiment (data not shown), in the monochromatic image the standard
deviation within the ROI of the water insert showed a similar trend to previous studies — the
noise dramatically decreases to the optimal energy and gradually increases as the energy
increases.(1328) The other inserts also showed a similar variation as the water insert. The noise
of all inserts was also consistent over both short and long time periods. The noise is a very
sensitive parameter to the overall imaging performance of the scanner. The scanner stability
was also confirmed from this point of view.

An accurate dose calculation algorithm, as well as accurate determination of the relationship
between CT number and ED, is required to accurately calculate dose distribution, minimiz-
ing discrepancy between calculated and actual dose. Venselaar et al.?%9 reported tolerances
for the accuracy of RTP dose calculations. The accuracies required for dose calculations for
homogeneous and heterogeneous media are 2% and 3%, respectively.(® The 20 HU change
in the CT number for soft tissues and 250 HU for bone result in about 1% of change for moni-
tor unit (MU) for a brain case and 2% change for a lung and pelvis case.?® The results could
be transferred into the dose calculation in monochromatic image because the CT number is
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normalized to water. In our experiment, the results show such changes in monochromatic
images at lower energy (e.g., 60 keV) between measured and true value in several tissues, but
not in bony materials (Figs. 6 and 7). CT number stability results also compensate the accu-
racy. The study, however, shows larger difference below 60 keV in soft tissue and bone than
the criteria described above (i.e., 20 HU for soft tissue and 250 HU for bone).® That implies
that the dose calculation on monochromatic images lower than 60 keV would result in larger
dosimetric differences compared with other energies. The other important factor for the dose
calculation is the phantom (body) size because size changes the X-ray attenuation, as well as
the amount of scatter from surrounding material, resulting in CT number change. The size
has a high impact on CT number.®" Bone CT numbers under several composition variations
considerably differ between small and large phantom size on monochromatic image at each
energy.®?) A phantom of proper size, which is close to a subsequently irradiated part such as
head or body, should be scanned.

The CT to ED conversion curves with monochromatic images were determined for RTP. A
linear relationship was observed at 140 keV, while the curves in the low-energy image were
bilinear, bordering around 0 HU (Fig. 8). At high energies, the Compton effect is dominant over
the photoelectric effect, similar to that of megavoltage cone beam CT (MVCBCT).® However,
the dose calculation for MVCBCT has proven not to be practical because of problems, such as
cupping artifacts.®? Reflecting the Compton effect compared with standard CT images used
clinically for CT simulation would predict that dose calculation is performed more accurately
using high-energy monochromatic images without the problems associated with MVCBCT.G3
Dosimetric investigation is required for the further evaluation of the dose calculation accuracy
with these CT to ED conversion curves.

V. CONCLUSIONS

This is the first report regarding the CT to ED conversion curves for RTP by a CT scanner
with a fast kVp switching system. We present here CT to ED conversion curves acquired from
monochromatic images for RTP, assessing CT number accuracy. Reproducibility was confirmed
by determining the variation in CT number.
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Abstract

Background: Recent work by Saito (2012) has demonstrated a simple conversion from energy-subtracted
computed tomography (CT) values (AHU) obtained using dual-energy CT to relative electron density (RED) via a
single linear relationship. The purpose of this study was to investigate the feasibility of this method to obtain RED
from virtual monochromatic CT images obtained by the gemstone spectral imaging (GSI) mode with fast-kVp
switching.

Methods: A tissue characterization phantom with 13 inserts made of different materials was scanned using the GSI
maode on a Discovery CT750 HD. Four sets of virtual monochromatic CT images (60, 77, 100 and 140 keV) were
obtained from a single GSI acquisition. When we define A HU in terms of the weighting factor for the subtraction
a, AHUZ (1 + a)H-al (H and L represent the CT values for high and low energy respectively), the relationship
between A HU and RED is approximated as a linear function, a X A HU/1000 + b (a, b = unity). We evaluated the
agreement between the determined and nominal RED. We also have investigated reproducibility over short and
long time periods.

Results: For the 13 insert materials, the RED determined by monochromatic CT images agreed with the nominal
values within 1.1% and the coefficient of determination for this calculation formula was greater than 0.999. The
observed reproducibility (1 standard deviation) of calculation error was within 0.5% for all materials.

Conclusions: These findings indicate that virtual monochromatic CT scans at two different energies using GSI
mode can provide an accurate method for estimating RED.

Keywords: Gemstone spectral imaging, Monochromatic images, Relative electron density, Dual energy,
Computed tomography
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Introduction

Computed tomography (CT) images are used as funda-
mental input data for most modern radiotherapy treat-
ment planning systems. CT data not only provide
anatomic information to delineate target volumes and or-
gans at risk, but also apply corrections to dose calculation
to account for tissue inhomogeneities during the radiation
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treatment planning procedure. These corrections are
based on the determination of a relationship between the
tissue electron density and its corresponding Hounsfield
units (HU) [1]. ’
Dual energy CT (DECT) is one of the most promising
imaging techniques with potential clinical applications
[2]. DECT has two major advantages compared with
conventional single-source CT systems. First, this modal-
ity makes it possible to obtain virtual monochromatic
images at an arbitrary energy and improved material de-
composition such as the separation of iodine from the

© 2013 Ogata et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/oy/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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image [3]. Second, this modality can reduce beam hard-
ening artifacts [4]. A CT value obtained by conventional
CT using polychromatic x-rays could have greater un-
certainty because of this beam hardening effect [5].

Saito demonstrated a simple conversion from the energy-
subtracted CT values (AHU) obtained by DECT to the rela-
tive electron density (RED) via a single linear relationship
[6]. His method is quite simple and accurate, but it requires
polychromatic images at different tube potentials. This
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could limit its application for some dual-energy strategies
in which polychromatic dual-energy images are not avail-
able. The purpose of this study is to investigate the feasi-
bility of this method to obtain RED from virtual
monochromatic images obtained by the gemstone spectral
imaging (GSI) mode with rapid kVp-switching single-
source DECT. Rapid kVp-switching single-source DECT
is capable of alternating hundreds of times per second be-
tween low and high (80 and 140 kVp, respectively) tube
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voltage. This DECT has a new garnet crystal scintillator
detector with a much faster optical response compared to
typical gadolinium-oxysulfide CT detectors [7]. Since re-
producibility of the determined RED is an indicator of the
CT value integrity and a prerequisite for radiation therapy
treatment, we also investigated the reproducibility of this
method over short and long time periods.

Materials and methods

Dual energy CT acquisition .

In this study, a rapid kVp-switching single-source DECT
(Discovery CT750 HD scanner, GE Healthcare, Milwaukee,
WI) was used to obtain virtual monochromatic images. A
tissue characterization phantom Gammex 467 (Gammex
Inc., Middleton, W1) with 13 inserts made of different mate-
rials was scanned. The CT scan-was performed with the fol-
lowing parameters: 1.0-second tube rotation, 600 mAs tube
current, 2.5 mm slice thickness, and 50 cm field of view.
We used four sets of monochromatic images at 60 (rela-
tively low), 77, 100 and 140 keV (highest). The 77 keV was
close to the effective energy of a 120 kVp polychromatic
x-ray according to the specification. The monochromatic
and 120 kVp polychromatic images were reconstructed
using GSI and Regular mode, respectively. The method by
which the GE scanner synthesizes monochromatic CT
values from material density images has been described in
detail elsewhere [8]. Monochromatic CT image is obtained
from the mass attenuation coefficients and density images
of the two basis materials with a normalization process by
water attenuation coefficient for the desired energy. This
study was conducted under the regulations of the Institu-
tional Review Board of our institution.

Simulation

The dual-energy subtraction for converting CT numbers
to RED method developed by Saito [6] was used in this
study. According to this method, RED can be calculated
simply using CT images at two different energies as fol-
lows:

a x AHU/1000 + b,

where AHU is a dual-energy subtracted quantity defined
as (1 +o)H - oL (where «a is the weighing factor for the
subtraction, and H and L represent the CT values for
high and low energy respectively), and a and b are unity.
The mean CT numbers in HU were measured for each
region of interest using Image] software (National Insti-
tute of Health, Maryland).

Short-term and long-term reproducibility were evalu-
ated by repeating the same measurement every two
hours between 9 AM to 5 PM and performing five add-
itional scans at 1-week intervals. The standard deviation
of the error in the obtained relative electron density in
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five successive measurements was calculated and used to
evaluate the reproducibility.

Statistical methods

The difference in RED between nominal and calculated
value by DECT was calculated using the following for-
mula: (calculated value-nominal value)/nominal value x
100. For short-term and long-term reproducibility evalu-
ation, each value is presented as a mean error in RED *
standard deviation.

Results

Figure 1 shows the relationship between the CT value or
energy-subtracted CT value of the GSI scan images and
RED. The relationship between the CT and RED became
more linear with increasing radiation energy. The rela-
tionship between the AHU of the GSI scan images and

- RED was found to be linear with the determination coef-

ficient R? being greater than 0.999. The obtained a and b
ranged from 1.004-1.008 and 0.993-0.999, respectively,
indicating that these values are close to unity.

The error in the RED determined by the monochromatic
CT scan value subtraction at two different energies using
GSI relative to the nominal value is shown in Figure 2. The
RED obtained from GSI measurements shows +1.1%
agreement with the nominal values for all inserts. The er-
rors in the two different energy monochromatic images
subtraction algorithm relative to the nominal value did not
show any energy dependence for low kV scans.

Figure 3 represents the standard deviation for calcula-
tion error over short and long time periods. The stand-
ard deviation of calculation error over short and long
time periods was less than 0.5% for all materials. The re-
producibility of the five scans taken at 1-week intervals
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Figure 2 The error in the two different energy virtual
monochromatic images subtraction algorithm relative to the
nominal value plotted against RED.
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was comparable to that of the five scans taken at two-
hour intervals. The results showed a standard deviation
of 0.02 - 0.45; hence, the long-term reproducibility was
as good as the short-term reproducibility. The observed
calculation error reproducibility was nearly independent
of the radiation energy for low kV scans.

Discussion
Several studies have determined electron density and ef-
fective atomic number using the DECT technique [9,10].
However, a practicable dual-energy method that can pre-
cisely calculate electron density has not yet been
established. We investigated the accuracy of RED obtained
by the GSI mode with rapid kVp-switching single-source
DECT using the algorithm developed by Saito [6], which
is a simple method that converts AHU to RED. An advan-
tage of this is that we do not need a priori knowledge re-
garding the detected x-ray spectra of the CT scanners. We
confirmed that the RED obtained from GSI measurements
show around *1.0% agreement with the nominal values
for all inserts. IPEM 81 recommends that agreement for
electron density should be within 1% for water and within
2% for lung and bone compared with their true values
[11]. Agreement for determined RED in our study satisfied
the IPEM 81 tolerance levels. These errors are comparable
to those of Saito who used a dual-source DECT. The ad-
vantages of fast kVp switching CT systems are precise
temporal view registration, helical and axial scan, and a
50 cm field of view compared to dual-source DECT [12].
We also investigated the reproducibility of the deter-
mined RED over short and long time periods because it
is a prerequisite for accurate dose calculations. In the

1980s, the DECT technique had not been used widely in
clinical situations due to its lower spatial resolution, un-
stable CT values, and insufficient tube currents at the
low tube voltages of the early CT scanners [13]. We ob-
served that one standard deviation of calculation error
was within 0.5% for all materials over the short and long
time periods, indicating that no significant variation was
observed over the time of the study.

We recognize several limitations in our study. First, we
did not evaluate the dependence on scan object size which
influences the beam hardening effect. Saito examined the
effect of object size on converting AHU to RED and con-
firmed no dependence on the object size [6]. Second, we
did not scan high electron density metal, which signifi-
cantly affects dose distribution in radiation treatment. Fur-
ther intensive studies are needed to confirm the feasibility
of this method for converting AHU to RED when using
virtual monochromatic images obtained by the GSI mode.

In conclusion, a virtual monochromatic CT scan at
two different energies using the GSI mode provides an
accurate method for estimating RED.
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Brachytherapy results in better dose distribution compared with other treatments because of steep dose re-
duction in the surrounding normal tissues. Excellent local control rates and acceptable side effects have
been demonstrated with brachytherapy as a sole treatment modality, a postoperative method, and a method
of reirradiation. Low-dose-rate (LDR) brachytherapy has been employed worldwide for its superior
outcome. With the advent of technology, high-dose-rate (HDR) brachytherapy has enabled health care pro-
viders to avoid radiation exposure. This therapy has been used for treating many types of cancer such as
gynecological cancer, breast cancer, and prostate cancer. However, LDR and pulsed-dose-rate interstitial
brachytherapies have been mainstays for head and neck cancer. HDR brachytherapy has not become widely
used in the radiotherapy community for treating head and neck cancer because of lack of experience and
biological concerns. On the other hand, because HDR brachytherapy is less time-consuming, treatment can
occasionally be administered on an outpatient basis. For the convenience and safety of patients and medical
staff, HDR brachytherapy should be explored. To enhance the role of this therapy in treatment of head and
neck lesions, we have reviewed its outcomes with oral cancer, including Phase VII to Phase III studies,
evaluating this technique in terms of safety and efficacy. In particular, our studies have shown that superfi-
cial tumors can be treated using a non-invasive mold technique on an outpatient basis without adverse reac-
tions. The next generation of image-guided brachytherapy using HDR has been discussed. In conclusion,
although concrete evidence is yet to be produced with a sophisticated study in a reproducible manner, HDR
brachytherapy remains an important option for treatment of oral cancer.

Keywords: brachytherapy; oral cancer; high dose rate

INTRODUCTION

Because adjacent normal tissues, such as the salivary
glands, mandible, and mastication muscles, are at risk of
damage during treatment with external beam radiation
therapy (EBRT), brachytherapy is an important alternative
to conventional radiotherapy. Brachytherapy provides a
high localized dose of radiation, with rapid fall-off and

short overall treatment time [1]. It can be applied as a sole
freatment, as a treatment complementary to surgery, and as
a local boost in combination with EBRT.

Low-dose-rate (LDR) brachytherapy has been employed
in the treatment of carcinoma of the lip, tongue, floor of
the mouth, oral mucosa, base of the tongue, tonsillar
region, soft palate, and nasopharynx, and has been the gold
standard for brachytherapy. With the advent of new

© The Author 2012. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Therapeutic
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technologies, high-dose-rate (HDR) and pulsed-dose-rate
(PDR) brachytherapy have been adapted in many institutes
to avoid exposure of health care providers to radiation.
HDR and PDR stepping source technology offer the advan-
tage of optimizing dose distribution by varying dwell times
[1]. The application of HDR brachytherapy has expanded to
many sites, having been used in treatment of gynecological
cancer, breast cancer, and prostate cancer [2, 3]. Guedea
et al. reported that gynecological brachytherapy remains the
most common application, although the use of brachyther-
apy in prostate cancer and breast cancer has increased in
Europe [4].

CT-based dosimetry has become increasingly common
since 2002. Use of HDR and PDR techniques has increased
markedly, while use of both LDR and. medium-dose-rate
brachytherapy has declined. However, for head and neck
cancer, HDR usage decreased in Group I institutes (those
in countries with the highest GDP) from 5% (2002) to 2%
(2007) [4]. LDR and PDR interstitial brachytherapies
(ISBT) were utilized instead. Accordingly, HDR brachy-
therapy has not become widely used in the radiotherapy
community for treating head and neck cancer because of
lack of experience and biological concerns [5, 6].

Mazeron et al. noted that the efficacy and safety of HDR
brachytherapy must be validated in prospective studies. If it
is the only technique available, treatment should be deliv-
ered in fractions of <34 Gy, according to GEC-ESTRO
recommendations [1]. Several members of the American
Brachytherapy Society expressed concern about potential
morbidity with fraction sizes as large as 6 Gy to the oral
cavity [6]. On the other hand, very little clinical evidence
has been found suggesting a higher risk of high-dose frac-
tionation (26 Gy). Acceptable results have been obtained
from a few institutes.

To enhance the role of HDR brachytherapy, we reviewed
the results of HDR brachytherapy, including our experi-
ences in Phase VI and III frials, to investigate the next gen-
eration of image-guided brachytherapy using HDR.

HDR brachytherapy for tongue cancer

Tongue cancer located anterior to the circumvallate papillae
vitally affects not only speech, but also coordination of
chewing and swallowing. Because radiation therapy is con-
sidered to be a minimally invasive treatment procedure, it
has the advantage of preserving the shape and functions of
the tongue. Brachytherapy alone is recommended for TINO
and T2NO tumors <4 cm. For tumors >3-4 cm or Nl
lesions, although surgery is often preferred, brachytherapy
can be delivered as a boost after 4045 Gy of EBRT to the
neck and oral cavity. In general, the local control rate is
higher than 90% for T1 and T2NO tumors treated with
LDR brachytherapy alone [1]. The local control rate is
lower in patients with larger tumors treated with EBRT and
a brachytherapy boost. Approximately 10-30% of patients

may develop soft tissue necrosis within the implant
volume. Osteoradionecrosis may occur in 5-10% of cases.
The vast majority of necroses heal spontaneously after
medical treatment. Surgical intervention is necessary in
only 1-2% of patients [1].

Lau et al initiated a Phase III protocol using
HDR-ISBT [7] (Table 1). In that study, 27 patients were
treated (Tl, n=10; T2, n=15; and T3, n=2). Seven
fractions X 6.5 Gy of HDR-ISBT were administered twice-
daily, with a minimum interval time of 6 h over a period of
3.5 days. The actual tumor control probability after HDR
brachytherapy was 53% at 5 years. Local control rates for
Tl and T2 tumors were lower than those for comparable
historical controls treated at our institution using LDR
radium (Ra-226) or cesium (Cs-137) needle implants and
iridium (Ir-192) wire implants. In addition, a trend was
observed toward a higher incidence of severe complications
for HDR patients compared with the historical controls
treated with LDR brachytherapy.

On the other hand, Leung et al. reported good outcomes
for eight patients treated solely with HDR-ISBT. Five
patients had TINO disease, and the remaining three had
T2NO disease [8]. The median follow-up period for these
patients was 26 months. The median dose administered was
60 Gy/10 fractions over 6 days. Mandibular and maxillary
shields were inserted prior to treatment. Mucositis for 6-20
weeks (median, 10 weeks) was observed in all patients. No
local failure was evident after the median follow-up period.
One patient treated with a double planar implant developed
Grade 3 necrosis of the soft tissue and bone. Leung e al. [8]
concluded that the HDR remote after-loading technique is
useful because it provides a local control rate of 100% with -
acceptable morbidity. On further investigation in 2002, they
found that a protocol of 5.5 Gy/10 fractions was feasible,
resulting in a local control rate of 94% at 4 years in ten T1
and nine T2 patients without severe morbidity [9].

Ohga et al. treated 28 patients with NO oral tongue
cancer using HDR-ISBT combined with local injection of
bleomycin [10]. A median dose of 5 mg bleomycin was
injected locally, and 16-20 Gy was delivered to the area
surrounding the applicators within the first two days for
control of the tumor implant. The 2-year local recurrence-
free survival rate in that study was 96% [T1/2: 100% (8/8,
15/15); T3: 80% (4/5)]. The minimum tumor dose was
decreased step-by-step. Local recurrence rates of 12.5% (1/
8), 0% (0/14), and 0% (0/6) were observed in patients with
median minimum tumor doses of 60, 50 and 40 Gy, re-
spectively. Local recurrence rates did not increase when the
minimum tumor dose decreased. Late adverse effects
included the following: tongue ulcer (11%, 3/28), oral floor
ulcer (4%, 1/28), and osteonecrosis (4%, 1/28). These
results suggest that decrease in the minimum tumor dose to
<60 Gy may be possible in combination treatment with
local injection of bleomycin.



