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ABSTRACT

Background: Dual-energy (DE) diagnostic computed tomography (CT) combines two scans of different
photon energy spectra which can provide additional image information as compared to standard CT.
We developed a DE material decomposition scan protocol for daily cone-beam CT (CBCT) of head-and-
neck patients receiving radiotherapy and tested it in a clinical trial.

Material and methods: Our DE CBCT protocol consisted of an 80 and 140 kVp scan. The material
decomposition algorithm split the low and high energy scan into components of two basis materials,
aluminum and acrylic. Scans of different thicknesses and overlap of the basis materials were acquired to
calibrate the model which decomposed the CBCT projections into thicknesses of aluminum and acrylic
on a per-pixel basis. Pseudo monochromatic projections were created from these thicknesses and the
known energy dependence of the attenuation coefficient of the basis materials. A frequency selective
de-noising method was further applied to the basis material projections. The DE CBCT protocol was
tested on seven patients. Two DE images were chosen, one at low (50-60) keV to evaluate soft tissue
image quality and one at 150 keV to assess metal artifact reduction as compared to standard CBCT.
Results: The de-noising algorithm reduced noise by 41% and 69% in the 60 and 150keV images,
respectively, compared to images without the de-noising. The low keV image showed an increase in
soft tissue contrast-to-noise ratio of 7-43% compared to the standard clinical CBCT for six of the seven
patients. The 150 keV DE CBCT image reduced metal artifacts. Enhanced streaking from metal artifacts
were observed in some of the DE CBCT images.

Conclusion: Monochromatic DE images from material decomposition can improve soft tissue contrast-
to-noise ratio and metal artifact reduction. Improvements are limited, however, and new artifacts were
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also introduced by the DE algorithm.

Introduction

Daily imaging is used to position the patient before radiother-
apy (RT) treatment. The acquired image sets can potentially be
used in adaptive treatment strategies [1-4]. Cone-beam com-
puted tomography (CBCT) is a commonly used modality to
acquire daily volumetric information about the patient’s anat-
omy and allows for comparison to the patient’s planning com-
puted tomography (CT). The CBCT image quality, however, is
often poor mainly due to a larger scatter contribution [5].
Previous methods to improve the image quality of CBCT
scans have included an anti-scatter grid [6], iterative recon-
structions [7] and noise suppression and scatter reduction
algorithms [8,9]. The dual energy (DE) technique for diagnos-
tic CTs have shown several benefits, including metal artifact
reduction and better visualization of different tissues [10-14].
2D DE radiographs have been investigated in RT treatment,
e.g. with the goal of increasing soft tissue contrast [15] or to
give better accuracy for marker-less motion tracking with
bone suppression [16]. The DE technique has also been

tested for CBCT images using phantom scans in a non-clin-
ical setting [17].

A number of pre-processing tools for CBCT reconstruction
are most effective when applied in the projection space,
before image reconstruction [18]. For example, creating DE
images from projection space, as opposed to image space,
has been shown to reduce beam hardening effects [19].
Therefore, our aim with this study was to develop a scan
protocol for DE CBCT images using a projection-space material
decomposition technique for CBCT scans acquired at a clinical
RT accelerator. We present the protocol and assess the image
quality in terms of soft tissue visibility and impact on metal
artifacts on both phantom scans and clinical patient scans.

Material and methods
Material decomposition

X-rays in CBCT imaging have energies roughly in the range
of 40-140 kilo electron volt (keV). The attenuation coefficient
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in this range mainly consists of two components, the photo-
electric effect and Compton scattering [20]. These two com-
ponents, and thus, the attenuation coefficient of an arbitrary
material can be approximated by the weighted sum of two
basis materials that have well separated attenuation coeffi-
cients [21]. The attenuation along a ray of photons with
energy E can therefore be written as [17]:

I
In (70) = m(E)xa+ pg(E)xs m

where Iy is the initial intensity, / is the measured intensity,
u is the linear attenuation coefficient at an energy E, and x5
is the thickness of the basis materials A and B, respectively.
This becomes a system of two equations with two
unknowns, x, and xz when scanning at two different ener-
gies (high and low, denoted H and L). This is valid for mono-
energetic beams; however, in general the CBCT X-ray source
is a spectrum. To generalize to two spectra, H and L, the
equation becomes [21]:
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where S, 4y is the fraction of photons per energy interval
dE. The solution for basis material thickness, x5 and xg, can
be approximated through a fit to scans of known amounts
of basis material as follows. First, a log-normalisation should
be applied to each projection, /¢, using an air-only scan (Iz=
In(/air/lg), where 75 is the log-normalized projection, E is
either the high- or low-energy scan and Iy ¢ is the air-only
scan). The normalized projections can then be used in a lin-
ear approximate solution to Equation (2) on the form:

Xp = dg + 017L + 027/-/
Xg = bo + bl + byly, 3)

where 7L and 7,., represents the normalized low and high
energy projection pixel values and {a, b}, (n=0-2) are
parameters that can be determined by fitting Equation (3) to
calibration measurements with known thicknesses of basis
material, x4 . Equation (3) is inspired from ref [17], but this
linear form vyielded less artifacts in the current application.
These equations describe a material decomposition and can
be used to create basis material projections, x, and xz, of
an arbitrary object. Monochromatic attenuated projections
can be created from x, and xg using the attenuation coeffi-
cients [22] of the two basis materials as follows [17]:

Ju<fo>ds — xapp (Eo) + xeiip (Eo). @

where Ej is the monochromatic energy (referred to as the
reconstruction energy in this paper) of the image and [ds is
the line integral of the (unknown) attenuation coefficient in
a given ray through the object. Acrylic and aluminum was
used as the basis materials in this study as they have attenu-
ation coefficients similar to soft tissue and cortical bone,
respectively [22], are well separated over the investigated

energy interval and are easily obtainable with a high level
of purity.

The high- and low-energy scan series were taken in
succession and subsequently exported offline for analysis
and reconstruction.

Radiation dose and calibration

Dose measurements were carried out in a 16cm CTDI phan-
tom (RTI group AB, Molndal, Sweden) using a pencil ion
chamber detector (Unfors Raysafe Xi detector) to ensure that
the DE scan protocol did not increase the dose delivered
to the patient as compared to the standard clinical CBCT
imaging. Measuring the dose at central and four peripheral
positions (12, 3, 6 and 9 o'clock positions) allowed for a
generally accepted dose comparison measurement according
to [23]:

% CTDIcentraI"' % mean(CTDlperipheral)
Lengthdetector

CTDlyo = . (5)

The dose of the DE protocol was kept equal to the dose
of the standard CBCT by adjusting the mAs (Supplementary
Table). Other scan parameters were identical to the standard
parameters for head scans in our institution. A 1 mm copper
plate (Leeds Test Object LTD, North Yorkshire, United
Kingdom) filtration was added to the high energy scan to
minimize the overlap between the high and low energy pho-
ton spectra [24]. The copper filtration was physically
mounted on the x-ray housing of the CBCT system on the
linear accelerator. Due to the mounting and dismounting of
the copper plate, there was approximately two minutes
between the low and high energy CBCTs.

Measurements of two step-wedges of acrylic and alumi-
num were performed for the calibration of the material
decomposition (Equation (3)). The acrylic step-wedge had
seven evenly distributed steps between 4.1 and 28.1 mm and
the aluminum step-wedge had five evenly distributed steps
between 3.3 and 15.7mm (Supplementary Figure 1). These
were imaged at various overlaps. As the dimensions of the
step-wedges were small compared to the dimensions of a
patient head and neck (H&N) scan, the step-wedges were
also scanned with additional acrylic/aluminum blocks and
with the CTDI phantom placed in front (to add the 145mm
height of the phantom as additional acrylic thickness). A
total of 113 calibration measurements were done for unique
combinations of aluminum and acrylic thicknesses, chosen to
span the material thickness region of 0 to 193.1 mm acrylic
and 0 to 17.7 mm aluminum.

Phantom and patient measurements

A Catphan phantom (The Phantom Laboratory, Salem, NY,
USA) was used to test the effect of the DE protocol in terms
of contrast and noise amongst the inserts having an x-ray
attenuation similar to soft tissues (Polystyrene and the
Catphan background of clear epoxy) to evaluate image qual-
ity. In this study, contrast and noise was defined as in
Equation (6), as the numerator and denominator respectively.
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The material decomposition algorithm was further tested
on seven H&N patients who were scanned using the DE and
the standard CBCT head protocol. Local ethical approval was
acquired (H-16047987) and patients signed informed con-
sent. The additional DE CBCT scan was taken at one of the
patients’ initial treatment fractions and all comparisons were
done to the standard CBCT acquired at the same treatment
fraction. All CBCT scans were acquired using a clinical x-ray
system at a linear accelerator (Truebeam STx OBI, Varian
Medical Systems, Palo Alto, CA, USA) where the RT treatment
was subsequently delivered. The effect of the de-noising on
DE CBCT was tested in patient scans by comparing the con-
trast-to-noise ratio (CNR) for ROIs drawn in soft tissue struc-
tures for a 60keV DE CBCT with and without the de-noising
(Supplementary Figure 2). We defined the CNR as:

CNR — \MeanRon —MeanRo|2|

) (6)
Stdaon +Stdaon

where Std is the standard deviation of the pixel values of
the ROLI.

We also compared the CNR in soft tissue structures in
patients in the DE CBCT to the standard clinical CBCT. This
was done for seven reconstruction energies, 40, 50, 60, 70,
80, 110 and 150keV. The effect of the DE protocol on metal
artifacts was assessed visually using a 150 keV DE CBCT.

De-noising method

After the decomposition, a frequency selective de-noising
method was used to improve image quality of the alumi-
num- and acrylic-only projections (material projections)
(Supplementary Figure 3): A Gaussian low-pass filter was
applied to the material projections to reduce noise while
adding an edge-projection to preserve boundary information
in the de-noised material projections. The edge-projection
was created using a linearly mixed image of the input 80
and 140 kVp projections according to:

MP = Ol'PL —+ (1 — OL)'PH7 (7)

where MP is the mixed projection, P, are the 80 and 140
kVp projections and o is a parameter chosen to minim-
ize noise.

By varying o, from 0 to 1 in 100 steps, the noise was mini-
mized in a ROI in a single patient projection. The o corre-
sponding to minimal noise was chosen (a¢=0.77) and was
used for all other patient and phantom scans. The mixed
projection was then used to generate an edge-projection
using a high-pass filter. The final denoised projection was
then created according to:

Denoised projection = LP + - HP, (8)

where LP is the low-pass gaussian filtered material projec-
tion, HP is the high-pass filtered mixed projection (edge-pro-
jection) and B is a scaling factor. The intensities of the edge
projection did not match the intensities of the material projec-
tions. Therefore, B was determined to scale the edge projec-
tion to the same average intensity as a high-pass filtered raw
material projection. This was done for each projection
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individually. All projections used in this study were recon-
structed offline using iTools software (Varian Medical Systems).

Results

From the comparison between the DE CBCT images and the
standard clinical CBCT images of the Catphan phantom, both
the contrast and noise were seen to decrease as a function
of reconstruction energy (Figure 1).

The effect of the de-noising method in patients in the
final DE CBCT image was compared to a DE CBCT image
without the de-noising (Figure 2). A general improvement of
CNR was observed when using the de-noising method, espe-
cially for the higher keV images. The noise was reduced by
41% and 69% in the 60 and 150 keV image, respectfully.

The visual comparison of DE CBCT images of patients at
two selected reconstruction energies showed more well-
defined soft tissue structures and increased contrast (50 keV
image) and a reduction of metal artifacts (150keV image)
when compared to the standard clinical CBCT (Figure 3). It
was seen that the 150keV image can reduce the size of
streaking artifacts as compared to the standard clinical CBCT
and reveal soft tissue structures. In general, the boundaries
of the teeth and metal were sharper and clearly defined as
compared to the standard clinical CBCT, however with a loss
of soft tissue contrast. With respect to the 50keV DE CBCT,
the soft tissue contrast was improved.

Contrast in Catphan
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Figure 1. Contrast and noise in Catphan phantom for dual energy monochro-
matic images at 40, 50, 60, 70, 80, 110 and 150 keV. For reference, the standard
clinical value is show (horizontal full line).
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Contrast to noise ratio with and without de-noising
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Figure 2. The effect on contrast-to-noise ratio (CNR) when using the de-noising
technique on dual energy CBCTs. The red/green points are the mean CNR as a
function of reconstruction energy for all patients with/without de-noising. The
blue line and shaded area is the average standard CBCT CNR and standard devi-
ation for all patients.

In six of the seven patients a CNR increase (7-43%, with a
median increase of 19%) was seen in the 50-70keV recon-
struction energy interval and in the remaining one patient
the CNR was better in the standard clinical CBCT by 7%.

A slice with a metal artifact from the standard clinical
CBCT was compared to 60 and 150keV DE CBCT images
(Figure 4). The DE reconstruction process enhanced or intro-
duced new streak artifacts in some of the patients as com-
pared to the standard clinical CBCT for both the 60 and
150 keV image.

Discussion

The aim of this study was to develop and investigate the
image quality of a DE CBCT protocol, using a material
decomposition algorithm, to be used for daily imaging in
radiotherapy. We have demonstrated the algorithms ability
to create images at various reconstruction energies and pre-
sented the image quality of the DE CBCTs for a phantom
and seven H&N patients. In terms of soft tissue visibility, the
patient results agreed with the phantom measurements and
the contrast followed the trend seen in other phantom stud-
ies [17,25]. The optimal reconstruction energy was around
50-60keV since lower keV produced more noise and at
higher keV a loss in contrast in soft tissue compared to the
standard clinical CBCT (Figures 1 and 2). The value of DE pre-
processing was demonstrated (Figure 2). The frequency
selective de-noising increased the CNR in the final DE image.

The material decomposition could result in artifacts which
we hypothesize were caused by imperfect alignment (e.g.,
swallowing or jaw movement) of the 80 kVp and 140 kVp
projections (see Figure 4 for enhanced streaking artifacts in
the DE image). To correct for this, deformable image registra-
tion between the high kVp scan and the low kVp scan could
be an option. These artifacts were not observed in the phan-
tom scans.

Slice with metal artefact

Slice without metal artefact

DE150 DE50

Standard

W/L: -89/1294

Figure 3. Example dual-energy images for one patient. The top row: 50 keV
dual energy CBCT slices without (left) and with metal artifacts (right). Arrows
point to areas with improved soft tissue contrast. Middle row: same as top row
for 150 keV image. Arrows indicate reduced metal artifacts (black) and where
new soft tissue information is uncovered (white). Bottom row: same as top row
for standard clinical CBCT.

The Hounsfield units (HU) depend on the photon spectra,
and therefore, the window-level setting became an issue in
comparing images. A 150 DE CBCT was compared to stand-
ard CBCT at two level settings chosen to yield the same
magnitude of artifacts to demonstrate that the 150keV DE
CBCT still offers better imaging close to metal artifacts
(Supplementary Figure 4).

Patient cases showed the flexibility that DE CBCT can
potentially allow for (Figure 3): The 50keV DE CBCT was
slightly better than the standard CBCT in terms of soft tissue
visibility, which has also been shown in other phantom stud-
ies [17,26]. A lower contrast was seen in the soft tissue areas
in the 150keV DE CBCT; however, the metal artifact streaks
were reduced. It is possible to reconstruct any of these
DE CBCTs from the same scan set due to the flexible post-
processing. Thus, this flexibility allows for multiple images to
meet the clinical needs for each individual patient. This
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Figure 4. The impact of different reconstruction energies on metal artifacts and new artifacts in the DE images. The streaks in the DE images are seen to originate
from the metal in the patient. Left: standard clinical CBCT. Middle: 150 keV DE CBCT. Right: 60 keV DE CBCT.

flexibility could further be expected to improve automated
propagation of critical contours in a future on-line adaptive
workflow. It is also possible that the DE CBCT can improve
image registration of other modalities to improve accuracy of
the patient setup and treatment, for example by fusion with a
PET positive signal on-line. In future generation, with appro-
priate hardware changes, this benefit could be available at lit-
tle to no cost in terms of radiation dose, scan time and clinical
workload. This could for example be realized by advanced DE
acquisition methods, such as dual source scanning [27] or fast
kVp switching methods [28]. These were unavailable in the
clinical CBCT system at the time of this study.

In conclusion, we have shown slightly improved soft tis-
sue image quality for DE CBCTs reconstructed around 50-
60 keV compared to standard clinical CBCT. The DE CBCT can
increase soft tissue contrast, which could be relevant in
some specialized situations. In terms of metal artifacts, we
observed a reduction for the 150keV DE CBCT image. The
challenges of the presented DE protocol could origin from
the low-technological sequential implementation and future
hardware generations could resolve these issues. In this case,
DE CBCT can offer improvements over conventional CBCT
albeit it may still only be clinically important in some cases.
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