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Dual-energy computed tomography imaging
with megavoltage and kilovoltage X-ray spectra

Giavanna Jadick , Geneva Schlafly , and Patrick J. La Rivière*
University of Chicago, Department of Radiology, Chicago, Illinois, United States

ABSTRACT. Purpose: Single-energy computed tomography (CT) often suffers from poor
contrast yet remains critical for effective radiotherapy treatment. Modern therapy
systems are often equipped with both megavoltage (MV) and kilovoltage (kV) X-ray
sources and thus already possess hardware for dual-energy (DE) CT. There is
unexplored potential for enhanced image contrast using MV-kV DE-CT in radio-
therapy contexts.

Approach: A single-line integral toy model was designed for computing basis
material signal-to-noise ratio (SNR) using estimation theory. Five dose-matched
spectra (3 kV, 2 MV) and three variables were considered: spectral combination,
spectral dose allocation, and object material composition. The single-line model was
extended to a simulated CT acquisition of an anthropomorphic phantom with and
without a metal implant. Basis material sinograms were computed and synthesized
into virtual monoenergetic images (VMIs). MV-kV and kV-kV VMIs were compared
with single-energy images.

Results: The 80 kV-140 kV pair typically yielded the best SNRs, but for bone thick-
nesses >8 cm, the detunedMV-80 kV pair surpassed it. Peak MV-kV SNR was
achieved with ∼90% dose allocated to the MV spectrum. In CT simulations of
the pelvis with a steel implant, MV-kV VMIs yielded a higher contrast-to-noise ratio
(CNR) than single-energy CT and kV-kV DE-CT. Without steel, the MV-kV VMIs
produced higher contrast but lower CNR than single-energy CT.

Conclusions: This work analyzes MV-kV DE-CT imaging and assesses its poten-
tial advantages. The technique may be used for metal artifact correction and
generation of VMIs with higher native contrast than single-energy CT. Improved
denoising is generally necessary for greater CNR without metal.

© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JMI.11.2.023501]

Keywords: computed tomography; dual-energy; estimation theory; basis material
decomposition; megavoltage imaging; simulation

Paper 23177GRR received Jun. 26, 2023; revised Dec. 26, 2023; accepted Feb. 6, 2024; published Mar.
4, 2024.

1 Introduction
When imaging for radiation therapy, high soft-tissue contrast is essential. Tumors must be accu-
rately imaged at all stages: before treatment for dose calculations, during treatment for patient
positioning, and after treatment for cancer monitoring.1 The current imaging standard in radiation
therapy is single-energy (SE) computed tomography (CT). While SE-CT provides clear contrast
between bone and soft tissue, it has difficulty distinguishing variations within tissue structures.
To achieve a sufficient contrast-to-noise ratio (CNR) to identify a tumor on a soft-tissue back-
ground, a higher patient dose may be necessary. With the advent of modern image-guided
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radiation therapy (IGRT) and its daily imaging requirements, individual image doses are in
danger of accumulating over the course of treatment up to the scale of a therapy dose fraction.2

Thus, there is interest in finding methods that achieve sufficient image quality for IGRT with
reduced dose.

One potential solution could be on-board dual-energy (DE) CT. In diagnostic imaging,
DE-CT is routinely applied to enhance contrast. By acquiring multiple spectral data points,
sufficient information is available for the calculation of basis material images and virtual mono-
energetic images (VMIs). With carefully chosen contrast agents and X-ray spectra, image quality
may be greatly improved using DE-CT.3–6

To achieve multiple simultaneous CT acquisitions, DE-CT imaging requires special hard-
ware such as multiple source-detector arrays, energy-discriminating detectors, or fast kV-switch-
ing sources. A system lacking this hardware may also perform DE-CT by means of repeat
acquisitions, but this method can suffer from misalignment or motion artifacts. Modern radiation
therapy treatment systems are often already equipped with dual X-ray sources: a megavoltage
(MV) source for treatment and a kilovoltage (kV) source for on-board imaging. Given this readily
available equipment, there exists an unexplored potential for enhancing image quality in the
context of radiation therapy using MV-kV DE-CT.6,7

A variety of methods are being explored to improve image contrast in radiation therapy
settings without delivering excess patient dose. CT is currently the only accepted imaging modal-
ity for three-dimensional treatment planning dose calculations, as it provides empirical informa-
tion on electron density and atomic composition. Unfortunately, X-ray imaging modalities like
CT require increased dose to yield sufficient soft-tissue contrast for this purpose and additionally
suffer from a lack of functional information and, in some cases, metal artifacts. To overcome
these drawbacks, there has been recent interest in magnetic resonance (MR) and positron emis-
sion tomography (PET) imaging at different stages of the treatment planning process.1,8 MR- and
PET-linac systems are currently being developed and even introduced in some clinics.9,10 Though
these systems show promise, they are emerging and expensive, and CT imaging still remains
necessary for dose calculation. Combined MV-kV imaging has the unique advantage of utilizing
existing hardware, resulting in a much lower barrier to implementation and the potential to be
realized in a shorter time frame. Moreover, MV images have the potential to be acquired during
patient treatment, providing dual energy information to augment kV images without necessitat-
ing additional dose.7,11,12

While some prior work has explored ways to combine MV and kV information for various
applications, work specifically exploring MV-kV DE-CT is limited. This may be due to the draw-
backs of MV images, which can potentially contaminate kV images and reduce image quality if
the two are combined naively. Since MeV photons are generally more penetrating than keV
photons and have greater dose deposition per photon, MV images typically have lower contrast
and greater noise relative to kV images with the same dose.12,13 There are limited situations in
which MV imaging alone is sufficient. For example, MV localizers or CT images have been
shown to be sufficient for radiotherapy setup verification, which is useful for linacs lacking
a kV X-ray source.14 The superior quality of kV imaging is still necessary for initial treatment
planning.

When strategically implemented, MV information can be combined with kV information to
achieve better soft-tissue contrast than could be achieved with either source alone and an equiv-
alent total dose. Various techniques have been described previously.6,12,13,15–21 For example, the
greater penetrability of MV photons becomes an advantage when imaging highly attenuating
objects; thus, MV data may be synthesized with kV images for metal artifact correction.18,21

Similar methods have been implemented for target tracking during radiotherapy.16,17

Previous work has shown promise for MV-kV DE-CT.6,12,13,15,19,20 With only partial angular
information, combined MV-kV CT images can achieve superior image quality relative to kV or
MV alone by inheriting the advantages of each single-energy image: higher contrast from
kV images and reduction in streak artifacts from MV images. These techniques utilize 90 deg
to 110 deg of data from each spectrum, possibly with a small amount (10 deg to 15 deg) of
overlap, then implement either a linear gray scale conversion or histogram mapping of pixels
to reconstruct a single kV or MV image with complete angular information. Though these
methods improve efficiency by reducing rotation time, the imperfect spectral mapping can cause
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artifacts and reduce image quality. To our knowledge, previous work focusing specifically on
MV-kV DE-CT has not considered datasets with complete angular information in both MV and
kV domains.

The precise conditions for MV-kV DE-CT to yield improved image quality with equivalent
dose have not been fully characterized. The experimental nature of this past work, utilizing image
quality phantoms, limits the number of data points feasible for robust analysis and optimization
of MV-kV DE-CT. These methods typically acknowledge the drawback of greater dose depo-
sition by MeV photons but do not consider the effect of dose distribution between MV and
kV spectra. They observe that image quality is best when MV beams penetrate more highly
attenuating material inserts, but they image only a small number of material inserts within image
quality phantoms. A more complete analysis should assess image quality for a continuum of
material attenuations and spectral dose distributions.

In this work, we implement the analytical method proposed by Roessl and Herrmann,22

which uses estimation theory to characterize basis material signal-to-noise ratio (SNR) along
a single-line integral with DE X-rays. This method has not yet been applied to MV-kV imaging.
With this technique, we are able to survey a wide range of parameters without experimental
measurements, facilitating more robust characterization of situations in which MV-kV imaging
provides superior image quality and quantification of the degree of improvement. This similarly
allows us to assess whether it is possible to achieve equivalent image quality and reduced dose
with MV-kV imaging. We consider three variables: spectral combination, dose allocation
between the two spectra, and material composition. To gauge utility of MV-kV DE-CT in a more
clinically realistic setup, we also extend this model to a CT raytracing simulation with parameters
informed by the single-line optimization.

2 Methods
Two models were developed for quantifying basis material image quality: a toy model using a
single-line integral with a two-material object and a fan-beam CT simulation with a computa-
tional anthropomorphic phantom. The single-line model was used to maximize basis material
SNR as a function of spectral dose allocation for an object with various bone thicknesses. These
results were used to inform the simulated CT imaging task.

2.1 Signal Detection Framework
The detected signal λ with each spectrum i was calculated as

EQ-TARGET;temp:intralink-;e001;117;331λi ¼
Z

Emax

Emin

DðEÞPoifIiðEÞTðEÞηðEÞdEg (1)

where E is the energy, IiðEÞ is the incident X-ray spectrum (photons per energy), TðEÞ is the
object transmission function, ηðEÞ is the detective efficiency function, DðEÞ is the detector
response function, and the notation Poifxg indicates generation of a realization of a Poisson
random variable with mean x. In Eq. (1), the argument of the Poisson noise is the mean number
of photons of energy E stopped by the detector. This indicates that the signal noise model is
compound Poissonian weighted by DðEÞ.

Transmission TðEÞ was computed as the line integral attenuation through the object of
interest

EQ-TARGET;temp:intralink-;e002;117;199TðEÞ ¼ e−
R
L
dlμðx;y;EÞ; (2)

where l is the distance along the given ray L and μðx; y;EÞ is the linear attenuation coefficient of
the material at location ðx; yÞ evaluated at energy E.

An energy-integrating detector (EID) was modeled [DðEÞ ¼ E] with detective efficiency
ηðEÞ as shown in Fig. 1. The detective efficiency function was computed to yield performance
consistent with that of a previously described high-detective quantum efficiency (DQE) xenon
gas detector.23,24 Such detectors have been implemented on commercial tomotherapy units
(Accuray Inc., Sunnyvale, CA) for fan-beam MV CT imaging.25,26
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2.1.1 Input spectra

Five polychromatic spectra IiðEÞ were modeled (Fig. 2). Three kV spectra were chosen to
represent common diagnostic CT options (80, 120, and 140 kV). The two MV spectra were
modeled after a typical treatment beam (6 MV) and a treatment beam with energy detuned to
below 3 MV for imaging (detunedMV).27,28 To ensure a valid basis for comparison, the flux of
each spectrum was scaled to deliver the same dose to the center of a 40-cm diameter water
cylinder (depth dw ¼ 20 cm) under the condition of charged particle equilibrium

EQ-TARGET;temp:intralink-;e003;114;247DoseðdwÞ ¼
Z

Emax

Emin

dEIiðEÞe−μwðEÞdw
�
μenðEÞ

ρ

�
w
E; (3)

where μwðEÞ is the linear attenuation coefficient of water and ½μenðEÞ∕ρ�w is the mass energy
absorption coefficient of water.29

2.2 Model 1: Single-Line Integral Through A Two-Material Object
Basis material SNR was computed using an estimation theory framework for a single ray incident
on a two-material object of ICRU tissue and bone with densities ρtissue ¼ 1.00 g∕cm3 and
ρbone ¼ 1.85 g∕cm3.22,30 The tissue thickness was fixed at ttissue ¼ 40 cm and the bone thickness
was varied from tbone ¼ 1 to 10 cm. All MV-kVand kV-kV spectral pairs were considered, yield-
ing nine DE combinations. The total single-line dose allocated to both spectra was set to 1 μGy.
For a typical CTacquisition with near 1000 projection views, this would sum to a dose of 1 mGy.
SNR was characterized as a function of dose allocation r in 1% increments (from 1% to 99%),
where the high-energy spectrum was rescaled by r and the low-energy spectrum by 1 − r.

(a) (b)

Fig. 2 (a) and (b) The five spectra with magnitude scaled to deliver 1 μGy dose.

Fig. 1 The modeled detective efficiency function ηðEÞ.
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The SNR for each basis material j was defined as the ratio of the true mass thickness
(Aj ≡ ρjtj) to the square root of the Cramér–Rao lower bound (CRLB) on variance

EQ-TARGET;temp:intralink-;e004;117;712SNRj ¼
Aj

σAj

: (4)

The CRLB was found from the Fisher information F using the known relation σ2Aj
≥ F−1

jj .
31

The signal noise model, which was energy-weighted compound Poisson, was approximated as a
Gaussian with mean and variance matching the first two moments of the true distribution.4 The
mean of each measurement is simply λi as in Eq. (1), and the corresponding variance σ2i is

EQ-TARGET;temp:intralink-;e005;117;620σ2i ¼
Z

Emax

Emin

dED2ðEÞIiðEÞTðEÞηðEÞ: (5)

Thus, each DE acquisition (i ¼ 1;2) yields a Fisher information matrix with elements in
terms of λi and σ2i and their partial derivatives with respect to the true mass thicknesses A

EQ-TARGET;temp:intralink-;e006;117;557F jk ¼
X
i¼1;2

1

σ2i

∂λi
∂Aj

∂λi
∂Ak

þ 1

2

X
i¼1;2

1

ðσ2i Þ2
∂σ2i
∂Aj

∂σ2i
∂Ak

; (6)

where i is the spectral index and j; k are the basis material indices.22

2.3 Model 2: Fan-Beam CT of an Anthropomorphic Phantom
To assess whether MV-kV DE-CT may provide advantages in clinical imaging scenarios, the
signal detection framework was extended from the single-line model to a fan-beam CT geometry
with 1200 views, 800 detector channels, and a fan angle of 47 deg. A single 360 deg rotation was
simulated for each acquisition. Beam transmission through a computational anthropomorphic
phantom, the extended cardiac torso (XCAT), was calculated.32 The phantom had dimensions
of 512 × 512 with 1 mm2 pixels. Path lengths through each pixel were determined using
Siddon’s algorithm for the exact radiological path through a CT array.33

Since MeV photons are generally more penetrating than keV photons, the effect of high
attenuation was considered by imaging the pelvis region with and without a metal hip replace-
ment (Fig. 3).34 A hip prosthesis comprises three primary components: a femoral head, a cap or
lining, and an outer shell. Each part must be wear-resistant, biocompatible, and capable of bear-
ing high static and dynamic loads; tradeoffs among these factors inform the proper choice of
materials for each patient’s unique presentation.35 Metals have traditionally been and continue
to be the central component of implants for total hip arthroplasty.34–36 Contemporary metals of
choice are stainless steel, titanium alloys, or cobalt-chromium (Co-Cr) alloys.35 Figure 4 shows
the linear attenuation coefficients of these materials, indicating that titanium alloys are generally
less attenuating than Co-Cr alloys and stainless steel. To represent these typical attenuation cat-
egories, we modeled two types of metal implants: (i) commercially pure titanium and (ii) surgical
grade stainless steel for both the femoral head and shell with a PMMA lining.

(a) (b)

Fig. 3 The computational phantom imaged (a) without and (b) with a metal hip replacement as
indicated by the arrow. Contrast levels correspond to noiseless 80 keV VMIs. In the modeled hip
prosthesis, the femoral head and outer shell were either titanium or stainless steel, and the inner
lining was PMMA. CNR was computed using the delineated ROIs, and RMSE was evaluated
within the phantom.
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The total dose of each DE-CT acquisition was set to 10 mGy. Sinograms were generated for
two spectral pairs, “MV-kV” (9 mGy detunedMV and 1 mGy 80 kV) and “kV-kV” (5 mGy
140 kV and 5 mGy 80 kV). Each sinogram pair was decomposed into ICRU tissue and bone
basis materials using a Gauss–Newton algorithm.37 While basis material decomposition may
occur in either the sinogram or image domain, the sinogram-domain decomposition was chosen
because of its advantage of ameliorating beam hardening artifacts. The basis material sinograms
were then reconstructed into basis material images (BMIs) using fan-beam filtered back projec-
tion (FFBP) including a general sinc window with cutoff frequency at 80% of the Nyquist
frequency.38 These BMIs correspond to the densities of the materials ρi. The reconstructed
images had a matrix size of 512 × 512 and field-of-view of 50 cm. VMIs were generated at
various energies E0 as a linear combination of the BMIs

EQ-TARGET;temp:intralink-;e007;114;366VMIðE0Þ ¼ ρ1

�
μðE0Þ
ρ

�
1

þ ρ2

�
μðE0Þ
ρ

�
2

; (7)

where ½μðE0Þ∕ρ�j is the known mass attenuation coefficient of basis material j at the energy E0.
For comparison, three 10 mGy single-energy (SE) acquisitions were also generated (80, 120,

and 140 kV) and reconstructed using the same FFBP algorithm. As the DE VMIs have the
advantage of ameliorating beam-hardening effects, a two-material beam-hardening correction
(BHC) was applied to the SE images. Awater correction was first applied in the sinogram domain
using a fourth-degree polynomial remapping based on known attenuation characteristics.38

A bone correction was then applied in the image domain by generating an artifact-only image
from a thresholded “bone” image, which was linearly combined with the original image to create
the final corrected image.38 This allowed us to compare dose-matched and artifact-corrected
SE- and DE-CT, which is more fair than comparison of each 10 mGy DE-CT acquisition with
its noisier constituent <10 mGy SE-CT simulations. Better image quality with equivalent dose
also indicates that dose can be reduced while maintaining equivalent image quality.

To evaluate image quality, CNR was computed in each 10 mGy SE-CT image and DE-CT
VMI using measurements from the ROIs delineated in Fig. 3. CNR was defined as

EQ-TARGET;temp:intralink-;e008;114;159CNR ¼ jAvg½ROI1� − Avg½ROI2�jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var½ROI1� þ Var½ROI2�

p ; (8)

where ROI1 is the signal and ROI2 is the background. We also examined contrast and noise
individually, defined as the numerator and denominator of Eq. (8), respectively.

To evaluate the accuracy, the VMIs were registered to the input phantom, and root-mean-
square-error (RMSE) was computed relative to the monoenergetic ground truth,

(a) (b)

Fig. 4 Linear attenuation coefficients of metals common in modern hip prostheses (cobalt-
chromium alloys, titanium alloys, and surgical-grade stainless steel) in (a) the keV energy range
and (b) the MeV energy range.
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EQ-TARGET;temp:intralink-;e009;117;736RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Avg½ðVMI − XCATÞ2�

q
: (9)

Note that SE-CT measurements are not energy-dependent, whereas CNR, RMSE, VMI, and
XCAT include implicit energy dependence from each monoenergetic evaluation.

3 Results

3.1 Model 1: Single-Line Integral
To identify the most promising spectral pairs, Figs. 5 and 6 present heatmaps of peak tissue and
bone SNR, respectively, for each spectral combination and the ten bone thicknesses. Peak SNR
was found from the curve of SNR as a function of dose allocation r. For both basis materials,

Fig. 5 Heatmap of peak tissue SNR as a function of bone thickness for all dual-energy spectral
combinations.

Fig. 6 Heatmap of peak bone SNR as a function of bone thickness for all dual-energy spectral
combinations.
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the 140 kV-80 kV pair yields the highest SNRs overall. The detunedMV-80 kV pair yields the
highest SNRs of the MV-kV pairs. These two spectral pairs will be the focus of further analysis
(“kV-kV” and “MV-kV,” respectively). Tissue SNR is maximized for both pairs with 1 cm bone,
and bone SNR is maximized for kV-kV at 4 cm bone and MV-kV at 6 cm bone.

Looking at optimal spectral dose distribution, Fig. 7 shows tissue basis material SNR as a
function of high-energy dose allocation r for three different bone thicknesses. Based on the peaks
in the two heatmaps, bone thicknesses of 1, 4, and 6 cm were chosen. Table 1 lists the coordinates
of the peak basis material SNR for all spectral combinations with 1 cm bone. The MV-kV curve
is skewed toward allocating a greater proportion of dose to the MV spectrum, peaking at
r ¼ 0.92, 0.83, and 0.75 for 1, 4, and 6 cm, respectively. The kV-kV curve favors a more equal
dose distribution, peaking at r ¼ 0.51, 0.44, 0.40. As bone thickness increases, SNR is maxi-
mized by increasing the dose allocated to the low-energy spectrum.

To assess the effect of increasing object attenuation, Fig. 8 shows peak SNR as a function of
bone thickness for the MV-kV and kV-kV pairs. At low bone thicknesses, kV-kV SNR is higher
than MV-kV SNR for both basis materials. The tissue SNR monotonically decreases with
bone thickness, and the bone SNR reaches a maximum at a thickness of 4 cm (kV-kV) or
6 cm (MV-kV). As bone thickness increases, the difference between the two curves decreases,

(a) (b)

Fig. 7 With 1, 4, or 6 cm bone thickness, curve of bone SNR as a function of dose allocated to
the high-energy spectrum for (a) the detunedMV-80 kV and (b) 140 kV-80 kV spectral pairs.

Table 1 Peak coordinates (rmax;SNRmax) as a function of dose allocation for both basis materials
and all spectral pairs with a bone thickness of 1 cm.

Spectral pair

Tissue Bone

rmax SNR ðrmaxÞ rmax SNR ðrmaxÞ

6MV-80kV 0.93 47.99 0.89 3.36

6MV-120kV 0.93 31.79 0.91 1.86

6MV-140kV 0.93 26.79 0.91 1.49

detunedMV-80kV 0.92 61.23 0.87 4.24

detunedMV-120kV 0.92 41.11 0.89 2.39

detunedMV-140kV 0.91 34.88 0.89 1.93

140kV-80kV 0.51 154.02 0.45 9.89

140kV-120kV 0.51 35.72 0.50 2.09

120kV-80kV 0.50 120.38 0.45 7.94
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and at 8 cm bone, the MV-kV curves intersect the kV-kV curves and begin to yield higher SNRs.
This is due to the more rapid SNR drop-off of kV-kV imaging at high bone thickness.

3.2 Model 2: Fan-Beam CT
To quantify image quality in the simulated CT images, Fig. 9 shows CNR in the VMIs of the
pelvis phantom with and without the metal hip replacement (titanium or steel). CNR was mea-
sured as a function of VMI energy, and horizontal lines were drawn at the fixed CNR for each
dose-matched, beam-hardening corrected kV SE-CT image. These represent thresholds above
which DE-CT may yield improved image quality for a given imaging task. The DE-CT peak
CNRs and SE-CT CNR thresholds with and without BHC are listed in Table 2. In the pelvis
and pelvis with titanium, single-energy CNR improves considerably with BHC. With steel, the
single-energy images are too noisy for the BHC algorithm implemented to sufficiently reduce
streaking artifacts. With BHC, single-energy CT is able to outperform DE-CT in certain cases.
For the pelvis and pelvis with titanium, kV-kV DE-CTyields the best CNR, and the peak MV-kV
CNR is lower than the SE-CT threshold. For the more highly attenuating steel, MV-kV DE-CT

Fig. 8 Maximum SNR for tissue (solid lines, left scale) and bone (dashed lines, right scale) for
the 140 kV-80 kV (kV-kV, square marker) and detunedMV-80 kV (MV-kV, circle marker) spectral
combinations as a function of bone thickness.

(a) (b) (c)

Fig. 9 (a)–(c) CNR in the detunedMV-80kV (MV-kV) and 140kV-80kV (kV-kV) VMIs as a function
of energy, with horizontal lines at the CNR of each kV single-energy CT acquisition. The total dose
of the dual-energy scans was equivalent to the dose of the single-energy scans (10 mGy).
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yields the best CNR, and the peak kV-kV CNR is below the SE-CT threshold. Without BHC,
the SE-CT threshold is surpassed by the peak CNR of both MV-kV and kV-kV acquisitions for
all three phantoms.

To better understand the CNR results, Figs. 10 and 11 show the separate contrast and noise
values within the overall ratio. At low monoenergies, both MV-kV and kV-kV VMIs yield the

Table 2 For each phantom, maximum CNR measured in the MV-kV and kV-kV VMIs, and single-
energy CNRs with and without a BHC. For each dual-energy acquisition, the VMI energy corre-
sponding to the maximum CNR is indicated in parentheses. For each single-energy spectrum,
the change in CNR with BHC is indicated in parentheses.

Acquisition Pelvis CNR Pelvis with titanium CNR Pelvis with steel CNR

MV-kV 5.30 (61 keV) 1.78 (239 keV) 1.35 (315 keV)

kV-kV 7.16 (93 keV) 2.82 (116 keV) 0.94 (122 keV)

80 kV 4.16 0.97 0.02

80 kV (BHC) 5.59 (+1.43) 1.33 (+0.36) 0.14 (+0.12)

120 kV 4.79 1.47 0.46

120 kV (BHC) 6.00 (+1.21) 2.42 (+0.95) 0.41 (–0.05)

140 kV 4.94 1.63 0.73

140 kV (BHC) 6.17 (+1.23) 2.63 (+1.00) 1.05 (+0.32)

(a) (b) (c)

Fig. 10 (a)–(c) Measured contrast (numerator of the CNR) in the detunedMV-80 kV (MV-kV) and
140 kV-80 kV (kV-kV) VMIs as a function of energy, with horizontal lines at the value of each dose-
matched kV single-energy CT acquisition.

(a) (b) (c)

Fig. 11 (a)–(c) Measured noise (denominator of the CNR) in the detunedMV-80 kV (MV-kV) and
140 kV-80 kV (kV-kV) VMIs as a function of energy, with horizontal lines at the value of each dose-
matched kV single-energy CT acquisition.
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highest native contrast, as expected. This is accompanied by a high noise level, especially in
the MV-kV VMIs. This is likely due to the relative up-weighting of the 80 kV acquisition with
only 10% dose allocation at low VMI monoenergies. At high monoenergies, DE-CT VMIs gen-
erally have less noise and lower contrast than the dose-matched SE-CT images. The relative rate
of change of the two factors differs for each phantom, as indicated in the conglomerate ratios
shown in Fig. 9.

To quantify accuracy of the simulated CT images relative to the known ground truth, Fig. 12
shows RMSE for each DE-CT VMI. Generally, RMSE appears to decrease with greater VMI
energy. Depending on the imaging setup, this lower error may come at the cost of higher CNR
(Fig. 9). For the pelvis without metal, the minimum RMSE is 44.9 HU for kV-kV and 51.1 HU
for MV-kV DE-CT. The smallest error overall is achieved with kV-kV DE-CT, though the differ-
ence relative to MV-kV is small (+6.2 HU). With metal, the RMSE measurements are much
larger, likely due to the overall higher noise and possible streaking artifacts. For the titanium
case, the scale of the error is similar, with a minimum RMSE of 66.9 HU for kV-kV and
69.0 HU for MV-kV DE-CT (+2.1 HU). For the steel case, MV-kV yields the lowest error;
the minimum RMSE is 222.2 HU for kV-kV and 130.8 HU for MV-kV DE-CT (−91.4 HU).
The discrepancy in accuracy is also reflected in the contrast measurements shown in Fig. 10.
Ideally, MV-kV and kV-kV acquisitions would yield VMIs with identical contrast values that
match the known ground truth for each monoenergy. The contrast curves match well for the
pelvis alone but diverge with a titanium or steel implant.

Appendix shows the simulated CT images. Each DE-CT acquisition includes the constituent
single-energy images, BMIs, and example VMIs. The dose-matched, beam-hardening corrected
SE-CT images are also shown.

4 Discussion
This work presents an evaluation of MV-kV DE-CT imaging, which could be realized using
existing hardware in radiotherapy settings. We approached this task beginning with an estimation
theory framework for calculating SNR along a single ray and then expanding to a simulated fan-
beam CT acquisition of an anthropomorphic phantom. By comparing MV-kV DE-CT images
with dose-matched single-energy kV CT images and diagnostic kV-kV DE-CT images, we were
able to assess whether MV-kV imaging could be used to achieve improved image quality or
reduced dose relative to current clinical standards. Even small dose reductions could potentially
compound over many IGRT fractions to result in a significantly lower total dose from imaging
over a patient’s course of treatment.

Our single-line integral estimation theory method requires at least two input X-ray spectra to
compute a theoretical upper bound on the achievable basis material SNR.22 We use this method to
compare MV-kV DE-CT to diagnostic kV-kV DE-CT. However, in a realistic radiation therapy
scenario, the available imaging option would likely be a single-energy scan (either MV or kV)
rather than kV-kV DE-CT since existing treatment systems lack dual kV X-ray sources. The
availability of dual MV and kV X-ray sources is a unique practical advantage of MV-kV

(a) (b) (c)

Fig. 12 (a)–(c) RMSE in the detunedMV-80kV (MV-kV) and 140kV-80kV (kV-kV) VMIs as a func-
tion of energy. RMSE was calculated relative to the monoenergetic ground truth XCAT.
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DE-CT. While the kV-kV single-line integral SNR calculations provide useful context for the
MV-kV SNRs, our CT simulation allows us to make a more clinically relevant comparison of
single-energy kV CT with DE MV-kV DE-CT. We also simulated kV-kV DE-CT images for
context with the single-line integral SNRs.

Of the nine spectral pairs considered (six MV-kV and three kV-kV), the best basis material
SNRs were found using the 140 kV-80 kV spectral pair. This is expected, as this spectral pair is
commonly used for diagnostic DE-CT imaging since it maximizes the energy separation between
high- and low-energy spectra given the peak voltages conventionally available with modern
X-ray tubes.3 Of the MV-kV DE pairs, the best SNRs were found using the detunedMV-80 kV
pair and the second-best with the 6MV-80 kV pair. As the detuned beam has a lower effective
energy than the treatment beam, it is expected to yield better image quality due to its higher
detective efficiency and native contrast. However, the 6 MV treatment beam has the potential
to be used for acquiring images simultaneously with radiation therapy treatment, whereas the
detuned beam could only be used for imaging before or after treatment.11 In this work, we chose
to focus on the detuned beam. This choice provides a metric of the best achievable MV-kV CT
image quality using beams currently available on therapy treatment systems, which is useful for
an assessment of clinical viability.

One unique consideration of this study was the effect of dose allocation between the two
spectra in a DE acquisition. We found that spectral dose distribution has a considerable effect on
MV-kV image quality. As kV X-ray spectra have relatively similar effective energy and detective
efficiency, dose allocation may not be a typical consideration for diagnostic DE-CT. Single-ray
basis material SNR peaked with ∼90% dose allocated to the detunedMV spectrum or 50% dose
to the 140 kV spectrum when paired with the 80 kV low-energy spectrum. The exact optimal
dose allocation varied depending on the basis material and bone thickness. The asymmetric SNR-
versus-dose allocation curve is a unique aspect of MV-kV DE-CT, likely owing to the greater
dose deposition per photon with energy in the MeV range. In general, the optimal r was slightly
higher for tissue SNR than for bone SNR. For both spectral pairs, r also decreased with increas-
ing bone thickness. This relation was steeper for the MV-kV DE-CT pair. These results suggest
spectral dose allocation is an important consideration for clinical implementation of MV-kV CT.
Though past work assessing combined MV-kV image quality often draws comparisons with
single-energy acquisitions, there is lack of a consideration of dose variations.12,15,19–21 A fair
comparison of MV-kV DE-CT with single-energy CT should utilize dose-matched acquisitions
with optimal spectral dose distributions depending on object composition. Our method provides
one such way of carrying out this optimization.

For the fan-beam CT simulations, we chose the dose distribution between spectra using the
single-ray approximations, with a 90:10 MV-kV distribution and 50:50 kV-kV distribution in
each ray. Optimal dose allocation is more complex for CT than it is for a single ray. A CT acquis-
ition comprises thousands of line integrals over many views and detector channels, each passing
through a distinct section of the anatomy with varying attenuation. For rays including greater
bone thickness, our results indicate that more doses should be allocated to the low-energy spec-
trum. We expect that image quality in our DE-CT simulations could be improved with more
thorough dose allocation optimization. Traditional CT imaging uses bowtie filtration to reduce
the dose allocated to more peripheral detector angles, producing more similar spectrum magni-
tudes after attenuation and, consequently, more uniform noise in each channel.39 Tube current
modulation (TCM) may additionally be implemented to modulate the dose delivered at each view
angle, equalizing the noise in each projection.40 The single-line model could be used to inform a
DE-CT TCM algorithm that incorporates a method for optimizing dose allocation to each spec-
trum at each view. Since the optimal dose allocation as a function of bone thickness varied more
quickly for the detunedMV-80kV pair than it did for the diagnostic 140 kV-80 kV pair, MV-kV
DE-CT image quality may especially benefit from such an algorithm, and it is worth considering
for future applications.

In the single-line integral model, tissue SNR monotonically decreased as a function of bone
thickness. Bone SNR peaked at 4 cm for the 140 kV-80 kV pair and 6 cm for the detunedMV-
80 kV pair. At low bone thicknesses, the SNR achieved with the kV-kV pair was higher than
that with the MV-kV pair. This is more relevant for most imaging scenarios, especially at
antero-posterior or posto-anterior CT view angles. However, at 8 cm bone thickness and greater,
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the MV-kV pair yields the highest SNRs. With the greater attenuation due to high bone thickness,
the higher penetrability of the MeV photons becomes more beneficial as kV images begin to
suffer from photon starvation. This effect has been utilized in other work for artifact correction
around highly attenuating objects, namely metal implants.18,21 Our findings corroborate this
effect. For this reason, we explored DE-CT BMI quality with and without metal implants in
the XCAT phantom.32

The simulated CT images show an advantage of MV-kV DE-CT over dose-matched single-
energy kV CT and kV-kV DE-CT when imaging the pelvis with a steel hip prosthesis. This
suggests potential utility of the technique for metal artifact correction. When imaging the pelvis
alone or with the less attenuating titanium implant, kV-kV DE-CTyielded the best image quality.
Though both DE acquisitions could be used to generate low-energy VMIs with greater native
contrast, the higher noise in the MV-kV acquisitions translated into a lower CNR than the dose-
matched, artifact-corrected single-energy CT images of the pelvis without metal. With either
titanium or steel hip prosthesis, as expected, image quality suffered for all SE-CT acquisitions.
The severity of metal artifacts was especially apparent in the constituent kV images with the
more highly attenuating steel implant, and MV-kV VMIs yielded the best CNR and RMSE.
For the relatively less attenuating titanium implant, the kV-kV and MV-kV CNRs converge
above 200 keV. However, visual inspection of the 300 keV VMIs (Appendix) indicates that
the images have very different textures; the kV-kV image [Fig. 15(f)] has better contrast but
a residual streak artifact, whereas the MV-kV image [Fig. 16(f)] is noisier but with more uniform
texture. Likewise, the dose-matched, artifact-corrected SE-CT images produce a higher CNR
than the MV-kV VMIs in the pelvis alone or with titanium, but there are some residual
beam-hardening artifacts that affect the noise texture (Fig. 19). Our metric of image quality,
CNR, is unable to capture this difference in texture, and it is not clear which image would be
universally preferable. Further work might explore whether such texture differences are clinically
significant.

DE acquisitions can bypass the need for a separate BHC by using a material decomposition
algorithm in the sinogram domain. We found that BHC is necessary for single-energy CNRs to
exceed the peak MV-kV CNRs. We did not apply any post-processing to the DE-CT VMIs.
Looking at the MV-kV pelvis-only images (Fig. 14), it appears that the main contributor to
VMI noise is the MVacquisition. Even with 90% of the total dose allocated to the MV spectrum,
it has a lower incident flux than the kV spectrum due to the higher dose deposition per photon
in the MeV energy range. DE-CT has the unique potential to mitigate the high noise in the
MV acquisitions with a multi-channel denoising technique that utilizes the shared edge
structure of images acquired with different spectra.41,42 Though not implemented in our work,
such a method could be particularly useful for MV-kV DE-CT, as kV images have much lower
noise and sharper edges to inform denoising in the MV images. Commercial imaging equip-
ment may implement a proprietary denoising algorithm, as well. Given the potential for
MV-kV imaging to generate low-energy VMIs with high native contrast, such methods might
be explored to test whether MV noise could be sufficiently reduced to produce a higher CNR
than that of single-energy CT for more general imaging scenarios. Nevertheless, these simu-
lation results demonstrate the value of MV information for metal artifact correction and VMI
generation.

Other work has similarly drawn comparisons between combined MV-kV images and single-
energy kV images.12,15 Li et al.15 observed that MV-kV VMIs of an image quality phantom
can yield improved CNR relative to single-energy kV images with proper selection of virtual
monoenergy. They found low monoenergy is preferable for low-density material inserts, and
conversely, high monoenergy is preferable for high-density inserts. This trend matches our
findings of VMI CNR as a function of monoenergy in the pelvis with and without metal.
Similarly, Yin et al.12 measured comparable or better contrast in aggregate MV-kV reconstruc-
tions compared to kV alone, depending on the material. It is relevant to note that these studies
utilized a partial-angle acquisition technique and did not account for dose distribution, which is
distinct from our method.

We chose to model a fan-beam, high-DQE, EID with an efficiency near 20% in the MeV
energy range (Fig. 1). This emulates the xenon gas detectors that have been used for MV CT on
commercial tomotherapy units (Accuray Inc., Sunnyvale, CA).23–26 Prior research indicates that a
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DQE(0) of at least 20% is needed for sufficient image quality without delivering excessive dose
to the patient, with non-negligible dose concerns emerging due to daily imaging of patients for
modern IGRT.2,43 However, conventional linear accelerators typically acquire MV images using a
cone-beam CT geometry and flat-panel electronic portal imaging device (EPID) with a much
lower detective efficiency of 1% to 2%.44 Thus, it is of interest to consider the applicability
of our work in the context of conventional cone-beam CT. MV imaging technology is rapidly
evolving, and new EPIDs are being introduced with higher detective efficiency, improved spatial
resolution, and reduced quantum noise. A variety of promising techniques are being explored,
including multi-layered scintillators, novel scintillating materials, and direct conversion
detectors.43–47 New EPIDs have been developed with measured DQE(0) of 6.7%,44 8.0%,45

9.7%,46 and 22%.43 One application of that research demonstrated that single-energy MV
CT images acquired with a four-layer EPID have superior image quality relative to MV and
kV images acquired with a single-layer detector in the presence of titanium and aluminum
implants.48 Our results support these findings in the context of DE MV-kV CT for steel artifact
correction. Furthermore, as noted, MV-kV DE-CT has the unique potential to compensate for low
MV counting efficiency with a multi-channel denoising technique. Thus, we expect our work is
also relevant for cone-beam MV-kV DE-CT with either an emerging high-DQE EPID or multi-
channel denoising.

Diagnostic kV imaging technology is also advancing. Photon-counting detectors (PCDs)
have recently debuted in clinical CT scanners, offering advantages such as higher spatial
resolution, lower quantum noise, and dose reduction with image quality comparable to conven-
tional EIDs.49,50 Spectral PCDs mounted on radiotherapy treatment systems could offer a new
avenue for single-shot MV-kV DE-CT by using signal pulse height thresholds to “bin” detected
photons into sinograms with different energy spectra using a single X-ray beam. Another
ongoing area of research is data-driven DE-CT imaging techniques. Deep learning models
have been introduced for the generation of DE images from single-energy data and material
decomposition.51,52 This work could potentially be utilized in MV-kV imaging, for example with
improved material decomposition algorithms that are trained to account for the large contrast and
noise differences.

This work was a simplified theoretical analysis of MV-kV DE-CT, and many limitations
could be more realistically modeled in future work. Our compound Poisson noise model
neglected X-ray scatter, patient motion, and electronic noise. A real CT acquisition will be
affected by these complexities, and a DE-CT system using simultaneous acquisitions will also
experience cross-scatter from the two beams. Though the simultaneous acquisition method
introduces this additional scatter, it has the advantage of reducing motion artifacts relative to
a sequential acquisition method. A Monte Carlo simulation could be additionally implemented
to approximate both single-source scatter and dual-source cross-scatter, in order to better weigh
the costs and benefits of each technique.53,54 Other work has presented new methods for scatter
reduction between MV and kV sources, which could also be considered.55 Though we did not
account for electronic noise in our detector model, new photon-counting detectors are able to
threshold out this noise. This could also be an avenue for future work. For image reconstruction,
we implemented a standard filtered back-projection algorithm.38 More modern iterative and deep
learning methods could be implemented, which may include more advanced noise reduction.
Such algorithms likely especially benefit MV CT since MV images tend to be noisier than
kV images when dose-matched.

One potential extension of this work would be a more realistic differentiation of the two
source-detector arrays. While traditional CT is acquired with a full field-of-view, some work
has considered MV images that are truncated by multi-leaf collimators (MLCs).11 Future work
could simulate or acquire MLC leakage images, especially with a simulated dose plan that opens
the MLCs around the tumor. These images would use a higher incident flux, and attenuation
through the MLCs would be calculated. Such images may suffer from a limited field-of-view
and ring artifacts, for which corrections should be explored. On a linac, imaging systems likely
utilize cone-beam CT geometry, which can further suffer from greater scatter and smaller field-
of-view relative to fan-beam CT.56 However, it is important to assess these practical constraints in
relation to the standard single-energy CT images. Different detector materials and geometries
should be considered for the MV and kV systems. In this work, we assumed the same detector
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was used for all acquisitions, with a fan shape and a fixed number of channels. This matched
detector acquisition allows for material decomposition in the sinogram domain, which has the
advantage of alleviating beam hardening artifacts. In current clinical settings, the kV source
would likely have a larger fan angle and more detector channels. These different geometries
will produce sinograms with different angular extents and other properties, likely resulting in
different reconstructed image qualities and necessitating implementation of an image-domain
material decomposition algorithm. This may affect the resulting image quality. Even so, the
results of this initial investigation provide sufficient motivation for future studies with more
faithful geometric modeling.

5 Conclusion
This work presents an analysis of MV-kV DE-CT imaging. We estimate that basis material SNR
is maximized with 90% dose allocated to the MV spectrum. For bone thicknesses greater than
8 cm, SNR is maximized using MV-kV DE-CT. In a simulated CT scan of the pelvis with a
stainless steel hip prosthesis, MV-kV VMIs can produce higher CNR and lower RMSE than
diagnostic kV-kV VMIs, indicating the potential utility of this technique for metal artifact cor-
rection. With pelvis alone or a less attenuating titanium prosthesis, MV-kV DE-CT can generate
low-energy VMIs with higher native contrast, but dose-matched single-energy CT yields a better
CNR due to lower noise. For MV-kV to outperform single-energy CT in these cases, multi-
channel denoising methods, multi-view dose allocation optimization, and improved MV detec-
tors might be explored. These results demonstrate the potential utility of MV-kV DE-CT, more
robustly quantify the parameters for optimal implementation, and motivate future experimental
investigation into clinical applications.

6 Appendix: Simulated CT Images
For qualitative analysis, Figs. 13–18 show a sampling of simulated SE-CT images, BMIs,
and VMIs used for our analysis, providing complementary visual information for the
measurements in Figs. 9 and 12. Figures 13 and 14 show the kV-kV and MV-kV DE-CT
acquisitions of the pelvis without metal; Figs. 15 and 16 show the images with titanium hip
replacement; and Figs. 17 and 18 show the images with stainless steel hip replacement.
Figure 19 shows the dose-matched, beam-hardening corrected SE-CT images used for
comparison.

Qualitatively, in each constituent kV SE-CT image, there is noticeable beam hardening in the
pelvis and severe streaking artifacts with either titanium or stainless steel hip replacement. These
effects are more severe for the more highly attenuating metal, stainless steel. The detunedMV SE-
CT images display less beam hardening, and although the metal hip replacements increase noise,
they do not cause as severe streaking.

In the dose-matched, artifact-corrected SE-CT images used for comparison with DE-CT
VMIs (Fig. 19), there is a considerable reduction in noise and beam hardening. In images of
the pelvis alone, the artifact is almost entirely corrected. With a titanium implant, there is
noticeable improvement but some residual streaking that affects noise texture. With steel,
although the cupping artifact is mostly corrected, the streaking artifacts are too severe to be
eliminated.

Similarly, with either metal, after basis material decomposition, the kV-kV and MV-kV
BMIs both show considerable streaking. In the MV-kV case, this is likely due to artifact con-
tamination from the 80 kV SE-CT image. This contamination improves after synthesis into
VMIs. Without metal, both the MV-kV and kV-kV VMIs have visibly good contrast and no
beam hardening. With titanium, the 300 keV VMIs for both MV-kV and kV-kV acquisitions
improve upon the SE-CT images; kV-kV has less noise but a moderate streaking artifact, whereas
MV-kV is slightly noisier but devoid of streaking. With the more attenuating stainless steel,
the 300 keV MV-kV VMI has greatly reduced metal artifact contamination compared to the
kV-kV VMIs.

Jadick, Schlafly, and La Rivière: Dual-energy computed tomography imaging. . .

Journal of Medical Imaging 023501-15 Mar∕Apr 2024 • Vol. 11(2)



(a) (b)

(c) (d)

(e) (f)

Fig. 13 (a) and (b) Single-energy CT images, (c) and (d) BMIs, and (e) and (f) VMIs for the 140 kV-
80 kV DE-CT acquisition of the pelvis with no hip replacement. The VMIs correct the beam hard-
ening visible in the single-energy CT images.
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(c) (d)

(e) (f )

Fig. 14 (a) and (b) Single-energy images, (c) and (d) BMIs, and (e) and (f) VMIs for the
detunedMV-80 kV DE-CT acquisition of the pelvis with no hip replacement. VMI synthesis corrects
for the beam hardening in the 80 kV single-energy image but results in increased noise from the
detunedMV single-energy image.
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(c) (d)

(e) (f )

Fig. 15 (a) and (b) Single-energy images, (c) and (d) BMIs, and (e) and (f) VMIs for the 140 kV-
80 kV DE-CT acquisition with titanium hip replacement. In the VMIs, the beam hardening artifact of
the single-energy images has been corrected, but there is residual streaking.
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(c) (d)

(e) (f )

Fig. 16 (a) and (b) Single-energy images, (c) and (d) BMIs, and (e) and (f) VMIs for the
detunedMV-80 kV DE-CT acquisition with titanium hip replacement. The 300 keV VMI does not
display streaking or beam hardening artifacts, but it shows a similar noise profile as the detunedMV
single-energy image.
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(c) (d)

(e) (f )

Fig. 17 (a) and (b) Single-energy images, (c) and (d) BMIs, and (e) and (f) VMIs for the 140 kV-
80 kV DE-CT acquisition with stainless steel hip replacement. Both single-energy images and
VMIs suffer from severe streaking artifacts.

Jadick, Schlafly, and La Rivière: Dual-energy computed tomography imaging. . .

Journal of Medical Imaging 023501-20 Mar∕Apr 2024 • Vol. 11(2)



(a) (b)

(c) (d)
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Fig. 18 (a) and (b) Single-energy images, (c) and (d) BMIs, and (e) and (f) VMIs for the
detunedMV-80 kV DE-CT acquisition with stainless steel hip replacement. The 300 keV VMI highly
alleviates the streaking artifact.
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