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Purpose: To assess image quality and to quantify the accuracy of relative electron densities (qe) and
effective atomic numbers (Zeff) for three dual-energy computed tomography (DECT) scanners: a
novel single-source split-filter (i.e., twin-beam) and two dual-source scanners.
Methods: Measurements were made with a second generation dual-source scanner at 80/
140Sn kVp, a third-generation twin-beam single-source scanner at 120 kVp with gold (Au) and tin
(Sn) filters, and a third-generation dual-source scanner at 90/150Sn kVp. Three phantoms with tissue
inserts were scanned and used for calibration and validation of parameterized methods to extract qe
and Zeff, whereas iodine and calcium inserts were used to quantify Contrast-to-Noise-Ratio (CNR).
Spatial resolution in tomographic images was also tested.
Results: The third-generation scanners have an image resolution of 6.2, ~0.5 lp/cm higher than
the second generation scanner. The twin-beam scanner has low imaging contrast for iodine
materials due to its limited spectral separation. The parameterization methods resulted in calibra-
tions with low fit residuals for the dual-source scanners, yielding values of qe and Zeff close to
the reference values (errors within 1.2% for qe and 6.2% for Zeff for a dose of 20 mGy, exclud-
ing lung substitute tissues). The twin-beam scanner presented overall higher errors (within 3.2%
for qe and 28% for Zeff, also excluding lung inserts) and also larger variations for uniform
inserts.
Conclusions: Spatial resolution is similar for the three scanners. The twin-beam is able to derive qe
and Zeff, but with inferior accuracy compared to both dual-source scanners. © 2016 American Associ-
ation of Physicists in Medicine [https://doi.org/10.1002/mp.12000]

Key words: Dual-energy dual-source CT, Dual-energy twin-beam CT, effective atomic number,
relative electron density

1. INTRODUCTION

Computed tomography (CT) is a crucial imaging modality
for the future developments of quantitative imaging. How-
ever, CT numbers depend on the scanner characteristics and
on the reconstruction model, meaning that the same material
will show different CT numbers if the scanning and recon-
struction settings are not the same.1,2

Dual-energy computed tomography (DECT) imaging has
the potential to improve quantitative imaging by adding a sec-
ond set of data to the same scanned material.3 This imaging
modality results in two 3-dimensional attenuation maps by
scanning with two different photon spectra. Various methods
have been described to transform these two sets of data from
CT numbers to electron densities relative to water (qe) and

effective atomic numbers (Zeff),
4–10 quantities suitable for

quantitative imaging. The additional Zeff information allows
the distinction of different tissues types that have similar qe.

11

DECT is not only a powerful technique to obtain material-spe-
cific information, but it also reduces beam-hardening artifacts
compared with conventional single energy CT (SECT).12

Moreover, SECT requires a calibration that is convention-
ally done with tissue-equivalent materials to obtain the qe
from the CT numbers. Uncertainties arise from the suitability
of these tissue-equivalent materials and the number of tissue
types needed to have a proper calibration (Fig. 1 from Baza-
lova et al.5). The calibration in DECT is done by phantoms
with known qe and Zeff values.

Different DECT modalities are commercially available
and these are based on single or dual-source CT scanners.3
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A single-source CT scanner can provide DECT images by
performing two consecutive spiral scans at different ener-
gies, scanning with a fast kilovolt-switching, using a dual-
layer detector system or scanning with a split beam with
different filters. The latter is a novel technique where a sin-
gle beam is split using two filters, which results in two differ-
ent photon spectra for the same source and thus producing
DECT images.13 Dual-source scanners produce DECT images
by using two orthogonal tubes with different filtrations and
voltages that can range from 70 kVp to 150 kVp.14

The purpose of this study is to assess image quality and to
quantify the accuracy of qe and Zeff for three DECT scanners:
a third-generation single-source twin-beam and two dual-
source scanners (second and third generations).

2. MATERIALS AND METHODS

2.A. CT scanners and image reconstruction

DECT imaging was performed with three DECT scan-
ners (Siemens Healthineers, Forchheim, Germany): a
third-generation twin-beam scanner (SOMATOM Defini-
tion EDGE), a third-generation dual-source scanner
(SOMATOM Definition FORCE) and a second genera-
tion dual-source scanner (SOMATOM Definition
FLASH). The dual-source scanner FORCE and the twin-
beam scanner EDGE were equipped with third-generation
digital detectors (Stellar detector, Siemens Healthineers,
Forchheim, Germany), which reduce electronic noise (on
average by 30%) and cross talk, compared with conven-
tional Ultra-Fast-Ceramic (UFC) solid-state CT detec-
tors15 used in the FLASH scanner. Table I presents all
scanning and reconstruction settings for three dose levels.
Reconstructions were performed with filtered back pro-
jection (FBP) kernels and with equivalent iterative ker-
nels with strength five.16 The use of the same settings
for the three scanners was not possible due to different
software versions that were installed on the different
scanners. Figure 1 shows the spectral pairs of each scan-
ner used in this work simulated with the software
SpekCalc.17–19

2.B. Phantoms

A Gammex RMI 467 phantom (Gammex Inc. Middle-
ton, WI, USA) was scanned with two different configura-
tions. First, 16 tissue mimicking inserts (Gammex Inc.
Middleton, WI, USA) were placed and scanned in a cer-
tain load pattern [Fig. 2(a)], in which bone-equivalent
materials are spread out to minimized artifacts. A second
scan followed using six iodine and six calcium inserts
with different densities (Gammex Inc. Middleton, WI,
USA) and the remaining four holes filled with solid
water inserts. Another set of five cylindrical inserts was
scanned in two phantoms (Model 002H5 and Model
002HN; CIRS Inc., Norfolk, VA, USA) with different
sizes, but both made with identical water equivalent
material [Fig. 2(b)]. The inserts consist of tissue mimick-
ing material: lung (inhale), bone, muscle, adipose (pro-
duct 002ED, CIRS Inc., Norfolk VA) and plastic water
(002RW-S, CIRS Inc., Norfolk VA). Table II presents the
density, qe, and Zeff of the Gammex RMI 467 and the
CIRS tissue inserts (more detail can be found in Tables I
and II of Landry et al.9). A Catphan 504 phantom (The
Phantom Laboratory, Salem, NY, USA) consisting of sev-
eral modules was also scanned with the same settings to

FIG. 1. Normalized X-ray photon spectra used in the EDGE (a), FLASH (b)
and FORCE (c) scanners. All high energy spectra have a tin (Sn) filtration
(0.6 mm for the EDGE and FORCE and 0.4 mm for the FLASH). The EDGE
low energy spectrum has a gold (Au) filter of 0.05 mm. [Color figure can be
viewed at wileyonlinelibrary.com]
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test image quality in terms of low contrast resolution of
the axial plane.

The EDGE scanner has a minimum object width
requirement of 10 cm in the cranial-caudal direction, since
the reconstruction is unreliable within 3 cm from the
edges. This is due to the combination of the twin-beam
design and the use of a flat object. On the one hand, due
to penumbra effects a few detector rows close to the
boundary of the filtered beams see a mixture of both Au
and Sn spectra. These detector rows are considered in the
computation of the average image, but not for the dual-
energy evaluations. On the other hand, the use of flat
objects causes the attenuation to change drastically in the
flat-edges, which has an impact in the data processing and

image quality. Our phantom, the Gammex RMI 467 phan-
tom has a width of only 5 cm and its inserts have a length
of 7 cm. For both these reasons, scans were made using
two original 5 cm disks facing each other, thus assembling
into a 10 cm wide phantom.

The Gammex RMI 467 scans using tissue mimicking
inserts were used to calibrate each scanner for Zeff and qe
(following Saito et al.8 and Landry et al.9), whereas scans
with the CIRS head and abdomen sized phantoms were
used for validation. CT numbers in Hounsfield Units
(HU) from the low- and high-energy images were mea-
sured in circular regions of interest (ROIs) that covered
the inserts, avoiding their edges, in a selected central slice
of each phantom.

FIG. 2. (a) Sketch of the Gammex RMI 467 scans with the respective load pattern with tissue mimicking inserts and with iodine and calcium inserts. (b) Sketch
of the CIRS abdomen (top) and head sized (bottom) phantoms with respective insert load pattern. Not to scale.

TABLE I. Scanner voltage pairs, pitch, exposure and rotation times for a combined computed tomography dose index (CTDIvol) of approximately 10 mGy,
20 mGy, and the maximum dose allowed by the scanner control software. The data for the three dose levels are separated by a semicolon for the CTDIvol, expo-
sure and rotation time. 512 9 512 images were reconstructed for 3 mm slices with filtered back projection (FBP) and advanced modeled iterative reconstruction
(ADMIRE) or with sinogram affirmative iterative reconstruction (SAFIRE).

EDGE FLASH FORCE

Voltage pair (kVp) 120Au/120Sn 80/140Sn 90/150Sn

Pitch 0.3 0.6 0.7

CTDIvol (mGy) 9.97; 19.64; 44.12 9.99; 20.02; 40.85 9.99; 20.02; 65.42

Exposure (mAs) 468; 936; 2088 260/100; 530/205; 1083/418 199/124; 398/249; 1304/815

Rotation time (s) 0.33; 0.5; 1 0.28; 0.5; 1 0.28; 0.5; 1

Software version VA49 VA48 VA50

Reconstruction FBP and ADMIRE FBP and SAFIRE FBP and ADMIRE

Kernel B40 and Q34a B40 and Q34 Br40 and Qr40b

aThe kernel nomenclature from the iterative reconstruction was recently redefined, in which the old Q34 is equivalent to the new Qr40 with beam-hardening correction for
bone and the old B40 is equivalent to the new Br40.
bQr40 with beam-hardening correction for bone selected.
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2.C. Spectral separation and CNR

DECT scans were reconstructed with iterative recon-
struction (IR: SAFIRE and ADMIRE methods) and FBP of
the iodine and calcium inserts in the Gammex RMI 467
phantoms from the three scanners. Merged images were
obtained by mixing the low- and high-energy images with
a weighted sum (wlow � CTlow + whigh � CThigh), where the
vendor-recommended weight factors for each scanner were
used (wlow/high). These images were then used to calculate
the Contrast-to-Noise-Ratio (CNR) for each insert as

CNR ¼ jHUROI � HUsurroundingj
Noise

; (1)

where HUROI and HUsurrounding are the mean values of CT
numbers (in HU) in the ROI and the medium surrounding the
insert. The noise is the standard deviation inside the ROI.

2.D. Quantification of image resolution

The CTP528 module from the Catphan phantom consists
of 21 sets of aluminum strips separated by equally sized
gaps, which are quantified in terms of line pairs per cm (lp/
cm). The image resolution can be obtained using a Modula-
tion Transfer Function (MTF) that describes the reduction in
the contrast between the strips and the gaps as the number
of line pairs per centimeter increases.20,21 The MTF is cal-
culated as

MTF ¼ Intensitystrip � Intensitygap
Intensitystrip þ Intensitygap

; (2)

where the intensities are measures of the CT numbers (HU).
Spatial resolution is quantified when MTF equals 10%
(expressed as @10%MTF). The MTF was calculated for both
iterative reconstructed and FBP DECT images for each
scanner.

2.E. Relative electron density (qe) and effective
atomic number (Zeff)

For quantitative imaging, the qe and Zeff were obtained
from images reconstructed with ADMIRE (EDGE and
FORCE) and SAFIRE (FLASH), this choice was based on
Landry et al.16 results showing improved accuracy of IR com-
pared to FBP.

The qe was derived using Saito’s linear relation with
respect to dual-energy subtracted CT numbers:8

qe ¼ a � ð1þ aÞHUH � aHUL

1000
þ b; (3)

where HUL and HUH are the mean values of CT numbers (in
HU) in each ROI from the low- and high-energy images,
respectively, and a, b, and a are scanner and protocol specific
fit parameters.

The Zeff was obtained using the relation formulated by
Landry et al.9 between the ratio of the attenuation coeffi-
cients (l) for low- and high-energy, which resulted from the
Rutherford et al.4 parameterization of the linear attenuation
coefficient as function of the scattering (coherent and inco-
herent) and the photoelectric effects. After converting the CT
numbers into attenuation coefficients relative to water, the Zeff
equation is

lLow kVp
High kVp ¼

Aþ BZn�1
eff þ CZm�1

eff

Dþ E Zn�1
eff þ F Zm�1

eff

; (4)

where lLow kVp
High kVp is the ratio between lLow kVp

Low kVp;water , and

lHigh kVpHigh kVp;water and A, B, C, D, E, F, m, and n are fit parameters.
A, B, and C are terms related to the low energy kVp and D,

E, and F to the high energy kVp. The ratio lkVpkVp;water is
defined as lkVp/lkVp,water = HUkVp/1000 + 1.

Scans from the Gammex RMI 467 phantom were used to
obtain the calibration fits (Eqs. 3 and 4) for each scanner and
dose level. The values for atomic composition and mass den-
sity (q) provided by the manufacturer were used to calculate
the reference values of qe ¼ q

P
i
xizi

Ai
=qe;water, and

Zeff ¼ n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i
xizi

Ai
Zn
i =

P
i
xizi

Ai

q
, where x is the relative weight

of each element, Z is the atomic number, A is the atomic
mass, qe,water is the electron density of water and the expo-
nent value n was set to 3.3.7

2.F. Comparison analysis

Experimental based estimations of qe, and Zeff were com-
pared with reference values and the relative mean errors were

TABLE II. Density (q, in g/cm3), relative electron density (qe) and effective
atomic number (Zeff) of the inserts of the Gammex RMI 467 and of the CIRS
phantoms. qe and Zeff (explained in Section 2.E.) were calculated with the
elemental compositions given by the manufacturers of both phantoms.

Insert name q (g/cm3) qe Zeff

Gammex RMI 467 LN-300 lung 0.3 0.29 7.55

LN-450 lung 0.46 0.45 7.53

AP6 adipose 0.947 0.93 6.21

BR-12 breast 0.98 0.96 6.93

Water insert 1 1.00 7.48

CT solid water 1.022 0.99 7.74

BRN-SR2 brain 1.051 1.05 6.09

LV1 liver 1.096 1.06 7.74

IB inner bone 1.134 1.09 10.42

B200 bone mineral 1.152 1.10 10.42

CB2-30% CaCO3 1.331 1.28 10.90

CB2-50% CaCO3 1.559 1.47 12.54

SB3 cortical bone 1.822 1.69 13.64

CIRS Lung 0.21 0.20 7.24

Adipose 0.967 0.96 6.44

Plastic water DT 1.039 1.00 7.55

Muscle 1.062 1.04 7.59

Bone 1.6 1.51 11.90
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calculated. Accuracy was also calculated for the CIRS abdo-
men and head sized phantom scans.

The same quantities were obtained using syngo.via soft-
ware (Siemens Healthineers, Forchheim, Germany) from
which Zeff and qe images are extracted. The conversion of CT
numbers to Zeff and qe are described in detail by H€unemohr
et al.10 The results from Saito and Landry et al.’s methods
were compared with syngo.via, which can be found online
(see Data S3).

3. RESULTS

Results are presented for the scans with a CTDIvol of
approximately 20 mGy, unless otherwise indicated.

3.A. Spectral separation for iodine and calcium
inserts

Figure 3 shows low-kVp and high-kVp CT numbers for
the iterative reconstructed scans with different iodine and cal-
cium inserts. Figure 3(a) presents the scatter plots for the
twin-beam scanner EDGE, which are closer to the identity
line (in black) than the plots for the dual-source scanners
FLASH and FORCE [Figs. 3(b) and 3(c)]. Specifically, the
iodine inserts present poorly separated CT numbers in
Fig. 3(a). The difference between the two generation detec-
tors is apparent in the scatter clouds’ size, where the images
acquired with third-generation digital detectors show a smal-
ler variation in CT numbers [Fig. 3(a) and 3(c)].

Figure 4 presents the CNR for the iodine [Fig. 4(a)] and
the calcium [Fig. 4(b)] inserts for the FBP scans of the three
scanners. Both figures show the results for CTDIvol of
approximately 10 mGy and 20 mGy. Both figures show
higher values of CNR for the FORCE scanner. Although the
EDGE has similar noise levels, the difference between the
mean CT numbers and the surrounding are lower, resulting in
a lower CNR. Similar values of CNR are found for the EDGE
and the FLASH.

3.B. Spatial resolution

Figure 5 shows the MTF as function of the frequency (in
lp/cm) for the three scanners for a CTDIvol of approximately
20 mGy for two different reconstructions: FBP and IR.
Image resolution @10%MTF is 6.2 lp/cm, 5.8 lp/cm and
6.2 lp/cm for the iterative reconstructed images from the
EDGE, FLASH, and FORCE scanners, respectively.
Slightly inferior values are found for the FBP reconstructed
images (6.1 lp/cm, 5.7 lp/cm, and 6 lp/cm). Values for
@10%MTF are constant for the three dose levels used
(� 0.1 lp/cm).

3.C. Calibration of qe and Zeff for each scanner

For the assessment of qe and Zeff, iterative reconstructed
scans were used (see Data S1).

Saito’s calibration fit parameters are presented in Table III.
The parameter a should be smaller for larger spectral separa-
tion (see Saito’s eq. 3 8). The calibration fits for Zeff as a func-

tion of the ratio of the attenuation coefficients(lLow kVp
High kVp) are

shown in Fig. 6. The Gammex RMI 467 phantom lung equiv-
alent inserts were excluded from the fitting procedure, as
reported also by Landry et al.,7 since they are heterogeneous
and their low CT numbers lead to high standard deviation

FIG. 3. Low and high energy #CT plots for the iodine (2, 2.5, 5, 7.5, 10, and
15 mg/ml) and calcium (50, 200, 300, 400, 500, and 600 mg/ml) inserts for
CTDIvol of approximately 20 mGy for the EDGE (a), FLASH (b), and
FORCE (c) scanners. Inserts are numbered from low to high density, in
which the iodine inserts have numbers 1 to 6 (iodine 2 mg/ml and 2.5 mg/ml
overlap) and the calcium inserts are numbered from 7 to 12. The identity line
is plotted in black and each scatter point corresponds to one pixel from each
insert’s ROI. [Color figure can be viewed at wileyonlinelibrary.com]
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values. The interval range of lLow kVp
High kVp differs between the

twin-beam scanner, ~0.1 and the dual-source scanners, ~0.4
(Fig. 6).

3.D. Errors of measured qe and Zeff

The errors of qe and Zeff for the calibration (Gammex RMI
467) and validation phantoms (CIRS abdomen and head size)
are shown in Fig. 7. In Figs. 7(a) and 7(b) a pattern is identi-
fied: the errors from the EDGE are higher for the inserts in
the inner ring of the phantom. For the dual-source scanners
FLASH and FORCE, the errors for qe range between
[�0.6%, 1.2%] and [�1.2%, 0.4%], and for Zeff between
[�6.2%, 3.8%] and [�5.2%, 1.6%]. For the twin-beam scan-
ner, the errors have wider ranges: [�0.7%, 15.3%] for qe and
[�28.1%, 4.2%] for Zeff.

Figures 7(c) and 7(d) show the errors of Zeff and qe for the
two validation phantoms. Relative differences between qe val-
ues of the same insert in the two different phantoms are within
0.6% for the FLASH and EDGE, with the exception of the
lung insert, whereas for the FORCE scanner all relative differ-
ences are within 0.5%. For Zeff, discrepancies are observed in
lung and adipose for the EDGE scanner (14.5% and 6.9%)
and also in adipose for the FORCE scanner (5.6%). All other
relative differences between Zeff are within �2%.

3.E. Material attribution feasibility

Tissue composition segmentation can be done with the
[qe, Zeff] space (detailed in section 2.5 from Landry et al.7),
which uses the two-dimensional Mahalanobis distance to
assign each voxel to its closest reference material. For this
method to be feasible, a proper separation in the [qe, Zeff]
space of the scatter plots for the different calibration materi-
als should exist. Figure 8 presents the scatter plots from the
scans with the calibration phantom for the three scanners.
The data discretization observed for low Zeff values (e.g., for
the lung tissues) are a result of saving CT numbers’ as inte-
gers by the vendors’ software. In Fig. 8(a1), it is possible to

FIG. 5. Modulation Transfer Function (MTF) for the three DECT scanners at
a CTDIvol of approximately 20 mGy. [Color figure can be viewed at wileyon
linelibrary.com]

TABLE III. Saito’s fit parameters a, b, and a from Eq. (3) for the calibration
phantom Gammex RMI 467.

EDGE FLASH FORCE

a 2.06 0.44 0.35

a 1.04 0.98 0.99

b 0.99 0.99 0.99

FIG. 6. Fit results for Eq. (4) using the Gammex RMI 467 phantom with tis-
sue mimicking inserts at equivalent dose. Both lung inserts were excluded
from the fitting procedure. Error bars are the standard deviations for each
insert. [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 4. Contrast-to-Noise-Ratio (CNR) for the iodine (a) and calcium (b)
inserts for two CTDIvol of approximately 10 mGy (solid) and 20 mGy
(dashed line). [Color figure can be viewed at wileyonlinelibrary.com]
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observe in detail the cortical bone insert (insert number 8) for
the EDGE scanner, which shows the spread of qe (Dqe) and
Zeff (DZeff). Compared to the other two scanners, these ranges
are wider for all inserts in the EDGE, which is especially
noticeable for the bone tissues.

All voxels from the lung and hard bone equivalent tissue
were assigned to the correct material for the Gammex RMI
467 phantom (see Data S2). The inner bone and bone mineral
equivalent inserts have similar compositions and density,
resulting in very close values of qe and Zeff (Fig. 8).

11 The

FIG. 7. qe and Zeff errors (%) of measured values with respect to reference values of the Gammex RMI 467 phantom (a and b) and the CIRS abdomen and head
sized phantoms (c and d). [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 8. (a) EDGE, (b) FLASH, and (c) FORCE [qe, Zeff] scatter plots of the Gammex RMI 467 calibration phantom (CTDIvol of approximately 20 mGy). (a1)
shows the scatter plot for the cortical bone insert (insert number 8), where the spread on qe and Zeff are identified with Dqe and DZeff. The inserts are numbered
according to Fig. 2(a). The solid water inserts 3, 5, and 13 were excluded from these plots, since they did not add any extra information. [Color figure can be
viewed at wileyonlinelibrary.com]
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visible overlap of the soft tissues results in lower percentage
of correct material attribution, which can be improved with
lower spread of the [qe, Zeff] clouds. The CIRS tissue inserts
are well separated in the [qe, Zeff] space resulting in 100% cor-
rect material attribution, except for muscle and plastic water
in the abdomen size phantom for the EDGE scanner (93%
and 98%, respectively). The errors of the qe and Zeff as well as
the scatter plots of the [qe, Zeff] space were obtained from the
qe and Zeff images extracted from syngo.via (see Data S3).

4. DISCUSSION

The novel technology presented in this paper, the split-fil-
ter from the EDGE scanner, has the advantage of using a sin-
gle x-ray tube to do DECT scans, allowing for a possible
upgrade on many clinical SECT scanners. In this work, a
comparison of this new technique with the state-of-the-art
dual-source DECT scanners was done to assess the perfor-
mance of the twin-beam on quantitative imaging, knowing
beforehand that the spectral separation of the twin-beam
would not be as good as the one from the dual-source DECT
scanners.

The twin-beam scanner has a width requirement of 10 cm
in the craniocaudal direction, as explained in the section
Material and Methods. Although the scans with the calibra-
tion phantom were made using two Gammex RMI 467 disks,
it is important to point out that using the syngo.via software,
non-uniform Zeff-qe images along the phantom’s profile were
obtained for uniform inserts, whereas such non-uniformities
were not seen in the CIRS phantoms, which have a width of
15 cm. Even then, the central slice of the Gammex RMI 467
disk with the inserts presented the most uniformly recon-
structed image and it was used to perform the calibration.

A consequence of the twin-beam energy spectra
[Fig. 1(a)] is the poor CT number separation seen in Fig. 3(a)
for the iodine and calcium inserts. The two dual-source scan-
ners, with well-separated spectra, present a noticeable distinc-
tion in CT numbers between the low and high energy scans
for the iodine and calcium scans. The FORCE scanner with
the third-generation detectors and the smaller spectral overlap
(of only 10.5% of the area overlapping) shows scatter plots
further away from the identity line and with lower variations.

The FLASH and EDGE have similar CNR results for both
iodine and calcium materials. On one hand, the second gener-
ation dual-source scanner FLASH has a good contrast due to
its wider spectral separation, but higher noise levels due to
the detector. On the other hand, the split-beam scanner
EDGE has low noise values, but also low contrast due to its
narrower spectral separation. The FORCE has a CNR on
average 1.5 times superior to the FLASH and 1.4 superior to
the EDGE.

In terms of image resolution, the results for the @10%
MTF are similar for both the EDGE and the FORCE scanners
and slightly lower for the FLASH, since this is mostly related
with the detectors’ system.

The calibration of qe and Zeff was performed for the three
scanners using the methods from Saito et al.8 and Landry

et al.9 The EDGE presented less robust calibration curves
with higher fit residuals. This can be explained again by the
reduced spectral separation of the twin-beam, that resulted in
a high a parameter for the qe fit (Table III) and a low range
of the attenuation coefficients ratio for the Zeff fit [Fig. 6(a)].
These results have a direct implication on the extraction of
the qe and Zeff, which had overall higher differences with the
reference values and spread out clouds in the [qe, Zeff] scatter
plots for this scanner. The same or higher deviations were
obtained from syngo.via’s images, which use a different
method to calculated qe and Zeff.

The qe and Zeff errors for the calibration phantom are
noticeably higher for the EDGE, especially for all inserts
located in the inner ring of the Gammex RMI 467 phantom
[inserts 9 to 16, Figs. 7(a) and 7(b)]. This can be related to
the twin-beam requirement to reconstruct objects thicker than
10 cm. For this phantom, the FLASH and the FORCE scan-
ners presented lower errors for the tissue substitute inserts,
specifically, errors for the soft tissues within 1.3% for qe and
7% for Zeff and for the bone tissues within 0.5% for qe and
1.9% for Zeff.

The validation was performed with a different set of tis-
sue-equivalent inserts in two different sized phantoms, aim-
ing also to assess the robustness of the calibration for a
smaller phantom. Values of qe for both phantoms have a rela-
tive difference within 0.6% for the three scanners. Higher dis-
crepancies are observed for Zeff, within 2% for bone, muscle
and water and within 6% for adipose. From these results, it is
possible to conclude that the calibration methods used for
DECT are not phantom-size dependent, as long as beam-
hardening effects are corrected during the image reconstruc-
tion.

Images acquired with the twin-beam technology resulted
in widely spread qe and Zeff (Fig. 8) values for the same mate-
rial type, contrary to the results from the dual-source scan-
ners. The use of different IR algorithms and detector systems
and the lack of performance from the lung equivalent inserts
are limitation from this study, but these do not change its
overall conclusions.

5. CONCLUSION

The dual-source scanners measure qe and Zeff values clo-
ser to the reference ones, when compared with the twin-beam
scanner, with a higher accuracy for the third-generation scan-
ner FORCE. The dual-source third-generation scanner
resulted in higher resolution and CNR than the other two
scanners.

A comparison study between a scanner with a novel
DECT technique, a split-beam, and dual-source DECT scan-
ners is shown in this paper. Understanding the implications
of using this new technique in terms of resolution, contrast
and derivation of two quantities, qe and Zeff, seemed essential
to assess the future of the twin-beam scanner for radiotherapy
with photon and ion beams. The contrast and tissue material
segmentation are necessary for a better contouring of body
structures, organs and tumors. Also, an accurate calculation
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of these quantities is necessary to perform dose calculations
and to be able to do in vivo range prediction for treatment
verification for particle therapy. Finally, other features in
quantitative imaging such as detailed texture analysis show
the need for high-quality DECT images.
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Data S2. Correctness of material assignment for Gammex

RMI 467.
Data S3. Comparison with syngo.via.
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