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Background: To assess the spectral performance of rapid kV switching dual-energy CT (KVSCT-Canon)
equipped with a Deep-Learning spectral reconstruction algorithm on virtual-monoenergetic images at low-
energy levels and to compare its performances with four other dual-energy CT (DECT) platforms equipped
with iterative reconstruction algorithms.

Methods: Two CT phantoms were scanned on five DECT platforms: KVSCT-Canon, fast kV-switching
CT (KVSCT-GE), split filter CT, dual-source CT (DSCT), and dual-layer CT (DLCT). The classical
parameters of abdomen-pelvic examinations were used for all phantom acquisitions, and a CTDI,, close
to 10 mGy. For KVSCT-Canon, virtual-monoenergetic images were reconstructed with a clinical slice
thickness of 0.5 and 1.5 mm to be close to other platforms. Noise power spectrum (NPS) and task-based
transfer function (T'TF) were evaluated from 40 to 80 keV of virtual-monoenergetic images. A detectability
index (d”) was computed to model the detection task of two contrast-enhanced lesions as function of ke V.
Results: For KVSCT-Canon, the noise magnitude and average NPS spatial frequency (f,,) decreased from
40 to 70 keV and increased thereafter. Similar noise magnitude outcomes were found for KVSCT-GE but
the opposite for f,.. For the other DECT platforms, the noise magnitude decreased as the keV increased. For
split filter CT, DSCT and DLCT, the f,, values increased from 40 to 80 keV. For all DECT platforms, TTF
at 50% (fs,) decreased as the keV increased, decreasing spatial resolution. For KVSCT-Canon, d’ values
peaked at 60 and 70 keV for both simulated lesions and from 50 to 70 keV for KVSCT-GE. d’ decreased
between 40 and 70 keV for DSCT, DLCT and split filter CT. For KVSCT-Canon, the increase in slice
thickness decreases noise magnitude, f,, and f;, and increases d’ values. The highest d’ values were found for
DLCT at 40 and 50 keV and for KVSCT-Canon at 1.5 mm for other keV.

Conclusions: For KVSCT-Canon, the detectability of contrast-enhanced lesions was highest at 60 keV. The
highest d’ values were found for DLCT at 40 and 50 keV and for KVSCT-Canon at 1.5 mm for other keV.
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Introduction

Dual-energy spectral imaging is increasingly used in clinical
routine for abdominal CT explorations (1-9). Radiologists
use different types of images including low-energy levels
virtual monoenergetic images (VMIs) to assess the contrast-
enhanced lesions and/or tissues and thus improve their
detection and/or characterization (1-9). To obtain these
VMIs, it is necessary to use two spectra of low and high-
energy photons (6,10,11). Various DECT platforms
may be used to obtain these two spectra (acquisition or
reconstruction) with specific DECT algorithms (projection-
based techniques or image-based techniques) (11,12). Each
platform has different technological principles and therefore
has a different impact on spectral performance (12).

Early in 2021, a study was published by our team
comparing the spectral performance of four DECT
platforms available from three CT manufacturers: fast kV-
switching CT (KVSCT-GE, GE Healthcare), split filter CT
(SFCT, Siemens Healthineers), dual-source CT (DSCT;
Siemens Healthineers) and dual-layer (DLCT, Philips
Healthcare) (12). This comparison was performed on VMIs
and iodine maps reconstructed only with Filtered Back
Projection (FBP) using parameters and dose levels close
to those used in clinical practice for DECT examinations
of the abdomen. Spectral performance was studied using
a task-based image quality assessment (noise magnitude,
noise texture, spatial resolution and detectability of contrast-
enhanced lesions) often used in conventional single-energy
CT (SECT) (13-22) and increasingly used in DECT
(12,23,24). However, this study did not compare the spectral
performance of these platforms with the use of IR (hybrid
or advanced/partial Model-based IR) algorithms used in
clinical practice. Indeed, these reconstruction algorithms are
regularly used to reduce the image noise generated in low
keV VMIs and thus to improve lesion detectability at these
energy levels (23-26). Furthermore, none of the DECT
platforms developed by Canon Medical Systems were
evaluated as they were not available at the time of the study.

A new DECT platform has recently been developed by
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Canon Medical Systems on the Aquilion One PRISM Edition
CT system (27,28). It is a rapid kV-switching technique to
obtain both photon spectra. The system switches quickly and
repeatedly (<1 ms) from high (135 kVp) to low kVp (80 kVp)
as the tube detector rotates around the patient. The process
of material decomposition, essential for generating VMIs in
particular, is performed in the raw-data domain itself rather
than post-reconstruction in the image domain. On this
platform, the images are now reconstructed only with a Deep
Learning Spectral Reconstruction (DLSR). As expressed
by Boedeker et 4l. and by Kojima et 4/., this algorithm takes
advantage of the fact that much of the anatomical data in low-
and high-kilovolt views, at a specific location, is common to
the two views. It is the case for example for the high spatial
frequency information. The low- and high-energy views
differ by the degree of attenuation of the X-ray beam by the
patient or object scanned. DLSR works by transforming
views of one energy into the other to create Deep Learning
Views (DLVs). There are generated by the neural network
using measured data from both the opposite-energy views
as well as adjacent same-energy views. The algorithm was
trained on complete measured sinograms acquired at each
energy for a wide variety of patient and phantom attenuation
levels. A complete sinogram for each kV is then generated by
the DLV, for the measured views at each energy level. Last,
spectral reconstruction is performed. The established noise
reduction capabilities of deep learning are used to create low-
noise spectral CT image data (27,28). However, DLSR can
only be used for a single slice thickness of 0.5 mm and three
reconstruction kernels (including Body Spectral) for all three
levels (Mild, Standard and Strong). Furthermore, slices can
be thickened remotely using the Vitrea workstation. To the
best our knowledge, only one study has ever been conducted
on this new spectral platform (28). However, the authors
did not perform a task-based image quality assessment, they
only evaluated the accuracy of CT number on VMIs and the
precision of iodine quantification on iodine images.

The purpose of this phantom study was to assess the
spectral performance of the rapid-KVSCT platform with
the DLSR algorithm developed by Canon Medical System
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Figure 1 Images of the two phantoms used in this study: (A) ACR CT 464 phantom and (B) multi-energy CT phantom.

and to compare its spectral performance with four other
DECT platforms equipped with different IR algorithms.
"To do this, we used the same methodology as previously
published by our Institution (12), but focused only on the
low keV VMIs clinically used for DECT imaging of the
abdomen. We also performed a task-based image quality
assessment: the noise-magnitude, noise-texture, and
the spatial resolution and detectability of two simulated
contrast-enhanced lesions were evaluated.

The following article is presented in accordance with the
MDAR checklist (available at https://dx.doi.org/10.21037/
qims-21-708).

Methods

Details on phantoms can be found in the Supplementary file
(Appendix 1).

Phantoms

An image quality phantom was used to measure physical
metrics such as the noise power spectrum (NPS) and the
task-based transfer function (T'TF) (Figure 14). A multi-
energy CT phantom was used to assess the accuracy of
CT numbers and to compute the contrast between the
soft tissue and two iodine inserts (Figure 1B). High-density
inserts were evenly distributed throughout the phantom to
minimize reconstruction artifacts.

CT scanners and scanning protocols

Acquisitions were performed on the four DECT platforms

previously assessed by our team and on an Aquilion One
PRISM Edition CT system (KVSCT-Canon, Canon Medical
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Systems, Japan). With this latter CT system, dual-energy
images can be obtained using a rapid kV switching technique
such as the Revolution HD (GE Healthcare) CT system but
using DLSR to reconstruct spectral images (second version).

Phantom acquisitions were performed using standard
clinical parameters of abdomen-pelvic examinations for
each DECT platform (7able 1). Five acquisitions were
performed for the KVSCT-Canon but only one for the
other DECT platforms. For all DECT platforms, the tube
current modulation system was disabled to set mAs and
obtain a volume CT dose index (CTDI,,) close to 10 mGy
(i.e., the “diagnostic guide value” of the national diagnostic
reference level; CTDI,;: 11 mGy). However, this dose level
can be considered as routinely low in radiologic fields.

For the four DECT platforms, the same reconstruction
parameters as those previously published were used, except
for the reconstruction algorithms (12). Indeed, the IR
(hybrid or Model-based IR) algorithm used for each DECT
platform was selected to reconstruct raw data using the
respective intermediate IR level.

For the Aquilion One PRISM Edition, raw data were
reconstructed using the intermediate level (Standard) of
the DLSR algorithm, the spectral reconstruction kernel
“Body Spectral” and a slice thickness of 0.5 mm (0.5 mm
increment). For this system, no other slice thickness and
reconstruction algorithm could be selected. For the Mult-
energy CT phantom, a 420-mm field of view (FOV) was
used to visualize all the inserts present in the phantom. For
the ACR phantom, a 250-mm FOV was used to fit closer to
the phantom modules used in order to improve task-based
image quality assessment.

For each acquisition, VMIs were reconstructed
using the Vitrea Workstation (Canon Medical Systems,
Minnetonka, Minnesota) for the 5 lowest energy levels
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Table 1 Acquisition and reconstruction parameters used for each dual-energy CT platform with a dose level of 10 mGy

Greffier et al. Spectral performance comparison of dual-energy CT platforms

Dual-energy CT (DECT) Rapid kVp switching Fast kVp switching Split filter Dual-source Dual-layer detector
platform (KVSCT-Canon) (KVSCT-GE) (SFCT) (DSCT) (DLCT)
Manufacturer Canon Medical GE Siemens Siemens Philips
Systems Healthcare Healthineers Healthineers Medical system

CT scan model Aquilion Revolution Somatom Somatom 1Qon

One PRISM GSI Edge Force Spectral CT
Tube voltage (kVp) 80/135 80/140 AuSn120 80/Sn150 120
Pitch 0.813 1.375 0.3 0.6 1.234
Tube current (mAs) 140 191 (GSI 22) 468 278/139 111
Rotation time (s) 0.5 0.7 0.33 0.5 0.5
CTDl,o (MmGy) 10.10 10.76 10.00 9.93 10.00
Beam collimation 80x0.5 mm 64x0.625 mm 64x0.6 mm 128x0.6 mm 64x0.625 mm
Slice thickness/overlapped 0.5/0.5 mm; 1.25/1.25 mm 1.5/1.25 mm 1.5/1.25 mm 1.5/1.25 mm
(mm) 1.5/1.5 mm*
Reconstruction algorithm DLSR - Standard ASIR 50% ADMIRE 3 ADMIRE 3 iDose*4
Reconstruction kernel Body Spectral Standard Br38 Br40 B
Workstation Vitrea Advantage Window Syngo.Via Syngo.Via IntelliSpace
Viewing mode - Mono Monoenergetic+ Monoenergetic+ MonoE
VMI range 40-135 keV 40-140 keV 40-190 keV 40-190 keV 40-200 keV

*, the slices with a thickness of 1.5/1.5 mm were generated after the reconstruction process using the Vitrea workstation. ADMIRE,
advanced modeled iterative reconstruction; ASIR, adaptive statistical iterative reconstruction; CTDI,,,, volume CT dose index; DLSR, deep

learning spectral reconstruction; iDose®, intelligent dose; VMI, virtual monoenergetic images.

(40/50/60/70/80 keV) usually used in clinical practice to
detect or characterize abdominal lesions (1,2,4-6). VMIs
were reconstructed for a slice thickness of 0.5 mm (0.5 mm
increment) usually used in clinical practice and for a slice
thickness of 1.5 mm (1.5 mm increment) to be close to
other DECT platforms.

Assessment of CT numbers on VMIs

Measurement of CT numbers (NCT) was performed in
a single slice, at the center of the Multi-energy phantom.
One circular region of interest (ROI; diameter of 2 cm) was

2
ZL (HU (El )theoretical B HU (El )meaxured ) E

RMSD,,,, = = L L~

L
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placed semi-automatically in the three selected inserts. The
mean pixel attenuation in each ROI was computed for 5
energy levels on VMIs. The contrast between the soft tissue
and each simulated contrast-enhanced blood insert was
computed for each energy level (Figure 2). These inserts
were used to approach the contrast of a hepatocellular
carcinoma during arterial phase or that of a hyper
vascularized metastasis (23).

The accuracy of the mean attenuation was obtained for
each insert using the root-mean-square deviation (RMSDyy))
between measured and theoretical CT numbers over 5
energy levels on VMIs using the following formula:

40,...,80k@V [1]
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Figure 2 Contrast values (variations of CT numbers) for the 3 inserts (soft tissue, blood-mimicking material plus iodine at 2.0 or

4.0 mg/mL), as function of keV for all platforms and both slice thicknesses for KVSCT-Canon. (A) Contrast between soft tissue and

blood-mimicking material plus iodine at 2.0 mg/mL inserts; (B) contrast between soft tissue and blood-mimicking material plus iodine at
4.0 mg/mL inserts. KVSCT-Canon, rapid kV switching CT; DLCT, dual-layer CT; DSCT, dual-source CT; KVSCT-GE, fast kV switching

CT; SFCT, split filter CT.

where, HU] ... corresponds to the CT number measured

in each ROI for energy level E,, HU,, .., is the respective

theoretical value and L refers to the number of energy
levels.

Task-based image quality assessment on VMIs

Task-based image quality was assessed using the imQuest
software (version 7.1, Duke University). Noise magnitude
and texture were assessed using the NPS and spatial
resolution using the TTF (13,14). The detectability index
(d) estimated the radiologist’s capacity to detect the lesions.

NPS

To compute the NPS on the same volume in the z-axis
(30 mm), 60 consecutive axial slices for the KVSCT-Canon
at 0.5 mm, 20 for the KVSCT-Canon at 1.5 mm and 24
for the four other DECT platforms were used. Two square
regions of interest (ROIs) of 64x64 pixels in the uniform
section (module 3) of the ACR phantom (Figure 14) were
used and the NPS was calculated as follows:

Nio,

0 (RO, (x,) = FIT, (x.)}f

2]

where A, and A, are the pixel size in the x- and y-directions,

NPS,,, (£ f, )

VyNRI =1
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respectively; FFT is the Fast Fourier Transform; L, and L,
are the lengths of the ROIs in the x- and y-directions; Ny,
is the number of ROIs; ROI(x,y) is the mean pixel value
measured of a ROI at the position (x,y) and FIT(x,y) is a 2
order polynomial fit of ROI(x,y).

The area under the NPS curve was used to assess the
modifications of the image noise, i.e.,. The average spatial
frequency (f,,) of the NPS curve was used to evaluate the
noise texture by describing the overall frequency content of

the NPS, as follows:

_Lr-nps(f)df

[NPS(f)df B3]

where f'is the radial spatial frequency and NPS(f) is the
radially re-binned/average 1D NPS (14).

TTF

The TTF was assessed using the acrylic insert of the ACR
phantom Module 1 (Figure 1B) as reported by Richard
et al. (20). This insert has contrast close to the contrasts of
the clinical tasks simulated in this study.

A circular ROI was positioned around the insert. To
measure the edge spread function (ESF), the circular-edge
technique was used. The ESF was obtained by calculating
the radius of each pixel from the center of the insert. The
line spread function (LSF) was obtained by derivation of the
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ESE and the TTF was generated from the LSF normalized
Fourier transformation. The TTF was computed on
the same volume in the z-axis (30 mm): 60 consecutive
axial slices for the KVSCT-Canon at 0.5 mm, 20 for the
KVSCT-Canon at 1.5 mm and 24 for the four other DECT
platforms, as to limit the image-noise effect.

Detectability index
The detectability index (d’) was computed using a non-

prewhitening observer model with eye filter (denz), as
follows:

[.mW(u,v)‘z ~TTF(u,v)2 ~E(u,v)2 dudv}2
d]IVZPWE = 2 2 2 4 4
_mW(u,v)‘ -TTF (u,v) - NPS(u,v) - E(u,v) dudv[ ]

where u and v are the spatial frequencies in the x- and
y-directions, E the eye filter that models the human visual
system sensitivity to different spatial frequencies, and W(u,v)
the task function defined as:

W =|F{h(x,y)=h (x| (5]

where #,(x,y) and A,(x,y) correspond to the object present
and the object absent hypotheses, respectively.

The eye filter was modeled according to the visual
response function (29).

The TTF on the acrylic insert and the NPS were
computed and combined with a task function to compute
a d’ estimating the detectability of two circular contrast-
enhanced lesions of 10-mm diameter. The contrast of each
clinical task was defined directly from the NCT variations
between the soft tissue insert and the blood-mimicking
material plus iodine at 2.0 mg/mL (theoretical contrast value
at 70 keV: 64 HU) or 4.0 mg/mL (theoretical contrast value
at 70 keV: 116 HU) inserts. It allowed taking into account
the NCT variations depending on the keV (Figure 2).

A zoom factor of 1.5, a 500-mm viewing distance and a
500-mm field of view were used to calculate d’.

Results
Assessment of CT numbers on VMIs

The measured and theoretical CT numbers for the five
lowest energy levels and the RMSDyyy for all inserts and
DECT platforms are depicted in Table 2. For each insert
and DECT platform, the CT numbers decreased as the
energy levels increased, except for SFCT for the soft tissue

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

insert (on average 30.8+£1.9 HU for all keV).

The CT numbers measured were higher than the
theoretical values for all inserts for DLCT and DSCT.
For KVSCT-GE and SFCT, measured CT numbers were
lower than or similar theoretical values, except at 70 and
80 keV for all inserts with SFCT. For the KVSCT-Canon,
measured CT numbers were higher than theoretical values
for the soft tissue insert but the opposite for both other
inserts (except at 80 keV). Similar CT numbers were
found between both slice thicknesses for KVSCT-Canon
2%+3%).

For the soft tissue insert, lower RMSDy;; was found
for KVSCT-GE and higher for SFCT (7able 2). RMSDyy,
ranged from 7.0 to 8.6 HU for all other DECT platforms.
For the insert with blood-mimicking material plus iodine
at 2.0 mg/mL, the RMSDyyy was lower for KVSCT-GE
and DLCT and higher for KVSCT-Canon and SFCT. For
the insert with blood-mimicking material plus iodine at
4.0 mg/mL, the RMSDyy was lower for DLCT and higher
for KVSCT-Canon. RMSDyy; ranged from 21.1 to 27.3 HU
for other DECT platforms. RMSDyy for both blood-
mimicking material plus iodine insert were reduced with the
increase of the slice thickness for KVSCT-Canon and the
opposite for the soft tissue insert.

Figure 2 shows the contrast variations between the soft
tissue insert and the blood-mimicking material plus iodine
insert. For both inserts, the measured contrast values were
lower than the theoretical values for KVSCT-Canon, SFCT
and DLCT but the opposite for the DSCT platform. For
KVSCT-GE, the measured contrast values between the
soft tissue and the blood-mimicking material plus iodine at
2 mg/mL inserts were higher than theoretical values
(Figure 2A4), but the opposite for the contrast between the
soft tissue and the blood-mimicking material plus iodine at
4 mg/mL inserts (Figure 2B).

NPS

Figure 3 depicts the noise magnitude and the average NPS
spatial frequency (f,,) for the five energy levels and for all
DECT platforms.

Noise magnitude

For KVSCT-Canon, the noise magnitude decreased
from 40 to 70 keV (-80% with 0.5 mm and -79% with
1.5 mm) and increased from 70 to 80 keV (15% and 4%,
respectively; Figure 3A). Similar outcomes were found for
KVSCT-GE with a decrease of -67% from 40 to 70 keV
and an increased afterwards (10%). For other DECT
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Table 2 Values of CT number obtained for the five lowest energy levels on virtual monoenergetic images (VMIs) and root-mean-square-deviation

(RMSDyyy) of the measured CT numbers compared to the theoretical values, averaged over the 5 energy levels on VMIs for soft tissue and blood

mimicking material plus iodine at 2.0 and 4.0 mg/mL

Inserts Energy levels Theoretical KYSCTCanon KVSCT-GE SFCT DSCT  DLCT
(keV) values 0.5 mm/0.5 mm 1.5 mm/1.5 mm

Soft tissue 40 keV 49 52 50 38 28 59 62
50 keV 39 45 44 32 30 46 47
60 keV 32 41 41 26 31 38 39
70 keV 28 36 39 25 32 34 35
80 keV 26 36 37 25 33 31 32
RMSD,, - 7.6 8.2 6.6 108 7.0 8.6

Blood mimicking material plus 40 keV 230 181 195 219 171 247 230

iodine at 2.0 mg/mL 50 keV 161 137 137 155 129 174 161
60 keV 118 110 108 116 103 130 121
70 keV 92 92 94 92 88 102 98
80 keV 76 83 83 76 78 85 83
RMSD,, - 24.9 19.9 57 308 125 43

Blood mimicking material plus 40 keV 397 289 301 358 345 427 406

iodine at 4.0 mg/mL 50 keV/ 271 215 219 248 242 203 274
60 keV 192 169 174 181 179 212 196
70 keV 144 142 145 138 141 161 150
80 keV 114 123 124 111 116 129 120
RMSD,, - 555 49.8 21.1 273 214 6.0

KVSCT-Canon, rapid kV switching CT; DLCT, dual-layer CT,; DSCT, dual-source CT; KVSCT-GE, fast kV switching CT, RMSD, root-mean

square deviation; SFCT, split filter CT.
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Figure 3 Values of NPS as function of keV for all CT platforms and both slice thicknesses for KVSCT-Canon. (A) Noise magnitude; (B)
average NPS spatial frequency (f,,). NPS, noise power spectrum; KVSCT-Canon, rapid kV switching CT; DLCT, dual-layer CT; DSCT,
dual-source CT; KVSCT-GE, fast kV switching CT; SFCT, split filter CT.
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Figure 4 Normalized NPS peak curves at different keVs for all platforms. Each NPS curve is normalized to its respective maximum NPS
peak value. NPS, noise power spectrum; KVSCT-Canon, rapid kV switching CT; DLCT, dual-layer CT; DSCT, dual-source CT; KVSCT-

GE, fast kV switching CT; SFCT, split filter CT.

platforms, the noise magnitude decreased as the keV
increased. From 40 to 70 keV, a similar decrease of noise
magnitude was reported for SFCT (56%) and DSCT (-54%),
and a lower decrease for DLCT (-25%). For KVSCT-
Canon, the noise magnitude was reduced by -28%+4% with
the slice thickness of 1.5 mm compared to 0.5 mm.

At 40 and 50 keV, the highest noise magnitude values
were found for KVSCT-Canon at 0.5 mm. Lowest image
noise magnitude were found for KVSCT-Canon at 1.5 mm
for all keV, except at 40 and 50 keV where image noise
were lower with DLCT. At 60 keV, similar noise magnitude
values were found for KVSCT-Canon at 0.5 mm, DLCT,
DSCT and KVSCT-GE (19.5+1.8 HU).

Noise texture
Regardless of the energy level, the highest f,, values were
found for KVSCT-Canon at 0.5 mm and the lowest for
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KVSCT-GE (Figure 3B).

For KVSCT-Canon at 0.5 mm, the f,, values shifted
towards lower frequencies from 40 to 70 keV (0.39 to
0.31 mm™') but shifted towards higher frequencies
thereafter (0.38 mm™). A similar pattern was found for
KVSCT-Canon at 1.5 mm with lower f,, values (0.34 to
0.25 and 0.30 mm™). The opposite pattern was found for
KVSCT-GE, f,, values increased from 40 to 70 keV (0.13 to
0.21 mm™') and decreased thereafter (0.18 mm™). For
SFCT, DSCT and DLCT, the f,, values increased from 40
to 80 keV (0.18 to 0.23 mm™' for SFCT, 0.21 to 0.23 mm™'
for DSCT and 0.16 to 0.28 mm™' for DLCT).

The peak-normalized NPS curves and the spatial
frequency of NPS peaks are presented in Figure 4 for each
platform at different keVs. For KVSCT-Canon, NPS peaks
were found at low frequency (0.05 mm™') but a second peak
was found for the highest spatial frequency (0.32 mm™" at
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0.5 mm and 0.28 mm™ at 1.5 mm). Similar patterns were
found at 40 and 50 keV for SFCT with a spatial frequency
of 0.05 and 0.21 mm™".

TTF

Figure 5 depicts the values of TTF at 50% (f5,) and at
10% (f;y) for the five energy levels and for all DECT
platforms. For all DECT platforms, the TTF values at 50%
(f5o) decreased as the energy level increased (Figure 5A).
From 40 to 80 keV, the f;, values decreased from 0.36 to
0.29 mm™' for KVSCT-Canon at 0.5 mm, from 0.32 to
0.27 mm™" for KVSCT-Canon at 1.5 mm, from 0.68 to
0.22 mm™" for KVSCT-GE, from 0.58 to 0.37 mm™' for
SFCT, from 0.49 to 0.29 mm™" for DSCT and from 0.86 to
0.29 mm™ for DLCT. The highest f;, values were found for
SFCT (except at 40 keV) and the lowest values for KVSCT-
Canon (except at 70 and 80 keV, KVSCT-GE).

Values of TTF at 10% (f,,) decreased as the energy
level increased (Figure 5B), except for the KVSCT-Canon.
For KVSCT-Canon at 0.5 mm, f;, decreased from 40 to
60 keV but similar values were found for KVSCT-Canon at
1.5 mm. For both slice thicknesses, f;, values increased from
60 to 80 keV.

T'TF curves for all DECT platforms according to energy
levels are depicted in the Supplementary file (Appendix 1).

Detectability indexes

The detectability indexes (d’) obtained for the two simulated
contrast-enhanced lesions for each DECT platform and
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the 5 energy levels are depicted in Figure 6. d’ values
increased as the contrast of the simulated lesions increased
(Figure 64,6B).

For KVSCT-Canon and both lesions, d’ increased from 40
to 60 keV (on average by 41%=1% at 0.5 mm and 29%=1%
at 1.5 mm), then stabilized from 60 to 70 keV and decreased
afterwards (on average by -11%=1% and -9%=1%,
respectively). For both lesions, d’ values were increased by 1.2
times with 1.5 mm compared with 0.5 mm. For KVSCT-
GE, d’ values increased from 40 to 50 keV (on average
by 36%+1%), then stabilized between 50 and 70 keV and
decreased thereafter (on average by -44%=1%). d’ decreased
between 40 and 70 keV for DSCT (-12% at 2 mg/mL
and -16% at 4 mg/mL) and DLCT (-30% and -38%,
respectively). For SFCT, d’ decreased from 40 to 80 keV
(-9% at 2 mg/mL and -15% at 4 mg/mL).

For both lesions, highest d’ values were found for DLCT
followed with DSCT at 40 and 50 keV and for KVSCT-
Canon at 1.5 mm for other keV. At 60 keV, similar d’
values were found for KVSCT-Canon at 0.5 mm, DSCT
and DLCT. At 70 and 80 keV, the highest d’ values were
found for KVSCT-Canon at 0.5 and 1.5 mm followed with
DSCT. Overall, the lowest d’ values were found for SFCT
and KVSCT-GE.

Discussion

For the first time, we assessed the performance of the rapid

kV-switching CT (KVSCT-Canon) equipped with the
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deep learning spectral reconstruction algorithm (DLSR)
developed by Canon Medical Systems using two slice
thicknesses: the usual clinical slice thickness (0.5 mm) and a
slice thickness of 1.5 mm. We performed a task-based image
quality assessment to evaluate the noise characteristics,
spatial resolution and detectability of two contrast-
enhanced lesions on virtual monoenergetic images (VMIs)
at low energy levels. These outcomes were compared to
those of 4 DECT platforms each equipped with an iterative
reconstruction algorithm (hybrid or model-based IR).
For the slice thickness of 0.5 mm, we found that, this new
platform at 40 and 50 keV, not only had one of the highest
noise magnitude and lowest spatial resolution but also the
best noise texture for all keV compared to other DECT
platforms. Compared to 0.5 mm, the use of a slice thickness
of 1.5 mm reduced the noise magnitude but reduced also the
spatial resolution and degraded the noise texture. For both
slice thicknesses, highest d’ values were found at 60 keV.
The best lesion detectability was found for DLCT at 40 and
50 keV and KVSCT-Canon at 1.5 mm for other keV. For
KVSCT-Canon at 0.5 mm, detectability was higher than
other DECT platforms at 60, 70, and 80 keV and but lower
than DLCT and DSCT at 40 and 50 keV.

The results obtained with KVSCT-Canon for both
slice thicknesses showed that for the two inserts containing
iodine and blood, the NCT values measured were lower
compared to the theoretical values. This led to a lower
accuracy of the HU for these two inserts and a lower
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contrast between the soft tissue and blood-mimicking iodine
inserts compared to other DECT platforms. Regarding
the noise magnitude, we found that, as for KVSCT-GE, it
sharply decreased from 40 to 70 keV and weakly increased
between 70 and 80 keV. Similar results were found between
50 and 100 keV by Kojima et 4l. on the Multi-energy CT
phantom for a CTDI,,; of 12.3 mGy, using the first version
of DLSR and a slice thickness of 0.5 mm (28). The use of
a slice thickness of 1.5 mm reduced the noise magnitude
compared to 0.5 mm. Compared to the other platforms, the
noise magnitude was the lowest for 60, 70 and 80 keV at
1.5 mm. At 0.5 mm, the noise magnitude was the highest at
40 and 50 keV and similar to other platform for the other
keV. Furthermore, we found that the f,, values decreased
from 40 to 70 keV and increased from 70 to 80 keV. These
f,, variations along with keV were not found on any other
DECT platform. Furthermore, KVSCT-Canon at 0.5 mm
had the highest f,, values inducing a less modified image
texture than the other platforms. This result could be
explained by the fact that a DLSR algorithm is compared
with IR algorithms. Indeed, IR algorithms are known to
result in a more or less important image smoothing (17-19).
Although different, the first results of Deep learning image
reconstruction in SECT showed that this algorithm allowed
to reduce the noise while preserving the image texture
compared to IR and model-based IR algorithms (30-33).
Furthermore, the increase in slice thickness led to decrease
the f,, values but these remain higher or similar to those
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of other platforms. Regarding spatial resolution, we found
that, as for other DECT platforms, the f5, decreased as
the keV increased. As for f,, values, the increase of slice
thickness led to decrease f;, values and reducing the spatial
resolution. Compared to other platforms, the values of f;,
for both slice thicknesses were among the lowest, especially
from 40 to 60 keV. For other keV, the f;, values were close
to those with KVSCT-GE, DLCT and DSCT using the
0.5 mm slice thickness. Furthermore, the NPS and
TTF results obtained must be toned down. Indeed, the
positioning and size of the ROIs used for the NPS may
have impacted the NPS curves and favored the appearance
of a second peak at low keV. In this study, the methodology
proposed by Samei et a/. was used and two NPS peaks
appeared at low keV for SFCT and KVSCT-Canon (14).
For the TTE, the ESF was conditioned for a CNRTotal of
less than 15, i.e., at 40, 50 keV for all platforms and 60 keV
for some (14,34). This conditioning tends to overestimate
the TTF values and could explain the large differences in
f5o and f}, obtained between these keVs. To improve the
TTF calculation, the number of slices (not possible for the
ACR phantom) and/or the number of acquisitions should
be increased. Another solution would be to calculate the
TTF in the Multi-energy phantom on the two inserts used
to calculate d’. However, the positioning of ROIs equal
to twice the size of the insert taking into account only the
insert and the phantom background is hardly feasible. The
use of a phantom containing a homogeneous module to
calculate the NPS; and another module containing inserts
with iodine concentrations making it possible to get closer
to the simulated lesions and to increase the HU of the insert
and thus the CNR, would be a good solution.

For both simulated contrast-enhanced lesions, the d’
values increased from 40 to 50 keV, peaked at 60 keV then
70 keV and decreased at 80 keV. Compared to other DECT
platforms, d’ values were higher for KVSCT-Canon at
1.5 mm for 60, 70 and 80 keV and for DLCT for 40 and
50 keV. For KVSCT-Canon at 0.5 mm, d’ values were
higher than for SFCT and KVSCT-GE for all keV (except
SFCT at 40 keV). However, d’ values were lower than for
DLCT and DSCT at 40 keV and 50 keV and higher at 70
and 80 keV. For each DECT platform, d’ variations were
mainly related to the variation in the noise magnitude and
contrast according to keV.

Several studies have shown the advantage of using 50—
60 keV energy levels for the detection and characterization
of hepatic, pancreatic, or renal lesions (1,2,4-6). The results
obtained with the different DECT platforms showed that
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for these energy levels, d’ values are similar or higher
compared to those obtained at 70 keV (approximately
corresponding to a SECT acquisition at 120 kVp). Indeed,
for KVSCT-Canon, we found that the d' values peaked at
60 keV. For SFCT, DSCT and DLCT, the highest values
of d” were obtained at 40 keV. For KVSCT-GE, the use
of ASIR resulted in the highest d’ values between 50 and
60 keV. For all DECT platforms, the detectability of
contrast-enhanced lesions should therefore be higher
with low keV on VMIs compared to conventional SECT
acquisitions. Various hypotheses to explain the differences
found between the DECT platforms were listed by Greffier
et al. (12). First, they can be explained by technological
differences between the DECT platforms to obtain the
two spectra of low and high energy photons. Indeed, a
high overlap between the two spectra and poor spectral
separation lead to an altered spectral performance. SFCT,
which uses two filters to split the energy spectra into
low (gold filter), and high-energy spectra (tin filter) and
KVSCT, which switches between low and high-kVp, both
show a non-homogeneous and limited spectral separation
which could explain the poor results obtained compared to
other techniques (11). Second, these differences can also be
explained by differences in the way the spectra of high and
low-energy sinograms are decomposed into basic sinograms.
Indeed, this is done in the projection domain for KVSCT-
GE, KVSCT-Canon and DLCT and in the image domain
for SFCT and DSCT. In addition to these explanations,
the differences in the operation between the different
IR algorithms used or between IR and DLR algorithms
should be considered. For the all IR algorithms used,
these differences were previously studied in conventional
SECT (19). However, to our knowledge, the differences
between DLSR and IR algorithms on DECT images were
not studied. In all cases, further patient studies should be
performed to validate the quality of the low keV VMIs
obtained with each DECT platform in clinical practice.
The outcomes of our study show that the use of IR
algorithms makes it possible to reduce image noise on VMIs
at low keV and facilitate their use for abdominal spectral
CT examination. Indeed, an image with low noise and high
contrast is essential to detect and characterize abdominal
lesions. However, the use of these algorithms also changes
the texture of the image and degrades the spatial resolution.
These modifications can also perturb the radiologist in her
interpretation. For KVSCT-Canon, although not available
for the reconstruction process, the results of our study
showed that there was a strong need to increase the slice
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thickness of VMIs directly on the dedicated workstation.
"This greatly reduces noise and improves lesion detectability.
Using a slice thickness equivalent to other platforms shows
that this KVSCT-Canon technology with DLSR has
the lowest noise levels at 60, 70 and 80 keV and greatly
increases detectability. These differences are certainly
related to the use of this spectral reconstruction algorithm
compared to IR algorithms for other platforms.

"This study has several limitations. First, acquisitions were
performed for only one dose level, for one level of DLR/IR,
and with a single standard soft tissue reconstruction kernel.
Different outcomes may be obtained if other combinations
of parameters were used. Second, we compared the spectral
performance with spectral images reconstructed with a
DLR algorithm for a slice thickness of 0.5 mm and iterative
algorithms for slice thicknesses close to 1.5 mm. In addition,
for KVSCT-GE, the results should also be improved with
the new GSI Xtream platform with the DLR TrueFidelity
algorithm. However, this platform was also unavailable at
the time of the study. Last, we defined two task functions
to simulate the detection of contrast-enhanced lesions,
according to the NCT variations as a function of keV for
the two inserts available in the Multi-energy CT phantom.
This choice allowed us to ensure the reproducibility of the
results between the DECT platforms. Also, the contrast
variations of both simulated lesions were taken into account
according to the DECT performance of the platforms. It is
now necessary to perform a clinical study on specific sized,
contrast-enhanced lesions to confirm these results.

Conclusions

For the rapid kV-switching DECT with deep learning,
the highest detectability of contrast-enhanced lesions
was reported at 60 keV. For KVSCT-Canon, the highest
detectability of contrast-enhanced lesions was found at
60 keV. The highest d’ values were found for DLCT at 40
and 50 keV and for KVSCT-Canon at 1.5 mm for other
keV. For KVSCT-Canon at 0.5 mm, d’ values were lower
than DSCT and DLCT at 40 and 50 keV but similar or
higher afterwards.. The results found on phantoms should
now be validated in clinical practice for the detection and/or
characterization of abdominal lesions on VMIs at low keV.
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Supplementary

Materials and methods
Phantoms

An elliptical (30 cm x 40 cm x 16.5 cm) Multi-Energy CT phantom model 1472 (Sun Nuclear) was used to assess the contrast
between the soft tissue insert and the inserts with blood-mimicking material plus iodine at 2.0 or at 4.0 mg/mL. These
inserts (diameter 28.5 mm, placed in water equivalent as background material) were selected to take into account tissues
representative of the anatomical structures found in an enhanced abdominal CT acquisition. The insert positions were the
same for each CT acquisition on each DECT platform (Figure S1A).

A 20-cm diameter ACR QA phantom (Gammex 464) placed inside a body ring (26.4 cm x 33 cm x 20 cm) was used to
perform the task-based image quality assessment. The Noise Power Spectrum (NPS) was computed in Module 3 (Figure S1B).
This module consists of a uniform water-equivalent material with two very small tungsten beads of 0.11-mm diameter. The
Task-based Transfer Function (T'TF) was computed in Module 1 (Figure S1C). This module is composed of four inserts of
25-mm diameter each placed in a water equivalent as background material (HU between -7 and 7). An acrylic insert (HU
between 110 and 135) was also used.

Bloq,d +iodine —

at 2/mg/ml
|
‘ . Soft tissue
|

BIdpd +iodine
at 4mg/ml

N

Figure S1 Images of the two phantoms used in this study. (A) Virtual monochromatic image at 70 keV of the multi-energy CT phantom
with the positions of the soft tissue insert and inserts with blood-mimicking material plus iodine at 2.0 and 4.0 mg/mL used for the
assessment of HU accuracy. (B) The four regions of interest (ROIs) of 64x64 pixels used for the noise power spectrum (NPS) assessment. (C)
ROIs used to compute the task-based transfer function (T'TF) placed on the acrylic insert.
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Calculation of theoretical CT numbers of Multi-energy inserts

For monoenergetic reconstructions, the attenuation values and the expected CT numbers can be derived for each of the
inserts. The expected attenuation value for a compound at a given energy E, is represented by p_C (E) and can be calculated
using the using the following formula [1]:

w(B)-p T4 B
\

where p, represents the physical density of the compound, f; represents the fraction by mass of each element, and (—j (E)
represents the mass-attenuation coefficient of each element at the given energy. P

i

The CT number of each insert according to energy level was calculated using the following formula [2]:

IuC (E) - luwater (E)
luwater (E

where u,,,.(E) represents the attenuation value of water and u(E) represents the attenuation coefficient of a given insert.
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Figure S2 Task-based transfer function (T'TF) curves of the acrylic insert obtained at different keVs for each dual-energy CT platform
and both slice thicknesses for KVSCT-Canon. KVSCT-Canon, rapid kV switching CT; DLCT, dual-layer CT; DSCT, dual-source CT;
KVSCT-GE, fast kV switching CT; SFCT, split filter CT.
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