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Abstract. - Many technological advances
have entered the clinical routine of Computed
Tomography (CT) imaging. The new CT scanners
have specific solutions in gantry design to bear
the mechanical solicitations. The X-ray tubes
have been improved for faster acquisitions at low
radiation exposure, while the innovations in CT
detectors provide a better image quality. The op-
timization of image quality and contrast, and the
reduction of radiation dose, cannot be achieved
without the implementation of adequate recon-
struction software, such as Iterative Reconstruc-
tions (IR) and Artificial Intelligence (Al). In recent
years, dual-energy (DECT) technology has ex-
panded the indications of CT.

In this narrative review, a panoramic overview of
the technological novelties in CT imaging will be
provided for optimal utilization of CT technology.

Introduction

Computed Tomography (CT) is a well-estab-
lished and diffuse diagnostic tool with many in-
dications and uses in body imaging, in acute or
non-emergency settings. Since its introduction in
the early 70s, many technological solutions have
been introduced to improve diagnostic perfor-
mance, to reduce motion artifacts and radiation
exposure'. The new-generation scanners present
several innovations in gantry design, X-ray tube,
and detector technology?®. These are coupled with

significant innovations in software technology,
from Iterative Reconstructions (IR) to Artificial
Intelligence (Al), spectral imaging with dual-en-
ergy CT (DECT), and photon-counting CT*>.
Some of these solutions smoothly entered the
clinical routine, while others are still under inves-
tigation; all of them must be understood for the
optimal utilization of the newer CT scanners.

This narrative review will provide the princi-
pal highlights on the recent technologies in CT
scanners with the main clinical applications. From
the innovations in gantry design, X-ray tubes, and
detectors, we will move to the novelties in recon-
struction software and spectral CT.

Technical Advances: Gantry Design

The innovations in modern CT scanners are
moving in two main directions: reduction of ra-
diation dose and acquisition of scan volumes as
wide as possible along the z-axis with a high tem-
poral resolution®®.

During the last 10-15 years, detectors with an
increasingly wider coverage on the z-axis (up to
192 to 320 detector rows and 16 cm coverage)
have been introduced'. The possibility of the ac-
quisition of an entire organ (e.g., the brain or the
hearth) within a single rotation slowed the race for
detectors with more slices and re-introduced the
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axial acquisitions both for dynamic contrast-en-
hanced studies (DCE), and to reduce the over-
scanning’®.

The race for a better temporal resolution must
involve rotation times. The goal of 0.20 s/rotation
announced in 2014 has not been achieved and the
fastest rotation speed is up to 0.28 s (Revolution
CT, GE Healthcare, Milwaukee, Wisconsin) or
0.25 s (Somatom Force, Siemens Healthineers,
Forchheim, Germany)’®. The technical imple-
mentation of the gantry with such rotation speeds
requires a specific design (e.g., friction-free air
bearings and contactless data transfer) and must
bear the tremendous centrifugal force which is up
to 40 g at 0.25 s/rotation'. The centrifugal force
of the gantry directly affects the cooling system
of the X-ray tube, which necessitates a specific
optimization, such as rotating envelope, convec-
tive cooling, and liquid bearings''°. More recent-
ly, a specific cardiovascular scanner (CardioG-
raphe, GE Healthcare, Milwaukee, Wisconsin)
achieved a rotation time of 0.24 thanks to the
smaller gantry allowing a faster rotation speed at
equal g-forces®!'.

A fast-moving table (up to 74 cm/s with an ac-
celeration of 150 cm/s?) is necessary for ultrafast,
high pitch (HP) acquisitions'?. This is a particu-
lar acquisition technique of the dual-source scan-
ners (TurboFlash, on Somatom Definition, Flash,
Force, Siemens Healthineers, Forchheim, Germa-
ny) where acquisitions with pitch values of 3 are
feasible with the double tube-detector system'.

The latest innovations in gantry design involve
the use of Artificial Intelligence (AI). Since the
calibration of the scanner and the devices for dose
reduction (e.g., the bow-tie filter and the current
modulation, see below) assume that the patient is
positioned at the isocenter, newer scanners mount
an Al algorithm that automatically moves the pa-
tient to the isocenter under the guide of an infra-
red camera without centering errors'13,

Clinical Implementation in Body CT:
Ultrafast Acquisitions

The main application of HP scans (Turbo-
Flash, Siemens Healthineers, Forchheim, Ger-
many) is in cardiovascular imaging'®. Beyond it,
the HP scans provided several advantages in the
reduction of motion artifacts, particularly in chest
scans. Lell et al'” optimized a free-breathing, re-
spiratory-triggered HP scan in uncooperative pa-
tients with satisfactory image quality, a significant

reduction of motion artifacts, and a better delin-
eation of anatomical structures when compared
to standard CT acquisitions'’. Comparable results
were obtained with low dose protocols (LDCT)
and in the COVID setting (Figure 1)'%!. It can be
argued that a better depiction of anatomy does not
match with diagnostic confidence: Braun et al*
recorded satisfactory diagnostic performance in
their study with HP protocol®. Gariani et al*' as-
sessed a cohort of adult patients undergoing tho-
racoabdominal CT for various clinical reasons®'.
The authors found comparable image quality be-
tween the standard CT (pitch 0.6) and dual-source
HP scans (pitch 3.2) with significantly fewer mo-
tion artifacts in the latter*'. These results were also
confirmed in the emergency setting and in obese
patients*>%.

In pediatric CT, sedation can be required for
young, uncooperative infants. Globally, HP proto-
cols provide the best image quality and the most
effective management of motion artifacts, without
the need for general anesthesia or breath-hold ac-
quisitions?*%.

Technical Advances in Hardware:
Tubes, Detectors, Modulation,
and Filters

X-Ray Tubes

The main objectives of technological advanc-
es in X-ray tubes are reducing radiation exposure
and optimizing contrast, short acquisitions, Z-axis
coverage, and mechanical forces acting within the
gantry'.

Except for the last issue, the others are ad-
dressed by the improvement of tubes’ output.
First, the acquisitions at low kV allow for the
reduction of radiation dose while optimizing the
contrast enhancement (the mean energy of the
beam gets closer to the K-edge of iodine) while the
higher tube current compensates for the increased
noise?’?. Second, the HP acquisitions require
a consistently high output for short acquisition
times'2. Moreover, the tin filter mounted on some
scanners (Somatom Flash and Force, Siemens
Healthineers, Forchheim, Germany) for dose re-
duction (see below) absorbs up to 90% of the emit-
ted photons; therefore, a high output is necessary
for compensation®®*°. Thus, the high-end X-ray
tubes provide a wider choice of operating kV and
a more powerful output at low voltages®'. As an
example, both the Vectron (Siemens Healthineers,
Forchheim, Germany) and the Quantix 160 (GE
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Figure 1.The role of high-pitch acquisition on a Dual-source CT (Somatom Force, Siemens Healthineers, Forchheim, Germa-
ny) with spectral shaping (tin filter). Uncooperative patient with COVID-19 (male, 77 y.o.). A, Dual-energy (DECT) acquisition
(90/1508n kV); rotation time: 0,25s, pitch: 1.1, exposure time: 1.98 s, ADMIRE 3. Radiation dose: CTDI 7.97 mGy; DLP: 381.5
mGycm. B-D. High-pitch acquisition (TurboFlash, Siemens Healthineers) with spectral shaping (100Sn kV); rotation time:
0,25 s, pitch 3, exposure time: 0.61 s, ADMIRE 0 (filtered backprojection). B, ADMIRE 3 (C), ADMIRE 5 (D). Radiation dose:
CTDI 0.78 mGy; DLP: 30.5 mGycm. Image A is the acquisition at standard dose; the arrows point to the motion artifact due to
cough. The high-pitch acquisition (images B-D) avoids the motion artifacts thanks to the rapid acquisition time. The reduction
of radiation dose with the tin filter results in an exposure of 1/10 of the standard dose. The iterative reconstruction (ADMIRE) is

fundamental for the optimization of image quality and adequate depiction of pulmonary structures (images C and D).

Healthcare, Milwaukee, Wisconsin) tubes deliver
1300 mA at 70 Kv; the Vectron tube has operating
kV up to 150 kV, selectable in steps of 10 kV*2.
Third, the Z-axis coverage of the detector directly
influences the cone angle of the X-ray beam, itself
being proportional to the anode angle®. Conse-
quently, an increased anode angle corresponds to
a wider focal spot with a loss in spatial resolution.
This can be compensated with a narrower elec-
tron beam leading to wear and cooling issues*.
Among the high-end tubes, the Quantix 160 (GE
Healthcare, Milwaukee, Wisconsin) has one of the
higher anode angles (10°) for a collimation of 160
mm on the Z-axis*. Finally, these performances
require a specific cooling design at high g-forc-
es: specific examples are the rotating envelope

and convective cooling (Straton or Vectron tubes,
Siemens Healthineers), or the spiral groove where
the liquid metal works as a bearing and cooling
system'?-33-6,

Detectors

The recent advances in detector technolo-
gy aim to improve the performance in terms of
dose reduction, spatial resolution, and velocity
of response®’. A first strategy consists in the im-
provement of the electronics, namely the photo-
diode and the analog-to-digital converter, which
contribute to image noise®!. One of the recent ad-
vances is the integration of the photodiode and the
converter in one integrated circuit (i.e., Stellar and
Stellar Infinity detectors, Siemens Healthineers,
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Figure 2. Spectral imaging: scanner design. A, Dual source (Siemens Healthineers, Forchheim, Germany). The two tube-detec-
tor systems are mounted with an offset of nearly 90°, increased in the latest generations to improve the Field of View of dual-en-
ergy acquisitions. Tube B, operating at high voltage in the 3™ generation scanner (140-150Sn kV), has the tin filter to improve the
spectral separation. B, fast kVp switching (GE Healthcare, Milwaukee, Wisconsin). The X-ray tube has variable voltage while
rotating (it switches between 80 and 140 kV). C, The layer detector (Philips Healthcare, Best, Netherlands) has two concentrical
sensitive layers, the inner samples the low-energy photons, and the outer interacts with the higher part of the spectrum. D, Split
Filter (Siemens Healthineers, Forchheim, Germany). The filter is composed by gold and tin components: these metals selectively
cut the high and low components of the X-ray spectrum, thus splitting the beam. E, Consecutive acquisitions (Canon Medical
Systems, Otawara, Japan). This strategy is usually implemented on scanners with wide coverage on the z-axis, the datasets are
acquired sequentially with axial or helical mode. F, Photon-counting CT. The actual commercial solution (Naeotom Alpha, Sie-
mens Healthineers, Forchheim, Germany) has a dual-source architecture. The crystals of CdTe of the energy-resolving detectors
are in an electrical field of 800-1000 V. After the interaction, the electron migrates and produces an electrical pulse proportional

to the incident X-ray photon energy.

Forchheim, Germany), with significant improve-
ments in image quality in low-dose protocols or
in obese patients®®’.

The current technology of detectors is based
on the indirect conversion of X-rays into electrical
signals via visible light thanks to the scintillator
materials®’. The scintillator materials must fulfill
several requirements: among the different materi-
als, the Gd- oxysulfide is one of the most used***.
More recently, other materials with better perfor-
mance have been introduced®”. For example, the
garnet crystal (Gemstone Detector, GE Health-
care, Milwaukee, Wisconsin), has a primary decay
time of 30 ns (100 times faster than Gd oxysulfide)
and 25% of the afterglow of Gd oxysulfide; this
material is fundamental for spectral imaging with
fast kV switching (Figure 2 A-B)**%. Other mate-
rials are available for spectral imaging*’. The lay-

er detector (IQon Spectral CT, Philips Healthcare)
has a layer of ZnSe superimposed to a layer of
Gd,0,S:Pr,Ce: the internal ZnSe layer is sensitive
to and attenuates the low-energy photons, while
the external layer is sensitive to the high-energy
components of the spectrum (Figure 2 C-E)*%
The energy-resolving detectors use semicon-
ductors, such as cadmium-zinc-telluride (CZT),
silicon (Si), or cadmium-telluride (CdTe) for di-
rect conversion of the X-ray into electrical puls-
es’*¥, The semiconductor is placed into an elec-
tric field (800-1000 V); the electron produced
during the interaction with the X-ray photon is
displaced and converted into the electrical signal
proportional to the energy of the photon. Once the
energy of the photons is quantified, they can be
grouped into energy bins (Figure 2 F)°. This leads
to several advantages in terms of image quality,
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noise and dose reduction, multi-material decom-
position, and spatial resolution®-*’.

Several solutions are useful to improve spatial
resolution. First, smaller detector elements (from
0.625 mm to 0.25 mm, Aquilion Precision, Canon
Medical Systems, Otawara, Japan) seem to pro-
vide a better spectral resolution; the use of an ad-
ditional grid (Siemens Healthineers, Forchheim,
Germany) is another strategy but is associated
with higher radiation exposure®*.

Dose Reduction: Modulation of mA and kV

The automatic tube current modulation
(ATCM) aims to homogenize the image noise
through the different anatomical districts, which
do not have a circular section nor a constant den-
sity®*¢!. Beyond the homogeneous image noise,
the phantom and clinical studies showed a reduc-
tion of radiation exposure >509%°%'62,

The ACTM uses the scan projection image
(SPI, scout view, or topogram) to calculate the
size and the attenuation of the patient in one or
two projections. The tube current is consequent-
ly modulated during the rotation in each quadrant
or interpolated between the anteroposterior and
lateral projections; the tube current is also modu-
lated along the Z-axis®**. The ATCM commonly
works on image noise, which is managed differ-
ently by the available algorithms. However, the
recognition of different structures relies on the
contrast-to-noise ratio which depends on the pa-
tient’s size and fat proportion: the ACTM algo-
rithms can be optimized for higher image noise in
larger patients®>®. For example, the CARE DOSE
4D (Siemens Healthineers, Forchheim, Germany)
and DoseRight (Philips Healthcare, Best, Nether-
lands) use algorithms that increase the acceptable
noise with the mean attenuation. In the first sys-
tem, the reference tube current and the strength of
modulation are manually selected®. The second
has three modules: the automatic current mod-
ulation (manual or automatic), the longitudinal
modulation (Z-DOM), and the angular modula-
tion (D-DOM) working independently®®®, Con-
versely, in AutomA (GE Healthcare, Milwaukee,
Wisconsin) and SURE EXPOSURE 3D (Canon
Medical Systems, Otawara, Japan) algorithms,
the operator chooses the noise level as a value of
standard deviation in a standard phantom’”". Fur-
ther evolution of ATCM is the selective reduction
of radiation exposure of superficial districts, such
as the Organ Dose Modulation (GE Healthcare,
Milwaukee, Wisconsin) or the X-CARE (Siemens
Healthineers, Forchheim, Germany). These algo-
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rithms reduce the current when the tube irradiates
superficial organs (e.g., breast or eyes) within
variable angles of rotation (from 90° to 180°)">7.

With the availability of X-ray tubes with
high power output and a wide range of operat-
ing kV, algorithms for automatic Voltage selec-
tion have been introduced, such as the kV Assist
(GE Healthcare, Milwaukee, Wisconsin) or the
CAREKkV (Siemens Healthineers, Forchheim,
Germany)’*7>. These algorithms automatically se-
lect the optimal tube voltage and tube current with
the lowest CTDI for the specific acquisition.

Beam Filtration and Spectral Shaping

In CT imaging, the energy spectrum of the
emitted and measured X-rays at detectors are
significantly different: this is known as the beam
hardening effect”. The low-energy photons (<30
keV) are rapidly absorbed or scattered by the bi-
ological tissues: they contribute to the radiation
dose while producing noise’®’’. The beam harden-
ing depends on the thickness of the tissue, which
is lower at the lateral and peripheral portions of
the body. The bowtie filters shape the X-ray beam:
the variable thickness of the filter performs a more
aggressive filtration of the peripheral sections of
the X-ray beam with a reduction of the radiation
exposure calculated in 10-20%"8.

The spectral shaping is a further strategy for
dose reduction: a tin filter is added to the standard
beam hardening filtration at the exit window of
the X-ray tubes in dual-source scanners (Siemens
Healthineers, Forchheim, Germany). The tin fil-
ter makes the X-ray beam narrower by selectively
attenuating the quanta at lower energy levels; this
leads to an increase of the mean energy of the beam
with reduction of the beam hardening effect and
significant reduction of radiation exposure®*".

Technical Advances in Software:
Filtered Back Projection, Iterative
Reconstruction, Artificial Intelligence

Together with hardware innovations for the
reduction of radiation dose, several software solu-
tions have been introduced to reduce the image
noise and allow acquisitions with lower expo-
sures®. For decades, the standard for image recon-
structions in CT was the analytical method, the
so-called filtered back projection (FBP)™. Con-
sidering the projections (raw data) of a hypothet-
ical pencil beam measured by the detectors as an
integral function of the angular and linear shift,
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the FBP solves these equations by inversion and
reconstructs the images; further evolution of the
algorithm involves the fan beam and spiral ac-
quisitions™*’. The FBP is associated with filters
to compensate for the low-pass blur given by the
different number of projections passing the object
in the center and in the periphery: the higher the
compensation, the higher the sharpness, the high-
er the spatial resolution and the image noise. The
main strengths of FBP are the low complexity and
low required computational power; however, the
issues in the management of increasing noise pre-
vent the reduction of radiation exposure with FBP
(Figure 3, Table I)*.

IR are algorithms that reduce the noise during the
reconstruction process allowing for the reduction of
radiation exposure. These algorithms work on the
raw data or image domain and can be classified into
statistical IR (hybrid), and model based IR°.

From a theoretical point of view, IR consists of
a stepwise, repeated calculation, where each step
allows for updating or correction of a parameter
until a defined criterion is matched. An ideal IR
model involves forward and backward, repeated
projection steps. Starting from a first image (e.g.,
estimated with FBP), synthetical raw data are cal-
culated (forward projection) and compared with
the measured raw data; the obtained correction
parameter is propagated to the measured raw data
for the estimation of an updated image (backward
projection). The forward projection for the cal-
culation of synthetic raw data requires models of
the CT acquisition process: these are divided into
CT system optics (related to the geometry of the
gantry, the X-ray tube, and the detectors) and CT
system statistics (related to the X-ray spectrum,
the statistical distribution of photons and noise of
the detector electronics) (Figure 3)%.

Regarding the technological solutions, the hy-
brid IR uses separate filtration steps into raw data
and/or image domain; the image reconstruction
step relies on FBP. The filtration in the raw-data
domain is a variation analysis to detect the noisy
projections that will have a different weight for the
final image reconstruction; in the image domain,
the statistical models detect and filter the noise®®.
Even though the first statistical IR worked on the
image domain (IRIS, Siemens Healthineers, Forch-
heim, Germany), the actual algorithms perform it-
erations on both domains®*”#. The model-based
IR involves at least one forward projection step;
this step requires the system and optics model for
the calculation of synthetical raw data and the up-
date of the raw data at each iteration***'. The main

advantages of IR algorithms are the effective noise
and dose reduction with acceptable image quality;
when compared to FBP, the main drawbacks are
the longer computational times and potential alter-
ation of image texture (Figure 3, Table 1)%2.

The altered image texture (“blotchy” or “oil
painting”) aspect of images is caused by the limita-
tions of IR in the management of low-spatial-fre-
quency noise and low-contrast spatial resolution at
low radiation doses, due to the nonlinear relations
between these parameters®”. The Al algorithms
have a different approach to overcome these is-
sues. Machine Learning (ML) is a subgroup of Al
that improves (“learns”) its performances without
specific programming: it can be classified into su-
pervised (the data are labeled by humans and are
used as ground truth during the training), unsu-
pervised (the algorithm groups and separate using
hidden parameters), and reinforcement learning
(the algorithm works in a dynamic environment
and receives feedback for positive or negative
reinforcement)®. The Artificial Neural Networks
(ANN) used in Deep Learning (DL) represent a
subset of ML and have several connected mod-
ules (nodes or neurons) which simulate the hu-
man brain: the nodes are organized into an input
layer, several hidden layers, and an output layer®.
Among ANN, the convolutional neural networks
(CNN) are suitable for image reconstruction: they
are trained with low-dose, low-quality CT imag-
es and have as target data high-quality, high-dose
images®. At present, two commercial solutions
are available: the AiCE (Canon Medical Systems,
Otawara, Japan) applies the CNN to improve the
hybrid IR, while the TrueFidelity (GE Healthcare,
Milwaukee, Wisconsin) directly reconstructs the
images from projections (Figure 3)°7-%°.

Clinical Implementation: Low Dose,
Less Noise, High Contrast

One of the first applications of low-kV acqui-
sitions with iterative reconstructions is the assess-
ment of pulmonary embolism (PE)'®. Knowing
the average characteristics and comorbidities of
patients with PE, the CT protocol is optimized
for optimal intravascular contrast with the lowest
dose of contrast material and associated reduc-
tion of radiation exposure'*'2, The concomitant
presence of other pulmonary pathologies, such as
COVID-19 pneumonia, often requires specific ad-
justments for adequate evaluation of pulmonary
parenchyma!%-10,

The implementation of low-dose CT protocols
(LDCT, dose-length product (DLP) <1.5 mSv) in
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Figure 4. Dual-energy CT and material decomposition. A-D, Material-selective images. C-D, Energy-selective im-
ages. A, Material labeling. Patient with gout. The uric acid is labeled and colored in green (arrows) and the volume is
quantified. B, Iodine map. The left portal branch has a mixed thrombus: the neoplastic component has a significantly
higher iodine uptake (see labels in the image). C-D, Material subtraction and virtual non-contrast. C, basal acquisition
at 120 kV. D, Virtual non-contrast (3" generation dual-source CT, Somatom Force, 90/150Sn kV, Siemens Healthineers,
Forchheim, Germany). Images C and D present comparable attenuations of the liver and the neoplastic lesion. E, 3™
generation dual-source CT, portal venous phase, 100/150Sn kV, Mixed 0.8. the blended image simulates the acquisi-
tion at 120 kV, the labels are the attenuation values of the liver lesion, the portal vein, and the liver. Image F, is the
monochromatic reconstruction at 55 keV for magnification of image contrast, the labels are the attenuation of the same
structures of image E.
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Table I. Image Reconstruction in CT.

Reconstruction

AIDR 3D (Adaptive Iterative Dose
Reduction 3D, Canon Medical
Systems, Otawara, Japan)

iDose (Philips Healthcare, Best,
Netherlands)

SAFIRE (Sinogram-affirmed iterative
reconstruction, Siemens Healthineers,
Forchheim, Germany)

* Dose reduction (moderate)

* Artifact reduction (moderate)

Technique Acronyms Strengths \X/eaknesses
Filtered back - * Speed of reconstruction; * Image noise
rojection . - .
projecti * Control on image * Sensibility to artifacts
characteristics (e.g., kernel)  (e.g., streaking)
* Image texture * Negligible dose reduction
* Robustness of image metrics ¢ Limited depiction
of low-contrast objects

Hybrid ASIR, ASIR-V (Adaptive Statistical < Noise reduction (moderate) e« Speed of reconstruction;
(statistical) Iterative Reconstruction, GE « Resolui fl trast  + Control on i
iterative Healthcare, Milwaukee, Wisconsin) ;.S ofution ?i ow-contras ﬁ) nirol on umage
reconstruction objects (moderate) characteristics

* Oversmoothing;
* Altered image texture

* Robustness of image metrics

Model-based VEO (MBIR, Model-Based Iterative

* Noise reduction (strong)

* Speed of reconstruction;

TrueFidelity (GE Healthcare,
Milwaukee, Wisconsin)

* Maintain spatial resolution
(strong)

* Artifact reduction (strong)

iterative Reconstruction, GE Healthcare, « Resolui fl trast  * Control on i
reconstruction Milwaukee, Wisconsin) esotution ot low-confras ontroton Image
objects (moderate) characteristics

FIRST (Forward projected . .

model-based Iterative Reconstruction Dose reduction (strong) * Oversmoothing;

Solution, Canon Medical Systems, ~ « Artifact reduction (strong)  * Altered image texture

Otawara, Japan) . .

* Robustness of image metrics

IMR (Iterative Model Reconstruction,

Philips Healthcare, Best, Netherlands)

ADMIRE (Advanced Modeled

Iterative Reconstruction, Siemens

Healthineers, Forchheim, Germany)
Artificial AiCE (Advanced intelligent * Noise reduction (strong) * Large training datasets
intelligence — Clear-1Q Engine, Canon Medical  Resolution of | - accounting for personal
Deep Learning Systems, Otawara, Japan) ;S ofution o fow-contras differences;
Reconstruction objects (strong)

* Accurate selection of training
data

* Reduced sharpness of fine
details (slight)

* Robustness of image metrics

thoracic imaging is an active field of research, in par-
ticular with the introduction of lung-cancer screen-
ing campaigns'”’. The strategies for dose reduction
depend on the scanner technology and are classified
into the reduction of kV or mA, and the use of the
tin filter'®®. In adult patients, the LDCT protocols on
most scanners maintain a medium-high voltage (120
kV) with a significant reduction of tube current to
maintain an acceptable image noise'*''°. Converse-
ly, in pediatric patients, the low voltages (e.g., 70
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kV) have been successfully tested'!. The IR has a
pivotal role in the optimization of LDCT protocols
in terms of noise and dose reduction; it has been es-
timated that at equal image quality, the IR reduces
the dose by 26-50% in chest LDCT protocols'.
These results are confirmed with both the hybrid
and model based IR*'">. Most of the studies'*!'*!1
with hybrid IR agree on the effective improvement
of image quality, depiction of anatomical structures,
and detection of pulmonary nodules. Some schol-
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ars'"® highlighted potential lower conspicuity and di-
agnostic confidence in the low-contrast recognition
tasks (e.g., ground-glass opacities) with hybrid IR;
this finding has not been confirmed by all the studies
with recommendations of prudential application of
[R!"3:116117 The model-based IR has the theoretical
advantage of a lower influence on image texture;
while some studies recorded better performances of
model-based IR, others showed comparable diag-
nostic yield with the statistical IR"%12!,

Chest imaging is the main application of LDCT
with the tin filter on the third-generation du-
al-source scanner (Siemens Healthineers, Forch-
heim, Germany)®. The proposed protocols, with
spectral shaping, obtained a conspicuous reduc-
tion in radiation exposure (=90%) with acceptable
image quality and diagnostic performance®-!2%123,
The role of model-based IR (ADMIRE, Siemens
Healthineers, Forchheim, Germany) is pivotal, and
an optimal setting is required for the low-contrast
recognition tasks (Figure 1)'*'%. The technique
has interesting applications in pediatric imaging,
and it is usually coupled with high-pitch acquisi-
tions'?. Other preliminary reports'?’'* demonstrat-
ed the effectiveness of tin filter in abdominal stud-
ies, virtual colonography, or whole-body LDCT.

In abdominal studies'*’, the CT protocols
with low kV aim to improve the image contrast
while reducing the radiation dose. Several reports
demonstrated encouraging results in liver imag-
ing for the detection of liver lesions'*"'*2, pancre-
atic tumors'**!**, the kidney and urinary tract'**!%,
and for the assessment of the gastrointestinal
tract'*”1*8, The low-dose protocols are usually
coupled with the use of IR for noise suppression
and optimization of image quality**'"**. Even if
recommended, the IR demonstrated its limita-
tions in the low-contrast recognition tasks, where
the reduction of radiation dose depending on the
IR is limited. In general, a reduction of radiation
exposure >25% with stronger IR reconstruction
leads to an altered image texture with significant
degradation of diagnostic performance'*!*°, The
use of DL for image reconstruction overcomes
these limitations: the lesion detection and diag-
nostic performance are maintained at half radia-
tion exposure 141,

Advanced CT Techniques:
Spectral Imaging

The introduction of dual-energy CT (DECT)
moved the frontiers of CT from morphology to

function'”. The material decomposition with
DECT relies on the assumption that the attenuation
of X-rays can be approximated to a linear combi-
nation of the Compton and the photoelectric effect,
expressed as functions of material density and the
energy of the X-ray beam'#'**. This principle can
be extended to a mixture of different materials: by
scanning the same volume with two different X-ray
spectra, it is possible to quantify two materials with
known spectral curves®. With the inclusion of a
third condition, such as the conservation of volume
or mass, it is possible to include a third known ma-
terial, to perform the three-material decomposition
or multi-material decomposition'*. The images ob-
tained with the post-processing of DECT datasets
provide several different information. Didactically,
it is convenient to divide these images into materi-
al-selective (what kind of material am I assessing?)
or energy-selective (what kind of information is the
X-ray beam providing?)*. With material-selective
images, a specific material (e.g., iodine) is detect-
ed (material labeling), quantified (e.g., quantitative
maps or iodine maps), or subtracted (e.g., virtual
non-contrast, VNC). With energy-selective images,
the volume is scanned with a hypothetical mono-
chromatic beam at different energy levels even not
currently available on the scanner (i.e., monochro-
matic images); otherwise, information about the ef-
fective atomic number or effective density (rho-Z)
can be extracted'*.

At present, several different technological
solutions are commercially available for DECT
scanners. Schematically, the spectral separation
can be performed at the tube level or at the detec-
tor level. The first group includes the dual-source
scanners with two tube-detector systems (the three
generations of Somatom CT, Siemens Health-
ineers, Forchheim, Germany), the fast kV-switch-
ing (Revolution CT, GE Healthcare, Milwaukee,
Wisconsin), the split filter (TwinBeam on So-
matom Edge, Siemens Healthineers, Forchheim,
Germany), and consecutive acquisitions (Aquil-
ion One, Canon Medical Systems, Otawara, Ja-
pan). Two technologies are available for spectral
separation at the detector level: the layer detec-
tor (IQon spectral CT, Philips Healthcare, Best,
Netherlands) and the photon counting CT (Nae-
otom Alpha, Siemens Healthineers, Forchheim,
Germany) (Figure 2)'.

Each configuration has some advantages and
disadvantages, as highlighted in Table II. The main
advantage of the dual-source scanners (Siemens
Healthineers, Forchheim, Germany) is the full
control of the tube current and the spectral sepa-
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Table Il. Technological solutions for spectral imaging.

Force (Siemens Healthineers,
Forchheim, Germany)

» Two independent tube-detector systems
with an offset of =90°

S Models and Features Strengths \X/eaknesses
Technology
Dual Source  Somatom Definition Flash, Drive, ¢ Full control on tubes’kV and mA  * Maximum FOV for

* Highest spectral separation
(tin filter) with robustness
of material decomposition
algorithms

 Temporal resolution

spectral information:
36 cm (adequate for most
of body acquisitions)

Cross scattering

Spatial mismatch
of the projections (<90°)
and image-space material

* Energy-resolving detectors
quantifying and classifying
the energy of each photon into bins

decomposition
FastkV Revolution CT (GE Healthcare, * Negligible mismatch pf projections ¢ Lower spectral separation
switchin, Milwaukee, Wisconsin ~5°) allowing for
witching wauee, Wi in) (%57 allowing * No tube current
* The X-ray tube switches the potential ~ « Projection-domain material modulation requiring
every 150 ms while rotating; decomposition and variable exposures
. . . at different energies
* Detector with fast response * Better beam hardening correction g
. . * Limited rotation speed
* Spectral information at full FOV P
of 50 cm
Layer IQon Spectral CT (Philips Healthcare, < Simultaneous acquisition * Lower spectral separation
Detector Best, Netherlands) of the projections and inaccurate material
. . L . . decomposition
* Detector with two superimposed * Projection-domain material P
layers sensitive to different energies decomposition
* Spectral information at full FOV
of 50 cm
Twin Beam TwinBeam on Somatom Edge * Potential easy implementation  Lower spectral separation
(Siemens Healthineers, Forchheim, on current scanners and inaccurate material
Germany) decomposition
« Afilter with two different metals splits
the X-ray beam int two spectra
Consecutive  Aquilion One (Canon Medical * Potentially absent mismatch of * Lowest temporal
acquisitions  Systems, Otawara, Japan) projections resolution: motion artifacts
. . and inconsistencies
. I\}r;ﬁig::e;nz:(r)l‘tgiaorél}é ;?ezisllsners with * Full control on tube kV and mA between the datasets
g * Spectral information at full FOV
of 50 cm
Photon Naeotom Alpha (Siemens * Multi-energy imaging * Image noise
Counting Healthineers, Forchheim, Germany) and multi-material decomposition;  in multi-material

* Spectral information with high-pitch
acquisitions in dual-source mode

* Spatial resolution
* Noise reduction

* Dose reduction

decomposition

ration (i.e., the tube voltages), the latter is further
improved by the tin filter thanks to the two inde-
pendent tubes. Moreover, the scanner technology
allows for fast acquisitions with an adequate tem-
poral resolution'*. Potential disadvantages are the
cross scattering between the two tubes (specific
software solutions have been introduced), the re-
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duced FOV (up to 36 cm, adequate for almost all
anatomical districts), and the DECT post-process-
ing on the image domain due to the offset of pro-
jections'”. In the fast kV switching (Revolution
CT, GE Healthcare, Milwaukee, Wisconsin) the
tube switches between two voltages while rotat-
ing: this requires spe