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A B S T R A C T

In recent years, computed tomography (CT) has undergone a number of developments to improve radiological 
care. The most recent major innovation has been the development of photon-counting detectors. By comparison 
with the energy-integrating detectors traditionally used in CT, these detectors offer better dose efficiency, 
eliminate electronic noise, improve spatial resolution and have intrinsic spectral sensitivity. These detectors also 
allow the energy of each photon to be counted, thus improving the sampling of the X-ray spectrum in multiple 
energy bins, to better distinguish between photoelectric and Compton attenuation coefficients, resulting in better 
spectral images and specific color K-edge images. The purpose of this article was to make the reader more 
familiar with the basic principles and techniques of new photon-counting CT systems equipped with photon- 
counting detectors and also to describe the currently available devices that could be used in clinical practice.

1. Introduction

In recent years, computed tomography (CT) has undergone a number 
of developments to improve medical care. These technological de
velopments have been applied to acquisition (particularly by reducing 
rotation times, increasing the available tube voltage (kV) and tube 
current (mA) ranges, and using additional filtration) [1,2], detection (e. 
g., reducing the size of z-axis detectors) [3], and reconstruction (e.g., 
iterative or deep learning image reconstruction algorithms) [4-7]. These 
improvements have reduced the dose delivered to the patient while 
improving image quality by reducing image noise and/or improving 
spatial resolution [8-18].

Another major advance has been the development of dual-energy CT 
platforms [19-21]. These platforms are based on the acquisition or 
detection of two X-ray spectra at low and high energy, enabling the 
contribution of the photoelectric effect and the Compton effect to be 
assessed separately [19,22]. Spectral imaging can be used to generate 
different types of images and the additional information contained in 
these images facilitates the detection and characterization of lesions 

[19-21].
The latest major innovation has been the development of photon 

counting detectors (PCD) [19,23,24]. By comparison with the 
energy-integrating detectors (EIDs) traditionally used in CT, these de
tectors offer better dose efficiency, eliminate electronic noise, improve 
spatial resolution and have intrinsic spectral sensitivity [19,23,24]. 
These detectors also allow the energy of each photon to be counted, thus 
improving the sampling of the X-ray spectrum in multiple energy bins, to 
better distinguish between photoelectric and Compton attenuation co
efficients, thus producing better spectral images and specific color 
K-edge images.

The purpose of this article was to make the reader more familiar with 
the basic principles and techniques of new photon-counting CT (PCCT) 
systems equipped with photon-counting detectors and also to describe 
the currently available devices that could be used in clinical practice.

2. Technical background

Spectral CT imaging is a generation of CT systems that uses the 
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energy-dependent information present in the images to explore new 
applications in clinical routine with material characterization. For more 
than two decades, dual-energy CT systems have been used to perform 
spectral imaging by distinguishing between low- and high-energy pho
tons [19,25]. More recently, a newer generation of detectors, known as 
energy-resolving PCDs, has emerged to replace the conventional EIDs 
previously present in both conventional and dual-energy CT systems 
[26].

Energy-resolving PCDs offer significant advantages over conven
tional EIDs [27-29]. The main difference between EIDs and PCDs is the 
detection principle. EIDs use scintillators to convert X-ray photons into 
visible light, and then into electrical signals using photodiodes (Fig. 1a). 
EIDs collect and sum all the X-ray energy information without dis
tinguishing between different energy levels. This loss of energy infor
mation degrades the spectral performance of dual-energy CT. On the 
opposite, PCDs use semiconductors to directly convert X-ray photons 

Fig. 1. Schematic representation of differences between energy-integrating detector (EID) and photon counting detector (PCD).
(A) EID measures the total energy deposited by incoming X-rays. A scintillator transforms X-ray photons to visible light that is detected by a photodiode. The use of 
septa creates dead space that limits the spatial resolution. (B) (a) PCD counts individual photons by directly converting photon energy to electric signal. (b) Pile-up 
effect occurs when multiple X-ray photons arrive at the detector within a short time, causing overlapping signals and compromising accurate energy measurement. 
(c) Charge sharing effect arises when the charge generated by a single X-ray photon is distributed between two detector elements, leading to reduced spatial and 
energy resolution. (d) k-escape is seen when a new charge cloud is generated by the Kα X-ray fluorescence of the sensor materials (CdTe or Si) and registered by a 
pixel as two separate events. (e) Compton scattering effects occur when any secondary photons produced in the semiconductor material is registered by the same 
pixel or an adjacent pixel as two separate events, yielding to a lower record of the real energy value (C) Graph shows the registered electric signal for each type of 
interaction
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into electrical signals (Fig. 1b). PCDs are also called direct conversion 
detectors. A bias voltage is applied to the semiconductor sensors, an 
X-ray photon creates an electron/hole pair, resulting in a cloud of 
charges, that is directly processed by an application-specific integrated 
circuit to produce an electrical signal. This direct conversion enables 
PCDs to count each incoming photon individually and classify them 
based on their energy. Current PCCT systems exhibit variations in de
tector technology, energy resolution, spatial resolution and the number 
of energy thresholds available. Despite these differences, PCCT systems 
can precisely discriminate various materials of interest, while improving 
spatial resolution and decreasing noise [23,30-34].

2.1. Advantages of energy-resolving PCDs

2.1.1. Spatial resolution
The spatial resolution based on EIDs technology with CT systems is 

currently limited by two factors. The first one is the minimal size of 
detector elements using scintillators and the second one is the use of 
septa to avoid light diffusion within them, both of which create dead 
spaces. PCDs overcome both these limitations [23,24]. First, they are 
designed with pixel sizes at the isocenter ranging from 0.1 × 0.1 to 0.4 ×
0.4 mm2, smaller than those used in EIDs. Second, the direct conversion 
of X-ray photons into an electrical signal avoids the use of reflective 
septa. This is not only improves the spatial resolution, but also the ra
diation dose efficiency and geometric effectiveness.

2.1.2. Noise reduction and contrast improvement
Image noise arises from the statistical fluctuation of photons (the 

quantum noise) and electronic noise added by the electronic chain of 
EIDs [23,24]. X-ray tube filtration (inherent and, in some cases, addi
tional) generally filters out low-energy photons below 20 keV. There
fore, the remaining low-energy signal detected by EIDs is due to 
electronic noise. In contrast, by implementing specific energy thresh
olds, PCDs can effectively filter out low-energy noise, resulting in a 
significant reduction in overall noise [23,24].

In addition, a current limitation of EID is the higher resulting elec
trical signal with high energy photons by comparison with low energy 
photons. This results in a loss of contrast because the photoelectric signal 
is dominated by low-energy photons. PCDs can register and count each 
individual incoming X-ray photon, accurately quantifying the X-ray 
signal and improving image contrast. Therefore, the higher contrast-to- 
noise ratio of PCDs can be used to reduce radiation dose in many ap
plications of PCCT.

2.1.3. Material decomposition
Material decomposition relies on the energy dependence of the linear 

attenuation coefficient μ( x→, E) of materials in the diagnostic energy 
range (∼ 15–150 keV) proposed to model μ as the linear combination of 
energy-dependent and space-dependent function [35]: 

μ( x→,E) =
∑M

m=1
am( x→)fm(E) (1) 

with x→ the 3D space position, E the energy, M the number of basis 
function, am the space-dependent functions and fm the energy-dependent 
function. Knowing the energy functions fm, the purpose of material 
decomposition is to obtain the volumes am.

For more than two decades, dual-energy CT has allowed the clinical 
use of spectral imaging. By measuring the X-ray attenuation in two 
different energy bins, material decomposition can be calculated using 
Eq. (1) with M = 2 to perform material decomposition. Two types of 
basis functions have been proposed for human tissue. The first approach 
consists of using the energy dependence of both the photoelectric 
interaction fPh and the total cross section for Compton scattering fCo. 
Then, the volumes am describe the contributions of the photoelectric and 
Compton effects. As shown by Alvarez & Macovski, the function fPh can 

be approximated by 1
E3 and fCo by the Klein-Nishina function [35]. 

Instead of using the photoelectric and Compton effect for the decom
position, the second approach uses the mass attenuation coefficient of 
two materials as energy-dependent basis functions. In this situation, the 
three-dimensional space-dependent functions am correspond to the local 
density of the materials. Water and calcium (bone) can be used as base 
materials, but most frequently iodine is injected, so water and iodine are 
the materials used. Dual-energy CT combined with material decompo
sition algorithm helps differentiate materials, improves tissue contrast 
and reduces artifacts (such as metal or beam hardening artifacts) 
compared to conventional CT [36-38]. Many clinical applications have 
been proposed using both material decomposition maps (e.g., iodine 
maps or Z-effective) and virtual mono-energetic images [25].

Energy-resolving PCD could further advance spectral imaging a step 
further [30,39]. PCDs offer numerous advantages, one of which is to 
discriminate photons based on their energy with excellent resolution. 
This offers greater resolution of photoelectric and Compton con
tribution/absorption coefficients that will enhance the current known 
spectral capabilities such as virtual monochromatic images.

Another key advantage of PDCs is the ability to record photons in 
more than two energy bins, allowing for the inclusion of additional 
materials in the spectral decomposition. This enables the use of contrast 
agents based on their K-edge energies (i.e., the binding energy between 
the K-shell and the nucleus). Indeed, at their K-absorption edges the 
atoms present a discontinuity in their attenuation spectra that can be 
used to discriminate them from other contributions to the global X-ray 
attenuation. This can be done by using Eq. (1) with M = 3 with the mass 
attenuation coefficient of the K-edge atom as additional energy- 
dependent function basis. Then, the local density of the atom can be 
obtained after the decomposition.

This approach, referred to as color K-edge imaging, allows the 
reconstruction of distinct images of both the contrast agent and the 
anatomy in a single CT acquisition [40,41]. In this sense, color K-edge is 
similar to the nuclear imaging twin modality of positron emission 
tomography/CT, in which low-resolution functional information from 
18F-fluorodeoxyglucose uptake is superimposed on high-resolution 
anatomical information. This opens up a completely new CT approach 
for functional, molecular or inflammation imaging and many other areas 
requiring exploration [42-47].

Fig. 2 shows a schematic representation of two-material decompo
sition and K-edge imaging on a numerical phantom. The phantom con
sists of a water cylinder with a gadolinium insert (K-edge energy of 50.2 
keV) on the left and an insert of iodine on the right. The two-material 
decomposition with water and iodine as basis materials distinguishes 
the iodine from the water but the gadolinium appears in the iodine map. 
By adding the gadolinium as a third basie material, color K-edge imaging 
can also separate out iodine and gadolinium.

2.2. Technical limitations: charge sharing, pile-up, Compton scattering 
effects and energy resolution

Despite having many advantages by comparison with EID-CT, PCCT 
still suffers from some limitations that could mitigate performance [48]. 
First, the choice of semiconductor materials influences the energy res
olution capabilities of PCDs, which can affect material differentiation, 
particularly when dealing with very similar energy levels [49]. Second, 
some issues like charge sharing, Compton scattering, k-escape and 
pile-up effects can introduce errors in data interpretation [48]. These 
effects are described in Fig. 1. The charge sharing effect occurs when a 
photon is counted by two adjacent pixels due to signal diffusion across 
adjacent detector elements. The simultaneous interactions are registered 
at lower energy, degrading both the spatial and energy resolutions. 
Similarly, Compton scattering effects occur when any secondary pho
tons produced in the semiconductor material are registered by the same 
pixel or an adjacent pixel as two separate events, underestimating the 
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real energy value. K-escape effect is seen when a new charge cloud is 
generated by the K X-ray fluorescence of the sensor materials and 
detected by a pixel as two separate events. The pile-up effect occurs 
when two consecutive photons are counted at the same time, yielding a 
loss of counts and an incorrect energy registration [50]. This effect is 
always present and depends on the count rates and dead time of the 
detector [51]. The distortion in the measured energy of individual 
events impacts the accuracy of energy assessment and material differ
entiation capabilities.

3. Technological differences between PCCT systems

3.1. Differences between PCDs

Currently, there are two main semiconductor materials used in 
clinical or pre-clinical PCCT systems: cadmium (zinc) telluride (CdTe or 
CZT) and silicon (Si). In comparison with CZT, CdTe sensor are easier to 
produce in large quantities and have better homogeneity and repro
ducibility. However, the presence of zinc in CZT detectors improves the 
resistivity in comparison with CdTe detectors.

The major difference between Si and CdTe/CZT sensors is the stop
ping power ratio. For the same material thickness, the absorption effi
ciency is around 5 % for Si and 90 % for the CdTe/CZT detectors [52] To 
obtain the same absorption efficiency between the two semiconductors, 
the thickness of Si should be equal to 55 mm [29]. As it is not feasible, 
the Si-semiconductor is mounted “edge on”, parallel to the incident 
X-ray direction. In comparison, the thickness of CZT semiconductor is 
around 2 mm and is mounted “face on”, perpendicular to the X-ray di
rection. The other difference between the two semiconductor materials 
comes from the different types of X-ray interaction into the semi
conductor. With a high effective atomic number, CdTe or CZT have a 
higher probability of photo-electric absorption (84 %) than Si (28 %). 

X-ray interactions in Si are mainly Compton effect, that cause a loss of 
spatial resolution. The Si fluorescence peak have a characteristic energy 
of 1.74 keV that is filtrated as electronic noise. The detector quantum 
efficiency is also lower for Si-based PCD, that require a higher radiation 
dose than CdTe or CZT PCDs for a similar detection task [24]. On the 
other hand, CdTe or CZT have a high probability of k-fluorescence 
emission between 23 and 27 keV, which could deform the energy 
spectrum (particularly for low energies) and also degrade the spatial 
resolution. The advantages and limitations of both semiconductor ma
terials are summarized in Table 1 [24,29,39].

Another semiconductor technology is currently under development 
with a Gallium-Arsenide sensor. However, no PCCT systems have yet 
used this technology. Their performance will not be described here and 
more information can be found in E. Hamann et al. paper [53].

Fig. 2. Schematic representation of two-material decomposition and K-edge imaging on a numerical phantom. The phantom consists of a water cylinder with a 
gadolinium insert (K-edge energy of 50.2 keV) on the left and an insert of iodine on the right. Two-material decomposition with water and iodine as basis materials 
distinguishes the iodine from the water but the gadolinium appears in the iodine map. By adding the gadolinium as a third basis material, color K-edge imaging can 
also separate out iodine and gadolinium. Left: Conventional CT image of a numerical water phantom with one insert iodine (right) and one of gadolinium (left). Top 
row: Two-material decomposition using water and iodine as basis function. Bottom row: Color K-edge imaging done by adding the gadolinium as third material in the 
decomposition. For visualization, iodine map is colored in blue and gadolinium map in green.

Table 1 
Comparison of characteristics between cadmium-based and silicon-based 
detectors.

Characteristic Cadmium-based PCD 
(CdTe or CZT)

Sillicon-based PCD

Manufacturing complexity Less complex More complex
Thickness (orientation) Face-on (1.4–2 mm) Edge-on (30-60 mm)
Photo-electric effect / 

Compton effect
Photo-electric effect 
predominant

Compton effect 
predominant

k-fluorescence emission Higher Lower
Lowest energy bin 20–25 keV 5–10 keV
Energy resolution (FWHM) 5–10 keV 3–5 keV
Spatial resolution Higher Lower
Energy-resolving 

capabilities
Lower Higher

CZT indicates cadmium-zinc telluride; CdTe indicates cadmium telluride; 
FWHM indicates full width at half maximum; PCD indicates photon-counting 
detectors.
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3.2. Technological aspects of photon-counting CT platforms

Various CT manufacturers have developed PCCT systems and two 
PCCTs have been FDA approved (i.e., one wide-bore for all applications 
and one small-bore for head imaging) [19,24]. The various systems 
developed differ in the choice of semi-conductor material used, the 
gantry types and the application domain (Table 2). All these choices 
have an impact on the performance of the PCCTs and the image quality, 
particularly in terms of spatial resolution and spectral performance. PCD 
detectors are also under development in cone-beam CT equipment, their 
performance will not be detailed here.

3.2.1. Siemens Healthineers
Siemens Healthineers were the first to obtain FDA approval (2021) 

for their wide-bore NAEOTOM Alpha CT system, which can be used for 
different application domains, including head, body, cardiac and ex
tremity [23,24,26]. This PCCT has passed through several prototypes 
(CounT and Count Plus). It is a third generation dual-source system 
consisting of two X-ray tube/detector pairs dephased by 95◦ and 
equipped with CdTe semiconductor-based photon counting detectors. 
The detector array of the first detector covers a 50 cm field-of-view 
(FOV), while the second detected has an effective width of 36 cm, 
limiting its acquisition and reconstruction FOV to 36 cm for that one. CT 
acquisitions are usually carried out with a single X-ray tube, while two 
X-ray tubes are used for acquisitions requiring improved temporal res
olution and/or high scan speeds (cardiac and high helical pitch scans 
with lowest rotation time of 0.25 s/rot and temporal resolution of 0.066 
s). With this system, acquisitions can be made for different kVp (70, 90, 
120, 140, Sn100 and Sn140 kVp) with 144 × 0.4 mm beam collimation 
in standard mode or 120 × 0.2 mm in high-resolution mode, resulting in 
effective detector element sizes at the isocenter of 0.30 × 0.30 mm2 and 
0.15 × 0.15 mm2, respectively. For spectral images, materials can be 
decomposed using the data from four energy thresholds mixed to 
generate a low- and high-energy image in routine modes.

3.2.2. Samsung Healthcare
Samsung Healthcare were the second to obtain FDA approval (in 

2022) for their small-bore OmniTom Portable PCD Head CT system, 
which can be used only for head CT acquisitions [54]. This portable 

system is composed by a single X-ray tube/detector pair equipped with 
CdTe semi-conductors. Acquisitions can be made for kV from 70 to 120 
kVp with a beam collimation of 16 rows of 0.625 mm and 30-cm FOV. 
The detector size at the isocenter is 0.703 × 0.707 mm2 for standard 
mode and 0.117 × 0.141 mm2 or 0.351 × 0.423 mm2 for high-resolution 
modes. For spectral images, materials can be decomposed using three 
energy bins.

3.2.3. MARS Bioimaging Limited
MARS Bioimaging Limited has developed a pre-clinical PCCT spe

cifically designed for the upper-extremities [55]. This system consists of 
a single X-ray tube/detector pair equipped with CdZnTe semi
conductors. Unlike other CT systems, this system operates without a 
table, and the patient’s upper extremity remains fixed while the pair 
(X-ray tube/detector) rotates. With this system, acquisitions can be 
performed at tube voltages ranging from 50 to 120 kVp, with a slice 
thickness of 0.09 mm, a 12.4 cm FOV, and a pixel size of 0.11 × 0.11 
mm2. For spectral images, materials can be decomposed using five en
ergy bins in "charge summing” mode.

3.2.4. Canon Medical Systems
Canon Medical Systems has developed two PCCT versions. The first 

PCCT engineering prototype was developed on an Aquilion ONE ViSION 
CT platform [56] and the second is a clinical research PCCT (TSX-501R, 
Canon medical systems, Otawara, Japan) developed on an Aquilion 
PRECISION platform.

Both PCCT are single-source scanners equipped with CdZnTe semi
conductors. On both systems, acquisitions can be made at 120 kVp with 
a 50 cm FOV. For the first engineering prototype version, beam colli
mation is 16 × 0.62 mm in normal resolution mode (NR) and 48 × 0.21 
mm in super-high-resolution mode (SHR) and 64 × 0.6 mm (NR) and 
192 × 0.2 mm (SHR) on the Clinical Research PCCT version, respec
tively. The detector size at the isocenter is 0.2 × 0.2 mm2 for both 
versions. For spectral images, materials can be decomposed using six 
energy bins for first version and five for the second.

3.2.5. Philips Healthcare
Philips Healthcare has developed an advanced research spectral 

PCCT prototype on the iCT platform, which could be used for all 

Table 2 
Main characteristics of current prototype, pre-clinical or clinical photon-counting CT (PCCT) systems suitable for clinical imaging.

Manufacturer CT platforms PCD 
materials

Geometry Beam collimation Field of view Energy threshold Current status

Siemens 
Healthineers

NAEOTOM 
Alpha

CdTe Dual- 
source

STD: 144 × 0.4 mm 
HR: 120 × 0.2 mm

50 cm; 36 cm used 
for cardiac 
scanning; 
36 cm for high 
helical pitch 
scanning

4 energy thresholds mixed to 
generate low and high energy 
bins in routine modes

FDA-cleared 
(September 2021)

Samsumg 
Healthcare

OmniTom Portable 
PCD Head CT

CdTe Mono- 
source

16 × 0.625 mm 30 cm 3 available FDA-cleared 
(March 2022)

MARS 
Bioimaging 
Limited

– CdZnTe Mono- 
source

14 mm 12.4 cm 5 in “charge 
summing mode”

Pre-clinical 
PCCT

Canon Medical 
Systems

Aquilion ONE 
ViSION CT

CdZnTe Mono- 
source

STD: 16 × 0.62 mm 
HR: 48 × 0.21 mm

50 cm 6 available Clinical prototype 
system

Aquilion 
PRECISION

CdZnTe Mono- 
source

STD: 64 × 0.6 mm 
HR: 192 × 0.2 mm

50 cm 5 available Advanced clinical 
research PCCT

Philips 
Healthcare

iCT CdZnTe Mono- 
source

64 × 0.275 mm 50 cm 5 in standard mode;  
5 in HR modes

Advanced research 
prototype system

GE Healthcare LightSpeed 
Revolution 
CTRevolution  
Apex

Si Mono- 
source

5 to 80 mm for 
CTRevolution Apex

50 cm 8 available Advanced research 
prototype system

Parameters listed are based on the status of the manufacturer’s development at time of publication and are expected to change in the near future.
Two CT platforms are designed with small bore gantry for head (Samsumg Healthcare) and for extremities (MARS Bioimaging limited system) imaging.
Cd indicates cadmium; FDA indicates Food and Drug Administration; HR indicates high-resolution mode; PCD indicates photon-counting detectors; Si indicates silicon; 
STD indicates standard; Te indicates telluride; Z indicates zinc.
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application domains. The spectral PCCT is equipped with a single X-ray 
tube and a CdZnTe semiconductor detector array (2-mm thick). Acqui
sitions can be made at 80, 100, 120 or 140 kVp with a 50 cm FOV. The 
lowest available rotation time is 0.33 s/rot (from 0.33 to 1 s/rot) and the 
highest temporal resolution is 0.165 s. The beam collimation is 64 ×
0.275 mm (z-coverage in the isocenter 17.5 mm) and the detector size at 
the isocenter is 274 × 274 µm2 [32]. For spectral imaging, materials can 
be decomposed using five energy bins for both standard and 
high-resolution modes (i.e., 512– or 1024–matrix sizes), with and 
without electrocardiogram gating [57-59]. This system has been used in 
preclinical and clinical research studies to evaluate novel K-edge 
contrast agents and to investigate the potential of spectral PCCT in a 
clinical setting.

3.2.6. GE Healthcare
To our knowledge, GE Healthcare is the only company that has 

developed three advanced research single-source prototypes equipped 
with deep silicon semiconductor detectors [19,24,29]. The first proto
type was developed on a LightSpeed VCT platform, the second on a 
Revolution CT platform and the third on a Revolution Apex CT. With the 
third version of Si-PCCT prototype acquisitions are typically made at 
120 kVp using axial and helical collimations of between 5 mm and 80 
mm, with modules focally aligned in the x-direction to provide a 50-cm 
FOV. With this system the rotation time ranges from 0.234 to 1 s/rot, the 
matrix size is 1024 × 1024 pixels and the pixel size is 0.2 × 0.2 mm2, 
with a sensitive volume at the isocenter of 0.2 × 0.2 × 0.4 mm (width ×
height × depth). The system is capable of using eight energy bins for 
spectral imaging tasks such as material decomposition.

4. Conclusion

The introduction of PCCT into clinical practice has opened a new era 
in medical imaging. The anticipated improvements in image quality are 
already being demonstrated in many applications, particularly those 
requiring better spatial resolution, contrast, and reduced radiation dose. 
In addition, this technology expands the capabilities of spectral CT for 
several applications that have not yet been fully exploited, especially 
with the development of color K-edge contrast agents. Overall, PCCT is 
expected to provide considerable benefits in the diagnosis, character
ization, and staging of diseases, and to enable new approaches not 
previously possible with CT. However, PCCT systems are still scarce and 
open to technical developments that will facilitate the adoption of this 
technology.
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