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Abstract: Spectral photon-counting computed tomography (SPCCT) technology
holds great promise for becoming the next generation of computed tomography
(CT) systems. Its technical characteristics have many advantages over conven-
tional CT imaging. For example, SPCCT provides better spatial resolution,
greater dose efficiency for ultra-low-dose and low-dose protocols, and tissue con-
trast superior to that of conventional CT. In addition, SPCCT takes advantage of
several known approaches in the field of spectral CT imaging, such as virtual
monochromatic imaging and material decomposition imaging. In addition,
SPCCT takes advantage of a new approach in this field, known as K-edge imag-
ing, which allows specific and quantitative imaging of a heavy atom-based con-
trast agent. Hence, the high potential of SPCCT systems supports their ongoing
investigation in clinical research settings. In this review, we propose an overview
of our clinical research experience of a whole-body SPCCT clinical prototype, to
give an insight into the potential benefits for clinical human imaging on image
quality, diagnostic confidence, and new approaches in spectral CT imaging.
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T he recent introduction of spectral photon-counting computed to-
mography (SPCCT) technology in routine clinical practice marks

a turning point in the field of medical imaging. It illustrates the success-
ful translation of a ground-breaking innovation, from bench to bedside,
at the service of Medicine. This innovation, based on photon-counting
detectors, has the potential to improve the overall performance of cur-
rent computed tomography (CT) systems by increasing spatial resolu-
tion and reducing noise, beam hardening, and x-ray doses among other
things. Spectral photon-counting CT also provides the opportunity to
explore new approaches that were previously unavailable in the field
of CT, such as molecular, functional imaging. However, like any innova-
tion, it will need to be fully adopted by the radiology community to eval-
uate its added clinical relevance and validate its daily use with respect to
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potential impediments related to workflow, data management, and slow
adoption of a new tool.

In this review, we propose an overview of our clinical research
experience of awhole-body SPCCT clinical prototype to give an insight
into its potential benefits for human imaging regarding image quality,
diagnostic confidence, and a new approach to spectral CT imaging.

SYSTEM CHARACTERISTICS
Compared with conventional CT with energy integrating,

solid-state scintillation detectors, photon-counting CTuses direct converting
detectors based on semiconductors, such as cadmium-telluride,
cadmium-zinc-telluride, or silicon.1–5 A high-bias voltage of 800 to
1000 V is applied between the semiconducting layer, so that impinging
photons will be detected as electron-hole pairs, generating an electrical
pulse, which is measured and registered by readout electronics into sev-
eral energy bins according to the pulse height of the signal. Setting the
lowest energy thresholds just above the electronic noise level allows com-
plete elimination of noise from the signal chain. Therefore, the residual
noise in the signal can be described as shot noise derived from the incom-
ing photon statistics. The detector pixel size, typically ranging from 0.125
to 0.5mm is defined by the size of the anode pads, which can be designed
much smaller than in scintillating detectors as there is no need for opti-
cally non-transparent separation layers in semiconductors.4–6 However,
charge-sharing between neighboring pixels and the finite focal spot size
of the x-ray tube sets a limit for the minimum reasonable pixel size,
whereas pulse pile-up impacts the maximum detector pixel size.

The results presented in this review were acquired on a clinical
SPCCT system prototype (Philips, Haifa, Israel), equipped with a 2-mm-
thick cadmium-zinc-telluride, bonded to Philips' proprietary ChromAIX2
application-specific integrated circuit. The system enables a 500 mm
in-plane field of viewand a z-coverage of 17.6mm in the isocenter, realized
with 64 rows of detectors, 270� 270 μm2 in size. The application-specific
integrated circuit supports the readout of 5 different energy bins with
thresholds set at 30, 51, 62, 72, and 81 keV. The system specifications
are summarized in Table 1. This system has been used in preclinical and
clinical research studies to evaluate novel K-edge contrast materials and
to investigate the potential of photon-counting CT in a clinical setting.
However, the current system has some limitations, such as the small
z-coverage and the lack of a complete set of clinical scan protocols, which
need to be addressed for a full clinical implementation in the future to en-
able for example prospective electrocardiogram-gating, dose modulation,
and faster scanning with a larger detector coverage.

Conventional CT images are obtained with this system by map-
ping the photon-counts in the 5 energy channels of each pixel to an equiv-
alent water thickness before reconstructing the resulting sinogram data
with a filtered back-projection algorithm.7 For spectral image reconstruc-
tion, the photon-counting data are first decomposed intomaterial-specific
sinogramswith a maximum-likelihood algorithm8,9 and reconstructed af-
terward with an filtered back projection algorithm to obtain material base
images, including additional denoising options such as a hybrid iterative
reconstruction algorithm (iDose-like algorithm) for SPCCT (Fig. 1).

In the clinically relevant energy range of 30 to 140 keV, the pho-
toelectric effect and Compton-scattering are the predominant physical
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TABLE 1. Main Characteristics of the Clinical Prototype

Parameter SPCCT

Platform Philips iCT
Supported scan modes Axial, axial multicycles, helical
Tube voltages, kVp 80, 100, 120, 140
Tube currents, mA 10–500
X-ray filter Half value layer HVL =

7.1 ± 0.7 mm at 120 kVp
Focal spot, mm � mm 0.6 � 0.7 � 2 (dual focal spots)
Gantry rotation, s 0.33, 0.4, 0.5, 0.75, 1.0
Projections per rotation 2400
Number of focal spots 2
Z-coverage in isocenter, mm 17.5
Number of detectors per row/column 64/1848
Field of view, mm 500
Pixel pitch, μm � μm] 274 � 274 μm2 at isocenter
Electronic readout Philips ChromAIX2
Number of energy thresholds 5
Sensor material Cadmium Zinc Telluride,

2 mm thickness

SPCCT indicates spectral photon-counting computed tomography.
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effects characterizing the interaction of x-rays with biological tissue.
Hence, the spectral attenuation of human tissue can be well approxi-
mated in the projection domain by a linear combination from these 2
energy-dependent effects, as well as some spatially varying, but
energy-independent, weights.10 With a fully polychromatic forward
model, beam-hardening effects can be included and therefore, theoreti-
cally, eliminated from the spectral image reconstruction.11,12

CLINICAL APPLICATIONS

General Benefits of SPCCT Imaging
Spectral photon-counting CT technology is known to have several

benefits over current CT systems that are equipped with energy-integrating
detectors (EID-CT). It increases spatial resolution by a factor of ~4,
FIGURE 1. Diagram to illustrate the 2-stage process used for generating SPCC
(A) and an energy resolved material decomposition process for spectral image
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with an achievable voxel size of 0.15 to 0.25 mm3 for all applications,
including lung, ear, musculoskeletal, coronary artery, and vessel imag-
ing. It decreases the radiation dose by 30% to 50% while providing a
similar noise level to that of EID-CT images by suppressing electronic
noise.4,13–18 It enhances tissue contrast for a similar energy beam to that
of EID-CT images owing to the constant weighting of photons, leading
to greater weighting of the low-energy photons carrying the photoelec-
tric effect, whereas EID-CT technology uses linear weighting. More-
over, SPCCT decreases beam-hardening-like artifacts and blooming ar-
tifacts owing to higher spatial resolution, despite an increase in CT at-
tenuation of all high-contrast tasks. It enables better energy sampling
of the transmitted spectrum than dual-energy CT technology, that is,
more than 2 energies. This leads to greater discrimination between
low- and high-energy photons than with EID-dual-energy computed to-
mography technology and therefore to higher resolution of photoelec-
tric and Compton effects. As a result, SPCCT may improve the perfor-
mances of any type of virtual images such as virtual monochromatic, virtual
noncontrast, Z-effective, electronic density, as well as any type of material de-
compositionprocess like that ofwater or iodine imaging.19,20Altogether, these
advantages hold great promise for changing the current workflowof CT (Fig.
2). More importantly, radiologists should understand that SPCCT offers all
these advantages in just 1 scan, as shown in our experiments (Tables 2
and 3), without increasing the dose, changing the technical parameters,
or requiring spectral mode prospectively. This key feature should pro-
vide great leverage to help spread the use of SPCCT technology.

Conventional Imaging

Lung Applications
Computed tomography is the mainstay of lung imaging owing to

its higher spatial resolution, convenience, availability, and faster acquisi-
tion time than with other imaging methods such as magnetic resonance
imaging or nuclear imaging. However, CToften requires additional his-
tological analyses or other types of nonradiological examinations for
accurate diagnosis and would therefore benefit from better detection
and characterization of parenchymal lesions while reducing x-ray dose.
Accordingly, in the following subsections of this review, we present
some key applications that, based on our experience, could benefit from
ultra-high-resolution (UHR) performances. These could be achieved
with radiation doses that are similar to/lower than current CT systems
T images through an energy insensitive process for conventional imaging
s (photoelectric, Compton, K-edge(s)) (B).

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 2. Illustration of clinical experience with numerous clinical applications using a whole-body clinical SPCCT prototype (Philips Healthcare) on a
research platform at the University of Lyon.
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by taking advantage of the highermatrix size (eg, 1024–2048), thinner slice
thickness (eg, down to ~0.15 mm), and higher frequency filters.13,18,28,29

Lung Nodule Imaging
Spectral photon-counting CT detects lung nodules very well. In

a phantom study in which we performed a task-based image quality
TABLE 2. Overview of the Clinical SPCCT Protocols and Their Specificity

Organ Applications Sp

Cardiac imaging Coronary CT angiography Helical/retrosp
Valve imaging Helical/retrosp
Late phase cardiac CT Helical/retrosp

Lung imaging ILD screening Noncontrast he
Lung nodule screening Noncontrast he
COVID Noncontrast he
CTEPH Noncontrast he

Musculoskeletal imaging Foot Noncontrast he
Knee Noncontrast he

Vascular imaging Carotid vascular and plaque imaging Contrast helica
Aortic imaging Contrast helica

Abdominal imaging Adrenal gland Contrast helica

SPCCT indicates spectral photon-counting computed tomography; CT, compute
chronic thromboembolic pulmonary hypertension.

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
assessment of nodule imaging,23 we found that noise magnitude was
reduced whereas the spatial resolution improved, leading to greater de-
tectability of solid and ground-glass nodules (GGNs) than with EID-
CT. Interestingly, the detectability gap between the different platforms
was more pronounced for the GGNs, which can be explained by SPCCT's
higher gain in detectability of low-contrast tasks. For example, we found
ecific Mode Voxel Size
Radiation Dose

Protocols

ective ECG-gating scans 0.21 � 0.21 � 0.25 mm Low and standard dose
ective ECG-gating scans 0.21 � 0.21 � 0.25 mm Low and standard dose
ective ECG-gating scans 0.21 � 0.21 � 0.25 mm Low and standard dose
lical CT scans 0.29 � 0.29 � 0.25 mm Low dose
lical CT scans 0.29 � 0.29 � 0.25 mm Ultra and low dose
lical CT scans 0.29 � 0.29 � 0.25 mm Low dose
lical CT scans 0.29 � 0.29 � 0.25 mm Standard dose
lical CT scans 0.15 � 0.15 � 0.25 mm Low and standard dose
lical CT scans 0.15 � 0.15 � 0.25 mm Low and standard dose
l scans 0.21 � 0.21 � 0.25 mm Low and standard dose
l scans 0.21 � 0.21 � 0.25 mm Low and standard dose
l scans 0.21 � 0.21 � 0.25 mm Low and standard dose

d tomography; ECG, electrocardiogram; ILD, interstitial lung disease; CTEPH,
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TABLE 3. Summary of Additional Benefits Using the Clinical SPCCT Prototype (Philips Healthcare) Compared With EID-CT in Human Clinical
Research

Images Organ Application Additional Outcomes Reference

Ultra-high-resolution images Heart Coronary artery lumen Improvement of diagnostic quality by a factor of 2 14
Improvement of diagnostic confidence for half of the cases 14

Coronary artery stent Improvement of stent lumen and structure visualization 14,21
Figure 7

Reduction of blooming artifacts and intraluminal artifacts 14,21
Figure 7

Coronary artery plaque Improvement of diagnostic quality by a factor of 2 14
Improvement of diagnostic confidence for half of the cases 14

Calcium scoring More accurate quantification of the calcium volume 22
Lung Distal airways Clearer visualization up to 5th level 13

Figure 6
Distal vessels Improvement of their sharpness and conspicuity 13
Nodule Improvement of detectability by a factor of 2 13,23

Improvement of accuracy quantification 24
Improvement of characterization 13,24

Low- and ultra-low-dose images Chest Nodule imaging Improvement of the nodule sharpness and conspicuity 13
Heart Calcium scoring Higher accuracy for low dose condition 25

Virtual monochromatic images Heart Coronary artery lumen Improvement of diagnostic quality of distal lumen 14,26
Aorta Vascular imaging Improvement of lumen opacification 14
Pulmonary arteries Vascular lung disease Improvement of lumen opacification Figure 11
Carotid vessels Carotid lumen Improvement of lumen opacification 27

Iodine images Carotid vessels Carotid lumen Specific visualization of the lumen 27
Chest Lung perfusion Specific visualization of the lung microangiography Figure 12
Heart Myocardial perfusion Specific visualization of the myocardial perfusion Figure 12

SPCCT indicates spectral photon-counting computed tomography; EID-CT, computed tomography equipped with energy-integrating detectors.
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that, under low-dose conditions, a 2 mm GGN barely noticeable with
EID-CT could be visualized with SPCCT. In addition, we found that
stronger levels of iterative reconstruction could be used with SPCCT
than with EID-CT. This is because of a lower loss in spatial resolution
and impact on noise texture than iterative reconstruction with EID-CT,
leading to a more drastic dose optimization and radiologists' acceptance
of the technology.

Spectral photon-counting CT quantifies lung nodule volumes
more accurately. In a phantom study, we found that, compared with
the high-resolution mode of EID-CT, SPCCT estimated the volume of
solid round nodules—with or without spikes—much better, despite
an underestimation compared with the ground-truth,24 as previously re-
ported.30 Nevertheless, it still provided more precise, robust markers of
the evolution of lung nodules.

Spectral photon-counting CT can characterize lung nodule
shapes and components more accurately. In a phantom study, we
found that SPCCT estimated the shape of solid nodules more accu-
rately than high-resolution EID-CT, leading to more precise identifi-
cation of the surrounding tissues. This would be particularly helpful
for characterizing their relationship with the vessels suggested as a
marker of malignancy.31,32

To conclude, a GGN case study is provided in Figure 3 to illus-
trate all these expectations.

Diagnosis of Pulmonary Fibrosis and Its Confidence
Fibrotic key features can be more easily visualized with SPCCT,

leading to better diagnostic confidence for pulmonary fibrosis. In our ex-
perience, SPCCT improved the detection of all fibrotic lesions and, more
specifically, early fibrotic lesions, such as intralobular reticulation and
bronchiolectasis, that are barely visible on EID-CT. This could lead to
earlier diagnosis and would play an important role in managing patients
462 www.investigativeradiology.com
with a high risk of developing pulmonary fibrosis associated with sys-
temic sclerosis, pneumoconiosis, chronic tobacco use, or long-term re-
sidual COVID-19 (Fig. 4). This result corroborates the outcome of the
study by Inoue et al,33 who showed that SPCCToutperformed EID-CT
in terms of image quality for diagnosing reticulation, ground glass opacities,
and mosaic patterns while giving a higher probability score for usual in-
terstitial pneumonia (UIP). In addition, SPCCT improves the delinea-
tion of all fibrotic lesions, making it easier to differentiate between
bronchiolectasis and honeycombing. Our initial study with lung UHR
SPCCT imaging found that subpleural cystic lesions (which would oth-
erwise have been identified as honeycombing) were connected to the
peripheral bronchiectasis. Consequently, a significant number of cases
of “typical UIP” may actually be “probable UIP” according to the
Fleischner Society's definition.34 In the near future, this should be con-
sidered for interstitial lung disease classification (Fig. 5). Altogether,
these key features in particular would help to characterize and quantify
fibrosis biomarkers (known as markers of severity) more precisely,
using manual or automatic deep learning–based segmentation.35

Imaging for Acute or Chronic Pulmonary Embolism
Spectral photon-counting CTallows greater detection of acute and

chronic pulmonary embolism. In our study, the vascular features related
to pulmonary embolism were more easily identifiable in arteries up to
the subsegmental territories (Fig. 5). This was the case for small bands
and webs barely visible on EID-CT, leading to a significant increase in
the clot burden. This would be particularly helpful to guide the current
therapeutic strategy, either for surgical or endovascular treatment.

Imaging for Small Airway Diseases
Small airway diseases can be more easily evaluated with SPCCT.

In the study of a healthy human volunteer, we demonstrated improved
© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 3. Case study of a pure ground glass nodule (GGN) on a lung low-dose ultra-high resolution (LD-UHR) imaging in a 44-year-old woman using
energy-integrating dual-layer detector CT (EID-DLCT; CT7500) and SPCCT systems (Philips Healthcare) (A–B, coronal and axial EID-DLCT images; C–D,
coronal and axial SPCCT images; in small boxes, zoom magnification of the GGN). Compared with EID-DLCT, SPCCT images lead to a better,
comprehensive assessment of GGN, showing a round shape, a higher volume confirmed by an automatic segmentation (30.6 mm3 vs 24 mm3, ie, an
25% increase) and a link with a fine vessel from an adjacent segmental pulmonary vein/artery, possibly suggestive of adenomatous hyperplasia. SPCCT
images also show the reduction in noise in the upper and lower part of the lungs (black arrowheads).

Investigative Radiology • Volume 58, Number 7, July 2023 Clinical Experience With a Whole-Body SPCCT
image sharpness and conspicuity of the distal airways and their walls up
to fourth-order bronchi.13 In patients, SPCCT gave excellent visualiza-
tion of the bronchial walls for monitoring their thickening as well as
centrilobular micronodules like those seen in obliterative bronchiolitis
(Fig. 6).36 In addition, SPCCT increases the contrast of air-trapping,
leading to better visualization of mosaic patterns as previously demon-
strated.33,36 This feature would be particularly helpful for monitoring
© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
the response to treatment and predicting the exacerbations of respiratory
diseases like chronic obstructive pulmonary disease more accurately.37

Cardiac Applications
For years, coronary CT has been regarded as the gatekeeper to

further investigations, especially invasive coronary angiography, and
is now recommended as the first-line examination of choice for
www.investigativeradiology.com 463
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FIGURE 4. Case study of a combined pulmonary fibrosis and emphysemaon lung low-dose UHR imaging (LD-UHR) in a 73-year-oldman using an SPCCT
system (Philips Healthcare) (A, coronal oblique with 0.29� 0.29� 0.25mm voxel size; B, 3-mm-width volume rendered image). With SPCCT images,
fibrotic lesions can be fully assessed up to the periphery, allowing depiction of intralobular and interlobular reticulation, subpleural cysts, and
differentiation between bronchiolectasis and honeycombing. The radiological pattern was considered as probable UIP on SPCCT, whereas it was noted
as atypical UIP on the EID-CT image.

Si-Mohamed et al Investigative Radiology • Volume 58, Number 7, July 2023
investigating coronary pathologies.38 The remaining limitations of coro-
nary CT include assessment of the lumen when there is heavily calcified
plaque or stents, especially small ones, and the analysis of plaque compo-
nents. Furthermore, first-pass perfusion CT can complete coronary CT
examinations by providing information on the hemodynamic signifi-
cance of coronary stenosis.39 Late-enhancement areas can be detected
by late phase acquisition indicating, among other things, myocardial in-
farction or myocarditis.40 Nevertheless, analyzing the myocardium can
be difficult because of the low contrast resolution of EID-CT. Computed
tomography angiography also has a central place in preinterventional and
presurgical planning for valve pathologies.41,42 However, this type of
scan is mainly used for measuring, not for primary diagnosis, as the
valves are difficult to assess because of their very thin structure. Spectral
photon-counting CT can potentially overcome most of these limitations.
FIGURE 5. Case study showing post-COVID-19 pulmonary fibrosis with lung
system (Philips Healthcare) (A, axial image; B, 3-mm-width minimal-intensity p
functional tests showed a restrictive disorder with forced vital capacity and a f
respectively. SPCCT images facilitated the identification and characterization o
fibrosis (dotted circles). Note that mosaicism can be seen on both native and
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Coronary Lumen Assessment
Blooming artifacts can be reduced with SPCCT by improving

spatial resolution. Calcification and stent analysis can prove cumber-
some with EID-CT mainly because of blooming artifacts but can prob-
ably be improved with SPCCT. Indeed, phantom experiments have
shown that the volume of calcifications is smaller, and closer to the re-
ality, with SPCCT than with EID-CT.43 In humans, the reduction of
blooming artifacts leads to a better estimation of lumen permeability.14

The same applies to coronary stents both in phantoms44 and in
humans.21 Blooming artifacts are reduced, resulting in a thinner appear-
ance of the stent structure. Thereafter, it is easier to assess the lumen
and intrastent lesions, aswell as of the surrounding structures, including
calcifications, as previously published14,21,44,45 and shown in Figure 7.
Subjective image quality is also much better than with EID-CT.21 This
low-dose UHR (LD-UHR) imaging in a 69-year-old man using an SPCCT
rojection image; C, 3-mm-width volume rendering image). Pulmonary
orced expiratory volume in 1 second at 36% and 43% of the theory,
f multiple varicoid traction bronchiectasis and reticulation within foci of
minIP images, probably due to air trapping.

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 6. Case study of obliterative bronchiolitis associated with rheumatoid arthritis on lung UHR (LD-UHR) imaging in a 68-year-old woman using an
SPCCT system (Philips Healthcare) (A andC, 0.29� 0.29� 0.25mmvoxel size axial images) and an EID-CT (B andD, 0.58� 0.58� 0.67mmvoxel size
axial images) (A–B, inspiratory images; C–D, expiratory images: axial image). SPCCT images allow better visualization of the bronchial wall (white
arrowheads), the peripheral centrilobular micronodules (dotted white circle), and mosaicism on expiratory images due to air trapping.

FIGURE 7. Multiplanar maximal-intensity projection reconstructions with different thicknesses highlight the structure of this small stent of the circumflex
artery obtained with a coronary angiography using a SPCCT system (Philips Healthcare). In A, the entire stent is shown. In B, a detail of the distal
extremity of the stent nicely demonstrates the structure of the stent struts despite the small dimensions. This is possible thanks to reconstruction with a
highmatrix (1024� 1024), thin slice thickness (0.25mm), and sharp kernel. In C, a cross-sectional plane of the stent clearly demonstrates its structure
and the patent lumen. Notice that the internal stent diameter was of 1.4 mm and the external diameter was 3 mm.

Investigative Radiology • Volume 58, Number 7, July 2023 Clinical Experience With a Whole-Body SPCCT
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FIGURE 8. An example of multiparametric imaging (A, conventional image; B, MonoE 55 keV; C, iodine map; D, Z-effective) of myocardial perfusion
anomalies of the left ventricle as assessed on a short axis apical plane of a cardiac angiography using an SPCCT system (Philips Healthcare).
Conventional images (A) showed a few small hypodense spots (black arrowheads) of the anterior segment, possibly adipose metaplasia. These lesions
were also visible on spectral images (arrowheads in B, C, D) and also showed an adjacent area of hypoperfusion (white arrows) with transmural
extension but more pronounced in the subendocardial layer. The combination of adipose remodeling and hypoperfusion raised the suspicion of
myocardial infarction. A second area of hypoperfusion of the inferior wall, also more obvious in the subendocardial layer, could be spotted with some
difficulties on conventional images (arrowhead in A) but very easily on the spectral images (arrowhead in B, C, D). In addition, the perforating branches of
the diagonal coronary artery (arrow in A, B, C) providing supplementary vascularization to the infarcted area can be easily seen.

Si-Mohamed et al Investigative Radiology • Volume 58, Number 7, July 2023
improved performance should result in a reduction of invasive coronary
angiography for patients with heavily calcified coronary arteries and
small stents.

Plaque Characterization and Calcification Assessment
Plaque components are more easily characterized with SPCCT

and calcification is detected and assessed more specifically. Although
certain features of vulnerable plaque can be identified with EID-CT, it
is still unfeasible for distinguishing soft tissue components. With
SPCCT, because of the increase in spatial resolution, the relative vol-
ume of different components can be better estimated.46 In an ex vivo
sample, intraplaque fat can be distinguished from the vascular wall as
well as from perivascular adipose tissue owing to differences in photo-
electric and Compton effects, which needs to be investigated in vivo.47

All these features combined together are expected to greatly improve
plaque characterization and facilitate the detection of plaque prone to
rupture. Nevertheless, the current knowledge might need to be updated
as more and more accurate information on plaque composition be-
comes available. Another classification that will most likely necessitate
adjustments is calcium score. First, phantom SPCCT studies22,25 show
that a higher number of smaller-sized calcifications can be detected,
which, if confirmed in human, might result in reclassification and risk
restratification. In addition, although the calcium score calculated with
well-established parameters is comparable between EID-CT and
SPCCT, contrast-to-noise ratio is higher with SPCCT48 and the density
of calcifications is different depending on both CT system and slice
FIGURE 9. Three multiplanar reconstructions (A–C) of a cardiac angiography
the 3 leaflets of the aortic valve. In A, also a very thin calcification of the left ven
depicted. In the same panel, the wall of the aorta can be seen (arrowhead), alth
how the position of the calcification regarding the 3 layers of the aortic valve
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thickness.22 Thanks to improved cardiovascular risk prediction and
stratification with SPCCT, patients will likely benefit from more tai-
lored prevention and therapy, the effect of which would be identified
with SPCCT follow-up.

Myocardial Assessment
Spectral photon-counting CT allows better contrast resolution of

soft tissues, including the myocardium. In our experience, differences in
myocardial first-pass perfusion at rest are easier to detect with SPCCT
(Fig. 8) thanwith EID-CT. Late enhancement areas are also easier to locate
within the myocardium even at a high kilovoltage peak (eg, 120 kVp).
These properties can be further improved by spectral imaging (see Subsec-
tion Virtual Monochromatic Imaging and Material Decomposition Into 2
Materials). Therefore, the extracellular volume calculation is expected to
be more precise, even with just 1 acquisition. We expect these features
to result in a broader use of perfusion-CTwith better diagnostic confidence
designating SPCCT as a one-stop-shop for coronary artery disease, a role
once anticipated for EID-CT, but never completely fulfilled. In addition,
SPCCT will play a central role in diagnosing acute myocardial disease
alongside, or instead of, cardiac magnetic resonance imaging.

Other Cardiac Structures
Very small structures can be visualized with SPCCT, and valve

leaflets like those in Figure 9, chordae, trabeculae, and other small car-
diac structures all benefit from SPCCT's improved spatial resolution.14

The expected clinical benefits are numerous, ranging from improved
using an SPCCT system (Philips Healthcare) showing small calcifications of
tricular outflow tract (arrow) adjacent to the anterior mitral leaflet is well
ough it is of normal thickness without obvious atherosclerosis. In B, notice
leaflets (arrowhead) can be well appreciated.

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 10. UHR carotid angiography using an SPCCT system (Philips Healthcare) showing severe stenosis of the left internal carotid artery due to mixed
atheromatous plaque visible on the axial planes (A–C and E–G) at different levels of the artery (white lines) as shown on a maximal-intensity projection
parasagittal image (D). Thanks to the improved spatial resolution of SPCCT subsequent reduction of artifacts, these images, reconstructedwith amatrix of
1024 and a thickness of 0.25 mm, allow depiction of the complex structure of the calcifications as well as the soft tissue components of the plaque. In
addition, the lumen of the vessel is clearly assessable, even when punctiform (F and E).
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valvular analysis to easier diagnosis of cardiomyopathies such
as noncompaction.

Vascular Imaging
As very thin vessels can be visualized with SPCCT, the degree of

stenosis in heavily calcified vessels can be better estimated (Fig. 10)
and intrastent pathologies are more easily visualized. Structures that
will particularly benefit from these features include carotid arteries27,49

and vertebral arteries for which, in addition to the aforementioned gen-
eral limitations of EID-CT, the proximity to bones can prove particu-
larly detrimental for correct lumen assessment. Blooming and other ar-
tifacts are reduced by SPCCT, allowing the precise assessment of very
severe vertebral artery stenosis caused by osteophytes.27 Furthermore,
as in our experience, the interface between patent lumen and plaque is
FIGURE 11. Noncontrast acquisition using an SPCCT system (Philips Healthca
Volume rendering of the bones of the ankle showing the details of the trabecu
are visible also on the maximal-intensity projection detail of the talus and calc
articular space and a small calcification (arrowhead) between the 2 cortexes d
structures are better visible with SPCCT as compared with EID-CT: in D, with a
clearly distinguishable from each other and from other tissues. This seems to b
posterior) and normal ones.

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
better delineated with SPCCT; small ulcers and irregularities of plaques
and intimal layers should also be easier to detect. As the smaller, more
distal, more calcified vessels and the arteries adjacent to bones and with
stents will be assessable, diagnostic invasive angiography procedures
are expected to become anecdotal.

Miscellaneous
Spectral photon-counting CT has shown benefits for applications

in various anatomical areas. Bone structure is better delineated, with
particularly impressive improvements for trabecular bone (Fig. 11),
facilitating the detection of anomalies such as metastasis50 and mye-
loma lesions.51 Cartilage in the knee and subchondral lesions, as well
as soft tissues such as tendons, can also be easily visualized with
SPCCT52 (Fig. 11). Finally, the temporal bone and the small bones
re) of the foot of a 38-year-old patient with diabetes and gait troubles. A,
lae thanks to reconstruction with a 1024 matrix and sharp kernel. These
aneus in B. C, Detail of the cuboid-navicular joint with reduction of the
etermining a subchondral lesion of the navicular bone. Not only bone
softer kernel, tendons of the lateral compartment of the ankle (arrows) are
e true for both pathologically thickened tendons (such as the tibialis
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FIGURE 12. Case study of VMI for an UHR pulmonary angiography using an SPCCT system (Philips Healthcare) in a 39-year-old woman with chronic
thromboembolic pulmonary hypertension (A–B, 40-mm width maximal-intensity projection coronal 70 keV [A] and 40 keV [B], 40-mm width volume
rendering coronal 70 keV [C] and 40 keV [D]). Virtual monochromatic images andmore particularly at 40 keV shownumerous vascular features on central
and peripheral arteries of chronic pulmonary embolism including endoluminal band (white arrowheads), stenosis and poststenosis dilatation of
pulmonary arteries (white arrows), vessel pruning, and poor distal perfusion (white dotted circles).
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of the internal ear can be better depicted with SPCCT than with EID-
CT, and certain structures receive subjective scores, indicating almost
perfect image quality.53 In all, although CT is already the imaging mo-
dality of choice for assessing bone morphology, it could be further im-
proved by SPCCTand even used to enhance detection of diseases like
osteitis and secondary lesions in the early stages.

For abdominal applications, a combination of all the previously
mentioned features of SPCCT would help improve the image quality
of different organs and diseases. Nevertheless, because most abdominal
FIGURE 13. An example of multiparametric imaging of the gastric wall on an
Monoenergetic images at low energy and the iodine map nicely show the dif
submucosal layer (arrows). The dataset fusing conventional images (gray) and
hypoperfused area.
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pathologies affecting organs like the liver, spleen, kidneys, and pancreas
are visible, owing to differences in contrast between normal paren-
chyma and lesions, most advantages are expected to be derived from
the spectral properties of SPCCT.

Low- and Ultra-Low-Dose Imaging
With SPCCT, the x-ray dose is significantly reduced compared

with EID-CT. In our experience, the overall dose decreased by 5%, with
reductions of ~40% and ~10% for cardiac and lung applications,
abdominal angiography using an SPCCT system (Philips Healthcare).
ferent perfusion of the rugae of the mucosa (arrowheads) and the
iodine images (color coded) can help visual assessment of any eventual

© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
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respectively. Altogether, the benefits of SPCCT are expected to offer a
more efficient tool for low- and ultra-low-dose strategies for lung-
screening, pediatric imaging and iterative follow-up of cancer or
chronic disease management.54

Virtual Monochromatic Imaging
Virtual monochromatic imaging (VMI) is a tool already avail-

able on all dual-energy CT platforms. At low-energy, that is, 40 keV,
VMI enables an increase in CTattenuation of iodine andmore generally
of tissue with high photoelectric absorption. This improves contrast-to-
noise ratios of enhanced lesions or vessels55,56 and decreases the iodine
load for a satisfactory level of vessel opacification.57–59 At higher en-
ergy than 70 keV, VMI enables a reduction of beam-hardening like-
artifacts, thus improving the visualization of tissues surrounding
high-attenuating tissues, iodinated vessels,60 or metallic structures such
as stents or prostheses.61,62 In our experience, the advantages of using
VMI with SPCCT rely in the combination of all the technical benefits,
that is, an improved spatial resolution, an improved discrimination be-
tween photoelectric and Compton effects, as well as a greater dose effi-
ciency and weighting of the low-energy photons. Altogether, VMI
coupled with SPCCT should allow, for example, UHR pulmonary
SPCCTangiography for a better evaluation of chronic thromboembolic
pulmonary hypertension (Fig. 12) andUHR coronary SPCCTangiogra-
phy to identify the distal coronary arteries14,26 and better visualize myo-
cardial ischemia/infarction (Fig. 8).

Material Decomposition Into 2 Materials
Material decomposition imaging into 2 materials is already

available on dual-energy CT platforms but appears to be much im-
proved because of all the previously listed advantages. Material decom-
position allows each tissue to be projected into 2 materials of different
known linear absorption coefficients. Therefore, it cannot specifically
discriminate tissues with linear absorption coefficients at a similar dis-
tance from the chosen materials, such as calcium, which is distributed
into water and iodine images. Nevertheless, these maps have many ad-
vantages, including functional evaluation of organ perfusion such as in
the myocardium,55 lung,63 or digestive tract (Fig. 13).

Color K-Edge Imaging
The advantages mentioned above, although illustrating some ba-

sic but important advantages of SPCCTover conventional CT imaging,
still do not emphasize the most groundbreaking contribution of
SPCCT: color K-edge imaging. Color K-edge imaging places the en-
ergy bin boundaries in close proximity to the K-edge energies of ele-
ments, defined as the binding energy between the inner electronic layer
and the atom. This means that the contrast agent can be identified spe-
cifically and quantitatively, allowing concomitant specific imaging of
K-edge contrast agents like gold and gadolinium and their differentia-
tion from surrounding tissue and non-K-edge contrast agents such as
iodine-based agents.1,5,64–82 This new approach may be an advantage
for exploring new approaches such as for performing a biphasic organ
CT imaging by providing simultaneously a specific enhancement after
a consecutive injection of iodine- and gadolinium-based contrast
agents71 or for performing a molecular CT imaging by monitoring the
macrophage burden within the high-risk atherosclerotic plaques.70 De-
spite the multiple preclinical studies taking advantage of color K-edge
imaging, translation in humans still has to be developed.
CONCLUSION
The introduction of spectral photon-counting CT in the clinical

field has opened a new chapter for medical imaging. The expectations
in terms of improved image quality are already being demonstrated
for many applications, including those most in need of better spatial res-
olution and contrast, as well as reduced radiation dose. Altogether,
© 2023 The Author(s). Published by Wolters Kluwer Health, Inc.
SPCCT is expected to provide significant benefits for disease diagnosis,
characterization, and staging and to open to new approaches that were
not previously available in the field of CT. However, SPCCT systems
are still scarce and the use of this technology needs to spread.
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