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Since its inception in 1973, CT has undergone numerous 
improvements, among the most recent of which is the 

introduction of photon-counting detectors (PCDs) in CT 
platforms, referred to as photon-counting CT (PCCT). 
These detectors deliver images that have recently been the 
object of pioneer human studies, in some cases standing 
as critical references for the medical imaging community.

PCCT can overcome some well-known limitations of 
current CT systems, such as the relatively low spatial reso-
lution, high noise, and limited spectral decomposition of-
fered by dual-energy CT (DECT).

DECT systems have been commercially available for 
many years and have enabled not only improved diagnos-
tic performance, but also several meaningful changes in 
CT practices. These include, among others, reduction in 
the contrast material dose needed to obtain diagnostic im-
ages (1,2), increases in vessel opacification (3), and lowered 
radiation doses due to virtual noncontrast (VNC) recon-
struction (4). Nevertheless, DECT has some fundamental 
limitations, including limited spatial resolution and high 
electronic noise. Furthermore, the spectral resolution of 
DECT can be improved on because it uses two broad x-ray 
spectra or two layers of detectors, all presenting energetic 
overlaps. These overlaps are of varying amplitude depend-
ing on the DECT technology (5,6).

Unlike energy-integrating detectors (EIDs) used in 
current standard conventional and DECT scanners, 

PCDs are made of compounds such as cadmium tellu-
ride, cadmium zinc telluride, or silicon, which directly 
convert each x-ray photon into an electric pulse. The 
small detector element size used leads to a decrease in 
pixel size, which can be as low as 50 μm in preclinical 
systems (7) and 200 μm in clinical systems (8–14). In 
addition, this allows each detected photon to be counted 
and sorted according to its energy, thereby enabling spec-
tral decomposition at the detector level (15–17). Further-
more, this process allows for relatively detailed spectral 
decomposition, into as many as seven energy bins, as well 
as reduction of electronic noise.

As PCDs are inherently capable of spectral decom-
position, PCCT can produce various types of spectral  
reconstructions similar to those obtained with DECT 
systems with EIDs (ie, virtual monoenergetic images 
[VMIs], VNC, and pairs of material). Expectations are 
high for PCDs to confirm their theoretical potential to 
enhance spectral resolution. While improvements in 
spectral resolution have not been proven in clinical imag-
ing as of yet, established uses of DECT spectral images 
are currently being transposed to PCCT and applied in 
daily practice (18).

In addition to improved spectral capabilities, PCCT 
allows detection and quantification of elements (known 
as K-edge imaging) with spikes in their attenuation 
curves at specific energetic levels corresponding to the 

CT systems equipped with photon-counting detectors (PCDs), referred to as photon-counting CT (PCCT), are beginning to change 
imaging in several subspecialties, such as cardiac, vascular, thoracic, and musculoskeletal radiology. Evidence has been building in 
the literature underpinning the many advantages of PCCT for different clinical applications. These benefits derive from the distinct 
features of PCDs, which are made of semiconductor materials capable of converting photons directly into electric signal. PCCT ad-
vancements include, among the most important, improved spatial resolution, noise reduction, and spectral properties. PCCT spatial 
resolution on the order of 0.25 mm allows for the improved visualization of small structures (eg, small vessels, arterial walls, distal 
bronchi, and bone trabeculations) and their pathologies, as well as the identification of previously undetectable anomalies. In addition, 
blooming artifacts from calcifications, stents, and other dense structures are reduced. The benefits of the spectral capabilities of PCCT 
are broad and include reducing radiation and contrast material dose for patients. In addition, multiple types of information can be 
extracted from a single data set (ie, multiparametric imaging), including quantitative data often regarded as surrogates of functional 
information (eg, lung perfusion). PCCT also allows for a novel type of CT imaging, K-edge imaging. This technique, combined with 
new contrast materials specifically designed for this modality, opens the door to new applications for imaging in the future.
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spectral images is provided together with a short explanation. 
Table 3 lists the prototype and currently available commercial 
PCCT systems. Insights into the latest technological advances of 
PCCT are provided in Appendix S1.

Cardiac Applications

Calcifications and Coronary Artery Calcium Assessment
Research on the benefits of PCCT for imaging of vascular 
calcifications has shown that, compared with EID CT, the 
estimated volume of calcifications at PCCT is closer to the 
physical volume of the anthropomorphic phantom (19,20) 
and to that estimated with micro-CT in cadaveric speci-
mens (21). This improvement is thought to mainly be due 
to improved spatial resolution and the reduction of bloom-
ing artifacts (19–21). With PCCT, blooming artifacts can 
be further reduced on VMIs at high energies (22), as has 
already been demonstrated with DECT (23). In addition, 
PCCT is capable of detecting smaller (as small as 0.5-mm) 
and less-dense calcifications, shows an increased contrast-
to-noise ratio (CNR) (eg, from 4.5 to 5.0 for inserts of 
200 HU), and allows visibility of dense calcifications at a 
lower radiation dose compared with EID CT (19,24,25). 
Although coronary artery calcium assessment with the tra-
ditional Agatston score is comparable between PCCT and 
EID CT (20), broader use of PCCT might result in the 
definition of new scores that, for example, include the newly 
detectable and less-dense calcifications. Furthermore, in-
creased use of PCCT could lead to changes in acquisition 
protocols, such as lowering the radiation dose needed for 
accurate imaging. However, at present, coronary artery cal-
cium score studies with PCCT in humans remain limited, 
and those that have been performed did not use electrocar-
diographic gating (22,25).

Coronary Stents
Coronary stents have been imaged with PCCT in vitro in differ-
ent experimental settings. All these studies reported similar main 
findings: Compared with EID CT, PCCT depicted the structure 
of the stent better, estimated strut dimensions closer to the true 
dimensions, enabled easier detection of calcifications adjacent to 
the stent, and reduced the artifacts inside the stent, allowing for 
improved assessment of intrastent stenosis (26–30). Boccalini 
and Si-Mohamed et al (9) conducted an objective analysis that 

binding energy of the K shell. Availability of K-edge imag-
ing could prompt the development of new contrast materials, 
possibly allowing for an earlier and more specific detection of 
pathologic abnormalities as well as for the broadening of the 
spectrum of diseases detectable with CT.

While all major manufacturers are currently developing PCCT 
systems, to our knowledge, only the Siemens and Philips systems 
have been clinically investigated in the literature. This review ar-
ticle reports the clinical benefits of this technology in cardiovascu-
lar, lung, musculoskeletal, and temporal bone applications. It also 
discusses the possible benefits of using this imaging modality for 
other applications as well as future directions related to the use of 
new K-edge–based contrast materials with PCCT.

Terminology and Technical Summary
Important general terms used in this article are defined in 
 Table 1. In Table 2, a list of terms referring to different types of 

Abbreviations
CNR = contrast-to-noise ratio, DECT = dual-energy CT, EID 
= energy-integrating detector, PCCT = photon-counting CT, 
PCD = photon-counting detector, VMI = virtual monoener-
getic image, VNC = virtual noncontrast 

Summary
Photon-counting CT offers improved spatial resolution and spectral 
reconstructions, yielding advantages for cardiac, vascular, thoracic, and 
musculoskeletal CT imaging.

Essentials
 ■ CT systems equipped with photon-counting detectors, referred to 
as photon-counting CT (PCCT), provide advantages in clinical 
cardiac, vascular, thoracic, and musculoskeletal applications.

 ■ All these applications benefit from the improved spatial resolution 
as well as noise and artifact reduction offered by PCCT and allow 
detection of smaller structures, more subtle anomalies, and signs 
of pathologic abnormalities.

 ■ Spectral PCCT allows for a wide range of additional reconstruc-
tions from a single acquisition, thereby enabling a reduction in 
the radiation and contrast material dose for the patient, as well as 
supplementary information from which quantitative and func-
tional  information can be extracted.

 ■ K-edge imaging, a material-specific type of imaging possible with 
PCCT, due to its capacity to separate more than two energetic 
levels, opens the door to the exploration of new contrast materials 
and unprecedented CT applications.

Table 1: Definition of General Terms Used in This Review

Term Abbreviation Definition
Dual-energy CT DECT All CT systems equipped with EID detectors and dual-energy capabilities 

regardless of the exploited technology (dual-source, dual-layer, etc)
Energy-integrating detector CT EID CT All CT scanners equipped with EID that do not feature dual-energy 

capabilities
Spectral … All images other than conventional ones that can be obtained with DECT 

and PCCT

Note.—DECT = dual-energy CT, EID = energy-integrating detector, PCCT = photon-counting CT.
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confirmed these in vitro results by directly comparing DECT 
and PCCT image quality of stents in a small number of human 
patients. Assessed parameters included the thickness of the stent 
struts, blooming artifacts, and intrastent artifacts, all reduced 
with PCCT. In addition, they found that three experienced radi-
ologists attributed higher subjective scores to PCCT image qual-
ity for the evaluation of stent lumen and structure as well as for 
surrounding components. K-edge imaging with PCCT allows 
for depiction of the sole material of interest, for instance, the 
titanium composing the struts of the stents, possibly allowing for 
improved stent structure evaluation and distinction from very 
dense calcifications (27).

Coronary Artery Disease
Nowadays, CT is the imaging modality of choice to inves-
tigate chronic coronary artery disease. Recent guidelines 

recommend coronary CT angiography as the initial test in 
symptomatic patients who have an intermediate pretest risk 
of coronary artery disease and who do not have acute myo-
cardial injury (31,32). Current limitations of this modality 
include the evaluation of distal arteries, the definition of 
stenosis degree in the presence of calcifications, stent assess-
ment, and motion artifacts at a very high heart rate (31,33). 
These limitations derive from a combination of the limited 
spatial resolution of EID CT and blooming, beam-harden-
ing, and motion artifacts. In particular,  calcifications and 
stents on CT images appear bigger than they are in reality 
due to blooming artifacts, preventing correct evaluation of 
stenosis degree.

PCCT may eliminate some of these issues because the im-
proved spatial resolution and noise reduction lead to more 
accurate depiction of calcification and blooming artifact 

Table 2: Spectral Reconstructions and Other Terms Used in This Review

Spectral Imaging Type Description of Image Expected Clinical Benefit
Virtual monoenergetic  

images
Images based on attenuation values of a single  

specific energy level (in kilo–electron volts)
At lower energies, the attenuation of iodine is increased 

as its peak is approached; this can help increase the 
enhancement of cardiac chambers and vessels and 
improve contrast resolution of parenchyma

Iodine maps Images showing the iodine content of the  
voxels in milligrams per milliliter

Quantification of iodine concentration; improved 
contrast resolution of parenchyma

Virtual noncontrast  
images 

Images showing the attenuation of the materials  
within a voxel except for iodine; therefore, they  
are the equivalent of nonenhanced images and  
are obtained from enhanced images

Radiation dose reduction due to sparing of a noncontrast 
acquisition; distinction between iodine and other 
hyperintense structures, such as calcifications and 
surgical material

Z-effective images Images showing the integrated atomic  
number of the materials within a voxel

Improved contrast resolution between different elements 
and different concentrations of the same elements

K-edge imaging Specific and quantitative imaging of a K-edge  
material defined as a material containing atoms  
with a K-edge energy in the range of photon  
energies used in clinical routine (40–140 keV)

Specific visualization of the sole K-edge material (of 
contrast and surgical material); quantification of the 
concentration of the K-edge material

Multiparametric  
imaging

Assessment of multiple spectral images  
for the same data set

Combination of the advantages of the examined spectral 
images

Table 3: Characteristics of Photon-counting CT Systems

Manufacturer and  
Product Name

Detector  
Type Collimation

No. of Energy 
Thresholds

Body  
Region

Scan  
FOV (cm)

FDA  
Clearance

Reference 
No.

Siemens Healthcare  
(Naeotom Alpha)

CdTe 144 × 0.4 mm (SR);  
120 × 0.2 mm (UHR)

4 (SR);  
2 (UHR)

Full body 50 Yes 14

GE HealthCare Silicon …* 8 Full body 50 No 92
Philips Healthcare CdZnTe 64 × 0.275 mm 5 Full body 50 No 93
Canon Medical Research CdZnTe 16 × 0.62 mm (SR);  

48 × 0.21 mm (UHR)
6 Full body 50 No 94

Samsung/NeuroLogica 
(OmniTom Elite PCD)

CdTe 80 × 0.15 mm 3 Head and neck 25 Yes 95

MARS Bioimaging  
(extremity 5 × 120)

CdZnTe 128 × 0.11 mm 5 Extremities 12, 5 No 96

Note.—CdTe = cadmium telluride, CdZnTe = cadmium zinc telluride, FDA = U.S. Food and Drug Administration, FOV = field of view, 
PCD = photon-counting detector, SR = standard resolution, UHR = ultrahigh resolution.
* Collimation data are not available, as this is a prototype, and collimation is one of the design parameters.
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reduction of metallic structures (Figs 1, 2). Indeed, the first 
results from patient studies show promising results (10,11). 
In a small group of 14 patients, Si-Mohamed and Boccalini 
et al (10) demonstrated that ultrahigh-resolution PCCT de-
livers improved subjective image quality, even in direct com-
parison with EID CT, for coronary arteries, atherosclerotic 
plaques (Fig 3), and many other cardiac structures, includ-
ing valves (Fig 4). As an example, the three expert readers 
scored overall image quality as 5 (IQR, 2) with PCCT versus 
4 (IQR, 1) with DECT on a five-point quality scale. As ex-
pected, calcifications had sharper borders and less blooming 
artifacts (calculated based on diameters of the vessels and the 
plaques), allowing for easier quantification of stenosis (10). 
Furthermore, PCCT has been shown to increase diagnostic 
confidence in interpreting coronary artery disease by 55% 
compared with DECT based on a five-point scale assessment 
by three radiologists (10) (Fig 3). Importantly, in these stud-
ies directly comparing PCCT and DECT, the radiation dose 
delivered to the patients was significantly reduced (by 19%–
29%) with PCCT (9,10).

The ability of PCCT to characterize plaques and, in par-
ticular, discriminate vulnerable plaques is also an area of great 
research interest. A study using postmortem human coronary 
arteries showed that PCCT spectral images allowed for the dis-
tinction of different elements that are not easily distinguish-
able using EID CT due to their similar density (34). Specifi-
cally, lipid-rich plaques identified at histologic examination 
presented different photograph-electric and Compton scatter 
values compared with the rest of the vessel wall and the epi-
cardial fat (34). Mergen et  al (35) showed that plaque com-
ponent quantifications based on attenuation in Hounsfield 
units is related to the reconstruction parameters. Due to the 
lack of comparison with a reference standard in their study, 
however, the reconstruction parameters yielding the most ac-
curate results for plaque component characterization remain to 
be established.

In the future, with spectral 
PCCT, it might be possible 
to directly visualize areas with 
ongoing inflammatory pro-
cesses, believed to be one of the 
mechanisms of plaque instabil-
ity. In fact, radiologists might 
also be able to exploit the K-
edge properties of new types 
of contrast materials based, for 
instance, on gold to directly 
target inflammatory cells such 
as macrophages, as already 
demonstrated in animal mod-
els (36,37).

While PCCT is expected 
to show spectral proper-
ties at least as good as those 
of DECT for the evalua-
tion of arterial lumens, in-
cluding in coronary arteries, 

only preliminary data are available in humans, especially 
at very high resolution (10,13). Further advancement in 
cardiac imaging is expected to derive from K-edge im-
aging and contrast material development. For instance,  
by exploiting the K-edge of gadolinium, the lumen of the ar-
teries of animals can be specifically depicted on angiographic 
images where only intravascular gadolinium is visible (38,39).

Vascular Applications
Similar to coronary artery imaging, the higher spatial resolu-
tion of PCCT is expected to allow for more detailed assessment 
of very small vascular branches and the vessel wall, as well as 
reduction of calcium blooming artifacts. PCCT with VMIs at 
low energy levels (eg, 40 keV) allows for a reduction in contrast 
material dose due to the increased attenuation of iodinated con-
trast material. For instance, CNR of the aorta is equivalent when 
comparing conventional EID CT images with a full contrast 
material dose versus PCCT VMIs at 50 keV obtained with 25% 
less dose (40). While specific data for PCCT are not yet avail-
able for other parts of the body, cautiously extrapolating data 
based on DECT with low-energy VMI showed contrast material 
doses may be reduced by 50% in pulmonary arteries (41) while 
retaining at least comparable CNR and subjective image quality 
scores compared with conventional DECT images. For coronary 
arteries, both the volume and the injection rate may be halved, 
with a similar number of segments judged to be of diagnostic 
quality (1).

In addition, PCCT-based image reconstruction algorithms 
allow for removal of vascular calcifications, aiding the assess-
ment of vascular stenosis degree (42). As an example, a nom-
inal stenosis of 50% was graded correctly with one of these 
algorithms and overestimated by 6% with VMIs at 65 keV 
in a phantom setup (42). Alternatively, iodine-based contrast 
enhancement may be virtually removed from the contrast-en-
hanced images, creating VNC images that help to differentiate 
calcium from iodine.

Figure 1: (A) Maximum intensity projection and (B) volume rendered reconstructions of a coronary photon-counting 
CT angiography examination (performed with a Philips Healthcare scanner) in a 38-year-old man with history of myocardial 
infarction in the territory of the left anterior descending artery. Both images show distal branches of the right coronary artery, 
including the artery passing in the interatrial septum to reach the atrioventricular node (arrowheads). The distal pulmonary 
vessels are also clearly visible on these images (white dotted outlines). Reconstructions were performed with a 0.29 × 0.29 × 
0.25-mm voxel size with a 1024 matrix size.
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Imaging the Native Aorta and Arteries
Euler et al (43) have shown that high-pitch PCCT angiography 
of the aorta has significantly higher CNR on VMIs at 40 and 
45 keV than matching VMIs from DECT scans acquired in the 
same patient at equal dose. The percentage difference was even 

higher, up to 34% difference in CNR, in overweight patients 
(43). Interestingly, noise was subjectively judged higher on a 
Likert scale for low-energy VMIs for both CT systems. In addi-
tion to in-stent imaging (Fig 5), more subtle disease abnormali-
ties, especially those that manifest early in the disease process, 
such as renal artery stenoses in fibromuscular dysplasia and wall 
thickening in small-vessel vasculitis, may especially benefit from 
the increased spatial resolution offered by PCCT. In runoff ex-
aminations, the higher spatial resolution and reduced noise of 
PCCT allow for use of sharper reconstruction kernels and larger 
matrix sizes (up to 1024 × 1024) in clinical practice. This enables 
image reconstruction of the arteries of the lower legs with the 
same large field of view used for the pelvic region without losing 
image quality (Fig 6).

Post–Aortic Surgery and Interventional Imaging
PCCT offers advantages in follow-up imaging after open surgi-
cal and endovascular aorta repair by improving spatial resolution 
for imaging of the stent graft with reduced metal artifacts. In ad-
dition, PCCT reconstructions with removal of iodine are help-
ful to discriminate calcifications in the aneurysm sac from true 
endoleaks as well as surgical polytetrafluoroethylene felt material 
(which is commonly used during surgery on the thoracic aorta) 
from contrast material leakage, obviating the need for an ad-
ditional noncontrast acquisition or follow-up scans (44). As an 
incidental finding, low-density blood pools on VNC images can 
indicate the presence of underlying anemia, as a good correlation 
with hemoglobin levels (R2 = 0.81) has been demonstrated (45).

Compared with regular VNC reconstructions, more sophis-
ticated “pure calcium” PCCT algorithms performed better with 
regard to erroneous subtractions of stent parts and calcifications 
and were deemed to be able to replace true noncontrast scans 
in most cases (95% of assessed data sets vs 75% with VNC re-
constructions) (46). Because patients who have undergone aor-
tic surgery or stent placement often undergo yearly follow-up 
scans, omitting the true noncontrast scans helps reduce lifetime 
radiation exposure. This type of algorithm is promising also for 
quantification of calcifications (eg, coronary and valvular) on 
contrast-enhanced CT scans. However, assessment of absolute 
values of calcium scores obtained by noncontrast acquisition in 
67 patients substantially differed, sometimes by more than 60 
points, from those obtained on true noncontrast images (47). 
Therefore, the algorithm needs to be improved further before it 
can be reliably used.

Thoracic Applications
CT is the cornerstone of the diagnosis and follow-up of many 
diseases that involve the lungs. The image quality of a lung CT 
examination and its radiation dose are two factors that are con-
sidered current limitations of conventional CT technology and, 
thus, open to optimization. With the technical benefits expected 
from PCDs, PCCT is expected to improve and expand the cur-
rent use of CT in lung imaging (48).

For lung parenchyma imaging, Si-Mohamed and Boccalini 
et al (12) have demonstrated, in one healthy volunteer, improved 
noncontrast PCCT image sharpness and conspicuity for small 
lung structures, including the interstitial tissue (especially the 

Figure 2: (A–C) Photon-counting CT (PCCT) (Philips Healthcare scanner) 
and (D–F) dual-energy CT (DECT) images show heavy calcifications of the left 
anterior descending coronary artery proximal and distal to the origin of the septal 
and diagonal branches in a 70-year-old woman who underwent coronary CT to 
investigate the cause of typical chest pain. PCCT images were reconstructed with 
a matrix of 1024 and voxels of 0.29 × 0.29 × 0.25 mm, whereas DECT images 
had a matrix of 512 with isotropic voxels of 0.67 mm. Curvilinear reconstructions 
of the (A, D) left main and left anterior descending coronary arteries show the two 
locations (white lines) where doubts arose regarding the presence of a significant 
stenosis. (B, E) The proximal view and (C, F) distal view cross-sectional images 
at these two locations show sharper, more defined and less bulky calcifications 
with (B, C) PCCT compared with (E, F) DECT. From a clinical point of view, this 
improved visualization of calcification confirmed the presence of (B, E) a significant 
proximal stenosis. Whereas with (E) DECT, the patency of the vessel was doubtful, 
the (B) PCCT image shows permeability of the vessel. More distally, after the origin 
of the branches, (C) PCCT allowed for diagnosis of stenosis due to the calcifications 
and afforded good visualization of the patent lumen (arrowhead). On the (F) DECT 
image, the distinction between calcifications and contrast material was not possible.
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fissures), the distal airways and their walls, up to fourth-order 
bronchi, as well as distal vessels as compared with EID CT. These 
findings are mainly explained by the ultrahigh resolution achiev-
able with a radiation dose lower than or similar to that from 
current EID CT systems, taking benefit from higher matrix 
size (eg, 1024–2048), thinner section thickness (eg, as low as 
approximately 0.2 mm), and higher-frequency filters (48–50). 
In addition to the increased spatial resolution, PCCT enables 
a greater dose efficiency associated with electronic noise sup-
pression, resulting in noise reduction particularly in the regions 
prone to stronger beam-hardening artifacts, such as at the level 
of the shoulders and the diaphragm. For example, as demon-
strated by Symons and Pourmorteza et al (51) in 30 participants 
at a tube current of 100 and 120 kVp, the noise was reduced be-
tween 15.2% and 16.8% compared with EID CT. Furthermore, 
the difference in attenuation between the pectoral and paraspinal 
muscle at the level of the aortic arch was significantly lower with 
PCCT, suggesting that the effects of beam hardening on image 
quality had been reduced.

PCCT also allows improved evaluation of lung density be-
cause of reduced electronic noise, suppression of beam-hardening  
artifacts, and better noise management enabled by its dose 
 efficiency. As an example, a phantom study has shown that 

compared with EID CT, PCCT allowed more accurate quantifi-
cation of biomarkers of emphysema, such as the low attenuation 
areas below −950 HU and the CT attenuation value at the 15th 
percentile of the lung CT histogram (52). This achievement 
may impact the management of chronic obstructive pulmonary 
disease and alpha-1 antitrypsin deficiency, for instance, allow-
ing more precise quantification of the disease before and after 
treatment.

For nodule imaging, studies have shown that PCCT im-
proved detection of different nodules (48,53,54), including both 
low-contrast ones such as ground-glass and subsolid nodules and 
high-contrast ones such as solid nodules (Fig 7). As an example, 
Si-Mohamed et al (55) showed a five times higher detectability 
index for a ground-glass nodule of 4 mm (in a dedicated thoracic 
phantom) with standard radiation dose compared with DECT. 
In addition, with a similar or lower dose, Zhou et al (53,54) and 
Kopp et al (56) showed that PCCT enabled more precise char-
acterization of the contours and structures of both regularly and 
irregularly shaped nodules. They also reported more accurate 
quantification of nodule volumes in comparison with standard 
and high-resolution EID CT (53,54,56). These findings have 
importance for the management of incidental lung nodules, 
since nodules with irregular or spiculated margins, including 

Figure 3: (A, C) Photon-counting CT (PCCT) (Philips Healthcare scanner) and (B, D) dual-energy CT (DECT) images show minimal atheroscle-
rotic lesions of a circumflex coronary artery in a 66-year-old man with known coronary artery disease. A and B show curved multiplanar reconstruc-
tions of the artery, while C and D show the cross-axial planes (white lines in A and B). Curved multiplanar reconstruction images reveal the presence of 
two lesions of this artery. The first lesion was small but clearly depicted by PCCT and presented a soft component (A, white arrowhead) and a calcified 
component (A, black arrowhead) invisible and barely visible, respectively, on the (B) DECT image. The second lesion was bigger, and the calcified 
component (arrows in A and B) was visible at both PCCT and DECT. Notice how with DECT, this calcification (arrow in B) presents fuzzy borders 
due to blooming artifacts. On (C, D) cross-axial images, the more proximal lesion is localized at the level of the origin of a tiny branch (arrows), the 
artery for the sinoatrial node. PCCT allowed for better definition and characterization of this plaque, as it showed two spotty calcifications and the soft 
component (C, arrowhead), all barely visible with (D) DECT. PCCT images were reconstructed with a matrix of 1024 and voxels of 0.29 × 0.29 × 
0.25 mm, whereas DECT images had a matrix of 512 with isotropic voxels of 0.67 mm.
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Figure 4: Examples of cardiac valves imaged with photon-counting CT (PCCT) (Philips Healthcare scanner). (A) PCCT image shows an aortic valve 
in a multiplanar reconstruction with a well-depicted nodule of Arantius of the noncoronary cusp (arrowhead) in a 45-year-old man with a history of myo-
cardial infarction in the territory of the left anterior descending artery. (B) PCCT image depicts a pulmonary valve showing a small orifice of regurgitation 
(arrowheads) in the same patient whose aortic valve is imaged in panel A. (C) A volume rendering shows the mitral valve apparatus, including the chordae 
(arrowheads) and the trabeculae of the left ventricle (white dotted outline), in a 47-year-old woman with a history of acute coronary artery disease.

Figure 5: Photon-counting CT images reconstructed at 0.4 mm using a Bv48 kernel (Siemens Healthineers) in a 55-year-old man with SMAD3 
variation and osteoarthritis syndrome with previous aneurysm of the hepatic artery that had been treated with stent placement. (A) Complete axial 
field of view image at the level of the hepatic artery stent with detailed image quality of the vascular structures. (B) Zoomed-in coronal and (C) sagittal 
 images of the stent reveal a very small hypointense area inside the stent (arrowheads) compatible with a small area of thrombus formation.

Figure 6: (A–F) Abdominal aorta peripheral runoff photon-counting CT (PCCT) scan (Siemens Healthineers) in a 56-year-old man with intermittent claudication with a stent in 
the left superficial femoral artery and diffuse atherosclerosis in both legs. The entire scan range was reconstructed as a single image stack by using a field of view large enough to 
include the entire patient at the abdominal region. (A) Three-dimensional cinematic rendering reconstructions from the entire scan range (posterior view). Curved multiplanar refor-
mats of the (B, D) upper and lower left leg and (C) zoomed-in image of the stent region. Notice the diffuse atherosclerosis (arrows in B and D) and the in-stent intimal hyperplasia 
(arrowheads in C). (E) Three-dimensional cinematic rendering reconstruction of the region of the left ankle and (F) multiplanar reformat. On E and F, very small vessel diameter 
can be observed (arrowheads) even though it is next to the calcification (arrows). (G–I) Abdominal aorta peripheral runoff PCCT scan in a 68-year-old patient with intermittent 
claudication, most severe on the left side. (G) Curved multiplanar reformation of the left anterior tibial artery with extensive calcifications (arrows) and (H, I) axial images at the 
level of the ankle and distal left lower leg. Notice how the lumen can be accurately assessed (G–I, arrowheads) despite the calcifications (G–I, arrows).
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distortion of adjacent vessels, have a higher risk of being malig-
nant (57). In addition, preliminary studies have demonstrated 
the feasibility of low- and ultralow-dose PCCT imaging with 
potentially higher image quality than with current CT systems at 
similar radiation dose (12,51,58). Altogether, the expected ben-
efits of PCCT may designate it as a more efficient tool for lung 
cancer screening even at lower radiation doses.

For interstitial lung disease, Inoue et  al (59) showed that 
PCCT outperformed an EID CT system in regard to image 
quality for the detection of reticulation, ground-glass opaci-
ties, and mosaic pattern while also enabling a higher confidence 
score for the probability of usual interstitial pneumonia. These 
findings are mainly explained by the ultrahigh resolution capa-
bilities of PCCT, which may be further improved with use of 

the different visualization techniques available on 
workstations (Fig 8). In patients with persisting 
symptoms after SARS-CoV-2 infection, PCCT 
showed improved detection of lung abnormali-
ties, especially bronchiolectasis, compared with 
EID CT. Additionally, the use of PCCT aided in 
the reclassification of ground-glass areas as reticula-
tions, potentially explaining the chronic nature of 
the post–COVID-19 condition (60). Furthermore, 
Ferda et al (61) and Jungblut et al (62) have shown 
that low-dose lung PCCT may yield image qual-
ity sufficient for diagnosing interstitial pneumonia, 
highlighting the potential for further radiation dose 
reduction for the diagnosis and follow-up of inter-
stitial lung disease.

In addition to the improved performance of 
PCCT for conventional imaging, the spectral ca-
pabilities of PCCT could combine anatomic and 
functional data for the diagnosis of many vascular 
lung diseases, such as pulmonary embolism and 
chronic thromboembolic pulmonary hypertension 
(Fig 9) (63–65). Furthermore, VNC images might 
enable some otherwise impracticable analysis of 
contrast-enhanced thoracic scans. As an example, 
one study demonstrated the feasibility of quanti-
fying emphysema on VNC images generated at 
clinical PCCT from arterial and portal phases with 
high accuracy compared with true noncontrast im-
ages. Consequently, PCCT may allow significant 
reduction of noncontrast acquisitions by providing 
accurate and consistent VNC images (66). Further-
more, K-edge imaging could be advantageous for 
new thoracic applications, such as the discrimina-
tion between two contrast materials for lung ven-
tilation and perfusion, specific lesion labeling, or 
theragnostic applications (17,67,68).

Musculoskeletal Applications
PCCT offers advantages for musculoskeletal imag-
ing, particularly related to its increased spatial reso-
lution, which allows for detailed visualization of 
cortical and trabecular bone (Fig 10). In a feasibil-
ity study of 32 patients, Baffour et al (69) demon-

strated that PCCT provided improved depiction of the shoulder 
and pelvic bones at radiation doses reduced by 31%–47% com-
pared with EID CT. For smaller joints such as the wrist, a recent 
study on cadaveric specimens showed that PCCT provided su-
perior visibility of cortical bone, trabeculae, and nutrient canals 
as well as an overall improved image quality compared with EID 
CT, even at half the radiation dose (70). These findings were 
confirmed in a 12-patient study that showed that PCCT was 
superior to EID CT in the visualization of wrist structures de-
spite a 49% lower radiation dose (71). PCCT may also enhance 
the detection and characterization of fractures, especially those 
of small bones, such as in the wrist and foot. Moreover, follow-
up of fracture healing may also benefit from the higher spatial 
resolution provided by PCCT (72).

Figure 7: Example ultrahigh-resolution photon-counting CT images (Philips Healthcare scan-
ner) of the lung show a centimetric solid nodule in a 58-year-old male patient with unclassifiable 
idiopathic interstitial lung disease. (A) Volume rendered image of lung parenchyma and (B) fusion 
volume rendered image between lung parenchyma and high-contrast nodule and reticulation (white 
dotted circle). (C–F) Quasi-isotropic multiplanar reconstruction images with 0.29 × 0.29 × 0.25-
mm voxel size. (C–H) Multiplanar images show a magnified view of the spiculated nodule (C–E) 
before and (F–H) after automatic segmentation (IntelliSpace Portal, Philips) found in the lower right 
lobe and measuring 238.2 mm3.
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High-resolution imaging of 
bone with PCCT also opens 
up the possibility to assess 
bone structure as a measure of 
“bone strength and quality” in 
the context of osteoporosis and 
other metabolic bone disorders 
(73). Currently, high-resolution 
peripheral quantitative CT is 
often considered the reference 
standard for imaging of bone 
microarchitecture, as it provides 
a range of quantitative param-
eters related to the cortical bone 
(eg, mean area, mean thickness, 
and porosity) and the trabecular 
bone (eg, mean thickness, mean 
number of trabeculae per unit 
length, and separation between 
trabeculae), as well as volumet-
ric bone mineral density per 
bone compartment. Several of 
these parameters have been linked to fracture risk in patients 
with osteoporosis (74). However, high-resolution peripheral 
quantitative CT is limited to imaging the distal extremities. Fur-
thermore, this imaging modality is primarily applied in clinical 
research settings, and implementation in daily clinical practice 
has been limited (75).

In the future, PCCT may serve as an alternative noninvasive 
method to assess bone microarchitecture at multiple anatomic 
sites, including common sites of osteoporotic fracture, such as 
the hip and vertebrae. Possibly, the assessment of bone quality 
could be performed in a single examination in conjunction with 
the initial diagnostic work-up of fractures in patients deemed 
at risk for osteoporosis. Of course, thorough validation against 
high-resolution peripheral quantitative CT and clinical out-
comes of osteoporosis, as well as the availability of postprocess-
ing algorithms and normative data, would be necessary before 
such a strategy could be implemented.

Another promising musculoskeletal application of PCCT 
is related to the reduction of beam-hardening artifacts com-
pared with conventional EID-based CT scanners, which facili-
tates enhanced visualization of tissues around metal. Although 
systematic clinical studies are still lacking, it is expected that 
orthopedic implants, such as joint prostheses and fixation de-
vices, can be evaluated more accurately with PCCT for com-
plications such as loosening. In uncemented implants, the 
presence or absence of osseointegration—the structural and 
functional connection between living bone and the surface of a 
load-bearing artificial implant—could be more accurately de-
termined by means of PCCT.

PCCT has also shown promise for musculoskeletal oncologic 
applications. In a recent comparative study of PCCT versus EID 
CT in 27 patients with multiple myeloma, Baffour et  al (76) 
found that PCCT yielded improved visualization of lytic lesions, 
intramedullary lesions, fatty metamorphosis, and pathologic 
fractures, both with and without the application of denoising by 

a convolutional neural network. Another recent pilot investiga-
tion concluded that PCCT provided similar quantitative image 
quality and equivalent qualitative reader scores for multiple my-
eloma screening as EID CT, and did so at a significantly reduced 
radiation dose (83% lower) (77). In a similar comparative study 
of patients with breast cancer with bone metastases (78), it was 
found that PCCT was associated with an improved visualization 
of bone lesion margins and content and less interreader vari-
ability in the structural assessment of lesion sizes compared with 
EID CT.

Finally, the spectral information provided by PCCT 
could enhance musculoskeletal diagnostics similar to cur-
rent DECT. For instance, the ability to visualize bone mar-
row edema may increase the conspicuity of fractures or 
could help distinguish old versus recent fractures. Theoreti-
cally, spectral information may also allow better visualiza-
tion of soft-tissue structures. For example, Chappard et  al 
(79) have shown that with VMIs at 60 keV, visual inspection 
of knee cartilage disruption in such tissues as the menis-
cus, tendons, ligaments, articular cartilage, and triangular 
fibrocartilage complex of the wrist was feasible in cadaveric 
specimens. While these preliminary results are promising, 
validation studies are needed to compare soft-tissue visual-
ization at PCCT and MRI.

Imaging of the Temporal Bone and Internal Ear
The capability of PCCT to visualize bone structures in high 
anatomic detail can also be applied to the temporal bone, where 
it provides excellent visualization of the inner and middle ear, 
including the small bony structures of the ossicular chain, even 
with a reduced radiation dose (80,81) (Fig 11). This may in-
crease confidence in diagnosing various diseases that are char-
acterized by more subtle osseous changes, such as otosclerosis, 
cholesteatoma, and dehiscence of the semicircular canal, as well 
as congenital abnormalities.

Figure 8: Example lung ultrahigh-resolution photon-counting CT images (Philips Healthcare scanner) show a typical 
usual interstitial pneumonia in a 73-year-old male patient. (A) Coronal oblique image with 0.29 × 0.29 × 0.25-mm voxel 
size shows subpleural predominant reticular abnormality with distal traction bronchiectasis and an area of honeycombing  
occurring in single or multiple layers (arrowhead). An important area of distal bronchiectasis and bronchiolectasis is seen in 
the right lower lobe with a clear visualization of the bronchial lumen from the center to the subpleural space (red dotted circle). 
An area of ground-glass opacity (arrow) is shown to present reticulations and traction bronchiectasis, indicating a fibrosis 
pattern. (B) A 3-mm-width volume rendered image with clear visualization of the traction bronchiectasis, honeycombing, and 
architectural distortion of the lungs.
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Figure 9: Example lung photon-counting CT angiography images (Philips Healthcare scanner) with a multiparametric imaging analysis 
of the lung anatomy and its function show pulmonary embolism and its impact on the lung perfusion in a 41-year-old woman with pulmonary 
hypertension. (A) An axial 5-mm-width maximum intensity projection virtual monoenergetic image (VMI) at 70 keV that substitutes a 120-kVp 
conventional image due to similar mean energy of its spectrum. Multiple filling defects are seen in the right lower lobe (arrowheads). Also 
visible are the dilated distal pulmonary vessels (arrow) suggesting pre-existing pulmonary hypertension. (B) An axial 5-mm-width maximum 
intensity projection VMI at 40 keV that simulates the attenuation of a tissue at low energy (ie, 40 keV), consequently enabling an increase 
in CT attenuation of iodine due to an energy being close to its K-edge (33.2 keV). This effect enables a greater discrimination of the emboli 
(arrowheads) responsible for subsegmental partial and complete filling defects. (C) An axial 5-mm-width Z-effective image that measures the 
integrated atomic number of the tissue within a voxel. The contrast generated from the image is color-coded (in red are lower Z-effective values 
and in blue, higher Z-effective values) and enables the visualization of a perfusion defect downstream from the embolus completely occluding 
the laterobasal subsegment of the right lower lobe (). (D) An axial 5-mm-width iodine map, a validated surrogate marker of lung perfusion 
that contributes to the functional assessment of vascular lung diseases. The contrast generated from the image is color-coded (black means no 
iodine, and red, a high iodine concentration) and enables visualization of an embolic-type perfusion defect downstream from the complete 
filling defect in the laterobasal subsegment of the right lower lobe (). On the contrary, in the posterobasal subsegment, where a partial filling 
defect is seen in a subsegmental branch of the right lower pulmonary artery, the perfusion is preserved (white dotted circle).

Figure 10: (A) 
Photon-counting CT 
coronal multiplanar 
image (Siemens 
Healthineers scan-
ner) and (B) three-
dimensional volu-
metric reconstruction 
using a cinematic 
rendering algorithm 
show a horizontal 
oblique fracture of 
the middle third of 
the scaphoid (ar-
rowheads) in an 
otherwise healthy 
47-year-old man.
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The Future of PCCT
We have summarized the improvements in imaging perfor-
mance offered by PCCT compared with previous generations 
of CT technology that have been observed to date. Notwith-
standing the encouraging results, we are at the very beginning 
of human investigations with PCCT. Henceforth, larger cohorts 
of patients from different centers are needed to fully explore and 
understand the comparative benefits and drawbacks of this new 
technology.

General Considerations
This new technology will lead to data challenges due to the 
higher spatial resolution, production of data in as many as 
seven channels, and multiple possible types of reconstruc-
tions. Handling the large 
amount of data gener-
ated may require adap-
tations of the picture 
archiving and commu-
nication system. Another 
challenge is that, at pres-
ent, spectral data are not 
standardized and thus 
are stored in different 
formats that can only be 
analyzed with vendor-
specific software. As 
PCCT scanners become 
more broadly available, 
this might impede op-
timized management of 
patients across hospitals.

PCCT has the potential to be applicable to many anatomic 
regions across different categories of patients, occasioning spe-
cific benefits that will be better understood with increased use 
of this imaging modality. Among the most anticipated benefits 
of PCCT already supported by the literature is improved im-
age quality, namely CNR of different organs, for overweight 
and obese patients with or without concomitant radiation dose  
sparing (43,51,82).

Possibly the most pressing and highly anticipated future stud-
ies will be those that examine in clinical practice the theoreti-
cal improvements in spectral separation engendered by PCCT. 
The  combination of ultrahigh spatial resolution and spectral 
capabilities is expected to result in improved performance of 
PCCT versus DECT. At the time of writing, only one study on 

Figure 11: (A) Ultrahigh-resolution photon-counting CT image (Siemens Healthineers scanner) and (B) corresponding illustra-
tion of the temporal bone in a 53-year-old woman being examined for loss of hearing. The image shows the stapes (red shading in  
B) and its anterior and posterior arches in high anatomic detail as well as the lenticular process of the incus (yellow shading in B) and 
the incudostapedial joint (interface between the red and yellow structures in B). Several inner ear structures, such as the cochlea (green 
shading in B), are also visualized.

Table 4: Summary of Prominent Materials Proposed as Contrast Materials for Spectral Photon-counting CT

Contrast Agent
Clinical  
Availability

K-edge  
Imaging Advantages Disadvantages

Examples of 
Publications

Iodinated small  
molecules

Yes No Clinical availability,  
prior clinical use

Allergic reactions, nonspecificity 68, 97

Gadolinium  
chelates

Yes Yes Clinical availability,  
prior clinical use

Concerns over brain retention  
and other safety issues

83–85, 98, 99

Tantalum oxide  
nanoparticles

No Yes High contrast production, 
extensive preclinical 
development

Rapid clearance,  
nonspecificity

83, 87

Hafnium oxide 
nanoparticles

In Europe Yes High contrast production, 
European approval  
as a therapeutic

Safety and role as a CT agent  
yet to be studied; FDA  
approval yet to be granted

93, 100

Gold  
nanoparticles

No Yes Extensive preclinical  
use, synthetic control  
over shape and size

Potentially high cost; excretion needs  
to be solved, as gold nanoparticles  
are slowly and incompletely 
eliminated by the human body

55, 68, 88, 89

Bismuth 
nanoparticles

No Yes Low cost, good  
safety profile

High K-edge–lower K-edge image  
CNR; more research needed on  
safe and excretable agents

90, 101

Note.—CNR = contrast-to-noise ratio, FDA = U.S. Food and Drug Administration. 
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this topic has been reported, to our knowledge, and this study 
used a clinical prototype from Philips (10).

Contrast Material Development
Due to its spectral decomposition capabilities, PCCT also opens 
exciting possibilities for contrast material development. While 
we expect that the current clinically available iodinated contrast 
materials will still be used in conjunction with PCCT, these 
agents have some disadvantages for use with any type of CT sys-
tem, such as allergic reactions and a lack of specificity. Moreover, 
the K-edge of iodine is too low for K-edge imaging, and thus, 
the use of iodine at PCCT results in difficulty distinguishing 
the iodine signal from that of calcified structures, the same is-
sue that occurs with EID CT and DECT. Therefore, there has 
been strong interest in agents based on other elements that pos-
sess higher K-edges for use with spectral PCCT imaging (83) 
(Table 4).

Gadolinium chelates represent a promising alternative be-
cause they are already approved by the U.S. Food and Drug 
Administration (84,85). However, two to three times the gado-
linium dose used for MRI would have to be administered for 
most PCCT imaging applications, and the retention of gado-
linium in the brain is already a concern (86). Alternatives to 
iodine and gadolinium are also being explored. Tantalum ox-
ide nanoparticles are advanced in their preclinical development 
and represent a high-contrast material with a good safety profile 
(83,87). Interestingly, hafnium oxide nanoparticles have been 
approved in Europe as a radiosensitizer for cancer therapy and 
therefore have the potential for use as an off-label CT contrast 
material, although the utility of this formulation for imaging is 
not well known. Gold nanoparticles have been studied by several 
groups for spectral PCCT applications (88,89). They are typi-
cally found to be safe, and their size and shape can be syntheti-
cally controlled. These properties, along with their high density, 
have recently led to their use for cell tracking applications (67). 
Bismuth nanoparticle contrast materials were reported early in 
the development of PCCT (90), inspired in part by bismuth-
containing antacids. However, there have been fewer reports on 
bismuth in recent years, perhaps due to its high K-edge, which 
leads to a relatively low CNR on K-edge images (83). Overall, 
there are agents that can be used for K-edge imaging immedi-
ately (ie, gadolinium chelates and hafnium nanoparticles) and 
others that may be able to be used soon. These agents may afford 
novel applications, such as theranostics (91), cell tracking (67), 
and molecular imaging (36).

Conclusion
After 2 decades of development, photon-counting CT technol-
ogy is now available for clinical use in humans. Although limited 
in number and conducted on small groups of patients, the first 
clinical studies have yielded promising insights. Photon-counting  
detectors provide benefits for all examinations demanding high 
spatial resolution, such as coronary, vascular, lung, and muscu-
loskeletal CT. Furthermore, improvements in spectral resolution 
combined with high spatial resolution should allow for better 
characterization of small objects, such as coronary artery ath-
erosclerotic plaques, and the detection of small cancers. Finally, 

K-edge imaging will allow for the development of new contrast 
materials with potential novel CT applications, such as theranos-
tics and molecular imaging.
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