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There have been significant advances in CT hardware since 
its initial development in the early 1970s. Current detec-

tors allow isotropic spatial resolution of approximately 0.25–
0.5 mm. Gantry rotation speed is now 250 msec with dual-
source imaging, enabling high-pitch helical CT scanning of 
the entire torso in 1–2 seconds (1,2). However, challenges 
remain, particularly for cardiac CT; these challenges include 
spatial resolution of microstructures, tissue characterization, 
and soft-tissue contrast (3). In regard to spatial resolution of 
microstructures, the normal epicardial coronary luminal di-
ameter ranges from 1.0 to 4.6 mm (4). Evaluation of cardio-
vascular risk now includes coronary plaque quantification 
and identification of smaller anatomic features that are at 
or below the current spatial resolution limits (5,6). In regard 
to tissue characterization, quantitative tissue characterization 
is a major diagnostic strength of cardiac MRI that CT has 
not yet accomplished (7). Regarding soft-tissue imaging in 
the heart, iodinated contrast material is required because 
contrast resolution is not yet high enough; however, while 
exogenous contrast yields a high contrast-to-noise ratio of 
10–20:1, these agents cannot be used in all patients.

To overcome these challenges, we present a narrative 
review on three hardware advances within CT that are near-
ing the beginning of clinical application and that we be-
lieve will affect the future of cardiovascular imaging. These 
include next-generation ultra-high-resolution (UHR) CT, 
spectral imaging with photon-counting (PC) CT, and 
phase-contrast CT (Fig 1). We acknowledge the contribu-
tion of software advances, including artificial intelligence 
(8), deep learning (9–11), fractional flow reserve CT (12), 
and multiple other advances, but we did not include them 
within the scope of the review. Reviews of software ad-
vances can be found in the cited sources (13–15). In this 
review, we describe hardware advances in CT and focus on 
their application to cardiac CT as a unique and important 
driver of change in the CT field.

UHR CT
At present, nearly all conventional CT scanners are mul-
tidetector CT units that use arrays of energy-integrating 
detectors (EIDs) to achieve spatial resolution of approxi-
mately 0.25–0.5 mm. The terms high-resolution CT and 
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Impending major hardware advances in cardiac CT include three areas: ultra-high-resolution (UHR) CT, photon-counting CT, and 
phase-contrast CT. Cardiac CT is a particularly demanding CT application that requires a high degree of temporal resolution, spa-
tial resolution, and soft-tissue contrast in a moving structure. In this review, cardiac CT is used to highlight the strengths of these 
technical advances. UHR CT improves visualization of calcified and stented vessels but may result in increased noise and radiation 
exposure. Photon-counting CT uses multiple photon energies to reduce artifacts, improve contrast resolution, and perform material 
decomposition. Finally, phase-contrast CT uses x-ray refraction properties to improve spatial and soft-tissue contrast. This review 
describes these hardware advances in CT and their relevance to cardiovascular imaging.
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[Siemens Healthineers, Erlangen, Germany] has a similar focal 
spot size of 0.4 3 0.5 mm; other comparable models range from 
0.6–1.1 3 0.7–1.6 mm) (24). Model-based iterative reconstruc-
tion techniques were also incorporated (25). Research is taking 
place on cardiovascular applications (Table 1), with US-based 
systems having been recently installed at Johns Hopkins Hospi-
tal and the University of California at Davis. For this CT plat-
form, a spatial resolution of 150 µm at 0% modulation transfer 
function (MTF) has been reported (16), which may represent 
a substantial improvement over that reported with other plat-
forms. MTF is a continuous function expressing the ability of an 
imaging system to resolve objects at different spatial frequencies. 
While the maximum resolvable spatial frequency is 0% MTF, 
this does not necessarily imply superior image quality across all 
spatial frequencies. Full MTF profiles may be difficult to find, 

Abbreviations
EID = energy-integrating detector, PC = photon counting, PCD = PC 
detector, UHR = ultra-high-resolution

Summary
Next-generation CT hardware advances applied to cardiac CT 
include ultra-high-resolution methods, photon-counting CT, and 
phase-contrast CT, which improve spatial resolution, allow material 
decomposition, and improve soft-tissue contrast.

Essentials
 n The spatial resolution of next-generation CT has increased to 

150–200 µm and allows improved depiction of heavily calcified 
vessels and stents.

 n Photon-counting CT is a form of spectral CT that uses detectors 
to enable high spatial resolution, multicontrast imaging, and im-
proved material decomposition.

 n Phase-contrast CT uses refraction instead of attenuation-based 
x-ray imaging to provide improved resolution and three times 
greater soft-tissue contrast than attenuation-based CT.

thin-section CT usually refer to specific methods for paren-
chymal lung imaging using a slice thickness of 1–2 mm. In 
this review, UHR CT is defined as CT with the potential to 
improve spatial resolution from approximately 400–450 µm 
to nearly 150–200 mm, corresponding to approximately 49.5 
line pairs per centimeter (16,17). While one way to achieve 
ultrahigh spatial resolution is through reduction in detector 
size, spatial resolution is also determined by other factors, in-
cluding x-ray tube focal spot size, magnification by position of 
the x-ray source, number of projections recorded per gantry 
rotation, and reconstructed kernel shape, algorithm, and voxel 
size. Thus, direct comparisons of detector size alone may not 
accurately reflect differences in spatial resolution.

Cardiac CT presents a unique set of problems to spatial reso-
lution. Improvements in coronary stent technology have made 
intervention of small-vessel (,2.75 mm) stenosis feasible (18) 
and an important clinical consideration (19). In addition, coro-
nary plaque size and distribution are frequently measured using 
coronary CT angiography because the quantity of plaque affects 
patient outcome (20,21). Plaque subtypes (lipid core, calcified, 
and noncalcified components) and certain plaque features (ul-
cerated plaque, napkin sign, areas of low-attenuation plaque, and 
spotty calcification) are associated with incident cardiovascular 
events (22). However, clear visualization of these vessels and the 
small plaque features within coronary walls (ranging from tens to 
hundreds of micrometers) are at or below the spatial resolution 
limits of cardiac CT (5,20,21,23).

To address the issue of spatial resolution, the only currently 
available clinically applicable option for UHR cardiac imaging is 
the Aquilion Precision CT platform (Canon Medical Systems, 
Otawara, Tochigi, Japan). In this form of UHR CT, the mini-
mum detector element size was reduced to 0.25 3 0.25 mm 
versus the previous Canon Medical Systems detector element 
size of 0.5 3 0.5 mm (other comparable models range from 0.4 
to 0.625 mm). To maximize spatial resolution for this platform, 
x-ray tubes were designed with adjustable focal spot sizes down 
to 0.4 3 0.5 mm from the previous 0.9 3 0.8-mm focal spot 
size in Canon Medical Systems models (notably, Somatom Force  

Figure 1: Clinical challenges to cardiac CT, including temporal, spatial, and 
contrast resolution, and quantitative imaging. Current technologic approaches and 
upcoming approaches with ultra-high-resolution CT, photon-counting CT, and 
phase-contrast CT with potential clinical cardiac applications. FDA = Food and 
Drug Administration, FOV = field of view, N/A = not applicable.
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Table 1: Recent Major Cardiovascular Ultra-High-Resolution CT Studies

Author and 
CT Platform Date

No. of  
Participants Goal Conclusion

Kilovolt  
Peak (kVp)

Pixel Size 
(mm)

Slice  
Thickness 
(mm)

Image  
Matrix  
Size

DLP 
(mGy·cm)

Gantry 
Rotation 
Time 
(sec)

Hino T et al 2020 28 Compare standard  
CT angiography to  
UHR CT angiography  
for identification of 
artery of Adamkiewicz

Visualization is  
improved with  
UHR CT  
angiography  
and model-based 
reconstruction

… … … … … …

 UHR CT … … … … 120 0.3125/ 
0.3906

0.25 1024 3 
1024

2117 0.5

 Multiple … … … … Variable NR 0.5/0.67 512 3 
512

1655 Variable

Murayama K 
et al

2019 13 Compare standard CT  
angiography to UHR  
CT angiography for  
number of interpretable  
lenticulostriate arteries

Number of  
identifiable  
small arteries  
is higher in  
UHR CT

… … … … … …

 UHR CT … … … … 120 0.19–
0.23

0.25 1024 3 
1024

741 1

 Canon 
Aquilion 
ONE

… … … … 120 0.35–
0.47

0.5 512 3 
512

267 1

Nagata H  
et al

2019 10 Compare standard CT  
angiography to UHR  
CT for visibility of  
small arteries

Visual evaluation  
scores were  
improved for  
UHR CT

… … … … … …

 UHR CT … … … … 135 NR 0.25 1024 3 
1024

869 1

 Canon 
Aquilion 
ONE/ 
VISION

… … … … 120 NR 0.5 387 1

Motoyama S 
et al (30)

2018 79 Compare standard CT  
angiography to UHR  
CT for assessment of  
stent lumen and  
calcified lesions

UHR CT had  
improved  
stenosis grading  
in both stents  
and calcified  
lesions

… … … … … …

 UHR CT … … … … NR 0.18 0.25 1024 3 
1024

NR 0.35

 Canon  
Aquilion  
ONE

… … … … NR 0.35 0.5–0.6 512 3 
512

NR 0.275

Takagi H  
et al (25)

2018 38 Compare diameter  
stenosis of UHR  
CT and invasive  
angiography

Correlation and  
agreement  
between UHR  
CT and invasive  
angiography was  
excellent

… … … … … …

 UHR CT … … … … 120 or 400 0.2 0.25 1024 3 
1024

388 0.35/ 
0.375

Table 1 (continues)
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0.625 mm (GE Healthcare) ar-
rays (29). Gantry rotation time 
of 350 msec is also slower than 
with current lower-spatial-reso-
lution platforms (GE Healthcare 
[240 msec, single source], Phil-
ips [270 msec, single source], 
and Siemens [250 msec, dual 
source]), which limits temporal 
resolution (Fig 1) (24).

Cardiac Applications of UHR 
CT
Coronary artery imaging with 
UHR CT was performed by 
Motoyama et al in 2018 (30). 
Intraluminal stent dimensions 
and stenosis of calcified le-
sions with UHR CT (spatial 
resolution, 0.18 mm) were 

compared with conventional-resolution coronary CT angi-
ography (spatial resolution, 0.35 mm) or invasive coronary 
angiography. A total of 59 patients underwent both UHR CT 
and invasive coronary angiography; UHR CT had a positive 
predictive value of 80% and a negative predictive value of 
100% for stenosis of 70% or more on a per-segment analysis. 
Comparisons between UHR CT and standard coronary CT 
angiography were available for 17 measurements of in-stent 
restenosis. Readers visualized the stent lumen in 16 stents for 
UHR CT and in 11 stents for conventional-resolution CT. 
Quantitative analysis enabled accurate identification of larger 
lumens in both stents and highly calcified lesions using UHR 
CT, likely representing the improved spatial resolution (Fig 
2). A smaller study of 38 patients with UHR CT compared 
with diameter stenosis measured with invasive coronary angi-

Table 1 (continued): Recent Major Cardiovascular Ultra-High-Resolution CT Studies

Author and 
CT Platform Date

No. of  
Participants Goal Conclusion

Kilovolt  
Peak (kVp)

Pixel Size 
(mm)

Slice  
Thickness 
(mm)

Image  
Matrix  
Size

DLP 
(mGy-cm)

Gantry 
Rotation 
Time 
(sec)

 Invasive  
angiography

… … … … … … … … … …

Yoshioka K 
et al

2018 24 Use UHR CT with  
different slice  
thickness for  
identification  
of artery of  
Adamkiewicz

Thinner slices  
improved  
visualization  
of artery

… … … … … …

 UHR CT … … … … 120 0.2 0.25 1024 3 
1024

1113 0.5/0.75

 Thick slice  
reconstruc-
tion

… … … … … 0.39 0.5 512 3 
512

… …

Note.—PubMed search criteria ultra-high resolution CT reviewed for all in vivo cardiovascular studies, including human patients in studies performed 
on scanners excluding software-based ultra-high-resolution modes, micro-CT, and cone-beam CT. DLP = dose-length product, UHR = ultra 
high resolution.

Figure 2: In vivo CT image shows a 2.5-mm stent depicted with, A, ultra-high-resolution CT (U-HRCT) (0.18-mm resolu-
tion) and, B, conventional-resolution CT (CRCT) (0.35-mm resolution). (Reprinted, with permission, from reference 30.)

making full comparison of resolution between CT platforms 
across a spatial spectrum difficult (26).

Improved spatial resolution is not without drawbacks. Image 
noise is partly dependent on the ratio of photons per detector ele-
ment; therefore, reduction of EID detector dimensions by 50% 
theoretically requires quadrupling of x-ray photon flux to main-
tain equivalent signal-to-noise ratio. However, reconstruction 
methods can offset this image noise penalty (27,28). In the future, 
head-to-head comparisons among different UHR strategies will 
define advantages and disadvantages of the different approaches. 
Smaller detector size also means that with 160 slices, z-axis cover-
age is only 4 cm, requiring multivolume or helical acquisitions that 
increase motion artifact susceptibility. In comparison, two current 
lower-spatial-resolution systems offer 16-cm full-volume cardiac 
coverage with 320 3 0.5 mm (Canon Medical Systems) or 256 3 
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Photon-counting CT

PC CT is a cutting-edge form of spectral CT that could also 
represent a transformative technologic breakthrough. Spectral 
CT refers to the use of x-ray photon energy–dependent infor-
mation to differentiate and quantify material composition in a 
three-dimensional space. The concept of spectral CT was first 
proposed by Godfrey Hounsfield at the time of his original 
descriptions of x-ray CT, where he addressed the determina-
tion of atomic number of material, and suggested that the 
subtraction of images at 100 kV from 140 kV could enable 
differentiation of calcium from iodine (31). To extract spectral 
data, spatially and temporally co-registered data sets of spec-
trally distinct photon energies are required, which has not been 
feasible historically. However, in recent years, most major CT 
vendors have developed clinical dual-energy CT technology. 
Importantly, PC CT technologies that allow for more than two 
energies are also in development.

ography had per-segment sensitivity of 100% in the detection 
of stenosis of more than 30% but a lower specificity of 67%, 
with a small bias toward overestimation of stenosis (mean, 
4% 6 7 [standard devation]) (25). Given the relationship 
between spatial resolution and radiation dose in UHR CT, it 
is noted that the dose reported in these two studies was 7.4 
mSv and 5.4 mSv, respectively. This is a clinically feasible dose 
in the study patients with reported body mass indexes of 22.9 
and 25 kg/m2, respectively (25,30). These body mass indexes 
are lower than those of many patients with cardiovascular dis-
ease in Western countries who may require higher x-ray tube 
current and energy. Small focal spot imaging used in UHR 
CT requires lower power output to avoid damaging the an-
ode of the x-ray tube. Thus, further studies in obese patients 
are needed. However, overall, these improvements have been 
substantial and of great clinical relevance for cardiac imaging, 
particularly in patients with coronary stents or heavy calcifi-
cation due to advanced cardiovascular disease.

Figure 3: Multicontrast photon-counting CT images in a canine abdomen. A, Gray-scale CT image obtained using photons with single-energy bin. B, Multimaterial map 
obtained using multienergy reconstruction, labeling iodine, gadolinium, and bismuth with different colors, resulting in different distributions. C, Iodine map alone. D, Gado-
linium (Gd)-enhanced map alone. E, Bismuth (Bi) map alone. F, Calcium map alone. (Reprinted, with permission, from reference 55.)
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Table 2: Recent Major Photon-counting CT Studies

Author  
and CT  
Acquisition  
Technique Date

No. of  
Participants Goal Conclusion

No. of  
Spectral  
Groups

Kilovolt 
Peak 
(kVp)

Reconstruc tion 
Pixel Size (mm)

Mean 
CTDIvol 
(mGy)

Gantry  
Rotation 
Time (sec)

Bratke G et al 2020 10 Compare image  
quality for in-stent  
restenosis model  
between PC CT  
and dual-layer CT

Subjective quality and  
ability to assess was  
higher in PC CT, noise  
was higher in PC CT

… … … … …

 PCD … … … … 2 120 NR NR 1
 Dual-layer 

EID
… … … … 2 120 NR NR 0.27

Symons R  
et al (49)*

2019 10 Measure CAC at  
different dose  
scans

PC CT is able to quantify  
CAC with better  
agreement between low 
dose and standard dose 
imaging than EID

… … … … …

 PCD normal 
dose

… … … … 2 120 NR 5.4 NR

 PCD low 
dose

… … … … 2 120 NR 1.6 NR

 EID normal 
dose

… … … … 1 120 NR 5.4 NR

 EID low 
dose

… … … 1 120 NR 1.6 NR

Symons R  
et al (38)*

2018 16 Compare contrast- 
enhanced head and  
neck vascular imaging  
with PC CT and EID

Image quality and noise  
were better on PC CT  
than EID

… … … … …

 PCD … 2 140 0.5 27.4 0.5
 EID … 1 120 0.5 3 0.6 24.4 0.5
Symons R  

et al (46)
2018 18 Test PC CT high  

resolution mode  
(0.25 mm) in  
coronary stents

PC CT high resolution  
acquisition plus high  
resolution reconstruction  
is significantly better  
than EID dual energy  
in terms of image noise

… … … … …

 PCD high-
resolution 
mode

… … … … 2 140 0.25 33.2 0.5

 PCD high-
resolution 
mode

… … … … 2 140 0.5 33.2 0.5

 PCD 
standard-
resolution 
mode

… … … … 2 140 0.5 33.2 0.5

 Dual-source 
EID

… … … … 2 90/150 0.6 33.2 0.5

Symons R  
et al (55)*

2017 1 Test simultaneous  
multicontrast  
imaging with iodine  
and gadolinium in a  
canine infarct model

PC CT is able to  
accurately measure  
both first pass iodine  
and late gadolinium  
maps

 PCD … … 4 140 NR NR 0.5

Note.—PubMed search criteria PC CT reviewed for all cardiovascular-related studies, including human samples, volunteers, or patients and 
major cardiac-relevant studies. CAC = coronary artery calcium score, EID = energy-integrating detector, NR = not reported, PC = photon 
counting, PCD = PC detector.
* Studies with in vivo components.
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simulate images under different conditions (such as subtraction 
of calcium or contrast) or across different x-ray energies (32).

Photon-counting detector (PCD) technology combines 
the benefits of UHR and spectral CT by using a different type 
of detector. This technology has also been recently reviewed 
(33). In brief, traditional EIDs measure the sum (integral) 
of the energies of the individual photons projected through 
an object. Multiple energies are measured with high- and 
low-energy data sets separated either physically (dual-layer, 
twin-beam, or dual-source CT) or temporally (sequential and 
rapid-switching CT) (Fig 1). Instead of arrays of EIDs, PCDs 
are single solid-state detectors. Energy separation is per-
formed using user- or manufacturer-specified sequential en-
ergy thresholds. When a photon hits a PCD, the energy pulse 
of the photon is measured, and a photon is “counted” for 
each surpassed threshold. By subtracting counts in sequential 

The physical basis for spectral CT has been previously re-
viewed (32). In brief, the linear attenuation coefficient of any 
given voxel can be estimated by imaging with two separate ener-
gies and expressing it as the sum of two basis functions. Typically, 
the two functions represent either the photoelectric effect and 
Compton scattering (attenuation basis) or two assumed materi-
als (material basis). The combination does not necessarily reflect 
the true components of the object but expresses what combi-
nation of the two basis materials would accurately generate the 
measured linear attenuation coefficient. Use of more than two 
basis functions requires more than two energies, but this tech-
nique enables more accurate representation of the linear attenu-
ation coefficient of a voxel and closer identification of materi-
als. Extraction of the energy-dependent spectral information is 
termed material decomposition. This adds material-specific infor-
mation, such as effective atomic number, as well as the ability to 

Figure 4: Images in a 92-year-old woman with chest pain. A, Dual-energy coronary CT angiogram. B, Material decomposition–based 
calcium suppression and, C, corresponding invasive coronary angiogram show a patent lumen visualized with calcium suppression imaging. 
Arrow indicates the same middle left anterior descending coronary lesion. (Reprinted, with permission, from reference 63.)

Figure 5: X-ray images in a mouse obtained with, A, standard attenuation-based imaging, B, phase-contrast imaging, and, C, dark-field 
imaging. Arrow indicates regions of enhanced contrast in the trachea (B) and lungs (C). (Reprinted, with permission, from reference 69.)
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tector element size is not deter-
mined by physical separation 
between elements. Therefore, 
PCD element size can be quite 
small (range, 0.11 3 0.11 mm 
to 0.5 3 0.5 mm physical de-
tector pixel size). In contrast, 
EIDs require light-reflecting 
septa between elements of scin-
tillating crystals, which makes 
manufacturing of small ele-
ments difficult. Initial studies 
in UHR PC CT using a detec-
tor mode with 0.25-mm appar-
ent pixel size at the isocenter 
compared with a 0.5-mm de-
tector mode (standard resolu-
tion) showed improvements in 
spatial resolution in humans 
(42,44) and in phantoms with 
coronary stents (46–48), albeit 
at the cost of increased noise 

when using high-resolution reconstruction (37).
Additionally, in PCDs, all photons are weighted equally in-

stead of being weighted by their energies in EID. This results in 
accurate weighting of photons in the low-energy range, where 
there is greater contrast between soft tissues, even without us-
ing spectral information. Setting minimum energy thresholds 
filters out electronic noise, which improves reduced-dose (20 vs 
80 mAs) performance of the scanner, especially in a screening 
task, such as coronary calcium scoring. These factors reduced 
the radiation dose of PC CT for coronary artery calcium scoring 
CT by 75% compared with EID, while maintaining image qual-
ity in human studies (49). Thus, PC CT may improve contrast 
resolution and decrease noise simultaneously.

Finally, PC CT theoretically has superior spectral imaging 
compared with spectral CT using EID detectors. PCD spectral 
information is inherently co-registered, and spectral separation 
may be more effective with the adjustable energy thresholds 
(50,51). PCD CT can also use more than two energy bins, 
improving the ability to quantify materials within a given space 
(52) and making multicontrast imaging possible (Fig 3) (53–
57). However, using more energy bins does result in decreased 
photon count and increased noise in each bin, although re-
construction and postprocessing denoising algorithms have 
been proposed (58,59). In summary, PCDs may revolutionize 
CT by offering increased contrast, lower noise, and spectral 
capabilities, while improving spatial resolution, with multiple 
cardiovascular-related studies underway (Table 2).

Cardiac Applications of PC CT
Because of the superior spectral abilities already cited, PC CT 
is expected to exploit current dual-energy techniques for car-
diovascular applications within cardiology. For example, vir-
tual monochromatic images optimize the visibility of coronary 
stenosis (60) and infarcted myocardium (61,62); virtual non-
calcium images improve visualization of the coronary artery 

thresholds from each other, photon counts within each en-
ergy bin are obtained (33).

Current challenges include accurately registering and measur-
ing photon energies. Specifically, cross-talk effects (“k-escape,” 
“charge-sharing,” or fluorescence), where multiple detector pixels 
register a single higher energy charge due to scattering, can cause 
misregistration of high-energy photons as multiple lower-energy 
photons. Pulse pile-up effects occur if multiple photons interact 
with the detector within too brief a timeframe for the detector 
to resolve the separate events, resulting in multiple lower-energy 
charges incorrectly registered as a single higher-energy photon 
(33). Cross talk can be decreased by summing adjacent pixels 
during coincident events to identify the true energy and by as-
signing the count to the area with the highest energy (34,35). 
However, this results in increasing susceptibility to pulse pile-up, 
which has required multiple approaches to address. These ap-
proaches have included beam filtering to avoid excessive flux, 
electronics improvements to decrease overall deadtime by layer-
ing detector elements, and post hoc compensation algorithms 
and reconstruction methods (36).

PC CT is currently only available on experimental scan-
ners, with Siemens prototypes being used to perform imag-
ing in human volunteers at three locations (33) and a Phil-
ips prototype being tested in Lyons, France. Multiple small 
human studies totaling more than 100 patients have already 
been performed and published by the National Institutes of 
Health and the Mayo Clinic. These studies include varying 
scenarios of diagnostic quality PC CT, including abdominal, 
chest, cardiovascular, and brain imaging to demonstrate tech-
nical feasibility (37–45).

Potential Advantages of PC CT Compared with EIDs
There are multiple theoretical advantages of CT examinations 
that use PCDs instead of EIDs. The direct conversion of x-ray 
photons to electric charges in solid-state PCDs means that de-

Figure 6: Attenuation-based radiograph and phase-contrast refraction radiograph of a poly(methyl methacrylate) 
(PMMA) rod and a 0.3-mm nylon filament immersed in a 5-cm-thick water bath. The images were obtained at 60 kVp with 
a glancing angle interferometer. The computed radiation dose is 2 mGy absorbed dose. The thin filament is invisible on the 
conventional image (left) but has good contrast with refraction (right).
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the object (d), related to electron density, and the wavelength 
of the x-ray. Dark-field imaging uses disorganized scatter from 
microscopic density gradients in the medium to create contrast. 
This reveals tissue-specific characteristics, like microstructural 
inhomogeneity (72). More detailed technical explanations can 
be found in the referenced literature and fall outside the scope of 
this review (73,74).

Benefits of Phase-Contrast CT
Phase-contrast and dark-field imaging have a strong theoretical 
advantage over attenuation-based CT for soft-tissue contrast. 
This may be highly applicable to cardiac imaging. The refractive 
index (d) of soft tissue is three orders of magnitude greater than 
the absorptive index (b) at standard x-ray energy and diminishes 
less with increased photon energy than b. This means greater 
soft-tissue contrast with higher x-ray energy (75). Phase-contrast 
imaging may show improved edge contrast due to high sensitiv-
ity to density gradients, which could improve high-resolution 
imaging of stents or catheters. This capability is illustrated in 

lumen (Fig 4) (63); and quantification of iodine content may 
improve myocardial perfusion imaging (64) and extracellular 
volume measurement (65). Beyond dual-energy capabilities, 
the spectral potential of PC cardiac CT has not been fully 
demonstrated. An exception is a proof-of-concept study with 
PC CT that evaluated iodine first-pass images and delayed gad-
olinium-enhanced images simultaneously in a canine model of 
myocardial infarction (53). Further improvement in basis ma-
terial decomposition is needed (66). A dual-source PC CT de-
tector developed by Tao et al may improve temporal resolution 
while maintaining UHR and spectral advantages (67). Refine-
ment of spectral applications, radiation reduction, and 250-
mm high-spatial-resolution capabilities of PC CT are likely to 
be initial applications of this technology.

Phase-Contrast CT
Current CT technologies achieve contrast resolution due to the 
attenuation of x-ray photons or the use of intravenous iodinated 
contrast media to detect small differences in attenuation between 
soft tissues. Instead of attenuation, an alternative contrast mecha-
nism is to exploit x-ray wave properties of refraction, phase shift, 
or ultrasmall angle scattering. These modes of contrast in CT are 
known as phase-contrast CT and dark-field CT, which reveal dif-
ferent tissue characteristics and improve soft-tissue contrast resolu-
tion versus attenuation-based CT (68). Phase-contrast and attenu-
ation imaging should be conceptualized as complementary forms 
of imaging that provide different information (Fig 5) (69).

Phase-contrast imaging uses either the organized changes in 
x-ray phase (F) or refraction (a) to generate contrast (70,71). 
The degree of change is determined by the refractive index of 

Figure 8: High-energy region-of-interest phase-contrast tomosynthesis 
system for the internal organs based on the glancing angle interferometer 
design. G = grating.

Figure 7: A, Talbot-Lau interferometer set-up with, B, glancing angle grids. G = 
grating. (Reprinted, with permission, from reference 75.)
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clinically feasible. Some limitations in stability, field of view, and 
need for x-ray monochromacy and spatial coherence have been 
addressed in part by using a Talbot-Lau shearing interferometer 
(84). This design places gratings between the x-ray source and the 
imaged object, which creates spatial coherence and decodes the 
phase shifts from the object. Glancing angle interferometry (Fig 
7) angles the Talbot-Lau grating, which increases the interferom-
eter fringe contrast. This interferometer set-up enabled the first 
demonstration of high-energy phase-contrast CT with clinically 
compatible absorbed dose exposure (8 mGy) (75,85). The current 
designs maintain beam spatial coherence using a standard poly-
chromatic x-ray tube, with sufficient mechanical stability to ap-
ply to CT, and can also simultaneously acquire dark-field imaging 
and attenuation images (72). With these principles, the Munich 
group has recently created a dark-field chest x-ray prototype. It 
has received approval from the German Federal Office for Radia-
tion Protection to begin in vivo patient imaging to detect incipient 
alveolar inflammation and edema from COVID-19 infection. It 
allows enhanced soft-tissue resolution and lower radiation doses 
than does attenuation-based x-ray imaging (72,86).

High-intensity laser-driven x-ray sources may be the 
next step for cardiac phase-contrast imaging. While the 
Talbot-Lau approach has addressed issues with coherence, 
intensity is also important, as the technology moves from 
small-object studies to studies in larger, more clinically ap-
plicable subjects. Conventional x-ray tubes are suboptimally 

Figure 6 (75). The use of higher energy x-rays without relying on 
attenuation could reduce radiation absorption (70,71).

Preclinical studies including in vivo imaging show the po-
tential of phase-contrast CT and dark-field imaging. A large 
body of these studies are from the Munich Biomedical Phys-
ics group under the purview of Dr Franz Pfeiffer. In vivo im-
aging has been performed in swine (76,77) and mouse (78) 
models. Pulmonary and mammography applications appear 
particularly promising (79,80). Efforts are being made to in-
crease the field of view and improve temporal resolution and 
mechanical stability (81,82).

Development of Phase-Contrast CT toward Clinical 
Cardiovascular Imaging
Phase-contrast CT has not been developed for in vivo human 
application. Phase-contrast radiography has existed since the 
1960s, but the first published phase-contrast CT study was per-
formed by Momose et al in 1994 using monochromatic x-rays 
from a synchrotron (83). Clinical cardiac application of phase-
contrast CT requires multiple items for success: sufficient me-
chanical stability to both rotate and measure small changes in 
x-rays, adequate field of view, and clinically feasible nonsynchro-
tron x-ray sources with energies sufficient for clinical imaging.

Synchrotron radiation has been used, as it provides spec-
trally and spatially coherent high-flux photons, where refraction 
or phase changes can be easily measured; however, this is not 

Figure 9: Top: Full-field and region of interest (ROI) phase-contrast CT (PC-CT) scans of fresh pig soft tissues in water at diagnostic energy. The imaged section is 25 
mm in diameter. Bottom: Full-field and full-scan phase-contrast CT images and simultaneous region-of-interest and limited-angle phase-contrast tomosynthesis of soft tis-
sues in water. Also shown is the conventional attenuation–based tomosynthesis image, indicating much less soft-tissue contrast than in the phase-contrast image. PMMA = 
poly(methyl methacrylate).
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Table 3: Recent Major Phase-Contrast CT Studies

Author Date Imaging Sample
No. of 
Subjects Goal Conclusion PXI Method X-Ray Source

Oda H et al  
(100)

2020 Rabbit heart 1 Compare PXI CT to  
absorption microfocus  
x-ray CT for cardiac  
fiber analysis

Both PXI CT and x-ray  
micro CT could accurately  
track fibers, but micro CT  
had lower contrast and  
artifacts

Crystal based Synchrotron

Reichardt M  
et al (98)

2020 Mouse heart 5 Test different sample  
preparations for  
visualization of  
fiber structure

PXI CT can visualize  
individual heart  
fibers at resolution  
less than 10 µm

Propagation 
based

Liquid metal jet 
with metal 
filter

Braig E et al 
(103)

2018 Chicken heart 1 Quantitative material  
decomposition of  
phantom and  
chicken heart

Material decomposition  
by effective atomic  
number is possible

Grating based Laser  
synchrotron

Romell J et al 2018 Human  
mummy

1 Visualize blood  
vessels, tendons,  
and anatomy

PXI CT can visualize  
tissues with resolution  
less than 10 µm

Propagation 
based

Microfocus  
x-ray source

Vagberg W 
et al

2018 Human  
coronary  
artery  
samples

5 Compare x-ray “virtual  
histology” with  
histology in coronary 
arteries

Visualization of coronary  
pathology including  
cholesterol crystals,  
foam cells, microscopic  
plaque is possible

Propagation 
based

Liquid metal jet

Ferraro M et al 
(102)

2018 Mouse aorta 1 Visualize aortic strain  
in aneurism model

Microtears and early  
vascular damage are seen  
in susceptible areas

Propagation 
based

Synchrotron

Hetterich H  
et al (94)

2017 Human  
coronary  
artery  
samples

15 Visualize coronary  
microcalcifications and  
test improvement with  
dark field imaging

Dark field imaging can  
assess coronary plaque  
microcalcifications

Grating based Polychromatic 
x-ray tube

Gonzalez-
Tendero A  
et al (99)

2017 Rabbit fetus  
and rat heart

2/1 Visualize in vitro  
cardiac structure

PXI CT can visualize  
microanatomy including  
full coronary tree and  
myocardial fiber  
orientation

Propagation 
based

Synchrotron

Shinohara G  
et al (101)

2016 Human heart 
sample

4 Visualize conduction  
system in human  
heart and compare  
with histology

Conduction system  
is accurately visualized  
by PXI CT

Propagation 
based

Synchrotron

Zamir A et al 2016 Phantoms and  
rat heart

1 Improve artifacts in PXI  
CT by compensating 
for system instability

Performance removes  
major artifacts and  
improves image quality

Grating based Polychromatic 
x-ray tube

Allner S et al 2016 Human coronary  
and cerebellum  
sample

1/1 Reduce noise using  
bilateral filter

Noise reduction and  
improved edge  
detection is seen

Grating based Polychromatic 
x-ray tube

Hetterich H  
et al (95)

2016 Human coronary  
and carotid  
samples

127 Classify coronary and  
carotid plaque into  
AHA histologic  
categories by PXI CT

PXI CT is reliable in  
noninvasive plaque  
classification versus  
histology

Grating based Polychromatic 
x-ray tube

Winklhofer S  
et al (97)

2015 Human coronary  
artery samples

40 Compare PXI CT  
to absorption CT  
for quantitative  
assessment of plaque  
versus histology

PXI CT has higher  
quality and  
better diagnostic  
accuracy

Grating based Synchrotron

Hetterich H  
et al

2014 Human carotid  
artery samples

56 Compare PXI CT to  
histology for  
identification of  
plaque characteristics

PXI CT is well correlated  
to histology for multiple  
high-risk plaque  
characteristics

Grating based Polychromatic 
x-ray tube

Table 3 (continues)
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phase-contrast CT of medi-
cally relevant samples (89).

Field-of-view limitations 
may make phase-contrast CT 
more applicable for cardiovascu-
lar imaging. Phase-contrast CT 
is well-suited to limited-angle, 
region-of-interest (ROI), or in-
terior tomography. A practical 
option for cardiac CT would 
be to use a scanner with a small 
field of view (Fig 8) with ROI 
and phase-contrast tomosynthe-
sis (limited-angle CT) to target 
a small organ. Theoretical and 

experimental results show that phase-contrast projections are 
better suited for ROI CT than for conventional attenuation-
based projections (90,91). Figure 9 shows simultaneous ROI and 
tomosynthesis of a fresh tissue phantom at high energy, obtained 
with a glancing angle interferometer operated at 80 kVp. ROI 
phase-contrast CT using smaller gratings may reduce both the 
effective dose and the scan time, even at high spatial resolution.

Cardiac Applications of Phase-Contrast CT
Cardiovascular focused phase-contrast CT studies are reviewed 
in Table 3. The bulk of cardiovascular studies have performed 
“virtual histology,” comparing phase-contrast CT of coronary 
and carotid atherosclerosis with histology (92–97). These stud-
ies identify high-risk plaque features and quantify plaque con-
tents with excellent correlation with histology (Fig 10) and 

suited for phase-contrast imaging. This is due to the need 
for spatial coherence and long propagation distances for 
the phase effects to develop (order of meters). The photon 
concentration from conventional x-rays at these distances 
is low. The next step for cardiac phase-contrast imaging 
may include high-intensity lasers (peak power in the 100-
TW range and femtosecond pulse duration). These lasers 
produce an ultrabright, directional, and spatially coherent 
x-ray source. By using ultrashort x-ray pulses with a high 
repetition rate, these lasers may address temporal resolu-
tion for cardiac phase-contrast imaging. The 100-TW class 
lasers are becoming commercially affordable, and world-
wide efforts to develop laser-based phase-contrast imaging 
are ongoing (87,88), as demonstrated by laser-driven x-ray 

Table 3 (continued): Recent Major Phase-contrast CT Studies

Author Date Imaging Sample
No. of 
Subjects Goal Conclusion

Phase-contrast 
Method X-Ray Source

Saam T et al 2013 Human carotid 
artery samples

5 Compare synchrotron  
versus polychromatic  
x-ray with grating  
imaging methods for  
carotid vessel analysis  
versus histology

PXI CT overestimated  
vessel sizes. Synchrotron  
imaging had higher SNR  
but both methods feasible

Grating based Synchrotron/ 
Polychromatic 
x-ray tube

Hetterich H  
et al (93)

2013 Human carotid 
artery samples

5 Compare 23 versus 53  
keV energies for PXI  
CT of carotid arteries  
versus histology

PXI CT was feasible  
and accurate at 53 keV

Grating based Synchrotron

Appel AA  
et al

2013 Human carotid  
artery plaque  
samples

20 Compare PXI CT  
absorption/refraction/ 
scatter images to  
histology

PXI CT was accurate  
and was able to  
visualize small plaque  
details and structure

Analyzer based Synchrotron

Takeda M et al 2012 Mouse  
brachiocephalic 
arteries

50 Assess plaque content  
for in mice treated  
with antiplatelet  
therapies

PXI CT can identify  
decreased lesion volume  
and increased stability in  
antiplatelet treatment

Crystal based Synchrotron

Shinohara M  
et al (101)

2008 Mouse arteries NR Compare atherosclerotic  
plaque quantity by PXI  
CT versus histology

PXI CT can visualize  
plaque and identify  
plaque components

Crystal based Synchrotron

Note.—PubMed search criteria phase-contrast CT reviewed for all phase-contrast studies with cardiovascular imaging. All studies were 
performed ex vivo. AHA = American Heart Association, OCT = optical coherence tomography, PXI = phase contrast, SNR = signal-
to-noise ratio, NR = not reported.

Figure 10: Ex vivo images of complex fibrous material (*) within plaque in the right coronary artery obtained, A, with 
phase-contrast CT and, B, at histology. (Reprinted, with permission, from reference 95.)
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spatial resolution to around 10 mm (95). In 2017, Habbel et 
al compared ex vivo human coronary phase-contrast CT with 
optical coherence tomography, with histopathology as the ref-
erence standard. In a sample of 241 matched cross sections, 
phase-contrast CT images had superior correlation with histol-
ogy findings between volumetric measures of vessel, lumen, and 
plaque versus optical coherence tomography. Phase-contrast 
CT also yielded superior identification of lipid-rich, fibrous, or 
calcified plaque (92). Other applications have leveraged the 10-
mm spatial resolution and high soft-tissue contrast. These have 
included visualizing myocardial fiber orientation (98–100), 
identifying the cardiac conduction system (101), visualizing 
microscopic vascular damage (102), and performing cardiac 
material decomposition (103). These experimental techniques 
may enable noninvasive high-resolution imaging of high-risk 
plaque and identification of subtle myocardial abnormalities in 
patients with cardiac disease.

Conclusion

Hardware advances, including ultra-high-resolution (UHR) CT, 
photon-counting CT, and phase-contrast CT, are opening new 
aspects to the field of cardiac CT. UHR CT improves imaging 
of heavily calcified arteries, cardiac valves, and stents. Functional 
applications for further exploration include atherosclerotic 
plaque characterization, stent imaging, fractional flow reserve, 
myocardial perfusion imaging, and microvessel imaging. Pho-
ton-counting CT uses multiple photon energies to reduce arti-
facts, improve contrast, and perform material decomposition. Its 
potential could revolutionize medical imaging, but the detector 
technology needs further refinement for clinical applications. 
Finally, phase-contrast CT uses x-ray refraction properties to im-
prove spatial and soft-tissue contrast. Potential applications of 
phase-contrast CT to breast and lung cancer in addition to pul-
monary parenchymal disease processes complement its potential 
in cardiovascular medicine. Despite technical hurdles, hardware 
advances in cardiac CT continue to expand and have the poten-
tial to transform cardiac imaging.
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