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Cardiovascular computed tomography (CT) angiography has become an established alternative to invasive
catheter angiography. However, imaging artifacts due to partial volume effects with current systems hinder ac-
curate evaluation of calcified or stented segments. Increased spatial resolution may allow to overcome these
barriers to precise delineation of vascular disease. Recent developments in CT hardware and reconstruction have
enabled CT angiography with ultra-high spatial resolution (UHRCT). In this review we aim to describe the
methods to achieve greater spatial resolution in CT that are either in clinical or preclinical stage. In addition, we
provide an overview of the available clinical evidence including diagnostic accuracy studies supporting improved
vascular assessment with this technology. The benefits that can be gleaned from the initial experiences with
UHRCT are promising. Using UHRCT, more patients may receive non-invasive characterization of coronary
atherosclerosis by overcoming the limitations of current CT spatial resolution in visualizing and quantifying
calcified, stented or small diameter segments. UHRCT may potentially impact existing management pathways as
well as contribute to better understanding of the underlying pathophysiology of both macro- and microvascular
disease.
1. Introduction

During the last decades, cardiovascular computed tomography (CT)
has matured into a routine imaging tool for many applications in car-
diovascular medicine. The technique has entered major societal
guidelines.1,2 In the past, the development focus of multidetector row
CT has typically been on temporal resolution by increasing the speed of
acquisition and motion artifact control through increasing the number
of detector rows to achieve whole organ imaging without the need for
translational motion. These successful efforts were followed by marked
reduction in radiation dose. At present, new system designs are being
introduced to tackle the next challenge of providing much greater
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spatial resolution from the 0.400–0.500 mm to the 0.150–0.200 mm
range.3

One area of particular interest is cardiovascular imaging, an applica-
tion for which improved spatial resolution could be particularly beneficial.
Whereas for visualization of major epicardial coronary arteries CT angi-
ography has become an established alternative to invasive coronary
angiography (ICA), imaging artifacts due to partial volume effects hinder
accurate evaluation of smaller and calcified epicardial arterial segments
with current systems.4–6 Similarly, quantification of plaque progression
and regression, and clear intra-luminal visualization of stented vascular
segments remain challenging and often clinically insufficient at present.4–6

The need for greater delineation of vascular disease non-invasively has
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fueled interest in further increasing CT spatial resolution. Indeed,
achieving the resolution of invasive angiographic evaluation could pro-
vide new opportunities for non-invasive diagnosis, monitoring and even
treatment planning of patients with suspected or confirmed coronary ar-
tery disease (CAD) and other vascular pathologies. Moreover, accurate
evaluation of even smaller segments like myocardial perforating vessels
and arterioles of diameters below the 0.400 mm threshold of current CT
technology could improve our understanding of microvascular disease
underlying angina pectoris and heart failure with preserved ejection
fraction. In this review we aim to describe the methods to achieve greater
spatial resolution using CT, and the currently available evidence for
visualization and assessment of vascular structures with this technology.
Finally, we discuss the potential impact higher spatial resolution may have
on diagnostic pathways and understanding of the underlying pathophys-
iology of both macro- and microvascular disease.

2. Current methods and challenges to achieve ultra-high spatial
resolution CT

In CT, spatial resolution depends on several hardware and data
acquisition features including detector element size, X-ray focal spot size,
and detector response function, in addition to the image reconstruction
algorithm used. Ultra-high spatial resolution (UHR) imaging has inherent
challenges such as increased susceptibility to motion artifacts and image
noise. Therefore, greater demands are placed on gantry and couch design
to improve mechanical stability and reduce vibration when compared to
conventional CT systems. Smaller detector pixels come with the trade-off
of either increased image noise, or increased radiation dose to maintain
similar levels of image noise. As such, noise reduction strategies become
crucial. Finally, imaging with increased spatial resolution also brings
considerable challenges in data management. The substantial increase in
image data volume requires greater workstation post-processing power,
larger storage size for image archival, and greater network speed for
image transfer.

Photon-counting CT (PCCT) is a promising approach that is currently
pursued by all major CT manufacturers. PCCT is based on the powerful
concept of measuring each penetrating photon individually for the ulti-
mate purpose of acquiring multi-energy images to differentiate and
quantify structural material composition.7–9 However, the technology
can also be applied to acquire images with increased spatial resolution.
Recently, the first PCCT system has been released for commercial use.
This system is a dual-source system with cadmium telluride-based pho-
ton-counting detectors and has two acquisition modes, standard
multi-energy mode and UHRmode.10 In UHRmode, a 0.125mm in-plane
resolution can theoretically be achieved, with 120 � 0.2 mm (24 mm)
z-coverage and 1024 � 1024 matrix reconstruction, corresponding in
optimal conditions to 36 lp/cm at the Modulation Transfer Function
(MTF)10%.11 At present, cardiac acquisitions are done in the standard
multi-energy mode using a z-coverage of 57.6 mm obtained through a
144 � 0.4 mm detector row configuration.11 Research exploring the
potential of this PCCT system in UHR mode for cardiac has been per-
formed using earlier prototype systems consisting of one
photon-counting detector. With these prototypes, UHR mode was
generated by grouping detector elements into a 2 � 2 formation rather
than the 4 � 4 formation for conventional resolution, resulting in a 0.25
mm � 0.25 mm spatial resolution at the isocentre.7,9 In a feasibility
study, Pourmorteza et al. showed a doubling of spatial resolution with
this 0.25 mm slice acquisition strategy albeit with 75% noise increase,
when compared with the standard dose-matched 0.5-mm slice acquisi-
tion mode.12 Noise could be mitigated by “downgrading” the recon-
struction resolution to 0.5 mm.12 Another clinical prototype consists of a
64 � 0.275 mm detector row system.13 Finally, in addition to
cadmium-telluride or cadmium-zinc-telluride also silicon-based PCCT
detectors are explored.14 Important technological challenges for PCCT
include detector related artifacts such as cross-talk and pulse pile up ef-
fects.3,7 The associated high costs of producing PCCT detectors may limit
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routine clinical use on a wide scale in the near term as well.7 The po-
tential of PCCT for cardiac applications in particular has been recently
reviewed by Sandfort et al.,8 while more data on systems, either in
research or clinical use, are expected to emerge soon.

A method that has been available for clinical use for several years is a
dedicated UHR CT scanner based on conventional detector design.15 This
system is a 160-row multi-detector row scanner with superfine detector
elements providing an effective detector element size of 0.25 mm � 0.25
mm at the isocenter, corresponding in optimal conditions to an MTF10%
of 41 lp/cm.15 An adaptive focal spot X-ray tube is available with a
minimum focus size as small as 0.4 mm � 0.5 mm. In addition to the
conventional 512 � 512 matrix, high-resolution acquisitions can be
reconstructed with 1024 � 1024, and 2048 � 2048 matrix sizes,
providing greater detail.16,17 The system includes the option to scan in
several modes: super-high-resolution (SHR) mode which uses 0.25 mm
(at the iso-center) detector elements in the in-plane and longitudinal
directions, high-resolution HRmode which bins two detector elements in
the longitudinal direction and current normal resolution (NR) mode
which bins detector elements 2 � 2, resulting in a detector element-size
equivalent to that of a current generation CT system. A detailed
description of the system and the modifications as compared to a con-
ventional high-end scanner to enable true UHR imaging is provided in
Fig. 1.

In clinical practice, limitations of the current system pertinent for
cardiac imaging include the decreased detector coverage (40 mm) as
compared to wide volume systems. As for other high-resolution CT ap-
proaches, images obtained with high resolution modes are affected by
increased noise. While doubling the spatial resolution, the low-contrast
detectability of the high-resolution modes obtained with UHRCT was
shown to be lower than that of standard CT at the same radiation dose; an
extra dose of 23% was needed to obtain the same low-contrast detect-
ability.15 Dedicated deep learning reconstruction algorithms have been
developed for noise reduction that allow dose neutral high-resolution
imaging and maintain image quality in patients with high body mass
index.18–20 An example of noise reduction when using a deep learning
reconstruction algorithm specifically developed for cardiac UHRCT is
provided in Fig. 2. This deep learning reconstruction algorithm is trained
on high dose images reconstructed with Model-Based Iterative Recon-
struction (MBIR). MBIR takes the relevant system and anatomical models
in into account during reconstruction. In addition, the MBIR used to
create the training data used a large number of iterations, as recon-
struction time in a factory setting is not prohibitive, in order to optimize
the image quality of the training target data. The high quality training
data is then corrupted with added noise used as input data. The deep
learning neural network learns to de-noise input data while maintaining
spatial resolution by minimizing the error between the high noise input
data and high quality target images. Further technical details can be
found in the work by Lee et al. and Matsuura et al.21,22 More recently, by
using true UHRCT images as training target data, deep learning recon-
struction algorithms that provide denoised images with enhanced spatial
resolution have been developed.23

3. Potential imaging benefits: initial observations from phantom
and patient studies

For general radiological applications, increased spatial resolution
using thin slices and higher reconstruction matrixes has been shown to
provide increased image quality and enhanced reader confidence by
providing sharper images with less artifacts and improved detection and
characterization of small details as compared to conventional CT
images.24

It is conceivable that CT imaging with ultra-high resolution will allow
a more comprehensive evaluation of the coronary tree through better
delineation of the distal vasculature.25 In Fig. 2, distal and smaller seg-
ments like diagonal and septal branches are easily observed. Additional
clinical examples of cerebral and lung vasculature are provided in Fig. 3.



Fig. 1. Comparison of a dedicated UHRCT and a conventional high-end CT scanner. Panel (a): In the UHRCT system (Aquilion Precision), the size of the detector
elements at the isocenter is 0.25 � 0.25 mm and the detector has 1792 channels in 160 rows. The minimum focus size of the x-ray tube is 0.4 � 0.5 mm. Panel (b): In a
conventional high-end wide area detector CT (Aquilion ONE), the size of the detector elements at the isocenter is 0.5 � 0.5 mm and the detector has 896 channels in
320 rows. The minimum focus size of the x-ray tube is 0.9 � 0.8 mm. Panel (c): Table providing an overview of the major changes including in hardware design
specifically for UHR CT as compared to conventional area detector CT. Panels (a) and (b) are reprinted with permission from Hata A. et al.17
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Fig. 2. Clinical example of UHRCT image data with deep learning-based reconstruction (DLR). Upper panel shows axial images reconstructed with hybrid
iterative reconstruction (hybrid IR, no deep learning component), left image; image noise: 55 HU) and dedicated deep learning-based reconstruction for cardiac
UHRCT (DLR, right image; image noise: 21 HU). Lower panel shows curved multiplanar reconstructions (MPR) of the left anterior descending coronary artery with
hybrid IR (left) and DLR (middle) and a corresponding photorealistic 3D rendering image (right). Imaging using high-resolution mode is typically associated with
increased noise levels.33,40 While not yet available in most UHRCT publications so far, deep learning-based reconstruction has recently been introduced providing
considerable noise reduction and allowing to maintain high image quality even in patients with high body mass index.
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Superior detectability and visualization of small arteries ranging from
intracranial microvessels to small visceral arteries have been demon-
strated.26–30 While conceptually attractive, visualization of the more
challenging distal coronary vasculature has not yet been systematically
explored.

Sharper images in combination with a reduction of partial volume
effect and blooming artifacts may enable more precise grading of stenosis
degree and extend the evaluation to segments with stents or extensive
calcifications. The impact of ultra-high spatial resolution, obtained with
either prototype PCCT or UHRCT systems, on coronary stent imaging has
been evaluated in in vitro models.31–33 Mannil et al. using a coronary
vessel phantom with 18 different coronary stents of varying materials
and strut thicknesses, compared images obtained with a prototype PCCT
system (48 � 0.25 mm) with those from a commercially available DSCT
system (2 � 64 � 0.6 mm).32 Symons et al. built on to this experience by
assessing a wider range of stent diameters, including also stents with
diameters <3.0 mm in the phantom model.33 Coronary stent lumen
visibility was compared among 4 imaging and reconstruction modes.
Three modes were obtained with PCCT, including PCCT-HR0.25: scanning
in UHR mode with an acquired detector pixel size of 0.25 � 0.25 mm2

and reconstructed image voxel size of 0.25 � 0.25 � 0.5 mm3,
4

PCCT-HR0.5: scanning in UHR mode (acquired detector pixel size of 0.25
� 0.25 mm2) but reconstructed with thicker slices (image voxel size of
0.5 � 0.5 � 0.5 mm3), and PCCT-standard resolution: PCCT scanning in
standard resolution mode with acquired detector pixel size of 0.5 � 0.5
mm2 and reconstructed image voxel size 0.5 � 0.5 � 0.5 mm.3 For
comparison with conventional CT, dose-matched imaging with also
performed a high-end 3rd generation dual source CT scanner with an
acquired detector pixel size of 0.5 � 0.6 mm2 and reconstructed image
voxel size of 0.5� 0.5� 0.6 mm3. Stent lumen visibility was significantly
higher for the UHR mode with both acquisition and reconstruction in
UHR. In contrast, stent lumen visibility was significantly lower for all
other modes without any difference from conventional CT, suggesting
that the benefits of enhanced stent visibility are primarily attributable to
the resolution effect and not of other benefits of photon-counting.
Similarly, using a different PCCT prototype with a 9 � 0.274 mm colli-
mation and pixel size of 0.274 � 0.274 mm2 at isocenter, Sigovan et al.
showed better visualization of the intra-stent lumen as well as sharper
delineation of the stent mesh as compared to commercially available
dual-energy and conventional CT systems.34

The impact of increased spatial resolution on coronary calcium scoring
was investigated by Fukumoto et al. who assessed the difference in



Fig. 3. Improved visualization of the cerebrovasculature and pulmonary vasculature with UHRCT. Upper panel: Substantially greater detail using UHRCT (left
image) is visible as compared to conventional CT angiography (middle image). Invasive correlation provided on the right. Reprinted with permission.29 Lower panel:
Detailed visualization of the pulmonary vasculature using UHRCT (left image) as compared to simulated normal resolution CT angiography (simulated NR CT, right
image). To create the synthesized normal resolution images, a dedicated raw projection data based algorithm was used to generate normal resolution images from
UHR acquisitions.59
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coronary artery calcium scores when scanning a coronary calcium cali-
bration phantom and five human cadavers in either conventional (NR) and
SHR mode using a commercially available UHRCT system.35 Their evalu-
ation showed that small calcifications were more accurately detected on
SHR images than NR images. Mean error values were significantly lower
on SHR images (14.0%) as compared to NR (20.1%, p ¼ 0.01). Also, in-
spection of the profile curves of the calcifications on the phantom images
showed that blooming artifacts were reduced on UHRCT scans acquired
with SHR mode as compared to NR scans. More recently, additional evi-
dence supporting the increased coronary artery calcium detectability and
more accurate calcium scoring with increased spatial resolution were re-
ported by van der Werf et al. who compared a prototype PCCT system to a
conventional CT using a static anthropomorphic phantom model.36 To
simulate different patient sizes, scanning was performed with and without
a fat tissue-equivalent extension ring. In their investigation, increased
spatial resolution allowed 34% and 4% higher detectability of calcium for
the small and large phantom, respectively. These observations suggest that
increased spatial resolution may allow better recognition of small calcifi-
cations as well as provide more accurate calcium scores. Recently, Yamada
et al. performed a phantom comparison between a 64 � 0.625 mm system
and a 32 � 0.3125 mm system to evaluate the impact of 2-fold spatial
resolution on stenosis grading.37 The authors observed that in case of
non-calcified lesions, imaging with increased spatial resolution resulted in
estimated stenosis severities that were not significantly different from true
values, whereas imaging with conventional resolution resulted in under-
estimation of lesions. Both systems systematically overestimated calcified
lesions although values obtained with higher spatial resolution resembled
true values more closely.
5

So far, a large proportion of research exploring the potential value of
high spatial resolution for coronary imaging has been performed using in
vitro or in vivo animal models owing to the preclinical stage of most of the
available PCCT technology. Clinical data are emerging with the UHRCT
system. The first clinical observations were reported by Motoyama et al.
using a prototype UHRCT system.38 Calcifications on UHRCT were
smaller and had fewer artifacts than on conventional CT, resulting in a
substantial reduction of calcified lesions classified as having �50% ste-
nosis. Additionally, stents nondiagnostic on standard resolution CT were
interpretable using UHRCT. Quantitative assessment based on the
average attenuation profile through the stent in the axial plane confirmed
significantly larger stent lumen as well as significantly thinner stent struts
on UHRCT as compared to standard resolution CT. Overall, the majority
of stents with a diameter �2.5 mm could be evaluated by UHRCT,
although interpretation of stents with a diameter of 2.25 mm or smaller
remained challenging in this initial report.

Initial data on the diagnostic accuracy of coronary angiography with
dedicated UHRCT systems as compared to ICA are emerging but remain
scarce (Table 1).38–40 Two clinical studies were performed using a pro-
totype system,38,39 whereas one study used a commercially available
system.40 Motoyama et al. reported high sensitivity and specificity of
100% and 80%, respectively, to detect severe stenosis on ICA on a patient
basis in 59 patients with a median calcium score of 171. Takagi et al.
studying 38 patients, found on a patient basis a similar sensitivity (100%)
yet somewhat lower specificity (67%). More recently, preliminary
experience from 15 patients enrolled in an ongoing study of high-risk
patients with established, severe CAD as well as very high calcium
scores (mean CACS score 1205 ranging from 249 to 2780) has been



Table 1
Diagnostic accuracy of CT angiography with UHRCT to detect significant coro-
nary stenosis.

Motoyama et al.38 Takagi et al.39 Latina et al.40

Study characteristics
N 59 38 15
System Prototype Prototype Commercial
Obesity (BMI >30
kg/m2)

0 4 (11%) 9 (60%)

Heart rate (bpm) All subjects <65 Average
57 � 3

56 � 6

Significant stenosis
on invasive
coronary
angiography
(patient level)

75% (significant
stenosis defined
as �75% luminal
narrowing)

84% (significant
stenosis defined
as � 50% luminal
narrowing)

33% (significant
stenosis defined
as � 70% luminal
narrowing)

Extent of calcium Median CACS 171
(IQR 49–503)

Median CACS 250
(range 3–1140)

Mean CACS 1205
(range 249–2780)

Patient level
Sensitivity 100% 100% 100%
Specificity 80% 67% 100%
PPV 93.6% 94% 100%
NPV 100% 100% 100%
Vessel level
Sensitivity 96% 86%
Specificity 81% 88%
PPV 80% 70%
NPV 88% 95%
Segment level
Sensitivity 100% 95%
Specificity 95.8% 96%
PPV 79.5% 79%
NPV 100% 99%

Abbreviations: CACS: coronary artery calcium score, IQR: interquartile range,
NPV: negative predictive value, PPV: positive predictive value.
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described.40 Despite high noise levels (advanced deep learning recon-
struction was not yet available at the time of publication) in the setting of
a mostly obese patient population (9 (60%) patients with a BMI>30
Fig. 4. Clinical example of a patient with previous stent implantation. On the cur
left anterior descending coronary artery, neo-intimal hyperplasia in the distal portio
guished despite the small diameter of the stent. Such detail is substantially less visible
images (G, H, I) detailed imaging of the coronary vasculature can be appreciated, incl
performed in SHR mode (0.25 mm in-plane and longitudinal direction), whereas a v
resolution image (as if acquired with 0.5 mm in-plane and longitudinal direction) fr
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kg/m2), diagnostic confidence was good with all studies deemed fully
interpretable. Average image quality and diagnostic confidence scores,
ranked on a scale of 1–5, were 4.1 � 0.8 and 4.3 � 0.9, respectively.
Comparison with ICA resulted in a sensitivity of 86% and specificity of
88%. Importantly, UHRCT was shown to be able to rule out obstructive
disease despite severely elevated calcium scores. Clinical examples of
patients with previous stent implantation and extensive calcium from this
cohort are provided in Figs. 4 and 5, respectively.

4. Opportunities for clinical application and future avenues for
research

4.1. Can UHRCT further reduce the number of diagnostic invasive
evaluations?

During the past few years, CT angiography has established itself as the
first-line diagnostic test for patients presenting with suspected CAD, a
strategy supported by several large trials, such as the SCOT-HEART41 and
CONSERVE42 trials, and integrated into the major societal guidelines.1,2

As compared to conventional pathways to select candidates for ICA,
application of CT has been shown to increase the diagnostic yield of ICA
substantially42,43 and avoid unnecessary invasive procedures in a large
percentage of patients. In the CONSERVE trial, a CT angiography-guided
strategy of selective rather than direct referral to ICA was shown to be
safe and could avoid almost 4 out of 5 invasive procedures while
significantly improving the yield of obstructive CAD.42 Importantly,
using CT to select candidates for invasive angiography was associated
with a significant cost reduction of 57%.

Although CT angiography has become a class I recommendation for
diagnosing CAD in symptomatic patients, several restrictions remain.2

Overestimation of the degree of stenosis, particularly in the presence of
calcification, remains a known limitation of CT angiography.5 Current
guidelines therefore point to a limited role for CT in higher risk pop-
ulations with known disease and previous stent implantation. In practice
ved multiplanar reconstructions (A, E) and cross-sectional images (B, C, D) of the
n of the stent as well as plaque formation around its distal edge can be distin-
on the simulated normal resolution image (F). On the photorealistic 3D rendered
uding the luminal narrowing at the distal stent edge (I, arrowhead). Imaging was
alidated raw projection data based algorithm was used to generate the normal
om UHR acquisitions.59



Fig. 5. Comparison between UHRCT and conventional CT in a patient with a calcium score over 2000. On UHRCT, the presence of significant stenosis in the
proximal left anterior descending coronary artery could be ruled out despite the presence of extensive calcifications. In contrast, significant lesions could not be ruled
out on conventional CT due to the substantial blooming artifacts obscuring the lumen. Invasive coronary angiography confirmed the absence of significant stenosis.

J.D. Schuijf et al. Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx
nonetheless, CT is still used to evaluate some of these patients, particu-
larly those who should not undergo or refuse repeated invasive proced-
ures. In addition, given the COVID-19 outbreak, diagnostic pathways that
reduce potential exposure of both patients and healthcare workers to
infectious diseases have rapidly become preferential, providing further
arguments in support of extended usage of CT angiography beyond its
traditional use even towards patients with suspected acute coronary
syndrome at intermediate risk.44

Given its availability and ease of use, UHRCT coronary angiography
could be beneficial to the significant population of patients with prior
history of advanced CAD including those after percutaneous coronary
intervention (PCI). This would extend the routine use of CT angiography to
the wider, non-selected population of patients with symptomatic ischemic
heart disease. The addition of functional testing has been advocated to
partially overcome the limitations of sub-standard diagnostic CT angio-
grams. However, in the ideal situation, a large proportion of patientswould
be appropriately managed based on a high-quality CT angiogram alone,
with selective use of functional assessment. UHRCT scanning may theo-
retically offer an important step in this direction. As discussed, initial ex-
plorations have indicated that the two to three-fold increase in spatial
resolution offered by UHRCT translates into more accurate quantification
of percent stenosis.39 A significant reduction in false positive segmentsmay
have implications for downstream testing and may further reduce the need
for either additional functional evaluations such as with CT-derived frac-
tional flow reserve or invasive angiography since both have limited clinical
value in the absence of significant stenosis.45 Moreover, the ability to
assess patients with calcifications and previous stents may extend the in-
dications for CT angiography instead of invasive imaging methods beyond
the current low to intermediate likelihood patients to higher risk or elderly
patients with suspected advanced disease. In our experience, such patients
represent around 25%–30% of patients that are referred for imaging in a
tertiary center.5

4.2. Can CT improve (shared) clinical decision making?

Already current CT systems allow to avoid diagnostic ICA in many
patients. As described above, UHRCT opens the possibility to extent these
7

benefits to high-risk patient groups that present with more advanced
disease (such as more extensive calcifications or smaller vessels) and/or
previous revascularization (including stent placement). In practice, the
shift towards an initial completely non-invasive diagnostic work-up even
in potential candidates for revascularization could offer multiple attrac-
tive advantages. First, there is increasing awareness that separating the
diagnostic phase from the therapeutic phase could improve overall
clinical decision making in several ways. For example, in a recent
investigation of the informed consent process for revascularization, over
40% of patients admitted not to fully understand or remember the in-
formation provided to them.46 The study also revealed that more than
half of patients mistakenly believed that the specific coronary interven-
tional procedure was curative. More recently, the results of the
ISCHEMIA trial have demonstrated that revascularization by coronary
artery bypass grafting (CABG) or PCI can improve symptoms and quality
of life, but does not alter the likelihood of major clinical cardiovascular
complications including non-fatal myocardial infarction, stroke and
cardiac death.47

Accordingly, there is a strong need to redesign the patient pathway to
allow protected time for physicians to fully discuss the risk and benefits
of the different treatment options before any invasive procedure is
initiated. Such engagement will allow for greater consideration to
available treatment options before reaching a shared decision. In fact, a
fully non-invasive diagnostic strategy prior to intervention may allow
more time to examine the potential benefits of an initial non-invasive
management strategy with focus on optimal medical therapy (OMT),
rather than immediate PCI once obstructive disease is observed during
invasive evaluation.47 Given the increasing need to constrain healthcare
expenditures, restricted use of invasive procedures may also be prefer-
ential from a cost-efficiency perspective as a strategy of routinely PCI is
consistently associated with greater costs as compared to OMT.48,49 Ev-
idence for an initial non-invasive diagnostic approach can be gleaned
from the aforementioned CONSERVE trial42 amongst others. As
compared to CT guided referral, direct referral to invasive angiography
was associated with an almost 40% increase in coronary revasculariza-
tion rates, yet without any evidence of clinical benefit with rates of
event-free survival as well as freedom of angina being identical for both
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strategies at follow-up.42 A streamlined evaluation and management al-
gorithm with greater emphasis towards preventative care based on
medical management and restricting invasive procedures to selected
patients has recently been put forward by Ferraro et al.48 UHRCT may be
uniquely positioned to facilitate this change in clinical practice patterns.

4.3. Can UHRCT assist in pre-procedural intervention planning?

In those patients in whom revascularization remains preferential,
having dedicated time for multi-disciplinary team discussion, if appli-
cable clinically, could lead to a more careful selection of revasculariza-
tion method. In this regard, Serruys and colleagues suggested that in the
future, decisions between PCI and CABG could be based on detailed
images obtained with CT angiography.50 In their landmark study, two
separate heart teams were randomized to make treatment decisions be-
tween CABG and PCI using either CT or ICA, while blinded to all other
imaging studies.51 Each heart team calculated the anatomical SYNTAX
score based solely on their allocated imaging modality. Subsequently,
they integrated the clinical information to compute the SYNTAX Score II
risk prediction model, providing a treatment recommendation of CABG,
PCI, or equipoise between CABG and PCI. The authors found that the
agreement concerning treatment decision between CT angiography and
ICA was high, Cohen's kappa 0.82, 95% confidence interval 0.74–0.91.
Moreover, the study heart teams agreed on the selection of specific cor-
onary segments for revascularization in 80% of the cases.

CT angiography provides information beyond the mere detection of
significant stenosis. Visualization and characterization of plaque burden
as well as individual lesion characteristics can be applied to assess tech-
nical feasibility, consider different approaches to optimize revasculariza-
tion strategy and improve success rates.52,53 The ability to determine the
likelihood of anatomic complete revascularization non-invasively may
become an important advantage of CT, while the images could also be
increasingly used for procedural guidance. For such far more personalized
approach to become clinical reality, superb level of detail is mandatory.
Current CT technology still lacks sufficient spatial resolution as reflected
for instance by the frequent overestimation of CT-based SYNTAX scores
due to calcifications.51 More accurate non-invasive characterization
of anatomy through increased spatial resolution could mitigate these
hurdles.

4.4. Can UHRCT improve monitoring of anti-atherosclerotic therapies and
microvascular disease in the heart and other organ systems?

Novel therapies to reduce plaque formation over and above the effect
of statins are occupying center stage in cardiovascular research. Behind
most of such developments plaque reduction and/or stabilization was
assessed by ICA with intravascular ultrasound or optical coherence to-
mography (OCT). The invasive nature has represented an important
limitation to drug development in coronary vascular disease. The ability
of CT angiography to quantify atherosclerotic plaque size and charac-
terize its morphologic features including calcified and non-calcified
components makes CT an ideal tool to support future investigational
testing of therapeutic interventions.54,55 In this context, CT imaging with
enhanced resolution is superior to any other non-invasive modality. With
conventional CT, accurate plaque quantification remains challenging
with considerable variation in results reported between different ob-
servers as well as between expert observer and automated tools.
Higher-resolution images may reduce variability between observers56

and facilitate automated contour recognition tools. Accordingly, efforts
towards standardization of plaque quantification, essential for clinical
application, could substantially benefit from such improvements.

Given the nature of the atherosclerotic process, changes in plaque
morphology and composition below the spatial resolution of conven-
tional CT are common57 and could be important clinically. UHRCT
technology could allow for monitoring plaque reduction induced by
cholesterol lowering therapy at the individual level, assuring patients
8

and physicians that the efficacy of therapy is maximized, particularly in
patients with advanced or premature CAD. Possibly, CAD monitoring
could be extended to atherosclerotic growth within or around stents,
opening yet further windows into assessing atherosclerosis in the patient
with prior PCI. The extension of such methods to the carotid arteries and
other cerebral vascular structures is intuitive particularly since motion
control needs are less than in the heart.26

In addition, the development of UHRCT discloses a previously un-
explored landscape of vascular and other structural alterations below 400
μm. More detailed visualization of the coronary tree including the
smaller and more distal branches in combination with techniques for
tissue perfusion could enable better characterization of ischemic heart
disease. Because currently used technology still fails to find an appro-
priate underlying cause of complaints in patients with microvascular
disease,58 UHRCT implementation could potentially open yet unexplored
windows to investigate the pathophysiology of diverse vascular processes
involving the brain, the lungs and the cardiovascular system.

5. Summary and conclusion

The benefits that can be gleaned from the initial experiences with
UHRCT are promising. Using UHRCT, more patients may receive non-
invasive characterization of coronary atherosclerosis by overcoming
the limitations of current CT spatial resolution in visualizing and quan-
tifying calcified, stented or small diameter segments. UHRCT may
enhance existing management pathways and guide medical anti-
atherosclerotic therapies or interventional revascularization therapies.
In the near term, larger investigations should confirm whether UHRCT
can provide the important next leap forward in establishing cardiac CT as
the preferred imaging method for the comprehensive non-invasive
evaluation and management of an increasing number of increasingly
complex patients and avoid invasive diagnostic evaluation. On the long
term, UHRCT could contribute to pathophysiologic insights into impor-
tant etiologies of morbidity and mortality worldwide.
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