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Highlights 
  Cardiac CT has seen rapid development over the last decade  Advanced analytics such as FFRct, shear stress, and epicardial fat enhancement have opened 

the potential for new opportunities around diagnosis and prognosis  Artificial intelligence is unlocking a deeper understanding of atherosclerosis and risk  CT strain and computational fluid dynamics for valve disease will significantly impact how 
we plan structural heart disease interventions 

 
Unstructured Abstract: 
Cardiovascular CT has undergone rapid maturation over the last decade and is now of proven 
clinical utility in the diagnosis and management of coronary artery disease, in guiding structural 
heart disease intervention, and in the diagnosis and treatment of congenital heart disease. The 
next decade will undoubtedly witness further advances in hardware and advanced analytics that 
will potentially see an increasingly core role for cardiovascular CT at the centre of clinical 
cardiovascular practice.  In coronary artery disease assessment this may be via improved 
hemodynamic adjudication, and shear stress analysis using computational flow dynamics (CFD), 
more accurate and robust plaque characterization with spectral or photon-counting CT, or 
advanced quantification of CT data via artificial intelligence, machine learning and radiomics. In 
structural heart disease, cardiovascular CT is already pivotal to procedural planning with 
adjudication of gradients both prior to, and following, intervention whilst in congenital heart 
disease cardiovascular CT is already used to support clinical decision making from neonates to 
adults, often with minimal radiation dose. In both these areas the role of CFD, advanced tissue 
printing and image modelling has the potential to revolutionise the way these complex conditions 
are managed, and cardiovascular CT is likely to become an increasingly critical enabler across 
the whole advancing field of cardiovascular medicine. 
 
Key Words: Cardiac CT; FFRCT , TMVR, Atherosclerosis, Machine Learning, Radiomics 
 
Abbreviations:  
CCTA – Coronary Computed Tomography Angiography 
CAD- Coronary Artery Disease 
CONFIRM - (COronary CT Angiography EvaluatioN For Clinical Outcomes: An InteRnational 
Multicenter) 
PROMISE - PROspective Multicentre Imaging Study for Evaluation of chest pain 
SCOT-HEART- Scottish Computed Tomography of the HEART 
MI- Myocardial Infarction 
PCI- Percutaneous coronary intervention 
MACE- Major Adverse Cardiovascular Events 
PARADIGM-  Progression of AtheRosclerotic PlAque DetermIned by Computed TomoGraphic 
Angiography IMaging (PARADIGM) registry 
FFR- Fractional Flow Reserve 
IFR- Instantaneous Wave Free Reserve 
TAVR- Transcatheter Aortic Valve Replacement 
TMVR- Transcatheter Mitral Valve Replacement 
CHD- Congenital Heart Disease  
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Introduction 

Since the early reports in the late 1990’s the field of cardiovascular CT (CCT) has undergone 

tremendous global maturation.  CCT has evolved from attempting to identify potential native 

coronary artery stenosis and bypass graft occlusion to become an advanced enabling imaging 

technology that is increasingly plays a fundamental and critical role in clinical decision making 

across all facets of cardiovascular medicine (1-6). While the trajectory of CCT is likely to be 

maintained, with further high-quality prognostic and outcome date from large, well designed 

clinical trials, predicting the future is challenging in a rapidly evolving, technologically advanced 

field, where computational science, biomedical engineering, and clinical cardiovascular medicine 

converge. With that in mind, we attempt to provide an insight on where cardiovascular CT is 

now, and where it might head in the coming years across the whole spectrum of cardiovascular 

disease.  The manuscript focuses on potential disruptive technologies such as hardware advances 

and advanced analytical tools, as well as the potential effect of these advances on clinical 

practice and how this may drive the wider use of CCT globally in the future. By design this 

manuscript is broad ranging and expansive, but by necessity also light on detail, compared with 

most review articles, as most of the areas explored are not yet embedded in clinical practice. As 

they remain in the research domain, or clinical validation phase of development, they, by 

definition, often lack an extensive or robust literature base; however, we attempt to direct the 

reader to key references that allow further detailed exploration of these exciting and emerging 

fields and place them in the context of the wider clinical field of cardiovascular medicine. 

CT Hardware  

Cardiac enabled CT scanners have evolved from Electron Beam CT (EBCT), capable of 

detecting coronary calcification, to Multi-Detector CT (MDCT) scanners (from 4-320 detectors) 
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capable of undertaking contrast based cardiovascular imaging, whether coronary CT 

angiography (CCTA) or for more global cardiovascular CT (CCT) applications. The advent of 

wide-detector technology, dual source X-ray, and high-pitch acquisition platforms has enabled 

end-diastolic and end-systolic acquisition, often in a single heartbeat, potentially at sub-milli-

Sievert doses. In clinical practice the improvements in spatial and temporal resolution mean that 

(with an appropriate scanner) CCT can be performed at any heart rate and in patients with 

significant heart rate variability.  This in turn has widened the clinical application of CCT, with 

acceptable diagnostic accuracy in almost all patients, regardless of age and comorbidity.  The use 

of CCT in pediatric cardiovascular medicine is rapidly expanding in specialist centres, especially 

in congenital heart disease (CHD) assessment, with radiation doses and procedural risk that are a 

fraction of invasive and MRI based alternatives (7-9). 

Current cutting-edge CT technology already facilitates the acquisition of dual energy (or 

spectral) datasets (utilising either two layers of detectors of different material composition, rapid 

kV switching from a single X-ray tube using the same detectors, or different energy sources from 

dual source scanners) (10,11) with improved detector technology (with reduced scintillation 

times, and afterglow) enabling digital subtraction (i.e. contrast subtraction), effective anatomic 

number imaging and virtual mono-energetic reconstructions (11-13).  Early clinical applications 

of this technology have mainly addressed technical challenges of contrast CCT, aiming to 

improve diagnostic accuracy of CCTA, CTPA, TAVR and CT myocardial perfusion imaging, by 

reducing the required contrast volume, improving myocardial attenuation homogeneity, and 

reducing blooming artefact in the setting of dense calcification, either in the coronary arteries or 

aortic valve (10).  Coupled with the use of novel nanoparticle contrast agents such as gold 

(14,15) and gadolinium, either alone or in combination with iodine (16) this raises the potential 
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for myocardial tissue characterisation, akin to cardiac MRI, using material decomposition 

analysis and cell tracking using CT (for example in stem cell research). 

It is expected that true cardiac capable photon counting detectors will likely soon become 

available enabling almost 100% geometric dose efficiency (by eliminating electronic noise and 

giving neutral weighting to low energy photons).  This has the potential to markedly reduce 

radiation dose (17) compared to standard energy integrating detectors (EID), and allow a choice 

of energy levels to be analysed (18) with far superior spatial resolution enabling improved 

stenosis/stent evaluation through better edge detection and tissue separation (19). These 

advancements may also offer  the ability to separate analysis of lipid core from the fibrous 

elements of non-calcified plaque and allow further identification of vulnerable and high-risk 

plaque, building on an already growing body of evidence highlighting the ability of CCTA to 

characterize adverse plaque features (20, 21) and positively effect clinical management and 

patient outcomes.  

Advanced Analytical tools 

While continued improvement in CT hardware technology will undoubtedly result in enhanced 

diagnostic performance there may be even greater opportunities in the field of CCT through the 

integration of advanced analytics and well-validated engineering solutions from outside the 

traditional medical sphere, such as computational flow dynamics (CFD), machine learning (ML), 

deep learning (DL) algorithms and other novel analytical tools. 

CFD 

Computational Fluid Dynamics (CFD) has potential clinical applications across cardiovascular 

imaging, not just in cardiovascular CT.  These advanced flow and pressure modelling algorithms 

have been used extensively in aeronautical and automotive industries for decades (22), however 
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are relatively new in the field of clinical diagnostics. Currently coronary FFRCT  from HeartFlow 

(Heartflow Inc, Redwood City, CA) dominates the field of CFD in cardiovascular imaging due to 

its established evidence base and FDA and NICE approval, in the US and UK respectively. It 

should be noted though that other workstation-based and ML based coronary CFD protocols are 

also emerging, with recent validation of several alternatives recently published (23-26).  The 

time to generate CT derived FFR data is also falling rapidly, with results available within matter 

of hours, even if sent off-site for analysis.   

The recent PACIFIC sub-study has demonstrated FFRCT to be the most accurate modality for the 

discrimination of lesions specific ischemia with significant improvement in accuracy compared 

to CCTA, SPECT and PET (27)   with an Area under the receiver operating characteristic curve 

(AUC) for identification of ischemia-causing lesions 0.94 in comparison with coronary CTA 

(0.83, p<0.01) and SPECT -0.70, p<0.01 PET (AUC 0.87, p<0.01),.  ) The recently published 

90-day outcome data from the ADVANCE (Assessing Diagnostic Value of Non-invasive FFRCT 

in Coronary Care) registry (28), with over 5000 subjects undergoing FFRCT demonstrated 

significant changes to clinical management, with more refined determination of revascularisation 

versus medical management.  FFRCT is also being evaluated in a randomised controlled trial 

(RCT) in the UK, being compared with NICE guided standard of care for patients with stable 

chest pain (FORECAST study) and will be followed by larger international RCT evaluating 

FFRCT against traditional testing algorithms in the outpatient setting and versus traditional 

interventional strategies amongst those referred for ICA are also planned. 

Beyond traditional coronary CFD parameters, the EMERALD trial introduced additional CFD 

parameters for CT for the evaluation of coronary plaque and risk (29) (Figure 1). From resting 

CCTA dataset new physiological predictors of lesions at risk of producing downstream 
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myocardial infarction have been identified, the most potent of which is ∆FFRCT that assesses 

the change in pressure across the lesion of interest.  However, in the same study, both axial 

plaque and wall shear stress forces were also shown to provide (albeit small) incremental 

prognostic discriminatory capacity over plaque morphology and features alone. While the scope 

and size of this initial registry was small, the investigators have already commenced EMERALD 

II which will enrol 1200 subjects providing much more clarity and insight into the topic.   

CFD is also providing new insights into structural and valvular heart disease.  In TAVR, CFD 

and finite element simulation is increasingly being used to model both the potential for para-

valvular leak risk and the effect of valve implantation on wall shear stress, successfully 

identifying patients who may not be suitable for percutaneous intervention, or who may be at 

high risk for conduction abnormalities post procedure (30-34). In trans-mitral valve implantation, 

CFD modelling has been used to predict increase in LV outflow tract obstruction (LVOTO), and 

haemodynamic complications secondary to increased blood residence time (stasis), again 

allowing personalised predictions of blood flow and pressure gradients that may identify 

individuals in whom transcatheter mitral valve replacement (TMVR) may have a higher risk 

from procedural complications (34).   This kind of modelling may also be used to calculate 

optimal angulation for valve implantation to maximise the size of the neo-LVOT and reduce the 

potential for outflow tract obstruction post implantation. 

Recently published work applying CFD models to LAA flow has started to give insight into the 

flow dynamics of both the LA and LAA and potentially offers a non-invasive assessment of 

thrombosis risk that may allow refinement of the usual, but limited, CHADS2VASC2 risk 

profiling for CVA risk (35) (Figure 2).    

Machine Learning and Radiomics 
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It is estimated that 20 coronary CT angiograms, commonly a day’s work for a cardiac CT 

practitioner, represents more between1.5 and 2 Billion pixels for analysis. Whilst the human 

ability to detect visually obvious pathology, such as stenosis severity, plaque morphology or 

other cardiovascular pathology is effective, the total amount of data available for analysis is 

simply too much for the human brain to process. As such, we rely on our training, experience 

and clinical biases to determine what to focus on as we interpret studies for clinical diagnoses. 

With the advent of machine learning (ML) and deep learning algorithms (DL), as well as new 

methods such as radiomics, there is no longer the need to limit interpretation to simple human 

analysis, with its inherent bias and limited assessment capability, as computers with appropriate 

programming can evaluate the entirety of the data set rapidly, and in a fashion far beyond human 

capability. Early experiences in cardiovascular CT have already yielded interesting results, 

identifying previous unrecognised features from the CT dataset to allow further nuancing of risk 

predictors and risk models that in turn are able to predict outcome more accurately than 

traditional multivariate models (36,37). 

Machine learning (ML) is a specific subset of artificial intelligence that is defined by a lack of 

prior assumptions as to which factors will serve as strong discriminators. It derives and builds 

pure statistical models unlike traditional multivariate models that are commonly informed by 

historical bias and clinical experience (38-42). ML is able to integrate an extremely large number 

of input variables allowing the exploration of all available data for non-linear relationships that 

may be associated with positive or negative outcomes. The feasibility of ML has already been 

demonstrated in CAD risk stratification significantly improving prediction of death compared 

conventional with CCTA scores when analysed against the Framingham Risk Score, segment 

stenosis score, segment involvement score and Duke prognostic index (40). In ischemia imaging, 
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ML modelling incorporating measures of coronary plaque (plaque volumes, stenosis severity, 

lesion length and contrast density difference) in a facilitated quantitative fashion accurately 

identified vessels subtending lesion specific ischemia as defined by invasive FFR (40)  

Radiomics is a process by which numerous quantitative features are extracted from a region of 

interest to create large data sets in which each abnormality is described by parameters that extend 

far beyond those that can be described or characterized by the human eye (Figure 3) (36, 39-41). 

The use of radiomic analysis may decrease the reader dependency of recognizing high-risk 

atherosclerotic lesions and help discriminate both anatomical and metabolic vulnerability on 

CTA compared with the gold standard of Optical Coherence Tomography (OCT) and NaF 

Positron Emission Tomography (PET) (37).  

Early data has highlighted the potential of advance analytic tools to be applied to large CCT 

datasets to unlock new potential compared with current visual analysis. Where this ultimately 

will lead remains unclear but the opportunities for investigation and thought development are 

clear with potential for enhanced expertise improving the value of a standard CCTA or CCT 

dataset.  However, these advanced analytical tools also bring inherent challenges; the ability to 

understand many of these advanced algorithsm in detail is challenging with doctoral level 

mathematics, engineering and computer programming all coalescing in this technology.    With 

advances in computational capacity, machine leaning and deep learning algorithms, further 

validation and analysis of big data, advanced physiological analyses will increasingly become 

part of clinical routine, but these tools must support clinical decision making, not replace it. 

Three-Dimensional (3-D) datasets and 3-D printing 

The manipulation and printing of three-dimensional (3-D) datasets and the use of increasingly 

sophisticated biological tissue printing have potential clinical applications in both congenital 
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heart disease and structural heart disease intervention (42). While these models have traditionally 

been helpful in anatomical education (43) they have been inherently limited by the available 

tissue properties (44-46). This is, however, a rapidly developing field, with more elaborate and 

realistic tissue becoming available for printing.  These models (whether physically printed or 

virtual) are increasingly used to support pre-procedural planning (47), with lower procedural 

complication rates in LAA appendage (48) and ASD closure (49) and more meaningful 

assessment of the landing zone and expected counter bearing in TAVR and TMVR procedures 

(50-51).  Although not yet embedded in routine clinical practice, the manipulation of 3-D 

datasets, to produce either physical models or virtual planning tools for multi-disciplinary 

planning meetings  are likely to increase, supporting more nuanced pre-procedural risk 

assessment and personalised device management. 

Myocardial analysis – CT perfusion (CTP), strain imaging and extracellular volume  

The field of CT based myocardial perfusion has been comparatively quiescent of late, when 

compared with CFD coronary modelling and advanced analytics.  However, recent evidence has 

demonstrated CCTA plus CTP is equivalent to ICA plus SPECT in determining MACE (52), 

with the resultant efficiency and cost savings that this would bring if this single modality 

approach was implemented in clinical practice.  More novel low dose algorithms have been 

developed that allow quantification of myocardial blood flow (MBF) opening the possibility of 

more nuanced analysis of myocardial ischaemia from standard CCT datasets (53). Beyond the 

functional assessment of the ventricles, given the high temporal resolution and true volumetric 

coverage of latest CT scanners, analysis of myocardial strain using CT data sets has been 

attracting increasing attention. It has been demonstrated that CT-derived strain assessment is 

feasible and has the potential to provide incremental value in the context of complex cardiac 
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structures as compared to conventional 2D strain modalities. With the advent of multi-energy 

cardiovascular CT, the analysis of extracellular volume (ECV) has become possible, with studies 

showing good correlation between CCT and cardiac MRI in patients with non-ischaemic 

cardiomyopathy (54) and Heart failure (55).  This opens up the possibility that multi-energy CT-

based ECV could be used to identify infiltration and fibrosis (56) and become a viable alternative 

non-invasive imaging tool to CMR for myocardial tissue characterization.  

CCTA driving clinical CAD management  

The current strategy for the management of CAD is guided either by the presence of significant 

luminal narrowing detected by coronary angiography, or by ischemia commonly adjudicated by 

invasive physiology. The recent introduction of international guidelines that recommend CCTA, 

as a first line investigation in those with stable chest pain (in the absence of known CAD), 

without assessment of pre-test probability (57) has been controversial (58) but considered (59).  

The SCOT-HEART study demonstrated the addition of CCTA to standard of care (that included 

Exercise ECG in most patients) resulted an increase in use of secondary prevention medication 

and a commensurate reduction in fatal and non-fatal MI (1,3) and patient selection appears to be 

key in maximising the benefit of CCTA.  The application of the NICE criteria to SCOT-HEART 

cohort suggests that CCTA in patients with angina (either typical or atypical) leads to better 

outcomes, with a reduction in normal downstream invasive angiography, not seen in those with 

non-anginal symptoms (60). 

It is believed plaque rupture is responsible for up to 75% of acute MI (61) with the majority of 

these events being secondary to those plaques with “high-risk” morphological features, such as 

positive remodelling, low attenuation plaque, spotty calcification and napkin ring morphology 
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(62-66). Just as importantly, studies have uniformly demonstrated improved clinical outcomes in 

the absence of these features, independent of the degree of luminal stenosis (61-63).  

Recent data demonstrates the potential to use CCTA as a non-invasive tool to evaluate overall 

plaque burden (67) and plaque progression, and as an imaging endpoint to evaluate treatment 

strategies, most notably lipid lowering strategies (68). A recent sub-analysis of SCOT-HEART 

has shown that at 5-years follow-up, in stable chest pain, the event rate is similar for those with 

obstructive and non-obstructive disease (69), with plaque burden appearing to be the critical 

factor driving event rates, whilst the PARADIGM Registry has highlighted the robustness of 

CCTA as a reproducible tool to evaluate plaque progression whilst demonstrating disparate 

plaque progression and morphological changes in those on statin therapy compared with statin 

naïve patients (70). This opens the possibility of CCTA parameters becoming validated 

endpoints for atherosclerotic treatment strategies and importantly allows for complete coronary 

atherosclerotic quantification. With the introduction of advanced hardware technologies, such as 

photon counting detectors, and novel contrast agents, the potential to use multiparametric 

techniques may allow for more elaborate plaque characterization.  

Recent evidence suggests that assessment of perivascular adipose tissue (PVAT) allows 

identification and quantification of inflamed, vulnerable atherosclerotic plaques in acute 

coronary syndromes (71), whilst more recent longer term data from patients undergoing routine 

clinical CCTA suggest that this technique has the ability to detect coronary vascular 

inflammation, on standard CCTA datasets, even in those with no visible plaque (72).   

CCTA to plan Coronary Interventions 

With technological improvements and the development of advanced analytics such as FFRCT, 

CCTA is used much more commonly in the setting of complex and significant CAD. This is 
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shifting the relevance of CCTA into the interventional cardiology field, with CCTA being used 

as a potential “one stop shop” providing detailed anatomic data and whilst also adjudicating the 

physiological relevance of coronary stenoses. This expanded clinical role was evaluated recently 

in both the SYNTAX II and III trials where CCTA and FFRCT were evaluated in their capacity to 

help guide complex coronary revascularization. The recent SYNTAX II study (73) also 

demonstrates that of FFRCT can guide treatment decision making in patients with complex 

multivessel CAD. The findings highlighted the ability of CCTA with FFRCT to generate a non-

invasive functional syntax score that correlates with the invasive gold standard. Introducing the 

derived functional data appears to moderate the disease overestimation based on anatomy alone, 

with good correlation between the invasive and non-invasive functional syntax score (FSS) 

allowing decision making around complex revascularization and safe deferral at one year. 

Building on these learnings, the SYNTAX III trial randomized heart teams to invasive vs non-

invasive functional syntax to determine treatment decision making around complex 

revascularization and documented a high correlation between the two with a Cohen’s Kappa of 

0.82 (74). In the future, many patients may go to the catheter laboratory with a plan based on 

non-invasive CCTA findings. The use of CFD also allows modelling of interactive planning or 

virtual stenting (75) that opens the possibility for interventional cardiologists to determine the 

physiological impact of their revascularization strategies, and inform PCI decision making, that 

may in turn improve outcomes following intervention. 

STRUCTURAL HEART DISEASE 

Transcatheter treatment of structural and valvular heart disease has seen rapid development and 

maturation over the last 15 years since the first trans-catheter aortic valve replacement (TAVR) 

(76-78). Alongside technical procedural development of TAVR, the role of CT has continued to 



14 

 

be refined and has been demonstrated to be an essential tool in procedural planning and has 

helped drive improvements in clinical outcomes (Figure 4) (79-80). There are, however, 

outstanding challenges, such as annular injury in TAVR, left ventricular outflow tract obstruction 

in transcatheter mitral valve interventions (Figure 5), and thrombus formation on bio-prosthetic 

valves that may all be better understood with the addition of CFD algorithms (81), advanced 

analytics and 3-D printing.  

The potential to define patient specific gradients is tantalising and will undoubtedly advance the 

understanding of patient specific risk. The use of CFD algorithms and advanced analytics is 

being explored in paravalvular leak (PVL) prediction in TAVR (82), shear stress analysis in the 

prediction of pacemaker requirement post TAVR (33), mitral insufficiency and the prediction of 

LVOT obstruction post-TMVR (34) (Figure 5), and incidental leaflet thickening post valve 

implantation (either surgically or via a trans-catheter approach) (81-83).  Early evidence suggests 

that by using virtual implantation models, finite element modelling and computational fluid 

dynamics it is possible to predict both the severity and location of paravalvular regurgitation, 

when compared with the actual post implant imaging. While needing further refinement, these 

data provide hope for true patient specific risk prediction and procedural planning in the future. It 

is likely that a CT derived TAVR mortality, pacemaker and coronary occlusion risk score may 

enable a more individualized risk assessment, compared with the current surgical risk scores 

used in clinical practice today. 

The use of particle velocimetry and derived time-resolved vector fields from CCT datasets has 

led to the introduction of the concept of the neo-sinus flow as a predictor of leaflet thrombosis, 

with particle tracking algorithms being used to analyse the inflow and outflow and predict 

thrombosis risk based on the degree of stagnation in the neo-sinus (81). Assessment of depth of 
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implantation (for the self-expanding Evolut R (Medtronic) and overexpansion (for the Sapien 3 

(Edwards Lifesciences)) devices appear important and has allowed a deeper understanding of the 

anatomical and physiological procedural risks that may predict trans-catheter heart valve (THV) 

thrombosis, both globally and for specific devices (82-83).  

CFD analysis is offering early insights into the complex flow dynamics of the LA and LAA and 

the potential relationship between anatomy, flow and cardio-embolic risk (35). 

CONGENITAL HEART DISEASE 

CCT has the potential to revolutionize advanced imaging for all patients with congenital heart 

disease (CHD).  With low dose, 3-D or dynamic 4-D, sub-millimetre isotropic spatial resolution 

and low temporal resolution, CCT is both safe and feasible in all ages (84-85).  With the use of 

new hardware and advanced analytics, CCT has been shown to be diagnostic for anatomic 

definition of almost every congenital heart lesion, with accuracy equivalent or superior to the 

alternate modalities (84-86) and can now provide diagnostic anatomic and functional 

information, even at the highest heart rates, and exquisitely define small cardiac structures even 

in neonates and children.  Current guidelines have almost completely overlooked the value of 

CCT in CHD and therefore clinicians are unaware of its value, even if available at high quality, 

and potentially do not consider CCT when determining the best test to be chosen for each 

individual patient and specific clinical indication.  Going forwards it will be essential to develop 

robust multi-centre data (84), both registry data and from RCTs to provide the evidence to 

support CCT unequivocally in future iterations of clinical guidelines. 

Compared with ICA, CCT can be acquired with significantly lower radiation exposure, 

interventional vascular complication risks, anaesthesia and contrast requirements (87-89). 

Advances in CCT technology has changed the comprehensive diagnostic risk profile for 
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advanced imaging in CHD markedly in favour of CCT as a routine imaging investigation in this 

cohort (89) and at centres with optimal technical capabilities and appropriately experienced staff, 

CCT has become an integral part of CHD diagnostics in all age groups. It is especially valuable 

in neonates and infants who are particularly susceptible to spatial resolution and/or signal/noise 

challenges when using cardiac MRI, as well as deleterious procedural risks and long term 

neurodevelopmental consequences of sedation and anaesthesia (90-92).   

Delivery challenges 

Despite the significant advances in cardiovascular CT and huge potential in the field of 

cardiovascular medicine, there are significant non-clinical challenges to overcome for CCT to 

reach full its potential.  There is a need for rigorous and data driven diagnostic comparative tools 

that allow comprehensive risk assessment, and continued development of radiation dose 

reduction technology and protocols.    

There is also a requirement for increasing access to the latest generation CCT technology, 

developing and disseminating educational resources and including CCT education routinely in 

advanced imaging training programs (93).  The use of virtual reality and synthetic training 

environments, especially for technologists are being actively explored and may allow more rapid 

training to be delivered without risk and at scale (Figure 6). It is clear to see that while the 

evidence base increasingly supports cardiovascular CT for many clinical indications, the need for 

a trained workforce, appropriate infrastructure, and mature reimbursement policies are also 

required to deliver on the promise the academic research suggests. 

Conclusion 

As stated at the outset of this manuscript predicting the future is challenging, especially in a 

rapidly evolving, technologically advanced field, where computational science, biomedical 
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engineering, and clinical cardiovascular medicine converge.  Cardiovascular CT has probably 

evolved faster than any other imaging technology and is, to a large degree, supported by high 

quality outcome-based evidence, especially in CCTA.  It is likely that many areas highlighted in 

this manuscript will, in time, also develop this level of evidence to support its clinical use, whilst 

advances in processing power and advanced analysis tool, in tandem with real world clinical and 

cost effectiveness data will see cardiovascular CT continue to expand in clinical practice.   
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Figure Legends: 
Figure 1) Advance computational analytics highlighting the relationship between 
atherosclerosis and axial plaque forces- 
The internal stress in the plaque should be balanced with the total external stress acting on the 
plaque (i.e., traction). Axial plaque stress (APS) represents the axial component of the traction 
vector. Abrupt changes in cross-sectional area of the lumen elevate the magnitude of APS. 
Upstream segment of the lesion with area encroachment has positive APS, whereas downstream 
of the lesion with area expansion has negative APS. The large pressure gradient over the lesion 
induces force imbalance locally and elevates wall shear stress, axial plaque stress, and delta 
FFRCT that can be potentially associated with the risk of plaque rupture. Notably, delta FFRCT 
showed the highest discriminatory ability in detecting culprit lesions (29) 
 
Figure 2) CFD applications beyond CT FFR 
Blood stasis analysis in the LV post trans-mitral valve replacement (TMVR) modelling (Panel 
A), with associated flow modelling (Panel B). Left atrial CFD used in modelling of LAA 
thrombus risk (Panel C) and shear stress applications in the coronary arteries (Panel D) and post 
TAVR modelling in the aortic root (Panel E) 
 
Figure 3) Schematic illustration of radiomic analysis-   
Panel A depicts a curved multiplanar reconstruction of the left anterior descending coronary 
artery, which shows a partially calcified plaque in its mid segment. The atherosclerotic plaques is 
highlighted with a yellow rectangle. For radiomic analysis, voxels containing plaque are 
extracted from the image (panel B). Large number (usually more than thousand) of descriptors of 
heterogeneity and spatial complexity are calculated to create big data databases, which are 
analyzed using novel analytic techniques, such as machine learning (panel C). 
 
Figure 4) CT evaluation of a subject being considered for TMVR- 
  3 Chamber CTA reconstruction (a)of a patient with severe mitral insufficiency with a surface 
display stereolithographic (STL) file of a Tendyne Transcatheter Mitral Valve (green) 
superimposed to evaluate the Neo-LVOT (orange center line) with the perpendicular red line 
placed at the narrowest point along the Neo-LVOT. The orthogonal projection (B) highlights the 
residual Neo-LVOT (planimetered red area) with the virtual device in place. The minimal area of 
the Neo-LVOT is approximately 4.2cm2 which is well above the proposed high risk threshold of 
1.8cm2 suggesting a low risk of LVOT obstruction post TMVR. 
 
Figure 5) Augmented reality to help improve training and education in the future- 
 The clinical application of augmented and virtual reality demonstrated in a virtual congenital 
intervention MDT, with modelled CT data (Panel A – top row), used to support virtual stent 
implantation (Panel A – middle row) facilitated by paediatric congenital clinicians and radiology 
teams using commercial VR headsets (Panel A – bottom row). Commercial headsets can also be 
used to immerse individuals in a virtual CT scanner and control room, and could be used as a 
synthetic training environment to enable safe and realistic technologist learning (Panel B) – with 
permission of GE Healthcare. 
 
Figure 6) Advanced image analyses enabling strain analysis with CT 
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A) Two point clouds are obtained by segmenting the surface of the endocardium from contrast 
enhanced functional CT data.  This can usually be done easily with simple thresholding.  The 
displacement field used to deform the Template cloud into the later cloud represents the motion 
of the endocardium between the two time frames.  B) SQUEEZ values plotted as colors on the 
endocardial surface (anterior view) of the LV at three time points in the RR cycle.  The SQUEEZ 
values at end-diastole are all 1.0 as the ED phase is used at the template.  The SQUEEZ values 
decrease as the surface of the endocardium shrinks during contraction.  This abnormal LV shows 
a large abnormal region on the lateral wall and highly inhomogeneous LV strain across the entire 
anterior LV.  Two example triangles are shown with the corresponding SQUEEZ calculations for 
the tissue inside those triangles – note A( 2,35) has not changed its area due to the presence of 
the infarct. (Figure courtesy of Eliott McVeigh, Department of Radiology, UCSD) 
 
Central Figure. The future of cardiac CT will almost certainly involve more meaningful 
integration of already established measures and also the introduction of new tools to allow 
for deeper understanding, management and treatment of coronary artery and structural 
heart disease.  
 
Clockwise from the 12 o’clock position- Plaque characterization, Endothelial shear stress 
calculation, interactive virtual stent planning, blood stasis analysis post valvular interventions, 
myocardial strain analysis, radiomic based plaque analysis, FFRCT, coronary volume to mass 
calculation. 

 





FFRCT WSS (dyne/cm2) APS (dyne/cm2) 

∆FFRCT 











0% of RR 15% of RR 35% of RR 

End Diastole Mid Systole End Systole 

A(1,0) 
A(1,35) 

A(2,0) A(2,35) 

SQUEEZ(1,35)

=

A(1,35)

A(1, 0)
» 0.6

SQUEEZ(2,35)

=

A(2,35)

A(2,0)
» 1.0

Point Cloud matching by  

Coherent Point Drift yields 

Displacement Field and Strains 

S
Q

U
E

E
Z

 V
a

lu
e

 

0.6 

0.7 

0.9 

1.0 

1.1 

1.2 

0.8 

A) 

B) 

Template LVED 

Point Cloud 
Target LV 

Point Cloud, Later 

in RR cycle 


