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Preamble

showing the incremental diagnostic and prognostic value of combination of imaging techniques or fusion imaging is growing rapidly. This Year in Cardiology 2017 review article provides a broad overview of the novelties
published in non-invasive cardiovascular imaging.

This Year in Cardiology 2017 review article provides a
broad overview of the novelties published in non-invasive cardiovascular imaging. While it is well established
that echocardiography is the imaging technique of first
choice to evaluate patients with cardiovascular symptoms, other techniques (nuclear imaging, cardiovascular magnetic resonance, and computed tomography)
are needed to image specific-disease characteristics
or pathophysiological mechanisms that may impact on
the patient’s management. The evidence showing the
incremental diagnostic and prognostic value of combination of imaging techniques or fusion imaging is
growing exponentially. Advances in non-invasive cardiac imaging have provided important new insights in the
pathophysiology of valvular heart disease and cardiomyopathies, risk stratification of patients with suspected coronary artery disease and diagnosis of implanted
device- or bioprosthesis-related complications; this article provides an overview of the most relevant articles
published in 2017.

Echocardiography
The role of echocardiography in the diagnosis of valvular heart disease was underscored in the OxValve
Population Cohort Study which recruited 2500 patients
aged 65 years and older without known valvular heart
disease (1). One in two of the elderly population had
newly diagnosed (predominantly mild) valvular heart disease: 34% presented aortic sclerosis, 22% mitral regurgitation, and 15% aortic regurgitation. Moderate and
severe undiagnosed valvular heart disease was identified in 6.4% of patients. Interestingly, moderate and severe valvular heart disease was three times more common in patients with atrial fibrillation (AF), which could
be considered as a marker of silent significant valvular
heart disease. Projections based on the OxValve Population Cohort Study suggest that the number of individuals aged 65 years or more in the UK will increase
from 1.5 million in 2015 to 3 million by 2046. The results
of this study provide further insights in the pathophysiology and natural history of valvular heart disease and
have important implications for the management of elderly patients in the current era with growing advances
in transcatheter therapies.
Selection of patients who may benefit from valvular intervention relies on symptoms and effects of the abnormal loading conditions on the cardiac chambers.

Introduction
Advances in non-invasive cardiac imaging have provided important new insights in the pathophysiology
of valvular heart disease and cardiomyopathies, risk
stratification of patients with suspected coronary artery disease (CAD), and diagnosis of implanted deviceor bioprosthesis-related complications. The evidence
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TAKE HOME FIGURE. Transthyretin cardiac amyloidosis in patients with severe aortic stenosis. Panels A and B show the technetium-99m pyrophosphate (99mTc-PYP) cardiac scintigraphy and the left ventricular global longitudinal strain bull’s eye plot of a
patient without transthyretin cardiac amyloidosis. A 99mTc-PYP cardiac scintigraphy positive for transthyretin cardiac amyloidosis shows an increased heart-to-contralateral ratio (H/CL) (panel C) and more impaired left ventricular global longitudinal strain
(panel D). Panel E shows the receiver operating curves for several echocardiographic parameters of left ventricular systolic
and diastolic dysfunction. The S' measured on tissue Doppler imaging had the largest area under the curve to predict 99mTcPYP cardiac scintigraphy positive for transthyretin cardiac amyloidosis. Reproduced with permission from Castano et al. (3) AS,
aortic stenosis; ATTR-CA, transthyretin cardiac amyloidosis; AUC, area under the curve; CI, confidence interval; Decel, deceleration; H/CL, heart-to-contralateral ratio; LS, longitudinal strain; MCF, myocardial contraction fraction; VMR, voltage-mass ratio

The extent of cardiac damage caused by the abnormal
valve haemodynamics is an important determinant of
the morbi-mortality of patients with heart valve disease. From the Placement of Aortic Transcatheter Valves
(PARTNER)-2 trials, 1661 patients with severe stenosis
were classified into four stages based on the cardiac
damage assessed with echocardiography: no extra-valvular cardiac damage (Stage 0, n = 47), left ventricular
(LV) damage characterized by increased LV mass index (Stage 1, n = 212), left atrial (LA), or mitral damage,
including LA dilation, moderate, and severe mitral regurgitation and AF (Stage 2, n = 814), pulmonary vasculature or tricuspid damage characterized by systolic pulmonary hypertension and moderate or severe tricuspid
regurgitation (Stage 3, n = 413) and right ventricular
damage characterized by moderate and severe right
ventricular dysfunction (Stage 4, n = 145) (2). One-year
mortality rates after aortic valve replacement increased
along with progression of cardiac damage stage: from
4.4% in stage 0 to 24.5% in Stage 4. Each increment in
cardiac damage stage was independently associated
with increased mortality [hazard ratio (HR) 1.46, 95%
confidence interval (CI) 1.27–1.67; P < 0.0001].
Patients with symptomatic low-flow, low-gradient severe aortic stenosis may display significant cardiac
damage with concentric LV hypertrophy and restrictive physiology, resembling cardiac amyloidosis. Between 6% and 12% of such patients may have transthyretin cardiac amyloidosis (3, 4). In 151 patients with
severe aortic stenosis undergoing transcatheter aortic valve implantation, technetium-99 m pyrophosphate
(99mTc-PYP) cardiac scintigraphy was performed to evaluate the presence of concomitant transthyretin cardiac

amyloidosis and tissue Doppler echocardiography, as
well as LV global longitudinal strain (GLS) with two-dimensional speckle tracking echocardiography to assess LV systolic function (5). Sixteen percent of patients
had a 99mTc-PYP scan positive for transthyretin cardiac
amyloidosis. Compared to patients with isolated severe
aortic stenosis, patients with concomitant transthyretin cardiac amyloidosis showed more LV hypertrophy,
lower stroke volume, more advanced LV diastolic dysfunction, and reduced LV function [lower LV ejection
fraction (EF), more impaired LV GLS and lower peak
systolic velocity on tissue Doppler imaging, S′] (Take
home figure). A value of S′ ≤6 cm/s on tissue Doppler
echocardiography was strongly associated with a positive 99mTc-PYP scan. The clinical implications of these
findings need to be evaluated in larger studies confirming that patients with concomitant transthyretin cardiac amyloidosis have worse prognosis after aortic valve
replacement as compared to patients with isolated aortic stenosis.
The role of three-dimensional transoesophageal echocardiography to better characterize the mitral valve
anatomy and dynamics in mitral regurgitation was highlighted in several publications. For example, Kagiyama
et al. (6) demonstrated the presence of insufficient remodelling of the mitral leaflets assessed with three-dimensional transoesophageal echocardiography in 28
AF patients with moderate and severe mitral regurgitation compared to 56 AF patients without mitral regurgitation. The ratio between the total leaflet area and
the mitral annulus area was significantly smaller among
patients with moderate and severe mitral regurgitation than in patients without (1.29 ± 0.10 vs. 1.65 ± 0.24,
2
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P < 0.001) indicating insufficient growth (remodelling) of
the mitral leaflets to compensate for the dilation of the
mitral annulus in AF (which then resulted in significant
mitral regurgitation). Furthermore, van Wijngaarden et
al. (7) demonstrated the different dynamics of the mitral
valve annulus on three-dimensional transoesophageal
echocardiography in patients with severe mitral regurgitation due to fibroelastic deficiency, Barlow’s disease,
and secondary mitral regurgitation. The mitral annulus
dimensions were largest in patients with Barlow’s disease whereas no differences were observed between
patients with fibroelastic deficiency and patients with
secondary mitral regurgitation. Along the cardiac cycle, the mitral annulus remained flat and less dynamic
(the annulus height to the commissural width ratio was
18.24 ± 4.9 at early systole, 18.24 ± 4.7 at mid-systole,
and 17.67 ± 4.4 at late systole, P = 0.083) in patients with
secondary mitral regurgitation whereas patients with
fibroelastic deficiency and Barlow’s disease had more
pronounced saddle-shaped mitral annulus which became significantly flatter at late systole (the annulus height
to commissural width ratio changed from 21.99 ± 4.83 to
17.39 ± 4.2 in fibroelastic deficiency patients and from
23.89 ± 4.05 to 15.36 ± 4.2 in Barlow’s disease patients;
P < 0.001 for all). These findings suggest that mitral
annulus mechanics are important pathophysiological
determinants of the mitral valve dysfunction.
Standardization of novel echocardiographic techniques
is key for implementation in routine clinical practice. Left
ventricular GLS measurement has better inter-observer
agreement than LVEF for follow-up of LV systolic function
by multiple observers (8). In contrast, assessment of regional LV longitudinal strain has shown higher inter-vendor variability (9). Differences in image quality, tracking
algorithms, and noise reduction by temporal and spatial
smoothing across the various vendors may explain the
high variability in regional strain measurements. Reproducible measurements of LV GLS and regional strain are
important when echocardiographic follow-up is needed.
In patients undergoing cancer treatment, early detection
of cardiac dysfunction is the key to implement cardioprotective strategies to prevent irreversible cardiotoxicity.
Left ventricular strain and strain rate measurements are
more sensitive markers of LV systolic dysfunction than
LVEF, which may enable earlier detection of cardiac damage. How these measures relate to ventricular-arterial
coupling in this particular subgroup of patients was evaluated by Narayan et al (10). Of 135 patients with breast
cancer receiving doxorubicin and trastuzumab, 15%
developed cancer therapeutics-related cardiotoxicity
over a median follow-up of 1.9 years. The ratio between
effective arterial elastance and the end-systolic elastance (measure of ventricular-arterial coupling) and LV circumferential strain at baseline showed the largest area
under the curve (AUC) to predict the occurrence of cancer therapeutics-related cardiotoxicity (0.703 and 0.655,
respectively). However, these areas under the curve indi-

cate the modest discriminatory ability to identify the patients who will develop cardiotoxicity. Randomized clinical
trials would be ideal to determine the external validity of
these findings.
Nuclear imaging
Nuclear imaging provides unique, additional information
to that provided by other imaging techniques. However,
nuclear imaging involves ionizing radiation. In a recent
consensus document by the three major European professional associations in the field of cardiac imaging,
the best practices (technology, radiotracers, and data
acquisition) to achieve the lowest radiation were summarized (11). In the field of nuclear cardiology, the use
of new cadmium–zinc–telluride gamma cameras (that
provide increased signal detection efficiency) and digital positron emission tomography (PET) detector technology based on silicon photomultipliers have resulted
in a significant decrease in patient radiation burden
(comparable to natural radiation exposure) without major impact on image quality and diagnostic accuracy.
Both nuclear perfusion imaging and coronary computed tomography angiography (CCTA) provide important
prognostic information. The association between atherosclerotic plaque features on CCTA and the presence of
myocardial ischaemia on 99mTc-tetrofosmin stress/rest
single photon emission computed tomography (SPECT) was evaluated in 184 patients with single vessel
CAD (12). Total plaque volume and burden, and specifically for non-calcified, low-density non-calcified and
calcified plaques, remodelling index, contrast density
difference, lesion length, and diameter stenosis were
significantly larger in those coronary arteries supplying
ischaemic territories on myocardial perfusion imaging
as compared with arteries supplying non-ischaemic territories. However, on multivariable analysis, non-calcified plaques (odds ratio 2.6), low-density non-calcified
plaques (odds ratio 3.9) and contrast density difference (odds ratio 2.7) were significantly associated with
ischaemia, whereas the degree of stenosis was not.
The study demonstrated that other plaque characteristics than only coronary luminal narrowing are major determinants of myocardial ischaemia. These results provide interesting support for the concept that ischaemia
reflects not only luminal narrowing but also relates to
vulnerable plaques.
Cardiac sarcoidosis remains one of the major diagnostic challenges in cardiology. Cardiovascular magnetic
resonance (CMR) and PET imaging are increasingly
used to detect cardiac involvement of sarcoidosis.
Imaging of active sarcoidosis with PET is based on
detection of myocardial inflammation using 18F-fluorodeoxyglucose (FDG). However, 18F-FDG uptake is not
specific for sarcoidosis. Although special patient preparation is applied to minimize myocardial glucose utilization, some degree of physiological 8F-FDG uptake
is commonly present in the heart. Schildt et al. (13) de3
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monstrated the diagnostic accuracy of heterogeneity
of myocardial 18F-FDG uptake in 271 consecutive patients with suspected cardiac sarcoidosis referred for
PET-computed tomography (CT). By quantifying the
maximum, minimum, mean, and standard deviation of
the segmental, 18F-FDG uptake values of each of the
17 LV segments, the coefficient of variation of the entire left ventricle was calculated as the average of each
segmental standard deviation divided by the average of
each segmental mean. This coefficient of variation is a
measure of LV metabolic heterogeneity. The investigators proposed a cut-off value of 0.184 to have the best
accuracy to detect cardiac sarcoidosis (75% sensitivity,
51.4% specificity).
18
F-fluorodeoxyglucose PET has become one of the
standard imaging tests in patients with suspected endocarditis (14). It has been shown earlier that PET provides
important diagnostic information in patients with suspected prosthetic valve endocarditis. In contrast, the sensitivity of 18F-FDG PET is low in native valve endocarditis if
no annular involvement or extra-cardiac infection focus
exist. In prosthetic valve endocarditis, relatively little information is available about the physiological 18F-FDG
uptake. Mathieu et al (15) characterized 18F-FDG uptake
patterns in non-infected prosthetic heart valves. The authors identified 54 prosthetic valves without endocarditis that have undergone 18F-FDG PET imaging. Some
degree of peri-prosthetic FDG uptake was present in

majority of prosthetic valves. The tracer uptake using
quantitative analysis was significant in many patients
and somewhat greater in mechanical than in biological
valves (standardized uptake value 4.0 [2.4–8.0] and 3.3
[2.1–6.1], respectively). However, the pattern was typically homogeneous. Therefore, not only the intensity of
18
F-FDG uptake but also its heterogeneity is the important criteria for prosthetic valve endocarditis. Furthermore, Dell’Aquila et al. (16) demonstrated that quantitative
18
F-FDG PET-CT is an optimal diagnostic tool to detect
superficial and deep driveline infections in heart failure
patients recipients of continuous flow LV assist device.
In contrast, the accuracy of quantitative 18F-FDG PETCT to diagnose pump housing infection is limited and a
qualitative approach together with the clinical information should be considered in this situation (Figure 1). In
addition, 18F-FDG PET is increasingly used for the diagnosis of cardiac implantable electronic device infection. Juneau et al. (17) performed a systematic review
and meta-analysis of the accuracy of PET and SPECT
to detect cardiac implantable electronic device infection.
A total of 13 articles (11 studies for 18F-FDG PET-CT and
2 for labelled leucocyte scintigraphy) met the inclusion
criteria. The pooled sensitivity of 18F-FDG PET-CT for
the diagnosis of cardiac implantable electronic device
infection was 87% (95% CI 82%–91%) and pooled specificity was 94% (95% CI 88%–98%). The receiver operating characteristics curve analysis demonstrated good

This Figure has been reprinted by permission of Oxford University Press on behalf of the European Society of Cardiology

FIGURE 1. 18F-fluorodeoxyglucose positron emission tomography–computed tomography to diagnose left ventricular assist
device infection. On maximum intensity projections and fused transaxial positron emission tomography–computed tomography images, the pathological uptake of 18F-fluorodeoxyglucose is visualized at the piercing site of the driveline and along
the intracorporeal course in panel A whereas panel B shows pathological 18F-fluorodeoxyglucose accumulation at all the levels
including the pump housing. Reproduced with permission from Dell’Aquila et al (16)
4
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accuracy overall, with an AUC of 0.935. For labelled leucocyte scintigraphy, both studies reported sensitivity
above 90% and specificity of 100%. The authors concluded that both 18F-FDG PET-CT and leucocyte scintigraphy yield high sensitivity, specificity, and accuracy, but
limited data is available on the latter. The authors recommended to use 18F-FDG PET as preferred method when
available. Also leucocyte scintigraphy appears useful
tool for the diagnosis of cardiac implantable electronic
device infection.

This Figure has been reprinted by permission of Oxford University Press
on behalf of the European Society of Cardiology

FIGURE 2. Late gadolinium enhanced cardiovascular magnetic resonance images of the left atrium following pulmonary
vein ablation for atrial fibrillation. The arrows point to gaps in
the pulmonary vein encirclement. Reproduced with permission from Gal and Marrouche. (23) PV, pulmonary vein

Cardiovascular magnetic resonance
Among the established clinical applications of CMR,
the measurement of cardiac iron loading has become
an integral part of the management of patients with
thalassaemia major and CMR guided management
has dramatically reduced mortality in this patient population. In a recent cohort of 481 thalassaemia patients on contemporaneous treatment, Pepe et al (18)
described which CMR findings are independently associated with the occurrence of heart failure and arrhythmias. Overall, the rate of adverse outcomes was low
with only 16 patients experiencing heart failure and 16
presenting with an arrhythmia during 6 years follow-up.
Myocardial fibrosis on late gadolinium enhancement
(LGE) CMR was associated with adverse outcomes
(HR = 10.9, P < 0.001), homogeneous myocardial iron
overload (HR = 5.6, P = 0.016) and ventricular dysfunction (HR = 4.33, P = 0.011). Iron chelation management
was changed in nearly 70% of patients as a result of the
CMR study, underlining the clinical relevance of CMR in
this condition.
The prognostic relevance of LGE CMR has also been
the subject of several meta-analyses and single-centre
studies in common and more rare diseases. Raina et
al. (19) summarized the prognostic value of LGE from
7 studies with 425 systemic amyloidosis patients. Patients with evidence of fibrosis on LGE CMR had almost five times higher mortality at a mean follow-up of
25 months compared to those without LGE (pooled odds
ratio: 4.96; 95% CI 1.90-12.93; P = 0.001). In sarcoidosis, Coleman et al. (20) pooled the results of 10 studies with a total of 760 patients. The presence of LGE
was associated with a three-fold increase in all-cause
mortality at 3.0 ± 1.1 years and a 10-fold increase in a
composite endpoint that also included ventricular arrhythmia, implantable cardioverter defibrillator shocks,
and sudden cardiac death. In a large single-centre study, Halliday et al. (21) presented data on 399 patients
with dilated cardiomyopathy and LVEF ≥ 40%. Patients
underwent CMR including LGE and were followed-up
for a median of 4.6 years. The presence of mid-wall fibrosis on LGE was associated with a 9.2-fold increase in
the risk of a composite endpoint of sudden death and
aborted sudden death, a five-fold increase in the risk
of sudden cardiac death alone and a 35-fold increase
in the risk of aborted sudden cardiac death. A smal-

ler single-centre study by Pedrotti et al. (22) examined
the prognostic value of LGE in 48 patients with orthotopic heart transplantation. The strongest predictor of
major adverse cardiovascular events was cardiac allograft vasculopathy (HR 3.63, P = 0.004) followed by LGE
mass (HR 1.04, P = 0.0007) and percentage of LGE of
LV mass (HR 1.083, P = 0.0002). These meta-analyses
and single-centre studies add to the expanding evidence supporting the use of LGE CMR as a strong marker
of adverse clinical outcome in a wide range of diseases.
The potential applications of LGE CMR in the management of AF were reviewed by Gal and Marrouche. (23)
Late gadolinium enhancement CMR can be used to
characterize LA fibrosis as a predictor of AF recurrence, as a guide to post-ablation success (Figure 2). Furthermore, Csepe et al. (24) reported that LGE can even
be used to visualise the healthy human sinoatrial node,
which consists of 35–55% fibrotic tissue surrounded by
fatty tissue, providing mechanical and electrical protection from the surrounding atrial tissue. Using high-resolution 3 T CMR, the sinoatrial node was visualized in
four healthy volunteers and optically mapped with 9.4 T
contrast-enhanced CMR in five explanted donor hearts
(Figure 3). The CMR findings correlated closely with
the findings from the histological sections. Combined
with LGE of the LA, identification of the sinoatrial node
location may further enhance the use of CMR in patients with AF and help to perform a more targeted ablation procedure.
While LGE is uniquely able to detect focal fibrosis and
scar, T1 mapping CMR allows the detection and quantification of diffuse myocardial processes such as inflammation and fibrosis. Liu et al. (25) performed native T1
mapping as part of a comprehensive CMR protocol in
61 STEMI patients and showed that different thresholds
of T1 values can differentiate between reversible and
irreversible myocardial injury. The volume of myocardial damage using a native T1 threshold correlated with
both troponin I release and 6 months of LVEF as a marker of LV remodelling. In a similar study design, Garg et
5
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FIGURE 3. Late gadolinium contrast enhanced cardiovascular magnetic resonance to identify the sinoatrial node. Panel A displays the histograms of total signal intensity of the right atrial free wall, sinoatrial node, and interatrial septum. To determine the
percentage of fibrosis, the mean signal intensity of the right atrial free wall is considered the reference. Each standard deviation
above the mean signal intensity of the right atrial free wall indicates increasing fibrosis. The lateral view of the three-dimensional
reconstruction of the right atrium is presented in panel B. The red-shaded area indicates the sinoatrial node, demarcated by a white dashed line, and its dimensions are shown in a zoomed view in panel C. The density maps of the right atrium and the zoomed
view of the sinoatrial node are displayed in panels D and E, respectively. Reproduced with permission from Csepe et al. (24) IAS,
interatrial septum; IVC, inferior vena cava; PVs, pulmonary veins; RAA, right atrial appendage; RAFW, right atrial free wall; RSPV,
right superior pulmonary vein; SAN, sinoatrial node; SVC, superior vena cava; SD, standard deviation.

al. (26) combined both native and post-contrast enhanced CMR to quantify the myocardial extracellular volume fraction in 50 patients who underwent CMR acutely
(24–72 h) after infarction and at 3 months of follow-up.
Extracellular volume fraction acutely measured post-infarction correlated with the area at risk (assessed with
T2-weighted CMR sequences) and final infarct size by
LGE at 3 months. Finally, Reinstadler et al. (27) investigated native T1 in the non-infarcted remote zone in
225 ST-segment elevation myocardial infarction (STEMI) patients. Elevated native T1 values in the remote
zone were noted in patients with larger infarcts, less
myocardial salvage and worse LV function at baseline.
In multivariable analysis, native T1 values of the remote
zone were independently associated with major adverse cardiac events. Adding the native T1 values of the
remote zone to other known prognostic CMR markers
(LVEF, infarct size, and myocardial salvage index) led
to a net reclassification improvement of 0.82 (95% CI
0.46–1.17; P < 0.001). These findings suggest that re-

mote zone characteristics in patients with STEMI may
have clinical relevance and that native T1 mapping
could be used to improve risk stratification.
Multi-parametric CMR can characterize complex physiological processes in vivo. Levelt et al. (28) evaluated 31 patients with type 2 diabetes mellitus without
CAD and 17 matched controls with adenosine stress
CMR to derive a semi-quantitative myocardial perfusion reserve index, blood-oxygen level-dependent imaging, which measures myocardial oxygenation, and
MR spectroscopy of the phosphocreatine to adenosine tri-phosphate (PCr/ATP) ratio to study myocardial
energy handling. Data were acquired at rest and during
exercise. At baseline, diabetic patients had a 17% lower
PCr/ATP ratio compared with a control population, suggesting the presence of impaired energy handling, which worsened by 12% with exercise. In addition, during
vasodilator stress, myocardial perfusion reserve index
was 24% lower and oxygenation response was blunted in diabetic patients as compared to controls. These
6
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FIGURE 4. Unadjusted event-free survival from the composite endpoint according to the extent of coronary artery disease.
Composite endpoint comprising late coronary revascularization, myocardial infarction, and all-cause death. Reproduced with
permission from Nielsen et al. (30) CAD, coronary artery disease.

observations support the concept that coronary microvascular dysfunction in diabetes exacerbates derangement of cardiac energetics under conditions of increased workload and underline the potential of quantitative
multi-parametric CMR to study complex pathophysiological processes.
Computed tomography
Coronary calcium offers a possibility to detect and
quantify subclinical atherosclerosis and identify individuals at increased risk for future cardiovascular events.
In low-risk patients with chest pain and suspected CAD
included in the Prospective Multicenter Imaging Study
for Evaluation of Chest Pain (PROMISE) trial, Budoff
et al. (29) analysed the prognostic value of coronary
calcium. A total of 4602 patients who underwent coronary calcium imaging and CCTA were compared to
a cohort of 4602 individuals who underwent functional
ischaemia testing. Both cohorts were followed for 26
months and the occurrence of all-cause death, myocardial infarction, or unstable angina hospitalization was
recorded. Overall, the ability to predict events was similar for coronary calcium and functional testing (C-statistic: 0.67 vs. 0.64)—with coronary calcium being more
sensitive and functional testing being more specific. Interestingly, CCTA was significantly more predictive for
events than both calcium and functional testing (C-statistic: 0.72). These results underscore the role of coronary calcium as marker of atherosclerosis burden and

This Figure has been reprinted by permission of Oxford University
Press on behalf of the European Society of Cardiology

FIGURE 5. Portico valve with thick layer of hypo-attenuated
leaflet thickening causing a severe reduction in leaflet motion
(hypo-attenuation affecting motion). Top left panel: long axis
multiplanar reconstruction in diastole; top right panel: axial
multiplanar reconstruction diastole; Bottom left: diastolic
volume rendering; bottom right: systolic volume renderin.
Reproduced with permission from Sondergaard et al. (37)
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predictor of cardiovascular events but quantification
of coronary stenosis and plaque characterization with
CCTA provide better discriminatory power to identify
patients at risk.
The prognostic value of clinically indicated CCTA was
evaluated in a large cohort by Nielsen et al. (30). In a
region of Denmark, 16 949 patients older than 18 years
who underwent CCTA for suspected CAD were systematically followed for the occurrence of a composite
endpoint of late myocardial revascularization, myocardial infarction, and all-cause death during a 5 years’
period. Revascularizations occurring within 90 days
of CCTA were censored to exclude those that were
triggered by the immediate CT findings. The composite
endpoint occurred in 486 patients during a median follow-up period of 3.6 years. The risk of the composite
endpoint was 1.5% for patients without identification of
any coronary atherosclerosis on CCTA, 3.3% if non-obstructive plaque was present, and 6.8% for individuals
with obstructive lesions in CCTA (P < 0.001 for all, Figure 4). If 3-vessel disease or left main stenosis was
present, the risk was 15%. Interestingly, the predictive
value of CCTA was maintained across all age groups,
both in men and women.
The strong prognostic value of CCTA was also confirmed by Deseive et al. (31). Of 15 219 patients included in the international multicentre CONFIRM registry,
982 (6.5%) died during a median follow-up period of 5.3
years. The so-called CONFIRM score, (32) which combines the National Cholesterol Education Program Adult
Treatment Panel (NCEP ATP) III score, the presence of
proximal coronary artery segments containing plaque,
and the presence of proximal coronary segments containing >50% stenoses, had superior prognostic value
than clinical risk scores, including the NCEP ATP III,
Framingham, and Morise scores (C-statistic: 0.696,
0.675, 0.610, and 0.606, respectively). Application of
the CONFIRM score led to reclassification of 34% of
patients when compared with the NCEP ATP III score
alone.
An interesting new approach to risk stratification based
on CCTA was described by Motwani et al. (33) Machine
learning was applied to build a model from clinical data
and CCTA of 10 030 patients included in the CONFIRM
registry. Twenty-five clinical variable (such as age, gender, and Framingham risk score) and 44 CCTA-derived
parameters (such as segment stenosis score, segment
involvement score, modified Duke index, number of segments with non-calcified, mixed or calcified plaques).
Machine learning involved automated feature selection,
model building, and 10-fold stratified cross-validation.
During a mean follow-up of 5.4 years, 745 patients died.
Machine learning yielded a higher AUC compared with
the Framingham risk score or any single CCTA-derived
severity scores alone (such as the segment involvement score) for predicting all-cause mortality (machine learning: 0.79; Framingham Risk Score: 0.61; seg-

ment involvement score: 0.64; P < 0.001). These results
suggest that machine learning has an important role in
correctly identifying the high-risk patients with suspected CAD who may benefit from intensified preventive
treatment.
There are several approaches to add functional information (identification of ischaemia) to CCTA—which is
an anatomic imaging technique. One approach is fractional flow reserve (FFR)-CT, the simulation of FFR based on CT-derived anatomic data sets. The other approach is myocardial CT perfusion during adenosine
stress, which requires a separate CT acquisition. Both
approaches are currently being validated. Jensen et al.
(34) evaluated whether CCTA, combined with FFR-CT
if deemed necessary, would allow to safely defer invasive coronary angiograms. Over a period of 6 months,
774 patients referred to invasive angiography or CCTA
in a single centre were evaluated. Downstream testing,
treatment within 3 months and adverse events were
analysed. Patients were divided in two groups according to the presence of typical angina: low-intermediate-risk (n = 593) and high-risk (n = 181), with mean
pre-test probabilities of CAD of 31 ± 16% and 67 ± 16%,
respectively. Coronary computed tomography angiography was supplemented by FFR-CT in 212 (28%)
patients. In the high- and in the low-intermediate-risk
group, invasive coronary angiography could be avoided in 75% and 91% of patients. Over a mean follow-up
time of 157 ± 50 days, serious clinical events occurred in four patients. No events occurred in patients in
whom invasive angiography had been cancelled due
to inconspicuous findings in CCTA (with selective FFRCT testing)—indicating that CCTA, in combination with
FFR-CT when deemed necessary, allows to safely defer invasive angiography. In the FFR-CT (Does Routine Pressure Wire Assessment Influence Management
Strategy at Coronary Angiography for Diagnosis of
Chest Pain? (RIPCORD) study, (35) which analysed a
cohort of 200 patients in a multicentre approach, FFRCT led to a change of the downstream management
plan after CCTA in 36% of patients.
The second approach, CT myocardial perfusion imaging, is also under clinical investigation. Penagaluri
et al. (36) studied the diagnostic value of CT myocardial perfusion imaging in addition to CCTA in 381 patients. Patient-based diagnostic accuracy—defined by
the area under the receiver operating curve—for CCTA
alone was 0.83 and for CCTA-CT perfusion was 0.92
(P = 0.003) in women. However, no significant difference was found in men (0.82 vs. 0.84, P = 0.29). Future
studies will be required to assess the optimal clinical
utilization of CT myocardial perfusion imaging.
Cardiac CT imaging is not limited to the evaluation of
CAD. Computed tomography plays an increasingly important role in the context of structural heart interventions, including transcatheter aortic valve implantation. A
recent development has been the observation that both
8
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This Figure has been reprinted by permission of Oxford University Press on behalf of the European Society of Cardiology

FIGURE 6. Integration of the Doppler echocardiography and computed tomography data to quantify mitral regurgitant volume.
By echocardiography, the proximal isovelocity surface area method was used for the assessment of the effective regurgitant
orifice area of the mitral regurgitation.(Panels A, B, and F) The velocity time integral of the magnetic resonance jet was assessed
on the continuous wave Doppler images (Panel B). By aligning the multiplanar reformation planes on the multi-detector computed
tomography data, a double oblique transverse plane parallel to the narrowest part of the mitral regurgitant orifice was reconstructed. The anatomical mitral regurgitant orifice area was measured by planimetry at this level (Panels C–E). The echocardiography and integrated regurgitant volume of magnetic resonance were assessed by multiplying the echocardiographic effective
regurgitant orifice area and the multi-detector computed tomography derived mitral regurgitant orifice area with the velocity
time integral, respectively (Panel F). Reproduced with permission from van Rosendael et al. (42) VTI, velocity time integral; CT,
computed tomography; ROA, regurgitant orifice area; RVol, regurgitant volume; EROA, effective regurgitant orifice area.

transcatheter and surgically implanted aortic bioprosthetic valves may display ‘hypo-attenuated leaflet thickening’ (‘HALT’) (Figure 5) (37–40). The clinical significance
of this observation, however, has been unclear: while in
some studies the presence of HALT was not associated
with increased risk of stroke, (37, 38) Chakravarty et al.
(40) postulate a somewhat higher rate of cerebral ischaemic events if HALT is present. Interestingly, the study by
Sondergaard et al. (37) highlights the temporal evolution
of HALT and demonstrates that HALT can progress to
hypo-attenuation affecting motion (HAM) or regress and
disappear. In 84 patients included in the Subclinical Aortic Valve Bioprosthesis Thrombosis Assessed With 4D
CT (SAVORY) registry, two sequential CT scans were

performed at 140 and 298 days after valve implantation.
Hypo-attenuated leaflet thickening and HAM were present in 38.1% and 20.2% of patients in the first scan and
were highly dynamic, showing progression in 15.5% and
regression in 10.7% of patients. Importantly, progression was less likely among patients treated with oral anticoagulation (OR 0.014, P = 0.036), but regression could
happen independently of the use of anticoagulants. The
results of these studies have questioned current recommendations on the use of anticoagulation therapy for
aortic bioprostheses. Additional studies using sequential
imaging are needed to unravel the time-course of HALT
and HAM and establish personalized anticoagulation
treatment (41).
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Hybrid imaging or fusion imaging
The literature reports an increasing use of fusion imaging in research but also in clinical cardiology. The different components of imaging can be categorized as anatomical, functional, and biological imaging. Coronary
computed tomography angiography is a good example
of anatomical imaging: visualizing the coronary arteries and potential stenoses; echocardiography and CMR
provide both functional and anatomical imaging. Nuclear imaging can offer functional imaging (ischaemia
assessment) but is currently the only technique that
provides biological imaging: e.g. inflammation assessment with 18F-FDG. Fusion imaging could represent
the fusion or integration of different images that were
acquired in isolation and then later on fused or integrated for assessment of cardiovascular pathophysiology.
For example, van Rosendael et al. (42) described the
integrated use of CT and echocardiography for improved assessment of severity of mitral regurgitation in 73
patients. When the effective regurgitant orifice was assessed by direct planimetry from CT, and this orifice
size was then integrated with the velocity of the regurgitant flow on echocardiography (Figure 6), the severity of mitral regurgitation was downgraded from severe
to non-severe in 10% of patients and upgraded from
non-severe to severe in 14% of patients. Thus the fusion of the two techniques altered severity assessment
in 24% of patients; the prognostic value of this fusion
imaging remains to be demonstrated.
The majority of the literature reports on hybrid imaging,
mostly with PET and CT, but also with PET and CMR.
These new machines permit direct fusion of both images, which are acquired simultaneously or sequentially
(in the same session). Various examples were reported
in 2017. Singh et al. (43) reported on integrated imaging
of coronary plaque morphology and inflammation using
PET-CT with 18F-FDG: 55 patients underwent imaging
before and after 12 weeks of statin (atorvastatin) use.
The 18F-FDG uptake (target-to-background ratio) was
assessed in the left main coronary artery, which was
significantly higher in non-calcified or partially calcified lesions on CCTA (considered high-risk) as com-

pared to calcified lesions (target-to-background ratios
1.95 ± 0.43 vs. 1.67 ± 0.32, P = 0.04). After 12 weeks of
statin use, there was a significant reduction in 18F-FDG
uptake in the high-risk lesions.
Patients (n = 25) with possible sarcoidosis were evaluated with PET-CMR; (44) active sarcoidosis was defined
as having increased 18F-FDG uptake in areas with delayed contrast-enhancement on CMR (present in eight
patients); all other patients did not show active sarcoidosis. This approach may enable identification of patients with active sarcoidosis and permit selective treatment.
Positron emission tomography–computed tomography
enabled accurate detection of endocarditis in patients
who underwent transcatheter aortic valve replacement
(45). Computed tomography demonstrated leaflet thickening (as marker of thrombosis), whereas 18F-FDG indicated active inflammation; the imaging approach was
superior over routine assessment of endocarditis (according to the modified Duke criteria).
In the EValuation of INtegrated Cardiac Imaging for the
Detection and Characterization of Ischaemic Heart Disease (EVINCI) study, 14 centres from nine European
countries included 252 patients with stable angina and
intermediate pre-test likelihood of CAD (46). The patients underwent SPECT or PET perfusion imaging and
CCTA, and these images were fused on a dedicated
workstation. These non-invasive imaging data were
compared with quantitative invasive coronary angiography with assessment of FFR (to detect haemodynamically significant stenosis). Hybrid imaging excluded
functionally significant CAD in 41% of patients, which
provided a negative predictive value of 88%, and included in significant disease in 24% of patients, which yielded a positive predictive value of 87%. To establish
the role of hybrid imaging in the detection of significant
CAD, additional studies are needed focusing on the
influence of this imaging modality on the downstream
of patients (avoiding unnecessary invasive coronary
angiography and interventions).
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