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Over the past 2 decades, we have witnessed an explosive 
expansion in the armamentarium of noninvasive and 

invasive imaging technologies capable of providing detailed 
information about the structure and function of the heart and 
vasculature. Many of these technologies are integrative (eg, 
positron emission tomography and computed tomography, 
positron emission tomography and MRI), thereby compound-
ing the unique strengths of the component technologies to 
achieve unprecedented improvements to our ability to diag-
nose disease, improve patient care, and advance biomedical 
research. In addition, the miniaturization of imaging devices 
with dramatic increases in sensitivity and spatial resolution, 
coupled with the development of quantitative molecular imag-
ing approaches for evaluating physiology and pathobiology at 
the cellular and molecular levels, provides a unique platform 
for a new era in diagnostic imaging. The crucial role of imag-
ing in early phenotyping of disease, risk assessment, and man-
agement guidance is expanding rapidly in ways previously 
thought unrealistic.

Along with clinical, molecular, and genomewide associa-
tion studies, structural and functional quantitative imaging 
already plays a critical role in phenotyping cardiovascular 
disease. Unique strengths of imaging phenotyping include its 
ability to provide precise, organ-specific anatomic localization 
and quantification of disease traits, to demonstrate and quan-
tify involvement of other organs in cardiac disease, to provide 
an opportunity to investigate the time course of disease-spe-
cific molecular events in vivo, and to track their response to 
therapy. In so doing, quantitative structural and functional 
imaging can provide a nuanced description of disease bur-
den (eg, atherosclerosis, myocarditis), disease subtypes (eg, 
amyloidosis), and, importantly, the relationship between the 
specific phenotype and outcomes, thereby informing treat-
ment strategies and allowing more personalized approaches to 
patient management.

Our objectives for this article are to (1) provide a view-
point regarding the evolving role of cardiovascular imaging in 
biomedical research and clinical practice, (2) discuss the chal-
lenges associated with clinical translation of imaging innova-
tions and the opportunities for multimodality imaging in the 
changing paradigm of value-based medicine, and (3) briefly 
outline future challenges and opportunities including the 

requirements for training future generations of imaging sci-
entists and clinical specialists. Unlike traditional reviews that 
provide a detailed discussion of the role of 1 or more imaging 
modalities in cardiovascular (CV) disease, our discussion will 
focus on the potential role of imaging in what we believe are 
key areas of the translational highway with specific examples 
on how structural and functional imaging may contribute to 
scientific discovery, diagnosis, risk stratification, and patient 
management in each of those areas.

Redefining the Role of Imaging 
Across the Continuum of Biomedical 

Research and Clinical Practice
Translational Research
The use of imaging to study biology and uncover biomarkers 
of human disease provides a window through which we can 
phenotype disease in vivo, thereby offering an opportunity for 
early diagnosis of disease and assessing the potential value 
of novel therapies. Because the nuances of disease mecha-
nisms and the subtleties of the responses to therapy are key 
to understanding and treating disease, imaging has become 
an essential tool for revealing pathogenic mechanisms and for 
developing therapeutic strategies. Importantly, many power-
ful imaging tools are already integrated in the continuum of 
patient care, which offers a unique opportunity for clinical 
translation. The use of imaging to study the pulmonary vas-
culature and right ventricular remodeling in patients with pul-
monary arterial hypertension (PAH) highlights how imaging 
can facilitate understanding of disease mechanisms in vivo, 
while also providing quantitative targets for evaluating novel 
therapies.

The remodeling of the right ventricle (RV) to the patho-
logical changes in the pulmonary vascular bed is the major 
determinant of functional capacity and prognosis in PAH. 
Initially, sustained pressure overload leads to RV hypertrophy. 
This increase in mass is an adaptive response to overcome 
the increased afterload, reduce wall stress, and maintain RV 
systolic function and cardiac output. However, despite similar 
RV afterload and mass, some patients remain stable for many 
years, whereas others develop maladaptive RV hypertrophy 
with rapid transition to failure and clinical decompensation. 
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Clinically, adaptive RV hypertrophy is characterized by pres-
ervation of relatively normal cardiac output, ejection fraction, 
RV filling pressure, and exercise capacity. Pathologically, this 
form of RV remodeling shows concentric hypertrophy with 
minimal dilatation and fibrosis. In contrast, maladaptive RV 
hypertrophy is characterized by a reduced cardiac output 
and ejection fraction, associated with elevation of RV filling 
pressure and reduced exercise capacity. The pathological cor-
relates of the maladaptive phenotype include eccentric RV 
hypertrophy and dilatation, and increased fibrosis. Advanced 
cardiac imaging along with invasive hemodynamic measure-
ments play a key role in diagnosis and risk stratification of 
patients with known or suspected PAH. Advanced imaging 
tools also offer unique quantitative insights into the underly-
ing pathobiology of the different disease phenotypes and, in 
so doing, provide opportunities for early diagnosis and for 
monitoring response to novel therapies.

RV remodeling and function in PAH patients can be accu-
rately assessed with echocardiography,1 especially 3-dimen-
sional (3D) imaging, and cardiac magnetic resonance (CMR) 
imaging2 (Figure 1). CMR is the gold standard for measuring 
RV function, mass, and volumes.3 CMR measurements are 
highly reproducible, and permit serial tracking of RV remod-
eling and function in clinical trials. The common features 
found in PAH include RV hypertrophy and increased mass 
with concomitant cardiomyocyte atrophy,4 which are often 
associated with interventricular septal flattening and leftward 
bowing, and diastolic dysfunction, as well. Over time, gradual 
RV systolic dysfunction with reduced ejection fraction and 
dilatation develops in decompensated patients. The use of 
strain imaging with speckle-tracking echocardiography, CMR 
tagging, or feature tracking provides opportunities for early 
recognition of decreased systolic function. Many noninva-
sive measurements of RV remodeling and function with both 
echocardiography and CMR are associated with clinical risk, 
which enhances the relevance of their use as surrogate end 
points in the context of treatment trials.1,2

Quantitative imaging can also help delineate underlying 
molecular fingerprints of maladaptive RV remodeling in PAH.5 
For example, RV ischemia, as evidenced by chest pain and 
reduced myocardial perfusion on radionuclide imaging6–9 and 
increased glucose utilization,6,8,10 reflects chronic reduction in 
RV perfusion resulting from decreased angiogenesis,11 capil-
lary rarefaction,12 and potentially decreased coronary perfu-
sion pressure in the setting of severe hypertrophy13 (Figure 1). 
There is also consistent evidence that mitochondrial oxidation 
in maladaptive RV remodeling is reduced,5 resulting in a num-
ber of metabolic changes including an increased reliance on 
nonoxidative glycolysis, which can be quantified by positron 
emission tomography (PET) imaging. Indeed, the shift from 
oxidative metabolism to the less efficient process of glycolysis 
results in a compensatory upregulation of glucose flux in RV 
myocytes.6,8,10 A similar shift to glycolysis away from glucose 
oxidation is seen in the pulmonary vessels of PAH. This corre-
lates with an apparent increase in fatty acid metabolism, espe-
cially in the setting of severely elevated pulmonary pressure 
and RV dysfunction.14 However, there is a relatively increased 
reliance on glucose metabolism in comparison with fatty 
acids. Finally, increased fibrosis is a pathological hallmark of 

maladaptive RV remodeling. Late gadolinium enhancement 
(LGE)15 and potentially newer T1 mapping techniques16 with 
CMR can provide a quantitative measure of tissue fibrosis.

Imaging is also able to provide a deeper understanding of 
the changes occurring in the pulmonary vasculature upstream 
from the RV (Figure 1). Phase-contrast MRI provides useful 
insights into pulmonary vascular hemodynamics, pulse wave 
velocity, and pulmonary vessel compliance.17 These measures 
can provide diagnostic information regarding pulmonary artery 
pressure. Importantly, noninvasive indices of pulmonary artery 
compliance and stiffness provide a direct physiological mea-
sure of the integrated effects of underlying abnormalities in 
tissue components of the pulmonary vessel wall, including the 
endothelium, elastin, and collagen. Normal pulmonary artery 
elasticity plays an important role in maintaining the normal 
transition from pulsatile blood flow generated by the RV to the 
steady flow at the capillary level. Increased pulmonary artery 
stiffness leads to higher RV workload and decreased function,18 
and increased transmission of pulsatile force to small vessels, 
which can accelerate vascular injury and remodeling.19

In addition, imaging can elucidate the pathophysiology of 
pulmonary vascular remodeling, including inflammation as a 
key mediator of endothelial cell activation and dysfunction,20 
alterations in energy metabolism,21 and angiogenesis. As in 
maladaptive RV hypertrophy, pulmonary endothelial cells 
also show decreased mitochondrial function, reduced oxida-
tive metabolism, and a significantly higher rate of glycolysis.21 
This opens the possibility for using 18F-fluorodeoxyglucose 
(FDG) PET imaging potentially to evaluate endothelial cell 
activation and dysfunction in the pulmonary vasculature and to 
monitor treatment response.22,23 The FDG PET signal24 and 19F 
MRI25 can also be used to evaluate the inflammatory response 
in the pulmonary vasculature. Other imaging approaches tar-
geting angiogenesis may also offer novel opportunities for 
early diagnosis and for monitoring response to novel therapies.

Diagnosis and Risk Assessment

Valvular Heart Disease 
From the earliest days of noninvasive imaging, valvular heart 
disease has been the foundation on which many technological 
advances have occurred. This is particularly true of echocar-
diography where miniaturization (allowing transesophageal, 
intracardiac, and intravascular imaging) and other technolo-
gies such as the development of Doppler, color flow map-
ping, 3D, tissue Doppler, and strain have been linked to the 
diagnosis, quantification, and prognostic predictors of valvu-
lar heart disease. For stenotic lesions, diagnosis and assess-
ment of severity appeared fairly simple, but we now have a 
much deeper understanding of the relationship between flow 
and gradients and an increasing awareness of the progno-
sis of patients with conditions such as low flow-low gradi-
ent aortic stenosis . Individual and multicenter studies, such 
as Truly or Pseudo-severe Aortic Stenosis (TOPAS) and the 
European Multicenter Study, have provided important insights 
into this entity with clarity around decision making still being 
addressed, but with classification based on a combination of 
indexed stroke volume and mean transvalvular gradient.26–30 
Once significant aortic stenosis is present, the diagnosis is 
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relatively straightforward, but imaging enhances understand-
ing of valvuloarterial interplay in which systemic arterial 
compliance, vascular resistance, and valvuloarterial imped-
ance affect the left ventricle (LV). A common disease such as 

hypertension with aortic stenosis elevates impedance in series 
and, when coupled with increased aortic stiffness, accompa-
nies aging and atherosclerosis and contributes to LV load and 
symptom development in an important way.31–35

Figure 1. Noninvasive phenotyping of pulmonary and RV remodeling in pulmonary hypertension with multimodality imaging. Pulmonary 
vascular remodeling (Left): A, Selected cross-sectional view of a CT pulmonary angiogram demonstrating large filling defects consistent 
with thrombus in the right and left pulmonary arteries (arrows) and a severely dilated pulmonary artery. B, corresponding 3D volume 
rendered views of the same patient (images courtesy of Dr Ritu Gill, Brigham and Women’s Hospital, Boston, MA). C and D, Segmentation 
of the intraparenchymal pulmonary vasculature reconstructed from pulmonary CT angiograms in a subject without cardiopulmonary 
disease (C) and in a patient with pulmonary arterial hypertension (D). The lower panels illustrate quantification of the blood volume 
distribution profile, demonstrating loss of smaller vessel volume in contrast to the large vessels described as vascular pruning (images 
courtesy of Drs Farbod Rahaghi and Raúl San José Estépar, Brigham and Women’s Hospital, Boston, MA). E and F, Pulmonary artery 
flow in a healthy subject (E) and in a patient with PAH (F) from phase-contrast MRI. The images demonstrate disruption of laminar 
flow and increased turbulence in PAH, and illustrate the emerging role of this technique to assess changes in pulmonary vascular 
hemodynamics, pulse wave velocity, and pulmonary vessel compliance noninvasively (images courtesy of Dr Yuchi Han, University 
of Pennsylvania, Philadelphia, PA). RV remodeling (Right): Imaging correlates of the different stages of pathological RV remodeling in 
the setting of PAH. G, Short-axis CMR images demonstrating RV hypertrophy and dilatation. H, Short-axis PET images demonstrating 
increased myocardial perfusion, and increased glucose utilization (I); short-axis pre- (J and L) and postcontrast (K and M) T1 CMR maps 
for quantification of interstitial fibrosis (images courtesy of Drs Ana Garcia Alvarez and Borja Ibañez, Centro Nacional de Investigaciones 
Cardiovasculares Carlos III, Madrid, Spain). N and O, postcontrast short-axis CMR images demonstrating LGE at the RV insertion points 
(arrows, N) and in the interventricular septum and RV free wall (arrows, O) consistent with areas of scar from RV pressure overload 
(images courtesy of Drs Michael Steigner and Raymond Kwong, Brigham and Women’s Hospital, Boston, MA). Ao indicates aorta; CMR, 
cardiac magnetic resonance; CT, computed tomography; 3D, 3-dimensional; LGE, late gadolinium enhancement; LV, left ventricle; PA, 
pulmonary artery; PAH, pulmonary arterial hypertension; and RV, right ventricle.
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Advances in imaging are now allowing a deeper under-
standing of the pathobiology of the disease rather than merely 
an understanding of the hemodynamic consequences of val-
vular disease. One goal of multimodality imaging is to facili-
tate early diagnosis so as to potentially impact progression. 
One such agent is FDG, which has been investigated in early 
valvular inflammation, disease initiation, and progression.36 
Aortic stenosis progression can be unpredictable but PET 
using 18F-fluoride as a marker of newly developing calcifica-
tion has been correlated with alkaline phosphatase staining 
(Figure 2). Other more crude indices of calcification by com-
puted tomography (CT) and echocardiography correlate with 
subsequent progression of aortic stenosis.37 These measures 
are now increasingly being used as end points of clinical trials. 
The extent of myocardial fibrosis using CMR techniques such 
as LGE and T1 mapping, particularly measures of extracellular 
volume), provides prognostic value and can be used to guide 
timing of intervention.38–43 Although EF may be normal despite 
these structural changes, sensitive functional measures of LV 
contractility such as strain and strain rate are now able to pro-
vide incremental prognostic information and guide timing of 
intervention before major morbidity and mortality occurs.44–46

The focus in regurgitant valvular diseases, such as mitral 
regurgitation, has mostly centered on regurgitant volume, 
the functional regurgitant orifice size, and the impact of the 
volume overload on chamber geometry and function in con-
junction with functional capacity. Guideline recommenda-
tions for timing of intervention have been built around these 
relatively simple parameters but are known to be imprecise. 
Multimodality imaging can provide detailed 3D images of the 
mitral apparatus and can help us better understand potential 
mechanisms underlying various mitral valve disease processes. 
Refined strain measurement of the annulus and the leaflets 
themselves in the normal and disease state47,48 are advancing 
knowledge of the interplay between geometry and function, 
and the transition from an adaptive to a maladaptive or dys-
functional response, as well (Figure 3). The old concept of a 
mitral valve that remains constant throughout adult life is now 
clearly recognized as being incorrect. There is great interest in 
linking the genetic, hemodynamic, and functional drivers of 
the response of the valve, and, of possibly of greater interest, 
the ability to modify the maladaptive responses that occur.49 
Leaflet lengthening and genetic changes in the leaflets50 allow 
understanding of the relationship between genotype and 

Figure 2. Targeted PET-CT imaging of 
aortic valve disease. A, Contrast-enhanced 
computed tomographic (CT) multiplanar 
reformatted views of the aortic valve and 
aortic root, with fused targeted images 
of calcium metabolism obtained with 
sodium fluoride (NaF) positron emission 
tomography (PET). B, Increased NaF 
uptake (arrows), reflecting active calcium 
deposition, despite no evidence of 
macroscopic calcifications on CT (images 
courtesy of Dr Marc Dweck, University 
of Edinburgh, England). LA indicates left 
atrium.

Figure 3. Patient-specific mitral leaflet strain intensities displayed at midsystole for a typical normal mitral valve (A) and for a typical 
organic valve with mitral regurgitation valve (B). The strain intensities color code range from dark orange for high strain to dark blue for 
low strain. Reprinted from Ben Zekry et al47 with permission of the publisher. Copyright © 2016, American Heart Association, Inc.
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phenotype and will increasingly be used to guide intervention 
in a more unique patient-centered manner. Genetic mutations 
are associated with mitral valve prolapse and leaflet elonga-
tion, and modifiable cell migration pathways regulated by 
structural molecules can limit progression of valve degenera-
tion. Dynamic 3D imaging has enhanced our understanding of 
mitral leaflet adaptation to ventricular remodeling in patients 
with the broadly defined category of ischemic mitral regurgi-
tation and will be a fruitful area of research in coming years.

Cardio-Oncology 
The field of cardio-oncology, which broadly describes the CV 
care of patients who have cancer, has provided novel transla-
tional insights for which imaging has and will likely continue 
to play an important role. Targeted kinase therapy is a main-
stay of cancer treatment and has been associated with both 
detrimental and beneficial CV effects, and has identified some 
common pathways for cancer and the CV system. The car-
diotoxicity of trastuzumab, a monoclonal antibody to HER2, 
became recognized and was additive to that of anthracyclines. 
These findings led to an understanding of the relationship with 
neuregulin-1, a growth factor released from endothelial cells 
associated with broad beneficial effects on the heart including 
improvement of cardiomyocyte survival, growth and prolifer-
ation, maintenance of cardiac myofibril structure, and promo-
tion of angiogenesis, and has stimulated trials looking at the 
therapeutic benefit of recombinant neuregulin.51 The identifi-
cation of the role of vascular endothelial growth factor signal-
ing pathway inhibitors in being associated with hypertension, 
proteinuria, and preeclampsia has opened up a new area of 
investigation, and noninvasive imaging has been used widely 
to assess the development of cardiomyopathy in small-animal 
models.

Noninvasive imaging has been vital in the management 
of patients treated with cardiotoxic chemotherapeutic agents. 
The anthracyclines have been a central focus in this area, and 
the use of ejection fraction has been and today still remains 
a useful parameter for guiding clinical decision making. 
Significant decrements in ejection fraction are associated with 
increasing cumulative doses of anthracyclines, and although 
the incidence of important LV dysfunction and heart failure 
vary, more than half of patients exposed to therapeutic doses 
of anthracyclines will develop abnormalities of cardiac struc-
ture and function within 6 years.52 The interplay between effi-
cacy of the chemotherapy regimen and toxicity needs to be 
carefully weighed, especially because more sensitive indices 
such as global longitudinal strain and biomarkers such as tro-
ponin and brain natriuretic peptide identify abnormalities that 
may not be predictive of future LV systolic dysfunction, let 
alone clinically significant heart failure.53 Although most stud-
ies have used crude indices such as LV fractional shortening, 
left ventricular ejection fraction, or LV size, more sensitive 
markers of myocardial toxicity are helpful in the experi-
mental design of studies evaluating techniques to reduce 
cardiotoxicity (Figure 4). The major benefit of advances 
in imaging is likely to be in the assessment of analogs with 
lower cardiotoxicity and with agents that reduce the cardio-
toxicity of well-established agents and chemotherapeutic regi-
mens.54 Examples of this strategy include the assessment of 

anthracycline analogs targeting the Top2α isoenzyme, which 
may be less cardiotoxic, agents such as dexrazoxane,55 and an 
engineered bivalent neuregulin-1β, which reduces toxicity in 
doxorubicin-induced cardiotoxicity.56 Another area of investi-
gation in which imaging is facilitating understanding relates 
to predisposing factors such as common polymorphisms in 
genes involved in anthracycline metabolism.57,58

Much work remains to establish the role of biomarkers 
and imaging in defining the cut points for heightened monitor-
ing and adjusting potentially curative chemotherapy. Highly 
sensitive markers may raise undue concern and potentially 
lower the likelihood of a cancer cure. It will be important that 
investigators use common language to define adverse events in 
this arena and the Common Technology Criteria for Adverse 
Events is currently recognized as being that standard.59

Left Ventricular Hypertrophy 
Early identification of disease constitutes an important goal 
of medicine in general and the role of CV imaging as a tool 
to achieve this goal is unfolding before our eyes. One exam-
ple of this is the assessment of patients with left ventricular 
hypertrophy (LVH). Characterization of the genotype-pheno-
type relationship has been an active area of investigation in 
numerous areas, particularly in hypertrophic cardiomyopathy, 
which is caused by mutations in genes encoding sarcomere 
proteins. In advanced stages of disease, specific morphologi-
cal subtypes are associated with certain genetic mutations and 
outcome.60–63 The ability to associate early, subclinical stages 
of disease before the development of LVH64 with specific sar-
comere mutations provides an opportunity for interventions 
that could change the course of the disease. Morphological 
observations such as multiple crypts, anterior mitral leaflet 
elongation, and small LV cavity dimension in combination 
may prove useful in relating to genotype (Figure 5). These 
findings can and should be coupled with other imaging 
assessment, such as abnormalities in energy metabolism,65 
diastolic dysfunction,66 T1 mapping assessment of extra-
cellular volume expansion,67 and myocardial fibrosis.68 The 
clinical advances described have been coupled with basic and 
animal work showing early increases in extracellular matrix 
in the mouse model and increased type 1 collagen formation 
in humans, confirming that structural changes occur early in 
the disease. The pathway to fibrosis in hypertrophic cardio-
myopathy is thus not merely a consequence of pressure over-
load and myocardial ischemia, as previously thought, but, 
at least in part, an intrinsic component of the disease itself. 
Research in this area is likely to provide opportunities for 
disease modification and changes in the genetically linked 
progression of disease.

In other diseases associated with LVH, T1 mapping with 
CMR has now been used to differentiate different causes of 
LVH. For example, in patients with Anderson-Fabry dis-
ease, there appears to be a unique pattern in comparison with 
healthy controls and other patients with LVH from causes 
such as hypertension, aortic stenosis, hypertrophic cardiomy-
opathy, and amyloid light-chain amyloidosis.69 This will be a 
fruitful area of investigation because the prognostic impact of 
LVH varies widely based on etiology and the pattern of hyper-
trophy and remodeling.70
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Cardiac Amyloidosis
Over the years, cardiac amyloidosis has provided opportunity 
for advances in imaging to be linked to physiology, pathology, 
characterization of different subtypes, hemodynamics, and bio-
markers. As advances in treatment have been identified, imag-
ing has been a cornerstone in evaluating potential treatment 
options, and, more recently, the response to treatment. Over 
many decades, advances in echocardiography, nuclear imaging, 
and CMR have been coupled with research in cardiac amyloido-
sis. In part, because of the diffuse nature of the cardiac involve-
ment and the fact that there is a combination of clinical and 
imaging features that have been accepted as being diagnostic 
short of myocardial biopsy, amyloidosis has and will continue 
to be a fruitful resource for the contribution of multimodality 

imaging to science and clinical care. Noninvasive evaluation of 
patients with cardiac amyloidosis has helped to advance under-
standing of conditions such as infiltrative cardiomyopathy, 
restrictive physiology, and assessment of diastolic function with 
extension into our understanding of heart failure with preserved 
ejection fraction. Amyloidosis has facilitated an understanding 
of the relationship between serum and imaging biomarkers with 
prognosis. One example of a recent contribution in this arena 
highlights the future potential with adaptation of standard CMR 
protocol redefining the continuum of cardiac disease in patients 
with amyloidosis71 (Figure 6). This study elegantly links sophis-
ticated reproducible imaging as a continuum with outcome 
while taking into consideration well-established echocardio-
graphic and serum biomarker predictors of outcome. Similar to 

Figure 4. Multimodality imaging in early detection of cardiac toxicity from cancer therapy. A, Black blood short-axis CMR image showing 
elevated T2 signal consistent with myocardial inflammation in several segments of the LV in a patient who started anthracycline-based 
chemotherapy several days before and presented with palpitations and a minimally elevated cardiac troponin. B and C, Contrast 
CMR short-axis images from a healthy control (B) and a patient who had anthracycline therapy for sarcoma 6 years before imaging 
(C) demonstrating no evidence of LGE. However, the extracellular volume from T1 measurements demonstrate a higher extracellular 
volume of 0.35 in the anthracycline-treated patient in comparison with a volume of 0.26 in the healthy control. (Images in A through E 
are courtesy of Dr Tomas Neilan, Massachusetts General Hospital, Boston, MA.) F and G, 2D echocardiographic images of a patient with 
breast cancer obtained before and after chemotherapy. There was normal LVEF prechemotherapy and 12 months after chemotherapy. 
Global longitudinal strain was normal at baseline but reduced 3 months after chemotherapy (images courtesy of Dr Thomas Marwick, 
Menzies Institute for Clinical Research, University of Tasmania, Australia). ANT indicates anterior; ANT_SEPT, anteroseptal; CMR, cardiac 
magnetic resonance; INF, inferior; LAT, lateral; LGE, late gadolinium enhancement; LV, left ventricle; LVEF, left ventricular ejection fraction; 
POST, posterior; and Sept, septal.
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the description of individuals with hypertrophic cardiomyopa-
thy without LVH, CMR here appears able to identify changes 
in T1 values and extracellular volume that likely represent early 
manifestations of cardiac disease in patients with amyloidosis. 
The role of these CMR-based techniques in redefining the tim-
ing of and response to treatment in amyloidosis and other infil-
trative diseases, as well, remains to be established, but it is a 
representation of the tremendous opportunity that advances in 
imaging can bring to the bedside.72 Recent work demonstrating 
that targeted amyloid-imaging agent (11C-Pittsburg compound, 
18F-Florbetapir) binds to myocardial amyloid light-chain and 
transthyretin amyloidosis deposits73,74 raises the possibility 
for early imaging biomarker identification of cardiac involve-
ment in this potentially devastating disease with opportunity 
for early intervention and treatment75(Figure 6). The utility of  
99mTechnetium-based tracers such as 99mTc-PYP or 99mTc-DPD,  
which bind avidly to bone, have resurfaced as important 

diagnostic imaging biomarkers in transthyretin amyloidosis 
cardiac amyloidosis76,77 (Figure 6).

Thus, as one reflects on cardiac amyloidosis over the 
past 35 years, one is able to recognize the contributions that 
this single disease has made in virtually all of the standard 
cardiac imaging modalities and the many technological 
innovations that have been associated with a deeper under-
standing of this unusual and relatively rare disease. As one 
projects forward, it appears that this will be an ongoing 
productive area for CV imaging. This may be a microcosm 
of the path that one would hope for CV imaging in general. 
Rather than being mostly an imaging curiosity, the imag-
ing advances will be more closely aligned with therapies 
as molecular imaging, serum and imaging biomarkers, 
quantitation of myocardial involvement, functional, hemo-
dynamic, and clinical status are linked to innovative and 
transformative therapies.

Figure 5. Advanced CMR imaging for phenoptyping patients with HCM. A, Cardiac structural and functional parameters shown to have 
significant independent association with the presence of sarcomere gene mutations in subclinical hypertrophic cardiomyopathy.  
B, Receiver operating characteristics (ROC) curve containing the 4 parameters and using patient classification according to study criteria 
for inclusion of carriers and controls as a reference, showed an area under the curve (AUC) of 0.85. C, In this case–control study, the 
authors used a 2×2 contingency table to calculate the percentage of rulings that agreed with genetic diagnosis and obtained a sensitivity 
of 75% (95% confidence interval [CI], 64–84) and specificity, 84% (95% CI, 73–91). AMVL indicates anterior mitral valve leaflet; CMR, 
cardiac magnetic resonance; FD, fractal dimension; G+LVH−, genotype positive, left ventricular hypertrophy negative; HCM, hypertrophic 
cardiomyopathy; and LVESViR, left ventricular end-systolic volume adjusted for age, body surface area, and sex. Reprinted from Captur  
et al64 with permission of the publisher. Copyright © 2014, American Heart Association, Inc.
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Prediction of Therapeutic Benefit
The arsenal of modern treatments for CV disease is rapidly 
expanding and now includes new interventions/devices (eg, 
drug-eluted and biodegradable stents, transcatheter aortic 
valve replacement (TAVR), implantable cardioverter defi-
brillators, biventricular pacemakers, and mechanical assist 
devices, to name a few) and drugs/biologics (eg, PCSK9 
inhibitors, anti-inflammatory therapies), with the promise of 
prolonging the quality and quantity of life. Precise identifica-
tion of which patients will derive the greatest health benefits 
from these therapies with minimal toxicities or complica-
tions is critically important. Quantitative imaging can make 

important contributions to the paradigm of precision medicine 
by providing accurate diagnostic and prognostic information, 
while also providing an objective way to measure treatment 
response or the need for treatment adaptation.

Congenital Heart Disease 
As an example, advanced imaging plays a key role in the 
optimal selection of treatment for patients congenital heart, 
for guiding these procedures, and for assessment of early and 
late treatment benefits and complications. Beginning before 
birth, echocardiography plays a critical role in the diagnosis 
of severe congenital heart disease. More recently, cardiac 
ultrasound has been increasingly used for patient selection 

Figure 6. Multimodality imaging of cardiac amyloidosis. A, 2D echocardiographic images demonstrating severe concentric LVH (Left and 
Center) and reduced circumferential strain involving only the base of the LV (images courtesy of Dr Frederick Ruberg, Boston Medical 
Center, Boston, MA). B, Representative transaxial MRI images representing the assumed progression of amyloid deposition in the 
heart over time. The earliest stages of amyloid infiltration demonstrate an expansion of the extracellular volume (ECV), quantified by T1 
mapping, without obvious late gadolinium enhancement (LGE). With continued amyloid deposition, there is an increase in ECV and the 
appearance of subendocardial LGE (arrows). In the advanced stages of the disease, there is further increase in ECV and a progression 
to transmural LGE. Images are modified from Fontana et al71 with permission of the publisher. Copyright © 2015, American Heart 
Association, Inc. C, Molecular imaging of cardiac amyloid deposits using 99mTc-pyrophosphate (PYP) SPECT, and 18F-florbetapir PET 
imaging. The PYP images demonstrate intense myocardial uptake primarily in transthyretin (TTR) amyloidosis, but not in nonamyloid LVH. 
Light chain cardiac amyloidosis (AL) generally shows no or very mild tracer uptake on bone scintigraphy. 18F-Florbetapir uptake is typically 
present in both forms of amyloidosis, but quantitatively higher in AL than TTR. No uptake is seen in nonamyloid LVH. LVH indicates left 
ventricular hypertrophy; and SPECT, single-photon emission computed tomography. Images reprinted from Falk et al75 with permission of 
the publisher. Copyright © 2014, American Heart Association, Inc.
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and procedural guidance of in utero catheter interventions 
such as balloon aortic valvuloplasty for critical aortic stenosis 
and evolving hypoplastic left heart syndrome and for stenting 
of intact atrial septum in lesions such as transposition of the 
great arteries.78 In the neonate and infant with borderline left 
heart structures, multimodality imaging plays a critical role 
in patient selection for a univentricular versus biventricular 
management strategy.79 Echocardiography establishes the 
diagnosis, measures the size of the left heart structures, and 
provides detailed information on valvular structure and func-
tion and flow velocity and direction, as well. CMR comple-
ments echocardiography by providing unique information on 
the presence and extent of endocardial fibroelastosis and flow 
quantification through the left and right sides of the heart. By 
combining information from these imaging modalities, clini-
cians tailor the surgical management of these patients with 
the overall goal of accomplishing a biventricular circulation 

in most infants in whom the left heart can be rehabilitated.79,80 
The roles of other imaging modalities to study cardiac ener-
getics, fiber orientation, diffuse fibrosis, and genotype-pheno-
type correlations are fertile areas for future research.

In adolescents and young adults with repaired tetralogy of 
Fallot, multimodality imaging is the mainstay of patient selec-
tion for pulmonary valve replacement and monitoring proce-
dural outcomes81 (Figure 7). In this rapidly growing patient 
population, echocardiography is used primarily for the assess-
ment of tricuspid regurgitation, RV pressure, and the pressure 
gradient across the RV outflow; CMR is the gold standard for 
measuring RV volumes, mass, ejection fraction, fibrosis, and 
associated arterial stenosis82; CT is used in patients with con-
traindications to MRI and for planning transcatheter implan-
tation of novel valves in the RV outflow tract83; and nuclear 
imaging is used for evaluation of regional pulmonary blood 
flow. Information from multimodality imaging is used in 

Figure 7. Multimodality imaging support of clinical decision for pulmonary valve replacement in repaired tetralogy of Fallot (TOF).  
A, Evaluation of pulmonary regurgitation by Doppler echocardiography showing mild, moderate, and severe degrees. Top, Spectral Doppler 
tracing. Bottom, Pulse Doppler interrogation in the left pulmonary artery showing degrees of diastolic flow reversal. B, Evaluation of tricuspid 
regurgitation by color Doppler echocardiography. C, Giant aneurysm of the right ventricular outflow tract imaged by contrast-enhanced 
magnetic resonance angiography (MRA). D, Severe proximal right pulmonary artery stenosis (arrow) imaged by contrast-enhanced MRA.  
E, Scar tissue in the right ventricular outflow tract (yellow arrow) and the anterior wall (red arrow). F, Computed tomography 3D 
reconstruction demonstrating the relationship between the left anterior descending (LAD) coronary artery and the right ventricular outflow 
tract (RVOT) in a patient with repaired TOF. Ao indicates aorta; LV, left ventricle; RCA, right coronary artery; and RV, right ventricle.
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concert to determine the timing and route (surgical or catheter) 
of pulmonary valve replacement. Novel imaging techniques 
such as strain imaging by speckle-tracking echocardiography 
and feature-tracking MRI,84,85 diffuse myocardial fibrosis by 
MRI T1 imaging,86 myocardial fiber orientation by diffusion 
tensor imaging, 3D printing for patient-specific design and 
in vitro testing of percutaneous valves,87 and assessment of 
myocardial energetics by PET and magnetic resonance (MR) 
spectroscopy are some of the areas that will attract the atten-
tion of imaging researchers in the coming years.

Percutaneous Valve Replacement: A Multidisciplinary 
Multimodality Approach 
In adult patients, from the earliest days of percutaneous aortic 
valve procedures88 through subsequent follow-up studies of 
which there are now many,89–92 imaging has played a central 
role in guiding decision making. The initial cohort of patients 
were those determined to be too high risk for surgical aortic 
valve replacement or inoperable,93,94 and this remains true in 
general, although, increasingly, patients who might previously 
have been considered high risk but appropriate for surgical 
aortic valve replacement are likely now undergoing TAVR. 
TAVR use is increasing markedly with a moderate decrease 
in surgical aortic valve replacement.95 Imaging coupled with 
clinical evaluation using risk scores helps to identify and tri-
age suitable patients for TAVR, and multimodality imaging 
has optimized pre- and intraprocedural assessment for sizing 

and delivery to reduce the likelihood of significant aortic 
regurgitation postprocedure.90 The complementary roles of 
transthoracic echocardiogram, transesophageal echocardiog-
raphy (TEE), and CT have greatly contributed to improv-
ing early and late outcomes96 (Figure 8). The learning that 
has come from iterative improvements in outcome by TAVR 
has played a central role in developing the multidisciplinary 
structural heart team approach involving interventionalists, 
surgeons, anesthesiologists, and imaging specialists. This 
approach guides patient selection, planning, and intraproce-
dural decision making, and post-TAVR management, as well. 
In some ways, this multifaceted, interdisciplinary approach 
has extended the cancer care tumor board model into an even 
more refined therapeutic model. The fruits of this learning are 
now evident in the early integration of multimodality imag-
ing in transcatheter mitral valve implantation97,98 where 2D 
and 3D transthoracic echocardiogram and TEE coupled with 
CT provide preprocedure data on annular segmentation and 
suitability of the landing zone, and predictors of LV outflow 
obstruction, as well; CT, TEE, and fluoroscopy are integrated 
intraprocedurally, and transthoracic echocardiogram and TEE 
provide postprocedural assessment of positioning and hemo-
dynamic success. The use of 4D CT after TAVR and surgical 
aortic valve replacement may also be used to uncover sub-
clinical leaflet thrombosis and guide antithrombotic therapy.99 
However, our study is limited by the absence of pathological 
confirmation, so the interpretation of reduced leaflet motion as 

Figure 8. Multimodality imaging role in planning and guiding TAVR. A, Multiplanar reformatted CT images of a patient with a small 
elliptical aortic annulus requiring a 20-mm Sapien 3 valve, highlights the importance of patient-specific sizing and the measurement 
of the left main height. B, Noncontrast CT images demonstrating a heavily calcified aortic annulus with a large nodule of protruding 
calcium. This is important to maintain a harmonious contour in the setting of protruding calcification, which can drive an increased 
risk of paravalvular aortic regurgitation and rupture of annulus (Images A and B are courtesy of Jonathon Leipsic, University of British 
Columbia, Canada). C, Aortic valve models from 3D transesophageal echocardiography for analysis and precise quantification of the 
aortic complex anatomy before TAVR. D, 3D TEE in a patient with a paravalvular leak in the mitral position, showing the deployment of the 
Amplatzer catheter through the leak (arrow). E, Amplatzer device in place (arrow) with resolution of the leak (Images C and E are courtesy 
of Alexandra Gonçalves, Brigham and Women’s Hospital, Boston, MA). CT indicates computed tomography; 3D, 3-dimensional; TAVR, 
transcatheter aortic valve replacement; and TEE, transesophageal echocardiography.
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thrombosis is based only on the imaging characteristics and its 
resolution with anticoagulation.

In the radiology world, fusion of different modalities has 
long been used, but real-time fusion of 2 different imaging 
modalities of the beating heart has been very challenging. 
This has been successfully achieved recently with fluoroscopy 
and TEE, and incorporated into transcatheter mitral valve 
implantation and other structural heart interventions where 
multiple stages of the procedure can be facilitated by this 
approach.100 The possibility to identify and treat most macro- 
and even microstructural heart disease percutaneously through 
advances and fusion of many different imaging modalities and 
techniques appears real and in our future.

Treatment Monitoring
The role of advanced imaging is also likely to grow in moni-
toring treatment response and guiding treatment adaptation 
(ie, intensification, reduction, discontinuation), especially 
important for patients undergoing treatment with drugs 
with potential off-target effects on the heart or high toxicity. 
Examples of this use include monitoring of cardiac function in 
patients undergoing cancer treatment that, as discussed above, 
is critical to prevent unintended CV morbidity and mortality, 
and assessing the presence and severity of inflammation in 
patients with large- and medium-vessel vasculitis or myocar-
dial inflammation (eg, sarcoidosis) undergoing immunosup-
pressive therapy. Quantification of persisting and increasing 

or decreasing inflammation after initiation of treatment may 
be useful in informing decisions regarding the duration of 
treatment, dose escalation or deescalation of toxic drugs, or a 
switch to alternative drugs.

Vasculitis 
The systemic vasculitides are a group of heterogeneous clini-
cal syndromes characterized by inflammation of the blood 
vessel wall, leading to disruption of wall architecture fol-
lowed by lumen obstruction and, in some cases, aneurysms. 
Consequently, the main clinical manifestations of these syn-
dromes are attributable to the vascular inflammation itself 
and, occasionally, to the ischemia in the organ perfused by the 
affected vessel. Imaging plays an important role in the early 
diagnosis of large- and medium-vessel vasculitis, which is 
often challenging because affected patients often present with 
nonspecific symptoms or laboratory test results. Ultrasound, 
CT angiography, MRI/MR angiography, and, more recently, 
PET/CT provide useful information regarding diagnosis (eg, 
vessel wall thickening, or radiotracer uptake suggesting vascu-
lar inflammation), assessment of disease extent by exploring 
multiple vascular territories, documentation of vascular com-
plications including aneurysms or stenosis, and quantifica-
tion of ischemia in affected organs (eg, heart)101 (Figure 9).102 
FDG PET/CT, in particular, appears to be more effective than 
structural imaging with MRI to track response to therapy. 
Small, single-center studies have shown that the reduction or 

Figure 9. Multimodality imaging of vascular inflammation. Left, Transaxial (A), sagittal (B), and coronal (C) computed tomography 
angiographic (CTA) images in a patient with aortitis, demonstrating marked concentric thickening (maximal wall thickness of 10 mm) 
of the ascending aortic wall to the level of the brachiocephalic origin, along with involvement of the ostia of the right and left coronary 
arteries, and a small pericardial effusion. 18F-fluorodeoxyglucose (FDG) PET images show intense metabolic activity corresponding to 
the areas of aortic wall thickening seen on CTA and consistent with active inflammation in a patient with aortitis. Right, Six months after 
prednisone therapy, the CTA images demonstrate a mild reduction in aortic wall thickness (arrows, to 8 mm), with an interval resolution 
of pericardial effusion. However, the FDG PET images show a marked reduction in metabolic activity in the ascending aorta, consistent 
with reduced inflammation in response to steroid therapy. CT indicates computed tomography; and PET, positron emission tomography. 
Reprinted from Veeranna et al102 with permission of the publisher. Copyright © 2015, American Society of Nuclear Cardiology.
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normalization of vascular FDG uptake correlates with clinical 
improvement and normalization of inflammatory markers.103

Kawasaki Disease 
In pediatric patients, imaging plays a critical role in the 
diagnosis of coronary artery complications attributable to 
Kawasaki disease, which is characterized by immune-medi-
ated vasculitis involving predominantly medium-size arteries 
throughout the body. Coronary complications including aneu-
rysm formation with or without thrombosis, luminal stenosis, 
dissection, and myocardial ischemia and infarction are the 
primary contributors to morbidity and mortality in this disease 
(Figure 10). Echocardiography is the primary tool for diag-
nosis of coronary involvement and for monitoring the effects 
of anti-inflammatory, immune modulators, antiplatelet, and 
antithrombotic agents on the coronary arteries and on other 
cardiac manifestations.104 Stress imaging either by echocar-
diography or MRI has been shown to be useful in the assess-
ment of stress-induced myocardial ischemia and LGE MRI 
has been used to evaluate myocardial viability.105 MRI- and 
PET-based novel imaging techniques have focused on assess-
ment of coronary vessel wall inflammation. For example, 
Greil et al106 have demonstrated the utility of MRI to image the 
coronary vessel wall, and Suda et al107 have used FDG PET to 
show that treatment with statins reduces coronary inflamma-
tion in children with Kawasaki disease. MRI T1 mapping for 
measurement of the extracellular volume fraction and optical 
coherence tomography for evaluation of vessel wall composi-
tion are examples of advanced imaging techniques that may 

shed new light on coronary and myocardial remodeling and 
response to therapy in these patients.108,109 As before, noninva-
sive imaging will continue to play a pivotal role in clinical tri-
als designed to evaluate new therapies for Kawasaki disease.

Sarcoidosis
Another example that illustrates the potential role of imaging 
for monitoring treatment is sarcoidosis, a multisystem inflam-
matory disorder of unknown etiology characterized by forma-
tion of noncaseating granulomas.110,111 Sarcoidosis can affect 
any organ in the body, but it most frequently involves the lungs, 
thoracic lymph nodes, and the heart.110,111 Although cardiac MRI 
and FDG PET/CT visualize different pathological manifesta-
tions of cardiac involvement, they are both useful for diagnosis 
and risk stratification of cardiac sarcoidosis112–114 (Figure 11). 
Symptomatic patients with abnormal imaging studies consis-
tent with active cardiac sarcoidosis are at increased risk for 
adverse events, including sudden cardiac death and ventricular 
arrhythmias, and are frequently considered for implantable car-
dioverter defibrillator therapy. In addition, higher-risk patients 
are frequently treated with anti-inflammatory therapies. FDG 
PET/CT, and potentially CMR, may provide useful informa-
tion for clinicians to identify patients who have a beneficial 
response to anti-inflammatory therapy while limiting the dura-
tion of such therapy, or considering alternative agents when no 
significant benefit is observed.115,116

Imaging Markers as Surrogate End Points in 
Clinical Trials
Well-designed clinical trials with appropriate end points are 
critical for advancing the understanding of disease and deter-
mining appropriate interventions. The role of imaging bio-
markers has become critical both in CV clinical practice and 
clinical research. As discussed above, imaging biomarkers 
are used in clinical practice to improve diagnosis of disease, 
quantify disease severity and stratify risk, guide management, 
and monitor patient response to therapy. In addition, imag-
ing is increasingly used in early and late phases of CV (and 
other; eg, cancer) drug development programs. Imaging helps 
improve the design of CV clinical trials in several impor-
tant ways: (1) enriches patient selection by identifying those 
demonstrating the therapeutic target (eg, vascular inflamma-
tion, myocardial ischemia), thereby reducing sample size; (2) 
ascertains efficacy; (3) searches appropriate dose ranges; (4) 
understands mechanisms underlying an outcome benefit; (5) 
studies subgroup differences; and (6) identifies early safety 
concerns (eg, off-target effects of cancer drugs).117 Clinical 
trials with imaging end points are also substantially shorter 
and less expensive. Although imaging trials by themselves are 
not sufficient for drug regulatory approval, they can provide 
evidence to inform decisions about larger outcome trials. An 
additional important advantage of incorporating imaging end 
points within clinical trials is that such imaging biomarkers 
can be translated into practice, thereby offering an opportunity 
for direct impact on patient outcomes.

Myocardial Infarct Imaging
The development of new therapies for limiting infarct size is 
an important goal in CV drug and device development. The 
ultimate measure of success of any new therapy or device is a 

Figure 10. Multimodality imaging of complications from coronary 
vasculitis in Kawasaki disease. A, 3D volume-rendered computed 
tomography angiography (CTA) showing interruption of the left 
anterior descending (LAD) coronary artery (white arrow) proximal 
to a calcified aneurysm (black arrow). B, Calcified plaques (arrow) 
in the LAD demonstrated by CTA (Images in B and B are courtesy 
of Dr Kelly Han, The Children’s Heart Clinic, Minneapolis, MN).  
C, Transthoracic echocardiogram showing a giant aneurysm 
in the LAD coronary artery (Aneu) with a luminal thrombus 
(arrow). D, Late gadolinium enhancement cardiac MRI showing a 
transmural scar (arrows) involving the mid and apical segments 
of the anterior LV wall. Ao indicates aorta; 3D, 3-dimensional; LA, 
left atrium; and LV, left ventricle.
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reduction in mortality. However, given the low mortality rates 
in clinical trials of patients treated with reperfusion therapy, it 
has become increasingly difficult to demonstrate a mortality 
advantage of a new treatment strategy or therapy versus stan-
dard care. Another disadvantage of examining only clinical 
end points to assess the efficacy of therapy is the limited infor-
mation available for providing insight into the mechanism 
by which a therapy might be beneficial. Given these limita-
tions with the application of clinical end points in myocardial 
infarction trials, there has been significant interest in the use of 
surrogate imaging end points. One of the most important sur-
rogate end points used in myocardial infarction trials has been 
the measurement of infarct size, initially using radionuclide 
techniques118 and, more recently, contrast-enhanced CMR119 
(Figure 12). Although the principal role of image-based 

infarct size measurements in myocardial infarction trials has 
been to assess the efficacy of novel therapies, the use of imag-
ing has also provided unique mechanistic insights. Indeed, 
these studies have clarified the effect of myocardium at risk, 
infarct location, baseline TIMI blood flow, time to reperfusion 
therapy, microvascular obstruction, and residual collateral 
flow to the infarct zone on myocardial infarct size.118,120 Such 
studies have also helped clarify that the higher mortality in 
certain patient subsets is not fully accounted for by infarct size 
(eg, elderly and diabetic patients).121–123 Recently, multimodal-
ity PET/MR has been introduced and this technique allows 
coregistered and simultaneous structural and functional imag-
ing of patients with acute myocardial infarction. This imaging 
facilitates understanding of the earliest metabolic and struc-
tural changes and has provided some unexpected findings in 

Figure 11. Multimodality imaging of cardiac sarcoidosis. Top, Representative mid short-axis gadolinium-enhanced MRI image (left) 
demonstrating intense LGE involving the anterior and anteroseptal LV segments, and the RV free wall (arrows) in a patient with 
known cardiac sarcoidosis. Corresponding myocardial perfusion and FDG PET images show intense glucose uptake reflecting active 
inflammation in the same areas showing LGE (right). Bottom, Representative limited whole-body FDG PET, and myocardial perfusion and 
FDG images in a patient with known cardiac and extracardiac sarcoidosis before and 4 months after steroid therapy. Before therapy, there 
is evidence of intense metabolic activity in the lungs, mediastinum, and patchy FDG uptake in the anterior and inferior walls and RV free 
wall, as well. There is complete resolution of FDG uptake in the heart, lungs, and mediastinum, consistent with a significant response to 
therapy. FDG indicates 18F-fluorodeoxyglucose; LV, left ventricle; PET, positron emission tomography; and RV, right ventricle.
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FDG uptake in reversibly damaged myocardium. The impact 
on long-term outcome remains to be determined, but PET/MR 
imaging has the potential to monitor novel therapeutic inter-
ventions in a way previously not feasible.124,125

Atherosclerosis Imaging 
Atherosclerosis is another area of great interest in the use of 
imaging biomarkers in drug trials. Although anatomic (inva-
sive and noninvasive) and functional imaging have tradi-
tionally been used in atherosclerosis trials, targeted imaging 
techniques have emerged as powerful markers of molecular 
and cellular processes directly involved in the pathobiology of 
this disease. Clinical imaging of plaque constituents is chal-
lenging because the plaque volume of interest in coronary 
and carotid arteries is small and the imaging signal is blurred 
by motion. However, imaging modalities with high sensitiv-
ity (PET) and high resolution (MRI) have demonstrated the 

greatest success for clinical translation, especially by using 
hybrid PET/CT and potentially PET/MRI.126

MRI provides comprehensive plaque characterization and 
it has been used most successfully in the carotid artery and 
the aorta.127 The main plaque components examined by MRI 
include the fibrous cap, lipid-rich/necrotic core, intraplaque 
hemorrhage, and calcification.128 In addition, conventional 
gadolinium-based contrast agents have been used to provide 
insights into plaque vascularity and inflammation.126,129,130 
The versatility of MRI for atherosclerosis imaging has been 
enhanced by the development of contrast agents (nanoparti-
cles) targeting specific constituents of human atheroma, espe-
cially monocytes/macrophages.131–134

PET/CT is a highly sensitive and promising noninvasive 
approach for atherosclerosis imaging in humans.135 The ratio-
nale behind the use of the glucose analog FDG is that active 

Figure 12. Multimodality imaging of carotid atherosclerosis. Carotid plaque colocalization by FDG PET, MRI, and histopathology. 
Representative data from a human subject showing features of atherosclerotic plaque in the right internal carotid artery, as characterized 
by FDG PET/CT; with coregistration CT (A); mean target:background ratio, 1.77; maximum target:background ratio, 2.09 (B, inset from A); 
C, dynamic contrast–enhanced MRI parametric map, mean Ktrans 1.78/min, and immunohistochemistry ex vivo (D and G, CD68+, 
26.9%; E and H, major histocompatibility complex class II, 21.3%; F and I, CD31+ 4.30 microvessels/mm2). MHC-II+ indicates major 
histocompatibility complex class II. Reprinted from Taqueti et al126 with permission of the publisher. Copyright © 2016, American Heart 
Association, Inc.
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inflammatory cells within human atheroma, especially mono-
cyte/macrophages, show increased metabolic activity and 
avidity for glucose. Increased FDG uptake in human athero-
sclerotic plaques localizes primarily within macrophages,136 
and correlates with macrophage density125,136,137 and high-
risk anatomic features of atherosclerotic plaque.137,139,140 The 
FDG signal appears be particularly enhanced in the setting 
of hypoxia141 and increased plaque microvascularization.126,142 
In addition, the quantitative FDG PET signal correlates with 
clinical indices of CV risk143 and circulating inflammatory 
biomarkers.144–147 The quantitative vascular FDG PET sig-
nal has been widely used as a surrogate end point to test the 
effects of anti-inflammatory drugs in clinical trials.148–155 FDG 
PET is actively being used as surrogate end point in many 
ongoing trials of atherosclerosis. More recently, other novel 
targeted imaging agents have been used with PET to charac-
terize inflammation134,156–160 and other aspects of plaque biol-
ogy including neoangiogenesis161 and microcalcifications,162 
and complications from atherosclerosis163 in experimental ani-
mals and humans, as well.

Challenges and Opportunities
The delivery of imaging services is undergoing a rapid trans-
formation from the traditional silo-based model to a more 
integrated, patient-centered model of CV imaging care. 
In the patient-centered model, the guiding principle is the 
shift in prioritization from volume to value, and the strategy 
revolves around aligning the right test for the right patient, 
at the right time. Under this new paradigm, the CV imaging 
specialist assumes a key role by assisting the referring clini-
cian in the selection of the most appropriate diagnostic strat-
egy for any given clinical question, thereby resulting in more 
appropriate use of imaging technology, reduced waste, and 
costs by minimizing downstream resource use (eg, unneces-
sary additional diagnostic testing and interventions). In the 
Choosing Wisely Campaign, up to 20% to 50% of imaging, 
in its broadest sense, has been considered unnecessary.164,165 
Traditionally, overuse would be managed by outside orga-
nizations such as radiology benefit management groups, 
similar to pharmacy benefits. This step adds to the increas-
ing bureaucracy of patient care and redistributes money that 
could be used more effectively to the delivery of health care. 
By 2017, clinicians will be mandated to use clinical decision 
support for advanced imaging for Medicare patients. As is 
usual, other payers will follow suit. With the growing impor-
tance of population management and the changes in pay-
ment for health services, this model will be better suited to 
assist healthcare organizations in defining the role of imag-
ing within a more rational care redesign strategy. The more 
appropriate use of imaging under the integrated noninvasive 
CV imaging services is and will continue to offer a tool to 
refine risk stratification and, more importantly, improve 
prediction of therapeutic benefit to help guide management 
decisions, especially the need for costly interventions (eg, 
coronary artery bypass surgery, percutaneous coronary infu-
sion, implantable cardioverter defibrillator placement, and 
others). Knowledge of the appropriate value of the differ-
ent noninvasive CV imaging modalities will be necessary to 
manage this fairly radical transition.

Redefining Cardiovascular Imaging Training 
Given the discussion above, it is necessary that we rethink the 
strategy and requirements for training future generations of 
CV imagers. The transition from a role that is solely focused 
on imaging interpretation and reporting, to one that will posi-
tion the imaging specialist as a consultant to the heart team 
will require a different set of skills and a fundamental change 
in the way we organize and provide training in CV imaging. 
The new requirements will include a broader skill set that 
will include: (1) multimodality training, focusing on not just 
advanced knowledge of each technique, but also the compara-
tive clinical, technical, and economical advantages and limita-
tions of different approaches; (2) advanced quantitative skills; 
(3) understanding molecular mechanisms of disease and 
molecular imaging techniques; and (4) outcomes research. The 
most recent COCATS Task Force on Multimodality Imaging166 
maintains the concept of levels of training in different imaging 
modalities but talks about the importance of enhanced integra-
tion of CV imaging by using a hierarchically complementary 
patient-centered approach. Aligned financial incentives, away 
from a fee-for-service approach, will be essential for this to 
become reality. Training programs will need to provide ven-
ues for integrated decision making so that the best test can be 
ordered for the right patient at the right time. Academic cardi-
ologists with broad-based knowledge and deep understanding 
of the attributes of the different modalities will be an impor-
tant component of rational clinical and CV imaging decision 
making and should play a significant role in the future clini-
cal practice of the next generation of cardiologists. That said, 
the technology and techniques are advancing so rapidly that a 
team-based philosophy such as the heart team in TAVRs, is an 
approach that appears to be fruitful, and training should focus 
on a patient-centered diagnosis rather than on the capability of 
one or other modality we might use.

Emphasis in Outcomes Research 
From the discussion above, it is clear that the dramatic expan-
sion of the options and sophistication of our imaging arma-
mentarium has enhanced our ability to improve diagnosis and 
therapeutic decision making. However, over the past decade, 
CV imaging has been at the center of the discussions about 
excessive growth and high-cost health care.167,168 Indeed, the 
explosive growth in imaging (twice that of other physician 
services) has resulted in a rapid escalation of the overall costs 
for testing. In addition, there is an increased awareness of the 
potential added risks associated with radiation from medical 
imaging.169,170 CV imaging may serve as a valuable component 
of a patient’s evaluation provided that the test results lead to an 
appropriate change in management with associated improved 
quality of life and long-term outcomes. Consequently, there is 
a need to focus future research efforts on outcomes research 
to define the value of imaging approaches on improving 
patient-centered outcomes.171 The hierarchical levels of evi-
dence outlined by Fryback and Thornbury172 >3 decades 
ago for diagnostic imaging tests remain relevant and should 
be incorporated into the design of patient-centered research 
studies: (1) technical quality: is the test reliable, reproduc-
ible and valid? Is it accessible?; (2) diagnostic accuracy: is 
it better than the alternative, or the same but at lower cost?; 
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(3) diagnostic impact: does the test impact decision making? 
how does the test compare with other tests?; (4) therapeutic 
impact: does the test improve selection of patients who benefit 
from a given therapy (eg, revascularization?); and (5) patient 
and societal outcomes: does the test help improve patient out-
comes at reasonable cost?

Comparative effectiveness research studies of alternative 
patient-centered imaging strategies are especially important 
to guide clinical practice and shape health policy.173 This was 
emphasized in a recent report from the Institutes of Medicine 
that outlined priorities for comparative effectiveness research 
involving diagnostic imaging. The recently completed random-
ized clinical trials evaluating the role of stress testing versus cor-
onary CT angiography for evaluating patients presenting with 
acute174–178 or stable179,180 chest pain syndromes provide excellent 
examples that have helped define the relative effectiveness of 1 
strategy over another with respect to safety, diagnostic accu-
racy, and costs, thereby providing sound scientific evidence that 
is already changing practice and health policy by payers. The 
next challenge for CV imaging is the need to demonstrate that 
an imaging-guided testing strategy improves health outcomes 
by optimizing treatment selection. For example, the ongoing 
International Study of Comparative Health Effectiveness With 
Medical and Invasive Approaches (ISCHEMIA) trial will help 
address the question of whether the presence of at least moder-
ate ischemia by stress imaging in patients with stable coronary 
artery disease can identify patients who will benefit from revas-
cularization.102,181 Funding for large clinical trials or registries 
testing the effectiveness of imaging-guided management strate-
gies will require a reworking of the current investment levels 
and priorities on the part of public and private agencies, and 
imaging and pharmaceutical companies, as well. As the next 
decade unfolds, we will likely see an increasing number of 
comparative effectiveness studies that are likely to prompt revi-
sions to our current views about the role of imaging in specific 
areas of CV disease. Such evidence may or may not confirm 
our sometimes strongly held views regarding the role of imag-
ing or imaging strategies for a given question, but will certainly 
provide more objective evidence on which to base management 
decisions, including the possibility that sometimes no testing 
may be better, and improve patient-centered outcomes.

Conclusions
Cardiovascular imaging is at a crossroad with respect to tech-
nological advances, with a shift in focus from single modal-
ity-based diagnosis to an integrated multimodality approach 
to comprehensive assessment of morphology, pathophysiol-
ogy, and biology of disease phenotype, risk stratification, and 
guidance of therapy. There is ample evidence that quantitative 
structural, functional, and molecular imaging techniques are 
helping translate scientific discoveries into noninvasive diag-
nostic approaches that allow refined phenotyping of disease and 
informed patient-centered management decisions. Advanced 
imaging has also become an indispensable tool of biomedi-
cal research because it allows studying specific cellular and 
molecular perturbations affecting the heart while also provid-
ing an opportunity to understand how systemic regulatory net-
works affect disease manifestations in the heart. The close link 
between disease biology and imaging biomarkers is facilitating 

and accelerating drug discovery by providing detailed quantita-
tive information of potential therapeutic effectiveness without 
the need of large clinical trials. CV imaging is also becoming 
an important component of drug discovery programs in other 
disciplines (eg, cancer) by allowing detection and quantification 
of potential CV off-target effects of novel drugs.

However, as medicine transitions from emphasis on quan-
tity to quality and value, the field of CV imaging must neces-
sarily evolve as well. We need to focus and expand our research 
efforts to help identify areas of CV medicine where imaging 
adds value by improving diagnosis and prediction of thera-
peutic benefit. With the expansion of imaging options and the 
paradigm shift to multimodality imaging, we may also need to 
revise the way we train the next generation of imaging special-
ists and scientists. As CV imaging provides clinicians with an 
exponentially ballooning amount of information and the costs 
of generating those data continue to escalate at a rate that is not 
sustainable, imaging specialists will have to partner with engi-
neers, statisticians, trialists, epidemiologists, and other experts 
to devise novel strategies for integrating imaging into a patient-
centered, high-value paradigm of healthcare delivery.
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