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Abstract

About 92.1 million Americans suffer from at least one type of cardiovascular disease. Worldwide, 

cardiovascular diseases are the number one cause of death (about 31% of all global deaths). 

Recent technological advancements in cardiac ultrasound imaging are expected to aid in the 

clinical diagnosis of many cardiovascular diseases. This article provides an overview of such 

recent technological advancements, specifically focusing on tissue Doppler imaging, strain 

imaging, contrast echocardiography, 3D echocardiography, point-of-care echocardiography, 3D 

volumetric flow assessments, and elastography. With these advancements ultrasound imaging is 

rapidly changing the domain of cardiac imaging. The advantages offered by ultrasound imaging 

include real-time imaging, imaging at patient bed-side, cost-effectiveness and ionizing-radiation-

free imaging. Along with these advantages, the steps taken towards standardization of ultrasound 

based quantitative markers, reviewed here, will play a major role in addressing the healthcare 

burden associated with cardiovascular diseases.
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Introduction

Confucius enunciated “I hear and I forget. I see and I remember…”. Interestingly, in 

cardiology, from utilizing sound for diagnosis based on auscultations [1] (from the 

Hippocratic period: 460 to 370 BC; still used in clinical practice today), techniques have 

evolved to translate ultrasound in to images for characterization of cardiac function. Medical 

use of ultrasound dates back to the 1940s with the use of ultrasound in cardiology being 

reported in the 1950s [2, 3]. Since then advancements in electronics and ultrasound 

transducers, coupled with signal and image processing algorithms have rapidly propelled the 

use of medical ultrasound with echocardiography regarded as one of cardiology’s 10 greatest 

discoveries of the 20th century [4].

Out of several imaging modalities available today for cardiac imaging, advantages 

associated with ultrasound include real-time imaging, imaging at patient bed-side (point of 

care), cost-effectiveness and ionizing-radiation-free imaging [5, 6]. The cost of other cardiac 

imaging modalities exceed that of 2D echocardiography by a factor of 3.1 to 14.0, whereas 

the cost of right and left heart catheterization, performed often to obtain diagnostic 

information, is greater by almost a factor of 20 [5]. As per the latest data from the American 

Heart Association, about 92.1 million Americans (more than 1 in 3 Americans) suffer from 

at least one type of cardiovascular disease [7] Worldwide, cardiovascular diseases are the 

number one cause of death (about 31% of all global deaths) [8]. Further, it is estimated that 

by 2030, the total annual cost associated with cardiovascular diseases in the United States 

will exceed $900 billion [7].

In briefly reviewing basic cardiac function, the heart is designed to respond to different 

loading (filling) conditions in the form of varying blood volumes and varying magnitudes of 

flow resistance. As a dynamic cyclic pump that is able to respond and adapt to varying flow 

requirements and pressure conditions, measuring the characteristics and functional 

parameters of the heart muscle becomes clinically relevant for assessing heart failure and 

myocardial ischemia (due to reduced blood flow to the heart). Abnormalities in the 

compliance of the heart muscle during the filling stage of the cardiac cycle (diastole) cause 

diastolic dysfunction and heart failure with preserved ejection fraction (HFpEF). 

Abnormalities in the pumping ability of the heart during the contraction of the heart muscle 

in the cardiac cycle (systole) causes systolic heart failure also known as heart failure with 

reduced ejection fraction (HFrEF).

Keeping in mind the advantages offered by ultrasound imaging and the healthcare burden of 

cardiovascular diseases, technological advancements have expanded the role of ultrasound in 

cardiac imaging. This review article will serve as an overview of some of these recent 

technological advancements in cardiac ultrasound including tissue Doppler imaging, strain 

imaging, contrast echocardiography, 3D echocardiography, point-of-care echocardiography, 

3D volumetric flow assessments, and elastography.
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Tissue Doppler Imaging (TDI)

For more than 50 years, since the first measurement of motion as well as flow in the heart 

was performed in Japan in the 1950’s by Satomura, the clinical use of ultrasound imaging 

has expanded dramatically [9, 10]. While ultrasound scanners have been detecting echoes 

scattered from blood based on the Doppler effect for most of that time [11], it was only in 

the late 1980’s that the concept of tissue Doppler imaging (TDI) for echocardiography 

(sometimes also referred to as Doppler myocardial imaging) emerged [12–14]. Conventional 

Doppler systems rely on high-pass filters to extract the high frequency, low amplitude 

signals caused by blood flow, but by inverting the signal processing TDI employs low-pass 

filters to isolate the low frequency, high amplitude signals associated with myocardial 

motion, in particular, the longitudinal component of the myocardial contraction [12, 13].

Tissue Doppler imaging measurements are performed using either the pulsed wave or the 

color coded modes. Pulsed wave TDI directly measures the instantaneous tissue velocity 

within a small (1-5 mm) sampling volume, while color coded TDI allows simultaneous 

interrogation of the entire color box (i.e., over a large region of interest; ROI), but 

necessitates post-processing to compensate for variations in the angle of interrogation across 

the color box in order to extract the mean tissue velocity (typically some 25% lower than the 

pulsed wave TDI values) [12, 13]. Both these modes rely on the pulsed Doppler principle 

but differ from one another based on the size of the region from which velocity 

measurements are performed, and how the resultant values are calculated and displayed. 

Consensus statements from a number of echocardiographic societies around the globe 

recommend quantitative TDI evaluations for assessment of systolic and diastolic left 

ventricular (LV) and right ventricular (RV) function, LV filling pressures and ventricular 

dyssynchrony, and for monitoring the treatment of patients with heart failure [15–18].

Over a cardiac cycle the pulsed wave TDI signal contains three peaks corresponding to the 

peak myocardial velocities during systole (s′ signifying myocardial contraction), early 

diastole (e′ signifying myocardial relaxation) and late diastole (a′ signifying active atrial 

contraction) (Fig. 1). Additionally, isovolumetric contraction and relaxation peaks can also 

be identified. Normal pulsed wave TDI values for s′, e′ and a′ can be found in the literature 

[12]. Quantitative TDI measurements can be used to characterize global and regional 

myocardial function and can provide prognostic markers for a number of cardiac diseases 

including coronary artery disease, heart failure and valvular heart diseases [12].

The use of TDI measurements has also been evaluated for prognosis post cardiac 

resynchronization therapy (a pacemaker based therapy for resynchronizing ventricular 

contractions). A meta-analysis of 8 cardiac resynchronization therapy studies involving over 

4,000 patients found that TDI had an 87–97% sensitivity and 55-100% specificity for 

differentiating between responders and non-responders [18]. However, these results were not 

confirmed by the prospective, multi-center PROSPECT trial, which resulted in sensitivities 

of 42-74% and specificities of 35-60% based on TDI assessments of responses to cardiac 

resynchronization therapy amongst 498 patients [19]. A meta-analysis of studies looking at 

detection of coronary artery disease concluded that TDI velocities provided significant 

separation amongst patients with and without coronary artery disease before and after stress 
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tests [13]. However, while at rest these differences were expressed in the peak systolic 

velocity (i.e., s′ amplitude) and post stress differences appeared in the early diastolic 

velocity (i.e., e′ amplitude) [13]. Early diastolic velocities by TDI are also frequently used 

to estimate filling pressures; however, in a recent meta-analysis of 24 studies, Sharifov and 

colleagues found a poor to mediocre correlation of the TDI-based technique with invasively-

determined LV filling pressures [20].

Limitations

With pulsed-wave TDI, only one sample volume can be interrogated at a time making the 

procedure time consuming. Although color coded TDI is faster as it allows multiple 

myocardial segments to be compared simultaneously, it requires post-processing to 

compensate for variations in the angle of interrogation and is much more susceptible to 

angular errors. TDI velocities acquired at angles greater than 20° (i.e., angle of incidence 

exceeding 20°) are not reliable [12]. Finally, the reproducibility of TDI measurements is 

relatively low and the absolute values are vendor specific [21, 22].

Strain Imaging

Strain imaging is a cardiac ultrasound technique to evaluate the myocardial deformation or 

the fractional change in the length of a myocardial segment. Interests in estimating 

parameters, specifically strain and elasticity, associated with myocardial deformation have 

evolved over the past several decades from techniques utilizing implanted cardiac markers to 

noninvasive imaging based strain estimation techniques using magnetic resonance imaging 

(MRI), computed tomography (CT) or ultrasound [23–26]. The interest in strain imaging 

stems from the ability to understand regional and global cardiac mechanics and to evaluate 

for early, subclinical LV dysfunction, which may not be adequately described by more 

standard parameters such as LV ejection fraction (EF). Myocardial deformation is a result of 

contraction and relaxation of the cardiac muscle fibers in the longitudinal, circumferential 

and radial directions during the cardiac cycle. Therefore, the measurements of myocardial 

deformations are typically made along these three axes, resulting in longitudinal strain, 

circumferential strain and radial strain, relative to a specific instant in the cardiac cycle [27]. 

Unlike myocardial velocity, strain is less susceptible to effects of tethering (i.e., influence of 

neighboring regions), cardiac translation, and loading conditions [26]. Two ultrasound based 

techniques used to estimate the strain associated with myocardial deformations are TDI, as 

discussed in the previous section, and speckle-tracking echocardiography (STE) [27, 28].

TDI based strain imaging

As previously mentioned, TDI depicts velocities within the myocardium as compared to 

conventional Doppler imaging that depicts velocities associated with the blood [29]. Strain 

rate which describes the rate of myocardial deformation can be derived from the ratio of the 

differences in these tissue velocities at two locations divided by the distance between the two 

locations. Myocardial strain (natural strain) is then calculated as the temporal integral of the 

TDI-derived strain rate; from this Lagrange strain can be found using the mathematical 

relationship (Lagrange strain = exp (natural strain) −1) [27]. Myocardial displacement can 

also be obtained by integrating a localized velocity profile obtained using TDI. TDI-based 
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strain techniques are limited primarily by angle dependency and the requirement for high 

frame rates. In addition, radial and circumferential strain by TDI can only be assessed in a 

limited number of LV segments.

STE based strain imaging

Two-dimensional STE relies on a semi-automated method to match speckle patterns in 

consecutive frames to estimate displacement of an ROI and therefore, provide an estimate of 

strain and strain rate (Fig. 2). This technique is, however, limited by the potential for 

through-plane speckle motion (i.e., speckle pattern movement with respect to the scan plane 

during a cardiac cycle; through-plane motion also affects TDI based measurements) and is 

therefore most reliable for longitudinal and circumferential (rather than radial) strain. The 

issue of through-plane motion can be overcome by 3D STE, which allows for the 

simultaneous measurement of global and regional longitudinal, circumferential, and radial 

strain. Three-dimensional STE utilizes specialized algorithms such as correlation analysis, 

block-matching (also utilized with 2D STE), elastic registration or model based approaches 

to quantify strain [30]. Both 2D and 3D STE, however, require image quality such that the 

morphological details of the myocardium can be tracked from one frame to the next. Lastly, 

3D STE is limited at times by suboptimal temporal and spatial resolution (due to 3D 

acquisitions), but continued advancements in ultrasound transducer technology and 

beamforming are ongoing to overcome these issues.

Current Clinical Status of Strain Imaging

The time required for strain analysis and the lack of software and speckle-tracking algorithm 

standardization from the various vendors currently have prevented complete adaptation into 

routine clinical practice [30]. In fact, a meta-analysis of 2597 subjects from 24 studies 

demonstrated that normal values for global longitudinal, circumferential and radial strain 

varied significantly between studies citing vendor differences to be a source for these 

variations. In this study, the normal values for global longitudinal, circumferential and radial 

strain ranged from −22.1% to −15.9% (95% CI: −20.4% to −18.9%), −27.8% to −20.9% 

(95% CI −24.6% to −22.1%) and 35.1% to 59.0% (95% CI: 43.6% to 51.0%), respectively 

[31]. In an attempt to reduce inter-vendor variability, a consensus document was published 

in 2015 by members of the European Association of Cardiovascular Imaging, the American 

Society of Echocardiography and industry that standardized definitions and procedures for 

implementing STE [32]. Despite these ongoing issues, global longitudinal strain is emerging 

as an important parameter in clinical practice to determine etiology of cardiomyopathies, to 

aid with cardiac resynchronization therapy, and to track patients receiving potentially 

cardiotoxic chemotherapy [32, 33]. Continued efforts at standardization between different 

vendors and further clinical research may pave the way for more widespread adoption of 

strain imaging in echocardiography.

Contrast Echocardiography (CE)

While echocardiography is the most commonly used imaging modality for evaluating 

cardiac structure and function [34, 35], an estimated 20% of these studies may be 

suboptimal [36, 37]. Suboptimal image quality served as a catalyst for the development of 
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commercial, microbubble-based, ultrasound contrast agents, which aid in the enhancement 

of the blood-pool tissue interface [38]. Although agitated saline has been used as a contrast 

agent for over 35 years, the microbubbles in agitated saline are too short-lived and too large 

to pass through the pulmonary capillary circuit thereby limiting their use [39]. As a result, 

commercial contrast agents were specifically engineered so the microbubbles were small 

enough (< 8 μm) to pass through the capillaries in the lungs to reach the left heart [39].

Compared to muscle, fluid, such as blood, typically appears anechoic (i.e., black) on an 

ultrasound image since red blood cells do not scatter ultrasound pulses as much as tissue. 

However, when ultrasound interacts with microbubbles, it causes them to oscillate (i.e., 

contract and expand), thereby increasing backscatter of the ultrasound beam [40]. The 

backscatter increases the echogenicity of the blood-filled region, making targets such as the 

LV walls easier to visualize (Fig. 3) [40]. Left ventricular opacification (LVO) for 

endocardial border detection (EBD) benefits from harmonic imaging with a low acoustic 

intensity to limit the possibility of causing adverse biological effects and improve the 

contrast-noise ratio [41]. Left ventricular opacification also enables more accurate 

quantitative evaluation of LV size and systolic function by assessment of chamber volumes 

and EF [42, 43]. The correlation and agreement of LV EF is significantly improved with the 

addition of contrast to echocardiography compared to MRI (from 0.6 without contrast to 0.8 

with contrast; p < 0.05), which is considered the reference standard for LV EF assessment 

[42, 44]. Volume measurements with 2D and 3D CE agree moderately with MRI [45]. The 

reliability of LV function measurements is especially important for individuals requiring 

serial testing, such as those receiving potentially cardiotoxic chemotherapy [44, 46].

Contrast agents also have a greater utility beyond EBD including assessment of structural 

cardiac abnormalities, evaluation of myocardial perfusion, and differentiation of intracardiac 

masses [46]. Because CE improves the ability to visualize the LV endocardium, a 

sonographer is able to create images that are not foreshortened and to better identify apical 

abnormalities such as apical-variant hypertrophic cardiomyopathy, apical aneurysms, and 

apical thrombi and tumors, which are often missed without contrast. Lastly, CE can also aid 

in the identification of LV non-compaction cardiomyopathy which is characterized by deep 

myocardial recesses and trabeculations, which results from the lack of normal compression 

of the layers of the myocardium [47].

Contrast echocardiography is also used with both pharmacologic and exercise stress 

echocardiography to improve EBD and facilitate evaluation of regional wall-motion before 

and after stress in order to exclude myocardial ischemia [48]. Although considered an off-

label application, myocardial perfusion imaging (MPI) provides additional diagnostic and 

prognostic value to stress echocardiography, since it can help detect perfusion abnormalities 

in the sub-endocardium even when wall motion is still normal [49, 50]. The MPI technique 

uses short-high MI ultrasound pulses to destroy microbubbles within the heart muscle. The 

contrast is replenished in areas with normal perfusion, while replenishment is delayed or 

absent in regions with significant coronary obstruction [51]. MPI is also being used to help 

evaluate perfusion of the myocardium after infarction, to assess outcomes after coronary 

revascularization, and in those undergoing heart transplant [52–54].
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Contrast echocardiography is highly sensitive (> 90%) for diagnosing intracardiac masses 

such as thrombi and tumors [46, 55]. Because a thrombus is an avascular collection of 

clotted blood; it will appear as a darkened area surrounded by contrast (Fig. 3) [46]. On the 

other hand, both benign and malignant masses are vascular to some degree [55]. In addition, 

if contrast perfusion in a mass occurs quickly, the probability is higher that it is malignant 

rather than benign (e.g., mass refilling velocity of 10.5 s−1 vs. 0.9 s−1 for a secondary 

malignant tumor vs. a myxoma, respectively) [55]. Lastly, contrast use during 

transesophageal echocardiography (TEE) prior to an electrical cardioversion can help 

differentiate thrombus in the left atrial appendage from other normal structures, 

reverberation artifact, and slow flow [46, 56].

Contrast echocardiography can also help to transform 90% of suboptimal studies into 

diagnostic exams, which may shorten time to diagnosis thereby significantly affecting 

patient management and care [37, 57]. It has been estimated that alterations in patient 

management, such as modifying drug regimens or performing additional tests/procedures, 

can be avoided in more than a third of patients with the use of CE; this translates to a cost 

savings of at least $122 per patient [57]. In summary, CE is a cost-effective, reliable, and 

efficient method to improve suboptimal images, decrease reader variability, and increase the 

accuracy of diagnosis, and, therefore, has become an established tool in many cardiac 

ultrasound laboratories.

3D Echocardiography

Three-dimensional (3D) echocardiography represents a major advance in the field of cardiac 

ultrasound and has become an established tool for the evaluation of cardiac structure and 

function. Attempts at 3D echocardiography with mechanically driven scanning techniques 

originated as early as 1974 [58], but these techniques were cumbersome, produced only 

static images, and were utilized primarily for research purposes [59]. ‘Real-time 3D 

echocardiography’ (in which the transducer remains stationary) became possible in the early 

1990s with the development of matrix-array transducers (which contain up to 3,000 

piezoelectric elements) and advances in parallel processing technology [59]. While 3D 

echocardiography is limited by lower spatial and temporal resolution compared to 2D 

echocardiography and 3D-specific artifacts, the technique allows cardiac structures and 

pathology to be viewed from unique, “life-like” perspectives, which would otherwise not be 

possible.

3D Echocardiography Acquisition and Display Techniques

With current real-time 3D echocardiography systems, a pyramidal or volumetric dataset is 

acquired with the use of a 3D-capable matrix array transthoracic or TEE probe. The size of 

the volume is denoted by the lateral (azimuth) and elevation planes and depth of the 

acquisition. The varying acquisition modes are the ‘live’ or narrow-angle mode 

(approximately 30 × 60 degrees), zoom or magnification mode (approximately 30 × 30 

degrees), and the ‘full-volume’ or wide-angle mode (approximately 90 × 90 degrees) [59, 

60]. Three-dimensional echocardiography can also be integrated with color flow Doppler in 

all three acquisition modes but the flow measurements are limited by the lower volume 
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imaging rates. Due to the decreased temporal resolution of 3D images with increasing 

volume size and/or the addition of color Doppler, temporal resolution can be improved (>30 

Hz) with electrocardiographically gated ‘multi-beat’ mode whereby multiple sub-volumes 

from several cardiac cycles are joined together to create a single volumetric dataset [60]. 

This technique improves temporal resolution, but at the cost of the “stitch artifact,” which is 

due to improper co-registration of sub-volumes caused by respiratory artifacts or irregular 

heart rhythms [60].

Three-dimensional echocardiography images can be displayed in multiple formats after 

image acquisition has been performed (Fig. 4). The most commonly used display method is 

the ‘volume-rendering’ whereby individual voxels are enhanced to produce depth perception 

for the viewer. These images can be cropped and oriented into views that best show the ROI 

and their spatial relationship to surrounding structures. ‘Multiplanar reconstruction” is a 

tomographic imaging technique whereby multiple 2D views (sagittal, coronal, and 

transverse planes) are created from the volumetric dataset and visualized simultaneously. 

Lastly, a ‘surface rendering’ is a computer-generated solid or wire-frame image of the 

surface of a 3D structure, which is usually created with manual or semi-automated tracing of 

a structure such as the LV or the mitral valve [60]. These last views are generally utilized for 

advanced quantitative analysis of cardiac structures.

Important Applications of 3D Echocardiography

Quantitative volumetric assessment of the LV including calculation of LV EF with 3D 

echocardiography is currently recommended over 2D echocardiography when feasible [60, 

61]. Three-dimensional echocardiography overcomes limitations of 2D tomographic 

imaging (e.g., LV foreshortening and geometric assumptions regarding LV shape) [60]. 

Moreover, in a large meta-analysis of 23 studies (involving 1,638 echocardiograms), 

comparing volumes measured with both 2D and 3D echocardiography with volumes 

measured using cardiac MRI, the pooled biases for LV volumes were significantly lower for 

3D (end diastolic volume: −19.1 ± 34.2 ml and end systolic volume: −10.1 ± 29.7 ml) than 

for 2D echocardiography (end diastolic volume: −48.2 ± 55.9 ml and end systolic volume: 

−27.7 ± 45.7 ml) [62]. A newer, fully ‘automated adaptive analytics algorithm’ for 3D 

analysis of the LV has recently been developed, which utilizes knowledge-based 

identification of global LV shape and chamber orientation followed by patient-specific 

adaptation to detect LV endocardial surfaces [63]. This algorithm and other such automated 

analyses have decreased total 3D analysis time as compared to manual 3D echocardiography 

methods [63, 64].

Three-dimensional echocardiography has revolutionized the assessment of valvular heart 

diseases. With 3D transesophageal echocardiography, the mitral valve can be visualized en 
face in the “surgeon’s view” as visualized in the operating room at the time of mitral valve 

repair [60]. Three-dimensional echocardiography has been used for identification of 

prolapsing mitral valve segments (based on 3D renderings of the mitral valve [65–67], for 

evaluating mitral and aortic regurgitation [68, 69] and for evaluation of mitral valve stenosis 

[70].
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Three-dimensional echocardiography has emerged as an important tool in the pre-procedure 

planning and intra-procedure guidance of catheter-based structural heart disease procedures. 

Prior to transcatheter aortic valve replacement, 3D echocardiography can provide an 

important assessment of the aortic annulus and aortic root complex to determine the size and 

final positioning of the valve prosthesis [60, 71]. Atrial septal defect size is more accurately 

determined in 3D, since the presence of residual shunting after percutaneous closure is 

strongly associated with underestimation of defect size by 2D echocardiography [72]. Lastly, 

3D echocardiography has become essential for determining patient suitability for valve 

repair, and for guiding percutaneous cardiac interventions including mitral valve repair [60, 

65], closure of paravalvular prosthetic valve defects [60, 73], and left atrial appendage 

closure [60].

Point of Care Ultrasound

Point-of-care ultrasound (POCUS) is performed where a patient is being imaged or treated at 

the bedside, in an emergency department (ED), or even outside of a hospital rather than in an 

ultrasound lab [74]. Point-of-care ultrasound has been used for over two decades for clinical 

decision making and in the management of both the adult and pediatric patients [75, 76]. 

However, the advent of smaller and more portable technology has increased the availability 

and use of POCUS, which has led to multiple new applications of the diagnostic method 

[77]. For many physicians, including those in emergency medicine and critical care, POCUS 

is quickly becoming an integral tool for patient management decisions.

Kimura has provided an exhaustive review of POCUS drawing comparisons between 

traditional cardiac physical examination and describing the advantages of POCUS as a 

limited but informative ultrasound examination; the economic, quality of care and medico-

legal considerations of POCUS are also discussed [78]. Following his review of 52 articles, 

Kimura concludes that POCUS augments physical exam findings and clinical assessment in 

cases of LV systolic dysfunction, left atrial enlargement, pulmonary edema or interstitial 

disease and pleural effusion, whereas expert ultrasound practice may be required in the 

assessments of right ventricular enlargement or pulmonary hypertension, valve regurgitation 

and severe aortic stenosis [78]. Moreover, based on a wide range of users (from medical 

students to cardiologists), the addition of POCUS increased the accuracy of clinical findings 

[78, 79]. For example, in a multicenter study of 443 patients referred for bedside 

consultation, a pocket size echocardiography device provided significantly higher diagnostic 

value (sensitivity: 88%; specificity: 86%) as compared to physical examination alone 

(sensitivity: 75%; specificity: 62%) and physical examination combined with 

electrocardiography (sensitivity: 80%; specificity: 67%) [79].

Fox et al. showed that the use of POCUS may be advantageous in the screening of certain 

clinical conditions in a dedicated patient population, e.g., hypertrophic cardiomyopathy in 

young athletes, since such conditions may not be readily identified by physical examination 

alone [80]. In a prospective study involving 78 patients (in the ED and intensive care unit) 

POCUS was useful in providing confirmation of correct supra-diaphragmatic central venous 

catheter placement (sensitivity: 86.8% and specificity: 100%) in less time (median time: 16 

minutes) relative to chest radiography (median time: 32 minutes) [81]. In another study of 
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2683 patients presenting with dyspnea and admitted after ED evaluation, the performance of 

POCUS and standard ED workup for diagnosis of clinical conditions were compared [82]. 

While there were no statistically significant differences in the accuracy of POCUS and 

standard ED workup for the diagnosis of most clinical conditions, the time taken to arrive at 

the diagnosis by POCUS (24±10 minutes) was significantly lower (p = 0.025) than that for 

the standard ED workup (186±72 minutes) [82]. Dedicated POCUS protocols, therefore, 

have the potential to enhance the efficiency of current workflow and to better stratify 

patients needing additional evaluations. In another observational study from 20 hospitals in 

the United States and Canada POCUS was performed at the beginning and end of advanced 

cardiac life support in 793 patients suffering from out-of-hospital or in-ED cardiac arrest 

with pulseless electrical activity or asystole [83]. Results showed that cardiac activity 

identified by POCUS was the variable best associated with survival to hospital admission; 

POCUS also helped to identify findings that corresponded to non-advanced cardiac life 

support interventions [83].

Recognizing the potential role of POCUS in cases of hypotension and cardiac arrest, the 

members of the Ultrasound Special Interest Group of the International Federation for 

Emergency Medicine presented a consensus statement in 2016 based on prospectively 

collected disease incidence data which described two protocols for the use of sonography in 

hypotension and cardiac arrest (SHoC) [84]. Both SHoC protocols prescribe a hierarchial 

scanning methodology comprising core, supplementary and additional views based on the 

“4F” approach – fluid, form, function, filling [84]. For both the SHoC protocols, subxiphoid 

or parasternal long axis cardiac view initiates the scanning hierarchy for clinical diagnosis 

[84]. Given this international consensus statement, the role of POCUS on clinical diagnosis 

and subsequent management of patients presenting in the ED with hypotension or cardiac 

arrest is likely to increase. Knowledge of the hemodynamic status of critical care patients is 

essential; therefore, it is not surprising that the most common application of POCUS in the 

intensive care units is to assess the heart [85]. Focused cardiac ultrasound (FoCUS) is a 

simplified approach to addressing a specific clinical question in a particular scenario, but as 

with all POCUS applications, the scope of what can or should be assessed is limited [86, 

87]. However, the FoCUS scan is a rapid way of obtaining information about the heart (i.e., 

wall contraction, chamber dilatation, valve motion), which can be used to help determine the 

cause of a patient’s condition [87].

While POCUS is a tool that should be used for screening and as an adjunct to assessment, it 

should not be considered a replacement for other diagnostic methods [88, 89]. Because 

POCUS is not a comprehensive exam, all existing pathology may not be detected or fully 

examined, but the findings from the test can expedite clinical care [90].

3D Volumetric Flow Assessment

Assessment of cardiac blood volume is clinically useful for the diagnosis and management 

of a variety of clinical malignances. The estimation of volumetric flow using Doppler-based 

spatial velocities multiplied by the luminal cross sectional area is well established. 

Validation of this approach has been performed in in vitro flow phantoms by Hoyt and 

colleagues [91]. In this study, three individual operators used five separate ultrasound 
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scanners to estimate flow volume in a phantom over a range of 100 to 1000 ml/min. The 

study demonstrated excellent correlation between controlled flow rates and ultrasound-

derived flow measurements for all five systems (r2 > 99.1%), indicating this approach is 

accurate in scenarios where the lumen geometry is homogenous and properly visualized 

[91]. Clinically, this approach for volumetric flow assessment has been applied to the 

quantification of blood volumes in a variety of vascular structures in both adults and fetuses 

[92–94]. Despite this acceptance, numerous issues arise with this approach including 

heterogeneous flow, irregular lumen geometries, and the pulsatile nature of flow over the 

cardiac cycle [95]. These limitations become increasingly arduous when computing 

volumetric flow within the heart. However, recent advances in the design of real-time 

volumetric transducers (i.e. 4D imaging) combined with improved velocity estimation 

algorithms using Doppler or speckle tracking approaches now hold promise for improving 

the estimation of volumetric blood flow across the cardiac system.

The implementation of Doppler using 4D probes for the quantification of blood flow has 

been reported over the last 10 years [96–98]. Kripfgans and colleagues used this approach 

using a mechanically controlled 3D probe and a custom flow phantom, showing strong 

overall accuracy (+/− 15% or actual flow values) [97]. Importantly, it was also demonstrated 

that this accuracy was independent of Doppler angle and could be translated to in vivo 
applications (the group later showed a correlation of r2=0.95 between 4D ultrasound flow 

measurements and invasive blood flow meters in the femoral arteries of canines) [96, 97]. In 

a similar study, Forsberg et al. investigated a 4D Doppler system with semi-automatic flow 

estimation software [98]. Again using an in vitro flow phantom, blood-mimicking fluid was 

used to generate pulsatile flow at rates of 60-600 ml/min. The volumetric Doppler system 

showed excellent correlation with flow-meter measurements (r2 > 0.99) [98]. In vivo 
validation was then performed in the distal aorta of 6 rabbits, again showing excellent 

correlation (r2 = 0.86) between the 4D Doppler system measurements and an invasive 

flowmeter [98]. This approach was then translated to a pilot clinical trial in order to use 4D 

Doppler flow estimation for the assessment of carotid stenosis [99]. In a prospective trial, 

semi-automated volumetric Doppler estimates were obtained in 59 patients referred for 

clinical carotid ultrasounds. Strong agreement was found between the volumetric Doppler 

measurements and internal carotid artery peak systolic velocity (interclass correlation 

coefficient of 0.83) and between volumetric Doppler and ratio of internal carotid to common 

carotid peak systolic velocity ratio (interclass correlation coefficient of 0.65) [99]. Hence, 

these approaches are believed to provide a reasonable alternative to 2D volumetric blood 

flow measurements, with less angle dependency, less operator dependence, and greater 

reproducibility.

Recent developments in ultrasound imaging technology have led to the development of high 

frame rate ultrasound imaging with frame rates exceeding 20,000 frames/second [100]. 

Imaging at these high frame rates allow for new areas of imaging research, including plane 

wave imaging with ultrafast Doppler and high resolution vector flow imaging [101]. These 

advancements have proven useful for cardiac applications and have recently been used for 

complete visualization of Doppler blood flow over the entire heart at ultrafast frame rates 

[101], evaluation of cardiac electrophysiology [102], strain imaging [103], and the 

quantification of blood velocities using vector projections by tracking speckle movement 

Dave et al. Page 11

Ultrasonics. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[104]. For example, Van Cauwenberge et al. recently used ultrafast imaging with 2D speckle 

tracking to estimate intraventricular blood flow in neonates [105]. The group found good 

overall performance of this technique (underestimation and angular deviation of 28% and 

13.5° during systole and 16% and 10.5° during diastole), but noted that out of plane vector 

motion compromised overall findings. Despite these limitations, 2D ultrafast imaging 

systems are now commercially available and their adoption for cardiac applications is 

expected to continue to grow.

Ultrafast ultrasound imaging has also been implemented on 4D probes using the matrix 

array transducers described above. Potential advantages of this implementation include 

limiting angle dependency, reducing out of plane motion, and providing a complete 

volumetric representation of both flow and cardiac structure. Provost and colleagues 

developed a custom 32 × 32 matrix array probe capable of performing 3D shear wave 

imaging, 3D ultrafast Doppler imaging, and a combination of 3D tissue and flow Doppler 

imaging at volume acquisition rates of thousands of volumes/second [101]. This custom 

platform was then used for cardiac imaging to track blood flow over the course of a single 

cardiac cycle, and also to investigate the motion of red blood cells at the carotid bifurcation 

[101]. Similarly, this group implemented 4D ultrafast imaging on a 1024 channel matrix 

array to obtain volumes at over 4000 volumes/second and validate their velocity-derived 

volumetric flow rates both in vitro and in vivo [106]. In a flow phantom, the group found 

less than 5% error in estimated flow volume, but these errors increased at higher flow rates 

and velocities (18.3% at 490 ml/min and 1.3 m/s). Finally, the group also performed 

preliminary in vivo imaging, quantifying the total volume flow over a single cardiac cycle 

and also demonstrating an ability to visualize 3D vortices [106]. While these approaches are 

still in their infancy, the ability to quantify blood flow using commercially available, 

volumetric transducers with either Doppler or ultrafast imaging is expected to improve 

clinicians’ ability to estimate volumetric cardiac blood flow in the near future.

Elastography

This section discusses three elastography techniques, acoustic radiation force impulse 

(ARFI) imaging, shear wave elasticity imaging (SWEI) and supersonic shear imaging (SSI) 

that all have the potential to significantly enhance the clinical evaluation of the heart. These 

three techniques use acoustic radiation force to mechanically stimulate tissue and monitor 

the response [107, 108]. Acoustic radiation force is one of the non-thermally mediated 

bioeffects of ultrasound, which is generated by a change in the density of energy and 

momentum of the propagating waves due to the absorption, reflection and scattering from 

inclusions or from spatial variations in propagation velocity [109]. ARFI imaging is 

considered a qualitative elastography technique, as it can provide relative measures of tissue 

stiffness, while SWEI is considered a quantitative elastography technique that can provide 

absolute measures of tissue stiffness [109, 110]. The third imaging technique, SSI, is also 

quantitative, as it can map the stiffness of soft tissue characterized by the Young modulus 

defined by the slope of the stress/strain curve [108].

There are several fundamental differences between these three imaging modalities that are 

comprehensively reviewed by others [108, 111], and describing these differences in detail is 
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outside the scope of our current review. Briefly, ARFI uses a radiation force induced by a 

focused ultrasound beam to create a two-dimensional stiffness map by recording elasticity 

information from the axis of the pushing beam [111]. Unlike ARFI, that does not use shear 

waves, SWEI and SSI generate shear waves and aim to measure the velocity of shear wave 

propagation in tissue using different approaches. SWEI is based on a conventional imaging 

approach, using a single pushing beam to generate shear waves which are tracked at multiple 

off-axis lateral locations, distributed throughout the field of view with known separation 

distance from the pushing beam [111]. SSI is based on the use of ultrafast ultrasound 

imaging to track the shear wave. Unlike SWEI which can be implemented on existing 

clinical systems, SSI is a technique that requires a specialized ultrasound scanner (e.g., 

SuperSonic Imaging’s Aixplorer®) that creates a near plane wave supersonic shear front by 

rapidly successively focusing the supersonic push at multiple axial depths and then 

monitoring the shear wave propagation off-axis at multiple locations [111]. This technique 

uses ultrafast imaging (frame rate of 10,000 images per second) to measure the propagation 

speed of shear waves acoustically induced in tissue, allowing for the assessment of absolute 

tissue stiffness [108, 112].

Myocardial stiffness is considered to be an important component in the pathophysiology of 

diastolic dysfunction [113] and in HFpEF [114]. Myocardial stiffness is also an important 

parameter in clinically diagnosing hypertrophy (myocardial thickening) caused by high 

blood pressure [115] and dilated cardiomyopathy [116, 117]. Current methods directed at 

quantifying cardiac function using measures of the dynamic material properties of the 

myocardium, such as invasive cardiac chamber cavity pressure measurements and 

ultrasound-based strain and Doppler imaging are indirect measures of material properties of 

the myocardium and are typically load dependent [110, 118, 119]. However, ARFI imaging, 

SWEI and SSI are able to directly assess the mechanical properties of tissue [111, 112, 120, 

121].

Vejdani-Jahromi et al. demonstrated that SWEI assessment of a Langendorff perfused rabbit 

heart was able to measure the relaxation time constant (τ), an important assessment of 

diastolic dysfunction and the shear modulus of stiffness of the myocardium, providing a 

systolic/diastolic stiffness ratio that provides a direct measure of load-independent 

myocardial stiffness [110]. In addition, they demonstrated that ARFI-based relative stiffness 

measurements correlate well with SWEI absolute stiffness measurements [110]. Hsu and 

colleagues demonstrated that ARFI imaging with an intracardiac probe positioned in the 

right atrium was able to monitor radiofrequency ablation better than standard B-mode 

images, as ARFI imaging was able to delineate variations of tissue stiffness within the area 

of myocardium at the ablation site, monitoring the extent of ablated tissue and differentiating 

it from the surrounding healthy tissue [122, 123]. Song et al. have investigated the impact of 

myocardial anisotrophy (muscle fiber orientation changes through the thickness of the wall) 

on shear wave speed in both a finite element model and when imaging different left 

ventricular wall segments from different transthoracic views in healthy children [124, 125]. 

In addition, this group recently systematically evaluated possible transthoracic 

echocardiographic views for cardiac shear wave elastography in both healthy children and 

adults [124, 126].
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Similar to ARFI imaging and SWEI, SSI is a fairly new ultrasound-based diagnostic 

technique that relies on the use of acoustic waves remotely inducing a radiation force on 

tissue within the body. Supersonic Shear Imaging has shown the potential to provide 

clinically relevant information about tissue material properties that cannot be assessed 

currently without the use of radiopharmaceuticals and expensive imaging equipment. Pernot 

et al. recently demonstrated that SSI evaluation of passive diastolic myocardial stiffness can 

differentiate areas of the heart tissue that have been only transiently injured (stunned 

myocardium) and remain viable with the possibility of functional recovery versus tissue that 

has been irreversibly damaged (infarcted myocardium) in an ovine model [118]. 

Differentiating stunned myocardium (viable) versus infarcted myocardium (dead tissue) has 

been historically evaluated using radiopharmacologic agents such as Thallium-201 and 

single-photon emission computed tomography (SPECT) scans, and more recently using 

other radioactive isotopes and positron emission tomography (PET) scans. If SSI proves to 

be reliable and effective in identifying stunned versus infarcted myocardial tissue in the 

clinical setting, this technique could help identify patients that would benefit from cardiac 

interventions, such as coronary stent placement and coronary artery bypass, while 

decreasing exposure to radioactive agents used in current myocardial viability imaging.

Much work is still needed to assess which acoustic radiation force excitation methods will 

be clinically useful for cardiac evaluations in humans. Investigations thus far demonstrate 

that several elastography techniques have the potential to provide clinically meaningful 

information regarding myocardial stiffness in cardiac disease.

Conclusion

With the advancements summarized in the above review related to tissue Doppler imaging, 

strain imaging, contrast echocardiography, 3D echocardiography, point-of-care 

echocardiography, 3D volumetric flow assessments, and elastography, ultrasound imaging is 

rapidly changing the domain of cardiac imaging. The advantages offered by ultrasound 

imaging (with respect to real-time imaging, imaging at patient bedside, cost-effectiveness 

and ionizing-radiation-free alternative) coupled with steps towards standardization of 

ultrasound based quantitative markers will play a major role in addressing the healthcare 

burden associated with cardiovascular diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Appendix A: List of Abbreviations

ARFI acoustic radiation force impulse

CE contrast echocardiography
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CT computed tomography

EBD endocardial border definition

ED emergency department

EF ejection fraction

FoCUS focused cardiac ultrasound

HFpEF heart failure with preserved ejection fraction

HFrEF heart failure with reduced ejection fraction

ICU intensive care unit

MI mechanical index

MPI myocardial perfusion imaging

MR(I) magnetic resonance (imaging)

LV left ventricle/ventricular

LVO Left ventricular opacification

PET positron emission tomography

POCUS point-of-care ultrasound

RV right ventricle/ventricular

SHOC sonography in hypotension and cardiac arrest

SWEI shear wave elasticity imaging

SWI shear wave imaging

SPECT single-photon emission computed tomography

STE speckle-tracking echocardiography

TDI tissue Doppler imaging

TEE transesophageal echocardiography
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Highlights

Recent technological advancements in the field of cardiac ultrasound are reviewed

Contrast echocardiography has become an established practice in cardiac 

ultrasound

Standardization will translate these advancements for clinical cardiac imaging
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Figure 1. 
Color-coded tissue Doppler curves are displayed on the left after image post-processing. 

Pulsed-wave tissue Doppler curve is shown on the right with sample volume placed at the 

septal mitral annulus (e′=early diastolic velocity, a′=late diastolic velocity, and s′=systolic 

velocity; the peak after s′ and before e′ corresponds to the peak in the isovolumic 

relaxation phase, and the peak after a′ and before s′ corresponds to the peak in the 

isovolumic contraction phase).
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Figure 2. 
Longitudinal strain by two-dimensional speckle-tracking echocardiography is shown in the 

apical four chamber view in top left. Bull’s eye map showing individual longitudinal strain 

values for all myocardial segments with color overlay and global longitudinal strain is 

shown in the top right. Longitudinal strain curves for ventricular segments in the four 

chamber view are shown at the bottom.
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Figure 3. 
Endocardial borders are not well visualized without contrast (top left). Contrast 

microbubbles opacify the left ventricle improving delineation of endocardial borders (top 

right). A papillary muscle (white arrow), a normal intracardiac structure, is outlined by the 

contrast. Contrast enables clear visualization of an apical thrombus (arrow; bottom left) and 

apical tumor (bottom right). The presence of a vascular channel and enhancement with 

contrast help to differentiate apical tumor from apical thrombus.
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Figure 4. 3D Echocardiographic Images
Panel a (top): Volume rendering showing wire in left ventricle during transcatheter aortic 

valve replacement (left); wire-frame surface rendering superimposed over multiplanar two-

dimensional views of left ventricle (middle); and color-coded surface rendering of left 

ventricle with each color representing a single ventricular segment (right). Panel b (bottom): 

Volume rendering of mitral valve depicting posterior-leaflet mitral valve prolapse (left); 

surface rendering of mitral valve with color gradations representing degree of prolapse 

relative to annular plane (middle); and volume rendering with color Doppler depicting 

severe mitral regurgitation due to mitral valve prolapse (right).
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