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Abstract

Congenital heart defects (CHD) are the most prevalent congenital disease with 45% of deaths 

resulting from a congenital defect are due to a cardiac malformation. Clinically significant CHD 

permit survival upon birth but may become immediately life threatening. Advances in surgical 

intervention have significantly reduced perinatal mortality, but the outcome for many 

malformations is bleak. Furthermore, patients living while tolerating a CHD often acquire 

additional complications due to the long-term systemic blood flow changes caused by even subtle 

anatomical abnormalities. Accurate diagnosis of defects during fetal development is critical for 

interventional planning and improving patient outcomes. Advances in quantitative, multi-

dimensional imaging is necessary to uncover the basic scientific and clinically relevant 

morphogenetic changes and associated hemodynamic consequences influencing normal and 

abnormal heart development. Ultrasound is the most widely used clinical imaging technology for 

assessing fetal cardiac development. Ultrasound-based fetal assessment modalities include M-

mode, 2D, and 3D/4D imaging. These datasets can be combined with computational fluid 

dynamics analysis to yield quantitative, volumetric and physiological data. Additional imaging 

modalities, however are available to study basic mechanisms of cardiogenesis, including optical 

coherence tomography, micro-computed tomography, and magnetic resonance imaging. Each 

imaging technology has its advantages and disadvantages regarding resolution, depth of 

penetration, soft tissue contrast considerations, and cost. In this review, we analyze the current 

clinical and scientific imaging technologies, research studies utilizing them, and appropriate 

animal models reflecting clinically relevant cardiogenesis and cardiac malformations. We 

conclude with discussing the translational impact and future opportunities for cardiovascular 

development imaging research.

1.0 Introduction

Congenital heart defects (CHD) are the most common congenital disease (Yang, Khoury et 

al. 1997) with estimated incidence rates as high as 10 in 1000 live births (Hoffman and 

Kaplan 2002). Furthermore, 45% of deaths resulting from a congenital defect are due to a 

cardiac malformation (Yang, Khoury et al. 1997). CHD comprise a highly variable group of 

malformations affecting the heart, great vessels, and outflow tract ranging in severity and 
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often times altering the hemodynamics in the heart. The ability to treat CHD and the 

survivability is varied. In many instances, minor septal defects do not require surgery (Roest 

and de Roos 2012) but complex malformations such as hypoplastic left heart syndrome 

require immediate postnatal surgical intervention and the survival rate after the first week of 

life for these patients can be as low as 39% (Samanek 1992). Within the past three decades, 

improvements in fetal cardiovascular imaginghas been instrumental in evaluating the heart 

and diagnosing CHD prenatally (Kleinman, Hobbins et al. 1980) contributing to the 

postnatal survival of patients born with complex CHD (Bonnet, Coltri et al. 1999; 

Tworetzky, McElhinney et al. 2001). Furthermore, when a CHD is present, evaluating the 

spatial progression of the defect over gestation allows for important developmental 

information to be learned (Hornberger, Sanders et al. 1995; Hornberger, Sanders et al. 

1995). With the advancements in imaging technologies, surgical planning and intervention is 

improving but not all defects are detected prior to birth.

Beyond the heart, patients who suffer from a CHD have a higher susceptibility for further 

long term health concerns. Conditions such as hyponatremia, anemia, and renal dysfunction 

are frequently encountered along with a higher susceptibility for developing dementia in 

patients who have a CHD (Dimopoulos, Diller et al. 2008; Dimopoulos, Diller et al. 2009; 

Dimopoulos, Diller et al. 2010; Gorelick, Scuteri et al. 2011). Many of these long term 

complications are due to blood flow changes from the malformation, causing a cascade of 

events resulting in lifelong health problems. Prenatal assessment of CHD has the ability to 

improve perioperative management and surgical outcomes that can ideally return the 

hemodynamic environment of the heart close to its native state, reducing the downstream 

affects caused by systemic blood flow changes.

The genetic contribution to the development of a CHD varies with the malformation but less 

than 10% of many common defects can be traced to a genetic origin (Pierpont, Basson et al. 

2007), suggesting that there are several other mechanisms at the root of CHD development 

paving the way for scientific research. Several imaging modalities that exist beyond the 

clinic allow scientists to visualize the dynamic and tortuous geometries seen through 

cardiogenesis revealing a mechanistic understanding of cardiovascular development. 

Understanding the functional contributions of multiple cell types, secreted factors, and 

mechanical influences in the developing heart is critical for identifying the origins of cardiac 

anomalies. Progression through the use of animal models has been made through surgical 

manipulations and genetic perturbations to dissect out contributions to proper cardiogenesis 

and dismorphogenesis. Scientists have made considerable strides in piecing together the 

complex mechanisms involved during cardiogenesis but many questions still remain.

Multi-dimensional, dynamic imaging is an invaluable contribution to the study of 

cardiovascular development, in particular heart development. Imaging systems available for 

the clinicis limited with ultrasound being the most widely used modality (Roest and de Roos 

2012). Scientifically, several methods exist for imaging the embryonic heart. Each modality 

used scientifically has its own advantages and limitations associated with it including 

resolution, depth of field, soft tissue contrast, and cost. In this review, we introduce common 

imaging modalities used clinically and scientifically to assess heart development discussing 

the capabilities and limitations for each. We then focus on the clinical significance of the 
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current scientific research utilizing these modalities. We conclude by discussing the 

translational importance between the research performed in the laboratory and fetal cardiac 

imaging in the clinic.

2.0 Clinical Fetal Cardiac Imaging

The foremost widely used imaging modality for fetal cardiac imaging is ultrasound. 

Ultrasound imaging offers several imaging modes, each of which generates different 

information about the developing heart. Collectively, the capabilities of ultrasound allow for 

anatomical and physiological abnormalities to be identified over a broad range of fetal 

development.

2.1 M-Mode and Two- Dimensional Ultrasound

M-mode (motion mode) ultrasound generates 1-dimensional spatial information along the 

axis of the sound beam with high (kHZ) temporal resolution. The fixed transducer position 

produces a single beam transverse to the heart. M-mode is not able to distinguish if 

structures are translating or rotating off of the beam axis (Bushberg, Seibert et al. 2002). M-

mode ultrasound imaging can evaluate motion of the heart such as the heart rate, valve 

function, and myocardium movements and is used to assess basic anatomical measurements 

such as wall thickness and chamber size (Rajiah, Mak et al. 2011).

More specifically, the heart rate and rhythm is evaluated above and below the 

atrioventricular valve through the atrial and ventricular walls (Allan 2004). Supraventriular 

tachycardia and atrial flutter, the most common fetal arrhythmias, are determined in this 

manner (Small and Copel 2004). Furthermore, M-mode ultrasound imaging can be used to 

measure the shortening fraction and the peak systolic and diastolic ventricular diameters 

(Rajiah, Mak et al. 2011). The shortening fraction represents the difference between the end 

diastolic and end systolic ventricular diameters normalized to the end diastolic ventricle 

diameter. This metric is indicative of ventricular function (2006).

Evaluation of the cardiac long axis function utilizes M-mode ultrasound imaging, 

specifically when analyzing annular displacement in the right ventricle due to the 

longitudinal orientation of the muscle (Allan 2004; Sklansky 2004). Gardiner and colleagues 

found that a near linear relationship exists between maturation of the fetus and long axis 

function within the heart using M-mode ultrasound imaging (Gardiner, Pasquini et al. 2006). 

The metrics that Gardiner established provide baseline information for long axis function 

that can be used to evaluate the health and function of the heart throughout gestation using 

long axis assessments. Long axis abnormalities can be detected much earlier in development 

through M-mode ultrasound and are indicative of ischemia from changes in wall stress and 

abnormal coronary perfusion seen in the earlier stages of a diseased heart (Gardiner, 

Pasquini et al. 2006).

Two-dimensional (2D, B-Mode) ultrasound has been the established clinical method for 

fetal heart imaging for the past 20 years (Sklansky 2004). 2D ultrasound transducers have 

high spatial and temporal resolution providing valuable diagnostic information but it is 

largely dependent on the expertise of the ultrasound technician. 2D ultrasound images are 
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comprised of a set of 2D slices through the tissue but proper interpretation of the results 

requires mental acuity to visualize the information in three dimensional space (Stoll, 

Alembik et al. 1998; Allan 2000).

2.2 Three-Dimensional and Four-Dimensional Ultrasound

Three-dimensional (3D) ultrasound acquires projections through multiple angles of the fetus 

and then the image is reconstructed into a three dimensional volume in a similar manner 

how a CT scan is acquired. 3D imaging allows for quantitative spatial metrics to be 

determined and multiple planes to be viewed revealing complicated geometry that is not 

easily viewed on traditional 2D scans (Rajiah, Mak et al. 2011). Furthermore, four-

dimensional (4D) imaging or real time 3D imaging incorporates temporal resolution coupled 

with cardiac gating for viewing the fetus in time and three spatial dimensions.

Within the last 15 years, research in fetal cardiac imaging using 3D/4D ultrasound has 

increased with prominent studies being reported since the mid-1990s (Deng, Gardener et al. 

1996; Nelson, Pretorius et al. 1996; Sklansky, Nelson et al. 1999; Meyer-Wittkopf, Cooper 

et al. 2001; Deng, Yates et al. 2002; Maulik, Nanda et al. 2003). The primary objective of 

3D ultrasound has been to acquire a volumetric dataset for reconstruction of the fetal heart in 

three spatial dimensions. In more recent years, studies have focused on improved processing 

and identification of cardiac fetal abnormalities for better diagnostic capabilities. 

Modifications to the ultrasound transducer are one method used to improve ultrasound 

imaging. For example, a transducer using matrix technology acquires a pyramid-shaped data 

set simultaneously minimizing motion artifacts that affect the reconstructed data set in post-

processing (Herberg, Steinweg et al. 2011). Herberg and colleagues assessed the ability of 

fetal 3D reconstructive echocardiography using a free hand technique and matrix technology 

to compare fetal cardiac findings as compared to the traditional 2D ultrasound. The 

visualization rate of real time 3D echocardiography using matrix technology was equivalent 

to 2D ultrasound and significantly lower for free hand reconstruction (Herberg, Steinweg et 

al. 2011). Real-time 3D ultrasound images were acquired in the four chamber view and left 

ventricular outflow tract view (Figure 1) (Herberg, Steinweg et al. 2011). Real time 3D 

echocardiography improved visualization of the short axis, aortic arch, and ductal arch over 

the 2D ultrasound standard (Herberg, Steinweg et al. 2011). When compared to postnatal 

findings, real time 3D and 2D ultrasound was significantly more accurate than free hand 3D 

ultrasound echocardiography (Herberg, Steinweg et al. 2011). Furthermore, Zabadneh and 

colleagues determined that 3D ultrasound can serve as a complete diagnostic for congenital 

heart defects (Zabadneh, Santagati et al. 2011). 3D ultrasound provides information on 

extracardiac malformations commonly seen with congenital heart disease providing a 

complete diagnosis of the syndrome (Zabadneh, Santagati et al. 2011). The diagnostic 

accuracy for congenital heart defects using 3D ultrasound was superior with optimal results 

found in fetuses older than 24 weeks, where heart morphology was best viewed (Zabadneh, 

Santagati et al. 2011).

Fetal cardiac ultrasound imaging employs a four chamber view for diagnosing intracardiac 

CHD (Allan, Crawford et al. 1986; Copel, Pilu et al. 1987; Chaoui 2003). Conotruncal 

abnormalities may not be visualized with this method (2006). Anomalies in the ductal and 
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aortic arches can be imaged with the three vessels and trachea (3VT) view to improve the 

detection of CHD (Yagel, Arbel et al. 2002). Moreover, live xPlane imaging is an 

acquisition technique using a matrix-array probe which enables visualization of the fetal 

heart pulsations in real time (Maulik, Nanda et al. 2003; Acar, Dulac et al. 2005; Goncalves, 

Espinoza et al. 2006). Two real-time, high resolution views can be displayed simultaneous 

with live xPlane imaging. A study by Xiong and colleagues demonstrated that starting with 

the four chamber view plane, several additional visualization planes are easily found 

including the left outflow tract, right outflow tract, and 3VT (Xiong, Chen et al. 2012). In a 

simultaneous study, Xiong and colleagues established a method to use 3D ultrasound 

coupled with live xPlane imaging to visualize the ductal and aortic arches from the 3VT 

view simultaneously (Xiong, Chen et al. 2012). Xiong et al found that the 3VT view with 

live xPlane imaging detected CHD not easily seen with the standard 4 chamber view (Xiong, 

Chen et al. 2012). The accuracy of the clinical measurements was confirmed through either 

autopsy following pregnancy termination or postnatal echocardiography (Xiong, Chen et al. 

2012). In an additional study, Xiong and colleagues used 3D ultrasound with live xPlane 

imaging to view a ventricular septal defect in a fetal patient (Figure 1) (Xiong, Liu et al. 

2012).

Multidimensional, dynamic imaging extends to flow imaging techniques for further 

assessment of the fetal heart. Classically, Doppler principles has been used for blood flow 

imaging where differences in the blood velocity is resolved in space but with a resolution 

trade-off as compared to 2D ultrasound imaging techniques (Bushberg, Seibert et al. 2002). 

B-flow imaging is a technique that provides direct visualization of blood flow with gray-

scale sonography (Furuse, Maru et al. 2001). B-flow imaging is a non-Doppler founded 

technology that utilizes digital ultrasound to display flow based on intravascular echoes in 

real time (Wu, Zhang et al. 2012). Wu and colleagues determined through a clinical study 

that real time 3D ultrasound with B-flow imaging detected the outflow tracts, great arteries, 

and veins that merge into the heart in fetuses with cardiac anomalies establishing a method 

which aides in the evaluation of fetal cardiovascular hemodynamics (Wu, Zhang et al. 

2012).

2.3 Image Processing and Analysis

2.3.1 Volumetric Reconstruction—A direct volume scan is obtained when the scan 

time of the ultrasound is significantly less than the spatial movement of the anatomy being 

imaged; therefore, the movement of the fetal anatomy is negligible (Deng and Rodeck 

2004). Prominent phasic changes in the fetal heart include filling and ejection of the 

ventricles. These volume changes occur in 50 to 100ms; therefore, a minimum of 50ms/

volume is required for acquisition using a direct volume scan (Deng and Rodeck 2004). 

Wang et al have shown that this minimal requirement can be met with real time 3D 

ultrasound imaging using a 2D array transducer (Wang, Deng et al. 2003).

In contrast, an indirect volume scan uses a set of slices containing data of the fetal heart 

from a cross sectional transducer. In post processing, the slices are computationally binned 

based on time points within the cardiac cycle and then 3D volumes are ascertained (Deng 

and Rodeck 2004). Using an indirect method for obtaining volumetric information is the 
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most widely used method clinically due to the high spatial and temporal resolution of the 

transducer. Research has used spatial tracking (Nelson 1998) and temporal tracking (Deng, 

Gardener et al. 1996; Nelson, Pretorius et al. 1996; Deng, Birkett et al. 2001) for obtaining 

the data set.

2.3.2 Image Gating—Specification of image acquisition, referred to as gating, is designed 

to limit motion artifacts either during the image scan (prospective) or computationally after 

the entire dataset has been obtained (retrospective) (Gregg and Butcher 2012). Prospective 

gating requires laborious upfront instrumentation for synchronizing the image acquisition 

with the fetal cardiac cycle but the back end computation is minimal. Conversely, 

retrospective gating acquires all possible images within the dataset and then image slices are 

coupled through spatial or temporal correlation. As previously mentioned, indirect 

volumetric scans use retrospective gating techniques to reproduce the fetal heart volumes 

computationally based on phase information after the scan is complete.

2.3.3 Multi-Planar Reformatting and Surface Displays—Due to the variability in 

ultrasound acquisition attributed to the experience of the technician, scan time, and fetal 

position, mutli-planar reformatting corrects for variability in image acquisition by re-

establishing the plane being viewed from variations in the dataset. Mutli-planar reformatting 

did not become possible until 3D ultrasound (Sklansky, Nelson et al. 1997). Direct 

acquisition of the desired fetal cardiac view is preferable where an experienced operator can 

direct the sound beam towards the specific anatomy needed to be imaged (Deng and Rodeck 

2004).

Furthermore, the ability to change the surface characteristics computationally of the cardiac 

anatomy enables easier quantification of anatomical metrics. This is applicable in instances 

where the cardiac chambers are displayed as solid objects, known as a negative surface 

display (Deng and Rodeck 2004). Volumetric analysis of the fetal heart chambers over the 

course of development becomes increasingly clear with negative surface displays. Color 

surface displays have been useful with 3D/4D blood flow ultrasound imaging. Blood flow 

directionality information is discerned effectively with color surface displays seen in a study 

by Deng and colleagues (Deng, Yates et al. 2002).

2.3.4 Spatiotemporal Image Correlation—Spatiotemporal image correlation (STIC) 

reconstructs a volumetric dataset within an entire cardiac cycle based on a 3D dataset from 

approximately 1500 B-mode images slices from five transverse planes acquired during the 

imaging scan (Godfrey, Messing et al. 2012). STIC processing coupled with 3D/4D 

ultrasound has emerged as a powerful diagnostic tool for assessing the fetal heart and has the 

ability to increase diagnostic accuracy of CHD (DeVore, Falkensammer et al. 2003). In 

post-processing, systolic peaks are identified and the fetal heart rate is back calculated 

(Figure 2)(Yagel, Cohen et al. 2007). STIC provides high levels of information which can 

counteract the ambiguities associated with fetal imaging concerning the fetal placement 

during the scan and the ultrasound technician. Adriaanse and colleagues conducted a 3 year 

study that examined the diagnostic agreement of multiple physicians for CHD screenings 

through a telemedicine approach using 4D ultrasound with STIC. Through a telemedicine 

setting, cardiac abnormalities can be accurately diagnosed by a medical expert and 
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agreement amongst medical professionals based on the 4D ultrasound with STIC 

(Adriaanse, Tromp et al. 2012). Coupled with 3D/4D ultrasound STIC has the capability to 

address ambiguities seen in the clinic but also provides adequate information for 

telemedicine settings which become increasingly desirable for rural communities who do not 

have access to echocardiographic specialists. The most problematic limitation of STIC is 

motion artifacts from fetal breathing which distorts the B-mode 2D image stack leading to 

inaccuracies in the volume rendering (Yagel, Cohen et al. 2007). In an exam, the quality of 

the B-mode images is assessed prior to accepting the volumetric information that is given 

through STIC processing (Yagel, Cohen et al. 2007).

2.4 Future Directions

For the improvement of fetal cardiac imaging, spatial resolution and depth of field 

parameters have to be optimized. For detecting cardiac malformations in early development, 

high resolution ultrasound imaging is needed to resolve the small, tortuous anatomy. 

Ultrasound biomicroscopy offers resolution capabilities in the microscopic range (Deng and 

Rodeck 2004) but the depth of penetration is not sufficient for imaging through the mother 

to the fetus, limiting this technology to scientific inquiry to date. Studies are exploring the 

use of magnetic resonance imaging for fetal cardiac assessment. Votino and colleagues 

imaged 106 fetuses, 66 that were normal and 40 which had a CHD using magnetic 

resonance imaging. The four chamber view of the heart was visualized in 98.1% of the cases 

and the sensitivity for detecting a malformation was 88% with a specificity of 96% (Votino, 

Jani et al. 2012). Imaging the right and left outflow tract was influenced by fetal movement 

and the sensitivity for detecting a cardiac defect of the right and left outflow tracts was 59% 

and 63% respectively (Votino, Jani et al. 2012). Votino et al concluded that magnetic 

resonance imaging was sufficient for detecting heart anomalies in the four chamber view but 

not reliable for the outflow tract malformations and could be used as a secondary method for 

assessing the heart with ultrasound still being the gold standard (Votino, Jani et al. 2012). 

Minimally invasive approaches for diagnosis, monitoring, and prenatal intervention are 

attractive for endoscopic ultrasound applications with studies becoming prominent a little 

over a decade ago (Sydorak, Nijagal et al. 2001). More recently, prenatal intervention is 

suggested for the most severe of CHD where postnatal survival is low. In the case of 

hypoplastic left heart syndrome, surgical interventions are attractive given the bleak 

outcome postnatal. Two groups have explored balloon valvuloplasty for aortic valve stenosis 

seen in these cases (McElhinney, Marshall et al. 2009; Arzt, Wertaschnigg et al. 2011). 

Technical success is high for this procedure but several peri-operative complications exist 

including critical bradycardia, thrombosis, and fetal demise (Arzt and Tulzer 2011). The 

success rate of complex prenatal interventions is low and many improvements still remain. 

The clinical ideal for prenatal intervention is having a multi-modal, multifunctional catheter 

which has optical and ultrasound imaging capabilities coupled with surgical features (Deng 

and Rodeck 2004) but the design of these devices plus the technical parameters of prenatal 

surgery provide areas for impactful research.

Gregg and Butcher Page 7

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2015 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.0 Scientific Embryonic Cardiovascular Imaging

Growth, patterning, and differentiation during embryogenesis occur within multiple length 

and time scales (Dehaan and Ebert 1964). Exploring the functional contributions influencing 

morphogenesis has been aided by the use of animal models and a variety of assays to 

analyze these contributions in vitro, in situ, and in vivo. Genetic mutations and 

microsurgical interventions have slowly but consistently elucidated mechanisms implicated 

in tissue morphogenesis and dysmorphogenesis. Reporter models and local labeling 

strategies have been effective to identify and follow heterogeneous tissue patterning and fate 

decisions during embryonic development. Advancing imaging technology, in parallel with 

experimental improvements, is critical for identifying developmental phenomena and 

following downstream effects. Direct microscopic visualization of tissues using optical 

technologies has been the longstanding imaging method of choice for the earliest stages of 

development but it lacks the depth of penetration needed for late stage embryonic studies 

when the tissues have become dense and light scattering. Dynamic and inherently three 

dimensional imaging technologies possess the high spatial and temporal resolution required 

to capture cardiac development from early to late stages. In the case of scientific research, 

the modalities most widely used are ultrasound, optical coherence tomography (OCT), 

micro-computed tomography (microCT), and magnetic resonance imaging (MRI). Each 

technology has differences in capabilities with rational trade-offs that need to be considered 

for each experimental situation.

3.1 Imaging Technology Overview and Comparisons

Ultrasound imaging uses short pulses of high frequency sound waves that scatter when 

transmitted and/or reflected though tissue based on the individual material properties 

inherent to the anatomy being imaged. The spatial resolution is defined as half the pulse 

length; therefore, high frequency transducers result in an increase in spatial resolution but 

this is in trade-off with the depth of field and amount of scatter (Lieu 2010). Ultrasound 

biomicroscopy enables the earliest embryonic stages to be visualized by using 

uncharacteristically high probe frequencies (30–50MHz) not available clinically (Srinivasan, 

Baldwin et al. 1998; Phoon, Aristizabal et al. 2000; Foster, Zhang et al. 2002; Zhou, Foster 

et al. 2002; Zhou, Foster et al. 2003; Phoon, Ji et al. 2004). Embryonic phenotyping with 

ultrasound has shown the developing of the atrioventricular canals transiently in the chick 

(Figure 3)(Butcher, McQuinn et al. 2007). For embryonic heart imaging, axial resolution 

capabilities have been reported at 30µm (Ji and Phoon 2005). Ultrasound biomicroscopy 

coupled with Doppler flow imaging has been used to assess the cardiovascular 

hemodynamics for over the past decade (Christopher, Burns et al. 1996; Christopher, Burns 

et al. 1997).

The basic technology of OCT functions on a similar principle as ultrasound but light is used 

as the signal source versus sound. An interferometer is used to interrogate reflected light 

from a sample at a given depth. OCT has a depth of penetration of approximately 3mm and 

is capable of producing 3D and 4D data sets (Liu, Wang et al. 2009). Using an array or 

sweeping the optical source, OCT has improved signal-to-noise ratio (SNR) compared to 

imaging without these techniques which can result in low signal strength from multiple 
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sources of reflectance, much like the obstacles associated with ultrasound imaging. Scan 

rates as fast as 100 2D frames/second and 5 3D volumes/second have been reported, 

yielding some of the fastest multi-dimensional acquisition rates achievable (Luo, Marks et 

al. 2006). Dynamic morphology studies using OCT have gained traction recently in 

developmental biology. Specifically, early heart looping and contractions have been 

measured in the first stages of cardiogenesis (Manner, Thrane et al. 2009) and later stage 

kinematics was measured in the embryonic (Figure 4) heart (Luo, Marks et al. 2006). 

Doppler technology implemented with OCT has been used to quantify hemodynamic 

profiles in the heart using particle image velocimetry scatter tracking algorithms (Jenkins, 

Peterson et al. 2010; S, D et al. 2011).

For the past 15 years, microCT has been used experimentally to quantify complex anatomy 

with high spatial resolutions based on the attenuation of x-rays through the tissue (Butcher, 

Sedmera et al. 2007). In experimental research, a microCT image is obtained by the 

attenuation of x-rays through the sample detected by a gamma camera opposite of the x-ray 

emitter on the gantry of the machine. The image is reconstructed through back projection 

based on the 360° discrete measurements taken around the sample and then fully registered 

into a three dimensional stack of planar slices (Butcher, Sedmera et al. 2007).

The resolution capabilities of microCT are superior and the time for image acquisition is 

unmatched but the attenuation of x-rays through soft tissue is poor. For fixed embryonic 

studies, several iodine and high atomic weight molecule based exogenous soft tissue contrast 

has been used to combat this short coming. Osmium tetroxide has long been considered a 

gold standard for microCT imaging in embryos providing high levels of soft tissue contrast 

and clear tissue boundaries but it is most optimal for earlier and mid stages of development 

(Johnson, Hansen et al. 2006; Litzlbauer, Neuhaeuser et al. 2006; Bentley, Jorgensen et al. 

2007; Zhu, Bentley et al. 2007)(Faraj, Cuijpers et al. 2009; Metscher 2009; Kim, Min et al. 

2011). Lugol’s solution, iodine potassium iodide, gallocyanin-chromalum, and 

phosphotungstic acid stains are addition commonly used exogenous soft tissue contrast for 

microCT (Bentley, Jorgensen et al. 2007; Metscher 2009; Degenhardt, Wright et al. 2010; 

Kim, Min et al. 2011). Using osmium tetroxide, Kim and colleagues imaged chick embryos 

at 25µm to segment and quantify the cardiac chambers of the developing heart from day 4 to 

day 10 of development (Figure 5) (Kim, Min et al. 2011). Butcher and colleagues perfused 

chick embryos with Microfil (Flow Tech, Inc) a radiopaque polymer that fills the luminal 

spaces of the embryonic heart (Butcher, Sedmera et al. 2007). Based on the microCT heart 

images from chicks ranging in age from Hamburger and Hamilton stages 17–30, the multi-

step looping and septation of the heart is easily viewed from the image surface renderings. 

Resolution capabilities for microCT has been reported to be less than 10µm (Guldberg, 

Ballock et al. 2003) and in some cases in the resolution range of hundreds of nanometers 

where cell populations can be discerned, but with much more limited fields of view 

(Metscher 2009). For live imaging, spatial resolution of 25µm is achievable (Kim, Min et al. 

2011) with scan times as little as two minutes for 50µm resolution (Henning, Jiang et al. 

2011).

MRI capitalizes on the inherent magnetic properties of tissues based on the variations in 

water content. Frequency and phase information for each image slice is stored and 
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represented as a stack of two dimensional slices which is interpolated as a three dimensional 

volume. The exogenous soft tissue contrast capability of MRI is superior, but the image 

acquisition rate is long for embryonic studies (6–24hr), presenting non-trivial challenges for 

live embryonic imaging (Turnbull and Mori 2007). Although spatial resolutions of 10µm 

voxel size are achievable, resolution is often made much coarser (hundreds of microns) and 

with skewed elements to balance SNR with reasonable scanning time. MRI contrast can be 

further enhanced with gadolinium chelates and super paramagnetic iron oxide particles, 

which can also be incorporated into labeling strategies for molecular targeting and imaging 

evolution of cell populations (Liu and Frank 2009). Multiple embryos can be placed in the 

scanner at one time, all fixed and inserted into a standard mouse head imaging coil. Higher 

magnetic field strength is a consideration for improving the image quality, in some 

embryonic studies 11.7 T and 9.4T has been used over or in conjunction with the 7T 

(Schneider, Bamforth et al. 2003; Petiet, Kaufman et al. 2008). Additionally, with using fast 

spoiled three dimensional gradient echo sequences with T1 weighting, asymmetric sampling 

and/or an expanded range, shorter scan times have been achieved for mouse embryos 

(Schneider, Bamforth et al. 2003; Petiet, Kaufman et al. 2008). Petiet and colleagues used 

MRI to produce high resolution images of fixed, embryonic mice through development and 

into the first postnatal days (Figure 6) (Petiet, Kaufman et al. 2008)

A comparative summary of the advantages and limitations of ultrasound, OCT, microCT, 

and MRI are given in Table 1. The resolution capabilities are largely similar with each 

modality, but incur significant differences in depth of field, cost, and scan times. Ultrasound 

is inherently real time and allows for a short scan and the overall cost is less than microCT 

and MRI. OCT costs the least with high spatial resolution capabilities but the depth of field 

is lacking compared to microCT and MRI. MicroCT has a high upfront cost as compared to 

ultrasound and OCT but this is compensated for in the high depth of field and resolution 

capabilities of the machine within a reasonable scanning time. MRI produces the highest 

level of soft tissue contrast without the need of exogenous agents but the scan times are 

significantly longer, especially at high resolutions. Resolution demands limit the depth of 

view, which overall limits its broad applicability for visualizing embryonic morphogenesis.

3.2 Clinically Relevant Animal Models in Cardiogenesis Research

As human imaging is largely restricted to post cardiac morphogenesis, animal models are 

relied upon to inform our understanding, in particular dynamic behaviors. The most 

commonly used four chambered embryonic models are avian and murine. Avian models 

(chick and quail) are inexpensive and the embryo is easily accessed by either an ex ovo 

culture or through windowing the egg shell in an in ovo egg culture. Avian models however 

have limited molecular targets for tissue specific studies and have not been widely 

manipulated genetically (Chapman, Lawson et al. 2005; Bower, Sato et al. 2011; Seidl, 

Sanchez et al. 2013). Surgical perturbations of avian embryos, achieved via a metallic clip or 

ligation, enable quantitative understanding of the role of hemodynamic forces on heart 

development (Broekhuizen, Hogers et al. 1999; Ursem, Struijk et al. 2001; Ursem, de Vos et 

al. 2002; Stekelenburg-de Vos, Ursem et al. 2003; Stekelenburg-De Vos, Steendijk et al. 

2005; Stekelenburg-de Vos, Steendijk et al. 2007; Oosterbaan, Ursem et al. 2009). Kowalski 

and colleagues have recently combined OCT imaging with computational analysis to 
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examine the hemodyamic environments within the developing aortic arches of chicks 

(Kowalski, Dur et al. 2013). Chick embryos have been imaged with microCT in fixed and 

live studies. With the high spatial resolution of microCT, Kim and colleagues generated 

mathematical relationships for volumetric growth of major organ system including the heart 

(Kim, Min et al. 2011). Using a navigated retrospective gating protocol, Holmes et al 

determined the cardiac and respiratory cycles of chick embryos (Holmes, McCabe et al. 

2008). The method established by Holmes has to potential for multi-slice imaging, serial 

imaging of the chick heart longitudinally through cardiogenesis (Holmes, McCabe et al. 

2008). Hogers and colleagues have imaged live quail embryos with induced cardiac 

malformations from clipping the right lateral vitelline vien (Hogers, van der Weerd et al. 

2009). Hogers et al obtained high quality MRI images of quails ranging from days 3–11 of 

development with a spatial resolution of 78–90µm with image slices ranging from 300–

500µm (Figure 6)(Hogers, van der Weerd et al. 2009).

The murine animal model is much more easy to genetically manipulate than the chick and its 

use has contributed much to our understanding of the molecular networks regulating 

cardiogenesis. Murine embryos are smaller however and require in utero growth, 

significantly limiting opportunities for surgical and/or biomechanical perturbation. 

Ultrasound biomicroscopy has been applied to murine embryos as early as E5.5, and the 

cardiovascular system imaged at E8.25 with 30µm resolution (Ji and Phoon 2005). 

Ultrasound biomicroscopy coupled with Doppler flow imaging for evaluation of cardiac 

hemodynamics has been used for guided flow measurement of normal and genetically 

altered live mouse embryos (Christopher, Burns et al. 1996; Christopher, Burns et al. 1997; 

Aristizabal, Christopher et al. 1998; Le Floc'h, Cherin et al. 2004; Ji and Phoon 2005). Using 

unenhanced (Dhenain, Ruffins et al. 2001; Schneider, Bamforth et al. 2003; Bamforth, 

Braganca et al. 2004) and gadolinium enhanced (Huang, Wessels et al. 1998) imaging, the 

cardiovascular system in fixed murine embryos has been completed with MRI. By imaging 

multiple preserved embryos simultaneously (up to 32), the burden of long scan times can be 

decreased, also enabling higher throughput for phenotyping (Turnbull and Mori 2007). For 

live murine studies, non-periodic bulk rotations of the embryos and possibly the mother 

require long scan times and more intensive post-processing for subtracting out the motion 

artifacts (Nieman, Szulc et al. 2009).

A comparative analysis of avian and murine cardiac development events to the equivalent 

gestation period in humans is given in Table 2. Outlined in the table are the first cardiac 

events described in days for human development, embryonic days for mouse development 

and is the Hamburger and Hamilton (HH) (Hamburger and Hamilton 1951) indexing system 

for the chick development.

3.3 Image Processing

Quantitatively visualizing the highly dynamic processes in embryonic development requires 

obtaining high quality images devoid of motion artifacts. This can be achieved either 

through post-acquisition processing or from prospective gating of image acquisition. In 

embryonic studies, gating with the heart has been achieved through following the non-

symmetric myocardial cross section movement for each imaging plane during the cardiac 
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cycle (Liebling, Forouhar et al. 2005). Using OCT data, Liu and colleagues derived spatially 

and temporally unique line scans to render 4D information of the avian outflow tract (Liu, 

Wang et al. 2009; Liu, Wang et al. 2009). Yoo et al translated the optical probe in OCT 

image acquisition to generate spatiotemporal overlapping fields of view that were re-

synchronized yielding a 6 fold increase in imaging frame rate in the embryonic rat heart 

(Yoo, Larina et al. 2011). Once images containing relevant information are acquired, image 

restoration seeks to improve feature detection and image contrast through deconvolution and 

registration (Gregg and Butcher 2012). Image analysis is the means by which the 

information contained in each image voxel is translated into digital information that can be 

measured or compared. From this information, computational models, simulations, and 

estimations of functional parameters can be ascertained which would otherwise be difficult 

if not impossible to measure directly (Gregg and Butcher 2012).

4.0 Translational Impact and Opportunities in Cardiogenesis Imaging 

Research

Dynamic changes in cardiac morphogenetics likely conceal much of the unknown frontiers 

in embryonic development, in particular for cardiovascular development. Quantitative, 

multi-dimensional imaging technologies will only increase in value for identifying and 

following causes and consequences of genetic, surgical, and microenvironmental 

perturbations.

Genetic mutations are known to play a role in cardiac malformation development, with the 

highest prevalence of genetic associated CHD linked with other abnormalities (Pierpont et al 

2007). Studying animal models with genetic associated malformations provides information 

about the propagation of these anomalies throughout development. For example, mutant 

embryonic mouse lines known to have right ventricle malformations have been studied 

using a 7T MRI magnet with gadolinium-based contrast agent mixed with 7% gelatin 

(Wadghiri, Schneider et al. 2007). Disrupting the mechanical environment in the embryo 

through surgical interventions and modeling strategies has lead to many studies considering 

the biomechanical influences affecting cardiovascular development. KeremPekkan and 

colleagues have completed multiple studies examining the effects of hemodynamic loading 

and aortic arch development in the chick embryo through in vivo studies and computational 

simulation. Assessing in vivo arch morphology with fluorescent dye and vascular based 

growth models, the Pekkan group found that the outflow tract orientation is dynamic during 

morphogenesis, changing the hemodynamic load through the aortic arches which has a 

significant influence on downstream patterning events where congenital anomalies can arise 

(Kowalski, Teslovich et al. 2012). Furthermore, using microinjected dye recordings coupled 

with high resolution OCT, Kowalski, Pekkan et al quantified the patterns and aortic arch 

anatomy which was then used for computational fluid dynamic analyses to measure flow 

and wall shear stress (WSS) (Figure 7)(Kowalski, Dur et al. 2013). They found that small 

increases in WSS are followed by vascular remodeling meant to combat the changes in 

loading, possibly impacting the cardiac events and giving opportunity for aberrant 

morphology to arise (Kowalski et al 2013). Based on Doppler ultrasound imaging flow 

profiles and three dimensional anatomical information from microCT images, Yalcin and 
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colleagues characterized the hemodynamic environment of the atrioventricular canal in the 

chick embryo from HH17-HH30 through the development and optimization of a 

computational fluid dynamic model that matched in vivo observations (Figure 7)(Yalcin, 

Shekhar et al. 2011). Yalcin et al established a baseline to support future hemodynamic 

investigations through characterizing the WSS and fluid flow patterns.

In addition to viewing and quantifying, imaging technology can also be used to intervene in 

development through perturbing normal tissue patterning. Focused femtosecond laser 

photoablation has been achieved in the atrioventricular canal of embryonic chicks (Yalcin, 

Shekhar et al. 2010). Photoablation can occlude defined areas of the developing heart while 

keeping the surrounding tissue intact. These small perturbations, coupled with hemodynamic 

analysis, enables unique information about the local hemodynamic environments in the 

embryo and their global affects on development. The generation of these diseased animal 

models has emerged as a new, in vivo tool for studying cardiogenesis. Ultrasound has been 

shown to noninvasively alter development. Histotripsy is a technology that uses focused 

ultrasound to generate cardiac defect models. It has been used to create atrial septal defects 

in a canine model (Xu, Owens et al. 2010) and lesions within fetal sheep (Kim, Min et al. 

2011). Taking advantage of this technology is particularly attractive for more in depth 

embryonic studies.

One of the greatest challenges for embryonic imaging studies is achieving appropriate levels 

of soft tissue contrast in the image allowing for tissue quantification. MRI has endogeneous 

soft tissue contrast based on the technology itself and there are options for gadolinium based 

agents as well. For imaging the developing heart with microCT, using an iodinated or high 

atomic weight agent is required for producing quality images but almost all microCT 

contrast agents are embryotoxic, limiting studies to fixed specimens. Efforts are being 

focused on the development of non-toxic exogenous contrast for live experiments. Henning 

et al established the first live in vivo embryonic avian study with microCT using 

Visipaque™ (iodixinol-VP), an iodine based contrast agent produced by General Electric 

that was found to be non-toxic for the chick embryo. VP produced 1060HU of contrast at 

50µm resolution and x-ray radiation up to 798 mGray did not produce morphological defects 

through the first 10 days of development, encompassing all of cardiogenesis (Henning, Jiang 

et al. 2011). Henning and colleagues characterized VP for embryonic imaging in the avian 

embryo including biodistribution and volumetric quantification studies of the heart from day 

3 to day 10 of development (Henning, Jiang et al. 2011). Exogenous contrast standards for 

imaging clear embryos quickly based on their small molecular sizes. Recent developments 

suggest that nanoparticle based contrast agents could be appropriate in embryos for 

prolonging the residence time and biodistribution properties (Gratton, Pohlhaus et al. 2007). 

Significant efforts are in progress for producing highly reflective contrast agents for OCT, 

mainly in the form of polystyrene microspheres and pyrolle nanoparticles (Boppart, 

Oldenburg et al. 2005; Filas, Varner et al. 2011).

Environmental control of the embryonic animal model system is important for maintaining 

consistency and true physiologic conditions for the study. Without environment control, 

animal heart rates can fluctuate and arrhythmias may occur. Reducing scanning times and 

maintaining standard physiologic temperature and humidity is imperative for live imaging 
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studies. Different environmental control chambers have been designed for imaging. Henning 

and colleagues designed an environment control chamber which maintains temperature at 

approximately 37°C and 55% humidity (Henning, Jiang et al. 2011). Additional factors 

being considered for live embryonic imaging is the movement of the embryo. One method 

for limiting embryonic movement is to cool the embryo prior to imaging. Hogers and 

colleagues cooled quail embryos to 4°C for one hour prior to a MRI scan (Hogers, van der 

Weerd et al. 2009). There is a possibility that cooling the embryo may induce adverse effects 

with the cardiovascular system. Pharmacological intervention is another possibility with 

agents that temporarily paralyze skeletal muscle without affecting the heart.

Capitalizing on dynamic and multi-dimensional imaging technologies for viewing, 

quantifying, and perturbing embryonic development presents a plethora of opportunity for 

exploring new realms of cardiovascular development not easier studied prior to these 

innovations but more clinically motivated, it allows for the origins of CHD to be 

investigated. Understanding the beginnings of CHD and how they evolve over cardiogenesis 

is critical for engineering strategies to better diagnose these malformations prenatally and 

inspiring new technologies for treating them either pre or postnatally. Given the poor 

outcome of severe CHD and the long term care required for many cardiac malformations, 

knowing the progression of CHD in utero and having appropriate metrics to understand 

them by can only benefit the patient and the overall treatment. Embryonic studies support 

this effort through uncovering genetic, mechanical and biochemical influences that guide the 

complexities in heart development.
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Figure 1. 
Live 3D/4D Clinical Ultrasound Imaging: 3D rendered volume using real time 3D 

ultrasound of a fetus at 33 weeks displaying the four chamber view (A) and the left 

ventricular outflow tract with aortic valve (C) (Herberg, Steinweg et al. 2011), Ventricular 

septal defect (VSD) visualized through 3D ultrasound with live xPlane imaging (B) and live 

3D ultrasound imaging of the VSD (D) (Xiong, Liu et al. 2012)

LV = left ventricle, RV = right venricle, Ao = aorta, LA = left atrium, RA = right atrium, FO 

= foramen ovale
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Figure 2. 
Schematic of Spatiotemporal Image Correlation Technology: Based on a simplified number 

of slices, frames per slice, and cycle duration, the heart is scanned in three consecutive slices 

over time (A), STIC reconstructs consecutive cycles generating a transient volume 

representing real time 3D ultrasound (B), multiple slices of the heart are acquired during a 

single ultrasound scan with STIC (C) (Yagel, Cohen et al. 2007)
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Figure 3. 
Atrioventricular canal visualized with ultrasound biomicroscopy (55MHz) through different 

stages of cardiac development (C), Doppler ultrasound through the atrioventricular canal 

during development (Butcher, McQuinn et al. 2007)

Scale Marks = 100µm
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Figure 4. 
Cross sections of the ventricle in embryonic chick hearts visualized with OCT where 

endocardial spikes (arrows) are seen on the endocardial tube that is emptied (A) and filled 

(B) with blood during the heart beat (Manner et al 2009)

Scale bar = 100µm *inner curvature
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Figure 5. 
3D segmentation and quantiative analysis of the chick heart after microCT imaging at Day 

4(A), Day 7(B), and Day (C) of development, Mathematical relationships of the myocardial 

volume compared to the entire embyro volume (D), and the chamber specific myocardial 

volume as compared to the whole heart volume (E)(Kim, Min et al. 2011)

Scale Bar = 1mm, LA = left atrium, LV = left ventricle, RA = right atrium, RV = right 

ventricle
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Figure 6. 
3D MRI scans (3 hrs) of extracted and fixed embryonic mice with spatial resolution of 

19.5µm at E12.5 coronal slice (a), E12.5 transverse slice (b), E18.5 coronal slice (c), E18.5 

transverse slice (d) (Petiet, Kaufman et al. 2008). Chick embryos imaged with MRI and 3D 

reconstructed at day 7 (e,f) and day 10 (g,h). The box represents the area that was 

reconstructed and the dashed lines show the level of the MRI slice (Hogers, van der Weerd 

et al. 2009)

Scale bars = 1mm
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Figure 7. 
Aortic arch WSS distributions found from CFD simulations for stage 21 chicks for a 2 aortic 

arch configuration (A) and 4 aortic arch configuration (B) (Kowalski, Dur et al. 2013). 

Acceleration, peak, and deceleration phases in the cardiac cycle are depicted in the CFD 

simulation data and the color scale ranges from 0–350 dynes/cm2. CFD simulations showing 

the 3D hemodynamic environment in the atrioventricular region of the embryonic chick at 

HH17 (top) and HH23 (bottom). Arrows represent locations of vortices in the flow. Color 

legend in HH17 chicks show velocities ranging from 0–5cm/s and WSS ranging from 0–50 

dynmes/cm2. Color legend in HH23 chicks show velocities rangring from 0–15cm/s and 

WSS ranging from 0–80dynes/cm2(Yalcin, Shekhar et al. 2011)
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Table 2

Comparisons in Heart Development Across Animal Models adapted from (Lindsey and Butcher 2011)

Human (days) Murine (embryonic
days)

Avian (HH) Description of
Events

22 7–8 7 Fusion of paired heart tubes

22 7.5–8.5 7–10 Myocardial contractions begin and cardiac looping (mouse E8.5)

24 8–8.5 9–12+ Blood begins to flow through the heart

26 9–11 11–12 First ventricular trebeculations

28 10–12 13–22 Endocardial cushions can be defined (chick HH28)

29 11–13.5 15–23 First appearance atrial septum prium

31 12 24–28 Appearance of primordia semilunar valves, start AV septation

33 12–13 25–28 Completion of anterior-posterior septum

35 13–15 26–31 Completion of intraventricular septation

37–43 27–34 Maturation of semilunar valves
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