
Increased Regurgitant Flow Causes Endocardial Cushion 
Defects in an Avian Embryonic Model of Congenital Heart 
Disease

Stephanie M Ford, MD1, Matthew T McPheeters, MS3, Yves T Wang, PhD4, Pei Ma, PhD4, 
Shi Gu, PhD4, James Strainic, MD2, Christopher Snyder, MD2, Andrew M Rollins, PhD4, 
Michiko Watanabe, PhD3, and Michael W Jenkins, PhD3

1University Hospitals, Rainbow Babies and Children’s Hospital Division of Neonatology, 
Cleveland, OH

2University Hospitals, Rainbow Babies and Children’s Hospital Division of Pediatric Cardiology, 
Cleveland, OH

3Case Western Reserve University School of Medicine, Department of Pediatric Cardiology, 
Cleveland, OH

4Case Western Reserve University Department of Biomedical Engineering, Cleveland, OH

Abstract

Background—The relationship between changes in endocardial cushion and resultant congenital 

heart diseases (CHD) has yet to be established. It has been shown that increased regurgitant flow 

early in embryonic heart development leads to endocardial cushion defects, but it remains unclear 

how abnormal endocardial cushions during the looping stages might affect the fully septated heart. 

The goal of this study was to reproducibly alter blood flow in vivo and then quantify the resultant 

effects on morphology of endocardial cushions in the looping heart and on CHDs in the septated 

heart.

Methods—Optical pacing was applied to create regurgitant flow in embryonic hearts, and optical 

coherence tomography (OCT) was utilized to quantify regurgitation and morphology. Embryonic 

quail hearts were optically paced at 3 Hz (180bpm, well above intrinsic rate 60–110bpm) at stage 
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13 of development (3–4 wks human) for 5 min. Pacing fatigued the heart and led to at least 1 hr of 

increased regurgitant flow. Resultant morphological changes were quantified with OCT imaging at 

stage 19 (cardiac looping – 4–5 wks human) or stage 35 (4 chambered heart – 8 wks human).

Results—All paced embryos imaged at stage 19 displayed structural changes in cardiac 

cushions. The amount of regurgitant flow immediately after pacing was inversely correlated with 

cardiac cushion size 24-hrs post pacing (p-value < 0.01). The embryos with the most regurgitant 

flow and smallest cushions after pacing had a decreased survival rate at 8 days (p<0.05), indicating 

that those most severe endocardial cushion defects were lethal. Of the embryos that survived to 

stage 35, 17/18 exhibited CHDs including valve defects, ventricular septal defects, hypoplastic 

ventricles, and common AV canal.

Conclusion—The data illustrate a strong inverse relationship in which regurgitant flow precedes 

abnormal and smaller cardiac cushions, resulting in the development of CHDs.
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Introduction

The mechanisms leading to the development of congenital heart diseases (CHDs) remain 

largely unclear. Only a minority of CHDs can be traced to a specific agent such as maternal 

metabolic disease, diabetes, or exposure to organic solvents or therapeutic drugs.1 Both 

genetic and environmental factors have been implicated as causes of CHDs. The genetic 

factors contributing to CHDs range from single gene mutations to complex chromosomal 

rearrangements.2,3 However, genetic mutations yield widely varying phenotypes in affected 

individuals and lead to a large variety of malformations. The expression of environmentally-

induced CHDs, including maternal exposure to alcohol,4–6 drugs,7 hypoxia,8,9 and viral 

infections1,10 also present quite differently from individual to individual. In addition, many 

common CHDs can be triggered by a genetic mutation or environmental factor.1,11 These 

facts suggest that CHDs may be caused by the complex interplay between genetics and 

environment.

The intersection of genetic and environmental forces in the etiology of CHDs may lie in the 

simplistic concept of how they alter blood flow. This theory of alterations in blood flow 

leading to CHDs was first proposed in the 1970s by Fishman et al.12 This study 

demonstrated that restricting blood flow to the left ventricle in fetal lambs, resulting from 

either left ventricular inflow or outflow tract obstruction, gives rise to hypoplastic left heart 

syndrome.12 Other studies demonstrated that the fetal ventricle is sensitive to afterload, such 

that small changes in aortic pressure or afterload have negative effects on left ventricular 

stroke volume.13 Changes in afterload in the fetal ventricle also led to decreased blood flow 

through the left ventricle, resulting in hypoplasia.13

Recently, studies have demonstrated that abnormal fetal blood flow through the developing 

heart can affect cardiac formation much earlier in development.14–28 For example vitelline 

vein ligation in avian embryos at looping stages altered blood flow in the tubular outflow 
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tract and induced ventricular septal defects, semilunar valve anomalies, and pharyngeal arch 

artery malformations.18 Other studies have applied conotruncal banding and atrial ligation to 

establish the connection between early blood flow and fetal cardiac 

formation.14,17–19,24,26–28 These hemodynamic forces may exert their effects on heart 

development through regulation of mechanosensitive gene and protein expression (e.g., 

KLF2), which forms a feedback loop by influencing resultant cardiac structure and 

hemodynamics.17,20–24 Despite these new findings, limited information exists as to how, 

when, and to what degree the developing cardiovascular system is most vulnerable to 

abnormal cardiac function. Establishing the causality between abnormal embryologic 

hemodynamics and CHDs requires improved tools for both perturbing and monitoring in 
vivo embryos.

Previous methods to perturb fetal hemodynamics (e.g., conotruncal banding,16,24,26,27,29 

vessel ligation14,17,18) lacked precision as well as repeatability, and they caused gross, non-

physiologic hemodynamic changes. Unfortunately, electrical pacing, a common tool to study 

cardiac dynamics, is invasive when applied to the early looping heart (e.g., requires direct 

contact with the heart which may damage these delicate tissues). It has therefore not been 

employed as a perturbation tool. One alternative to surgical or obstructive methods for 

controlling hemodynamics in live embryos is optical pacing (OP). The technique of using 

infrared light to stimulate compound action potentials was pioneered in nerves.30 OP is a 

similar method that utilizes pulsed infrared light directed on the myocardium to initiate 

cardiac contraction. Jenkins et al. demonstrated reliable cardiac OP in quail embryos over a 

range of developmental stages without producing signs of damage to the tissue.31 Since this 

initial report, OP has been demonstrated in a variety of animal models.32,33 The specific 

mechanisms for OP to cause cardiac conduction has yet to be defined, but an induced 

thermal gradient appears to produce the desired effect.34 Both altered membrane 

capacitance35 and mitochondrial calcium transients36 have also been implicated as causes. 

OP has the potential to overcome the limitations of previous perturbation techniques because 

it is noninvasive, repeatable, precise, and can mimic hemodynamic anomalies present in 

CHDs.

In this experiment, OP increased regurgitation in the embryonic quail heart at stage 14 

(looping heart prior to the development of cardiac cushions), while optical coherence 

tomography (OCT) measured the level of regurgitation and the resultant heart morphology at 

stage 19 (looping heart with cardiac cushions) and 34 (four-chambered heart). Paced hearts 

reliably developed common CHDs (e.g., Ebstein’s Anomaly, Common Atrioventricular 

Canal, etc.) at stage 34 consistent with endocardial cushion defects. These studies reveal a 

precise relationship between regurgitant flow, endocardial cushion volume, and CHDs in a 

reliable in vivo model. These data suggests that increased regurgitant flow in the looping 

quail heart leads to smaller endocardial cushions that result in CHDs.

Methods

Avian Model

IACUC approval was not required for this study, which involves the utilization of avian 

embryos that were collected at embryonic day 8 at the latest.
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Fertilized quail eggs (Coturnix coturnix communis; Boyd’s Bird Company, Inc., Pullman, 

WA) were incubated in a humidified incubator (G.Q.F. Manufacturing Co., Savannah, GA) 

at 37°C. At stage 14,37 the eggs were taken from the incubator, the eggshell removed, and 

the contents placed in a 3.5cm Petri dish. Embryos were then housed in an incubator until 

completion of the study.

Optical Pacing (OP)

A diode laser (Capella; Lockheed Martin Aculight, Bothell, WA) centered at 1860 nm was 

employed to pace day 2 quail hearts. Laser light was coupled into a 600 μm multimode fiber 

with an aspheric lens at the tip. The fiber was placed on a micromanipulator and positioned 

so an 800 μm (full-width half-maximum (FWHM)) spot illuminated in inflow portion of the 

heart tube. Hearts were stimulated with 10 ms pulses at 3.0 Hz for 5 minutes with a radiant 

exposure of 0.63–1.38 J/cm2 per pulse. Laser energy was measured with a pyroelectric 

energy meter (Ophir, North Andover, MA). Radiant exposures per pulse were calculated by 

dividing the measured pulse energy by the spot size area at the tissue surface. The 

temperature increase due the laser was measured with a thermal camera (A325; Flir, 

Wilsonville, OR). A maximum temperature increase of 4° C was measured at the tissue 

surface, which indicates a lower temperature maximum at the heart several hundred microns 

below the surface.

Optical Coherence Tomography (OCT)

OCT achieves range-gated sub-surface microscopic imaging of biological samples by use of 

low-coherence interferometry.38 It has high spatial resolution (2–20 μm), high temporal 

resolution (> 100 kHz line rates), deep optical penetration (1–3 mm in embryonic tissues), 

and Doppler flow sensing.39–41 A custom-built spectral domain OCT system42 was utilized 

for the experiments in this study. The OCT light source has a center wavelength at 1310 nm 

and a FWHM bandwidth of 75 nm leading to an axial resolution of ~10 μm in air. This 

system utilized a linear-in-wavenumber spectrometer as previously described.42 The line 

scan camera (Sensors Unlimited, Princeton, NH) in the OCT spectrometer read out lines at 

47 kHz. A compact scanner placed in a commercial incubator (Galaxy 170R; Eppendorf, 

Hamburg, Germany) was employed to image the embryo during and after OP and had a 

lateral resolution of 32 μm (See Figure 1). The incubator kept the temperature at 37 °C and 

the humidity at approximately 80%. Three linear actuators (Zaber, Vancouver, British 

Columbia) controlled with software (LabVIEW; National Instruments, Austin, TX) allowed 

positioning of each egg from outside the incubator. A less compact scanner with higher 

lateral resolution (10 μm) imaged fixed embryonic hearts at day 3 and 8.

Experimental Methods

Pacing Experiments Stage 14—Quail embryos were cracked into shell-less cultures 

and placed into our incubator equipped with OP and OCT. The pacing laser was focused on 

the inflow tract of the heart. Embryos were paced at 180 beats per minute (bpm), or 3Hz, for 

5 minutes. The intrinsic heart rate at this stage is 60–110bpm. Heart rate was confirmed in 

real-time with 2-D OCT images and a metronome. OCT pulsed Doppler traces (near the 

atrioventricular junction) and 2-D structural images were collected before, during, 
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immediately after, and one hour after pacing. See Figure 2 for timeline. To control for effects 

of light or temperature aside from the rapid pacing, a subset of embryos (n=7) were paced 10 

bpm above their intrinsic rate and their cushion volumes were compared to other controls 

and paced embryos. To control for temperature increases induced by the laser, a subset of 

embryos (n=9) at stage 14 were placed in an incubator preheated to 43 °C for 90 minutes 

before being returned to an incubator at 37 °C until stage 19. The maximum increase in 

temperature induced by the laser was 4 °C, which is a lower temperature increase than that 

exposed to the controls. Another set (n=7) of control embryos were cracked into shell-less 

cultures at stage 14 and allowed to grow without further intervention.

Cushion Assessment stage 19 (day 3)—Cushion volumes were assessed for all paced 

(n=8) and control embryos (n=23) at stage 19. Embryos were fixed in formalin and then 

washed in PBS three times for 5 minutes. All hearts were dissected from the body and 

imaged with OCT at completion of the experiment. Raw imaging data was processed with 

Matlab (The MathWorks, Natick, Massachusetts) and analyzed with Amira (Visage Imaging 

GmbH, Berlin, Germany). Each heart was manually segmented to calculate total volume of 

the endocardial cushions. The same investigator segmented all hearts for consistency.

Congenital Heart Defect Assessment stage 34 (day 8)—After pacing at stage 14, 

embryos were allowed to mature in shell-less cultures in the incubator. Each embryo was 

checked at least once daily to monitor viability. Those embryos surviving to day 8 were 

sacrificed, and the hearts dissected. A subset of embryos (n=7) were left in the egg until day 

8 and employed as controls. All hearts were relaxed in 0.5M KCL and fixed in formalin. 

Hearts were then optically cleared using ClearT as previously described.43,44 Each heart was 

imaged with OCT, and the raw data converted to image files with Matlab and visualized with 

Amira. All heart images, control and paced, were given in a blinded fashion to a Pediatric 

Cardiologist with expertise in fetal echocardiographic interpretation for review.

Statistical analyses were performed in Minitab 17 (Minitab Inc., State College, PA). 

Comparisons of cardiac cushion volumes for the control and paced populations were 

performed using one-way ANOVA, and post-hoc comparisons were performed with Tukey’s 

method using a 90% confidence interval. The relationship between cardiac cushion volume 

and regurgitant flow percentage after pacing was assessed using a linear regression. The 

percentages of regurgitant flow after pacing for dead and living embryo populations at day 8 

were compared using a Student’s t-test with a 95% confidence interval.

Results

We first examined how an interval of rapid OP alters blood flow patterns in the embryonic 

quail heart at day 2 (stage 14) of development. Figure 3 illustrates pulsed Doppler OCT 

traces captured in the inflow region, during, immediately after, and one hour following OP in 

a serial study of a representative embryo. Tracings before and during pacing show a normal, 

minor amount of regurgitant flow. Immediately after pacing there is a large amount of 

regurgitant blood flow, which is a common finding when the heart is paced well above its 

intrinsic rate. One hour after pacing, the forward flow in the heart has recovered, yet a large 
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amount of regurgitant flow remains. Increased regurgitation lasted for at least an hour after 

pacing ceased in all paced embryos.

The heart volumes were imaged with OCT 24 hours after pacing was performed. Figure 4 

illustrates the 2-D slices of a control and paced heart on day 3 (stage 19). The control heart 

maintains a normal atria (A), ventricle (V) and outflow tract (OFT). In the control heart, the 

AV cushions are appropriately sized, and contain many endothelial mesenchymal transition 

(EMT) cells indicated by the bright speckles within the cushions. The EMT cells are the 

stem cells responsible for valve and OFT formation. The paced heart clearly illustrates an 

abnormally shaped and oriented OFT. The AV cushions (arrows) appear smaller than the 

control, they do not abut each other, and they contain regions of increased and decreased 

mesenchymal cells. The gap between the AV cushions makes it impossible for them to 

properly function and occlude regurgitant blood flow. The cushions in the OFT are similarly 

small and almost devoid of EMT.

Figure 5A demonstrates that cardiac cushion volumes on day 3 (stage 19) were lower in the 

cohort of embryos paced well above the intrinsic rate on day 2 (stage 14) compared with 

controls. Controls included untreated embryos, embryos exposed to 43 °C for 90 minutes 

instead of pacing, and embryos paced slightly above their intrinsic rate. A two-way ANOVA 

with a post-hoc Tukey test determined that the paced embryos had a statistically significant 

difference in volume compared to the controls, both as individual groups and as a whole. 

None of the controls were statistically different from each other. We also found a direct 

correlation (p<0.01) between the regurgitant flow fraction one hour after pacing and 

endocardial cushion volume a day later (Figure 5B). Control fetal heats had a mean cushion 

volume of 0.161mm3 ± 0.029mm3, whereas paced fetal hearts had a mean volume of 0.103 

mm3± 0.059mm3, p<0.05. If the OP hearts are split between those with low regurgitant flow 

and those with high, the disparities become more pronounced; 0.150 mm3±0.022mm3 vs 

0.056 mm3±0.044mm3 respectively. For comparison, controls had regurgitant flow under 

5%. To determine how these abnormal cushions would affect further development, embryos 

were paced and allowed to mature to day 8 (stage 34), when the quail heart is fully septated. 

The embryos with the largest regurgitant flow fraction, which correlated to the smallest 

endocardial cushions, had a high mortality rate between days 4 and 8 (Figure 6). The 

reduced cushion volumes indicate that hemodynamic changes can influence structure 

formation even after the insult has been withdrawn.

Paced embryos that survived to day 8 were imaged with OCT. To enable imaging through 

the entire heart, the hearts were optically cleared.43,44 All images of the hearts were 

interpreted by an expert echocardiographer. All 7 controls were identified as normal, while 

only one paced embryo was considered normal. Figure 7 shows a control and several 

examples of paced embryos with CHDs. Table 1 displays the defects observed in all day 8 

hearts that were paced. One paced embryo died just before day 8, but was intact and suitable 

to be imaged for analysis. Of the 18 hearts that survived to be imaged on day 8, 17 had at 

least one defect and many were found to have more than one defect. The majority of defects 

identified have been previously linked to endocardial cushion defects. These hearts were all 

within the lower end of increased regurgitant flow seen in Figure 5b, but still displayed 
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easily recognizable and clinically significant heart defects. This finding suggests that even 

slight increases in regurgitant flow may contribute to the formation of CHDs.

Discussion

In this study, we have demonstrated altered hemodynamics in wild-type avian embryos, 

through increased regurgitant flow, proceeds and likely leads to decreased endocardial 

cushion size and clinically relevant CHDs. It has been previously published that retrograde 

flow acts as an important factor for endocardial cushion development45. Due to the fact that 

endocardial cushions form the AV valves and some of the atrial and ventricular septa in the 

mature heart, numerous CHDs may originate from abnormal formation of these cardiac 

cushions. To understand the relationship between regurgitant flow and CHDs, we must be 

able to accurately and precisely perturb blood flow, quantify the hemodynamics, and then 

measure the structural and genetic downstream effects. Inducing hemodynamic 

abnormalities have previously been accomplished with atrial ligation, vitelline vessel 

ligation, bead obstruction, and conotruncal banding.14,16–18,24,26–28 These studies revealed 

that altered blood flow in early development yields cardiac defects. In 2009, Vermot et al. 
demonstrated that changes in regurgitant flow act through KLF2 expression to alter valve 

development in zebrafish embryos.19 Other papers have verified ties between regurgitant 

flow and altered expression of genes, such as KLF2, NOS3, rhoA, and NFKB.24,46,47 

Regurgitant flow has also been implicated as a contributing factor to human disease models, 

such as those defects associated with prenatal alcohol exposure. Karunami et al. observed 

that embryonic ethanol exposure in an avian model induced increased regurgitant flow in 

vitelline vessels that preceded valve and septal defects.4

Each of these studies examines a piece of the puzzle, from creating hemodynamic changes, 

to observing the regurgitant blood flow or shear stress, to the resulting CHDs. However, 

none of these studies were able to investigate all areas with a cohesive model, nor could they 

quantify the regurgitant flow and cushion defects. We built on this work by using more 

precise hemodynamic monitoring techniques, and quantifying cushion formation, and 

following the embryos to fully formed 4-chambered hearts. We have also demonstrated a 

new perturbation technology (OP) which might overcome some of the previous limitations, 

which involved structural and non-physiologic changes. With the unique combination of OP 

and OCT imaging, we can now quantify functional and morphological measurements in 

stages ranging from the tubular to the 4-chambered heart. Furthermore, these results confirm 

a strong correlation between regurgitant flow in the tubular heart, abnormal endocardial 

cushion development, and clinically significant cardiac defects.

As OP is a newer method that can be utilized for controlling hemodynamics, we were 

careful to include experiments that would exclude components of the pacing itself as causes 

for defects. The temperature controls confirm that it is not the increased temperature that 

causes changes to the endocardial cushions. The controls paced slightly above their intrinsic 

rate likewise demonstrate that the light or pacing itself do not cause changes to the 

endocardial cushions. Furthermore, the amount of increased regurgitant flow is strongly 

correlated to decreasing endocardial cushion size and congenital heart defects. There may be 
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additional forces at work contributing to these changes, such as altered myocardial 

contractility, but the full extent of this contribution could not be ascertained in this study.

It is important to establish that our pacing-induced defects are physiological relevant. Here, 

we show the similarities of pacing-induced defects with our prenatal alcohol exposure and 

cardiac neural crest cell ablation models (see Figure 8).4,48 The first column shows controls; 

the second, embryos exposed to ethanol during gastrulation (prenatal alcohol exposure 

model); the third, embryos whose cardiac neural crest cells were ablated; and the fourth, 

embryos that were optically paced. A–D are representative day 3 3-D OCT reconstructions. 

The ethanol-exposed (B), CNCC-ablated (C), and optically paced (D) body morphologies all 

commonly display abnormal spinal curvature. This is fascinating considering that CHDs are 

strongly associated with scoliosis.49,50 Each of these experimental models has increased 

regurgitant flow, abnormal endocardial cushions, and CHDs at the 4-chamber stage. We 

believe altered hemodynamics is a contributing factor in all three models, which may explain 

the similar phenotypes. These similarities among disparate models suggest that regardless of 

the initial insult, an increase in regurgitant flow results in abnormal endocardial cushions 

and later CHDs. Furthermore, this suggests that CHDs may have a common cause. This may 

also explain why those with identical genetic abnormalities have diverse CHD phenotypes, 

as different amounts of regurgitant flow would lead to separate morphologies.

The clinical implications of this model are significant. Approximately 7.5% of all live births 

in the US have some form of CHD (including BAV and all VSDs that spontaneously close), 

but only 0.6–0.7% are moderate to severe CHDs.51,52 Worldwide, this equates to 1.35 

million live births with CHD every year,53 representing a substantial and costly health 

problem. While VSDs are the most common CHD and a common defect in this study, what 

is additionally interesting is the trend toward right–sided heart lesions. These include 

pulmonary valve dysplasia and stenosis, tricuspid valve abnormalities (dysplasia to 

Ebsteinoid), and right ventricular hypertrophy or dilatation. These diseases have an 

incidence of 1.3 live births per 1000,51 but include significant morbidity throughout life 

including valve replacement, multi-step palliative procedures, and arrhythmia control. Here, 

we have created a reliable animal model of these defects, which is the first step in ultimately 

finding possible interventions or methods of prevention.

Currently, of those patients presenting with CHD, only about 8–12% will have an identified 

genetic aberration.54,55 Furthermore, identical mutations known to cause CHDs cause a 

variety of phenotypes. This indicates there must be a more intricate explanation for the 

formation of CHDs than simply genetics. A feedback loop involving shear stress and 

abnormal blood flow, genetic expression, and cushion formation ties together the current 

known information on early CHD phenotypes. This integrated model highlights the 

importance of function in the foundation of CHDs, regardless of which environmental or 

genetic inciting factors are involved. Understanding the interplay between these factors is 

critical to identifying the origin of CHDs.

This combined OP and OCT system has proved to be a reliable method for exploring effects 

of regurgitant flow on CHD. However, there are drawbacks to this design. Light-tissue 

interactions are complex, and though the controls and experimental design were created to 
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limit known variables, it is impossible to exclude all other facets of these interactions as 

causal to these results. The intent of pacing is to increase the heart rate, and other physical 

forces, such as myocardial stretch and depleted energy stored in the myocytes, may be 

contributing to these results. The largest limitation is inherent to the OCT imaging system. 

OCT has a penetration depth of only a few millimeters. Therefore this type of imaging with 

its current technological restraints cannot be used in a placental animal model.

How these forces change genetic expression in real time is still mostly unknown. To tie 

together the abnormal function of the heart and the changes in endocardial cushions, it will 

be crucial to examine how these developmental pathways are transduced, how those 

pathways are altered, and in which ways this changes RNA expression. Future experiments 

should be directed toward how modified molecular expression may feedback to cause further 

functional changes. Another powerful tool that explores these interactions is 4-D shear stress 

mapping. Peterson et al and others have shown 4-D shear stress maps are possible.40,56 

Combining this information with the 3-D expression of genetic markers would considerably 

expand our understanding of the pathogenesis of CHDs.

Conclusion

We have noninvasively increased regurgitant flow in vivo in tubular hearts in a consistent 

quantifiable fashion, and the amount of regurgitant flow inversely correlates with the 

subsequent formation of abnormal endocardial cushions. These abnormal endocardial 

cushions then lead to clinically relevant CHDs in a 4-chambered avian model. Moreover, 

increased regurgitant flow is common among multiple disease models, indicating that it may 

be an underlying pathology for CHDs.
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Figure 1. 
OP/OCT setup for pacing and imaging quail embryos. The system is housed within an 

incubator to ensure physiologic development of the embryos.
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Figure 2. 
Timeline of experiments
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Figure 3. 
Pulsed Doppler OCT tracings from the inflow tract of the 2-day (stage 14) embryonic quail 

heart before, during, immediately after, and 1 hour after optical pacing (OP). Deflection 

above the solid line indicates forward flow, while deflection below denotes regurgitant flow.
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Figure 4. 
2-D OCT slices of control (A) and paced (B) 3-day (stage 19) quail hearts. The control heart 

maintains a normal phenotype, while the paced has abnormal formation and alignment of the 

cushions and tube. A – Atria, V – Ventricle, OFT – Out Flow Tract. Arrows indicate 

endocardial cushions
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Figure 5. 
(A) Volumes of cardiac cushions in control and paced embryos, which are inversely 

correlated with regurgitant flow fraction. (B) The regurgitant flow fraction in the embryo 

immediately after pacing on day 2 is inversely correlated with the volume of endocardial 

cushions on day 3.
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Figure 6. 
Embryos with greatly increased regurgitant flow fraction on day 2 after pacing tended to die 

by day 8. These embryos also had smaller cardiac cushions, which suggests that the most 

severely affected endocardial cushion are lethal.
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Figure 7. 
Examples of pacing-induced CHDs. A Control 8 day heart. B Paced heart with tricuspid 

atresia, indicated by arrow. C Paced heart with tricuspid atresia (small arrow), severely 

hypoplastic right ventricle with hypertrophy, dysplastic mitral valve (large arrow). D Paced 

heart with dilated, thin-walled, and hypoplastic right ventricle, and an Ebsteinoid tricuspid 

valve (arrow). E Paced heart with a common atrioventricular canal, with tricuspid valve 

(small arrow), mitral valve (long arrow), and atrioventricular septal defect (fat arrow) at the 

same level.
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Figure 8. 
Comparison of pacing-induced cardiac defects with fetal alcohol syndrome (ethanol 

exposed) and velo-cardio-facial syndrome/Digeorge (cardiac neural crest cell (CNCC) 

ablation) models. A–D are representative day 3 3-D OCT reconstructions. The control 

embryo (A) displays normal cranial and cervical flexures and a relatively straight trunk. 

Ethanol-exposed (B), CNCC-ablated (C), and paced (D) embryos lack proper cranial and 

cervical flexures and exhibit an S-shape twist of the whole body, which may be the 

beginning signs of scoliosis, a comorbidity of CHDs. E–H are representative day 3 pulsed-

Doppler traces. The horizontal line delineates forward (above) and regurgitant (below) 

flows. Control embryos (E) always have a notch indicated by the orange arrow and mild 

regurgitation (white arrow, 1–3%). Pulsed-Doppler waveforms from the ethanol-exposed (F), 

CNCC-ablated (G) and paced (H) embryos often have reduced or absent shoulders (yellow 

arrows) and significantly increased retrograde flow (white arrows). I-L show day 3 cross 

sections of the heart, with the atrioventricular (AV) cushions (valve precursors) separating 

the primitive atrium and ventricle (white arrows). The control heart (I) displays large AV 

cushions, while those of the ethanol-exposed (J), CNCC-ablated (K) and paced (L) hearts 

are distorted and much smaller. M-P show the resultant heart morphology at day 8, with 

mitral leaflets outlined in red and blue. Valves are thicker at this stage of development than 

at maturity. The ethanol-exposed (M), CNCC-ablated (N), and paced (O) hearts show 

unusual morphology and coaptation of the leaflets. The paced heart (P) demonstrates severe 

right ventricular hypoplasia, tricuspid atresia, and a malformed mitral valve. We believe 

altered hemodynamics is a contributing factor in all three models and explains the similar 
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phenotypes. Altered hemodynamics leads to smaller cardiac cushions, which develop into 

abnormally shaped valve leaflets. A – atrial region; V – ventricular region; LA – left atrium; 

RA – right atrium; LV left ventricle; RV – right ventricle
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Table 1

Day 8 Congenital Heart Defects Number of Hearts Affected

Valve Defects (e.g. atresia, stenosis, hypoplasia, dysplasia, hypoplasia) 8/18 (44.4%)

Ventricular Septal Defects 3/18 (16.7%)

Hypoplastic Right Ventricle 7/18 (38.9%)

Septal Hypertrophy 5/18 (27.8%)

Common Atrioventricular Canal 2/18 (11.1%)

Ebstein’s Anomaly or Ebsteinoid Dysplasia 2/18 (11.1%)

No Defect 1/18 (5.6%)
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