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Figure 1.1 S-shaped chicken embryonic heart and the outflow tract (OFT) at early stages: 

(A) Scanning electron microscopic image showing external structures of the OFT, 

reproduced from the literature50 (with permission); (B) histological section showing 

internal structures of the OFT, reproduced from the literature56 (with permission). E, 

endocardium; CJ, cardiac jelly; M, myocardium. 

Figure 1.2 Schematic procedures of finite element modeling. 

Figure 2.1 Schematic representation of nongated 4-D image acquisition. 

Figure 2.2 Illustration of M-mode image extraction from a B-mode image sequence: (a) 

B-mode image sequence and (b) M-mode image extracted along a line (x = x�) from (a). 

Figure 2.3 Illustration of how phase lags in OFT wall motion are estimated: (a) OCT 

image of a longitudinal section of the OFT and (b) M-mode images extracted from the 

longitudinal section at the locations I (close to the OFT inlet) and II (close to the OFT 

outlet) in (a). Note that M-mode images were magnified and cropped for better 

visualization. d is the distance between locations I and II; p1 and p2 are the phases of 

maximal OFT wall contraction identified from the M-mode images extracted along lines I 

and II, respectively. 

Figure 2.4 Representative OCT images (in B and M modes) of the heart OFT from an 

HH18 chick embryo. Images show the OFT when its walls are constricted: (a) cross 

section of the OFT at about its center and (b) longitudinal section approximately 
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perpendicular to the cross section in (a); and when OFT walls are expanded: (c) center 

cross section and (d) longitudinal section. In (c) and (d), the dark areas in the lumen are 

due to a transient fading of signals when image acquisition rate is lower than the speed of 

blood flow. (e) An M-mode image generated from the cross-sectional image sequence 

along the dotted line in (a). M, myocardium; C, cardiac jelly; L, lumen. Scale bar = 100 

µm. 

Figure 2.5 M-mode images extracted from cross-sectional image sequences of the OFT 

along the dotted line in Figure 2.4(a). Shown M-mode images were extracted from (a) the 

acquired OCT image sequence, (b) the same OCT image sequence pooled to one cycle 

using the cardiac period calculated by SLM (T = 0.8146 s), and (c) the same sequence 

pooled to one cycle using the cardiac period calculated by FFT (T = 0.7708 s). Note that 

(a) corresponds to one cardiac cycle of Figure 2.4(e). 

Figure 2.6 Lines chosen to perform sensitivity study in determining cardiac periods using 

SLM algorithm applied to M-mode (from the representative sequence shown in Figure 

2.4). The panels show the positions of the lines when the OFT walls were most (a) 

constricted and (b) expanded. 

Figure 2.7 Lines chosen to perform sensitivity study in determining relative phase shifts 

using similarity algorithms applied to M-mode images (from the representative sequence 

shown in Figure 2.4). The panels show the positions of the lines when the OFT walls 

were most (a) constricted and (b) expanded. 

Figure 2.8 Comparison of M-mode images extracted from imaged and reconstructed 

longitudinal sections of the OFT. Lines selected to extract M-mode images are show in (a) 

and (b): close to the OFT inlet (I), middle OFT (M), and close to the outlet (O). (a) 
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Longitudinal sections acquired directly with OCT and (b) reconstructed from 

synchronized 4D image data. (c–e) M-mode images from a sequence acquired directly 

from OCT; (f–h) M-mode images from a reconstructed image sequence without phase lag 

adjustment; (i–k) M-mode images from the reconstructed image sequence with phase lag 

adjustment. 

Figure 2.9 OFT wall displacements close to the inlet and outlet. Wall displacements 

(showing the motion of the interface between the myocardium and cardiac jelly) were 

traced manually from the M-mode images shown in Figure 2.8: (a) from images acquired 

directly with OCT [Figures 2.8(c) and 2.8(e)]; (b) from reconstructed images without 

phase adjustment [Figures 2.8(f) and 2.8(h)]; and (c) from reconstructed images with 

phase adjustment [Figures 2.8(i) and 2.8(k)]. For ease of visualization, we present five 

cardiac cycles extracted directly from the acquired image sequence (a), and in (b) and (c) 

generated by circular repetition of the reconstructed pooled cardiac cycle. 

Figure 3.1 OCT images of the heart OFT of HH18 chick embryos. (A) Longitudinal 

section showing the regions where 50 OFT cross-sections were extracted from 4D image 

data. Purple lines showing the start (S), middle (M), and end (E) locations. The OFT 

middle cross-section at (B) its maximal expansion and (C) contraction states. M, 

myocardium; CJ, cardiac jelly; L, lumen; and O, the origin. 

Figure 3.2 Illustration of the definitions of negative and positive edges. The sign of an 

edge is determined by a dot operation between two vectors at a point on the edge, namely, 

the intensity gradient vector (g) and a directional vector (n) pointing from the center point 

(C) to the point on the edge. a and b are a point on the interior and exterior edges of the 

myocardium, respectively. 
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Figure 3.3 Flow chart in segmentation of the OFT. 

Figure 3.4 Illustration of the evaluation measures of the segmentation. (A) The similarity 

measure evaluates the degree of overlapping in areas enclosed by two segmented 

contours A and B; (B) maximal or mean absolute deviation between two contours 

measures the maximal or mean distance (d) between corresponding points (such as ai and 

bj) at two contours A and B. 

Figure 3.5 Comparison of the performance of different segmentation methods: (A) 

manual segmentation, (B) optical flow algorithm, (C) combined active contour and active 

surface algorithms, and (D) our hybrid algorithm consisting of optical flow + active 

contour + active surface algorithms. Performance of segmentation algorithms is 

illustrated with the interior myocardium (green), exterior myocardium (purple), and the 

lumen (yellow) overlaid on an OCT image of the fully contracted OFT.   

Figure 3.6 Segmentation of a (2D+time) OCT image sequence of the middle OFT 

cross-section. (A-J) show the exterior boundary (purple contour) and the interior 

boundary (green contour) of the myocardium, and the outline of the lumen (yellow 

contour) at selected cardiac phases spanning evenly over the cardiac cycle. 

Figure 3.7 Segmentation of a 3D volume OCT image dataset of the OFT at its expansive 

state. (A-F) show the exterior boundary (purple contour) and the interior boundary (green 

contour) of the myocardium, and the outline of the lumen (yellow contour) at selected 

cross-sections spanning evenly along the OFT, starting from the OFT inlet towards the 

OFT outlet demarked in Figure 3.1A. (G) shows the 3D surface reconstruction of the 

OFT from the segmented contours. 

Figure 3.8 Segmentation of a 3D volume OCT image dataset of the OFT at its contracted 
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state. (A-F) show the exterior boundary (purple contour) and the interior boundary (green 

contour) of the myocardium, and the outline of the lumen (yellow contour) at selected 

cross-sections spanning evenly along the OFT, starting from the OFT inlet towards the 

OFT outlet demarked in Figure 3.1A. (G) shows the 3D surface reconstruction of the 

OFT from the segmented contours. 

Supplemental Figure 3.1 Comparisons between automatic (red contour) and manual 

(green contour) segmentations of (A) the exterior myocardium, (B) the interior 

myocardium, and (C) the lumen from a (2D+time) OCT image sequence of mid OFT 

cross-section. Examples depicted have the largest deviations from the manual 

segmentation (the ground truth). 

Supplemental Figure 3.2 Surface reconstruction of OFT contours segmented from a 

2D+time OCT images, showing the large and heterogeneous deformation of an OFT 

middle cross-section over the cardiac cycle.  

Figure 4.1 Sections of HH18 chick heart OFT obtained from OCT images. The figure 

shows OCT images of the OFT during the cardiac cycle: (a) and (c) during ventricular 

systole, when the OFT is most expanded, (a) is a longitudinal section and (c) is a 

cross-section; (b) and (d) during ventricular diastole, when the OFT is most constricted, 

(b) is a longitudinal section and (d) is a cross-section. Point P marks the approximate 

location where velocities were acquired with Doppler OCT (see Fig 4.5.b). The 

white-dotted line corresponds to the direction of the incident light beam of Doppler OCT; 

the arrows indicate the direction of blood flow. Scale bar = 100 µm. L, Lumen, M, 

Myocardium; CJ, Cardiac jelly.  

Figure 4.2 Two FEMs of the OFT. Left: Cushion model: (a) reference cross-section and 
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(b) FEM discretization. Right: jelly model: (c) reference cross-section and d FEM 

discretization (Cylindrical model not shown). In (a) and (c), the inner part corresponds to 

the lumen and the outer part, to the wall. In (b) and (d), the lumen-wall interface is 

marked with a thick line. Dimensions are: R = 0.1875 mm, L1 = 0.077665 mm, L = 0.5 

mm, h = 0.025 mm, and r = 0.03 mm. Points A and B are representative points where 

WSS was analyzed in detail. 

Figure 4.3 Blood pressure and myocardium displacements prescribed as boundary 

conditions on the OFT models. Top temporal variations of ventricular pressure (Pv) 

prescribed at the inlet surface and pressure prescribed at the outlet surface (Pa). Bottom 

radial displacement prescribed on the external surface of the OFT models with amplitude 

D1. Note the different scales for blood pressure (on left vertical axis) and radial 

displacements (on right vertical axis). 

Figure 4.4 Comparison of OFT lumen cross-sectional areas, obtained from our three 

models when (a) OFT is most expanded, and (b) OFT is most constricted. 

Figure 4.5 Blood velocities calculated and measured inside the OFT. (a) Calculated 

longitudinal velocities at the center of the mid-cross-section obtained from the cushion 

model with simultaneous and peristaltic wall motions, with prescribed wall motion 

amplitude D1 (70 µm). (b) Blood velocities measured with Doppler OCT at a fixed point 

located at the approximate center of the OFT lumen (see point P in Figure 4.1a) in the 

direction of incident OCT light beam (dotted line in Figure 4.1a). 

Figure 4.6 Volume flow rates (Q) at the mid-cross-section of the OFT obtained from the 

OFT models. For cylindrical, cushion, and jelly models, a simultaneous wall 

displacement of amplitude D1 was prescribed. For the cylindrical SA model (Sect. 4.2), 
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prescribed wall displacements were such that matched temporal variations of the lumen 

cross-sectional area calculated from the cushion model. 

Figure 4.7 Volume flow rates (Q) obtained from the cushion model. (a) Comparison 

between simulations of simultaneous and peristaltic OFT wall motions, calculated using a 

prescribed radial displacement amplitude D1 = 70 µm. (b) Comparison between 

simulations of simultaneous OFT wall motion, calculated with prescribed radial 

displacement amplitudes D1 = 70 µm and D2 = 90 µm. 

Figure 4.8 Temporal variations of WSS in the cushion model at points A and B (Figure 

4.2a) in the mid-cross-section of OFT. Results correspond to the case of simultaneous 

wall motion with prescribed wall displacement amplitude D1 = 70 µm. 

Figure 4.9 Comparison of WSS obtained using the OFT models. WSS at (a) point A and 

(b) point B. The cushion and jelly models were simulated with simultaneous wall motion, 

with prescribed wall displacement amplitude D1 = 70 µm; the wall motion of the 

cylindrical SA was prescribed such that temporal variations of cross-sectional area 

matched those of the cushion model.  

Figure 4.10 WSS obtained from the cushion model. Left: WSS at point A. (a) 

simultaneous versus peristaltic motion, and (b) prescribed wall displacement amplitude 

D1 (70 µm) versus D2 (90 µm). Right: WSS at point B. (c) simultaneous versus 

peristaltic motion, and (d) prescribed wall displacement amplitude D1 (70 µm) versus D2 

(90 µm).  

Figure 5.1 Stage HH18 chick embryonic heart and its outflow tract (OFT). (A) Sketch of 

a chick embryonic heart with the OFT region marked by dotted black lines; the upper 

right inset shows a sketch of the OFT cross-section. Red arrows indicate the approximate 



xix 

 

locations where blood pressures were measured: in the ventricle and aortic sac. The three 

purple dots indicate the approximate locations where blood flow was measured (near the 

OFT inlet, middle and outlet) using Doppler ultrasound. (B), (C) and (D) Optical 

coherence tomography (OCT) images of the HH18 chick heart, showing: (B) a transverse 

section of the OFT, (C) a cross-section of the OFT at the most constricted state, and (D) 

the same cross-section at the most expanded state. The dotted purple line in (B) indicates 

the location of the cross-section in (C) and (D). M, myocardium; C, cardiac jelly; L, 

lumen; A, atrium; V, ventricle; OFT, outflow tract; AS, aortic sac. 

Figure 5.2 OFT wall motion. (A) Transverse sectional OCT image of the OFT; the 5 

lines show the locations where cross-sections were extracted from 4D OCT images. (B) 

The 5 extracted cross-sections at their most constricted state; the lines in image 1 show 

the major and minor semi-axes of the lumen, assuming an elliptical luminal area. (C) 

Calculated luminal areas (A1, A2, A3, A4, A5) for each of the 5 locations over the 

cardiac cycle. t, time; T, period of the cardiac cycle.  

Figure 5.3 2D axisymmetric model of the chick embryonic heart OFT. The three white 

dots at the OFT centerline indicate the locations where centerline velocities were 

extracted to compare with those measured with Doppler ultrasound. Pas, aortic sac 

pressure; Pv, ventricular pressure; AS, aortic sac; Tr, transition region; OFT, outflow 

tract; V, ventricle. 

Figure 5.4 OFT lumen radius (R) over the cardiac cycle and along the OFT used in our 

2D models. R was calculated and interpolated from the luminal areas obtained from the 5 

cross-sections shown in Figure 5.2. λ, is the axial distance along the OFT centerline from 

the OFT inlet to the outlet.  
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Figure 5.5 Pressure and wall motion phase lags. The figure shows representative 

pressures measured at the ventricle and aortic sac of stage HH18 chick embryos, as well 

as the luminal area at the OFT inlet (A1 from Figure 5.2C). It also shows hypothetical 

phase relationships among the pressures and OFT wall motion. Φp, is the phase lag of the 

aortic sac pressure (Pas) with respect to the ventricular pressure (PV); Φm, is the phase lag 

of the ventricular pressure (Pv) with respect to the wall motion of the OFT inlet (A1).     

Figure 5.6 Temporal relationships among the representative luminal areas and the 

pressure drop along the OFT for different phase lag combinations (Φp and Φm). A1, A3, 

and A5, are the luminal areas at the 3 cross-sections of the OFT (see Figure 5.2B); ∆P, is 

the pressure difference between the ventricle and aortic sac (∆P = Pv-Pas). 

Figure 5.7 Geometric parameters used in 3D FE model of the OFT. (A) shape index (e = 

a/b) of the elliptical cross-section at the 5 selected cross-sections (see Figure 5.2) over a 

cardiac cycle. (B) Major semi-axis (a), and (C) minor semi -axis (b), of the OFT elliptical 

lumen cross-sections over a cardiac cycle and along the OFT. λ, is the axial distance 

along the OFT centerline from the OFT inlet to the outlet. 

Figure 5.8 Comparison of velocities measured using Doppler ultrasound and calculated 

using our 3D FE model of the OFT.  The comparisons are shown at 3 locations in the 

OFT lumen (see Figures 5.1A and 5.11B): (A) near the OFT inlet (location I), (B) middle 

(location M), and (C) near the outlet of the OFT (location O). Measured centerline 

velocities were represented as the average velocity, VUS (solid black line) ± standard 

deviations (dotted lines above and below the solid line). The grey line in (B) was 

obtained from the literature,77 and measured the centerline blood velocity at about the 

middle region of a representative HH18 chick OFT using Doppler ultrasound. 
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Figure 5.9 Averaged peak forward velocities (top) and peak backflow velocities (bottom) 

measured using Doppler ultrasound. Velocities were measured at about the 3 locations 

shown in Figure 5.1A: near the OFT inlet (I), middle (M) and outlet (O) of HH18 chick 

embryos (n = 10). Data are presented as mean and standard deviations. 

Figure 5.10 Centerline velocity profiles calculated using 2D FE models under different 

phase relationships between pressures and OFT wall motion. VI, VM, and VO, are 

centerline velocity profiles extracted at the centerline near the OFT inlet (I), middle (M) 

and outlet (O), respectively (see also Figure. 5.3). 

Figure 5.11 Blood flow patterns calculated using our 3D model of the cardiac OFT of 

HH18 chick embryos. (A) Centerline velocities over a normalized cardiac cycle, and (B) 

velocity profile along the major axis of the elliptical lumen cross-sections. Centerline 

velocities and velocities profiles are shown at the 3 locations shown in Figure 5.1A: near 

the OFT inlet (I), middle (M), and the outlet (O). The vertical lines in (A) indicate the 

cardiac phase of the velocities shown in (B). The three dots in (B) indicate the locations 

from where the centerline velocities in (A) were extracted.  

Figure 5.12 Distribution of wall shear stresses on the OFT wall at peak forward flow.  

The flow rate depicted was calculated from the flow at the middle cross-section of the 

OFT (Location M in Figure 5.1A). 

Supplemental Figure 5.1 The ventricular and aortic sac pressures used in a 2D dynamic 

FE model of the OFT (A) ����� and �	���, and (B) ���	
 and �	�	
. 

Supplemental Figure 5.2 Predicted centerline velocities near the OFT inlet, middle, and 

outlet, under pressure boundary conditions: (A) ����� and �	���, and (B) ���	
 and 

�	�	
, as shown in the Supplemental Figure 5.1. VI, VM, and VO are the centerline 
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blood velocity near the OFT inlet, middle, and outlet, respectively.  

Figure 6.1 OCT images of the OFT. Illustration of the OFT longitudinal and cross 

sections (A) when the OFT is constricted, and (B) when the OFT is expanded. OCT 

images of a OFT longitudinal section (A) when the OFT is constricted, overlaid lines 

showing the locations where 5 cross-sections were extracted from the 4D OCT images of 

the OFT; (D) when the OFT is fully expanded. (E-I) The 5 cross-sections at locations 1-5 

at OFT maximal contracted state, and the same cross-sections (J-N) at OFT maximal 

expansion state. The yellow lines in (E, F, G, and I) showing the orientation of the 

opposing cardiac cushions in the OFT. M, myocardium; L, lumen; CJ, cardiac jelly; SPL, 

splanchnopleure membrane. Scar bar = 200 µm. 

Figure 6.2 Behaviors of the myocardium at 5 selected OFT cross-sections. (A) Temporal 

variations of radii, and (B) maximal expansion and contraction radial velocities of the 

myocardium at the 5 selected OFT cross-sections of the normal chick embryonic heart. 

Figure 6.3 Cyclic strains in the myocardium at 5 selected OFT cross-sections. (A) 

Temporal variation of circumferential strains in the myocardium, (B) temporal variation 

of radial strains, (C) peak circumferential strain in the myocardium compared with that in 

the endocardium, and (D) peak expansion and contraction circumferential strain rates. 

Figure 6.4 Behaviors of the cardiac jelly at 5 selected OFT cross-sections (L1-L5). (A) 

Temporal variation of areas of cardiac jelly over a cardiac cycle; and (B-F) temporal 

relationship between the areas of the OFT myocardium (MI), cardiac jelly (CJ), and 

lumen (L) along the OFT from L1 to L5, respectively. 

Figure 6.5 Behaviors of the heart OFT lumen of HH18 chick embryos. (A) A OCT 

image of the OFT cross-section, with segmented boundaries of the interior myocardium 
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(green contour), exterior myocardium (purple contour), and lumen outline (yellow 

contour) overlaid on the image; and (B) an M-mode OCT image extracted from the 

yellow line in (C) to illustrate the metrics defined for evaluating temporal behaviors of 

the lumen in (D). (C) Temporal variation of OFT luminal areas at 5 selected OFT 

cross-sections of a representative HH18 chick embryo; (B) time spans for luminal 

expansion (Te), closing (Tc), and closure (Tclosure) over a cardiac cycle at 5 selected OFT 

cross-sections of HH18 chick embryos.  

Figure 6.6 Temporal variations of wall stress over a cardiac cycle at (A) the OFT inlet 

and (B) outlet. WS, wall stress, P, intracardiac blood pressure, R, radius of the interior 

myocardium, h, wall thickness of the myocardium. 

Figure 6.7 Blood flow dynamics in the OFT. Temporal variation of blood velocity near 

OFT inlet (I), measured using Doppler OCT: (A) M-mode structural image, (B) M-phase 

image, (C) blood velocity trace over cardiac cycles, the velocity data were calculated 

using Eq 6.1 at the location of the horizontal dotted line overlaid on (A). Note that the 

perpendicular lines show the temporal relationship among the OFT wall motion, Doppler 

phase, and blood velocity, and the horizontal line overlaid on (C) indicates zero velocity. 

Spatial distribution of blood flow calculated using FE modeling: (D) blood flow profiles 

along the major axes of the elliptical cross-sections near the OFT inlet (I), middle (M) 

and outlet (O). Doppler flow data analysis was performed by Peng Lee.   

Figure 6.8 Temporal and spatial distribution of wall shear stress (WSS) magnitude on the 

OFT lumen surface. (A) Spatial distribution of maximal WSS magnitude on the OFT 

lumen surface when the OFT is fully expanded; (B) OFT lumen surface showing 4 

selected locations (1-4) at three cross-sections near the OFT inlet (I), middle (M), and the 
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outlet (O). Points 1 and 3 are along the minor axis of the elliptical cross-section, 

representing the cushion region; points 2 and 4 are along major axis, represent the region 

without cushion. (C-E) Temporal variations of WSS at the 4 selected locations at 

cross-sections I, M, and O, respectively. 

Supplemental Figure 6.1 Temporal variation of circumferential strains in the 

endocardium at 5 selected OFT cross-sections. 

Supplemental Figure 6.2 Illustration of image processing on OCT images of the OFT. 

Segmented contours of the OFT lumen (yellow), the interior boundary (green) and the 

exterior boundary (purple) of the myocardium are overlaid on cross-sectional OCT 

images, when the OFT is fully (A) contracted and (B) expanded. An elliptical model (the 

green curve) that fit the lumen is overlaid on the OCT images of the same OFT 

cross-section, when the OFT is fully (C) contracted and (D) expanded.  

Supplemental Figure 6.3 Comparisons of predicted centerline velocity profiles between 

the assumptions of a transient flow and a quasi-steady flow in FE modeling of the OFT: 

(A) near the inlet, (B) middle, and (C) outlet. The locations correspond to L2, L3 and L4 

in image analysis, respectively. 

Supplemental Figure 6.4 OCT image of a longitudinal section of the OFT, showing the 

locations of two cross-sections L1’ and L2’ to estimate the effects of longitudinal motion 

on image analysis. The two cross-sections are extracted from the 4D OCT image data that 

are perpendicular to the OFT axial centerline and move with the OFT longitudinally over 

the cardiac cycle.   

Supplemental Figure 6.5 Effects of phase relationship between PV and R on the wall 

stress in the myocardium at (A) the OFT inlet and (B) the outlet. 0T, 0.1T, 0.2T, 0.3T, 
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and 0.4T are conjectured phase lags of peak PV with respect to peak R. PV, the ventricular 

pressure; R, effective radius of the myocardium; T, the cardiac cycle. 

Figure 7.1 OCT images of the heart OFT. (A) A longitudinal section of a normal OFT 

when the OFT is constricted, overlaid lines showing the locations where 5 cross-sections 

were extracted from the 4D OCT images of the OFT. (B) A longitudinal cross-section of 

a banded OFT, arrows showing the band. The cross-sections at locations 1-5 (C-G) at 

OFT maximal contracted state, and (H-L) at OFT maximal expansion state. The yellow 

lines in (C, D, E, and G) show the changes in the orientation of the OFT lumen along the 

OFT. M, myocardium; L, lumen; CJ, cardiac jelly; SPL, splanchnopleure membrane. 

Scar bar = 200 µm. 

Figure 7.2 Comparison of the maximal, minimal, and cyclic changes in the radium of the 

interior myocardium at the 5 selected OFT cross-sections between (A) normal and (B) 

OTB chick embryonic hearts. * indicates significantly different from normal (p<0.05). 

Figure 7.3 Maximal expansion and contraction radial velocities of the myocardium at the 

5 selected OFT cross-sections of (A) normal and (B) OTB chick embryonic hearts. * 

indicates significantly different from normal (p<0.05). 

Figure 7.4 Temporal variation of the interior radium of the OFT myocardium over a 

cardiac cycle at 5 selected OFT cross-sections of (A) a representative normal and (B) a 

typical OTB chick embryo. 

Figure 7.5 Comparison of the maximal, minimal areas and cyclic area changes of the 

cardiac jelly at the 5 selected OFT cross-sections between (A) normal and (B) OTB chick 

embryonic hearts.  

Figure 7.6 Temporal variation in the areas of the cardiac jelly at the 5 selected OFT 
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cross-sections of (A) a representative normal and (B) a representative OTB chick 

embryonic heart. 

Figure 7.7 Comparison of the areas and area changes of the lumen at the 5 selected OFT 

cross-sections between (A) normal and (B) OTB chick embryonic hearts. * indicates 

significantly different from normal (p<0.05). 

Figure 7.8 Temporal variation of luminal areas at 5 selected OFT cross-sections of (A) a 

representative normal and (B) a representative OTB chick embryonic heart. 

Figure 7.9 Temporal behaviors of the lumen at the 5 selected OFT cross-sections of (A) 

normal and (B) OTB chick embryonic hearts. (C) A cross-sectional OCT image and (D) 

an M-mode OCT image extracted from the yellow line in (C) to illustrate the metrics for 

temporal behaviors of the lumen. Te, time span for luminal expansion; Tc, time span for 

luminal closing, and Tclosure, time span for luminal closure. * indicates significantly 

different from normal (p<0.05). 

Figure 7.10 Temporal variations of circumferential strains at the 5 selected OFT 

cross-sections in a representative normal and an OTB chick embryonic hearts. 

Circumferential strain in the myocardium: (A) normal and (B) OTB; circumferential 

strain in the endocardium: (C) normal and (D) OTB. 

Figure 7.11 Peak circumferential strains in the myocardium and the endocardium over a 

cardiac cycle at the 5 selected OFT cross-sections of (A) normal and (B) OTB chick 

embryonic hearts. * indicates significantly different from normal (p<0.05). 

Figure 7.12 Peak expansive and contractive circumferential strain rates in the 

myocardium over a cardiac cycle at the 5 selected OFT cross-sections of (A) normal and 

(B) OTB chick embryonic hearts. * indicates significantly different from normal 
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(p<0.05). 

Figure 7.13 Comparison of radial strain in the myocardium between normal and OTB 

embryos. Time variations of the radial strains in (A) a representative normal and (B) a 

representative OTB embryo at the 5 selected locations along the OFT (L1-L5) over a 

cardiac cycle. 

Figure 7.14 Comparison of wall stress in the myocardium between normal and OTB 

chick embryos. Time variations of the wall stress (WS), ventricular pressure (P), wall 

thickness (h), and internal radium of the myocardium in: (A) a representative normal 

embryo and (B) a representative OTB embryo near the OFT inlet (prior to the band) over 

a cardiac cycle. 

Figure 7.15 Comparison of peak velocities near the OFT inlet, middle and outlet between 

normal and banded chick embryos.* indicates significantly different from normal 

(p<0.05). Doppler flow measurement was performed by Andrew Nickerson. 

Figure 7.16 Comparison of centerline velocities near the OFT inlet (I), middle (M), and 

outlet (O) between: (A-C) normal and (D-E) OTB chick embryos measured with Doppler 

Ultrasound. Note that the velocities were acquired sequentially at different OFT regions 

and were not synchronized in a normalized cardiac cycle. Vus, mean velocity measured 

using Doppler ultrasound; Vus±std, velocity varied with a standard deviation. Doppler 

flow measurement was performed by Andrew Nickerson. 

Supplemental Figure 7.1 OCT cross-sectional image of the OFT inlet of (A) a 

representative normal embryo and (B) a typical OTB embryo when the OFT is fully 

closed. Note those extensive branches of the endocardium (End) towards the myocardium 

in the OTB embryo. 
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Supplemental Figure 7.2 Comparison of wall stress in the myocardium at the OFT inlet 

between (A) a normal chick embryo and (B) an OTB embryo under different 

combinations of phase relations between PV and R. 0T, 0.1T,0.2T, and 0.4T are 

conjectured phase lags of peak PV with respect to peak R at the OFT inlet. PV, the 

ventricular pressure; R, effective radius of the myocardium; T, a cardiac cycle. 

Supplemental Figure 7.3 Temporal variation of the interior radius of the myocardium at 

5 selected OFT cross-sections. This is another typical response to OTB, showing a slower 

peristaltic motion than normal HH18 chick embryos. 

Supplemental Figure 7.4 Temporal relationship between the areas of the OFT 

myocardium (MI), cardiac jelly (CJ), and lumen (L) at two locations: (A) L2 and (B) L4 

in a typical OTB embryo. Large area of the cardiac jelly usually occurs during early 

myocardium relaxation and before fast increase of luminal area, or when the OFT is fully 

closed. The area of the cardiac jelly is small when the OFT is fully expanded or during 

fast myocardium contraction.  

Figure 8.1 Temporal variation of the OFT surfaces extracted from 4D OCT images of the 

OFT with a 4D segmentation algorithm. Blue and green surfaces are the external and the 

interior surfaces of the myocardium, respectively. Red surface is the OFT lumen. 4D 

segmentation on the OFT were performed by Dr. Xin Yin (Image courtesy of Dr. Yin 

Xin). 

Figure 8.2 Level and spatial distribution of gene expression of integrin-α4 in a normal 

HH24 chick embryo. (A-C) Examples of confocal microscopy images along the depth of 

the embryonic heart, with image intensity indicating the level of gene expression. (D) 3D 

voxel view of the gene expression of integrin-α4 (the red color), showing a strong express 
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in the compact ventricular myocardium, and a mild express in the OFT myocardium and 

trabeculae. The 3D voxel view was reconstructed from the confocal image dataset in 

(A-C) using Amira 5.2.2. Confocal imaging was performed by Dr. Carley Shaut. 
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List of Videos  

 

Video 2.1 Voxel view of a beating chick-embryo OFT. The movie shows a frontal view 

of the OFT for the first cardiac cycle and then a 180-deg rotation of the OFT along the 

Z-axis for the second cardiac cycle. The dotted line (in the still image) encircles the OFT 

region that connects the ventricle proximally and aortic sac distally. M: myocardium, L: 

lumen (Quick-Time, 2 MB). [URL: http://dx.doi.org/10.1117/1.3184462.1] 

Supplemental Video 3.1 4D surfaces of the heart OFT of a HH18 chick embryo. OFT 

surfaces were generated from the segmentation of 30 OFT volume datasets over the 

cardiac cycle, using the hybrid 3D segmentation algorithm that we developed.  

Supplemental Video 6.1 4D geometry of the OFT of a HH18 chick embryo, 

reconstructed from the 4D OCT image data.  

Supplemental Video 6.2 Tempo-spatial distribution of blood flow field in the OFT of a 

HH18 chick embryo. The blood flow field was predicted with the 3D dynamic FE model 

of the OFT. For simplicity, blood flow profiles were depicted along the major axis of the 

elliptical cross-sections near the OFT inlet (I), middle (M), and the outlet (O).   

Supplemental Video 6.3 Tempo-spatial variation of wall shear stress (WSS) on the OFT 

endocardium of a HH18 chick embryo. WSS was predicted with the 3D dynamic FE 

model of the OFT.  

Supplemental Video 6.4 OCT images of a OFT longitudinal section of a HH18 chick 

embryo. A landmark point (red point) shows the longitudinal motion of the OFT over the 

cardiac cycle.  
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Supplemental Video 6.5 OCT images of an OFT longitudinal section of a HH18 chick 

embryo, showing the wave-like motion of the cardiac jelly along the OFT.  

Supplemental Video 7.1 Longitudinal (A) and frontal views (B) of the OFT of a 

representative HH18 chick embryo. Frontal view depicts a curve plane approximately 

along the axial centerline of the OFT in (A). Note the wave-like motion of the cardiac 

jelly. MI, myocardium; L, lumen; CJ, cardiac jelly. 

Supplemental Video 7.2 Longitudinal (A) and frontal (B) views of the OFT of an OTB 

chick embryo. Frontal view depicts a curve plane approximately along the axial 

centerline of the OFT in (B). Note that the longitudinal motion of the OFT is dramatically 

reduced and that the wavelike-motion of the cardiac jelly is disrupted by OTB. 
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List of Abbreviations 

 

CHD congenital heart disease 

CFD computational fluid dynamics  

CJ cardiac jelly 

FEM finite element model 

HH Hamburg-Hamilton  

L lumen 

ME exterior boundary of the myocardium 

MI Interior boundary of the myocardium  

OCT  optical coherence tomography 

OFT outflow tract  

OPF optical flow algorithm 

OSI oscillatory shear index 

OTB outflow track banding 

WS wall stress  

WSS wall shear stress 

2D two dimensional 
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3D three dimensional  

4D four dimensional (3D space + time) 
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The biomechanical environment (e.g., stresses and strains) of embryonic cardiac cells 

plays an important role in regulating intrinsic genetic programming of these cells. 

Disturbances in the biomechanical environment have been associated with congenital 

heart diseases, which affect 36,000 newborns each year in the US. However, the 

underlying mechanisms by which the biomechanical environment affects heart 

development remain unclear, partly due to the lack of quantitative knowledge about the 
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biomechanical environment the cardiac cells experience in the living embryonic heart.  

  To study the role of the biomechanical environment in early heart development, 

Hamilton Hamburg (HH) stage 18 chick embryos were used as the animal model for 

early heart development in this thesis. An intervention procedure performed on chick 

embryos, outflow tract banding (OTB), was used to reproduce disturbances in the 

biomechanical environment that lead to heart defects. Specifically, we focused on the 

dynamic biomechanical environment in the chicken heart outflow tract (OFT), a distal 

heart region that undergoes intensive morphogenetic remodeling during heart 

development. At early developmental stages (e.g., HH18), morphogenesis of the OFT is 

very sensitive to mechanical disturbances that result in OFT malformations at later 

stages.  

  The objectives of this thesis were (1) to develop a methodology to quantify the 

dynamical biomechanical environment in the heart OFT of chick embryos in vivo and 

non-invasively; and (2) to characterize the physiological biomechanical environment and 

OTB-induced, acute changes in the biomechanical environment to which cardiac cells on 

the OFT wall are subjected in vivo in HH18 chick embryos. 

  First, we developed a methodology that integrates imaging, physiological 

measurements, and computational fluid dynamics (CFD) modeling to quantify the 

biomechanical environment in the chick heart OFT. Using optical coherence tomography 

(OCT) and the 4D imaging strategy developed in this thesis, we characterized the 

dynamics of the OFT wall over the cardiac cycle, from which cyclic cardiac wall strains 

were extracted. Using the dynamic geometry of the OFT wall from OCT imaging and in 
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vivo pressure measurements, we developed image-based CFD models of the OFT to 

quantify in vivo blood flow dynamics and flow-induced shear stresses on the OFT wall 

over the cardiac cycle.  

  Second, we characterized in detail the dynamic biomechanical environment in the OFT 

of HH18 chick embryos and OTB chick embryos using the integrative methodology. We 

showed that cardiac cells in the OFT wall were subjected to a distinct combination of 

biomechanical stresses and strains that varied at different spatial locations on the OFT 

wall and over the cardiac cycle. We also found that the biomechanical environment in the 

OFT altered acutely in response to OTB. The heterogeneous and dynamic biomechanical 

environment of the OFT are hypothesized to differentially regulate cardiac cell behaviors 

and gene expression critical for morphogenetic events that occur in later OFT 

development. 

  Collectively, the methodology we developed provides a way to elucidate the dynamic 

biomechanical environment in embryonic hearts. The knowledge of in vivo 

biomechanical environment as well as its changes will contribute towards understanding 

the mechanisms by which biomechanical factors affect heart development. 



1 

 

Chapter 1: Introduction 

 

In this thesis, a methodology is developed to characterize the dynamic biomechanical 

environment to which cardiac cells are subjected in vivo in living chicken embryonic 

hearts. In this chapter, I will provide some background on the cardiac morphogenesis, 

congenital heart diseases (CHD), the biomechanical environment in the embryonic heart, 

the chick embryonic heart, and the heart outflow tract (OFT). I will also briefly review 

the intervention model that we used to disturb normal biomechanical environment, the 

imaging technique that we used to image chick embryonic hearts, and computational 

fluid dynamics (CFD) that we used to quantify the blood flow dynamics.   

1.1 Background 

1.1 .1 Cardiac morphogenesis and congenital heart diseases 

Mammalian and avian embryonic hearts undergo a similar complex morphogenetic 

process.1 Details of cardiac morphogenesis and associated cellular and molecular events 

have been characterized in recent research.2-5 Briefly, after cardiac differentiation, the 

functional heart begins as a straight tube with distinguishable heart segments, e.g., sinus 

venosus, primitive atrium, atrioventricular canal, primitive ventricle, and OFT connected 

in series; the tubular heart then loops in the middle and aligns the heart segments to their 

definitive positions. Endocardial cushions, septae, and valves form to divide primitive 

atria and primitive ventricles into a four-chambered mature heart. Cardiac morphogenesis 

is governed by genetic programs, which include essential genes that act during critical 
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steps of cardiac morphogenesis and determine cardiac phenotypes, and transcript genes 

that control the essential genes expressed in highly restricted temporal and spatial 

patterns.2, 3, 6, 7  

  Environmental factors, such as hyperthermia,8 hypoxia,9, 10 and disturbed intracardiac 

blood flow,11-14 have been shown to modulate the genetic program of heart development. 

The biomechanical environment, such as strains and stresses that cardiac cells experience 

in vivo, has been recently recognized as an important environmental factor that affects 

heart development.14-16 Intrinsic genetic programs and environmental factors, such as 

biomechanical stresses and strains, interact to ensure the fidelity of spatiotemporal 

genetic expression and thus normal cardiac morphogenesis.4, 6, 14, 17, 18 Any perturbation in 

the biomechanical environment may disturb genetic expression patterns and eventually 

lead to hearts with various defects.  

  Congenital heart diseases (CHD) are structural abnormalities of the heart that arise 

during cardiac morphogenesis.19 In the US, CHDs affect approximately 1% or 36,000 

live babies, and are responsible for 37% of infant deaths from congenital defects each 

year.19, 20 Evidence has shown that perturbed biomechanical environment alter the 

expression of genes that respond to biomechanical forces, leading to CHDs.13, 21 

However, to what extent and how biomechanical factors modify the genetic expression 

program that lead to CHDs are not known. One approach to reveal the mechanisms of 

biomechanical factors regulating genetic expression is to correlate patterns of genetic 

expression with distributions of biomechanical stresses or strains in the embryonic heart. 

This line of research has not been well studied in vivo, partly because the biomechanical 
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environment in the living embryonic heart are challenging to quantify in the tiny, beating 

heart (see Section 1.1.5).22 

1.1.2 Biomechanical environment regulates cardiac morphogenesis 

After the tubular heart starts to beat, intracardiac blood flow and wall motion create a 

dynamic biomechanical environment which cardiac cells experience in vivo. The 

biomechanical environment includes cyclic strains in the myocytes and endocardial cells 

exerted by blood pressures and myocardium contraction, wall stress developed in the 

myocardium in response to transmural blood pressures, and wall shear stress (WSS) 

exerted on the endocardium by the blood flow.  

Evidence for the regulation of cardiac morphogenesis  

Regulatory roles of biomechanical factors in cardiac morphogenesis are inferred from in 

vivo experiments in embryonic hearts of various species.12, 13, 23 Hogers et al., in a venous 

clipped chick embryo model, have shown that altered intracardiac blood flow patterns 

result in heart malformations, especially in the OFT.11, 13 Hove et al., have shown that 

significant reduction in WSS result in failed valvulogenesis  in zebrafish embryonic 

hearts, suggesting that WSS is an essential epigenetic factor in cardiac morphogenesis.14 

Groenendijk et al. have revealed a correlation between the spatial distribution of WSS 

with expression levels of several shear stress-responsive genes in embryonic chick 

hearts.21, 24 Increased intracardiac pressure achieved by banding the OFT accelerates the 

maturation of myocardium architectures in the ventricle, indicating that wall stress 

developed in the myocardium in response to the increased pressure modulates the 

maturation of myocytes.15, 25 In addition, the alteration in diameter of banded OFT may 
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produce changes in laminar flow at and beyond the constriction region, which may be 

responsible for the dilation of the OFT downstream the band and may contribute to OFT 

abnormalities at later developmental stages.12 

Cellular level regulation  

Endothelial cells (ECs) in the endothelium are directly subjected to WSS induced by 

blood flow. ECs sense WSS through different mechanosensors, including integrins, 

vascular endothelial growth factors (VEGF) receptor-2 (Flk-1), ion channels, 

G-protain-coupled receptors (GPCRs) and trimetric G proteins, and adhesion 

molecules.26, 27 The mechanosensors of ECs initiate intracellular signaling pathways by 

activating multiple signaling molecules, including protein kinase C (PKC), FAK, c-Src, 

Rho family GTPases, PI3K, and MAPKs.28 Activated through the protein 

phosphorylation cascades, transcription factors (e.g., c-fos, c-jun, Egr-1, SP1 and NFkB) 

translocate into the nucleus to target cis-elements in biomechanically inducible genes, 

and then up- or down- regulate gene expression, thus modulating the EC behaviors and 

functions.29, 30  

  Evidence has shown that WSS regulate important signal pathways for two important 

functions of ECs in cardiac morphogenesis: (1) endothelial-mesenchymal transformation 

(EMT), a essential process for valve formation;26, 27 and (2) secretion of signaling 

mediators (e.g. platelet-derived growth factor B-chain and NO21, 31-34) modulating 

cardiomyocyte proliferation, maturation, survival, and contraction.28, 29, 35 In vitro studies 

suggest that ECs can sense and differentiate variations of WSS. ECs respond to different 

spatial and temporal features of WSS (magnitude, orientation, spatial and temporal 
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variations) by activating different downstream signaling pathways. ECs can detect WSS 

as low as 0.1 Pa36 and respond as fast as milliseconds,29, 35 which render ECs able to 

sense variations within a cardiac cycle. ECs are capable of sensing the stretch.37 As a 

response to stretch, ECs remodel cell morphology and orientation,38 regulate paracrine 

cytokine secretion39 (endocardium-relaxing factors), and increase key tyrosine kinase 

receptors involved in vasculogenesis and anigiogenesis.40 WSS and cyclic stretch has 

been reported to regulate EC morphology and cytoskeleton synergistically.41 

  Myocytes (MCs) are located in the myocardium and can sense wall stress and cyclic 

stretch of the OFT wall induced by transmural blood pressures. A physiological level of 

stretch has been shown necessary for maintaining physiological phenotypes of MCs 

including proliferation, differentiation, and contractile phenotypes.42 Deviation from the 

physiological level of stretch leads to myocyte hyperplasia or hypoplasia that affects the 

maturation of myofiber architecture in the myocardium.25, 43 Besides the level of stretch, 

MCs can also sense and respond to the amplitude and the rate of change in stretch , and 

alter cellular behaviors.44, 45     

  Current understanding of mechanotransduction of embryonic heart ECs and MCs was 

obtained mostly from in vitro studies on mature vascular ECs or MCs in a simplified 

environment, such as a flow chamber. In the living embryonic heart, cardiac cells are 

subjected to a combination of biomechanical stresses and strains, which vary dynamically 

over a cardiac cycle as the result of pulsatile blood flow and active contraction of the 

myocardium. The variations and combinations of biomechanical stimuli have not been 

fully characterized in embryonic hearts in vivo. Responses of MCs and ECs to the 
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biomechanical stimuli may be important for embryonic heart function and 

morphogenesis.24, 46, 47 To understand the roles of biomechanical factors in heart 

development, we need to quantify the biomechanical environment that embryonic cardiac 

cells experience in vivo.  

1.1.3 Chick embryonic heart and the outflow tract 

The chick embryo is a popular animal model for cardiac development, because chick 

embryos: (1) share similar morphological and genomic patterns as mammals;1 (2) grow 

externally, isolated from the influence of the mother’s circulation, which allows easy 

measurement and microsurgery; (3) develop rapidly (about 21 days of incubation).48, 49 

According to Hamburg-Hamilton (HH) staging system, the development of a chick 

embryonic heart is divided into 46 stages (21 days of incubation); each stage is judged by 

the appearance of external features of chick embryos.48, 49  

  At HH18 (3 out of 21 days of incubation, and approximately corresponding to 28-day 

human embryo), the chick heart is a tiny s-shape looped tube (< 2mm) with no valves and 

a single primitive atrium and ventricle connected in a series (see Figure 1.1A).50 The OFT  

is the distal region of the heart that connects the ventricle with the aortic sac in the 

primitive heart tube.50 The chick heart beats at 2-2.5 Hz, and dynamically pumps blood to 

support embryo development. At this early developmental stage, contraction of the heart 

wall propagates along the heart wall towards the OFT to maintain unidirectional blood 

flow.51, 52   
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  The OFT provides a good model system to study biomechanical factors in cardiac 

morphogenesis, mainly because: (1) the OFT, where portion of ventricular septa and 

semi-lunar valves form, undergoes extensive morphogenetic remodeling during 

development; (2) the morphogenesis of the OFT is particularly sensitive to biomechanical 

disturbances, especially during early stages (e.g., HH18);11, 21 and (3) malformations of 

the OFT contribute to a large proportion of CHDs.53  

  At HH18, the OFT is a slightly curved tube (300-400 µm in diameter and 600-800 µm 

in length) with a three-layered wall consisting of endocardium, cardiac jelly, and 

myocardium (see Figure 1.1B).50, 54-56 The endocardium is an EC monolayer lining the 

lumen of the OFT. The myocardium is an external muscle layer that provides active 

contraction. In between the myocardium and endocardium is the cardiac jelly, an 

amorphous extracellular matrix that contributes a large portion of the OFT wall. Cardiac 

Figure 1.1 S-shaped chicken embryonic heart and the outflow tract (OFT) at early stages: (A) 
Scanning electron microscopic image showing external structures of the OFT, reproduced 
from the literature 50 (with permission); (B) histological section showing internal structures of 
the OFT, reproduced from the literature56 (with permission). E, endocardium; CJ, cardiac 
jelly; M, myocardium. 

(A) (B) 
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cushions in the OFT, which serve as primitive valves, are seen as localized protrusions  

of the cardiac jelly toward the lumen.49, 56 Most knowledge of the OFT geometry was 

obtained from scanning electron microscopy and histological section slices,50, 57 and 

therefore reconstructed 3D geometries are static and are subjected to errors from sample 

preparations. A  4D description of the OFT is critical to characterize the dynamic 

biomechanical environment and its roles in regulating the function and morphogenesis of 

the OFT, but is difficult due to the small size (<2 mm) and fast heart rate (2.5 Hz) of the 

chick embryonic heart at early stages.   

1.1.4 Outflow tract banding model  

To understand the roles of biomechanical factors in heart development, interventional 

experiments performed on animal models are designed to disturb hemodynamics or wall 

dynamics in order to reproduce human-like heart defects.12, 13, 23, 58 OFT banding (OTB) is 

a common microsurgery procedure performed on chick embryonic hearts by constricting 

OFT lumen area with a 10-0 nylon suture. With OTB, ventricular pressure increases 

acutely and persistently with no significant changes in heart rates or cardiac outputs.15, 59 

In response to the persistent high blood pressure, the primitive ventricle remodels, and 

exhibits chamber dilation and elongation,25 thickening of the compact myocardium,25 and 

heart wall stiffening16 at later stages. OTB eventually leads to a spectrum of structural 

defects in the chick heart, such as the double-outlet right ventricle, persistent truncus 

arteriosus, and ventricular septal defect; most of these heart defects are associated 

malformation of the OFT region.12 However, other aspects of biomechanical changes, 

such as wall dynamics and blood flow dynamics, were under- characterized in OTB 
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embryos, although the important roles of blood flow dynamics13, 14 and wall dynamics58 

have been well recognized in heart development. Alterations in the diameter of the 

banded OFT may produce a large change in laminar flow after the band, and contribute to 

OFT abnormalities at later stages.12 From our preliminary study, we have observed 

changes in wall dynamics  of the OFT in response to OTB.60 These changes lead to the 

question of how OTB-induced alterations in the wall dynamics and blood flow dynamics 

of the OFT result in a biomechanical environment that eventfully leads to heart defects. 

Precise visualization and quantification of morphological changes, wall dynamics, and 

blood flow dynamics in the chick heart under normal or altered developmental 

environments is critical to determine the roles of the biomechanical environment on 

cardiac function and morphogenesis. 

1.1.5 Optical coherence tomography to visualize the microstructure and blood 

flow of embryonic hearts  

Optical coherence tomography (OCT) is a powerful imaging technique that offers 

high-resolution, non-invasive imaging of microstructures up to a depth of 2 mm in 

biological tissues.61, 62 OCT is based on Michelson interferometry. OCT imaging is 

similar to that of ultrasound B-mode imaging except that OCT measures the echo time 

delay and intensity of coherently gated backscatter light instead of acoustic waves.63, 64 

The advantages of OCT over other widely used imaging modalities in developmental 

biology are: (1) compared to MRI and micro-CT, OCT provides real time, non-invasive 

imaging without touching the sample; and (2) compared to confocal microscopy43, 65  

and ultrasound biomicroscopy,66 OCT combines the µm-scale high-resolution of confocal 
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microscopy with the mm-scale large depth-of -field in tissues of ultrasound. Thus OCT is 

especially suitable for imaging the dynamic structure of the embryonic heart at early 

developmental stages (<1 mm).67, 68  

Imaging the microstructure of embryonic hearts  

The potential of OCT in visualizing and quantifying the morphology and functional 

properties of the embryonic heart has been demonstrated in many model systems 

including Xenopus laevis,69 chick,60, 68, 70-72 and mouse embryos.70 Current development 

of OCT allows studies of the dynamics of the chick embryonic heart in 2D.60, 71, 72 

Recently, Yelbuz et al. performed ex vivo 3D OCT imaging of fixed, nonviable chick 

embryonic hearts, showing the changes in 3D microstructures of abnormal chick 

embryonic hearts. 68 A first demonstration of direct 4D OCT imaging were performed on 

excised, electrically paced chick and mouse embryonic hearts.70 However, 3D dynamic 

geometry of beating hearts in real time remains challenging for OCT (and most imaging 

systems) , because the current rate of image acquisition (up to 20 cardiac volumes per 

second) is not fast enough to study the dynamics of the beating embryonic hearts in 3D 

(typical heart rate at 2.5 Hz for HH18 chick embryos).73 A strategy for 4D (3D+time) 

imaging is needed to extend the utility of OCT to better visualize and quantify the 

dynamics of embryonic hearts in vivo.   

Imaging blood flow in the embryonic heart 

Combined with laser Doppler flowmetry, OCT can simultaneously measure blood flow 

during structural imaging.67, 68, 70 OCT and other flow-imaging techniques, such as 

Doppler ultrasound, and particle image velocimetry (PIV), have been used to measure 
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intracardiac blood flow in chick embryonic hearts.60, 74-78 However, to my knowledge, 

none of these techniques provides sufficient temporal and spatial resolution of 3D blood 

flow field in the tiny, dynamically beating embryonic heart in vivo, especially near the 

moving heart wall, for accurately quantifying WSS (see Section 1.1.6).22, 75, 79 To 

circumvent the challenges in intracardiac flow imaging, CFD modeling seems a more 

promising alternative for quantifying flow field in the embryonic heart. 

1.1.6 Computational fluid dynamics to quantify hemodynamic forces in 

embryonic hearts 

Hemodynamic forces, including WSS and transmural pressure, are blood-flow induced 

biophysical forces that act on the heart wall. Transmural pressure, the component of 

hemodynamic forces perpendicular to the wall, is equal to the difference of the 

intracardiac blood pressure and the pressure outside the heart wall. A servo-null 

micro-pressure measurement system, a well-established technique in developmental 

cardiovascular research, is used to measure blood pressures. (e.g.,80-82). WSS is the 

tangential component of hemodynamic forces to the wall that blood flow exerts on the 

endocardium. There is no direct way to measure WSS in vivo. WSS is calculated from 

intracardiac blood flow field using the equation: 

� = � ∙ ��/��                                 (1.1) 

where µ is the blood viscosity (µ is constant for a Newtonian fluid); V is the blood flow 

velocity vector; n is a unit vector normal to the lumen-wall surface; and ��/�� is the 

directional derivative of the velocity in the normal direction  to the lumen-wall surface.    
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  CFD produces a detailed description of pressure and velocity fields by solving 

Navier-Stoke equations that governs blood flow in the embryonic heart. Finite element 

(FE) modeling is one common approach to solve CFD problems. The general procedure 

of FE modeling is shown in Figure 1.2. Using FE analysis, the complex geometry of the 

embryonic heart is discretized into many regular elements.83 Partial differential governing 

equations, i.e., Navier-Stokes equations, are correspondingly discretized into a set of 

algebraic equations and are solved at the element level. To solve the partial differential 

equations, boundary conditions (i.e., flow velocities or pressures) are prescribed at the 

inlet and outlet boundaries of the OFT. To simulate the transient blood flow within a 

cardiac cycle, initial conditions (i.e., flow velocities and pressures) are  prescribed over 

the entire OFT fluid domain at time zero.  

  An image-based FE model is generated from an anatomical detailed geometry of the 

OFT obtained from imaging. Given physiological boundary conditions, it can provide a 

realistic representation of cardiovascular flow dynamics.84-87 Another advantage of 

image-based FE modeling is that it can be used to study the influence of hemodynamic 

parameters such as geometry, wall motion, and blood rheology on flow patterns.88 

Image-based FE modeling has been widely used to quantify the blood dynamics in the 

mature cardiovascular system.86, 89, 90 Image-based FE models have also been applied to 

simulate the blood flow and WSS in early human and chick embryonic hearts.21, 91 

However, those FE models assumed that the blood flow was steady-state, which 

oversimplified the realistic blood flow in the embryonic heart. A dynamic image-based 

FE model is necessary to capture blood flow dynamics and temporal variations of WSS 

within the cardiac cycle in the embryonic heart.   
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1.2 Thesis objectives  

The research in this thesis is part of a large collaborative research project in which the 

roles of biomechanical factors in the development of chick embryonic hearts are 

investigated in different aspects. The microstructure and blood flow of chick embryonic 

hearts are measured using the state-of-the art OCT system, which was built and optimized 

for imaging the chick embryonic heart by Dr. Ruikang Wang’ lab. The physiological and 

genetic responses of chick embryonic hearts are characterized by Dr. Kent Thornburg’s 

lab. The biomechanical behaviors of chick embryonic hearts including blood pressure, 

wall dynamics, and blood flow dynamics were characterized by Dr. Sandra Rugonyi’s 

lab. My thesis research focused on the OFT of the chick embryonic heart at HH18. 

Figure 1.2 Schematic procedures of Finite Element modeling. 

Physical problem: 
� Geometry 
� Material properties 

Mathematic problem: 
� Assumptions 
� Governing equations  
� Boundary conditions 
� Initial conditions(Transient) 

Finite element solution: 
� Discretization of the 

geometry and the equations 

� Solution procedure 

Model validation 
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  The objectives of this thesis were (1) to develop a methodology that combines 

imaging, physiological data, and CFD to quantify the wall dynamics and flow dynamics 

of the OFT in vivo; (2) to characterize the biomechanical environment to which cardiac 

cells on the OFT wall are subjected within the cardiac cycle. The specific aims of this 

thesis were to    

1. Develop a 4D imaging strategy to image in vivo the heart OFT in chick embryos 

using OCT;  

2. Develop image analysis algorithms (image reconstruction and segmentation) to 

process 4D OCT image data of the OFT for better visualizing and quantifying the 

OFT wall dynamics;  

3. Develop CFD models to quantify blood flow patterns in the OFT;  

4. Characterize the biomechanical environment (strains and stresses) which cardiac cells 

on the OFT wall are subjected to within a cardiac cycle in vivo; 

5. Characterize the acute responses in wall dynamics and hemodynamics in the OFT 

after one hour of OTB.     

1.3 Thesis outline 

Chapter 2 presents a non-gated 4D imaging strategy and a post-acquisition 

synchronization procedure for imaging the chicken embryonic heart using OCT. The 4D 

image strategy circumvents limitations on acquisition rate of current 4D imaging 

techniques for embryonic hearts. We demonstrated the efficiency and accuracy of the 

synchronization procedure by reconstructing the cardiac OFT of a chick embryo from 
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OCT images. We also showed that the reconstructed 4D images capture the dynamics of 

the OFT wall motion.  

  Chapter 3 presents a 3D image segmentation algorithm for delineating the OFT wall 

from OCT image sequences. The segmentation algorithm consists of the optical flow 

algorithm for rough segmentation of the OFT; and deformable models (active contour 

and active surface algorithms) for fine segmentation of the OFT. The performance of 

algorithm was evaluated with a 2D+time OCT image sequence and two 3D volume OCT 

images of the OFT. The segmented results were validated against manual segmentation. 

We applied the algorithm to a 4D OCT image dataset of the OFT to segment the dynamic 

3D geometry of the OFT of a HH18 chick embryo.      

  Chapter 4 presents a simplified 3D FE model of the cardiac OFT of chick embryos at 

HH18. The geometrical parameters of the FE model were estimated from time series of 

OCT images of the OFT cross-section. Using this simple model, we investigated the 

effects of wall motion pattern (instantaneous vs. peristaltic motion), and cardiac cushion 

(geometric shape of cross-section) on the blood flow pattern and distribution of WSS in 

the OFT over the cardiac cycle. We found that the magnitude and pattern of wall motion 

affected blood flow dynamics in the OFT lumen. We also found that the presence of 

cardiac cushions altered the spatial distribution of blood flow velocities in the lumen of 

the OFT and resulted in an increase of WSS at cushion regions. The finding suggests that 

an image-based 3D dynamics FE model is necessary to capture the flow dynamics in the 

OFT in vivo.  

  Chapter 5 presents an image-based 3D dynamic FE model of the heart OFT of a 
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normal chick embryo at HH18. The FE model took into account physiologically pulsatile 

pressures imposed at the inlet and outlet of the OFT, and the dynamic wall motion 

obtained from 4D OCT images. We validated the model with flow measurement from 

Doppler ultrasound. The 3D dynamic FE model revealed a distinct blood flow field and a 

transient heterogeneous distribution of WSS over the cardiac cycle in a HH18 chick heart 

OFT.  

  In Chapter 6, we characterized the dynamic biomechanical environment of the OFT 

within a cardiac cycle in vivo. We employed a methodology that combined in vivo 4D 

imaging, image analysis, and FE modeling (developed in Chapters 2 to 5). From 4D OCT 

image datasets of the OFT of normal chick embryos, we characterized for the first time 

the wall dynamics of the OFT over the cardiac cycle, and analyzed the circumferential 

and radial strains that myocardium and/or endocardium experience in vivo. From the FE 

model of a representative chick OFT, we quantified the blood flow dynamics and 

flow-induced shear stress on the endocardium. Our results showed that cardiac cells in 

the OFT are subjected to a combination of biomechanical stimuli, and that the 

biomechanical environment to which the cardiac cells are subjected varies over the 

cardiac cycle and over spatial locations on the OFT wall. The unique biomechanical 

environment may be important for the extensive remodeling and morphogenetic events 

that occur later in the OFT.     

  In Chapter 7, we quantified the acute changes in the wall dynamics in the OFT after 

one hour of OTB. From 4D OCT image datasets of the OFT after OTB, we analyzed the 

wall dynamics and wall strains of the OFT. We found that the OFT has shown early signs 
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of compensational changes in the wall dynamics and blood flow dynamics after one hour 

banding. Consequently, the spatial distribution of the biomechanical stresses and strains 

was altered in the OFT wall, especially near the banding site. The changes in the 

biomechanical environment to which the cardiac cells on the OFT wall may predispose 

the functional and structural abnormalities in the OFT reported in OTB chick embryos at 

later developmental stages.  

  Chapter 8 summarizes our findings and contributions, and provides recommendations 

for future research.  
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Chapter 2: Efficient post-acquisition synchronization of 4D 

nongated cardiac images obtained from optical coherence 

tomography: application to 4D reconstruction of the chick 

embryonic heart 

Aiping Liu, Ruikang Wang, Kent L. Thornburg, Sandra Rugonyi 
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2.1 Introduction 

During embryonic development, the heart undergoes a complex morphogenetic process 

that forms a primitive beating tubular heart, which ultimately becomes a four-chambered 

heart.1, 5 Cardiac structure and function interact during this process to ensure normal 

cardiac development,18 and disturbances can lead to congenital heart defects (e.g., 12, 14, 

58). Four-dimensional (4-D) imaging [imaging of three-dimensional (3-D) structures over 

time] of the embryonic heart at early stages of development, when the heart is an 

unseptated tube, is challenging due to the small dimensions of the heart (e.g., typically <2 

mm.50) and the rapid cardiac motion (typically, more than two heartbeats per second81). 

  Optical coherence tomography (OCT) is a powerful imaging technique that can be 

applied to the visualization and quantification of morphological and functional properties 

of the heart during development. The technique offers high-resolution, noninvasive 
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imaging of microstructures up to a depth of 2–3 mm in biological tissues.61-64 Compared 

to other non-invasive imaging modalities, such as confocal microscopy43, 92 and 

high-frequency ultrasound,66 OCT combines the high-resolution (at micrometer scale) 

capabilities of confocal microscopy with the large depth of field in tissue (at millimeter 

scale) of ultrasound. Thus OCT is especially suitable for imaging the embryonic heart at 

early developmental stages.67, 68, 70 OCT has been used to image the embryonic hearts of 

frog,93, 94 chick,60, 68, 70, 71 and mouse.70, 95  

  OCT has been applied to 4–D imaging of Xenopus laevi and quail embryonic hearts;73, 

94 however, the current rate of image acquisition (up to 20 cardiac volumes per second) is 

not fast enough to study the dynamics of the beating embryonic hearts.73 To circumvent 

limitations in the image acquisition rate, 4D cardiac images can be reconstructed by 

post-processing two-dimensional (2-D) image sequences (B-mode images) that together 

span the entire heart. This 4D cardiac imaging procedure requires synchronization of 

B-mode images to enable proper reconstruction of the 3-D geometry of the heart at 

sequential phases (time points) over the cardiac cycle. To synchronize 2-D image 

sequences, two approaches have been used:96 (i) the prospective-gated (or 

hardware-gated) approach, in which acquisition of image sequences is triggered at a 

particular (known) phase of the cardiac cycle by a cardiac signal, and therefore, the 

acquired image sequences are synchronized (in phase), and (ii ) the retrospective-gated (or 

nongated) approach, in which acquisition of image sequences is not triggered; hence, 

image sequences start at random phases of the cardiac cycle and image post-processing is 

required to synchronize them. Jenkins et al.97 performed prospective-gated OCT imaging 

of the heart of an early developing chick embryo, triggering image acquisition with 
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signals obtained by a laser Doppler velocimeter from a vitelline vessel. Mariampillai et 

al.98 performed retrospective-gated OCT imaging of a chick embryonic heart using 

Doppler velocities: during acquisition of B-mode structural images of the chick heart, 

they simultaneously collected Doppler signals from an aortic arch with a separate 

Doppler OCT system. Then, Doppler data were used to synchronize B-mode image 

sequences. The advantage of Mariampillai’s imaging strategy was that imaging and 

image reconstruction were uncoupled. However, as with the prospective gated strategy, 

cardiac gating signals were needed to provide time stamps for post-acquisition 

synchronization. Therefore, errors introduced by weak gating signals—often encountered 

in the embryonic developing heart—affected the accuracy of 4D reconstruction. To 

eliminate the need of additional cardiac signals, Liebling et al.65, 99 developed a 

retrospective-gated imaging strategy and image reconstruction procedure, and applied 

them to 4D imaging of the zebra-fish heart. In their approach, nongated B-mode images 

of the zebra fish heart were acquired using confocal microscopy at different depths, 

spanning the whole heart. Then, B-mode images were synchronized by invoking 

structural similarity between adjacent image sequences. To achieve computational 

efficiency of the synchronization algorithms, Liebling et al.65, 99 used a subset of the 

wavelet series representation of the images for data reduction.  

  In this paper, we present an alternative nongated 4D imaging strategy combined with a 

simple and efficient post-acquisition synchronization procedure to reconstruct 4D images 

of the in vivo embryonic heart. B-mode images of transverse sections of the heart are 

acquired without gating. To achieve computational efficiency, our post-acquisition 

synchronization procedure uses M-mode images (line scans over time),100 extracted from 
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the B-mode images; synchronization of adjacent image sequences is then achieved by 

applying structural similarity along a line. In our procedure, we found that 

synchronization of image data based on similarity of local structures alone does not fully 

recover the peristaltic-like motion of the embryonic heart wall, which introduces phase 

lags in cardiac wall motion. Our synchronization procedure accounts for this phase lag by 

adjusting the phase of each image sequence after synchronization based on structural 

similarity was performed. We applied the nongated 4D imaging strategy and 

post-processing synchronization procedure to OCT images of the cardiac outflow tract 

(OFT) of a chick embryo. We studied the chick embryo because at early stages, cardiac 

development in the chicken is similar to that in humans;1 the chick embryonic heart is 

also easy to access and develops faster than most other animal models.101 OCT images of 

the OFT were acquired in vivo at an early developmental stage, Hamburger–Hamilton 

(HH) 18 (3 days of incubation).48 At this early stage of development, the chick heart is 

tubular and has no valves; the OFT is the distal region of the embryonic 

heart—connecting the ventricle with the arterial system—and functions as a primitive 

valve by contracting to limit blood flow regurgitation. The OFT is a crucial cardiac 

segment to study because a large portion of congenital heart defects originate in the 

OFT.53 The OFT is also a good region for testing the capability of our reconstruction 

procedure to capture peristaltic-like motions of the heart wall.  

  Section 2 of this chapter presents the 4D imaging strategy and image post-acquisition 

synchronization procedure. Section 3 presents the application of the presented procedure 

to images of the chick embryonic OFT and tests of its accuracy. Finally, Section 4 

presents a brief discussion, and Section 5 gives the conclusions to the paper. 
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2.2 Imaging Strategy and 4D Image Reconstruction Procedure 

2.2.1 Nongated 4D Imaging Strategy 

The nongated 4D imaging strategy used (illustrated in Figure 2.1) is similar to that used 

by Liebling et al.99  

 

  B-mode image sequences are collected at successive imaging planes (X-Z planes along 

the Y direction in Figure 2.1): starting at y1=0, OCT acquires a sequence of 2-D 

cross-sectional images (X-Z plane) for approximately five cardiac cycles, and then the 

imaging plane moves longitudinally an increment h to the next cross section. Image 

acquisition is then repeated until the whole region of interest is spanned and yL is reached. 

The value of the distance h between adjacent image planes is kept small so that structural 

imaging data at adjacent locations are similar. An image sequence of a longitudinal 

cardiac section (Y-Z plane in Figure 2.1) is also acquired to adjust phase lags later. 

Therefore, a 4D image data set consists of L sets of B-mode cross-sectional image 

sequences acquired along the Y direction and a B-mode image sequence of a longitudinal 

Figure 2.1 Schematic representation of nongated 4-D image acquisition. 
strategy 
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section. Because OCT image acquisition is nongated, acquired image sequences are out 

of phase. To reconstruct 4D images of the heart, image sequences need to be 

synchronized; that is, the phase relationship between imaging sequences needs to be 

determined. 

2.2.2 Post-acquisition Synchronization Procedure 

Our synchronization procedure assumes that (i) motion and deformation of the heart are 

periodic and (ii ) changes in cardiac structural features are continuous (structural data in 

B-mode images acquired at adjacent locations are similar).  

To synchronize the acquired image sequences, the following steps are performed: 

1. determination of the cardiac period for each image sequence, 

2. determination of relative phase shifts between neighboring image sequences, 

3. determination of absolute phase shifts of image sequences relative to the first image 

sequence, 

4. estimation and adjustment of phase lags between image sequences introduced by 

peristaltic-like motions of the heart wall, 

5. synchronization of image sequences and 4D image reconstruction. 

  Compared to Liebling’s synchronization procedure,99 our procedure has three major 

differences. First, to achieve computational efficiency, rather than using a subset of the 

image wavelet series, our synchronization procedure analyzes M-mode images that are 

extracted from the image sequences (see Figure 2.2). Representing a B-mode image 

sequence at a location �� by the intensity function ��� = (�, �, �), an M-mode image 
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extracted along a vertical line � = ��  of the B-mode sequence is ���� = ���(�, �, �). 

Second, to improve the accuracy of the synchronization procedure, instead of keeping 

image frames in a sequence in the order they were acquired and cropping image data to a 

whole number of cardiac cycles (to apply the synchronization algorithm), data from 

image sequences (spanning approximately five cardiac cycles) are pooled into one 

normalized cardiac cycle. Third, to accurately recover the dynamic motion of the heart, 

we provide a procedure to estimate and adjust phase lags between adjacent image 

sequences introduced by peristaltic-like contractions of the heart wall. This later step may 

not be necessary, however, if imaging is performed at non-transversal planes of the heart 

(such as longitudinal planes). In Sections 2.2.2.1–2.2.2.5, we describe each step of the 

synchronization procedure.  

 

Figure 2.2 Illustration of M-mode image extraction from a B-mode image sequence: (a) 
B-mode image sequence and (b) M-mode image extracted along a line (x = x�) from (a). 
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2.2.2.1 Determination of cardiac period 

Because our synchronization procedure relies on the periodicity of the cardiac cycle, the 

cardiac period must be known to ensure proper synchronization of image sequences and 

to pool data from image sequences to a normalized cardiac cycle. To adjust for small 

variations in period that occur during imaging (mostly due to temperature fluctuations), 

we calculate the cardiac period,	�(��), of each of the L image sequences at locations ��. 

To calculate �(��), we use a string-length method (SLM).102, 103 SLM is particularly well 

suited for determining periods in cases of relatively few observations (a few cycles) when 

conventional methods, such as the Fourier transform, fail to provide reliable results.104 

SLM assumes that periodic signals, discretely sampled over several cycles, are 

continuous. Then, if the period of the signal is known, the phase (time position within the 

cycle) of each data point can be determined, and “strings” (line segments) that join 

successive data points (arranged by their phases) have the shortest total length. Hence, 

the period minimizes the total length of strings. In our implementation of the SLM 

algorithm, the cardiac period, T, of each image sequence is determined from the M-mode 

image extracted from that sequence. Each vertical line in the M mode consists of M 

pixels, and the horizontal line of N pixels, where N is the number of images in a sequence 

(each acquired at a distinct time ��). Each pixel in the M-mode image ( ×" pixels in 

total) is a data point, and the magnitude of each point is the intensity, denoted as 

���� (��, ��). Giving a candidate period ��, the phase, #�, of each data point is 

#� = �� − %�� ��⁄ '��	(( = 1,… ,")                     (2.1) 

where %. ' denotes integer part. Using #� , vertical lines in the M-mode image are 
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resequenced by their phases such that #�,- ≤ #� ≤ #�/-. The total length, D, of the 

strings is 

01(�� , ��) = ∑ ∑ 34���� (��, #�) − ���� (��, #�,-)4
1 + |#� − #�,-|1 ��1⁄ 78

�91
:
�9-      (2.2)  

The right-hand side terms in Eq. (2.2) are the differences in magnitudes and in phases of 

two consecutive pixels in the re-sequenced M-mode image and are functions of ��. To 

give equal weights to both terms,103 ����  and #� are normalized, such that their values lie 

into the range ;0, 1=.  

  The cardiac period �(��), is found by minimizing the string length0(�� , ��) 

�(��) = minA� 01(�� , ��),    �� ⊆ ;����, ��	
=           (2.3) 

The string length 0(�� , ��) is a nonconvex function of ��with several local minima. 

Thus, searching algorithms based on gradient methods might be trapped in local 

extremes,105 and direct searching for T was used here within a range ;����, ��	
=. 

2.2.2.2 Determination of relative phase shift between adjacent image sequences 

To synchronize nongated image sequences, we determine the temporal relation (or phase 

shift) between adjacent sequences assuming structural similarity. We find the phase shift 

by maximizing the similarity of M-mode images—extracted along the same line 

(� = ��)	from two adjacent B-mode image sequences. Thus, we performed structural 

similarity along a line of the image sequences.  

  To improve the accuracy of the synchronization, which is limited by image acquisition 

rate, we pooled M-mode image data (from several cycles) into one cardiac cycle, 



27 

 

rearranging vertical lines by their phases. The algorithms to determine phase shifts 

(described below) require M-mode images with the same number of vertical lines, 

equally spaced in time. To accomplish this, we normalized the cardiac cycle and 

re-sampled each M-mode image with the same number (K) of evenly phase-distributed 

vertical lines. Re-sampling was performed using cubic spline interpolation, which offers 

the best cost-performance tradeoff among available interpolation methods.106, 107  

Structural similarity between two re-sampled M-mode images, ���� (�, #∗)  and 

���DE� (�, #∗), extracted from adjacent image sequences was calculated using a correlation 

coefficient F�,�/- between the M-mode images as the similarity index, 

F�,�/-(G) = ∑ ∑ ���� (��, #�∗)���DE� (��, #�∗ − G)H
�9-

8
�9-             (2.4)     

where s is a candidate phase shift and p* is the phase in the normalized cardiac cycle. The 

phase shift, I�,�/- , between the two adjacent image sequences is then found by 

maximizing the similarity index F�,�/-(G), 

, 1 , 1max ( )i i i is
S C s+ += ,   G ⊆ ;0,1=                       (2.5) 

2.2.2.3 Determination of absolute phase shift with respect to a reference sequence 

The next step is to synchronize the image sequences with respect to a common reference 

sequence. Taking the first image sequence(�- = 0) as the reference, the absolute phase 

shift I� —the phase shift between a sequence at ��  and the reference—is the 

accumulated sum of relative phase shifts (between adjacent image sequences),  
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2.2.2.4 Estimation and adjustment of phase lag for all image sequences 

During early developmental stages, contractile cardiac waves travel from the heart atrium 

to the OFT,51 producing a peristaltic-like motion of the heart wall and introducing phase 

lags among different regions of the heart. To estimate these phase lags R#S	TU between 

adjacent image sequences, we use data from the acquired image sequence showing the 

longitudinal section of the heart. Two M-mode images are extracted at two locations a 

distance d apart along the longitudinal cardiac section (see Figure 2.3).  

 

  The phases of maximal cardiac contraction, p1 and p2, are then identified from the 

M-mode images, and the phase lag, ∆#, between these two locations is calculated. To 

minimize errors in the estimation of ∆#, we average ∆# over several cycles, i.e., 

Figure 2.3 Illustration of how phase 
lags in OFT wall motion are estimated: 
(a) OCT image of a longitudinal section 
of the OFT and (b) M-mode images 
extracted from the longitudinal section 
at the locations I (close to the OFT 
inlet) and II (close to the OFT outlet) in 
(a). Note that M-mode images were 
magnified and cropped for better 
visualization. d is the distance between 
locations I and II; p1 and p2 are the 
phases of maximal OFT wall 
contraction identified from the M-mode 
images extracted along lines I and II, 
respectively. 
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where i represents the ith cardiac cycle and q is the number of sampled cardiac cycles. 

Assuming that the velocity of the contractile wave, v, is constant in the cardiac region 

under consideration,  

/v d p= ∆                              (2.8)  

The phase lag between two adjacent image sequences a distance h apart is then estimated 

by  

      #S	T = ℎ X⁄                              (2.9)  

The adjusted absolute time shifts, I��, are then calculated by  

      I�� = I� + (O − 1)#S	T                    (2.10) 

  The assumption of constant v holds approximately true in relatively small regions of 

the heart (such as the OFT), and hence to achieve accurate reconstruction, phase lags 

should be evaluated at each individual region.  

2.2.2.5 Reconstruction of 4D images 

To reconstruct 4D cardiac images from a nongated data set, images in image sequences 

are shifted in time according to adjusted phase shifts (I��). We then pooled the images to 

a normalized cardiac cycle and resampled images at P selected equally spaced phases 

over the cardiac cycle, using linear interpolation between images. We then assembled 

2-D images into 3-D image datasets at the P phases and reconstructed 4-D images of the 

heart. 
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2.3 Application to 4D Images of the Chick Heart OFT 

Our imaging strategy and synchronization procedure were used in imaging the heart OFT 

of chick embryos at stage HH18 (approximately three days of incubation). OFT images 

were acquired with OCT, and the algorithms to calculate cardiac period and phase shifts 

were tested for accuracy and sensitivity to the line chosen to extract M-mode images. 

2.3.1 Embryo Preparation 

Fertilized white leghorn eggs were incubated blunt-end up at 38 °C and 85% humidity in 

a horizontal rotation incubator to stage HH18.48 To expose the embryonic heart, the egg 

shell was opened and the membrane overlaying the embryo was removed. During egg 

manipulation and imaging, temperature of the embryo was allowed to drop below its 

normal physiological temperature (38 °C), which allowed the heart rate to drop. 

2.3.2 Image Acquisition with OCT 

A spectral domain OCT system was used to acquire images of the OFT of a chick embryo 

at HH18. OCT acquired 40 B-scans (2-D image frames, see Figure 2.1) per second; with 

each B-scan composed of 250 A-scans (line scans). The OCT system employed has 10 

µm axial (Z in Figure 2.1) and 16 µm lateral (X and Y in Figure 2.1) spatial resolutions 

and a light penetration depth of 2.0 mm in tissue (assuming a refractive index of 1.35). 

Because at the early developmental stages under study the chick tissue is almost 

transparent, light penetration depth is further limited only by blood, such that the 

practical penetration depth when imaging the OFT is 1 mm (enough to image the OFT at 

HH18).  
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  We used the nongated image acquisition strategy described in Sec. 2.1 to obtain a 4D 

image data set of the OFT. A total of 65 B-mode image sequences of OFT cross sections 

were taken along the OFT, 12.5 µm apart, spanning the entire OFT region (800 µm in 

length). Each image was 250×430 pixels, and each image sequence consisted of 185 

frames (more than five cardiac cycles). A B-mode image sequence, corresponding to a 

longitudinal OFT section approximately perpendicular to the center cross section of the 

OFT, was also acquired to adjust phase lags due to peristaltic-like wall motion in the 

OFT. 

  Figures 2.4(a)–(d) show representative OCT images of the OFT. The structure of the 

OFT wall—the lumen interface, cardiac jelly, and myocardium—is clearly demarcated. 

We extracted an M-mode image from the dotted line in Figure 2.4(a). The M-mode image 

[Figure 2.4(e)] traces the periodic displacements of the OFT wall over the acquired 

cardiac cycles. 

2.3.3 Testing the Synchronization Procedure 

Using the OFT images acquired with OCT, we tested the accuracy of the synchronization 

procedure and the sensitivity of the procedure to the line chosen to extract M-mode 

images. We performed the tests on a representative image sequence of the OFT acquired 

approximately at the center cross section of the OFT [see Figures 2.4(a) and 2.4(c)]. 
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2.3.3.1 Determination of cardiac period 

We used the SLM algorithm, applied to M-mode images, to determine the cardiac period, 

T, of the chick embryonic heart from each acquired image sequence (see Sec. 2.2.1). 

Because during imaging embryo temperature was lower than physiological temperature 

(see Sec. 3.1), calculated T (0.8 s, see below) was higher than normal (usually <0.5 s for 

an HH18 embryo8). To quantify T we used Eq. (2.3), with a search range of cardiac 

periods from 0.7 to 0.9 s and searching step size of 10−4 s. 

Accuracy. To study the accuracy of the SLM algorithm applied to M mode, we compared 

cardiac periods calculated using SLM applied to M- and B-mode images, as well as 

calculated using fast Fourier transform108 (FFT) (FFT was performed on a curve showing 

the correlation of the images in a sequence with respect to a reference image). To this end, 

Figure 2.4 Representative OCT 
images (in B and M modes) of the 
heart OFT from an HH18 chick 
embryo. Images show the OFT 
when its walls are constricted: (a) 
cross section of the OFT at about its 
center and (b) longitudinal section 
approximately perpendicular to the 
cross section in (a); and when OFT 
walls are expanded: (c) center cross 
section and (d) longitudinal section. 
In (c) and (d), the dark areas in the 
lumen are due to a transient fading 
of signals when image acquisition 
rate is lower than the speed of blood 
flow. (e) An M-mode image 
generated from the cross-sectional 
image sequence along the dotted 
line in (a). M, myocardium; C, 
cardiac jelly; L, lumen. Scale 
bar=100 µm. 
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we used the representative OCT image sequence of the OFT (Sec. 3.3). The cardiac 

period calculated using FFT (T = 0.7708 s) was not expected to be accurate due to the 

small data sampling size (only approximately five cycles). The SLM algorithm, in 

contrast, was accurate and predicted approximately the same solution (T = 0.8146 s) 

regardless of whether M- or B-mode images were used (the difference was less than the 

searching step). SLM applied to M-mode images, however, was >200 times faster than 

SLM applied to B-mode images. 

 

  To verify the accuracy of the calculated T, we pooled all the images in the sequence 

into one cardiac cycle, arranging them by phase according to the calculated T. From these 

pooled sequences, we generated M-mode images along the dotted line shown in Figure 

2.4(a). Figure 2.5 shows a comparison of M-mode images extracted from an acquired 

image sequence [Figure 2.5(a)] and from pooled images [Figures 5(b) and 5(c)]. The 

M-mode image from the acquired image sequence [Figure 2.5(a)] shows a pixelated view 

Figure 2.5 M-mode images extracted 
from cross-sectional image sequences 
of the OFT along the dotted line in 
Figure 2.4(a). Shown M-mode images 
were extracted from (a) the acquired 
OCT image sequence, (b) the same 
OCT image sequence pooled to one 
cycle using the cardiac period 
calculated by SLM (T = 0.8146 s), and 
(c) the same sequence pooled to one 
cycle using the cardiac period 
calculated by FFT (T = 0.7708 s). Note 
that (a) corresponds to one cardiac 
cycle of Figure 2.4(e). 
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due to the low image acquisition rate (40 fps). The M-mode image obtained from pooled 

images arranged according to the T calculated from FFT [Figure 2.5(c)] shows that if T is 

inaccurate, the M-mode image looks discontinuous. The M-mode image obtained from 

pooled images arranged according to the T calculated using the SLM [Figure 2.5(b)] is 

smooth looking and resembles Figure 2.5(a), indicating that the T calculated using SLM 

is accurate. 

Sensitivity to M-mode line. To test the sensitivity of the SLM algorithm to the line 

selected to extract the M-mode image from the 2-D image sequences, we extracted 

M-mode images along horizontal and vertical lines (lines were 130-µm apart, see Figure 

2.6) from the representative OCT image sequence. Lines were grouped according to the 

following criteria: (i) lines that overlay the OFT region over the cardiac cycle (H3–H5 

and V3–V5); (ii ) lines that overlay the OFT region only for a time interval during the 

cardiac cycle (V2, H2, V6, and H6); and (iii ) lines that lie outside the OFT region (H1, 

V1, H7, and V7). We calculated T using the SLM algorithm applied to these M-mode 

images (see Table 2.1). We found that SLM was, in general, robust, as long as the lines 

from which M-mode images were extracted overlaid the OFT during the cardiac cycle 

(i.e., H3–H5 and V3–V5); the maximum deviation from T occurred at V4 and was within 

0.1%. The deviation at V4, however, was mainly due to transient fading of signals during 

imaging (wash-out phenomenon),109 which occurs when blood flow velocity is much 

faster than image acquisition rates, resulting in interference signals that average out and 

appear as a dark region in the lumen [see Figures 4(c) and 4(d)]. Better reproducibility of 

results was achieved when SLM was applied to M-mode images extracted from 

horizontal rather than vertical lines. The inferior performance of the M-mode images 
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from vertical lines was due to both attenuation of signals along the tissue depth and 

transient fading of signals. 

 

Table 2.1 Cardiac periods (in seconds) calculated from M-mode images extracted from different 

lines (see Figure 2.6). 

 1 2 3 4 5 6 7 

H 0.8180 0.8146 0.8146 0.8146 0.8146 0.8206 0.8146 

V 0.8206 0.8146 0.8146 0.8153 0.8146 0.8146 0.8125 

Bold numbers show calculated periods that are within 0.01% accuracy with respect to the centerline [shown in 

Figure 2.4(a)] used to determine the accuracy of SLM. 

2.3.3.2 Determination of relative phase shift 

To calculate phase shifts, Si,i+1, between adjacent image sequences, we used a similarity 

Figure 2.6 Lines chosen to perform sensitivity study in determining cardiac periods using SLM 
algorithm applied to M-mode (from the representative sequence shown in Figure 2.4). The panels 
show the positions of the lines when the OFT walls were most (a) constricted and (b) expanded. 
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algorithm that searched for Si,i+1 by maximizing the correlation between M-mode 

images [Eq. (2.5)]. Because each image sequence consisted of 185 frames, Si,i+1 was 

expected to be at least accurate within one frame in a pooled sequence (or 0.005T). 

Accuracy. To study the accuracy of the similarity algorithm applied to M-mode images, 

we first tested the algorithm using synthetically generated image sequences with known 

relative phase shifts. To obtain the image sequences, we chose the representative image 

sequence [see Figure 2.4(a) and 4(c)] and, using linear interpolation between frames, we 

then generated 10 image sequences that were shifted in phase from the representative 

sequence. Phase shifts were randomly chosen from 0 to T. Using these sequences, we 

compared the performance of the similarity algorithms applied to B- and M-mode images 

[extracted along the line shown in Figure 2.4(a)] in terms of accuracy and computational 

efficiency. 

  We found small errors—with respect to known shifts (maximum 0.3%)—when phase 

shifts were calculated using similarity on either B- or M-mode images. Calculation of the 

phase shift using M-mode images, however, was 400 times faster than when using 

B-mode images. 

Sensitivity to M-mode line. To study the sensitivity of calculated phase shifts to the line 

selected to extract the M-mode images, we used the representative image sequence [see 

Figure 2.4(a) and 4(c)] together with its adjacent image sequence, and applied the 

similarity algorithm to M-mode images extracted from the two image sequences. 

According to Sec. 3.3.1, T was more accurate when lines that overlaid the OFT over the 

cardiac cycle were used to extract M-mode images; therefore, we focused on M-mode 
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images extracted from these lines. We generated 16 M-mode images extracted from 

horizontal and vertical lines (50-µm apart, see Figure 2.7), and found the phase shift 

between the sequences by applying similarity, Eq. (5), to these M-mode images. 

Calculated phase shifts, I�,�/- = (0.25 ± 0.005)�, for all M-mode lines were within the 

expected accuracy. 

 

2.3.3.3 Reconstruction of 4D images of the OFT 

To reconstruct 4D images of the OFT, we used the 4D data set obtained as described in 

Sec. 3.2. For each OFT cross sectional image sequence, we generated an M-mode image 

from a horizontal line within the center region of the OFT cross section (e.g., line H4 in 

Figure 2.6). Then, using the SLM algorithm [Eqs. (2.2) and (2.3)], we determined T for 

each image sequence. Once T was determined, we used similarity [Eqs.(2.4) and (2.5)], to 

determine the relative phase shift between each adjacent image sequence pair. Finally, we 

Figure 2.7 Lines chosen to perform sensitivity study in determining relative phase shifts using 
similarity algorithms applied to M-mode images (from the representative sequence shown in 
Figure 2.4). The panels show the positions of the lines when the OFT walls were most (a) 
constricted and (b) expanded. 
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estimated the phase lag among image sequences due to the peristaltic-like motion of the 

OFT wall [Eqs. (2.8) and (2.9)] from the acquired sequence of OFT longitudinal section 

images. This phase lag was found to be 0.32T from the inlet to the outlet of the OFT, and 

thus was non-negligible. After calculating absolute phase shifts with respect to a 

reference sequence [Eq.(2.6)], we corrected for this phase lag [Eq. (2.10)], and then 

synchronized image sequences according to the adjusted absolute phase shifts. We then 

reassembled the 2-D images of the OFT into 3-D image data sets at 180 phases of the 

cardiac cycle, and thus reconstructed 4D images of the OFT. To better visualize the 

structure and motion of the OFT walls and their interaction with blood flow over the 

cardiac cycle, 4D images were further analyzed using the image software Amira 3.1 (see 

Video 2.1). 

Accuracy. To test the accuracy of the 4D reconstruction, we extracted image sequences 

showing an OFT longitudinal section over the cardiac cycle from the reconstructed 4D 

images with and without phase-lag adjustment. By visual inspection, the plane at which 

OFT longitudinal sections were extracted from reconstructed images was close to the 

Video 2.1 Voxel view of a beating 
chick-embryo OFT. The movie shows a 
frontal view of the OFT for the first 
cardiac cycle and then a 180-deg rotation 
of the OFT along the Z-axis for the second 
cardiac cycle. The dotted line (in the still 
image) encircles the OFT region that 
connects the ventricle proximally and 
aortic sac distally. M: myocardium, L: 
lumen (Quick-Time, 2 MB). [URL: 
http://dx.doi.org/10.1117/1.3184462.1] 
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plane where the OFT longitudinal image sequence was acquired directly with OCT. We 

then extracted M-mode images from three lines of the reconstructed and imaged OFT 

longitudinal sections (see Figure 2.8): (i) line I, which was close to the ventricle (the OFT 

inlet); (ii ) line M, approximately at the middle of the OFT; and (iii ) line O, which was 

close to the aortic sac (the OFT outlet). The extracted M-mode images showed very 

similar wall-motion patterns. To better visualize differences in wall-motion phase 

relations, we manually traced the upper interface between the myocardium and the 

cardiac jelly from the M-mode images and plotted the displacement of this interface over 

time (see Figure 2.9). We found that when the OFT is reconstructed without phase-lag 

adjustment, phase relations between lines I and O—(0.02 ± 0.02)�—did not resemble 

those observed from direct OCT imaging—(0.11 ± 0.02)�. When phase-lag adjustment 

was introduced in the reconstruction, however, the phase relations between lines I and O 

were recovered. Thus, our results indicate that phase-lag adjustment is needed to properly 

capture the dynamics of the OFT wall motion.  

 

Figure 2.8 Comparison of M-mode images 
extracted from imaged and reconstructed 
longitudinal sections of the OFT. Lines 
selected to extract M-mode images are show 
in (a) and (b): close to the OFT inlet (I), 
middle OFT (M), and close to the outlet (O). 
(a) Longitudinal sections acquired directly 
with OCT and (b) reconstructed from 
synchronized 4D image data. (c–e) M-mode 
images from a sequence acquired directly 
from OCT; (f–h) M-mode images from a 
reconstructed image sequence without phase 
lag adjustment; (i–k) M-mode images from 
the reconstructed image sequence with phase 
lag adjustment. 
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2.4 Discussion 

In this paper, we present an imaging strategy together with an accurate and efficient 

post-acquisition synchronization procedure to assemble nongated 2-D cardiac image 

sequences (B-mode images) into a synchronized 4D image data set. Phase shifts between 

adjacent image sequences are calculated by maximizing the similarity of M-mode images 

extracted from B-mode images. In the proposed procedure, the M-mode images function 

as an optical cardiogram, providing gating data used for post-acquisition 

Figure 2.9 OFT wall displacements 
close to the inlet and outlet. Wall 
displacements (showing the motion 
of the interface between the 
myocardium and cardiac jelly) were 
traced manually from the M-mode 
images shown in Figure 2.8: (a) from 
images acquired directly with OCT 
[Figures 2.8(c) and 2.8(e)]; (b) from 
reconstructed images without phase 
adjustment [Figures 2.8(f) and 
2.8(h)]; and (c) from reconstructed 
images with phase adjustment 
[Figures 2.8(i) and 2.8(k)]. For ease 
of visualization, we present five 
cardiac cycles extracted directly 
from the acquired image sequence 
(a), and in (b) and (c) generated by 
circular repetition of the 
reconstructed pooled cardiac cycle. 
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synchronization.98 Furthermore, our synchronization procedure provides a means of 

estimating phase lags in the motion of cardiac walls, introduced for instance by 

peristaltic-like wall contractions, and adjusting phase lags for proper image 

reconstruction. Because synchronization of image sequences is performed using line 

scans (M-mode images), computational efficiency is achieved. 

2.4.1 Application Realm of the Synchronization Procedure 

Application of our procedure to 4D image reconstruction is subjected to two underlying 

assumptions. The first assumption is the periodicity of cardiac motion and deformation. 

For chick embryos at early developmental stages, the central neural system, which 

regulates heart rate, has not yet developed and the heart rate is only a function of embryo 

temperature. Although during our imaging acquisition the temperature of the embryo was 

lower than physiological, temperature was stable within 1 °C and temperature-induced 

variations in the heart rate were small (<9% among image sequences). Thus, during 

imaging, motion of the OFT wall was approximately periodic. The second assumption is 

structural similarity of image sequences acquired at adjacent locations. To ensure 

structural similarity, the distance h (12.5 µm) between acquired cross-sectional image 

sequences was less than the lateral spatial resolution of our OCT system (16 µm), and 

much smaller than the length of the OFT (~800 µm). Our nongated 4-D imaging strategy 

and synchronization procedure can be generalized to applications involving other animal 

models or organ systems, as well as other imaging modalities. 
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2.4.2 Accuracy of the Synchronization Procedure 

The accuracy of our synchronization procedure depends on the line chosen to extract 

M-mode images from B-mode images. We found that calculations of period and relative 

phase shift from M-mode images are not too sensitive to the locations or orientations of 

the lines as long as the lines overlaid the region of interest (e.g., the OFT) over the entire 

cardiac cycle. For OCT images, however, attenuation of the imaging signal along the 

tissue depth and the transient fading of signal due to fast motion of blood flow affect the 

accuracy of calculations. Therefore, lines containing points within the same depth in 

tissue (horizontal lines in Figures 2.6 and 2.7) and within the center region of the OFT are 

preferred.  

  OCT images of the OFT (B- and M-modes) contain periodic data from the OFT (our 

region of interest), but also data from other parts of the heart and surrounding organs, 

such as the head. To estimate the percentage of the image that contains OFT (useful) data, 

we can use the average surface of the image occupied by the OFT over total surface area 

for B-mode images, and the average OFT length over total line length for M-mode 

images. For cross-sectional images, we can assume that the OFT external layer is a circle 

with radius R, and that the image is a square with side length L (with R<L). Then, the 

ratio of OFT data to total imaging data goes as (R/L)2 for 2-D images and R/L for line 

scans. Because R/L>(R/L)2, using properly chosen lines for M-mode extraction, the 

algorithms to calculate period and phase shift could achieve higher accuracy when 

applied to M-mode rather than B-mode images. 

  We compared the performance of the algorithms used to calculate cardiac period and 
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relative phase shifts applied to B- and M-mode images obtained from a horizontal line 

within the center region of the OFT (see Figures 2.6 and 2.7). We found that, regardless 

of whether the algorithms were applied to B- or M-mode images, similar accuracy was 

achieved (see Sections. 2.3.3.1 and 2.3.3.2). Moreover, calculations were significantly 

faster (~400 times faster) when performed using M-mode rather than B-mode images. 

Employing M-mode images dramatically improved the efficiency of the synchronization 

procedure without compromising accuracy. 

  Other factors that affect accuracy of our synchronization procedure are the number of 

frames per cardiac cycle that the system can acquire and the total number of cardiac 

cycles acquired in a sequence. Our reconstruction is based on ~30 frames per cycle and 5 

cardiac cycles, thus about 150 frames in total to accurately reconstruct a cardiac cycle (as 

all the images are pooled to one cycle). We verified that this number of frames is 

sufficient for correct reconstruction. We also checked the accuracy of the reconstruction 

if more or less frames were considered (results not shown in the manuscript) and our 

results suggest that 150 frames in an image sequence are probably close to optimal. Thus, 

for other systems and faster cardiac rates, image acquisition should be such that at least 

150 frames are acquired. A caveat, however, is that if the number of frames acquired per 

cardiac cycle is ≪ 30, then each image frame might not be considered “instantaneous” 

(because it takes time for the system to scan the frame) and this would introduce 

inaccuracies. Our results indicate that acquiring OCT images at a rate of ~30 

frames/cardiac cycle for about five cardiac cycles is sufficient to predict cardiac cycle 

and time shifts with reasonable accuracy. 
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2.4.3 4D Reconstruction (Phase-Lag Correction) 

We found that synchronization of images based on structural similarity alone is not 

sufficient to capture the peristaltic-like motion of the heart walls of chick embryos at 

early developmental stages. During early development, the embryonic heart does not 

have valves and, to maintain unidirectional blood flow, contractile waves travel along the 

heart.51 These traveling waves produce peristaltic-like wall motion and thus introduce 

phase lags between different regions of the heart. In our synchronization procedure, to 

correctly recover the dynamics of the OFT wall, we adjusted the phases of image 

sequences from those obtained by structural similarity. 

  Because contractile waves travel from the inlet to the outlet of the heart, the need to 

correct for the phase lag in our procedure largely depends on our choice of imaging 

cross-sectional (transverse) planes. For our procedure, we acquired cross-sectional 

images because they ensure similarity between adjacent image sequences (i.e., the OFT 

always shows in the image frame, no matter whether the OFT is expanded or contracted), 

whereas with longitudinal images, there are imaging planes from which the OFT 

“disappears” when its walls contract and “reappears” when its walls expand, making 

similarity algorithms more difficult to implement and more prone to inaccuracies. 

  Currently, there is controversy about the nature of cardiac motion at early stages of 

development, with some authors arguing that heart wall motion is peristaltic,110, 111 

whereas others argue that the heart acts as a suction pump.112 We certainly found that in 

reconstructing the OFT motion from the nongated OCT images we acquired, phase-lags 

in wall motion between the inlet and outlet of the OFT (not accounted for by structural 
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similarity) need to be considered. In other regions of the heart, and/or at later stages, this 

phase lag might be negligible. Application of our synchronization procedure, however, 

will certainly aid in the characterization of cardiac mechanics during early development. 

2.5 Conclusions 

In this paper, we have presented a 4D nongated imaging strategy and post-acquisition 

synchronization procedure to reconstruct 4D images of the embryonic heart. We have 

demonstrated the efficiency and accuracy of the procedures by reconstructing the cardiac 

OFT of a chick embryo from OCT images. Our nongated 4D imaging strategy and 

synchronization procedure can be generalized to applications involving other animal 

models or organ systems, as well as other imaging modalities, providing that the two 

underlying assumptions, periodicity of the motion and similarity of adjacent image 

sequences, are satisfied. The synchronization procedure presented is especially useful for 

4D imaging when: (i) reliable physiological gating signals are difficult to acquire, (ii ) the 

acquisition rate of the imaging system employed is limited, and (iii ) phase lags are 

non-negligible. 
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Chapter 3: A robust 3D hybrid optical flow and deformable 

model segmentation algorithm for 4D OCT images of the 

chicken heart outflow tract 

3.1 Introduction  

Chapter 2 has demonstrated that OCT is a powerful non-invasive image technique that is 

capable of visualizing in vivo the early chick embryonic heart development. The 4D (3D 

space + time) imaging and post-acquisition reconstruction strategy that we developed 

further extends the functional capability of OCT to capture the dynamics of the beating 

heart within a cardiac cycle, which is important for early diagnosis and prevention 

because function abnormalities usually precede gross structural malformation of the 

heart11, 13, 113 To extract structural and dynamic information of the chick embryonic heart 

from the OCT images, segmentation, a process of partitioning the anatomical structures 

from images, is a critical step towards reliable quantification of the wall dynamics of the 

embryonic heart.   

  In this thesis, our region of interest is the outflow tract (OFT), a distal region of the 

heart that connects the primitive ventricle to the aortic sac, of stage HH18 chick embryos. 

The OFT is a slightly curved tube that has a three-layered wall (Figure 3.1): (1) the 

myocardium, an external muscle layer; (2) cardiac jelly, the extracellular matrix shown as 

the dark region in-between the myocardium and lumen in OCT images; and (3) a thin 

layer of endocardium (<10 µm), enclosing the OFT lumen. In the OCT images, the 
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endocardium layer cannot be distinguished from the lumen because the blood within the 

lumen and the endocardium have similar refractive index. Here the endocardium is 

defined as the outline of the lumen. To quantify the dynamic structure of the OFT wall as 

well as its interaction with blood flow within the OFT, we need to segment the OFT from 

the OCT images over cardiac cycles. As a first step towards 4D segmentation, our 

objective was to construct a 3D segmentation scheme that partitions the OFT 

myocardium and the lumen contours over the cardiac cycle from a 2D+time OCT image 

sequence or surfaces at any given cardiac phase from a 3D volume OCT image dataset.  

  Segmentation of OCT images generally faces two major problems.114 First, the image 

intensity decreases with the increase of imaging depth, and the intensity inhomogeneities 

exclude those segmentation methods based on image intensity. Second, OCT images are 

subjected to speckle noises, which decrease the image quality. These typical drawbacks 

with OCT images result in discontinuities and spurious edges, making the segmentation 

task a challenging problem. Challenges associated with OCT image sequences of the 

OFT further complicate the task of automatic segmentation (Figure 3.1). First, the OFT 

undergoes large deformation during the cardiac cycle, in particular, the lumen has large 

shape change. Second, there is a transient fading of signals (washout effect115) in the OFT 

lumen when the velocity of blood flow in the OFT is large, which usually occurs at 

maximal blood ejection from the ventricle (shown as the center dark region in the lumen 

in Figure 3.1). Third, it is difficult to distinguish the edges of interest (OFT wall layers) 

from other surrounding tissues, which are in close proximity and have similar intensities 

as the OFT wall in OCT images.     
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  Deformable models (also referred to as active contours in a 2D problem116 or active 

surfaces in a 3D problem117) offer a reasonable approach to handle these problems, due to 

their major advantages: (1) ease of incorporating smoothness constraint on the object 

shape, which offers robustness to both image noises and boundary gaps common in 

medical images, and (2) capability of accommodating the significant variability of 

biological structures over time and across different objects. Deformable models have 

been a rigorous research area in medical image analysis and covered by many excellent 

reviews.118-121 Briefly, deformable models are closed parametric curves or surfaces 

defined in an image domain that can move under the influence of internal constraints and 

external forces. The internal constraints are defined within the curve or surface to keep 

the model continuous and smooth during deformation, and external forces are computed 

from the image data to drive the model towards the desired object boundaries. One major 

disadvantage of the deformable models is its performance of segmentation is sensitive to 

its initial contour location because the deformable model is usually formulated into a 

minimization problem, and thus deformation of contours is easily tracked into local 

minimums.  

 To address the sensitivity of initial contour location, Mikic and colleagues proposed to 

incorporate the optical flow algorithm to guide the active contours in segmenting 

echocardiographic sequences.122 The optical flow is a 2D displacement field computed 

from two consecutive image frames that traces the motion of an object over time, based 

on the assumption that the intensity pattern of a moving object is time invariant.123 Given 

the 2D displacement field, the position of the object can be predicted in the subsequent 

image frame without human supervision. Thus, the optical flow algorithm enables us to 
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track and segment fast-moving objects such as the cardiac structures in an image 

sequence.  

  In this Chapter, we have constructed a hybrid 3D image segmentation scheme that 

consists of the optical flow algorithm for coarse segmentation124 and the deformable 

model algorithms (active contour and active surface algorithms) for fine segmentation.125 

In order to achieve robust segmentation of OCT images of the OFT, we also introduced a 

number of enhancements and modifications to the formulations of deformable models. 

By applying our algorithm to a 2D + time OCT image sequence and 3D datasets of the 

OFT, we have shown that our hybrid algorithm of optical flow and active contour/surface 

renders a robust segmentation scheme for segmenting the 3D OCT images of the OFT. 

The algorithm will be used to quantify the wall dynamics of the OFT in normal chick 

embryos in Chapter 6, as well as to quantify the changes in the wall dynamics of the OFT 

in OTB chick embryos in Chapter 7.  

3.2 Methods  

3.2.1 Optical flow algorithm 

The optical flow algorithm calculates a displacement field (u, v) that describes the motion 

of a feature point at (x, y, t) in an image, I, to a new position (x+ u, y + v, t+1) in the next 

frame. Using the displacement field, we can trace object boundaries frame-by-frame in a 

3D dataset. To determine the displacement field (u, v) at each image point, we minimized 

an energy function ], defined as follows: 124   

](^, X) = ∬ 3 àR�
^ + ��X + �bU
1 +c(|∇^|1 + |∇X|1)����7e     (3.1)  
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where Ix, Iy, and It are the derivatives of I (image intensity) with respective to x, y, and t, 

respectively; K is a Gaussian kernel of standard deviation f; g is a weight parameter. 

The first term is a data term that assumes the brightness within some neighborhood of 

size	f is constant over time.  A large f has better tolerance for noises, whereas small 

values of f better preserve the flow discontinuities at edges. The second term is a 

regularization term that imposes a smoothness constraint on the displacement field. 

Larger values for the weight parameter ω lead to a smoother flow field. Since the spatial 

and temporal image derivatives (Ix, Iy, and It) are sensitive to image noises, it is common 

to smooth the image sequence prior to differentiation by convoluting a Gaussian kernel 

with standard deviation σ to remove image noises.   

  The flow field (^, X)  that minimizes the energy function ]  satisfies the 

Euler-Lagrange equations: 124 

∆^ − -
h ija(�
)

1^ + jaR�
��UX + ja(�
�b)k = 0               (3.2) 

∆X − -
h 3jaR�
��U^ + jaR��U

1X + +jaR���bU7 = 0              (3.3) 

where ∆≔ m

 + m��  denotes the spatial Laplace operator. The equations were 

implemented using a finite difference scheme by Dr. Vicente Grau in Matlab platform, 

following the procedures described in 124, 126.  

3.2.2 Active contour algorithm 

Active contour is a parametric contour F(G) (0 < s < 1, where s is the arc-length 

parameterization of the curve) that deforms and converges to the desired object 

boundaries driving by the forces defined within the image data under the internal 
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constraint of smoothness and continuity.116 A deformable active contour ���, �� is to 

stabilize the equation: 120    

− �
�	 
�

��
�	
 +

��
�	� 
�

���
�	�
 + ����� = ��

��                (3.4) 

where t is time; �,	�, and � are weighting parameters. The first two terms are inner 

force terms that control the elasticity and rigidity of the contour, respectively; the third 

term is the external force term that is derived from the image data and attracts the contour 

to the desired object boundaries. Here, the external force term is expressed as a 

superposition of several different forces to incorporate constraints from the prior 

knowledge on the OFT and to improve the robustness of the segmentation, as follows:  

� = ���� + ���� + �	�	 + ����                    (3.5) 

where �� , ��, �	, and �� are distance force, pressure force, spring force, and volcano 

force, respectively;  ��, �� , �	, and �� 	are their weighting parameters.     

Distance force 

The distance force converges the contour to edges which have the lowest distance 

potential. Distance force is defined as follows120, 125  

����, �� = −∇����, ��                          (3.6) 

where �� is the distance potential and ∇	= �
�� +

�
�� denotes partial differential operator. 

The distance potential is a function of the Euclidean distance between each pixel in the 

image and the closest edges that the edges have the lowest distance potential. 

Minimization of the distance potential drives the initial contour to the closest edges. The 
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definition of distance potential follows that in 120, 125;  

����, �� = −�� �!"−#��, ��$%,                  (3.7) 

where # is the distance to the closed edges and is determined by an Euclidean distance 

transformation of the edges detected by a Canny edge detector. 127   

Pressure force  

To increase the attraction range of the active contour and reduce the sensitivity to 

initialization, we used a pressure force defined as:125  

����� = ��&���,                             (3.8) 

where &��� is a outward unit normal vector of the contour. The inflation and deflation 

of the contour is determined by the sign of ��, which varies based upon whether C is 

inside or outside the desired object. 

Interactive forces incorporating geometric constraints 

Deformation of two contours such as the interior and exterior boundaries of the 

myocardium has to satisfy certain geometric relation. In the case of the OFT, the 

thickness of myocardium is within certain range"ℎ()*, ℎ(+�%.  To avoid distraction of 

surrounding tissues and overlapping of interior and exterior myocardium boundaries, we 

constrained the deformation of the exterior myocardium within the range "ℎ()*, ℎ(+�% 
using a “spring force” Fs(C) and a “volcano force” Fv(C), defined as follows:  

�	��� = - &����ℎ(+� # − 1⁄ �, 01	# > ℎ(+�
						0	,																																																4�ℎ 560� 7      (3.9)    
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 ����� = - &����ℎ()* #⁄ − 1�, 01	# < ℎ()*
							0,																																																	4�ℎ 560� 7      (3.10) 

where d is the distance between corresponding points on the contours of interior and 

exterior boundaries of the myocardium. The two interactive forces, namely the spring 

force and the volcano force, pull or push a contour toward or away from each other where 

the distance between the contours is outside of the defined range.   

3.2.3 Active surface algorithm 

Active surface is a generalization of active contours in a 3D image domain. A deformable 

parametric surface S (s,r) (0 < s < 1, 0 < r< 1 where s and r are two spatial variables of 

the surface) is defined as follows:125  

�9
�� =

�
�	 
�:

�9
�	
 +

�
�; 
�$

�9
�;
 − 2	 ��

�	�; 
�:
��9
�	�;
 −

��
�	� 
�$

��9
�	�
 −

��
�;� 
�=

��9
�;�
 + ��>� 

(3.11) 

where �) 	�0 = 1, 2� and �?�@ = 1, 2,3� are weighting factors of internal forces, which 

determine the relative importance of the elasticity (�: and �$), the rigidity (�: and �$) 

and resistance (�=) on the shape of the surface; the external force F(S) is defined as a 

superposition of pressure force and distance force on the active surface. The active 

contours and surfaces were implemented using the finite element methods, similar to.125, 

128 

3.2.4  Segmentation scheme for the heart OFT  

When applying our algorithm, we also incorporated several strategies to achieve a 

successful segmentation of the OFT. First we elaborate on the major strategies and then 
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summarize our procedures in a flow chart.  

3.2.4.1. Extracting OFT cross-section  

One issue associated with OFT segmentation is that the OFT is a curved tube, whereas 

the imaging plane was fixed in space when we acquired the OCT images f the OFT.  A 

2D cross-sectional image may not necessarily reflect the cross-section of the OFT, and 

the deviation between the imaging plane and OFT cross-section increases towards the 

distal OFT (refer to Figure 3.1A). To segment the OFT cross-section, from the 4D OCT 

image data of the OFT we extracted a longitudinal section of the OFT that runs roughly 

through the centerline. From a static longitudinal section when the OFT was fully 

contracted, we approximated the axial centerline of the OFT with an arc shape and 

estimated the radius and origin of the arc. Through the origin of the arc, we defined 50 

locations with 1 degree apart on the longitudinal section and extracted cross-sections of 

the OFT from the 4D OCT image data (see the starting and ending locations in Figure 

3.1A). Our segmentation were then applied to the 50 time series of the OFT 

cross-sections (see an example of an extracted OFT cross-section in Figures 3.1.B and C).    

 

Figure 3.1 OCT images of the heart 
OFT of HH18 chick embryos. (A) 
Longitudinal section showing the 
regions where 50 OFT cross-sections 
were extracted from 4D image data. 
Purple lines showing the start (S), 
middle (M), and end (E) locations. 
The OFT middle cross-section at (B) 
its maximal expansion and (C) 
contraction states. M, myocardium; 
CJ, cardiac jelly; L, lumen; and O, the 
origin. 
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3.2.4.2. Edge enhancement 

The conformity of the active contour to the desire boundaries heavily depends on the 

quality of the edge map (see Section 3.2.2). To improve the quality of the edge map, we 

employed the following strategies:  

 (1) Distinguish internal and external edges of an objective  

To discriminate internal and external edges of an object, we used the directional 

information of the edge 129, 130 131132(Figure 3.2). A directional vector B = ���, �� − �C 
was defined as a unit vector that points from a specified point Pc within the OFT lumen 

to a point ���, ��  on a given edge. The gradient vector D��, �� = ∇E��, ��	was 

calculated at point ���, ��. By comparing the direction of the gradient vector with the 

directional vector at each point on edges, we grouped edges into positive edges and 

negative edges, as follows. 

Positive edge map: 

1���, �� = -1	,							01				B ∙ D��, �� > 0
0,																					4�ℎ 560� 7 .                 (3.12) 

Negative edge map:  

1*��, �� = -1	,							01				B ∙ D��, �� < 0
0	,																				4�ℎ 560� 7 .                 (3.13) 
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  According to this criterion, the interior edge of the myocardium was classified into 1� 

and the exterior and the outline of the lumen were classified into 1*. The segmentation 

was then based on the edge map of 1� or 1*. The interferences between the neighboring 

edges of the myocardium were avoided.   

 (2) Threshold by the length of the edge 

To avoid the undesired effects of noises, we discarded the edges that were shorter than 

certain length. Empirically, we chose 4 pixels as the threshold.   

(3) Mask the edge map  

To avoid segmentation to converge to the edges of neighboring tissues, before 

segmenting the lumen and external myocardium, we created a binary mask from the 

segmented contour of interior myocardium; the mask has a value of 1 at image pixels 

within the region enclosed by the contour and a value of zero at pixels outside the 

contour. To remove the edges that lie outside or inside of the interior myocardium, the 

edges maps of the exterior myocardium 1G�� and the lumen 1HI(G* were generated by 

Figure 3.2 Illustration of the definitions of 
negative and positive edges. The sign of an 
edge is determined by a dot operation 
between two vectors at a point on the edge, 
namely, the intensity gradient vector (g) and 
a directional vector (n) pointing from the 
center point (C) to the point on the edge. a 
and b are a point on the interior and exterior 
edges of the myocardium, respectively. 
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applying the mask to the negative edge map 1*, as follows:  
 

1G�� = 1* ∙ JK�L,                             (3.14) 

1MI(G* = 1* ∙ ~JK�L,                         (3.15) 

where ~ is the logic negation operator; and ~Mask has a value of zero at image pixels 

within the region enclosed by the contour and a value of one outside the contour. The 

segmentation of the exterior myocardium and then lumen was then based on the masked 

edge maps of 
 
1G�� and 1HI(G*. 

3.2.4.3. Adaptive parameters  

The shape of the lumen changes during the cardiac cycle, deforming from a xxx. 

Accordingly, we adapted weighting parameters of internal (α and β) and external forces 

(γ) of the active contour to the phase of the cardiac cycle. The larger the values of α and 

β, the smoother the active contour and thus more robust to image noises; the smaller the 

values of α and β the more compliant the active contour and thus better accommodate the 

irregular shape of the lumen but easily distracted by image noise. The weight parameter γ 

determine the strength of image force to attach the active contour to the edge. A proper 

choice of weighting parameters is important for the active contour to converge to the 

desired edges in noisy medical images.    

  We estimated the phase of the cardiac cycle using the area (A) of the segmented 

interior myocardium. 

� = 6:�G�� +6$�CO*                         (3.16) 

� = 6:�G�� + 6$�CO*                         (3.17) 
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� = 6:�G�� +6$�CO*                           (3.18) 

where 6: = PQPRST
PUVWQPRST

 and 6$ = 1 − 6:; the subscripts “con” and “exp”  indicate the 

most constricted state and expanded states of the OFT, respectively.  

3.2.4.4 3D surface reconstruction  

Our segmentation provides series of contours that have the coordinates defined in each 

2D image domain or a 2D local coordinate system ��, �� (refer to Figure 3.2). Given the 

knowledge of the origin O (Yo, Zo) and angle (X) of the plane where the cross-sections 

were extracted (refer to Figure 3.1A), the contours were reconstructed into 3D global 

coordinate system �Y, Z, [�(refer to Figure 3.1), using the following transformation 

equations: 

 Y = �                                    (3.19)  

  Z = � cos X                                (3.20)            

                         [ = −KY − _Z + `	                         (3.21) 

where a, b and c are the parameters of a given cross-section plane, determined by three 

known points on the plane in the global coordinate system. 

3.2.4.5 Flow chart 

The scheme flow for segmenting the OFT is as follows (also summarized in a flow chart, 

see Figure 3.3) 

1. Extract 50 cross-sections that are approximately perpendicular to the axial 

centerline of the OFT from 4D image data.  
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2. Normalize the image sequences of cross-sections into one cardiac cycle to 

improve the temporal resolution of OCT images. This procedure reduces the maximal 

displacement of the OFT wall between consecutive image frames to the capture range 

of optical flow algorithm (4 pixels in the image) which is important for optical flow 

algorithm to accurately follow the deformation of a beating OFT.  

3. Apply a Gaussian filter with a standard deviation a to reduce speckle noises of 

the OCT images.  

4. Semi-automatically trace the outlines of the myocardium and lumen using the 

live-wire algorithm implemented in Amira 5.2.2. These traces are used as initial 

contours in the optical flow algorithm. To avoid accumulating errors in computing 

optical flow, we used three additional re-initiation contours that evenly span over the 

cardiac cycle when segmenting a image sequence, and used two re-initiation contours 

that span along the OFT when segmenting a 3D volume dataset.  

5. Apply optical flow algorithm on an image sequence frame-by-frame to compute 

the 2D displacement field between two consecutive image frames at each pixel in the 

image domain. Based on the displacement fields, the locations of initial contours are 

updated and follow the motion of OFT boundaries over time or over space. In this 

way, the OFT wall is roughly segmented.   

6. Enhance the edge map by distinguishing internal and external edges of the OFT 

wall layers (see Eqs. 3.12-3.13) and thresholding the noisy edges.  

7. Apply 2D active contour algorithm frame-by-frame on an image sequence using 

the segmentation solution from the optical flow algorithm as initial contours. Due to 
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different properties of the OFT layers, the 2D algorithms applied to the interior and 

the exterior boundaries of the myocardium, and the lumen were slightly modified in 

terms of the formulation of external forces and proper parameters. Since the interior 

edge of the myocardium is well defined, we first applied the 2D algorithm to segment 

the interior boundary of the myocardium. Usually the pressure force and distance 

force are sufficient for the segmentation of interior myocardium boundary. With the 

knowledge of interior myocardium boundary, we further enhanced the edge maps for 

the lumen and exterior boundary of the myocardium (see Eqs. 3.14-3.15). In 

segmenting exterior myocardium boundary, additional geometry constraint on the 

wall thickness was incorporated into the 2D algorithm as the spring and volcano 

forces (see Eqs. 3.9-3.10). For the lumen, adaptive parameters were used to 

accommodate large shape changes (see Eqs. 3.16-3.18).  

8. Apply 3D active surface algorithm on a set of contours extracted from 2D active 

contour algorithm.   

9. Transform the 2D local coordinate system of contours into 3D global Cartesian 

coordinate system if segmenting 3D volume data of the OFT (see Eqs. 3.19-3.21). 

The contours were then lofted and interpolated into surfaces using Rhinoceros 4.0.    
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3.2.5 Algorithm validation  

The evaluation of the segmentation is based on two quantitative measures (Figure. 3.4): 

namely, similarity index (SI), and maximal or mean absolute distance (AD_max or 

AD_mean). SI measures the degree of overlapping in areas enclosed by two contours and 

provides an indicator of the overall goodness of segmentation against the ground truth 

(usually manual segmentation). SI is defined as: 131, 132 

>E = 2 |P∩d|
|P|e|d|                           (3.22) 

where A and B are the areas from two segmentations with manual and automatic 

segmentation, respectively.   

Figure 3.3 Flow chart in segmentation of the OFT. 

Active contour 
• MI  
• ME (wall thickness constraint + mask) 
• Lumen (adaptive parameters + mask) 

Active surface 

OPF 
• 2D displacement 
• Contour evolution  

Edge enhancement  
• Positive/Negative edges 
• Threshold by edge length 

Image Preprocessing 
• Extract cross-sections 
• Normalization into one cardiac cycle  
• Smoothing 
• Initial contours 



62 

 

 

  Maximal or mean absolute distance (AD_max or AD_mean) measure the maximum or 

mean Euclidean distance between the target boundary (usually through manual tracing) 

and the contour extracted from algorithm, and thus provides a local measure for 

segmentation performance. AD_mean and AD_max between two contours A and B are 

defined as:122, 133  

fg_i KB = �f, j� = :
$ k

:
*∑ #m�? , jn + :

(
*?o: ∑ #�_) , f�()o: p            (3.23) 

fg_max	�f, j� = maxt#mK? , jn, #�_) , f�u  �0 = 1,2, . . , i, @ = 1,2, … , B� (3.24) 

where f = wK:, K$, … , K*x  and j = w_:, _$, … , _(x  represent coordinates of points 

which define the contours from manual tracing and algorithm extraction, respectively. 

#�K) , j� = i0By_? − K)y finds the distance between a point ai on the contour A and its 

closest point on the contour B. 

Figure 3.4 Illustration of the evaluation measures of the segmentation. (A) The similarity 
measure evaluates the degree of overlapping in areas enclosed by two segmented contours A and 
B; (B) maximal or mean absolute deviation between two contours measures the maximal or mean 
distance (d) between corresponding points (such as ai and bj) at two contours A and B. 
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3.3 Results and discussions  

We tested our algorithm on a 2D + time image sequence of a middle OFT cross-section 

and two 3D volume image sequences from a 4D OCT image dataset of a HH18 chick 

heart OFT. In our implementation, we empirically chose	a = 0.5, { = 3, KB#	| = 50	for 

the optical flow algorithm. The parameters used for active contour and surface algorithms 

are shown in Table 3.1 and Table 3.2, respectively. Performance of different 

segmentation algorithms was compared in Table 3.3.   

Table 3.1 Parameters in 2D active contour algorithm 

Region Parameters 

Lumen αexp = 2(1/n)2;αcon=0.5(1/n)2 

 βexp =2(1/n)4; βcon=0.5(1/n)4 

 γd exp=30; γd con=40 

 γp exp =0.005; γp con=0.001 

Myo I α = 5(1/n)2;β =5(1/n)4;γd =20; γp =0.002 

Myo E α= 8(1/n)2 ; β =10(1/n)4; γd =10; γp=0.005; γs= γv =0.5;  

         n is the number of points in the contour. The choice of parameters is referred to 125. 
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Table 3.2 Parameters in 3D active surface algorithm 

Region Parameters 

Lumen αexp = 200/[n ×(m-1)]2;αcon=20/[n ×(m-1)]2 

 βexp =200/[n ×(m-1)]3; βcon=20/[n ×(m-1)]3 

 γd exp =1; γd con=2  

 γp exp =0.02; γp con=0.01 

Myo I (or MyoE) 

 

α1 =α2= 200/[n ×(m-1)]2 

β1 =β2 =β3=200/[n ×(m-1)]3 

γd =1; γp =0.1  

          n is the number of points in a contour, and m is the number of  

        frames in an image sequence. The choice of parameters is referred to 125. 

3.3.1 Segmentation evaluation  

To evaluate our hybrid algorithm, we selected 5 images from the middle OFT 

cross-sections that evenly span over the cardiac cycle; and we applied 4 segmentation 

algorithms, namely, the optical flow algorithm, a combined algorithm of active contours 

and active surfaces, a combined algorithm of optical flow and active contours algorithms, 

and our hybrid algorithm that consists of optical flow, active contour and active surface 

algorithms to segment the interior and exterior myocardium and the outline of the lumen. 

Segmentations from different algorithms were qualitatively compared (see examples 

shown in Figure 3.5). We further evaluated quantitatively the performance of the 

segmentation using SI, AD_max and AD_mean against manual segmentation, the ground 

truth (Table 3.3).   
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Table 3.3 Comparison of different segmentation methods  

Method AD_mean AD_max SI 

 Lumen Myo I Myo E Lumen Myo I Myo E Lumen Myo I Myo E 

OPF 0.98 

(0.30) 

0.68 

(0.06) 

0.80 

(0.17) 

7.32 

(1.94) 

4.35 

(0.63) 

5.58 

(1.60) 

0.86 

(0.03) 

0.96 

(0.006) 

0.96 

(0.005) 

AC+AS  1.32 

(0.52) 

0.39 

(0.07) 

0.61 

(0.11) 

8.49 

(3.26) 

2.78 

(0.32) 

3.42 

(0.60) 

0.88 

(0.08) 

0.98 

(0.008) 

0.98 

(0.001) 

OPF+AC 0.97 

(0.14) 

0.96 

(0.19) 

0.70 

(0.17) 

5.64 

(1.50) 

3.56 

(0.36) 

3.26 

(0.44) 

0.90 

(0.05) 

0.96 

(0.003) 

0.98 

(0.005) 

OPF+AC

+AS 

1.20 

(0.13) 

0.69 

(0.16) 

0.63 

(0.09) 

5.72 

(1.35) 

2.59 

(0.32) 

3.16 

(0.49) 

0.89 

(0.06) 

0.98 

(0.004) 

0.98 

(0.002) 

  Data are presented as mean (standard deviation). AC, active contour algorithm; AS, active surface 
algorithm; OPF, optical flow algorithm. The best segmentations are bold; the worst are underlined. 
AD_mean, mean absolute deviation; AD_max, maximal absolute deviation; SI, similarity index. 
 

Our general observations are: 

A B 

C D 

Figure 3.5 Comparison of the 
performance of different 
segmentation methods: (A) manual 
segmentation, (B) optical flow 
algorithm, (C) combined active 
contour and active surface 
algorithms, and (D) our hybrid 
algorithm consisting of optical flow 
+ active contour + active surface 
algorithms. Performance of 
segmentation algorithms is 
illustrated with the interior 
myocardium (green), exterior 
myocardium (purple), and the lumen 
(yellow) overlaid on an OCT image 
of the fully contracted OFT.   
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1. Segmentations using the optical flow algorithm were not smooth (Figure 3.5B), and 

had the largest deviations from the manual segmentation, in particular the exterior 

myocardium (see Table 3.3). The contours of exterior myocardium using the optical 

flow algorithm were likely attracted by surrounding tissues. 

2. The combined active contour and surface algorithms had a comparable performance 

as our hybrid algorithm in segmenting the myocardium, which mainly attributed to 

the geometric constraint on the myocardium thickness. However, the segmentation of 

the lumen was poor, mainly because of the difficulties of algorithms in dealing with 

the irregular shape of the lumen; the contour of the lumen was easily distracted by 

spurious edges near the lumen (Figure 3.5C).  

3. The combined optical flow and active contours algorithms showed a superior 

performance on segmenting the lumen, which demonstrated the utility of the optical 

flow algorithm in tracing the large deformation during the cardiac cycle. By 

comparing the performance between the combined algorithm (optical flow + active 

contour) and our hybrid algorithm, we found that the active surface algorithm reduced 

the instability induced by image noises and edge ambiguities, and improved the 

segmentation on the myocardium by imposing the smoothness constraint over time. 

However, the smoothness constraint over time compromised the segmentation of the 

lumen which had large shape changes over time.   

4. Our hybrid algorithm provided the best overall performance on segmenting the OFT 

wall layers (Figure 3.5D and Table 3.3). By comparing the performance of our hybrid 

algorithm on different layers of the OFT, we found that the segmentation of the 

lumen was less accurate than that of the myocardium in terms of SI, AD_max, and 
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AD_mean. The largest deviation (AD_max) in the lumen was up to 7 pixels (or 35 

µm) when the OFT was constricted; the contour could not fully capture the branches 

towards the myocardium (Supplemental Figure 3.1). The averaged deviations of all 

three contours were about 1 pixel or less, and are within manual segmentation errors. 

   To quantify the performance of our hybrid algorithm on 3D volume data, we 

evaluated 3 segmentations that span the OFT when the OFT was most expanded and 

when the OFT was contracted respectively (Table 3.4). We found that the performance 

on the 3D volume datasets was consistent with that on time series. The largest error 

occurred at the lumen when the OFT was most constricted.  

Table 3.4 Evaluation of segmentation over 3D volume images  

Region AD_mean AD_max SI 

Lumen 1.1(0.3) 5.2(1.8) 0.91(0.06) 

Myo I 0.5(0.1) 2.5(0.4) 0.98(0.004) 

Myo E 0.6(0.2) 3.8(1.6) 0.98(0.01 ) 

  Data are presented as mean (standard deviation). 

3.3.2 Application to 2D + time OCT images of the OFT 

Figure 3.6 shows the segmentation of the exterior myocardium (purple), interior 

myocardium (green), and lumen (yellow) at middle cross-section of the OFT over the 

cardiac cycle. The edges are superimposed on the original OCT images. The contours 

followed the edges closely over time. The differentiation of the positive and negative 

edge prevents the interaction between the two proximal edges of the myocardium, and 
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ensures the successful segmentation of the interior myocardium edge. The adaptive 

parameters accommodate the large shape change of the lumen. The enforcement of wall 

thickness constraint on the external myocardium prevents the contours to be attracted by 

the neighboring membrane or tissues.   

 

  From the segmentation, we can observe the dynamic structure of the OFT wall more 

clearly. The lumen underwent large shape changes from an elongated slit-like shape 

during fully contraction to an expanded circular shape during maximal blood ejection. 

Some irregular branches were seen to extend from the lumen during OFT contraction, 

which are presumably the endocardium folds.134 The large shape change and uneven 

deformation is best illustrated when rendering the contours into 3D surface (see 

Supplemental Figure 3.2). The myocardium remained relatively circular over the cardiac 

cycle. At maximal expansion, due to external constraints, the shape of the myocardium 

deviated from a circle. Moreover, the segmentations enable us to quantify physiological 

Figure 3.6 Segmentation of a (2D+time) OCT image sequence of the middle OFT cross-section. 
(A-J) show the exterior boundary (purple contour) and the interior boundary (green contour) of 
the myocardium, and the outline of the lumen (yellow contour) at selected cardiac phases 
spanning evenly over the cardiac cycle. 

A 

A 

B C D E 

F G H I J 
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dimensions as well as the dynamics of the OFT wall motion. Quantification of wall 

thickness of the myocardium and dynamic changes in areas of the myocardium, the 

cardiac jelly, and the lumen is presented in Chapter 6 and Chapter 7.  

3.3.3 Application to 3D OCT images of the OFT  

We applied the algorithm to 3D image datasets of the OFT. Figures 3.7 and 3.8 show the 

3D segmentation of the OFT when the OFT at the most expanded and contracted states, 

respectively.  

 

 

  When the OFT was most expanded, the bottom edge of the myocardium became 

blurred as the OFT lumen filled with blood, and washout effect in the lumen (seen as the 

dark region) became prominent towards the distal OFT (refer to Figure 3.7). Despite the 

degradation of image quality towards the distal OFT, segmentation performance is superb 

Figure 3.7 Segmentation of a 3D volume OCT image dataset of the OFT at its expansive state. 
(A-F) show the exterior boundary (purple contour) and the interior boundary (green contour) of 
the myocardium, and the outline of the lumen (yellow contour) at selected cross-sections 
spanning evenly along the OFT, starting from the OFT inlet towards the OFT outlet demarked in 
Figure 3.1A. (G) shows the 3D surface reconstruction of the OFT from the segmented contours. 

A B C 

D E F 
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as the algorithm makes the best estimate of the edges by imposing smoothness and 

incorporating information from neighboring images. When the OFT was most 

constricted, the shape of lumen varied along the OFT (refer to Figure 3.8). With the same 

weighting parameters, the contour followed the shape of the lumen along the OFT well, 

indicating the robustness of the active contour and active surface algorithms. 

 

  By reconstructing the segmented contours into surfaces, we revealed the surfaces of 

the 3D curved OFT tube. While the myocardium remained proximally circular along the 

OFT, the lumen varied its shape as well as its orientation along the OFT, especially when 

the OFT was constricted, indicating a spiral distribution of cardiac jelly along the OFT 

(in-between the interior myocardium surface and the lumen surface). From the 3D 

reconstruction, we can measure physiological parameters of the OFT in 3D such as the 

curvature of the axial OFT centerline, the cyclic volume changes of the lumen and the 

myocardium.  

Figure 3.8 Segmentation of a 3D volume OCT image dataset of the OFT at its contracted state. 
(A-F) show the exterior boundary (purple contour) and the interior boundary (green contour) of 
the myocardium, and the outline of the lumen (yellow contour) at selected cross-sections 
spanning evenly along the OFT, starting from the OFT inlet towards the OFT outlet demarked in 
Figure 3.1A. (G) shows the 3D surface reconstruction of the OFT from the segmented contours. 
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3.3.4 Application to a 4D OCT image dataset of the OFT  

As a first attempt to 4D segmentation, we applied the 3D algorithm to 30 volume image 

datasets of the OFT that span over a cardiac cycle. We used the solutions of 3 (2D+time) 

image sequences at 3 locations that evenly space along the OFT as initial contours. We 

then applied the algorithms to 30 volume image data over the cardiac cycle and 

reconstructed the segmented contours into 3D surfaces. From the 4D surfaces (see 

Supplemental Video 3.1), we observed the peristaltic motion of the OFT wall over the 

cardiac cycle, which may be important for regulating blood flow in the OFT when the 

embryonic heart has no valves. 4D segmentation allows us to study the dynamic 

interaction of the wall and blood flow within the OFT.  

3.4 Conclusions  

We constructed a 3D hybrid segmentation algorithm that combines the advantages of 

optical flow and active contour/surface algorithms. We also developed a set of strategies 

to successfully delineate the heart OFT walls of chick embryos from OCT images. Our 

segmentation algorithm allows better visualization of the dynamic geometry and 

quantifying the wall dynamics of the OFT in the tiny and beating embryonic heart over 

the cardiac cycle for the first time (see Chapters 6 and 7). In addition, the segmentation 

allows us to generate image-based computational models to quantify the blood flow 

dynamics in the OFT (see Chapters 4 and 5).  

3.5 Data supplemental 

Supplemental Video: 
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Supplemental Figures: 
 
 

 
 

Supplemental Figure 3.1 Comparisons between automatic (red contour) and manual (green 
contour) segmentations of (A) the exterior myocardium, (B) the interior myocardium, and (C) the 
lumen from a (2D+time) OCT image sequence of mid OFT cross-section. Examples depicted have 
the largest deviations from the manual segmentation (the ground truth). 

t

(A) (C) (B) 

Supplemental Video 3.1 4D surfaces of the heart OFT of a HH18 chick embryo. OFT 
surfaces were generated from the segmentation of 30 OFT volume datasets over the 
cardiac cycle, using the hybrid 3D segmentation algorithm that we developed.  

t
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Supplemental Figure 3.2 Surface reconstruction of OFT contours segmented from a 2D+time OCT 
images, showing the large and heterogeneous deformation of an OFT middle cross-section over the 
cardiac cycle.  

t
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the heart outflow tract 
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4.1 Introduction  

The morphogenesis and growth of the developing heart are influenced by hemodynamic 

forces, which are exerted on the heart walls by the flow of blood.18 Experiments on 

embryos from chicks, zebra fish, and mice during early development have shown that 

deviations from normal blood flow in the embryo heart lead to malformations11, 13, 14, 135 

that resemble heart defects in human with congenital heart diseases (CHD). CHDs affect 

about 1% of all human live babies in the United States .19, 136 

  Both in vitro and in vivo studies have shown that the cells that form the walls of the 

heart (and blood vessels) respond to alterations in hemodynamic forces by generating a 

cascade of signaling and gene expression events that ultimately lead to changes in heart 

morphology and growth.15, 21, 25, 28, 29, 45, 137 Hemodynamic forces can be divided into: (1) 
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blood pressure, which acts perpendicularly to the wall, and (2) wall shear stress, which 

acts tangentially to the wall. Wall shear stress originates from viscous (friction) forces 

due to blood movement near the wall and is proportional to the gradient of blood 

velocities in the direction normal to the wall. In order to predict the effect of abnormal 

blood flow on heart development, a better understanding of the mechanisms by which 

hemodynamic forces affect heart development is needed. A step towards achieving this 

goal is to characterize the dynamic distribution of hemodynamic forces (blood pressure 

and wall shear stress) acting on the walls of the developing heart over the cardiac cycle. 

Inside the developing chick heart, blood pressure can be measured in vivo (e.g.,82, 138), 

and wall shear stress can be calculated from blood velocity profiles measured in vivo near 

the heart wall. Blood velocities in the hearts of chick embryos75 and zebra fish14 have 

been measured using micro-particle imaging techniques. However, such measurements 

present several challenges due to a combination of the small length-scales of the 

developing heart (2 mm) and the continuous movement of the heart walls. Such 

difficulties, and their effect on the accuracy of the measurements, affect the calculation of 

wall shear stress in embryonic hearts.22 Finite element models (FEM) have also been used 

to predict wall shear stress on the chick embryonic heart.21, 91, 139 However, these previous 

FEMs were static, neglecting the dynamic effects of the heart wall motion and pulsatile 

blood pressure on wall shear stress. 

Our objective is to determine how changes in the heart geometry and wall motion 

affect wall shear stress during the cardiac cycle, focusing on models of the outflow tract 

(OFT) of the chick heart during an early developmental stage (Hamburger Hamilton stage 



76 

 

18;48 HH18). To this end, we used dynamic FEMs, which differ in the geometries of the 

OFT, and that incorporated the effects of dynamic wall motion and pulsatile blood 

pressure on blood flow. Geometric parameters and motion patterns of the chick OFT 

walls used in the FEMs were estimated from high-resolution optical coherence 

tomography (OCT) images. We chose the chick for our animal model because (1) chick 

embryos are easy to access for imaging and measuring; and (2) in early stages of 

development, the chick heart resembles the human heart.140 We chose to focus on the 

OFT of the chick heart at HH18 because at this stage the OFT has a relatively simple 

geometry suitable for biomechanical modeling49, 55 and because the OFT is very sensitive 

to changes in hemodynamic conditions.13 Quantification of the changes in wall shear 

stress over a cardiac cycle in the OFT provides a step towards elucidating the role of 

hemodynamic forces on heart development. 

4.2 Biological problem 

During development, the morphology of the chick embryonic heart changes from a 

tubular structure into a four-chambered heart.49 The chick heart starts beating at HH10 

(36 h of incubation).49, 141 At HH18 (68 h incubation), the heart of the chick embryo 

consists of a looped tube that pumps blood presumably via a peristaltic-like contraction 

motion.51, 138 Heart septation and chamber formation start after HH21 (84 h of 

incubation). 

At HH18, the chick heart consists of contiguous segments: the sinus venosus (inflow 

tract), the primitive atrium, the atrioventricular (AV) canal, the primitive ventricle, and 

the OFT.49, 50 Although the heart has no valves at HH18, the AV canal and the OFT have 
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cardiac cushions, which are protrusions of the heart walls toward the lumen (domain 

where the blood flows) that are located where heart valves will form.49, 55, 56 These 

cardiac cushions presumably increase the pumping efficiency of the developing heart. At 

HH18, the OFT is a slightly curved tube with an average external diameter of 430 µm54 

and an approximate length of 600 µm50. Typical heart rates of chick embryos at HH18 

are 2.2–2.4 beats per second;81, 138 thus, the period of the cardiac cycle, T is 0.45 s. 

During ventricular systole (about 1/3 of the cardiac cycle138), when the ventricle is 

contracting and ejecting blood into the chick arterial system, the OFT is fully open, 

allowing the flow of blood from the ventricle to the aortic sac (Figures 4.1a and 4.1c). 

However, during ventricular diastole (about 2/3 of the cardiac cycle), when the ventricle 

is filling with blood mainly from the atrium, the OFT walls contract (Figures 4.1b and 

4.1d), limiting reverse blood flow (backflow). 

The walls of the OFT are composed of three concentric layers:55 endothelium, cardiac 

jelly, and myocardium. The endothelium, a single layer of endothelial cells (ECs), lines 

the internal part of the OFT wall and thus, it is in direct contact with blood flow. The 

cardiac jelly is comprised of an amorphous extracellular matrix that constitutes the bulk 

of the wall, including the cardiac cushions. The myocardium, consisting of a layer of 

primitive myocardial cells (MCs), is in the outer part of the OFT and actively contracts to 

limit backflow during ventricular diastole (note that in contrast to the OFT myocardium, 

the myocardium in the ventricle contracts to eject blood during ventricular systole). 

Previous research suggested that MCs respond mainly to changes in blood pressure,15, 25, 

45 whereas ECs respond mainly to changes in wall shear stress.21, 28, 29, 137 In vitro studies 

of ECs further suggested that the response of ECs depends on both changes in wall shear 



78 

 

stress that occur over time (temporal variation) and the spatial distributions of wall shear 

stress.28, 29, 137, 142, 143 To better understand the response of ECs to blood flow in vivo, we 

need a more comprehensive characterization of wall shear stress acting on the cardiac 

walls of the chick heart. 

 

 

4.3 Methods 

To determine the influence of wall geometry and motion on wall shear stress in the 

Figure 4.1 Sections of HH18 chick heart OFT obtained from OCT images. The figure shows 
OCT images of the OFT during the cardiac cycle: (a) and (c) during ventricular systole, when the 
OFT is most expanded, (a) is a longitudinal section and (c) is a cross-section; (b) and (d) during 
ventricular diastole, when the OFT is most constricted, (b) is a longitudinal section and (d) is a 
cross-section. Point P marks the approximate location where velocities were acquired with 
Doppler OCT (see Fig 4.5.b). The white-dotted line corresponds to the direction of the incident 
light beam of Doppler OCT; the arrows indicate the direction of blood flow. Scale bar = 100 µm. 
L, Lumen, M, Myocardium; CJ, Cardiac jelly.  
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developing chick heart, we used dynamic FEMs of the chick OFT at HH18. Our OFT 

models were based on in vivo 2D images of the chick heart that captured the motion of 

the OFT during the cardiac cycle. Simulations of these models gave the temporal 

variations and spatial distributions of wall shear stress on the OFT during the cardiac 

cycle. 

Previously, we developed a dynamic, 3D image-based FEM of the OFT based on the 

assumption that the OFT has circular lumen cross-sections.144 However, at HH18 the 

OFT has cardiac cushions that render the lumen cross-section non-circular56 (see Figures 

4.1c and 4.1d). To study the effect of cardiac cushions on the distribution of wall shear 

stress, we developed FEMs of the OFT with and without cardiac cushions. 

4.3.1 Heart morphology and blood flow imaging 

An OCT imaging system with a spatial resolution of 10 µm was used to acquire 2D 

morphological images of the OFT of chick embryos at HH18 (n = 4). Details of the OCT 

system, which was based on a spectral domain configuration, were reported 

previously.145-147 

To image the OFT of the chick heart, fertilized white leghorn eggs were incubated with 

blunt end up at 102oF and 85 to 87% humidity, in a horizontal rotation incubator (No. 

1536E GQF Mfg. Co., Savannah, GA) for 3 days. To access the embryonic heart, the egg 

shell was opened, and the membrane that overlays the chick heart was removed. The egg 

was then placed on a custom-made stage under the OCT probe and the embryo was 

gently positioned so that the OFT could be easily imaged. For each embryo, OCT 

acquired 2D images of longitudinal and transverse cross-sections of the OFT (Figure 4.1) 



80 

 

over a period of 5 s, at a rate of 20 images per second. Thus, we captured 10 frames per 

cardiac cycle. The images revealed the contraction and expansion of the OFT wall during 

the cardiac cycle and the presence of the cardiac cushions, which greatly reduced the 

cross-sectional area of the lumen during contraction. 

In addition, velocity of blood flow inside the OFT was measured by the OCT system 

configured in Doppler mode.146 Velocity data were acquired at a point located at the 

approximate center of the OFT (point P in Figure 4.1a) with a time resolution of 0.1 ms. 

Measured velocity data corresponded to the projection of the 3D blood velocity vector in 

the direction of the incident OCT light beam (dotted line in Figure 4.1a). Although 

measured velocity data did not provide an accurate description of the 3D velocity field 

inside the OFT, they revealed temporal variations of blood flow velocity over the cardiac 

cycle. 

4.3.2 Mathematical model and finite element discretization 

4.3.2.1 Mathematical model 

Blood flow inside the chick OFT was modeled as an incompressible Newtonian flow (i.e., 

using the Navier–Stokes equations). Because the OFT walls contract and expand during 

the cardiac cycle, the lumen geometry (fluid domain) changes continuously with time. 

Dynamic changes in the geometry of the OFT lumen affect blood velocities and therefore 

need to be incorporated into the equations of blood flow. This was done through an 

arbitrary Lagrangian–Eulerian (ALE) formulation of motion (e.g.,148, 149), in which 

equations are expressed in terms of a moving reference frame (in the finite element 

implementation, the moving reference frame is the deforming finite element mesh). 
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Using the ALE formulation, the Navier–Stokes equations (in Cartesian coordinates and 

using indicial notation) are 

{}~�) ~�⁄ + m�? + ���n� = �)?,?�                    (4.1) 

�),? = 0                                    (4.2) 

where the indices 0 and @ indicate components (in the x, y and z directions) and ‘‘,’’ 

indicates differentiation; {	 is density; �) 	 indicates the (i)th component of the fluid 

velocity vector (with respect to a frame fixed in space); �)?�  is the (i, j)th component of 

the fluid stress tensor; ~�) ~� 	⁄ is the time derivative of �)	with respect to the moving 

reference frame (as measured by an observer moving with the frame); and ��	� is the (i)th 

component of the velocity of the moving reference frame (with respect to a frame fixed in 

space). 

The constitutive relations for a Newtonian fluid are 

�)?� = −!~)? + 2� )?                        (4.3) 

 )? = :
$ m�),? + �?,)n                         (4.4) 

where ! is hydrostatic pressure, �	is viscosity, and ~)? 	is the Kronecker delta.  

In this study, the walls of the OFT were only included in the models to simulate the 

deformations of the lumen cross-section with time. Wall motion was assumed to be 

quasi-static (transient terms were neglected), with governing equations of motion given 

by:  

�)?,?9 = 0                                 (4.5) 
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where �)?	9 is the (i, j)th component of the wall Cauchy stress tensor. The OFT walls were 

assumed to be elastic. For an elastic material, the constitutive relations are: 

�)?9 = ��
�:e���:Q$�� ���~)? +

�
:e� �)? 																																										(4.6) 

 �)? = :
$ m�),? + �?,)n                             (4.7) 

where � is the material Young’s modulus (elastic modulus), � is Poisson’s ratio, and 

�	)	is the (i)th component of the wall displacement vector. 

The coupling between the blood flow and wall equations was accomplished by 

satisfying two conditions (e.g., 150): 

i) equilibrium of forces at the interface, 

�)?�B?� = �)?9 B?�                               (4.8) 

and 

ii) compatibility 

��)� = �)�                                   (4.9) 

In Eqs. (4.8) and (4.9), the superscript I indicates interface, B?	� is a unit vector normal 

to the wall that points towards the lumen, ��)� is the displacement of the lumen boundary, 

and �)�	is the displacement of the wall at the interface with the lumen. 

In addition, a no-slip condition was imposed at the interface between the lumen and the 

wall,  

�)� = �� )�                                 (4.10) 
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The no-slip condition ensured that blood particles in contact with the wall moved with 

the wall (at the same velocity).  

The force per unit interfacial area exerted by the flow of blood on the walls of the OFT, 

the stress vector ti, was obtained from the fluid stress tensor (�)?� ) evaluated at the 

lumen-wall interface (e.g., 150): 

�) = �)?�B?�                                 (4.11) 

where �)?�  is evaluated at the interface. �) 	can be decomposed into a normal vector and a 

vector tangential to the wall. The normal stress vector �*), is the projection of �)	into B?�, 
and its magnitude is approximately equal to the hydrostatic pressure, !; hence, the 

normal vector is:  

�*) = m�?B?�nB)� ≈ −!B)�                      (4.12) 

The tangential stress vector or ‘‘wall shear stress vector’’, ���, is the projection of �) 
into the plane of the lumen-wall interface,  

��� = �) − �*�                             (4.13) 

Volume flow rate, Q, is the volume of blood flow that passes through a lumen 

cross-section per unit time. If B)P	is a unit vector normal to the plane of the cross section 

(pointing towards the OFT outlet), and A is the area of the lumen cross-section, then 

� = � �)B)P#fP                            (4.14) 

Q is positive when blood flows from the ventricle to the aortic sac and negative during 

backflow. 
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4.3.2.2 Geometry of OFT models 

To investigate the influence of cardiac cushions on the wall shear stress vector ��� (eq. 

4.13), we generated three models of the OFT: (1) a ‘‘cylindrical model’’, in which the 

lumen was modeled as a straight circular cylinder (the walls were not explicitly modeled); 

(2) a ‘‘cushion model’’ (Figures 4.2a and 4.2b) that included the OFT lumen and cardiac 

cushions, and (3) a ‘‘jelly model’’ (Figures 4.2c and 4.2d) that included the OFT lumen, 

cardiac cushions, and an additional layer of wall (to simulate additional cardiac jelly 

material in contact with the myocardium). 

 

In all three models, the external surface of the OFT was modeled as a straight circular 

cylinder. The cylindrical model, given its symmetry, was simulated using a 2D 

Figure 4.2 Two FEMs of the OFT. Left: Cushion model: (a) reference cross-section and (b) 
FEM discretization. Right: jelly model: (c) reference cross-section and d FEM discretization. 
(Cylindrical model not shown.) In (a) and (c), the inner part corresponds to the lumen and the 
outer part, to the wall. In (b) and (d), the lumen-wall interface is marked with a thick line. 
Dimensions are: R = 0.1875 mm, L1 = 0.077665 mm, L = 0.5 mm, h = 0.025 mm, and r = 0.03 
mm. Points A and B are representative points where WSS was analyzed in detail. 
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axisymmetric FEM of blood flow. The symmetry of the cushion and jelly models allowed 

us to represent only one quadrant of each model, which were simulated using a 3D fluid 

structure interaction procedure (see Figure 4.2). The cylindrical, cushion, and jelly 

models differed in the geometry of the lumen cross-section, and therefore simulations of 

these three FEMs were used to determine differences in wall shear stress due to OFT 

lumen geometry. 

In analyzing wall shear stress on the OFT using the cushion and jelly models, we 

focused on two points (see Figures 4.2a and 4.2c): A and B. Because of the symmetry of 

these models, ��� at points A and B has always the same direction (relative to the ‘‘cell’’ 

position) but changes in magnitude during the cardiac cycle. For the cylindrical model, 

points A and B cannot be distinguished, and wall shear stress is uniform at the 

lumen-wall interface. We assumed that the ‘‘magnitude’’ of the wall shear stress vector 

���; WSS was positive during forward flow and negative during backflow. 

4.3.2.3 Boundary conditions on the OFT models 

4.3.2.3.1 Motion of the OFT wall   To simulate the passive distension and active 

contraction of the OFT myocardium during the cardiac cycle, a radial displacement (see 

Figure 4.3) was prescribed on the OFT external surface, which had cylindrical symmetry 

for all three models. The temporal variation and amplitude of the prescribed radial 

displacement were estimated from the OFT cross-sectional images acquired with OCT 

over time (e.g., Figures 4.1c and 4.1d) and simplified as shown in Figure 4.3. The 

amplitude of the prescribed radial displacement, D1 was 70 µm (see also54). The reference 

geometry of the cushion and jelly models (when prescribed radial displacement was zero) 
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is shown in Figure 4.2. Maximum OFT expansion corresponds to a radial displacement of 

0.5 D1, and maximum OFT contraction corresponds to a radial displacement of -0.5 D1. A 

different amplitude, D2 = 90 µm, was also used to assess the effect of wall motion 

amplitude on blood flow and WSS. 

 

  To further study the influence of wall motion on blood flow dynamics, we simulated 

two types of wall motion: (1) Simultaneous motion, in which prescribed radial 

displacements were the same along the OFT longitudinal direction; that is, all points on 

the OFT external surface moved the same amount in the radial direction, at the same time. 

Simultaneous motion was applied to all three FEMs. (2) Peristaltic motion, in which 

prescribed radial displacements were modeled as a displacement wave traveling along the 

OFT longitudinal direction, at a velocity of 7 mm/s.51 In other words, peristaltic motion 

involves time lags in the wall motions of contiguous OFT cross-sections. Peristaltic 

Figure 4.3 Blood pressure and myocardium displacements prescribed as boundary conditions on 
the OFT models. Top temporal variations of ventricular pressure (Pv) prescribed at the inlet surface 
and pressure prescribed at the outlet surface (Pa). Bottom radial displacement prescribed on the 
external surface of the OFT models with amplitude D1. Note the different scales for blood pressure 
(on left vertical axis) and radial displacements (on right vertical axis). 
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motion was applied to the cushion model. The simulated wall motions were used to 

determine the effect of wall motion on Q and WSS. 

In our three OFT models, the walls were not allowed to expand or contract in the 

longitudinal direction. This was accomplished by restricting the longitudinal motion of 

the OFT ends. 

4.3.2.3.2 OFT lumen inlet and outlet conditions  For the boundary conditions on the 

OFT lumen inlet, we used published ventricular blood pressure data.138 We prescribed a 

simplified pulsatile pressure wave (see Figure 4.3) on the lumen inlet surface of the OFT 

models, as a normal stress vector or normal traction. 

Since there were no available data for blood pressure at the outlet of our OFT models 

(close to the aortic sac), we used blood pressure data in the chick dorsal aorta82 to 

estimate blood pressure at the outlet. Because the location of the dorsal aorta is relatively 

far downstream from the outlet of our OFT models, using dorsal aorta pressure directly 

would have resulted in an over-estimation of the pressure difference between inlet and 

outlet, ∆�. To overcome this difficulty, we prescribed a simplified pulsatile pressure on 

the surface of the lumen outlet that preserved the temporal variation of blood pressure in 

the dorsal aorta, but in which maximum and minimum pressure values were increased to 

reduce ∆�. The increase in maximum and minimum pressure values (from dorsal aorta 

measurements) was determined by assuming ∆�  to be equal to 0 at the start of 

ventricular ejection, and 33 Pa at ventricular systole, about the same mean ∆� measured 

in the AV canal during ventricular filling.138 This later assumption was made because the 

AV canal and OFT apparently have similar roles in regulating blood flow through the 
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developing heart.81, 141 Outlet blood pressures were prescribed as normal tractions.  

Blood pressures at the inlet and outlet surfaces of our OFT model were the same for all 

FEMs. Therefore the temporal variation of ∆� was the same for all OFT models. 

4.3.2.4 FEM implementation 

In our OFT models, embryonic chick blood was assumed to be a viscous, incompressible 

Newtonian fluid with a density of { = 1,060	LD/i=  and a viscosity of � = 3 ×
10Q= LD i	�⁄ ,91, 144 and the flow of blood was assumed to be laminar.151 The OFT walls 

in the cushion and jelly models were assumed to be an almost incompressible elastic 

material with a Poisson’s ratio of � = 0.49 and a Young’s modulus of E = 1,000 Pa.  

The lumen of our models was discretized using flow condition-based interpolation 

(FCBI) elements,152 with the mesh near the wall slightly refined to better capture velocity 

variations near the wall and therefore, to calculate wall shear stress with greater accuracy. 

Using FCBI elements to discretize our models is equivalent to using control volume 

methods to calculate blood flow.153 The specific FEM discretization used for each of our 

OFT models are summarized in Table 4.1. 
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Table 4.1 Finite element discretization of the OFT models 

Model OFT lumen   OFT wall 

Cylindrical 100 4-node FCBI axisymmetric 2D 

fluid elements 

Imposed wall displacement. 

Cushion 1000 8-node FCBI 3D fluid elements Imposed wall displacement and 675 4-node 

3D solid elements (cardiac cushions). 

Jelly 19660 4-node FCBI fluid elements Imposed wall displacement and 10200 

11-node 3D solid elements. 

 

Blood flow was assumed to be initially at rest and three cardiac cycles were simulated. 

Each cardiac cycle (T = 0.45 s) was discretized using 100 time steps, with each time step 

equal to 4.5 × 10Q=�. All of our OFT models were simulated using the FEM software 

ADINA (Watertown, MA).152 

4.3.2.5 Convergence study 

To ensure the accuracy of the results obtained, we performed a convergence study. We 

focused on the convergence of the blood-flow solution since, in this study; we were 

primarily interested in calculating WSS. The walls of the chick OFT were simulated to 

account for the approximate deformation of the lumen cross-section over a cardiac cycle, 

but not to calculate strains and stresses in the wall accurately. For the blood flow 

convergence study, we compared volume flow rate Q and WSS at representative points 

(points A and B in Figures 4.2a and 4.2c). Reported values correspond to those obtained 

at the mid-cross-section of the OFT models. 
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Convergence of the cylindrical model was assessed by comparing the FEM 

solution—using simultaneous wall motions and quasi-static conditions (in which 

transient terms in the fluid equations are neglected)—with the solution of the 

Hagen–Poiseuille flow under identical ∆�  and model radius, R. Using the 

Hagen–Poiseuille solution,154 derived for a fully developed flow in a circular tube, 

volume flow rate (Q) is equal to: 

� = �
��

∆�
M ��                            (4.15) 

and wall shear stress (WSS) is: 

 >> = ∆�
$M �                            (4.16) 

where L is the length of the cylinder in the longitudinal direction. The maximum 

differences between the Hagen-Poiseuille solution and the results of the cylindrical model 

were 0.05% for Q and 2.5% for WSS, suggesting that the FEM mesh that was used for the 

cylindrical model captured the behavior of the blood flow with accuracy. 

To test the convergence of the cushion and jelly models, the results obtained with the 

fluid mesh specified in Table 4.1 and a mesh with ~eight times more fluid elements were 

compared for the cases in which the OFT had the maximum expansion and contraction 

(see Figure 4.4). Maximal differences found between the meshes were 2.7% for Q and 

3.2% for WSS, suggesting that the meshes shown in Table 4.1 and that were used in this 

study were sufficiently dense. 
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We also simulated the transient behavior of the cushion and jelly models using the 

mesh specified in Table 4.1 but decreasing the time-step to 2.25 × 10Q=	�  (from 

4.5	 × 10Q=�	used in the simulations). Maximal differences between solutions obtained 

with the two time steps were 0.5% for Q and 3% for WSS. Therefore, the time step 

employed was sufficient to provide accurate solutions. 

4.4 Results 

We report results as a function of a non-dimensional time t/T, where t is time and T is the 

period of the cardiac cycle (T = 0.45 s in our simulations). For reference, in our models 

ventricular systole is between t/T = 0 and t/T = 0.38, and ventricular diastole from t/T = 

0.38 to t/T = 1. We chose the cushion model as our basic OFT model, against which we 

compared the cylindrical and jelly models. 

4.4.1 Importance of inertial effects on blood flow 

Blood flow in the chick heart is characterized by low Reynolds (Re) and Womersley (Wo) 

Figure 4.4 Comparison of OFT lumen cross-sectional areas, obtained from our three models when 
a OFT is most expanded, and b OFT is most constricted. 
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numbers.75, 144 Re—a measure of the ratio between inertial and viscous forces154 --is 

defined as: � = {¡� �⁄ , where { is the fluid density, V is a characteristic velocity, R 

is radius (or a characteristic length), and � is the fluid viscosity. A small Re therefore 

implies that flow inertial forces are negligible. Wo—a measure of viscous effects in 

oscillating flows154—is defined as:	 4 = {Ω�$ �⁄ , where Ω  is a characteristic 

frequency (in our case the frequency of the cardiac cycle—about 2 Hz). A small  4 

indicates that velocity is in phase with the pressure gradient. Flow with small Re and  4 

numbers is laminar (not turbulent).  

For the cylindrical model, we compared the results of simulations under quasi-static 

conditions with those of a transient analysis. These comparisons showed that the 

temporal variation of the center velocity, Q and WSS, were very similar for both cases 

(results not shown). The maximal differences occurred during contraction of the OFT 

wall, when the transient solutions presented a small time lag of about 0.003 s (less than a 

time step). Differences between the solutions obtained with the two approaches when the 

OFT was most constricted (t/T = 0.5) were 4% for the center velocity, 3.5% for Q and 2.8% 

for WSS. These small differences were in agreement with the small Re (maximum ~27) 

and  4 (maximum ~0.24) obtained from the transient solution. 

Small Re and Wo numbers were obtained in all our simulations of OFT models. 

Maximal Re = 17.9 and maximal  4 = 0.26—for the cushion and jelly models, the 

‘‘radius’’ R in the definition of Re and Wo numbers was assumed to be the distance 

between the center of the model cross-section and point B (see Figures 4.2a and 4.2c). 

Obtained Re and  4 from our OFT models were consistent with previous reports75, 144,  
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and confirmed that inside the OFT inertial effects are negligible. 

4.4.2 Blood velocity and volume flow rate 

Figure 4.5a shows the axial velocity of blood flow at the center of the OFT cross-section 

during the cardiac cycle calculated from the cushion model (with simultaneous and 

peristaltic wall motions), and Figure 4.5b shows the velocity measured using Doppler 

OCT at point P in Figure 4.1a. Since the measured velocity is the projection of the blood 

velocity vector in the direction of the incident light beam (the dotted line in Figure 4.1a), 

we could compare only the shape of the velocity profiles over time but not the absolute 

values of measured and calculated velocities. The calculated velocity (especially for the 

cushion model with peristaltic wall motion) resembled the temporal features of the 

measured velocity. Both calculated and measured velocities showed a peak during 

ventricular systole and significant backflow during ventricular diastole. However, the 

ratio between the absolute values of the peak positive and negative velocities was smaller 

for the calculated velocity (~1.4 for simultaneous and ~2.0 for peristaltic wall motion) 

than that of the measured velocity (~3.5), suggesting that our models overestimated 

backflow. In our OFT models, blood velocity just before ventricular systole was negative, 

whereas the measured Doppler OCT data showed some oscillations above zero. 

Discrepancies between calculated and measured velocities can be attributed to the 

simplifying assumptions of the cushion OFT model and to experimental uncertainties 

during velocity measurement, e.g., point P was fixed in space and therefore its relative 

position inside the OFT changed due to rigid body motions of the beating chick heart; the 

same is true for the angle between blood flow and the direction of the incident light beam. 
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Given that our objective was to determine the influence of wall geometry and motion on 

WSS, the discrepancies between calculated and measured velocities were not crucial for 

our analysis. 

 

Figure 4.6 shows Q obtained from simulations of the cylindrical, cushion and jelly 

models. The temporal variation of Q obtained from the cushion model was very similar to 

that from the jelly model (see also Table 4.2). In contrast, the magnitude of Q obtained 

from simulations of the cylindrical model was about two times larger than Q from the 

cushion model during ventricular systole and about four times larger during peak 

backflow. Differences in Q among the models, might be due to differences in the lumen 

cross-sectional areas of the OFT models. Simulations of the cylindrical, cushion, and 

jelly models resulted in variations in lumen cross-sectional areas during the cardiac cycle 

(see Figure 4.4). Differences in the lumen cross-sectional areas between the cushion and 

jelly models were relatively small (about 5% difference when the OFT was most 

expanded). The cylindrical model, because of the absence of cardiac cushions, had a 

Figure 4.5 Blood velocities calculated and measured inside the OFT. (a) Calculated 
longitudinal velocities at the center of the mid-cross-section obtained from the cushion model 
with simultaneous and peristaltic wall motions, with prescribed wall motion amplitude D1 (70 
µm). (b) Blood velocities measured with Doppler OCT at a fixed point located at the 
approximate center of the OFT lumen (see point P in Figure 4.1a) in the direction of incident 
OCT light beam (dotted line in Figure 4.1a). 
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significantly larger lumen cross-sectional area than the cushion and jelly models (about 

33% difference from the cushion model when the OFT was most expanded). 

  To determine whether the geometry of the OFT lumen also affects Q, we varied the 

radius of the cylindrical model over time so that its cross-sectional area matched the 

cross-sectional area of the cushion model (we called this resulting model the cylindrical 

‘‘same area’’ (SA) model). Simulations of the cylindrical SA model showed that Q was 

greatly reduced, when compared to the original cylindrical model (see Figure 4.6). 

However, absolute maximum and minimum values of Q obtained from the cylindrical SA 

model were still larger than those from the cushion and jelly models (see also Table 4.2). 

These results suggest that cardiac cushions minimize backflow primarily by reducing the 

OFT lumen cross-sectional area but also by changing the geometry of the lumen. 

  

Figure 4.6 Volume flow rates (Q) at the mid-cross-section of the OFT obtained from the OFT 
models. For cylindrical, cushion, and jelly models, a simultaneous wall displacement of 
amplitude D1 was prescribed. For the cylindrical SA model (Sect. 4.2), prescribed wall 
displacements were such that matched temporal variations of the lumen cross-sectional area 
calculated from the cushion model. 
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Table 4.2 Volume flow rates (Q) and wall shear stress (WSS) obtained from simulations of the 

OFT models 

Wall motion  Simultaneous Peristaltic 

Model  Cylindrical Cushion Jelly Cushion 

Wall displacement  D1 SA D1 D2 D1 D1 

Mean Q (mm3/s)  -0.59 1.53 1.78 2.77 2.10 1.53 

Max Q (mm3/s)  21.11 11.79 9.61 12.65 10.34 9.61 

Min Q (mm3/s)  -19.15 -6.55 -4.10 -4.04 -4.01 -2.26 

Mean WSS (Pa)   A -4.05 -2.51 -1.17 0.31 -0.75 -1.18 

                B   -1.60 -1.06 -1.53 -1.61 

Max WSS (Pa)    A 7.09 6.13 8.19 8.67 8.23 8.18 

                B   5.55 5.98 5.76 5.54 

Min WSS (Pa)    A -19.34 -13.28 -12.15 -10.78 -11.62 -12.82 

                B   -9.65 -8.21 -9.63 -11.29 

OSI             A 0.25 0.29 0.40 0.46 0.43 0.39 

                B   0.33 0.38 0.34 0.31 

 

Changes in the motion of the OFT wall also resulted in different temporal variations of 

Q. Figure 4.7a shows differences in Q obtained from the cushion model when the 

prescribed wall motion was simultaneous and peristaltic. Peristaltic motion reduced the 

absolute value of Q during backflow (see Table 4.2) and smoothed the abrupt variations 

of Q (produced by the non-smooth ∆� prescribed). Increasing the amplitude of OFT 



97 

 

prescribed displacement from D1 (70 µm) to D2 (90 µm), affected Q (Figure 4.7b). 

During ventricular systole, Q was larger when the amplitude of the wall motion was D2 

than when it was D1 (see Table 4.2) because of an increase in the area of the OFT lumen. 

During backflow, however, the differences in Q between simulations of the two 

displacement amplitudes were smaller than during forward-flow. 

 

4.4.3 Wall shear stress 

Variations in WSS were influenced by the geometry of the OFT models. While our 

cylindrical models, due to their symmetry, presented a uniform WSS along the perimeter 

of the lumen cross-section (and even along the OFT if we assume a fully developed blood 

flow profile), our cushion and jelly models showed a non-uniform distribution of WSS, 

with maximal WSS at the cardiac cushion (Figure 4.8). 

Figure 4.7 Volume flow rates (Q) obtained from the cushion model. (a) Comparison between 
simulations of simultaneous and peristaltic OFT wall motions, calculated using a prescribed 
radial displacement amplitude D1 = 70 µm. (b) Comparison between simulations of 
simultaneous OFT wall motion, calculated with prescribed radial displacement amplitudes D1 
= 70 µm and D2 = 90 µm. 
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To evaluate differences in WSS, for the cushion and jelly models two points were 

considered: (1) point A, located at the center of the cardiac cushion, at the lumen wall 

interface; and (2) point B, located at the center of the lumen-wall interface where there is 

no cardiac cushion (Figures 4.2a and 4.2c). The temporal variations of WSS for the 

cushion and jelly models at points A and B were very similar (see Figure 4.9). Temporal 

variations of WSS in the cylindrical SA model differed from those in the cushion and 

jelly models at points A and B, see Figure 4.9. These results showed that the geometry of 

the OFT affected the temporal variation and spatial distribution of WSS. 

Figure 4.8 Temporal variations of WSS in the cushion model at points A and B (Figure 4.2a) 
in the mid-cross-section of OFT. Results correspond to the case of simultaneous wall motion 
with prescribed wall displacement amplitude D1 = 70 µm. 
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Changes in OFT wall motion also resulted in variations of WSS. Peristaltic wall 

motion in the cushion model smoothed the temporal variation of WSS at points A and B 

and introduced slight changes in the amplitude of oscillation of WSS compared to 

simultaneous wall motion applied to the cushion model (see Figures 4.10a and 4.10c; and 

Table 4.2). Increasing the amplitude of the prescribed radial displacement from D1 to D2, 

using simultaneous wall motion, changed the magnitude of WSS at points A and B 

(Figures 4.10b and 4.10d; and Table 4.2) with a larger change observed at point A during 

ventricular diastole. Maximal WSS during systole and minimal WSS during diastole; 

however, did not change significantly, even though Q changed significantly with changes 

in wall motion amplitude (see Figure 4.7b and Table 4.2). These results suggest that 

changes in geometry affect the temporal variation and spatial distribution of WSS more 

than do variations in wall motion. 

Figure 4.9 Comparison of WSS obtained using the OFT models. WSS at (a) point A and (b) 
point B. The cushion and jelly models were simulated with simultaneous wall motion, with 
prescribed wall displacement amplitude D1 = 70 µm; the wall motion of the cylindrical SA 
was prescribed such that temporal variations of cross-sectional area matched those of the 
cushion model.  
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4.4.4 Oscillatory shear index 

The oscillatory shear index (OSI), following Ku et al.,155 estimates the change in 

direction of the wall shear stress vector, ��� 	(defined by Eq. 4.13) with respect to a 

‘‘mean’’ direction. This change in direction occurs due to changes in the direction of 

blood flow. Due to the symmetry of our OFT models, blood flow at points A and B is 

either forward or backward (no cross-flow can occur). Thus, OSI was defined as: 

¢>E = � ££9∗��¥
¦
� |£99|��¥
¦

                          (4.17) 

With 

Figure 4.10 WSS obtained from the cushion model. Left: WSS at point A. (a) 
simultaneous versus peristaltic motion, and (b) prescribed wall displacement amplitude D1 
(70 µm) versus D2 (90µm). Right: WSS at point B. (c) simultaneous versus peristaltic 
motion, and (d) prescribed wall displacement amplitude D1 (70 µm) versus D2 (90 µm).  
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where T is the period of the cardiac cycle. Positive WSS corresponds to forward flow of 

blood and negative to backflow. OSI then is the fraction of the integral of |WSS| in which 

WSS has a sign (+ or -) opposite to the sign of the mean. Note that if WSS is constant, 

then OSI = 0, and when WSS oscillates in a sinusoidal fashion, ���	 → 0.5. 

In all cases (except for the cushion model with prescribed radial displacement 

amplitude D2), mean WSS was negative (Table 4.2). Therefore, OSI gave the ratio of the 

integral in time of positive WSS (during forward flow) and the integral in time of |WSS| 

in a cardiac cycle. It also provided a means to estimate the ratio between the integral of 

|WSS| during forward and reverse flow. We found that (see Table 4.2): (1) OSI was 

smaller in the cylindrical model compared to the cushion and jelly models; (2) OSI was 

larger at point A (i.e. at the cushion) than at point B (cushion and jelly models); and (3) 

peristaltic motion had almost no influence on OSI.  

4.5 Discussion 

The cylindrical, cushion, and jelly models of the HH18 chick heart OFT presented here 

were developed to determine the influence of OFT geometry and wall motion on WSS. 

The OFT in the cylindrical model had a circular lumen cross-section, and the cushion and 

jelly models (Figure 4.2) had non-circular OFT lumen cross-sections because of the 

presence of cardiac cushions. For each model, radial displacements were prescribed on 

the external surface of the models, to simulate myocardium contraction/distension and 
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wall motion during the cardiac cycle. Also for each model, a drop in blood pressure, ∆#, 

that changed over time was prescribed between the inlet and outlet surfaces of the OFT 

lumen (by applying ‘‘pressure’’ boundary conditions to the inlet and outlet surfaces, 

Figure 4.3) to simulate the driving force for blood flow within the OFT. 

Our OFT models were mainly based on three assumptions: (1) the pressure prescribed 

at the lumen outlet was estimated: since measured pressure data at the aortic sac (the 

outlet of our models) was not available, the prescribed outlet pressure was estimated from 

measurements downstream of the OFT; (2) the geometry of the FEMs was simplified: the 

OFT was modeled as a straight tube (instead of a bended tube), with either circular 

cross-sections (cylindrical model) or with a pair of identical and symmetric cardiac 

cushions (cushion and jelly models); and (3) the motion of the OFT wall was simulated 

by prescribing a radial displacement: the external surface of our models remained circular 

at all times and the temporal variation of radial displacements was estimated (from ten 

sequential OCT images). Given these assumptions, our models of the OFT neglected 

several aspects of actual blood flow inside the OFT. 

Regarding Assumption 1, the estimation of prescribed outlet pressure affected ∆#; and 

since ∆#  provides an important driving force for blood flow through the OFT, 

calculated Q and WSS were also affected. Therefore, our models provided only estimates 

of Q and WSS. Furthermore, in our OFT models, pressure boundary conditions were 

prescribed and hence uncoupled from the OFT dynamics. In living chick embryos, 

because cardiovascular circulation forms a closed system, ∆# and the geometry of the 

OFT lumen and wall motions are coupled. Uncoupling these variables, however, allowed 
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for less complex calculations and interpretation of results. Regarding Assumption 2, the 

FEMs neglected the influence of the OFT curvature on blood flow, which affects the 

local variation of WSS. In addition, actual cardiac cushions are not as symmetric as in 

our models (Figure 4.1), and therefore our models neglected non-symmetric distributions 

of WSS. Regarding Assumption 3, the motion of the OFT wall was assumed to go from 

an open to a close state (Figures. 4.3 and 4.4), which is likely an oversimplification of the 

actual wall motion. In addition, the external surface of our OFT models was assumed to 

remain circular at all times, and therefore the effects of the non-symmetric motion of the 

myocardium layer, observed in the OCT images, were neglected in our simulations. 

Given these assumptions, our OFT models represent a starting point to estimate 

variations in Q and WSS during the cardiac cycle and to determine how wall geometry 

and motion change WSS in the chick developing heart. 

Our results showed that volume flow rate, Q, was generally in phase with the imposed 

∆#, but was also influenced by the motion of the OFT wall. Small phase shifts between Q 

and ∆# occurred due to wall motion, especially when the OFT was quickly expanding 

or contracting. Given the small length scales of the developing heart (<2 mm), blood flow 

inside the heart is strongly affected by viscous forces. This is reflected by the small Re 

(<30) and �$ (<1) numbers obtained from the simulations. Thus, Q was expected to 

generally be in phase with the imposed ∆#, but with amplitude modulations and small 

time shifts due to the effect of OFT wall motion on blood flow. We found that the 

amplitude of the wall motion contributed to the amplitude of oscillation of Q (Figure 

4.7b), as expected, and that peristaltic motion (due to the time lags in the motion of 
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contiguous cross-sections) altered the temporal variation of Q with respect to that of 

simultaneous wall motion (Figure 4.7a). The simulations performed, indicated that a 

peristaltic motion prevents backflow more efficiently than a simultaneous motion. In our 

models this is because for the simulated peristaltic motion the inlet of the OFT started 

contracting 0.036 s (0.08 T) before contraction started in the simulated simultaneous wall 

motion case. 

Since WSS is affected by Q inside the heart, WSS depends on ∆# and the motion of 

the OFT wall. Changes of WSS over time were influenced by the amplitude of the wall 

motion (D1 or D2) (see Figures 4.10b and 4.10d). We found, however, that wall motion 

had a larger influence on Q than on WSS (compare Figure. 4.7b with Figures 4.10b and 

4.10d). For a cylindrical model, the Hagen–Poiseuille solution (Eqs. 4.15 and 4.16) 

predicts that WSS is proportional to Q1/4. Thus, while variations in Q affect WSS, 

changes in WSS are relatively smaller than changes in Q. This is consistent with results 

from our models (although the proportionality with Q1/4 is no longer valid for the cushion 

and jelly models).  

Our results showed that cardiac cushions limit backflow in the OFT by constricting the 

lumen area and affecting the distribution of blood flow velocities in the lumen of the OFT. 

When the OFT myocardium contracts and pressure inside the OFT decreases, the cardiac 

cushions bulge towards the OFT lumen (see Figure 4.4), reducing the area of the OFT 

lumen cross-section. This decrease in area significantly reduces Q during backflow—a 

reduction that is evident when comparing the calculated Q in the cushion and jelly 

models with the calculated Q in the cylindrical model (Figure 4.6). The presence of 
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cardiac cushions also changes the geometry of the OFT lumen cross-section, which we 

found to play a role in reducing backflow. Simulations of the cylindrical model, in which 

the cross-sectional area changed over time like the cushion model (cylindrical SA) 

showed that the magnitude of Q in models with cardiac cushion was smaller than in the 

cylindrical SA model, especially during backflow (Figure 4.6). These results indicate that 

Q is influenced not only by the cross-sectional area of the OFT lumen but also by the 

geometry of the lumen cross-section. Differences in Q between models with and without 

cardiac cushions were consistent with the increase in the area of the lumen-wall interface 

in models with cardiac cushions (relative to cylindrical SA models). A larger interface 

increases the viscous resistance to blood flow (on the walls of the OFT), and therefore for 

the same applied ∆# and cross-sectional area, models with larger interfacial area result 

in lower Q. Hence, the geometry of cardiac cushions is effective in reducing backflow by 

reducing cross-sectional area and increasing the resistance to blood flow. 

The presence of cardiac cushions also affects the temporal variation and spatial 

distribution of WSS at the lumen-wall interface. Because cardiac cushions change the 

geometry of the lumen cross-section (from that of a cylindrical tube), they affect Q and 

the distribution of blood velocities within the lumen and hence WSS (see Figures 4.8 and 

4.9). The smaller OSI found for the cylindrical SA model compared to that of the cardiac 

and jelly models, indicates that the cardiac cushions increase the ratio between the time 

integral of |WSS| during forward and backflow (mean WSS in our models was generally 

negative). We also found that for models with cardiac cushions, at point A (cardiac 

cushion) the ratio of the integral of |WSS| during forward and backflow is smaller than at 

point B (OSI at point A is larger than at point B). Whether endocardial cells (ECs) can 
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differentiate a positive from a negative WSS, or whether ECs respond to the magnitude 

of WSS, the integral of WSS over time or some other related variable is not yet known. 

However, it is clear that the ECs that line the cardiac cushion (where valves will later 

form) are subjected to different mechanical stimuli than cells outside the cardiac cushions. 

The biological implications of these spatial variations in mechanical stimuli are not yet 

fully understood, but WSS likely plays an essential role on valve formation.  

4.6 Conclusions 

We developed OFT models of HH18 chick embryos to characterize patterns of WSS over 

the cardiac cycle and to determine whether these patterns are affected by OFT geometry 

and wall motion (simultaneous and peristaltic wall motions were considered and two 

amplitudes of wall motion were simulated). Our OFT models showed that even though 

backflow through the OFT is limited by the presence of cardiac cushions, WSS during 

backflow can have a larger absolute value than WSS during forward flow. WSS showed 

significant oscillation over time and was asymmetrically distributed, with larger absolute 

values at the cushions. Therefore, ECs located at the cardiac cushions are subjected to 

different WSS than are ECs located elsewhere. These differences in WSS may affect 

valve formation.  
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Reprinted with permission 

5.1 Introduction  

Stresses exerted by blood flow on cardiac walls modulate growth and development of the 

heart in such a way that altered blood flow patterns could lead to cardiac defects, which 

affect 1% of newborns in the US each year.136 Underlying mechanisms by which blood 

flow affects cardiac development remain elusive, partly due to a lack of methodologies to 

accurately quantify wall stresses in the beating embryonic heart.  In particular, wall 

shear stresses (WSS) are known to regulate the response of endocardial cells (EC), which 

line the lumen of the heart.14, 21, 24, 156 In vitro studies have shown that ECs sense and 

respond to WSS by activating signaling pathways that modulate EC function.156, 157 To 

understand the role of WSS in heart development, quantification of spatial and temporal 

distributions of WSS as the heart beats are needed.  Here, we used the chick embryonic 

heart as our animal model of cardiac development, focusing on the chick heart outflow 

tract (OFT), and quantified the distribution of WSS on the wall of the OFT during the 

cardiac cycle using a combination of physiological data, imaging, and finite element (FE) 
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modeling.     

  The chick embryo is frequently used to study cardiac development  because of 

structural and functional similarities between chick and human embryonic hearts at early 

developmental stages1, 158  and  easy  access of  chick embryos inside the egg-shell.1, 

157 At the early chicken developmental stage (i.e., Hamburger-Hamilton stage HH18 48, 49) 

that we studied here, the chick embryonic heart is an s-shape tube, with no valves or 

chambers, but with distinguishable heart segments: the sinus venosus, primitive atrium, 

primitive ventricle, and OFT.48, 50 The OFT is the distal region of the heart, which 

connects the ventricle to the aortic sac, from where arterial branches bifurcate (see Figure 

5.1A). The OFT wall has 3-layers: (i) myocardium, an external muscle layer that actively 

contracts; (ii) endocardium, a monolayer of ECs lining the heart wall; and (iii) cardiac 

jelly, an extracellular matrix that interposes between the myocardium and endocardium.   

In the OFT, the cardiac jelly forms cardiac cushions, which are protrusions of the cardiac 

wall toward the lumen (see Figures 5.1B and 5.1C) and which distribute spirally along 

the OFT.159 During myocardial contraction, the cardiac cushions deform to close the OFT 

lumen, acting as primitive valves to regulate blood flow through the OFT.160, 161 At 

HH18, the OFT, which will eventually develop into valves and septa of the heart, is very 

sensitive to changes in blood flow dynamics.   
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  To understand how the blood flow dynamics affect the morphogenesis of the OFT, it is 

important to quantify the distribution of WSS on the OFT wall. WSS is a hemodynamic 

force that blood flow imposes tangentially on the surface of the heart wall.  It cannot be 

measured directly in the OFT in vivo, but can be derived from the flow velocity field:  

% = & ∙ �(/�*                               (5.1) 

where µ is the blood viscosity; V is the blood flow velocity vector; n is a unit vector normal 

to the lumen-wall surface;  and �(/�* is the directional derivative of the velocity in the 

direction normal to the lumen-wall surface.   

  Accurately quantifying the blood velocity field is critical for estimating WSS.  Several 

Figure 5.1 Stage HH18 chick 
embryonic heart and its outflow tract 
(OFT). (A) Sketch of a chick embryonic 
heart with the OFT region marked by 
dotted black lines; the upper right inset 
shows a sketch of the OFT 
cross-section.  Red arrows indicate the 
approximate locations where blood 
pressures were measured: in the 
ventricle and aortic sac.  The three 
purple dots indicate the approximate 
locations where blood flow was 
measured (near the OFT inlet, middle 
and outlet) using Doppler ultrasound. 
(B), (C) and (D) Optical coherence 
tomography (OCT) images of the HH18 
chick heart, showing: (B) a transverse 
section of the OFT, (C) a cross-section 
of the OFT at the most constricted state, 
and (D) the same cross-section at the 
most expanded state. The dotted purple 
line in (B) indicates the location of the 
cross-section in (C) and (D). M, 
myocardium; C, cardiac jelly; L, lumen; 
A, atrium; V, ventricle; OFT, outflow 
tract; AS, aortic sac. 
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flow-imaging techniques, such as Doppler ultrasound, and particle image velocimetry 

(PIV), have been used to measure intracardiac blood flow in the chick embryonic heart.60, 

74-78 However, none of these techniques gives sufficient temporal and spatial resolution of 

3D velocity fields in the tiny dynamic beating embryonic heart for accurately quantifying 

WSS.  

  Computational fluid dynamic (CFD) models have been developed to compute blood 

flow in human and chick embryonic hearts.21, 91, 111, 139, 162 Early CFD models of 

embryonic hearts assumed a steady-state flow and a rigid, simplified geometry.139, 162 

These simplified models suggested that blood flow dynamics is affected by the heart 

morphology, which varies significantly as the heart develops.  Therefore, realistic 

models of the embryonic heart at specific developmental stages are needed to understand 

how blood flow dynamics affect heart development. To take the complex geometry of the 

embryonic heart into account, DeGroff and colleagues91 pioneered the use of 

image-based FE models to simulate the blood flow in stages 10 and 11 human embryonic 

hearts, followed by Groenendijk and colleagues21 who generated a FE model of an HH14 

chick embryonic heart.21, 91 Both image-based FE models showed 3D spatial distribution 

of WSS in early human and chick embryonic hearts; high WSS were identified at narrow 

lumen regions and the inner curvature of the lumen surface. However, the calculated 

WSS corresponded to a static geometry of the embryonic heart. To study the effects of 

the cardiac wall dynamics on the blood flow, Taber and colleagues generated a simplified 

2D dynamic model of the chick embryonic heart.111 The model indicated that the 

presence of cardiac cushions and peristaltic motion of the heart wall in early developing 

hearts renders pulsatile cardiac blood flow.  
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  In our previous study, we generated dynamic models of the OFT, which included 

pulsatile pressures and dynamic wall motion.144, 163 Our previous models have 

complementarily showed that the 3D curvature of the OFT, the shape of the luminal 

cross-section, and the peristaltic wall motion of the OFT affect the distribution of WSS 

on the OFT wall.  However, these models simplified the geometry of the OFT, and thus, 

they did not fully characterize blood flow dynamics and WSS in the OFT. In this study, 

we present a methodology to quantify the temporal and spatial distribution of WSS using 

image-based FE models of the developing heart OFT, combined with physiological data.   

5.2 Experimental methods 

To develop image-based FE models of the OFT, we imaged the OFT of an HH18 chick 

embryo in vivo using optical coherence tomography (OCT) and developed image analysis 

algorithms to extract the cardiac OFT wall geometry and motion. To provide proper 

boundary conditions to our OFT model, we measured blood pressures in the chick 

embryonic heart ventricle and aortic sac, which are the heart sections that are 

immediately upstream and downstream of the OFT, respectively (see Figure 5.1A).  

Finally, to validate the blood flow velocity field predicted by our FE models, we 

measured blood flow at representative locations in the OFT using Doppler ultrasound. 

5.2.1 4D imaging and reconstruction of the OFT   

The OFT of chick embryos at HH18 was imaged in vivo using OCT. Current 

state-of-the-art OCT and 4D imaging techniques allow studying heart dynamics in 4D.70, 

73, 97, 164 OCT is a high resolution (2-20 µm) non-invasive (and non-contact) tomographic 
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imaging technique that can image up to a 2-mm depth in biological tissues.62 Therefore, 

OCT is well suited for imaging the chick embryonic heart during early development (<2 

mm in size) .62, 67 For this study, we imaged the chick OFT in ovo using a spectral OCT60 

with axial spatial resolution of 10 µm, lateral spatial resolution of 20 µm, and image 

acquisition rate of 140 frames per second.  

  Prior to imaging, fertilized White Leghorn eggs were incubated to HH18 (~3 days of 

incubation).48 A small window was opened on the egg shell and the overlying membrane 

was removed to expose the embryonic heart and its OFT. During imaging, the 

temperature of the chick embryo was maintained at 37.5 ± 0.5°C within a warming 

chamber, since temperature affects cardiac function.  2D image sequences of the OFT 

were obtained over a 2-second time interval, which spanned 4-5 cardiac cycles.  These 

2D image sequences were acquired at contiguous OFT cross-sections 10-µm apart, 

spanning the entire OFT. Since image acquisition gating was not used (i.e., the beginning 

of image sequence acquisition was not triggered at the same phase during each cardiac 

cycle) the image sequences were out of phase.  To synchronize these imaging sequences 

and reconstruct 4D images of the OFT (the OFT 3D structure over time), we employed 

our developed image-based, post-acquisition synchronization procedure,164 which uses 

similarity of adjacent image sequences and a phase correction that accounts for 

peristaltic-like wall motion.  Reconstructed 4D images were used to extract the 

geometry of the OFT lumen over time and generate FE models of the chick heart OFT. 
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  We developed a set of image-analysis algorithms in order to extract the dynamic 

geometry of the OFT from the 4D OCT image data sets.  We first chose a 3D image 

dataset corresponding to a phase in the cardiac cycle in which the OFT was most 

constricted, and using our algorithms we segmented (delineated) the OFT lumen-wall 

surface and myocardium from the 3D image, and calculated the OFT centerline.  To 

characterize the wall dynamics of the OFT, we used the 4D image reconstructions to 

extract image sequences from 5 equally spaced cross-sections perpendicular to the OFT 

centerline: (1) OFT inlet, (2) middle upstream, (3) middle, (4) middle downstream, and 

Figure 5.2  OFT wall motion. (A) Transverse sectional OCT image of the OFT; the 5 lines show 
the locations where cross-sections were extracted from 4D OCT images. (B) The 5 extracted 
cross-sections at their most constricted state; the lines in image 1 show the major and minor 
semi-axes of the lumen, assuming an elliptical luminal area. (C) Calculated luminal areas (A1, A2, 
A3, A4, A5) for each of the 5 locations over the cardiac cycle. t, time; T, period of the cardiac 
cycle.  
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(5) outlet (see Figure 5.2A and Figure 5.2B). Segmentations of the OFT lumen-wall 

interface over time in these 5 cross-sections were used to build the geometry of our FE 

models of the OFT lumen (see Sections 5.3.1.1 and 5.3.2.1). 

5.2.2 Measuring intracardiac pressures 

We used a servo-null micro-pressure system (Model 5A-LN, Instrumentation for 

Physiology and Medicine, San Diego, CA) to measure blood pressures in the ventricle, 

and in the aortic sac of normal chick embryos at HH18 (see Figure 5.1A). Pressure data 

were collected following standard procedures:165 while maintaining the chick embryos at 

37.5 ± 0.5°C, real-time pressure traces were sampled at 100 Hz in the ventricle, and in the 

aortic sac of normal chick embryos (n = 26 and n = 9, respectively) over at least 10 

cardiac cycles. Representative intracardiac pressures that had peak values closest to 

measured averages were used as boundary conditions in our FE models of the OFT.  

5.2.3 Measuring blood flow in the OFT 

We used a Vevo 2100 ultrasound imaging system with an MS-550S transducer 

(VisualSonics, Inc., Toronto, Canada) to measure blood flow in the OFT of normal chick 

embryos at HH18 (n=10). In pulsed wave Doppler mode, we measured blood flow 

centerline velocities over time near the inlet, middle, and outlet of the OFT of chick 

embryonic hearts (Figure 5.1A, dots along the OFT centerline). During data acquisition, 

embryos were submerged in pre-warmed chick Ringer’s solution, and temperature was 

maintained with a heat lamp and temperature controller. The Doppler angle, the angle 

between the sound wave and the blood flow direction, was adjusted within 30° by tilting 
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the angle of the transducer with respect to the embryo. The acquired blood flow velocities 

were corrected for the Doppler angle, approximately determined from a static image of 

the embryonic heart.   

  At each selected location of the OFT (inlet, middle, outlet; I, M, O in Figure 5.1A), 

centerline velocities were obtained by tracing the Doppler ultrasound images. After 

normalizing in time and aligning these velocity traces at their peak within a cardiac cycle, 

we calculated the average velocity trace and its standard deviation over three cardiac 

cycles and among 10 chick embryos. The average velocity traces that represented the 

blood flow at the OFT inlet, middle and outlet were compared with the centerline 

velocities predicted by our FE models of the OFT at corresponding locations.  

5.3 Finite element models  

We developed two FE models of the chick embryonic heart OFT at HH18: a 2D 

axisymmetric model and a 3D model.  Both models included the dynamics of blood 

flow over the cardiac cycle, and featured OFT wall motions that were extracted from 4D 

OCT images of the OFT (Section 5.2.1). Because OCT images of the OFT, and pressure 

measurements in the ventricle and the aortic sac, could not be acquired simultaneously 

nor in the same embryos (due to technical difficulties), the 2D models were used as an 

initial approximation of the blood flow in the embryonic OFT, to aid in the determination 

of proper time phases among the measured OFT wall motion, OFT inlet pressure 

(ventricular pressure) and OFT outlet pressure (aortic sac pressure). A 3D model of the 

chick heart OFT was then developed to more accurately quantify blood flow dynamics in 

the OFT of living embryos. 2D and 3D models were implemented using the FE software 
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Adina (ADINA R & D, Inc. Watertown, MA).152   

5.3.1 2D dynamic models of the OFT   

5.3.1.1 Model geometry 

In our 2D FE models, the OFT was modeled as a straight tube with circular cross-sections 

(see Figure 5.3). The geometrical parameters of the OFT model were obtained from OCT 

images.  Specifically, to extract geometrical parameters, we used the 5 representative 

cross-sections perpendicular to the OFT centerline (see Figures 5.2A and 5.2B). After 

segmenting the lumen-wall interface of each cross-section over time, we calculated the 

lumen area A’. Since it was difficult to distinguish blood and the thin layer of the 

endocardium in OCT images due to their similar reflective index, our segmentation 

included the endocardium, and thus A’ overestimated the OFT luminal area. To correct 

for the thickness of the endocardium, we approximated the area of the endocardium as 

the minimal A’ assuming that the OFT lumen is closed (zero luminal area) when the OFT 

is fully constricted; thus we subtracted the minimal area from A’ (see Figure 5.2C). Since 

the OFT at location 5 does not close completely, we estimated for this position the area of 

endocardium from locations 1 to 4. Further, to avoid a transient zero luminal area, which 

would cause numerical difficulties in FE analysis, we artificially added a very small area 

(0.0003 mm2). From the corrected luminal area, A, we calculated a model radius R as 

follows,  

+��, ,-� = [/��, ,-�/0]2/3	( � = 1,2,3,4,5�                        (5.2)  

where t = [0,T] is time, and T is the cardiac period; the subindex i represents each of the 5  
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representative cross-section, with λi  indicating the axial location of each cross-section.  

To remove discontinuities in wall motion, we smoothed the radii over time and space with 

a moving average filter (see Figure 5.4). 

 

 

  To correctly impose measured pressure boundary conditions, we extended the axial 

Figure 5.4 OFT lumen radius (R) over the cardiac cycle and along the OFT used in our 2D 
models. R was calculated and interpolated from the luminal areas obtained from the 5 
cross-sections shown in Figure 5.2. λ, is the axial distance along the OFT centerline from the OFT 
inlet to the outlet.  

Figure 5.3 2D axisymmetric model of the chick embryonic heart OFT. The three white dots at 
the OFT centerline indicate the locations where centerline velocities were extracted to 
compare with those measured with Doppler ultrasound. Pas, aortic sac pressure; Pv, ventricular 
pressure; AS, aortic sac; Tr, transition region; OFT, outflow tract; V, ventricle. 
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dimensions of our 2D FE models of the OFT to a total length of 1.0 mm (see Figure 5.3).  

The pressure boundary conditions were measured outside the range of the imaged OFT 

with an axial distance of ~1.0 mm, while the axial length of the imaged OFT was ~0.6 mm 

(see Figure 5.1A). To account for this discrepancy, we extended the model 0.2 mm before 

the OFT inlet and ~0.2 mm after the OFT outlet. We assumed that the extended ‘inlet 

region’, which was the distal region of the ventricle, had the same motion as the OFT inlet 

(λ1).  Because the aortic sac does not actively contract during the cardiac cycle, in the 

extended ‘outlet region’ we modeled a rigid aortic sac and a transition region from the 

aortic sac to the moving OFT (Figure 5.3). We approximated the radius of the aortic sac as 

the average of the mean and largest radius of the OFT outlet over the cardiac cycle, as 

observed from our CCD images of the chick heart.  

5.3.1.2 Model boundary and initial conditions  

We chose representative pressure traces measured at the ventricle and aortic sac as 

boundary conditions of the 2D FE models of the OFT (see Figure 5.5). The measured 

pressures were imposed on the extended inlet and outlet of the 2D FE models as normal 

tractions. The wall motion of the OFT (moving boundary) was imposed as a displacement 

(D) in the radial direction of the model, with respect to the initial configuration, 

 8��, ,� = +��, ,� − +�0, ,� .                        (5.3) 

A non-slip condition was applied at the moving boundary representing the lumen-wall 

interface.  An arbitrary Lagrangian-Eulerian formulation was used to account for the 

effects of wall motion on blood flow dynamics in the OFT models. 
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In our 2D FE models of the OFT, resulting blood flow velocities depended on the blood 

pressures imposed at the OFT inlet and outlet, and the prescribed OFT wall motion.  

Due to measurement procedures we were uncertain of the phase lag between imposed 

inlet and outlet pressure, as well as the phase lag between the ventricular (inlet) pressure 

and the wall motion of the OFT.  We used the 2D models to test the effects of applying 

different phase lags among pressure boundary conditions and wall displacements.  To 

quantify phase lags for comparison, we defined Φp as the phase lag between the peak 

aortic sac pressure and the peak ventricular pressure, and defined Φm as the phase lag 

between the peak ventricular pressure and the peak inlet cross-sectional area of the OFT 

(see Figure 5.5).  We assumed Φp = 0 to 0.2T, and Φm = 0 to 0.2T, which we will 

discuss in Section 5.5.2. Figure 5.6 shows different combinations of the two phase 

relationships.  We assumed that the OFT was initially (reference configuration) at its 

Figure 5.5 Pressure and wall motion phase lags. The figure shows representative pressures 
measured at the ventricle and aortic sac of stage HH18 chick embryos, as well as the luminal area 
at the OFT inlet (A1 from Figure 5.2C). It also shows hypothetical phase relationships among the 
pressures and OFT wall motion. Φp, is the phase lag of the aortic sac pressure (Pas) with respect to 
the ventricular pressure (PV); Φm, is the phase lag of the ventricular pressure (Pv) with respect to 
the wall motion of the OFT inlet (A1).     
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most constricted state with zero blood flow velocity. 

  

5.3.1.3 Material properties  

The blood of chick embryos was modeled as a continuous, incompressible Newtonian 

fluid with a density : = 1060	<�/=>and a viscosity & = 3	 × 10@>	<�/�=	�)144. The 

non-Newtonian behavior of blood increases with the blood hematocrit, and at 0% 

hematocrit blood presents a Newtonian behavior. The assumption of Newtonian fluid is 

justified for embryonic chick blood, because it has low hematocrit (20 % for embryonic 

blood vs. 45% for mature whole blood). 166, 167 The embryonic blood flow was modeled 

as a laminar (Re<< 2000), transient, and incompressible flow. 

Figure 5.6 Temporal relationships among the representative luminal areas and the pressure drop 
along the OFT for different phase lag combinations (Φp and Φm). A1, A3, and A5, are the luminal 
areas at the 3 cross-sections of the OFT (see Figure 5.2B); ∆P, is the pressure difference between 
the ventricle and aortic sac (∆P = Pv-Pas).  
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5.3.1.4 Finite element discretization  

The 2D blood flow model of the OFT was discretized with axisymmetric 2D 4-node 

quadratic flow-condition-based-interpolation (FCBI) elements.152, 153 Mesh-independent 

solutions were obtained with a mesh consisting of 946 nodes and 850 elements. Time 

independent dynamic solutions were achieved with 200 time steps per cardiac cycle (T = 

400 msec, ∆t = 2 msec). To fully damp initial transient effects, we simulated two cardiac 

cycles in the 2D FE models and used the second cycle as our results.   

  Blood flow velocities calculated with our 2D OFT models were analyzed and 

compared to measured blood flow velocity data. We used these comparisons (see Section 

4.4) to approximate the phase lags Φp and Φm to impose as boundary conditions in more 

accurate 3D models of the developing heart OFT. 

5.3.2 3D dynamic model of the OFT  

To more accurately quantify the blood flow dynamics in the cardiac OFT of chick 

embryos at HH18 and the distribution of WSS on the OFT walls, we developed a 3D FE 

model of the OFT. This model included the 3D curvature and non-circular cross-sections 

of the OFT lumen, as well as the heart wall motion and pulsatile pressures.  

5.3.2.1 Model geometry 

In our 3D models of the OFT, the OFT lumen (blood flow domain) was modeled as a 3D 

curved tube with elliptical cross-sections, with geometrical parameters extracted from 4D 

OCT images (Section 5.2.1). Specifically, to construct the 3D models of the OFT, we 

used the OFT centerline and image sequences from the 5 representative locations (see 
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Figure 5.2). Elliptical cross-sections were chosen to represent the geometry of the 

lumen-wall interface, as they approximately represent the shape of the lumen as observed 

with OCT (see Figures 5.1C, 5.1D and 5.2B). To follow the motion of the OFT 

lumen-wall surface over the cardiac cycle, the length of the ellipse major semi-axis, a, 

and minor semi-axis, b, were allowed to change with time.   

  To determine the ellipse parameters from imaging data, we used the segmented OFT 

lumen-wall interface over time from the 5 representative cross-section image sequences 

(see also Section 5.3.1.1). Using the segmented curves, we calculated and corrected the 

area of the lumen, /��, ,-), over time as explained in Section 5.3.1.1.The orientation of 

the ellipse major and minor semi-axes in 3D were calculated (at a phase when the OFT 

was most constricted), and initial values of the major and minor semi-axes, A′��, ,-� and 

B′��, ,- �, over time, were determined by fitting the segmented lumen curve to an ellipse.  

However, A′��, ,-� and B′��, ,-� did not preserve the lumen area. To enforce the lumen 

area, we first calculated e(t,	,-), the ratio between A’ and B’	that describes the shape of 

the ellipse at each λD as it changes from a fully open OFT configuration (e ≅ 1, close to a 

circle), to a contracted OFT configuration (e ≅ 2.5) over the cardiac cycle (see Figure 

5.7A). We then calculated the ellipse model parameters as follows,     

A��, ,-� = E/��, ,- 	�F��, ,-�/0		�� = 1,2,3,4,5�,		              (5.4) 

B��, ,-� = A��, ,-�/F�t, λD� 			�� = 1,2,3,4,5�,              (5.5) 

where A��, ,-� and B��, ,-� are the major semi-axis and minor semi-axis at λi used in our 

model. A��, ,�  and B��, ,�  were then smoothed in time and space to remove 
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discontinuities (see Figures 5.7B and 5.7C). 

  The 3D geometrical model of the OFT was constructed starting from the OFT 

centerline. We first divided the centerline into 61 equally spaced points (the 5 

representative cross-sections were uniformly located at center points i = 1, 16, 31, 46, 

61). Then, at each of these points we generated cross-sections that were perpendicular to 

the centerline. To describe the elliptical shape of a cross-section, at a point (Xc, Yc, Zc) in 

the centerline, we built a local Cartesian coordinate system based on the direction of the 

major semi-axis (denoted as a unit vector L), the direction of the minor semi-axis 

(denoted as a unit vector S), and the tangential direction of the centerline (denoted as a 

unit vector N) at this point.  In the local coordinate system (x, y), the elliptical 

cross-section was described using a general formulation of a 2D elliptical curve:  

              H��� = a�t�	cos�M�   

          N��� = B���	����M�                                  (5.6) 

where M = [0, 20]	indicates a closed curve. To implement the 3D curvature of the OFT in 

a global Cartesian coordinate system, we calculated the coordinates of the elliptical 

cross-sections in a global coordinate system (X, Y, Z),  

[O, P, Q]� = R ∙ [H + OT , N + PT , QT]U                   (5.7) 

where	R = [V, W, X]� 	 is the transformation matrix between the local and global coordinate 

systems at any given centerline point (Xc, Yc, Zc).  The 3D OFT lumen surface at any 

given time was then generated from the 61 elliptical contours which were lofted and 

interpolated between adjacent elliptical contours in 3D space using Rhinoceros 4.0 (Robert 
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McNeel & Associates, Seattle, WA). 

 

5.3.2.2 Boundary and initial conditions  

We used pressures and wall motion as boundary conditions in our 3D model of the OFT. 

The wall motion of the OFT was modeled by imposing displacements on the lumen-wall 

surface. We assumed that the displacement in the axial direction was negligible. For each 

elliptical cross-section, the displacement was calculated in the local coordinate system 

using:  

8Y��, ,� = H��, ,� − H�0, ,� 

	8Z��, ,� = N��, ,� − N�0, ,� 

Figure 5.7  Geometric parameters used in 3D FE model of the OFT. (A) shape index (e = a/b) of 
the elliptical cross-section at the 5 selected cross-sections (see Figure 5.2) over a cardiac cycle. 
(B) Major semi-axis (a), and (C) minor semi -axis (b), of the OFT elliptical lumen cross-sections 
over a cardiac cycle and along the OFT. λ, is the axial distance along the OFT centerline from the 
OFT inlet to the outlet. 
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                     8[��, ,� = 0                                    (5.8) 

  Displacements were prescribed on the lumen surface in the local coordinate system (i.e., 

skew system in Adina 152).  To account for the motion of the wall and moving mesh 

within the blood fluid domain, an arbitrary Lagrangian-Eulerian formulation was 

employed.   

  The phase relationships between the pressures and wall motion (Φp and Φm) used in the 

3D FE model were determined from the 2D models and physical arguments (see Section 

5.4.4).  To account for the discrepancy in axial distance of pressure measurement and 

imaged OFT axial length (see Section 5.3.1.1 and Figure 5.3), we extracted pressures at 

both OFT inlet and outlet from the 2D model with the same Φp and Φm; and imposed the 

pressures uniformly at the inlet and outlet of the 3D FE model as normal tractions.  

Similar to our 2D models, we assumed that initially the OFT was at its most constricted 

state with no blood flow.  

5.3.2.3 Material properties  

In our 3D FE model, we used the same material properties for the embryonic blood as in 

the 2D models and assumed incompressible, Newtonian, laminar flow (see Section 

5.3.1.3).  

5.3.2.4 Finite element discretization  

The flow domain of the 3D FE model was discretized with 3D 4-node tetrahedral FCBI 

elements. Mesh-independent solutions were obtained using 66400 nodes and 353000 

elements. To calculate WSS, we defined a very thin boundary layer (a built-in function in 
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Adina152) at the OFT wall in the fluid model. The thickness of the boundary layer was 

specified as 0.0004 mm, which was less than 1/5 of the element size in the fluid model.  

We simulated two cardiac cycles and used 200 time steps per cardiac cycle (T = 400 

msec; ∆t = 2 msec). For further analysis, we extracted results at 3 cross-sections: near the 

OFT inlet about 0.16 mm away from the inlet, at the middle, and near the outlet about 

0.16 mm away from the outlet (see Figure 5.11B).      

5.4 Results 

To quantify blood flow dynamics and WSS in the chick embryonic heart OFT, we 

generated 2D and 3D FE models of the OFT. Boundary conditions were obtained from 

pressure measurement and 4D OCT imaging of the OFT in vivo. Our 2D models 

characterized the effects of different phase relationships among the pressures and wall 

motion. We then used our 3D FE model to more accurately quantify the blood flow field 

and distribution of WSS in the OFT.  

5.4.1 Wall motion of the OFT  

Figure 5.2C shows the temporal variations of the luminal areas of the 5 representative 

cross-sections of the OFT over the cardiac cycle; the 5 cross-sections were extracted 

about evenly spaced along the OFT from the 4D OCT images (see Figures 5.2A and 

5.2B). Using the OFT luminal area as an indicator of the OFT wall motion, we found that 

the motion of the OFT wall changes from the inlet to the outlet. Towards the inlet (A1), 

the OFT wall motion showed a gradual expansion and steep contraction; in contrast, 

toward the outlet (A5), the OFT wall motion showed a relatively steep expansion and 

gradual contraction.  The middle region of the OFT had the greatest wall motion and the 
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OFT outlet had the smallest wall motion. The traces of the luminal areas at the 5 

locations suggested that the entire OFT wall opened and closed peristaltically, with a 

phase lag with respect to the OFT inlet.  

  From each of the 5 cross-sections that we extracted along the OFT, we found the OFT 

lumen underwent eccentric deformation, deforming from an almost circular shape when 

the OFT was fully expanded, to a slit-like shape when the OFT was fully constricted 

(e.g., Figures 5.1C and 5.1D). The lumen shape can therefore be approximately 

represented by an ellipse. Due to the presence of the cardiac cushions, the OFT lumen 

was fully closed (slit-like shape in Figure 5.2B) at locations 1 to 4 during OFT 

contraction, but not at location 5 (the OFT outlet). The orientation of the major axis was 

also observed to change counter-clockwise from the OFT inlet to the outlet (see Figure 

5.2B), indicating helical distribution of the cardiac cushions along the OFT.  

5.4.2 Blood pressure measurements 

Figure 5.5 shows representative ventricular and aortic sac pressures used in our 2D 

models.  We found that the ventricular pressure and aortic sac pressure were very 

similar in shape and magnitude. Both pressure waveforms were pulsatile and showed a 

peak.  

5.4.3 Centerline velocity profiles 

Figure 5.8 shows the blood flow average velocity traces and their variation ranges 

measured with Doppler ultrasound near the OFT inlet, middle and outlet, from 10 chick 

embryos (Section 5.2.3).  
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  We termed blood flow as positive when blood flowed from the inlet toward the outlet 

(also referred to as forward flow) and negative when blood flowed back towards the inlet 

(backflow). At the OFT inlet (Figure 5.8A), the velocity profile exhibited a slow increase 

(i.e., a shoulder) followed by a fast increase in velocity to a peak, then a gradual decrease 

in velocity. At the OFT middle (Figure 5.8B), the velocity profile first exhibited a sharp 

increase in velocity and then a gradual decrease after the velocity peak. At the OFT outlet 

(Figure 5.8C), a backflow was observed before the velocity peak and a shoulder followed 

the peak velocity.  Deviations from these general trends were observed in our Doppler 

Figure 5.8 Comparison of velocities 
measured using Doppler ultrasound and 
calculated using our 3D FE model of the 
OFT. The comparisons are shown at 3 
locations in the OFT lumen (see Figures 
5.1A and 5.11B): (A) near the OFT inlet 
(location I), (B) middle (location M), and 
(C) near the outlet of the OFT (location 
O). Measured centerline velocities were 
represented as the average velocity, VUS 
(solid black line) ± standard deviations 
(dotted lines above and below the solid 
line). The grey line in (B) was obtained 
from the literature,77 and measured the 
centerline blood velocity at about the 
middle region of a representative HH18 
chick OFT using Doppler ultrasound. 
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ultrasound flow measurements due to the biological variations of chick embryos and 

operator’s uncertainties (i.e., reproducible selection of measurement locations and 

determination of Doppler angles).  

  Figure 5.9 gives the average peak forward velocity and peak backward velocity 

measured near the OFT inlet, middle and outlet for 10 chick embryos. Although the peak 

velocities were not significantly different, the average magnitude of the peak forward 

flow tended to be higher near the OFT outlet (70±10 mm/s) than near the inlet (60±10 

mm/s), this is consistent with the tapering of the OFT lumen towards the outlet. The 

magnitude of the peak backflow exhibited the same trend.  

 

5.4.4 2D FE models of the OFT  

Our 2D FE models were generated to study blood flow velocities under different 

combinations of phase relationships within the range of 0 to 0.2T between the 

representative ventricular pressure and aortic sac pressure (Φp), and between the 

ventricular pressure and wall motion of the OFT inlet ( Φm), see also Figure 5.5. 

Figure 5.9 Averaged peak forward 
velocities (top) and peak backflow 
velocities (bottom) measured using Doppler 
ultrasound. Velocities were measured at 
about the 3 locations shown in Figure 1A: 
near the OFT inlet (I), middle (M) and 
outlet (O) of HH18 chick embryos (n = 10). 
Data are presented as mean and standard 
deviations. 
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  Figure 5.10 shows examples of the velocities predicted from our 2D models for 

different phase relationships within the ranges: Φp= 0.1 to 0.2T and Φm= 0.1 to 0.2T 	(see 

Figure 5.6). For all combinations of Φp = 0 (data not shown), the magnitudes of the 

predicted velocities were lower than those of the velocities that we measured using 

Doppler ultrasound. For all combinations of Φm = 0 (data not shown), the 2D FE models 

predicted a dramatic backflow that was not observed in the velocity profile measurements 

(Figure 5.8). For the particular cases depicted here, when Φm is constant, as Φp increases 

∆# increases, and thus centerline velocities increase. When Φp is constant, the peak ∆# 

moves towards larger t/T as Φm increases, and the differences in the peak flow among the 

inlet, middle and outlet reduce because the differences in luminal areas at the peak ∆# 

Figure 5.10 Centerline velocity profiles calculated using 2D FE models under different phase 
relationships between pressures and OFT wall motion. VI, VM, and VO, are centerline velocity 
profiles extracted at the centerline near the OFT inlet (I), middle (M) and outlet (O), respectively 
(see also Figure. 5.3). 



131 

 

reduce (see Figure 5.6).  

5.4.5 3D dynamic model of the OFT  

We chose the cases (1) Φp = 0.1T and Φm	= 0.15T, and (2) Φp = 0.1T and Φm = 0.2T, and 

applied these phase lags in boundary conditions to more accurate but time consuming 3D 

models of the OFT. We found that the case of boundary conditions Φp = 0.1T and Φm	= 

0.2T, yielded velocity profiles that better resemble those of ultrasound flow 

measurement.  

  Figure 5.8 shows a comparison of blood flow velocity profiles between our 3D FE 

model prediction (Φp = 0.1T and Φm = 0.2T) and Doppler ultrasound flow measurement. 

The centerline velocities predicted from our 3D FE model captured some characteristics 

of the velocity traces measured from Doppler ultrasound. Near the OFT inlet and middle 

region, the predicted peak forward and backward centerline velocities were within the 

ranges of our Doppler ultrasound measurements, but near the OFT outlet the predicted 

peak forward flow was higher than the measurements (see Figures 5.9 and 5.10).  

  As shown in Figure 5.11, the 3D FE model predicted a skewed distribution of velocity 

profile at the OFT inlet towards OFT inner curvature; the effects of the 3D curvature on 

velocity profiles diminished towards the OFT middle region. In-plane flow near the OFT 

wall was also observed, reflecting the effects of the wall motion and helical orientation of 

the elliptical cross-sections. No noticeable vortex was observed.   

  Figure 5.12 shows the heterogeneous distribution of WSS magnitude on the OFT wall 

at peak forward flow. When the OFT was expanding, a high level of WSS magnitude 

transiently located at the outlet; the maximal WSS (~11 Pa) occurred at the outlet of the 
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OFT where the peak blood velocity was highest (see Figure 5.8). A low level of WSS 

was found at the middle region of the OFT, which had a large lumen area. At each OFT 

cross-section, WSS were higher at the cushion side (the minor axis of the elliptical 

lumen) than the region without the cushion (the major axis). Near the OFT inlet, WSS 

was higher towards the inner curvature than the outer curvature, a result of the skewed 

velocity towards the inner curvature.  

 

Figure 5.11 Blood flow patterns calculated using our 3D model of the cardiac OFT of HH18 
chick embryos. (A) Centerline velocities over a normalized cardiac cycle, and (B) velocity profile 
along the major axis of the elliptical lumen cross-sections. Centerline velocities and velocities 
profiles are shown at the 3 locations shown in figure 1A: near the OFT inlet (I), middle (M), and 
the outlet (O). The vertical lines in (A) indicate the cardiac phase of the velocities shown in (B).  
The three dots in (B) indicate the locations from where the centerline velocities in (A) were 
extracted.  
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5.5 Discussion  

In this paper, we present image-based 2D and 3D dynamic FE models of the heart OFT 

of normal chick embryos at HH18; these models were generated based on our 4D OCT 

images of the OFT and in vivo pressure measurements. Our 2D FE models of the OFT 

were used to characterize the effects of phase relationships in boundary conditions 

(pressures and wall motion). Our 3D dynamic FE model took into account the 3D 

curvature of the OFT, cardiac cushions, dynamic wall motion, and pulsatile pressures 

imposed at the OFT inlet and outlet. Within the scope of the model assumptions, the 3D 

FE dynamic model quantified the distinct blood flow field and tempo-spatial distribution 

of WSS in the normal chick OFT at HH18. Thus we expect that our 3D models of the 

cardiac OFT will contribute to understanding the role of hemodynamics in heart 

development.  

Figure 5.12 Distribution of wall shear stresses on the OFT wall at peak forward flow. The flow 
rate depicted was calculated from the flow at the middle cross-section of the OFT (Location M in 
Figure 5.1A). 
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5.5.1 Assumptions and limitations of the 3D FE Model  

In our 3D FE model of the OFT, we simplified the OFT geometry. To model the effects 

of cardiac cushions, we assumed that the cross-section of the OFT lumen was elliptical.  

The shape of the OFT luminal cross-section does not strictly resemble an ellipse because 

the cardiac cushions are not evenly distributed around the OFT cross-section; and the 

effects of the cardiac cushions become more noticeable when the OFT contracts (see 

Figures 5.1C and 5.2B). To minimize the effects of the assumed elliptical shape of OFT 

lumen on blood flow simulations, while we modeled the segmented lumen using ellipses, 

the areas of the ellipses were kept the same as those of the segmented lumens. In 

addition, the shape of the ellipses (see Figure 5.7A) was allowed to vary during the 

cardiac cycle and along the OFT to better model the dynamic deformation of the OFT 

lumen. Therefore, we expected that the elliptical cross-section might locally and 

transiently affect the distribution of the blood flow within the cross-section during OFT 

contraction, but not the general pattern of blood flow.    

  We also simplified the wall motion of the OFT. To model the OFT wall motion, we 

obtained wall dynamics from the 4D OCT image data of the OFT. Full implementation of 

the wall motion demands a 4D segmentation algorithm for the 4D image data of the OFT, 

which is still under development. Therefore, we estimated the wall motion from 5 

representative OFT locations and captured the heterogeneous wall motion along the OFT 

at those points. We expected that our 3D FE model qualitatively predicted the effects of 

the heterogeneous wall motion on the blood flow pattern and distribution of WSS in the 

OFT.   
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  To prevent numerical difficulties in FE analysis, in our 3D FE models we simulated 

the closure of the OFT lumen using a very small area. This procedure might result in 

blood flow (though low in magnitude) driven by the pressure difference between the OFT 

inlet and outlet when the OFT was closed. Since the OFT wall contracted sequentially 

along the OFT from 0 to 0.5T, calculated blood flow and thus WSS during this time 

period is not accurate.  

  In studying the effects of the 3D curvature of the OFT on blood flow distribution, we 

assumed that the OFT was a curved tube and that the OFT centerline was static. 

However, the curvature of the centerline changes during the cardiac cycle. To evaluate 

the changes in the curvature of the OFT centerline during the cardiac cycle, we extracted 

and compared two OFT centerlines: one centerline when the OFT was fully contracted 

and one, when fully expanded. We found that the maximal curvature of the OFT 

centerline changes slightly (<15%). Therefore, we expected that the changes in 3D 

curvature only modestly affected the skewed distribution of the velocity profile, and thus 

heterogeneous distribution of WSS during the cardiac cycle.  

  In our FE models, we used blood pressures as both inlet and outlet boundary 

conditions, rather than commonly used blood flow as inlet boundary condition. This was 

based on the following two reasons: (1) detailed and accurate blood flow velocity data are 

not available due to challenges of measuring the blood flow in the tiny beating embryonic 

heart (dimension ≅1 mm and heart rate at 2 to 2.5 Hz) and a lack of flow measurement 

techniques with sufficient spatial and/or temporal resolution; (2) the assumption of 

Poiseulle- or Womersley-type blood flow, which is a common and good inflow condition 
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for simulating vessels, may not be valid for the inflow to the OFT ejecting from the 

primitive ventricle. At this time, we consider that our pressure data are more accurate. 

Our underlying assumption of using blood pressure as boundary conditions is that the 

blood pressures reflect the effects of both upstream ventricle and downstream aortic sac 

on the OFT inlet and outlet, respectively. However, besides increasing the ventricular 

pressure, the contraction of the ventricle provides momentum driving the blood flow to 

the OFT. The limitation might affect the magnitude of the velocities at the shoulder 

region during ventricular contraction transiently. Considering that the predicted velocities 

captured the flow features observed from measurement, we expected our 3D models were 

qualitatively valid.  

5.5.2 Phase relationships between blood pressure and wall motion of the OFT 

For the chick OFT, which is essentially a curved tube, blood flow is regulated by two 

factors: (1) the pressure difference between the OFT inlet and outlet; and (2) the motion 

of the OFT wall. However, we were uncertain of the phase relationship between the 

ventricular pressure and aortic sac pressure (Φp), and the phase relationship between the 

ventricular pressure and wall motion (Φm) due to technical difficulties.  

  To determine a suitable range of values for Φp and Φm, we used physical arguments.  

Since during the cardiac motion blood pressure waves travel from the ventricle to the 

aortic sac, the peak pressure at the aortic sac (outlet) has to occur later than the peak 

ventricular pressure (inlet). The magnitude of the pressure wave speed is on the same 

order of the propagating speed of contractile wave of the OFT wall. Inspections of Figure 

5.2C shows that the phase lag between the maximal lumen areas in the OFT inlet and 
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outlet is about 0.2T; this finding is consistent with the reported impulse conductance 

speed of the OFT wall (~7 mm/s51) that travels along the OFT (~1 mm), inducing 

sequential contraction of the OFT wall from the OFT inlet to the OFT outlet. From these 

arguments, a reasonable range of Φp is 0 to 0.2T.  

  We assumed that the peak radius of the OFT inlet occurred earlier in cardiac phase 

than the peak ventricular pressure within the range of Φm = 0 to 0.2T. The assumption 

was reasonable based on the following arguments. First, the peak ventricular pressure has 

been reported to occur during ventricular contraction, in other words, the largest 

ventricular area occurs before the peak ventricular pressure.165 Since the conducting 

speed of depolarizing impulse, which induces consecutive contraction of the embryonic 

heart tube, is fast in the ventricle (V = ~40 mm/s for HH18 chick embryos 51), the electric 

impulse reaches the OFT inlet and induces the contraction of the OFT inlet almost 

synchronized to that of the ventricle. Therefore we assumed that the peak area of the OFT 

inlet occurs before the peak ventricular pressure, and with approximately the same phase 

lag as that of the ventricular walls. Second, we approximated the pressure-area (P-A) 

loops using the ventricular pressure and area of the OFT inlet with different phase 

relationships Φm varying between [0 2π], and compared them to the published P-A loop 

for HH18 chick embryos.165 We were aware that the areas used by Keller and 

colleadges165 were different from ours: the areas by Keller and colleadges165 were 

measured by tracing the epicardial border of the ventricle from light microscopic images, 

while ours were measured by tracing the interior boundary of the myocardium of the OFT 

inlet cross-section in the OCT images. We expected, however, that their temporal 

relationship with the ventricular pressure were similar over the cardiac cycle. We found 
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that only P-A loops within Φm = 0.1 to 0.2T were comparable to the reported P-A loops. 

Therefore we considered that Φm = 0 to 0.2T was a reasonable range for the phase 

relationship between the ventricular pressure and wall motion at the OFT inlet.  

  Given the assumed ranges for Φp and Φm, we generated 2D FE models of the OFT to 

study the effects of different combinations of phase relationships among the imposed 

pressures and wall motion on blood flow. We compared qualitatively the centerline 

velocities predicted from 2D models with those measured using Doppler ultrasound. We 

expected the general patterns of the velocity profiles to be similar between the 2D and 3D 

models since the luminal areas were the same in both models. We also expected that the 

magnitudes of centerline velocities predicted from 2D models would be higher than those 

from our more accurate 3D models. This is because under the same pressure conditions 

blood flow in our 3D models with an elliptical lumen, spiral distribution of cardiac 

cushions, and 3D curvature of the OFT tube would have larger momentum loss than that 

in the 2D models that were essentially consisted of a straight tube with circular 

cross-section. We found that the phase relationships of Φp = 0.1T and Φm = 0.2T best 

reproduced our flow measurement with Doppler ultrasound (see Fig 5.8), based on 2 

selective criteria: (1) the shape of the centerline velocities and (2) relative ratio among 

peak velocities at three locations. We considered that the phase relationships (Φp = 0.1T 

and Φm = 0.2T) approximated well the coupled relationships between the pressures and 

wall motion of the OFT for normal chick embryos at HH18.  
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5.5.3 Comparison of blood flow velocity between model and experimental 

data   

Blood flow dynamics regulate the morphogenesis of the OFT.11 To quantify blood flow 

dynamics in HH18 chick heart OFT, we generated 3D FE models of the OFT based on in 

vivo pressure measurements and the dynamic geometry derived from the 4D OCT 

imaging data. Our FE models reproduced qualitatively some trends and values (within the 

same order of magnitude) of the centerline velocity profiles over the cardiac cycle 

measured from our Doppler ultrasound (see Figure 5.8) and Oosterbaan’s Doppler 

ultrasound,77 despite some discrepancies that we will discuss in the following paragraph. 

Our 3D FE model also qualitatively reproduced the skewed blood flow towards the inner 

curvature of the OFT, which was previously observed using PIV,75 and using Doppler 

OCT.76  In addition, our 3D dynamic FE model of the OFT revealed a heterogeneous 

flow field in the OFT, which is important for estimating WSS distribution on the OFT 

wall.  

  Discrepancies between Doppler ultrasound velocity measurements and modeled 

velocities (see Figure 5.8) could be due to experimental errors in flow measurements, 

simplifying geometrical assumptions of our FE models, and uncertainties in the phase 

relationships between pressures and wall motion. Experimental errors in flow 

measurements are mainly due to three factors. First, Doppler ultrasound acquires the 

component of blood flow velocity in the direction of the incident sound wave within a 

small sample volume (30µm x 30µm x 30µm) that is fixed in space (rather than moving 

with the heart); thus velocity data measured with Doppler ultrasound images reflect the 
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flow within the small volume that is manually selected from a static image. Second, to 

obtain the absolute velocity, measured velocity data needs to be corrected for the Doppler 

angle, which is difficult to determine in vivo since the OFT is a curved tube. The Doppler 

angle is also manually estimated from a static image. The Doppler angle was especially 

difficult to determine accurately towards the OFT outlet where the OFT changes its 

orientation sharply (refer to Figure 5.1A); this difficulty may partly explain discrepancies 

with the model results (see Figure 5.8C). Third, it is difficult to choose reproducible 

locations along the OFT in vivo (center lumen point near the OFT inlet, middle and the 

outlet). Variations in flow measurements, as well as the biological variations of the chick 

embryos, may artificially broaden the average blood flow traces (see Figure 5.8).  

  The simplifying geometrical assumptions and uncertainties in the boundary conditions 

of our 3D FE models also contributed to the discrepancies observed. Our models did not 

properly consider the contractile effects of the ventricular wall as well as the influence of 

the curvature of the upstream ventricle on the inflow. The simplified OFT wall motion 

may also affect blood flow. These limitations of the models may partly explain the 

discrepancy between the model prediction and flow measurement, especially, the 

shoulder region after the peak flow. Considering the errors in blood flow measurements, 

model limitations, and biological variations of chick embryonic hearts, we did not expect 

modeled and measured velocity traces to match exactly but to qualitatively capture the 

characteristics of the flow.   
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5.5.4 Blood flow in the OFT 

The blood flow in the OFT is characterized by three dimensionless numbers: Reynolds 

(Re), Womersley (Wo), and Dean (De) numbers. Re is a measure of the ratio between 

inertia forces and viscous forces. Wo is a measure of the ratio between pulsatile flow 

frequency and viscous forces. De is a measure of curvature effects (centrifugal forces) 

with respect to flow viscous forces. Calculated from our 3D model of the OFT, the 

maximum De (max De=~3.0) of the blood flow in the OFT occurred near the OFT inlet 

where the OFT centerline had the largest curvature. There the blood flow profile slightly 

skewed toward the inner curvature, which is consistent with in vivo flow 

measurements.75, 168 The estimated Re (max Re= ~5.0) and Wo (max Wo=~0.4) of the 

blood flow in the OFT were low, which is consistent with the estimates from previous 

flow measurements78 and computational models of chick embryonic hearts.144, 163 Low Re 

and Wo imply that blood flow in the OFT is laminar, with viscous forces dominating the 

blood flow.  

  The effects of initial or boundary conditions in our FE models only locally and 

temporally affected the accuracy of the calculated flow field. Boundary effects were 

limited to 0.1 mm, so the hemodynamic parameters that we extracted about 0.16 mm 

away from the OFT inlet or outlet in our 3D FE model were not affected by boundary 

effects. Initial transient effects were estimated to last for less than 0.03 cardiac cycles 

(0.03T). 

  In our models, the blood flow pattern in the OFT is mainly regulated by the pressure 

difference imposed on the OFT from the ventricle and aortic sac, and heterogeneous wall 
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motion. We found that along the OFT the effects of the pressure difference and wall 

motion varied. At the inlet, the centerline velocity profile followed closely the shape of 

the pressure difference (see Figures 5.6, 5.8, and 5.9A), indicating that the pressure 

difference dominated the velocity profiles near the OFT inlet. Towards the outlet of the 

OFT, the effects of the heterogeneous wall motion on the blood flow increased. Other 

factors such as the 3D curvature, elliptical cross-sections, and orientation of the elliptical 

sections also locally affected the flow field in the OFT, including the skewed flow 

towards the inner curvature and in-plane flow, which may be important for the WSS 

distribution on the OFT wall. These local and global effects affect the distribution of 

WSS on the OFT wall.  

5.5.5 WSS on the wall of the OFT 

To understand the role of WSS in the morphogenesis of the OFT, it is necessary to 

quantify the spatial distribution of the WSS on the OFT wall over the cardiac cycle. 

Compared to rigid wall, steady state models,21, 91, 139, 162 the WSS distribution predicted 

by our current 3D model was more realistic because the geometry and motion of the 3D 

model were obtained from the 4D OCT images of the OFT, and the pressures imposed at 

the inlet and outlet were measured in vivo at the ventricle and aortic sac.   

  From the 3D FE model of the OFT, we found the maximal WSS (~11 Pa) occurred 

near the outlet when the OFT was expanded (0.16 mm away from the outlet). Note that 

the high level of the WSS at the inlet and outlet (<0.1 mm from the inlet/outlet surface) 

may be due to the boundary effects and thus is not analyzed. The magnitude of calculated 

WSS was consistent with WSS derived from the blood flow field measured using PIV 75, 
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78 and Doppler OCT.169 Our predicted distribution of the WSS was also consistent with 

the literature:21, 91, 144, 163 the high level of WSS was located at the narrower lumen 

regions, inner curvature of the OFT wall, and at the cardiac cushions. In addition, our 3D 

FE model of the OFT predicted a transient variation of WSS along the OFT. The transient 

heterogeneous distribution of WSS implies that ECs are subject to differential 

biomechanical stimuli, which may modulate differential growth and morphogenesis in 

the OFT.  

5.6 Conclusions  

This paper provides a methodology to quantify subject-specific distributions of WSS in 

the living embryonic heart. We developed image-based dynamic FE models of the 

cardiac OFT of normal chick embryos at stage HH18. The FE models took into account 

physiologically pulsatile pressures imposed at the inlet and outlet of the OFT, and the 

dynamic wall motion obtained from the 4D OCT imaging. The 2D FE models of the 

OFT, integrated with Doppler ultrasound and OCT imaging techniques, aided in the 

determination of the phase relationships between the pressures and wall motion, which 

provided the boundary conditions for our 3D FE model. The 3D FE model of the OFT 

revealed a distinct blood flow field and transient heterogeneous distribution of WSS in 

the OFT over the cardiac cycle. We found that on the OFT wall the high level shear stress 

was located at the outlet towards the inner curvature and at the cardiac cushions, and low 

level shear stress was located at the middle region and towards the outer curvature. In the 

future, correlation of WSS and shear-response gene expressions (e.g., 21, 24) will lead to a 

better understanding of the role of WSS in cardiac development.    
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5.7 Data supplement (unpublished) 

Sensitivity study on the uncertainties in blood pressures 

The blood pressures imposed from the ventricle (Pv) and aortic sac (Pa) on the OFT inlet 

and outlet create a pressure gradient in the OFT that drives the blood flow through the 

OFT from the ventricle to the artery system. In our FE models of the OFT, we used Pv 

and Pa as our boundary conditions to predict the blood flow in the OFT. However, due to 

technical difficulties, the pressure measurements in the ventricle and in the aortic sac 

were performed in different chick embryos. The uncertainties in combinations of Pv and 

Pa would affect the pressure gradient in the OFT, and thus the accuracy of blood flow 

prediction using FE modeling.   

  To study the effects of the uncertainties in pressure data on the predicted blood flow, 

we used a 2D dynamic FE model of the OFT (refer to Figure 5.3) and analyzed the 

sensitivity of the centerline velocities to different choices of pressure data as boundary 

conditions. Here, we choose two sets of extreme pressure data: (1)  P_̀ Da and Pb̀ Da, and 

(2) P_̀ bc  and Pb̀ bc  from our pressure measurements (see Supplemental Figure 5.1). 

The phase relationship between Pv and Pa (Φp), and the phase relationship between Pv 

and the effective radius of the OFT inlet (Φm) were kept the same as the 3D dynamic FE 

model in Chapter 5, that is, Φp=0.1T and Φm=0.2T (refer to Figure 5.5).   
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  Supplemental Figure 5.2 compares centerline velocities, extracted near the OFT inlet, 

middle, and outlet (refer to Figure 5.3), between the two extreme blood pressure 

scenarios (Supplemental Figure 5.1). We found that a large difference in the values of 
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Supplemental Figure 5.2 Predicted centerline velocities near the OFT inlet, middle, and outlet, 
under pressure boundary conditions: (A) #de-f and #ge-f, and (B) #degY and #gegY, as shown 
in the Supplemental Figure 5.1. VI, VM, and VO are the centerline blood velocity near the OFT 
inlet, middle, and outlet, respectively.  
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Supplemental Figure 5.1 The ventricular and aortic sac pressures used in a 2D dynamic FE model 
of the OFT (A) #de-f and #ge-f, and (B) #degY and #gegY. 
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peak blood flow velocities, which was mainly due to the pressure difference imposed 

between the OFT, the major driving force for the blood flow in the OFT. We also found 

that predicted centerline velocity profiles in the two extreme cases of blood pressure 

conditions shows similar spatial and temporal variations. Near the OFT inlet, the velocity 

profile exhibited a transient backflow (~15 mm/s) followed by a shoulder; then the blood 

flow rose fast to the peak and followed by a shoulder after the peak. The velocity profile 

at the OFT middle region was similar to that near the OFT inlet, except that the transient 

backflow occurred 0.1T later at the middle OFT. Near the OFT outlet, the centerline 

velocity profile had a transient backflow immediately before the fast rise of velocity, after 

the peak a shoulder region followed. The maximal peak blood velocity occurred near the 

OFT outlet.   

  Our results suggest that the magnitude of the blood flow velocity is sensitive to the 

uncertainties in pressure data. Validation of the FE prediction with in vivo flow 

measurement is essential to ensure the magnitude of the flow velocity within the 

physiological range in the OFT. Our results also suggest that the predicted trend (spatial 

and temporal variations) of the blood flow velocity is consistent with different choices of 

pressure data. 

  In the FE models in Chapter 5, we used representative pressures that were closest to 

the averages of the group, and we compared the model predicted velocities with Doppler 

ultrasound flow measurements at corresponding locations. Further, the sensitivity study 

on the pressure data ensures us that the conclusions drawn from the FE models in Chapter 

5 are reasonably accurate.  
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Chapter 6: Quantifying the dynamic biomechanical 

environment in the heart outflow tract in HH18 chick embryos 

 (Paper in preparation to be submitted to Circulation) 

  

6.1 Introduction 

During early developmental stages, blood flow is essential for normal cardiac 

development,14, 170  and perturbations in blood flow dynamics lead to structural defects 

in the heart.11-14 Congenital heart defects occur in about 1% live births, and are 

responsible for about 10% stillbirths, and possibly up to 20% of spontaneous 

miscarriages.136  A big portion of the defects is likely due to abnormal blood flow 

conditions during the first weeks of development. Up to now, however, technological 

difficulties prevented progress in the field.  

  The interaction between blood flow and cardiac tissue determines the biomechanical 

environment (strains and stresses) to which cardiac cells are subjected. This 

biomechanical environment affects cardiac cellular responses, and thus further cardiac 

development. Experimental difficulties in quantifying the biomechanical environment to 

which cells are subjected to in vivo have hindered progress in the field.  In this 

manuscript, we used an integrative approach to determine the biomechanical environment 

to which cardiac cells are subjected during early embryonic developmental stages. 

  We used the chicken embryo heart as our model system because at early 

developmental stages chicken and human hearts are very similar and developmental 
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processes are highly conserve among vertebrate species.1  Further, we focused here on 

the heart outflow tract (OFT), the distal part of the heart connecting the primitive 

ventricle to the arterial system. The OFT has a wall composed of: (i) a myocardium layer, 

which actively contracts; (ii) endocardium layer, a monolayer of endothelial cells in 

direct contact with blood flow; and (iii) a cardiac jelly layer, composed of extra-cellular 

matrix, in between the myocardium and endocardium. At the very early stage of 

development that we are studying, HH18 (~3 days of incubation), the heart is an s-shape 

tube that have no valves.48, 49 The cardiac cushions in the OFT, the localized protrusions 

of cardiac jelly act as primitive valves to regulate blood flow from the ventricular to the 

arterial system .171 At later stage, the OFT undergoes extensive morphogenesis, giving 

rise to cardiac semilunar valves and septa, and eventually developing into aortic and 

pulmonary outlets.55, 56 OFT morphogenesis is sensitive to the hemodynamic 

environment,11, 21 and thus biomechanical stimuli, and heart defects associated with the 

OFT contribute to a large number of congenital heart defects. 53  

  To quantify the biomechanical environment of the developing heart, we used a 

combination of imaging, physiological measurements (blood pressure and blood flow 

velocities) and computational fluid dynamics (CFD) modeling. Current state-of-the-art 

optical coherence tomography (OCT) and 4D imaging techniques allow studying heart 

dynamics in 4D.70, 73, 97, 164 OCT is a high resolution (2-20 µm) non-invasive 

(non-contact) tomographic imaging technique that can image up to a 2-mm depth in 

biological tissues.62  Therefore, OCT is well suited for imaging small embryonic hearts 

during early development (<2 mm in size).62, 67 Using OCT imaging of the chick OFT, 

we first characterized the in vivo motion of the OFT wall over the cardiac cycle, and 
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cardiac wall strains. Using the dynamic geometry of the OFT wall, obtained from OCT, 

we then developed image-based (subject-specific) CFD models of the developing heart 

OFT to quantify in vivo blood flow patterns and wall shear stresses over the cardiac 

cycle.84-87 The combination of OCT imaging and CFD modeling allowed us to 

characterize, in more details than ever before, the in vivo dynamic biomechanical 

environment to which cardiac cells are exposed during the cardiac cycle on the OFT of 

chicken embryos.   

6.2 Materials and Methods  

6.2.1 Chick embryo preparation 

Fertilized white Leghorn eggs (n = 7) were incubated at 38	℃	and 80% humidity to stage 

HH18 (approximately 72 hours). Embryo staging followed standard procedures.48 Before 

imaging or pressure measurement, a small window was opened on the egg shell and the 

underlying membrane was removed to expose the embryo heart. Since temperature 

affects cardiac function, during data acquisition the temperature of the chick embryo was 

maintained at 37.5 ± 0.5	℃	within a warming chamber using a temperature controller.  

6.2.2 4D imaging using OCT 

We used a spectral-domain OCT customized to image the structure and blood flow of the 

chick OFT in ovo.60 The system used a superluminescent diode broadband light source 

with full-width-half-maximum of 56 nm centered at 1310 nm (Denselight, Singapore), 

which yielded an axial spatial resolution of 10 µm and a lateral spatial resolution of 16 

µm. With a 1024 element infrared InGaAs line-scan camera with 14 bit digital depth and 
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a maximal line-scan rate of 47 kHz,  the OCT system allows us to acquire images of 512 

x 256 pixels (256 A-scans) at 140 frames per second.  

  To capture the dynamics of the fast beating embryonic heart (typical heart rate is 2.5 

Hz at HH18) from OCT images, we used our previously developed 4D imaging and 

reconstruction procedures.164 Briefly, 2D image sequences (B-mode images) of the OFT 

were acquired over 4-5 cardiac cycles at sequential cross-sections that were 7.5-µm apart, 

until the entire OFT was imaged. From the acquired image sequences, 4D images of the 

heart OFT (3D geometry over time) was then reconstructed using our developed 

post-acquisition synchronization algorithm.164  

  The unique advantage of spectrum domain OCT is that during structural imaging the 

flow information within the OFT is also obtained. Phase images were obtained by 

calculating the phase differences ϕ∆  between two adjacent A-scans in a B-scan, this 

phase difference is introduced by the movement of tissue and cells, such as the 

myocardial wall and blood. Phase images can be easily converted to Doppler velocity 

images,60  

l[ = mnopfq ∆r
    

                           (6.1) 

where Vz is the Doppler velocity, λ0 is the central wavelength; n is the refractive index of 

tissue (~1.3); τ  is the time difference between the two adjacent A-scans (~21 µs).  

6.2.3 Image processing  

To extract the dynamic geometry of the OFT wall and blood flow in the OFT from the 

OCT images, we developed a set of image-analysis algorithms using Matlab2009a (The 
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MathWorks, Inc. Natick, MA). 

 

Geometry and wall motion    

To characterize the geometry and motion of the OFT wall, we used segmentation 

algorithms (see Chapter 3) to delineate the layers of the heart OFT. For each embryo 

image set, we first segmented the myocardium of the OFT from a reconstructed 

3D-image dataset, at the phase when the OFT was most constricted, and calculated the 

centerline along the axis of the OFT. We then extracted 2D image sequences at 5 evenly 

spaced cross-sections perpendicular to the axial centerline of the OFT (L1-L5, see Figure 

6.1C) from the 4D reconstructed images. L1-L3 approximately represented the OFT 

proximal region (also referred to as conus172); L4 and L5 represented the OFT distal 

Figure 6.1 OCT images of the OFT. Illustration of the OFT longitudinal and cross sections (A) 
when the OFT is constricted, and (B) when the OFT is expanded. OCT images of a OFT 
longitudinal section (A) when the OFT is constricted, overlaid lines showing the locations where 5 
cross-sections were extracted from the 4D OCT images of the OFT; (D) when the OFT is fully 
expanded. (E-I) The 5 cross-sections at locations 1-5 at OFT maximal contracted state, and the same 
cross-sections (J-N) at OFT maximal expansion state. The yellow lines in (E, F, G, and I) showing 
the orientation of the opposing cardiac cushions in the OFT. M, myocardium; L, lumen; CJ, cardiac 
jelly; SPL, splanchnopleure membrane. Scar bar = 200 µm. 
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region (or the truncus). From the extracted image sequences, we delineated the 

boundaries of the OFT myocardium and lumen (e.g. Figure 6.1E and refer to Figure 

6.5A) frame-by-frame over the cardiac cycle, and calculated the boundary perimeters, 

and the areas enclosed by these boundaries for further analysis.  

Wall strains  

Using the image segmentation, we characterized circumferential strains in the 

myocardium and the endocardium over the cardiac cycle. Circumferential strains were 

estimated by: 

εθ = (C − C���)/C���                          (6.2) 

where C is the perimeter of either the interior boundary of the myocardium or the 

cushion-endocardium interface, calculated from image segmentation.   

Similarly, radial strains of the myocardium were estimated by:  

ε
 = (h − h���)/h���                          (6.3) 

where h is the average thickness of myocardium at the OFT cross-section considered, 

calculated from the segmented inner and outer myocardium boundaries from the images. 

Luminal behavior 

  To further quantify the behavior of the OFT, from the OFT cross-sectional image 

sequences (L1 to L5, Figure 6.1C), we also extracted M-mode images along a line 

perpendicular to the cushion surface (see Figure 6.5A). M-mode images show the 

structure of the OFT (image gray scale) along the line over time, and thus can be used to 

visualize the dynamic motion of the structure over cardiac cycles. From these M-mode 
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images, we quantified the time spans in a cardiac cycle in which (i) the lumen was closed, 

Tclosed, (ii) luminal area was increasing, Te, and (iii) luminal area was decreasing, Tc (see 

Figure 6.5 D).   

Interaction between blood flow and wall motion  

  To characterize the interaction between cardiac wall motion and blood flow dynamics 

within the OFT, we analyzed together structural and Doppler velocity images from the 

acquired 2D image sequences. From the structural image sequences, we then extracted 

M-mode images along a vertical line that approximately cut the OFT in two halves. From 

corresponding phase images, we also extracted M-phase images (showing phase in the 

vertical direction over time in the horizontal direction). We then chose a line from the 

M-mode images that remains in the lumen at all times (except when the OFT is fully 

closed) and extracted the Doppler velocity, Vz, along that line over time. Vz provides an 

estimation of the component of blood flow centerline velocity along the OCT beam 

direction. 

6.2.4 Pressure measurements  

We used a servo-null micro-pressure system (Model 5A-LN, Instrumentation for 

Physiology and Medicine, San Diego, CA) to measure blood pressures in normal chick 

embryonic hearts at HH18. Pressure data were collected in the ventricle and in the aortic 

sac, immediately upstream and downstream the OFT, following standard procedures. 165 

Pressure traces were sampled at 100 Hz over at least 10 cardiac cycles in the ventricle (n 

= 29) and in the aortic sac (n = 8).  
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  To evaluate wall stress in the myocardium, we assumed that the OFT myocardium was 

a thin wall cylinder with uniform wall thickness, and used the Laplace law to 

approximate the circumferential wall stress, σθ, in the myocardium:  

σθ = PR/h                                  (6.4) 

where P is the intracardiac blood pressure, R is interior radius of the myocardium, and h 

is the average wall thickness of the myocardium at the OFT cross-section considered.  

6.2.5 Computational fluid dynamics modeling of the OFT 

To quantify the 3D blood flow dynamics within the heart OFT over the cardiac cycle, we 

used a subject-specific CFD model of the chick OFT developed using the finite element 

software Adina (ADINA R & D, Inc. Watertown, MA). The lumen geometry and wall 

motion of the CFD model were obtained from the OCT image data of a representative 

HH18 embryo, with OFT dimensions and motions closest to the measured average of the 

imaging group (n=7). A detailed description of the CFD model and assumptions is given 

elsewhere.173 For the CFD model, we assumed that the lumen of the OFT was a 3D 

curved tube with elliptical cross-sections. Blood flow was modeled as a continuous, 

transient and incompressible Newtonian fluid (density ρ = 1060	kg/m�and viscosity 

µ = 3	 × 10��	kg/(m	s)) since embryonic chick blood has low hematocrit (20% Ht). 166, 

167 The OFT lumen was discretized using 4-node tetrahedral fluid-condition- 

based-interpolation (FCBI) elements.153 A time-varying displacement was imposed on the 

model surface representing the lumen-wall interface, to simulate the motion of the 

cardiac OFT wall as quantified from OCT images. Representative ventricular and aortic 

sac pressures, which had peak values closest to measured averages, were imposed 



155 

 

uniformly at the inlet and outlet of the OFT model as normal traction boundary 

conditions. We assumed that initially the OFT was at its most constricted state with no 

blood flow. Mesh and time-step independent results were obtained. 

6.3 Results  

6.3.1 Characterization of OFT wall dynamics 

OCT images distinctly showed the microstructure of the OFT wall (Figure 6.1). The 

myocardium and cardiac jelly layers (shown as the dark region in-between the 

myocardium and lumen) of the OFT wall were readily distinguished in OCT images. The 

endocardium layer, however, was not distinguishable from the lumen blood due to their 

similar refractive index. Since the endocardium is a thin monolayer of endothelial cells 

that enclose the lumen surface, the endocardium was approximated by the cardiac 

jelly-lumen interface.  

   Visualization of the 4D image reconstruction of the HH18 cardiac OFT from 4D OCT 

images (e.g., Supplemental Video 6.1), showed a characteristic peristaltic-like dynamic 

motion of the OFT wall. The OFT wall opened to allow blood ejecting from the ventricle 

to flow to the arterial circulation. After blood ejection, the OFT myocardium contracted, 

and the cardiac cushions became in contact with each other closing the lumen 

sequentially along the OFT to prevent backflow. Through the distinct dynamics of the 

OFT wall, the OFT acts as a primitive valve regulating blood flow from the ventricle to 

the aorta in the early developing heart. 

  To characterize OFT wall dynamics, we selected 5 OFT cross-sections evenly 
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distributed along the axis of the OFT (Figure 6.1C, L1 to L5), and quantified motions of 

the myocardium, cardiac jelly, and endocardium, as well as their effects on the lumen 

area over the cardiac cycle.  

6.3.1.1 Myocardium 

At each of the 5 cross-sections, the myocardium had a slight ellipse-like shape (Figures 

6.1 E-6.1N). The ratio of the length of the major and minor axis, the shape factor λ, was 

between 1 (circular shape), when the OFT myocardium was most expanded, and 1.3, 

when the myocardium was most constricted (see Table 6.1). The minor axis of the ellipse 

was found to be along the direction of maximal cardiac cushion thickness (refer to 

Figures 6.1E-I and 6.4C). 72 External constraints, such as the splanchnopleure membrane 

that wraps and pushes against the heart tube, were observed to slightly restrict myocardial 

motion and altered deformation patterns of the myocardium (refer to Figure 6.1L).   

  Since the myocardium remained approximately circular during the cardiac cycle, for 

simplicity and to ease interpretation of data, myocardial dimensional changes were 

characterized by an effective myocardial radius, � = �A��/π, where AMI was the area 

enveloped by the segmented internal contour of the myocardium (refer to Figure. 6.4C).  

At each of the 5 selected OFT cross-sections, R varied cyclically over the cardiac cycle 

(see Figure 6.2A). The peristaltic myocardial wall motion was manifested as a sequential 

appearance of Rmax followed by a sequential contraction from the OFT inlet (L1) to the 

outlet (L5). We found that the OFT wall exhibited different behaviors at its proximal and 

distal regions (Figure 6.2A): proximally (L1), the myocardium exhibited a relatively long 

period of expansion (relaxation) followed by a short contraction; while distally (L5), the 
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myocardium exhibited a relatively short expansion period followed by a long contraction 

period. Further, while proximally contraction of the myocardium resulted in lumen 

closure, distally the contraction of the OFT wall was frequently (6/7 embryos) not enough 

to completely close the lumen (refer to Figure 6.2A). The amplitude of the radial 

myocardium motion (∆R) decreased from L1 to L5.   

  To further quantify myocardial wall motion, we calculated the rate of change of R, 

dR/dt, which represents radial cardiac wall velocities. Comparing the maximum rates of 

myocardial expansion and contraction along the OFT (Figure 6.2B), we found that from 

L1 to L5 rates of expansion seem to first increase and then decrease, while rates of 

contraction decreased. Interestingly, while proximally rates of contraction were larger 

than rates of expansion, this behavior was reversed distally of the OFT (Figure 6.2B).   
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Figure 6.2 Behaviors of the myocardium at 5 selected OFT cross-sections. (A) Temporal variations 
of radii, and (B) maximal expansion and contraction radial velocities of the myocardium at the 5 
selected OFT cross-sections of the normal chick embryonic heart. 
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Table 6.1 Summary of OFT dimensions at 5 selected cross-sections (L1-L5) 

Variables  L1  L2 L3 L4 L5 

Myocardium 

λmax 

Rmax 

Rmin 

∆Rmax 

ASF 

 

1.27(0.06) 

0.21(0.02) 

0.14(0.01) 

0.07(0.01) 

0.55(0.06) 

 

1.21(0.08) 

0.20(0.02) 

0.13(0.01) 

0.07(0.01) 

0.60(0.05) 

 

1.2 (0.1) 

0.19(0.02) 

0.12(0.02) 

0.073(0.009) 

0.63(0.03) 

 

1.26(0.07) 

0.17(0.03) 

0.11(0.01) 

0.06(0.01) 

0.59(0.04) 

 

1.19(0.09) 

0.15(0.01) 

0.12(0.01) 

0.035(0.008) 

0.41(0.08) 

Lumen  

λmax 

Amax 

Amin 

∆Amax 

ASF 

 

2.7(0.4) 

0.09(0.01) 

0.022(0.004) 

0.07(0.01) 

0.75(0.05) 

 

2.5(0.4) 

0.09(0.02) 

0.019(0.004) 

0.07(0.02) 

0.79(0.04) 

 

2.1(0.4) 

0.09(0.02) 

0.017(0.004) 

0.07(0.02) 

0.81(0.03) 

 

1.7 (0.3) 

0.07(0.02) 

0.014(0.005) 

0.06(0.02) 

0.79(0.03) 

 

1.6(0.2) 

0.05(0.01) 

0.022(0.005) 

0.03(0.01) 

0.60(0.08) 

Cardiac jelly  

Amax 

Amin 

∆Amax 

ASF 

 

0.06(0.02) 

0.039(0.008) 

0.021(0.009) 

0.33(0.07) 

 

0.05(0.01) 

0.028(0.008) 

0.014(0.006) 

0.31(0.07) 

 

0.03(0.01) 

0.021(0.007) 

0.010(0.005) 

0.29(0.09) 

 

0.027(0.008) 

0.013(0.005) 

0.009(0.005) 

0.3 (0.1) 

 

0.026(0.006) 

0.014(0.004) 

0.009(0.004) 

0.4(0.1) 

Data are presented as mean (standard deviation). λ, the shape factor; R, radius (mm); ∆R, radius change over the cardiac 
cycle; A, area (mm2); ∆A, area change over the cardiac cycle (mm2); ASF, area shortening factor. 
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  Circumferential strains over the cardiac cycle, measured relative to the maximal 

expansion state of the OFT for each cross-section (Eq. 6.2), showed the cyclic contraction 

of the OFT myocardium, as expected (Figure 6.3A). We found that absolute maximum 

values of circumferential strain decreased from L1 to L5, with peak contraction strains 

higher at L1 to L4, and dropping significantly at L5 (Figure 6.3A).  Thickening and 

thinning of the myocardium layer over the cardiac cycle were analyzed by radial strains, 
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Figure 6.3 Cyclic strains in the myocardium at 5 selected OFT cross-sections. (A) Temporal 
variation of circumferential strains in the myocardium, (B) temporal variation of radial strains, (C) 
peak circumferential strain in the myocardium compared with that in the endocardium, and (D) peak 
expansion and contraction circumferential strain rates.  

(C) 

(A) (B) 

(D) 

t/T 

Location 

t/T 

M
ax
 c
ir
cu
m
fe
re
nt
ia
l s
tr
ai
n 
 

Location

Ci
rc
um

fe
re
nt
ia
l s
tr
ai
n 
ra
te
 (1

/s
)  

Ci
rc
um

fe
re
nt
ia
l s
tr
ai
n 
 



160 

 

measured relative to the maximal myocardial thickness, Eq (6.3), which corresponded to 

maximum OFT contraction for each cross-section.  Similar to the circumferential strain, 

the radial strain varied over the cardiac cycle and along the OFT (Figure 6.3.B). 

Compression strains (negative strains) increased during OFT expansion (myocardium 

thinning) and decreased during OFT contraction (myocardium thickening). Peak 

compression radial strains were larger at both ends of the OFT with the maximal at the 

OFT inlet (L1) and the smallest peak radial strain at the middle region (L3) (see Figure 

6.3B).  

6.3.1.2 Cardiac jelly  

The cardiac jelly was unevenly distributed across the OFT cross-section, and divided into 

two opposing cardiac cushions (see Figures 6.1E-I). If we follow the line that separates 

the cardiac cushions when the OFT cross-section is most constricted, the orientation of 

the line changes along the OFT, especially between L3 and L5. The orientation at L4 is 

ambiguous since the lumen has a star appearance at contraction (in 5/7 embryos, refer to 

Figure 6.1H). These findings that two pairs of spirally distributed cardiac cushions with 

the proximal cushion pair extending from L1 towards L4 and a distal cushion pair starting 

at L4 and extending towards L5were consistent within the HH18 embryos and similar as 

the cushions observed in the OFT of HH21 chick embryos. 56 

  The area of the cardiac jelly, calculated as the difference between the area enclosed by 

the inner myocardium boundary and the lumen area at each cross-section, decreased 

towards the OFT outlet (Table 6.1). Further, over time, the maximal area of the cardiac 

jelly along the OFT, occurred sequentially from the OFT inlet to the outlet, describing a 
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peristaltic-like change in areas (see Figure 6.4A).  The area change of the cardiac jelly 

was not in phase with the peristaltic motion of the myocardium (Figure 6.4B-F). In 

general, at each cross-section, cardiac jelly area was relatively large when the 

myocardium was contracted, and the OFT lumen closed; the jelly area reached its 

maximum when the myocardium started to relax. Minimal cardiac jelly areas were 

observed when the myocardium was most expanded. Changes in cardiac jelly area over 

the cardiac cycle were about 30% for all cross-sections (see Table 6.1).  

 

6.3.1.3 Endocardium  

Because the endocardium and the lumen cannot be distinguished from OCT images, we 

will analyze the endocardium and lumen together (refer to Figure 6.5A). The 

Figure 6.4 Behaviors of the cardiac jelly at 5 selected OFT cross-sections (L1-L5). (A) Temporal 
variation of areas of cardiac jelly over a cardiac cycle; and (B-F) temporal relationship between the 
areas of the OFT myocardium (MI), cardiac jelly (CJ), and lumen (L) along the OFT from L1 to L5, 
respectively. 
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endocardium layer exhibited large shape changes during cardiac cycle: from a slit-like 

shape during contraction (where observed slit ‘branches’ were likely known endocardial 

folds134), to an almost circular shape during myocardial expansion.  

  Using the length of the segmented endocardium boundary, we quantified changes in 

endocardium strain, measured as differences in length with respect to the maximum 

length of the segmented curve, Eq (6.2). We observed that, over the cardiac cycle, the 

Figure 6.5 Behaviors of the heart OFT lumen of HH18 chick embryos. (A) A OCT image of the 
OFT cross-section, with segmented boundaries of the interior myocardium (green contour), exterior 
myocardium (purple contour), and lumen outline (yellow contour) overlaid on the image; and (B) an 
M-mode OCT image extracted from the yellow line in (C) to illustrate the metrics defined for 
evaluating temporal behaviors of the lumen in (D). (C) Temporal variation of OFT luminal areas at 
5 selected OFT cross-sections of a representative HH18 chick embryo; (B) time spans for luminal 
expansion (Te), closing (Tc), and closure (Tclosure) over a cardiac cycle at 5 selected OFT 
cross-sections of HH18 chick embryos.  
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temporal variations of endocardial strains were similar to circumferential myocardial 

strains (see Supplemental Figure 6.1), but the values of the endocardial strains were 

larger (Figure 6.3C), indicating that changes in segmented length were larger in the 

endocardium than inner myocardium boundary.  

6.3.1.4 Lumen  

    Due to the irregular shape of the OFT lumen and the large changes in luminal shape 

observed during the cardiac cycle, we used the area to describe the cyclic changes of the 

OFT lumen (see Figure 6.5C, and Table 6.1). The maximal lumen area, and changes in 

lumen area, were significantly larger at the proximal region of the OFT (L1-L3) than at 

its distal region (L5). During myocardium contraction, the lumen area was minimal. 

Since the endocardium and the lumen cannot be distinguished from OCT images, we 

conjectured that during OFT contraction the lumen is fully closed, and the calculated area 

corresponds to the area occupied by the endocardium. The lumen however closed at all 

selected cross-sections, except the L5 cross-section, in which the lumen did not fully 

close (in 6/7 embryos).   

  To further characterize and quantify the lumen shape, and the lumen shape change, we 

assumed an ellipse-like shape for the lumen with the major axis of the ellipse aligning 

with the opposing cardiac cushion and minor axis perpendicular to the cushions (see 

Supplemental Figure 6.2). This is approximately true for most of the cardiac cycle, except 

when the lumen is closed and ‘folds’ of the endocardium are visualized. We then 

calculated the shape factor of the ellipse that better fitted the lumen boundary and its area 

(see Table 6.1). As expected, at any given cross-section, the lumen shape factor increased 
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during OFT contraction, and reduced during OFT expansion. Shape factors also changed 

along the OFT: maximal shape factor was found at L1 (~2.7) and decreased towards L5 

(~1.6). This elliptical fitted lumen shapes, were also used in the CFD model of the OFT. 

  To better characterize the valvular behavior of the OFT at HH18, we analyzed 

temporal behaviors of the OFT lumen from M-mode images extracted along a line that 

approximately aligned with the minor axis of the elliptical lumen (see Figures 6.4C and 

6.4D, refer to Supplemental Figure 6.2C). M-mode images revealed that Te increased 

towards the distal end of the OFT, while Tc decreased towards the distal end of the OFT 

(Figure 6.5D). The time span, over which the OFT lumen is presumably closed (Tclosure), 

was highest at L3 and decreased proximally and distally of L3. At L5, only 1/7 embryos 

showed lumen closure. Since the OFT lumen along the 5 selected cross-sections was 

closed sequentially at different phases of the cardiac cycle (see Figure 6.5C), overall the 

OFT lumen was closed for ~0.5 T.     

6.3.2 Changes in the intracardiac pressures and myocardial wall stresses 

Ventricular pressures (n = 29) and aortic sac pressures (n = 6) were measured in the 

ventricle and aortic sac that are immediately upstream and downstream of the OFT, 

respectively. Obtained ventricular pressure data was consistent with previously reported 

blood pressures at HH18 embryos.138 174 113 We found that the aortic sac pressure was 

similar to the ventricular pressure in shape, both has distinct systolic and diastolic 

components (see Figure 6.6). The peak ventricular pressure was higher than the peak 

aortic sac pressure (196 ± 37 Pa vs. 180 ± 35 Pa).  

  To evaluate wall stress in the myocardium, we used representative ventricular pressure 
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and aortic sac pressure to approximate the pressures at the OFT inlet and outlet (L1 and 

L5, respectively). We then estimated myocardial wall stress at L1 and L5 of a 

representative embryo using Laplace law (Figure 6.6). Our results showed that at L1 

(OFT inlet), wall stress in the myocardium was low during myocardium relaxation (0.1 to 

0.6 T). Wall stress then significantly increased and reached a peak during OFT wall 

contraction. Similar behavior was observed at L5 (OFT outlet), but the peak wall stress 

occurred later in the cardiac cycle. The peak WS at L5 was larger than that at L1.    

 

6.3.3 Characterization of blood flow dynamics  

6.3.3.1 Doppler OCT 

Doppler OCT data revealed the timing of blood flowing through the OFT with respect to 

the OFT wall motion. From the representative embryo studied, we identified a 

cross-sectional image sequence from the acquired OCT data, which approximately 

corresponded to the cross-section L2 (except that the plane for this image sequence was 

Figure 6.6 Temporal variations of wall stress over a cardiac cycle at (A) the OFT inlet and (B) 
outlet. WS, wall stress, P, intracardiac blood pressure, R, radius of the interior myocardium, h, wall 
thickness of the myocardium. 
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vertical, whereas the plane for the L2 sequence was rotated about 30 degrees with respect 

to the vertical). This image sequence was selected for further analysis because its Doppler 

angle was about 60 degrees, the errors in the estimating Doppler angles or phase noises  

was less likely to affect the measurement. Comparing M-mode and M-phase images 

extracted from the selected image sequence (Figures 6.7A and 6.7B), we found that there 

was no blood flow through the OFT for approximately half of the cardiac cycle.  Blood 

flow started when the OFT walls started to expanding, and ended when the OFT fully 

contracted.  Blood flow rose fast when the OFT opened half way and reached to peak 

when the OFT wall at its maximal expansion. No significant backflow was measured.   

 

Figure 6.7 Blood flow dynamics in the OFT. Temporal variation of blood velocity near OFT inlet 
(I), measured using Doppler OCT: (A) M-mode structural image, (B) M-phase image, (C) blood 
velocity trace over cardiac cycles, the velocity data were calculated using Eq 6.1 at the location of 
the horizontal dotted line overlaid on (A). Note that the perpendicular lines show the temporal 
relationship among the OFT wall motion, Doppler phase, and blood velocity, and the horizontal line 
overlaid on (C) indicates zero velocity. Spatial distribution of blood flow calculated using FE 
modeling: (D) blood flow profiles along the major axes of the elliptical cross-sections near the OFT 
inlet (I), middle (M) and outlet (O). Doppler flow data analysis was performed by Peng Lee.  
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6.3.3.2 FE model  

To further quantify the blood flow field, we generated subject-specific CFD models of 

the OFT from the representative embryo (see Supplemental Video 6.2). Because flow 

only occurs during 50% of the cardiac cycle, we used the CFD model to compute flow 

from 0.43T to 0.93T when the entire OFT lumen is open (refer to Figure 6.5C). Obtained 

peak velocities along the OFT were consistent with Doppler ultrasound measurements 

reported previously,173 and with our Doppler OCT measurement (Figure 6.7C). 

  In general, we found that computed blood flow through the OFT was laminar, and did 

not present re-circulation regions. We found that, since the OFT is a tapered tube, during 

ventricular ejection, maximal velocities occurred at the distal region of the OFT (Figure 

6.7D).  The OFT wall motion affected flow during phases in which the OFT walls were 

either expanding or contracting (see Supplemental Figure 6.3), but not significantly 

during peak flow. Because of the curvature of the OFT, computed blood flow velocities 

slightly skewed towards the OFT inner curvature (Figure 6.7D). Further, the presence of 

cushions, which rendered an elliptical lumen cross-section, resulted in a non-uniform 

flow distribution: with maximum velocity around the center of the elliptical section, but 

maximum gradients of velocity towards the direction of the cushion (see Supplemental 

Video 6.3).  
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Figure 6.8 Temporal and spatial distribution of wall shear stress (WSS) magnitude on the OFT 
lumen surface. (A) Spatial distribution of maximal WSS magnitude on the OFT lumen surface when 
the OFT is fully expanded; (B) OFT lumen surface showing 4 selected locations (1-4) at three 
cross-sections near the OFT inlet (I), middle (M), and the outlet (O). Points 1 and 3 are along the 
minor axis of the elliptical cross-section, representing the cushion region; points 2 and 4 are along 
major axis, represent the region without cushion. (C-E) Temporal variations of WSS at the 4 
selected locations at cross-sections I, M, and O, respectively. 
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  The described distribution of flow within the OFT resulted in a heterogeneous 

distribution of WSS on the OFT endocardium. Figure 6.8A shows that the largest WSS 

occurs at the distal portion of the OFT during the OFT maximal expansion. Temporal 

variation of WSS was analyzed at 3 luminal cross-sections near the OFT inlet, middle, 

and outlet (see Figure 6.8B). At each elliptical cross-section, 4 representative locations, 

with 1 and 3 at the minor axis of the ellipse representing the regions on the cushion 

surface, and with 2 and 4 at the major axis representing the region without cushion. In 

addition, location 2 further represent the region towards the OFT inner curvature, and 4 

the region towards the outer curvature. We found that WSS on the cushion surface is 

larger than the regions without cushion, consistently at the 3 selected cross-sections 

(Figures 6.8C-E). We also observed that near the OFT inlet WSS in the OFT inner 

curvature is larger than the regions towards the outer curvature (Figure 6.8C).   

6.4 Discussion  

During early development, the OFT acts as a primitive valve: it allows blood ejection 

from the ventricle to the arterial system during ventricular systole, and prevents backflow 

during ventricular diastole. Proper function of the OFT is thus critical for cardiac function 

and further cardiac development. The biomechanical environment to which the OFT cells 

are subjected, determines the fate of the intraventricular septum and semilunar valves, 

which develop from the OFT after stage HH24. Therefore it is important to quantify this 

biomechanical environment during the cardiac cycle. In this paper, we focused on 

characterizing the in vivo cyclic motion of the OFT walls and blood flow dynamics 

within the OFT of chicken embryos at HH18.   
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  Analyses of 4D OCT images allowed us to quantify the details of the in vivo motion of 

the OFT walls and their interaction with blood flow. To characterize blood flow 

dynamics within the OFT in vivo, we used Doppler OCT and CFD modeling. Phase 

measurements from Doppler OCT allowed correlation between cardiac wall motion and 

blood flow within the OFT. To further characterize detailed blood flow dynamics in the 

OFT we employed a subject-specific CFD model of the chick OFT. This CFD model 

allowed quantification of the details of blood flow within the OFT as well as 

quantification of the WSS exerted by blood flow on the walls of the OFT.  In what 

follows, we will discuss each of these measurements/methods and their limitations, and 

how they contribute to our understanding of the OFT mechanics at HH18. 

6.4.1 Limitations and assumptions of our analyses 

4D OCT images were analyzed to characterize OFT motion during the cardiac cycle.  In 

general, variations in imaging results came from three main sources: (1) biological 

variations of the embryos, (2) experimental conditions, and (3) image quality and image 

processing procedures, including 4D image reconstruction and image segmentation. 

Biological variations of embryos are inevitable, and our analyses aim to characterize 

variations in cardiac OFT function among 7 normal embryos. Efforts have been made to 

minimize variations in experimental conditions: i) we tightly controlled temperature 

(within 1° C) during image acquisition, which resulted in changes of cardiac period 

during acquisition of only up to 7%; and ii) we carefully examine the status of embryos 

prior to and after image acquisition; embryos showing any signs of bleeding or abnormal 

wall motion were excluded from the analysis. To ensure the accuracy of the 4D image 
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reconstruction, we compared OFT wall dynamics from longitudinal OCT images 

extracted from the reconstructed images with those from direct OCT imaging. Phase 

errors in the 4D reconstructed images were estimated to be 0.04±0.02T. We also 

estimated errors in image segmentation by comparing results from the employed 

automatic segmentation procedure against manual segmentation. We found that 

maximum differences in calculated areas as well as peak contraction strains were about 

10% and occurred in the middle region of the OFT (L3). OCT image quality (signal to 

noise ratio) deteriorated with increased penetration depth, and thus affected image and 

image segmentation of the distal portion of the OFT (L4 and L5, see Figures 6.1M and 

N), which also explains the large variations observed in this region (see Table 6.1). 

Overall, errors were small, and 4D OCT imaging allowed us to accurately study the 

motion of the chick heart OFT wall. 

  To simplify the analysis of the 4D reconstructed images, we analyzed 2D image 

sequences from 5 locations along the OFT (L1 to L5, Figure 6.1C). For these locations, 

image planes were fixed in space and were perpendicular to the OFT centerline when the 

OFT was most constricted. During the cardiac cycle, the motion of the heart slightly 

changes the position of the OFT centerline. This shift in the centerline direction, 

however, was calculated to be small (within 10 degrees) at any of the chosen planes, so 

that the analyzed 2D planes were approximately perpendicular to the OFT centerline 

during the whole cardiac cycle. More importantly, by fixing the imaging planes in space, 

the image sequences showed the combined effect of OFT expansion and contraction in 

both radial and longitudinal directions. We observed that the longitudinal motion of the 

OFT wall decreased distally towards the aortic sac, which seems to be tethered. 
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Proximally, however, the contraction and expansion of the ventricle imposed a noticeable 

motion on the OFT inlet. By tracking an anatomical landmark of the OFT, namely the 

sharp curve that the cardiac wall forms at the intersection between the OFT and the 

ventricle (Figure 6.1C, the yellow point), we found the OFT wall moved longitudinally 

(approximately along the centerline direction) about 140 µm over the cardiac cycle (see 

Supplemental Video 6.4). This motion is significant considering that the length of the 

OFT is about 600 µm. To more closely examine the effects of this longitudinal motion, 

we extracted cross-sectional images near the OFT planes L1 and L2, but so that the 

planes of these cross-sectional images approximately followed the OFT longitudinal 

motion, estimated from the motion of the OFT landmark (see Supplemental Figure 6.4). 

We found that the effects of longitudinal motion were mainly confined to the proximal 

region of the OFT (the OFT inlet). Without correcting for the longitudinal motion, our 

analysis slightly overestimated the amplitude of the OFT wall motion (within 10%) with 

largest deviations occurring during maximal OFT expansion. While specific values 

varied, general trends in the motion of the OFT were not affected.  

  This simplified analysis also affected strain calculations. The strains were analyzed 

over cross-sections that were fixed in space, rather than moving with the cardiac tissue. 

Further, our approach could not resolve the residual strains (or morphogenetic strains) 

that arise during cardiac development due to tissue growth. 175 The strains quantified 

here, however, give a good estimation of changes in strains imposed on cardiac cells 

during the cardiac cycle 

    A dynamic CFD model of the OFT was used to quantify blood flow dynamics 
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within the OFT and the distribution of WSS in the endocardium. For this CFD model, the 

motion of the cardiac walls was quantified from lumen-wall segmentations of selected 

cross-sections (L1-L5) from a representative embryo heart OFT. While lumen 

cross-sections were assumed to be elliptical in the CFD model, this assumption should 

not significantly affect results, as blood flow occurs when the OFT walls are open, and 

lumen cross-sections most closely resemble the shape of an ellipse (see Supplemental 

Figure 6.2). Our models, further, were restricted to the time span during which blood 

flow could be measured within the OFT (~0.5T). Inaccuracies in flow calculations will 

thus be more important in the initial and final portions of the calculated flow time frame 

within the cardiac cycle. Even though wall motions were extracted from OCT images of a 

single embryo, and thus were subject-specific, blood pressure measurements were 

obtained from another embryo. This is because of limitations in performing both imaging 

and pressure measurements procedures in the same embryos. A more detailed, sensitivity 

analysis of the effects of small changes in blood pressure and wall motion on blood flow 

dynamics were performed in Chapter 4 and Chapter 5 (refer to Section 4.4.2, Section 

4.4.3, and Section 5.7). Given these limitations, our CFD model of the OFT, provided 

valuable insights into the dynamics of blood flow in the OFT and estimations of the 

temporal and spatial variations of WSS on the OFT endocardium.   

6.4.2 OFT function is regulated by the interaction between the cardiac wall 

and blood flow  

OFT function is determined by the interaction of the cardiac wall layers (myocardium, 

cardiac jelly and endocardium) with the flowing blood. 4D images of the chick heart OFT 
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at HH18 showed a peristaltic-like motion, in which the OFT lumen closes with a phase 

lag proximally to distally,  in agreement with previous works.51 Our analyses of 4D 

OCT images of the in vivo heart OFT allowed us to visualize and quantify for the first 

time the detailed motion of each layer of the HH18 OFT wall and their interaction with 

blood flow.  

6.4.2.1 Myocardium  

In the embryonic heart, the myocardium actively contracts during the cardiac cycle to 

pump blood through the heart. In the OFT, the myocardial wall exhibited different 

behavior proximally (inlet) and distally (outlet). Myocardial contraction rates and the 

amplitude of myocardial wall motion (∆R) decreased distally, resulting in circumferential 

strains and contraction strain rates that were significantly lower at the distal OFT than at 

the proximal region. The different proximal/distal behaviors of the OFT myocardium 

layer observed from OCT images suggested that the distal OFT wall may not actively 

contract, but may simply expand and contract following intracardiac pressure changes 

(Figs 6.5F and 6.6). Two possibilities may explain a lack or reduced active contraction of 

the OFT wall: (1) the OFT wall consists of proximal myocardium and distal 

non-myocardium components; and (2) the myocardium at the distal OFT is not fully 

functional. Recently, immunofluorescent staining showed that the entire OFT external 

layer exhibited myocardial phenotype at HH18; non-myocardium appears at the arterial 

pole at HH24 (24 hrs later).176 Further, from stage HH14 to HH20, the OFT lengthens, 177 

cells migrate from the secondary heart field to the OFT from the arterial pole, and are 

then induced to differentiate into OFT myocardium.178 Therefore, although the distal 
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myocardium exhibits myocardial phenotype, the newly added myocardium may not be 

fully functional because active contraction of the myocardium requires assembling and 

organization of myofibrils.15 Immature myocardium has fewer and/or less-oriented 

myofibrils that are incapable of coordinated contraction.179 Taken together, our results 

suggest, along the cardiac OFT wall, the myocardium is at different levels of 

development, with mature myocardium at the proximal region and relatively more 

immature myocardium at the distal region.   

  Contraction and expansion of the OFT myocardium occurred both in the 

circumferential direction (changes in radius that lead to changes in myocardium 

perimeter and thickness) and longitudinal direction (changes in axial length). From the 

most constricted to the most expanded configurations, the myocardium stretches between 

20 and 40% in the circumferential direction, and about 20% in the longitudinal direction.  

Our estimation for the peak longitudinal stretch of the OFT myocardium agrees well with 

reported peak longitudinal strain of the primitive ventricle (0.13-0.16) at HH18.180  

Further, our calculated circumferential strains were in agreement with reported 

circumferential fractional shortening of sarcomere spacing (0.40 ±0.04) along the inner 

ventricular myocardium of HH23 chick embryos.181  

  While we could quantify circumferential stretches, and their variation along the OFT 

wall (e.g., peak compression strains were lower distally than proximally), we assumed 

that longitudinal stretches were uniform. If this assumption is true, then, peak 

circumferential strains at the proximal OFT (L1-L4) are larger than peak longitudinal 

strains, indicating that the OFT is contracting primarily in the circumferential direction.  
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This is in agreement with the preferential circumferential orientation of the myocardium 

fibrils found in the OFT.182 In contrast, the distal OFT (L5) has a more isotropic strain 

pattern, with similar circumferential and longitudinal strains, suggesting a less organized 

myocardium fibril network. Due to the cyclic expansion and compression of the 

myocardium wall, and the incompressibility of the myocardium, its thickness changes by 

about 10%.  Therefore, during the cardiac cycle myocytes are subjected to large cyclic 

strains. These strains likely affect myocyte function and proliferation.   

  The cyclic motion of the OFT wall and its interaction with blood flow generates cyclic 

wall stresses in the myocardium. In the vasculature, circumferential wall stresses are 

generally uniform along the radial direction, and are larger than radial stresses.  

Frequently, vascular circumferential wall stresses are estimated using the Laplace law.183 

184 The Laplace law, however, was derived assuming a thin cylindrical structure that is 

loaded with an internal pressure, under steady-state conditions. Although this is not true 

in the developing heart, if we neglect stresses in the cardiac jelly and assume that the 

myocardium bears the stress in the OFT wall, and since the structure of the OFT 

myocardium resembles a cylinder, Laplace law can be used to estimate the magnitude of 

wall stresses, and the magnitude of wall stress changes over the cardiac cycle. More 

accurate quantifications of wall stresses will require more detailed models that are outside 

the scope of this paper. Our results showed that wall stress in the OFT myocardium 

increases towards the distal region of the OFT. This remained true even if the phase 

between wall motion and blood pressure (which is an uncertainty of our models) was 

allowed to change (see Supplemental Figure 6.5). This is because blood pressures along 

the OFT decrease only slightly, while the myocardium layer tapered and its thickness 
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decreased distally, resulting in larger distal wall stresses. While this result will need 

further confirmation, it suggests that, during normal development, the OFT wall is 

subjected to a spatial (proximal to distal) gradient of wall stresses. Because wall stress 

has been proposed to be a critical biomechanical factor regulating myocardium 

proliferation in the embryonic heart,15, 185 this finding could have implications for normal 

cardiac development.  

6.4.2.2 Cardiac jelly  

Consistent with previous studies,56 we have observed evidence of two pairs of cardiac 

cushions spirally distributed along the OFT (Figures 6.1E-I). The proximal cushions had 

the largest cardiac jelly mass, especially near the OFT inlet (Figure 6.6A). Over the 

cross-section, cardiac jelly motion is constrained by molecular tethers between the 

endocardium and myocardium layers, typically located at regions of lower cardiac jelly 

thickness, and that separate the cardiac jelly mass into two opposite cardiac cushions.71, 

134 Our OCT images showed folding of the endocardium that was consistent with 

tethering regions (points in the OCT image cross-sections). OCT images further showed 

that the spatial distribution of cardiac jelly (and thus cardiac cushions) was associated 

with the eccentric deformation of the myocardium and the shape of the lumen (Figure 

6.1). The uneven distribution of cardiac jelly, forming opposing cardiac cushions 

facilitates lumen closure during OFT myocardial contraction, and thus presumably 

enabled the OFT to function as an effective primitive valve. 

  Over the cardiac cycle, the area of cardiac jelly (a measure of cardiac jelly mass) at any 

given cross-section changed by about 30% (see Table 6.1). This change in cardiac jelly 
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area was about the same for all the cross-sections analyzed (L1 to L5) even though 

cardiac jelly area, and thus cardiac jelly mass, decreased distally (from L1 to L5). Thus, 

changes in cardiac jelly mass seem to occur locally, with cardiac jelly mass displacing 

only relatively short distances in the longitudinal (axial) OFT direction. OCT images of 

the OFT further revealed a wave-like change of cardiac jelly mass along the OFT (see 

Supplemental Video 6.5), similar to that observed in the AV canal of HH17 chick 

embryos. 186 These variations in cardiac jelly mass over time are likely due to two factors: 

(1) lateral motions of cardiac jelly due to hemodynamic forces (blood pressure and shear 

stress); and (2) the longitudinal cyclic stretch of the myocardium, which also stretches the 

jelly longitudinally. Lateral motions of the cardiac jelly due to hemodynamic forces, were 

consistent with the characteristics and material properties of the cardiac jelly at early 

developmental stages. At HH18, the cardiac jelly in the OFT is mainly composed of 

glycosaminoglycans,187 which makes it very soft and easy to deform.186 188 Thus lateral 

motion of the cardiac jelly is feasible under the action of biomechanical forces. Larger 

cardiac jelly areas mainly correlated with a closed lumen (see Figures 6.5B-F), when 

blood pressure from the ventricle was low (Figure 6.6A). There was however a slight 

increase in cardiac jelly area when the myocardium started to relax, which might indicate 

lateral motion of the cardiac jelly. This motion allowed the lumen to remain closed even 

after myocardium relaxation started. The smallest cardiac jelly area correlated with 

maximal lumen expansion, when blood pressure and WSS were high (Figure 6.6A). Thus 

it is plausible that pressures and wall shear stresses produced some longitudinal motion of 

cardiac jelly mass. The large area changes exhibited by the cardiac jelly can also be 

partially explained by the longitudinal deformation of the OFT. Upon OFT expansion the 
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myocardium stretches about 20% in the longitudinal direction, cardiac jelly had to 

distribute along the stretched OFT length, producing a decrease in the area of the cardiac 

jelly at a given cross-section (which is fixed in space). OCT images revealed that this 

longitudinal expansion occurred approximately in phase with radial OFT expansion, and 

thus minimum cardiac jelly area would occur during maximal myocardium expansion 

and maximal cardiac jelly areas during OFT wall contraction, as shown in Figures 

6.5B-F. The longitudinal stretch of the myocardium could account for about 20% 

variation in cardiac jelly at a given cross section, and thus could account for most of the 

changes in cardiac jelly observed, with lateral (axial) motion of cardiac cushions perhaps 

accounting for the remaining 10% change, although this is probably an overestimation, as 

errors in cardiac jelly area quantification can be as high as 0.005 mm2 (about 50% of 

cardiac jelly area at distal OFT). Our results suggest that lateral motion of the cardiac 

cushions in response to hemodynamic forces is relatively small. 

6.4.2.3 Endocardium 

The circumferential strain in the endocardium was larger than that in the myocardium, 

especially at the middle region of the OFT (Figure 6.3C). Compared to the myocardium, 

the lumen undergoes larger cyclic area changes (Figures 6.2A and 6.4A), attributed to the 

soft cardiac jelly in between the myocardium and lumen. To avoid overstretch, during 

maximal contraction, the endocardium folds with an irregular shape to reduce the cyclic 

change in its perimeter (Figure 6.1). This phenomenon has also been noticed.189  

6.4.2.4 Lumen 

The OFT lumen exhibits large changes in area from complete closure to maximal wall 
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expansion. A large lumen area allows blood to pass through the OFT during ventricular 

blood ejection; while lumen closure prevents backflow during ventricular diastole. 

Locally (at each cross-section analyzed) the lumen was fully closed for up to 0.3T, with 

largest closure time found at the middle region of the OFT, L3 (Figure 6.5D). However, 

due to the peristaltic motion of the OFT walls, the OFT was closed for about 0.5T, 

consistent with the ~0.5T duration of zero blood flow in the OFT measured using 

Doppler Ultrasound190 and Doppler OCT. The long closure time of the OFT lumen 

suggests that the OFT functions as an effective valve, which ensures sufficient ventricular 

filling time while preventing backflow.   

  The uneven distribution of cardiac jelly around the myocardium layer renders an 

approximately elliptical lumen shape. Over the cardiac cycle, the shape ratio of the 

ellipse changes (see Table 6.1), so that upon maximal wall expansion the OFT lumen 

resembles a circle. Elliptical shape of lumen cross-section has been shown to be more 

biomechanically efficient than a circular lumen cross-section both to pump blood and to 

achieve full lumen closure.189 The interaction between the cardiac jelly and lumen is 

important for the OFT to function as an effective valve.  

  The mechanical behavior of the lumen reflects the interaction between blood flow 

dynamics and the OFT wall. The peristaltic-like active contraction of the myocardium not 

only lengthens the closure time of the OFT lumen to ~0.5T, but because the proximal 

myocardium contracted before the blood fully passed through the OFT, the OFT active 

wall contraction transmitted momentum to the blood flowing through the OFT, 

facilitating blood flow through the OFT (see Supplemental Figure 6.3). On the other 
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hand, blood flow within the lumen affects the behavior of the OFT wall. When blood 

exits the ventricle, the high pressure in the blood likely contributes to the fast expansion 

of the OFT wall.   

6.4.3 Blood flow dynamics results in a non-uniform distribution of wall shear 

stresses in the OFT endocardium. 

Our CFD model of the OFT revealed the details of the blood flow velocity profile within 

the OFT and the distribution of WSS. Maximum Reynolds number in the OFT (a 

measure of the ratio of inertial to viscous forces) was about 5, and thus blood flow inertia 

and the effect of OFT wall motion on blood flow within the OFT could not be completely 

neglected. This can be seen by comparing results obtained from CFD models in which 

inertial effects are fully considered, versus results obtained under ‘quasi steady-state’ 

conditions, when the wall moves but inertial effects are neglected (see Supplemental 

Figure 6.3). This shows that while CFD models with static geometries can estimate blood 

flow velocities and WSS during the ejection phase, a dynamic CFD model that accounts 

for heart wall motion is needed to get more precise quantifications of WSS and its 

changes during the cardiac cycle.  

  Our CFD models revealed a heterogeneous distribution of WSS in the embryonic OFT.  

Calculated WSS were higher at the cushion surfaces, and at the inner curvature and 

narrow regions (see also in Chapter 4 and Chapter 5). The distribution of high WSS 

correlated well in locations with shear responsive genes (e.g., KLF2 and eNOS) which 

preferentially expressed at high shear stress regions at the inner curvature and narrowest 

part of the OFT.24  
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  In vitro studies have shown that endothelial cells can sense WSS as low as 0.1 Pa 

within milliseconds. 35, 36 ECs then convert mechanical stimuli into intracellular signals 

that affect cellular gene expression and in turn cellular functions, e.g., proliferation, 

apoptosis, migration, permeability and remodeling. Thus, in the embryonic heart, ECs 

can sense and respond to variations in WSS within the cardiac cycle. 21, 191  

Our results showed that cardiac cells in the OFT are subjected to a combinations of 

biomechanical stimuli (stress and strain). Further the biomechanical environment to 

which cells are subjected vary in time over the cardiac cycle and along the spatial 

location in the OFT wall. This non-uniform distribution of WSS, strains and wall stress in 

the OFT wall likely generate regional-specific cellular responses within the OFT, and 

thus could contribute to the extensive remodeling and morphogenetic events that occur 

later in the OFT. 

6.5 Data supplement 

Supplemental Videos: 
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Supplemental Video 6.2 Tempo-spatial distribution of blood flow field in the OFT of a HH18 chick 
embryo. The blood flow field was predicted with the 3D dynamic FE model of the OFT. For 
simplicity, blood flow profiles were depicted along the major axis of the elliptical cross-sections 
near the OFT inlet (I), middle (M), and the outlet (O).   
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Ventricle side 

Aortic sac side 

Supplemental Video 6.1 4D geometry of the OFT of a HH18 chick embryo, reconstructed from the 
4D OCT image data.  
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Supplemental Video 6.4 OCT images of a OFT longitudinal section of a HH18 chick embryo. A 
landmark point (red point) shows the longitudinal motion of the OFT over the cardiac cycle.  
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Supplemental Video 6.3 Tempo-spatial variation of wall shear stress (WSS) on the OFT 
endocardium of a HH18 chick embryo. WSS was predicted with the 3D dynamic FE model of the 
OFT.  
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Supplemental Figures 
 

 

 
 

Supplemental Figure 6.1 Temporal variation of circumferential strains in the endocardium at 5 
selected OFT cross-sections. 
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Supplemental Video 6.5 OCT images of an OFT longitudinal section of a HH18 chick embryo, 
showing the wave-like motion of the cardiac jelly along the OFT.  
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Supplemental Figure 6.2 Illustration of image processing on OCT images of the OFT. Segmented 
contours of the OFT lumen (yellow), the interior boundary (green) and the exterior boundary 
(purple) of the myocardium are overlaid on cross-sectional OCT images, when the OFT is fully (A) 
contracted and (B) expanded. An elliptical model (the green curve) that fit the lumen is overlaid on 
the OCT images of the same OFT cross-section, when the OFT is fully (C) contracted and (D) 
expanded.  
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(A) (B) 
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Supplemental Figure 6.3 Comparisons of predicted centerline velocity profiles between the 
assumptions of a transient flow and a quasi-steady flow in FE modeling of the OFT: (A) near the 
inlet, (B) middle, and (C) outlet. The locations correspond to L2, L3 and L4 in image analysis, 
respectively. 
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Supplemental Figure 6.5 Effects of phase relationship between PV and R on the wall stress in the 
myocardium at (A) the OFT inlet and (B) the outlet. 0T, 0.1T, 0.2T, 0.3T, and 0.4T are conjectured 
phase lags of peak PV with respect to peak R. PV, the ventricular pressure; R, effective radius of the 
myocardium; T, the cardiac cycle. 
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Supplemental Figure 6.4 OCT image of a longitudinal section of the OFT, showing the locations 
of two cross-sections L1’ and L2’ to estimate the effects of longitudinal motion on image analysis. 
The two cross-sections are extracted from the 4D OCT image data that are perpendicular to the 
OFT axial centerline and move with the OFT longitudinally over the cardiac cycle.   
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Chapter 7: Changes in wall dynamics and biomechanical 

environment in the heart outflow tract after one hour banding 

in chicken embryos 

7.1 Introduction  

Cardiac development is governed by the dynamic interaction of genetic program and 

environmental factors. Disturbances in environmental factors may alter genetic 

expression and lead to congenital heart diseases. Congenital heart diseases affect about 

1% live births, and are responsible for about 10% stillbirths, and possibly up to 20% of 

spontaneous miscarriages in the US.136 Environmental factors include the biomechanical 

environment (i.e., biomechanical stresses and strains), which cardiac cells can sense and 

respond with a cascade of genetic pathways, regulating cellular behaviors and genetic 

expression.29, 42, 47, 192, 193 Studies on animal models have shown that in vivo disturbances 

in wall dynamics or blood flow dynamics affect  heart development and reproduced 

heart defects similar to human congenital heart diseases.11, 14, 58, 194, 195 However, how 

cellular adaptations that occur in response to deviations from normal biomechanical 

environment affect heart development remain unclear, partly due to paucity of knowledge 

on the biomechanical environment which cardiac cells experience in vivo.  

  To study the roles of biomechanical factors in early heart development, we used chick 

embryos as the animal model, which have the advantages of fast development and easy 

access. At an early stage of HH18, the chick heart is a looped S-shape heart tube with 

five distinguishable heart segments: the sinus venosus, primitive atrium, primitive 



190 

 

ventricle, and outflow tract (OFT) connected in series.50 The tubular heart has been 

dynamically contracting and pumping blood flow to supply embryo development.49 The 

heart tube has no valves; blood flow from the ventricle to the arterial system is regulated 

through the cardiac cushions and dynamic wall motion of the heart OFT.51, 171, 196 The 

OFT, the distal region of the heart where future semi-lunar valves develop, undergoes 

intensive morphogenetic remodeling.55, 56 The morphogenesis of the OFT is sensitive to 

perturbations in the biomechanical environment and prone to heart defects.11 In this 

thesis, we focused on the chick heart OFT to study the roles of the biomechanical 

environment in early heart development.   

  Outflow tract banding (OTB) is a surgical procedure frequently used to alter blood 

flow dynamics through the heart at early developmental stages.12, 15, 59 In OTB, the OFT 

is tied with a suture that restricts the OFT luminal area at the banding site, increasing 

ventricular blood pressure and perturbing blood flow pattern within the OFT lumen.15, 59  

OTB leads to a spectrum of cardiac defects associated with the OFT, including 

ventricular septum defects, double outlet right ventricle, and persistent truncus 

arteriosus.25 However, how OTB affect wall dynamics and hemodynamics in the OFT 

remain under-characterized. We focus here on biomechanical changes in the OFT wall 

motion and hemodynamics that occur right after OTB, before cardiac cells have time to 

biologically adapt to them.   

  Our objective in this chapter was to quantify the changes in the biomechanical 

environment introduced by OTB in HH18 chick embryos. Using optical coherence 

tomography (OCT), we acquired 4D images of the chick OFT in vivo and quantified the 
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changes in wall dynamics of the OFT over the cardiac cycle. To characterize the changes 

in hemodynamics in the OFT, we measured in vivo the ventricular pressures and blood 

flow patterns in the OFT. Based on the images and physiological pressure measurements, 

we estimated the changes in the biomechanical strains and stresses which the cardiac 

cells in the OFT wall are subjected to in vivo. Our findings allow us to understand 

whether and how early changes in biomechanical stimuli determine the fate of the heart.     

7.2 Methods  

7.2.1 Chick embryo preparation 

Fertilized white Leghorn eggs were incubated at 38	℃	 and 80% humidity for 

approximately 72 hours to Hamilton-Hamburg (HH) stage 18 (embryo staging followed 

standard procedures48). Right before imaging or pressure measurement, a small window 

was opened on the egg shell and the underlying membrane was removed to expose the 

embryo heart. Since temperature affects cardiac function, during data acquisition the 

temperature of the chick embryo was maintained at 37.5 ± 0.5	℃	within a warming 

chamber or a heat lamp using a temperature controller.  

  Two groups of chick embryos were studied: (1) a normal control group (n = 7) and (2) 

an OTB group (n = 5). For the normal control group, no further procedures were 

performed. For the OTB group, the stage HH18 chick embryonic hearts were tied with a 

10-0 nylon suture at the OFT inlet region which partially constricted the luminal area at 

the banding site. Immediately after OTB, the egg shell was resealed with a parafilm and 

re-incubated for an hour before imaging and pressure measurement were performed.  
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7.2.2 4D imaging using OCT 

We used a spectral-domain OCT customized to image the structure of the chick OFT in 

ovo.60 The OCT system yielded an axial spatial resolution of 10 µm and a lateral spatial 

resolution of 16 µm. Using this system we acquired Images of 512 × 256 pixels (256 

A-scans) at 140 frames per second. To capture the dynamics of the fast beating 

embryonic heart (typical heart rate is 2.5 Hz at HH18), we used a 4D imaging strategy 

and synchronization procedure to acquire and reconstruct 4D imaging data sets of the 

chick OFT (see details in Chapter 2). 4D image data sets of the OFT were visualized 

using the software Amira 5.2.2.   

7.2.3 Image processing 

To extract dynamic geometric information of the OFT from the 4D OCT images, we 

developed a set of image-analysis algorithms using Matlab (Mathworks, details see 

Chapter 3). We first segmented the lumen-wall interface of the OFT from a 3D-image 

dataset at a phase when the OFT was most constricted and then calculated the centerline 

along the axis of the OFT (details see Chapter 3). From the 4D reconstruction, we 

extracted 2D image sequences at 5 evenly spaced cross-sections perpendicular to the 

centerline near the OFT inlet, middle upstream, middle, middle downstream, and the 

outlet (L1-L5, see Figure 7.1). From the extracted image sequences, we delineated the 

boundaries of the OFT myocardium and lumen frame-by-frame during the cardiac cycle, 

and calculated the areas and perimeters of the OFT for further analysis.  
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7.2.4 Metrics for geometry and wall dynamics 

To quantify the OFT dynamic geometry and identify its changes due to OTB, we defined 

metrics based on the areas of the lumen (AL) and interior of the myocardium (A��), 

calculated from the segmented contours of the myocardium and lumen. The dimensional 

changes were characterized by the internal radius of the myocardiumR = �A��/π	, AL, 

and the area of cardiac jelly (ACJ) over the cardiac cycle; ACJ was calculated as the 

difference in areas between AMI and AL. The wall thickness of the myocardium was 

extracted as the difference between the exterior and interior contours of the myocardium.   

  To study the wall dynamics of the OFT myocardium, we defined amplitude of the wall 

motion (∆� = �&'( − �&)* ), and radial velocity of the wall (Vw = dR/dt). The 

Figure 7.1 OCT images of the heart 
OFT. (A) A longitudinal section of a 
normal OFT when the OFT is 
constricted, overlaid lines showing 
the locations where 5 cross-sections 
were extracted from the 4D OCT 
images of the OFT. (B) A 
longitudinal cross-section of a 
banded OFT, arrows showing the 
band. The cross-sections at locations 
1-5 (C-G) at OFT maximal 
contracted state, and (H-L) at OFT 
maximal expansion state. The yellow 
lines in (C, D, E, and G) show the 
changes in the orientation of the 
OFT lumen along the OFT. M, 
myocardium; L, lumen; CJ, cardiac 
jelly; SPL, splanchnopleure 
membrane. Scar bar = 200 µm. 
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deformation patterns of the OFT wall were characterized with circumferential and radial 

strains. The radial strain in the myocardium was defined as  

ε
 = (h − h���)/h���                         (7.1) 

where h is the average thickness of myocardium at the OFT cross-section considered, 

calculated from images. The circumferential strain in the myocardium or endocardium 

was estimated by: 

εθ = (C − C���)/C���                        (7.2) 

where C is the perimeter of the interior boundary of the myocardium or exterior boundary 

of the lumen, calculated from image segmentation. The circumferential strain rate was 

defined as dεθ/dt. 

  To quantify the valve-like behavior of the OFT, from the extracted OFT cross-sections, 

we also extracted M-mode images along a line perpendicular to the slit-like lumen when 

the OFT is most constricted (refer to Figures 7.11 C and 7.11D). From these M-mode 

images, we identified and quantified the temporal durations of luminal expansion 

(Te=t2-t1), contraction (Tc=t3-t2), and closure (Tclosure=T-Te-Tc), where t1 is the onset of 

expansion defined as the point that the two sides of the lumen diverge in the M-mode 

image, t2 is the onset of contraction defined at the maximal luminal expansion, and t3 is 

the onset of closure defined at the point that the two sides of the lumen converge. The 

closures of the entire OFT were calculated from the difference in t3 at positions L1 and 

L5. 
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7.2.5 Pressure measurement 

We used a servo-null micro-pressure system (Model 5A-LN, Instrumentation for 

Physiology and Medicine, San Diego, CA) to measure blood pressures in normal (n = 29) 

and OTB (n = 6) chick embryonic hearts at HH18. Pressure measurement followed 

standard procedures. 165 Briefly, pressure traces were sampled at 100 Hz over at least 10 

cardiac cycles in the primitive right ventricular region, which is immediately upstream 

the OFT. We used minimal pressures as zero pressure. Following Hu and colleagues’ 

definitions,138 end-systole pressure (Pes) was defined as the pressure at the maximal rate 

of pressure decreasing (minimal dP/dt). Here, we approximated end-diastole pressure 

(Ped) with the pressure with the maximal rate of pressure increasing (maximal dP/dt).  

  We assumed that the OFT was a pressurized cylinder with thin wall. The 

circumferential wall stress σθ	 in the myocardium was estimated using Laplace law: 

σθ = PR/h                    (7.3) 

where P is the intracardiac pressure, R is the interior radius of the myocardium, and h is 

the averaged wall thickness of the cross-section considered.  

7.2.6 Doppler ultrasound flow measurement 

We used a Vevo 2100 ultrasound imaging system equipped with a MS-550S transducer 

(VisualSonics, Inc., Toronto, Canada) to measure the blood flow in the OFT of normal (n 

= 11) and banded (n = 10) chick embryos at HH18. Doppler ultrasound imaging was 

performed in pulsed-wave Doppler mode as previously described.165, 197 Centerline blood 

flow velocity was acquired at 3 locations along the heart OFT, near the OFT inlet (the 
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banding site), middle, and outlet. The 3 locations were chosen roughly corresponding to 

positions L2, L3 and L4 in the 4D OCT images (refer to Figure 7.1). At each selected 

location of the OFT (inlet, middle and outlet), peak velocities were averaged over three 

consecutive cardiac cycles and among at least 10 chick embryos. 

7.2.7 Statistical analysis 

Image data, pressure data and velocities data were analyzed between the normal and OTB 

groups using Student’s t-test, with statistically significance defined as a p valve <0.05. 

Values were represented as mean ±STD.   

7.3 Results 

7.3.1 Changes in OFT geometry and wall dynamics 

7.3.1.1 Myocardium 

Compared to the normal group, the dimensions of the myocardium (both Rmax and Rmin) 

did not change significantly, except that the minimal radius at L5 significantly reduced 

(Figure 7.2). The amplitude of wall motion reduced immediately after the banding site 

(i.e., L3, Figure 7.2). We used the maximal expansive radial velocity V	.	���/  during 

OFT expansion and maximal contractive radial velocity V	.	���0  during OFT contraction 

to characterize the dynamics of the OFT myocardium. V	.	���/ 	of the myocardium was 

not affected (Figure 7.3). V	.	���0  of the myocardium declined prior to the band (L1), 

whereas at and after the band, changes in V	.	���0  was not found significant.  
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  A noteworthy change was the peristaltic motion of the myocardium, manifested as a 

sequential appearance of Rmax from the OFT inlet (L1) to the outlet (L5) (see Figure 

7.4A). In normal embryos, a phase lag in Rmax between the OFT inlet and outlet was 

estimated about 0.13T± 0.03T. Out of the five OTB chick embryos studied here, two 

embryos exhibited altered peristaltic motion, and among the OTB chicks, two opposite 

phenotypes were observed: (1) an increase in phase lag in Rmax (0.29T) and (2) a decrease 
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Figure 7.3 Maximal expansion and contraction radial velocities of the myocardium at the 5 selected 
OFT cross-sections of (A) normal and (B) OTB chick embryonic hearts. * indicates significantly 
different from normal (p<0.05). 
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Figure 7.2 Comparison of the maximal, minimal, and cyclic changes in the radium of the interior 
myocardium at the 5 selected OFT cross-sections between (A) normal and (B) OTB chick 
embryonic hearts. * indicates significantly different from normal (p<0.05). 

Location     Location    

(A)    (B)     



198 

 

in phase lag in Rmax (0.03T) between the OFT inlet and outlet. The latter response was 

depicted in Figure 7.4B, showing that Rmax of the myocardium occurred almost 

simultaneously along the OFT.  

 

7.3.1.2 Cardiac jelly  

Similar to the control, along the OFT the OTB embryos had more cardiac jelly (maximal 

and minimal cardiac jelly areas in Figure 7.5) distributed proximately (L1-L2) than at the 

distal region; cardiac jelly reduced fast at L2 and L3, and remained almost constant at L4 

and L5. Consistent with the distribution of cardiac jelly, the proximal region had the 

largest cyclic changes (the difference in maximal and minimal areas in Figure 7.5 and 

Figure 7.6). We did not find the reduction in cardiac jelly areas and the cyclic area 

changes due to OTB significant in any of the 5 locations of OTB embryos (Figure 7.5). In 

the particular OTB embryo shown in Figure 7.6, we noticed that dynamics of cardiac 

jelly was distinctly different from that of the normal embryo: (1) the maximal area of the 

cardiac jelly at L1 occurred right before maximal myocardium expansion (refer to Figure 

R
a

d
iu

s 
(m

m
) 

t/T 

Figure 7.4 Temporal variation of the interior radium of the OFT myocardium over a cardiac cycle at 
5 selected OFT cross-sections of (A) a representative normal and (B) a typical OTB chick embryo. 
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7.4B), later in the cardiac cycle than its normal control, which occurred at initial 

expansion phase of the myocardium (refer to Figure 7.4A); (2) the area changes of the 

cardiac jelly reduced at and immediately after the band (L2-L3); (3) peristaltic occurrence 

of maximal jelly area along the OFT was disturbed. The changes in the dynamics of the 

cardiac jelly were best visualized in a longitudinal view and a frontal view 

simultaneously (see Supplemental Videos 7.1 and 7.2).    

 

 

(A) 

Figure 7.6 Temporal variation in the areas of the cardiac jelly at the 5 selected OFT 
cross-sections of (A) a representative normal and (B) a representative OTB chick embryonic 
heart.  

t/T            t/T            

A
re

a
 o

f 
th

e
 C

a
rd

ia
c 

Je
ll

y
 (

m
m

2
) 

(B) 

(A) 

Location                            Location              

A
re

a
 o

f 
th

e
 C

a
rd

ia
c 

Je
ll

y
 (

m
m

2
) 

Figure 7.5 Comparison of the maximal, minimal areas and cyclic area changes of the cardiac jelly at 
the 5 selected OFT cross-sections between (A) normal and (B) OTB chick embryonic hearts.  

(B) 
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7.3.1.3 Lumen  

The effects of OTB were apparent in luminal areas. Comparing to the control, the 

maximal luminal area and cyclic area change noticeably reduced at and immediately after 

the band (i.e., L2-L3, see Figure 7.7 and Figure 7.8). The minimal luminal area increased 

prior to the band (L1), whereas the minimal area at L5 was seen significantly decreased 

(see Figure 7.7 and Figure 7.8). The increase in minimal area at L1 was partly attributed 

to inability to empty the blood prior to the band due to increased afterload; detainment of 

blood in the OFT lumen at maximal constricted was observed in 2 out of 5 OTB chicks. 

The increase in minimal area at L1 was also partly attribute to the increase of 

endocardium area at L1 (3/5 OTB chicks), seen as more endocardial branches towards the 

myocardium (see Supplemental Figure 7.1). The decreases in L5 luminal areas observed 

in OTB was because the lumen at L5 was closed in 4 out of 5 OTB embryos, whereas in 

normal embryos, the lumen was not fully closed at L5 (6/7 embryos, refer to Chapter 6 

Section 6.3.13). 
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Figure 7.7 Comparison of the areas and area changes of the lumen at the 5 selected OFT 
cross-sections between (A) normal and (B) OTB chick embryonic hearts. * indicates 
significantly different from normal (p<0.05). 
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    To reveal time spans for luminal expansion (Te), closing (Tc), and closure (Tclosure) 

within the cardiac cycle, we analyzed M-mode images at the 5 selected OFT cross-

sections (see Figures 7.9C and 7.9D). In OTB embryos, Te and Tc had an opposite trend 

with Te gradually decreasing and Tc increasing towards distal OFT, similar as normal 

embryos (Figures 7.9A and 7.9B). In addition, we found that Te at L4 and Tc at L5 

significantly reduced and that Tclosure at L2, L4 and L5 significantly increased in the OTB 

embryos. However, the closure time of the entire OFT remained unchanged.   

 

Figure 7.8 Temporal variation of luminal areas at 5 selected OFT cross-sections of (A) a 
representative normal and (B) a representative OTB chick embryonic heart. 
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7.3.2 Changes in circumferential and radial strains  

Figure 7.10 compares temporal variations of circumferential strains in the myocardium as 

well as the endocardium at the 5 selected OFT cross-sections in a normal embryo and an 

OTB embryo (the same embryo in Figures 7.4B, 7.6B, and 7.8B). The circumferential 

strain was estimated using Eq. 7.2, which used the maximal expansion of the OFT as the 

reference (zero strain), thus the circumferential strains were compressive (negative values) 

and reflected the contraction of the myocardium. 

t/
T

 
t/

T
 

Figure 7.9 Temporal behaviors of the lumen at the 5 selected OFT cross-sections of (A) normal  
and (B) OTB chick embryonic hearts. (C) A cross-sectional OCT image and (D) an M-mode OCT 
image extracted from the yellow line in (C) to illustrate the metrics for temporal behaviors of the 
lumen. Te, time span for luminal expansion; Tc, time span for luminal closing, and Tclosure, time 
span for luminal closure. * indicates significantly different from normal (p<0.05). 
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  Similar to the normal embryo, circumferential strains in the myocardium of OTB 

embryo varied markedly over the cardiac cycle and along the OFT, following a similar 

temporal variation as the areas of the myocardium (refer to Figure 7.4). The largest 

compressive circumferential strain occurred at the maximal contraction of the OFT. The 

circumferential strain in the endocardium was larger than that in the myocardium at 

corresponding locations (see Figures 7.10 and 7.11). Compared to the control, the 

circumferential strain significantly decreased in the myocardium and the endocardium 

prior to the band at L1 in OTB embryos (see Figures 7.11). The contractive 
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Figure 7.10 Temporal variations of circumferential strains at the 5 selected OFT cross-sections in 
a representative normal and an OTB chick embryonic hearts. Circumferential strain in the 
myocardium: (A) normal and (B) OTB; circumferential strain in the endocardium: (C) normal and 
(D) OTB. 
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circumferential strain rate decreased prior to the band at L1 and noticeable increased after 

the band at L4, whereas the changes in expansive strain rate were not found significant 

after one hour of banding (Figure 7.12). 
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Figure 7.12 Peak expansive and contractive circumferential strain rates in the myocardium over a 
cardiac cycle at the 5 selected OFT cross-sections of (A) normal and (B) OTB chick embryonic 
hearts. * indicates significantly different from normal (p<0.05). 
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Figure 7.11 Peak circumferential strains in the myocardium and the endocardium over a cardiac 
cycle at the 5 selected OFT cross-sections of (A) normal and (B) OTB chick embryonic hearts. * 
indicates significantly different from normal (p<0.05). 
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 To analyze changes in wall thickness of the myocardium during the cardiac cycle, radial 

strains at the 5 cross-sections were analyzed over the cardiac cycle from the OCT images 

of representative normal and OTB embryos (Figure 7.13). At each cross-section, the 

radial strain was the averaged strain over the cross-section; the local variations in radial 

stain over the cross-section were not reported. The spatial pattern of radial strain along 

the OFT was distinctly different between normal and OTB embryos. Here we used the 

peak radial strain to demonstrate the spatial variation in radial strain. In normal embryo, 

the peak radial strain had the maximum at the OFT inlet (L1), reduced to the minimum at 

the middle (L3), and increased again towards the OFT outlet. In the OTB embryo, the 

radial strain reduced prior and at the band (L1-L2) with a 50% reduction at the banding 

site (L2), whereas, immediately after the band (L3), the peak radial strain increased. 

Consequently, the OTB embryo had the largest peak radial strain at the middle region (L3) 

and the minimal peak strain at the band (L2).    
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Figure 7.13 Comparison of radial strain in the myocardium between normal and OTB embryos. 
Time variations of the radial strains in (A) a representative normal and (B) a representative OTB 
embryo at the 5 selected locations along the OFT (L1-L5) over a cardiac cycle. 
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7.3. 3 Changes in ventricular pressures  

Ventricular pressures were compared between normal (n = 29) and OTB (n = 6) embryos 

with representative ventricular pressure traces depicted in Figure 7.14. Although the 

shape of ventricular pressure of the OTB chick was similar as that of the control, the 

ventricular pressure increased in OTB chick embryos after one hour of banding, 

consistent with the statement that one of rapid compensatory responses to OTB is an 

increase in ventricular pressure.15  The peak systolic pressure, end-diastolic pressure, 

and maximal rate of ventricular pressure change (maximal dP/dt and minimal dP/dt) were 

compared between normal and OTB embryo groups (in Table 7.1). The peak systolic and 

end diastolic pressures were significantly higher than those of normal embryos, consistent 

with the trend reported in HH21 OTB embryos.15, 59, 80 Pressure changes did not found 

significantly increased in the OTB embryos.  

Table 7.1 Comparison of ventricular pressures in normal and OTB HH18 

chicken embryos 

 Control (n=20) OTB (n=5) 

PPS (mmHg) 1.47(0.28) 2.30(0.66)* 

PED (mmHg) 0.72(0.23) 1.19(0.39)* 

max (dP/dt) (mmHg/s) 15.2(4.7) 25.6(12.8) 

min (dP/dt) (mmHg/s) 14.4(3.9) 26.3(15.6) 

   Data are presented as mean (standard deviation). * indicates significantly different 
from normal (p<0.05). PED; end diastolic pressure. PPS, peak systolic pressure; 
Pressure measurement was performed by Aaron Troyer.  
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7.3.4 Changes in the wall stress in the myocardium  

The wall stress in the myocardium was estimated over a cardiac cycle near the OFT inlet 

(L1, prior to the band) using Laplace law (Eq. 7.3). Both the wall thickness and internal 

radius of the myocardium were estimated from representative normal and OTB embryos 

(see Figure 7.14). We used representative ventricular pressures to approximate the 

pressures at the OFT inlet, and we assumed the phase relations between the pressure and 

geometry did not change in OTB embryos. Similar to the normal embryo, the wall stress 

in the myocardium at the OFT inlet varied markedly over the cardiac cycle with the 

minimum occurring during myocardium relaxation and maximal during myocardium 

contraction slightly before peak pressure (Figure 7.14). Both the peak wall stress (883 Pa 

OTB versus 436 Pa Control) and end-diastole wall stress (598 Pa OTB versus 367 Pa 

control) dramatically increased in the OTB embryo.   
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t/T                                    

Figure 7.14 Comparison of wall stress in the myocardium between normal and OTB chick embryos. 
Time variations of the wall stress (WS), ventricular pressure (P), wall thickness (h), and internal 
radium of the myocardium in: (A) a representative normal embryo and (B) a representative OTB 
embryo near the OFT inlet (prior to the band) over a cardiac cycle. 
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7.3.5 Changes in blood flow dynamics  

We measured centerline velocities at the OFT inlet, middle, and outlet (approximately 

corresponding to positions L2, L3 and L4 in Figure 7.1, L2 is closest to the band) in 

normal and OTB embryos using Doppler ultrasound (Figure 7.15). We found that OTB 

affected blood flow differently along the OFT. The salient feature of blood flow in the 

OTB embryos was a dramatic increase of blood velocity at the banding site (~4 fold) than 

the normal control. Blood velocity after the band was higher than the control and 

recovered to normal near the OFT outlet.   

 

  Besides large changes in magnitude, OTB also altered temporal features of the 

centerline velocity profiles along the OFT (Figure 7.16). Comparing to centerline 

velocities at corresponding locations between normal and OTB embryos, we noticed that 

(1) across the band, centerline blood velocity rose much sharply to the peak flow and 

immediately after the peak followed a transient backflow, rather than a shoulder as 

observed in normal embryos; (2) at the OFT middle region, more embryos showed 

Figure 7.15 Comparison of peak 
velocities near the OFT inlet, 
middle and outlet between 
normal and banded chick 
embryos.* indicates significantly 
different from normal (p<0.05). 
Doppler flow measurement was 
performed by Andrew Nickerson. 
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backflow before the peak velocity (5/10 OTB versus 1/11 Control); (3) near the OFT 

outlet, few embryos showed backflow before the peak (4/10 OTB versus 9/11 Control), 

and the shoulder after the peak reduced in magnitude and duration.   
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Figure 7.16 Comparison of centerline velocities near the OFT inlet (I), middle (M), and outlet (O) 
between: (A-C) normal and (D-E) OTB chick embryos measured with Doppler Ultrasound. Note that 
the velocities were acquired sequentially at different OFT regions and were not synchronized in a 
normalized cardiac cycle. Vus, mean velocity measured using Doppler ultrasound; Vus±std, velocity 
varied with a standard deviation. Doppler flow measurement was performed by Andrew Nickerson. 
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7.4 Discussion  

OTB is a useful model to study the changes in the biomechanical environment that may 

lead to heart malformations associated with the OFT region.12, 25 We focused here on the 

effects of OTB on the mechanical behavior of the OFT wall and hemodynamics in the 

heart OFT of HH18 chick embryos. In the OTB group, the band partially occluded the 

OFT lumen, resulting about 60% constriction at the banding site. Ventricular pressures 

increased dramatically as soon as 1 hour after banding (see Figure 7.14 and Table 

7.1). Both the physical constriction of the band and the increase in the ventricular 

pressure influence the behaviors of the OFT and hemodynamics. Because we imaged the 

OFT 1 hour after performing the OTB procedure, we expect that changes in OFT 

behaviors were mainly due to mechanical adaptations of the chick cardiovascular system 

to OTB, and not remodeling of the cardiovascular system, which would probably require 

more time to happen.  

7.4.1 Study limitations 

The variations in the results were mainly from three sources: 1) biological variations of 

the embryos, 2) variations in experimental procedures (OTB), and 3) limitations of the 

methods that we used to explore the biomechanical environment in living embryonic 

hearts, including imaging and image analysis procedures, pressure and flow 

measurement, and those simplifications made in calculating stresses and strains. 

Limitations and sources of errors in the methods should be noted when interpreting our 

data.  

  We have discussed errors associated with blood pressure measurements and Doppler 
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ultrasound flow measurements, which involve the uncertainties in the placement of the 

pressure probe in the embryonic heart and in the estimation of the Doppler angle in 

Chapter 5. We have discussed the errors resulting from the imaging and image analysis 

(image reconstruction and segmentation) in Chapter 6. We have also shown that the 

longitudinal motion of the OFT in the normal embryos compounds the comparison near 

the OFT inlet. Image reconstruction resulted in a phase error of 0.04 ± 0.02T. The 

segmentation procedure on the OCT images resulted in errors of about 0.002 mm2, 

0.0025 mm2, and 0.005 mm2 in the estimated areas for the interior myocardium, lumen, 

and cardiac jelly, respectively. Further, the segmentation resulted in an error of 0.02-0.04 

in estimating the peak circumferential strain.  

  Another major limitation in methods was that we could not perform imaging, pressure 

and Doppler flow measurements simultaneously and within the same embryo, due to 

technical difficulties. The uncertainties would directly affect the calculation of the wall 

stress in the myocardium, which is a function of the pressure, inner radius and wall 

thickness of the myocardium according to Laplace law. We estimated the phase 

relationships between the ventricular pressure, OFT geometry, and blood flow within the 

OFT in normal chick embryos.173 We then assumed that the phase relationships did not 

change in OTB embryos. Although we consider that the estimated phase relations are a 

good approximation for normal embryos, it is likely that the phase relationships between 

the pressure and wall motion change in response to OTB. To estimate the effects of phase 

relations on wall stress, we calculated wall stresses at different phase relationships (see 

Supplemental Figure 7.2). We found that despite the values of wall stress change with 

phase relations, the general trend in wall stress between the normal and OTB remains the 
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same.   

  The simplifications made in the definition of the strains and stresses are also worthy of 

noticing when comparing to other relevant work. In this thesis, we adopted the simplest 

form of strain definition, engineering strain, to estimate the averaged deformation over a 

cross-section. Therefore, we were not able to detect the local strain variations over the 

cross-section. In addition, we neglected the residue strain generated by differential 

growth.175 The simplest form of strain provides us insight into the changes in deformation 

pattern along the OFT wall in OTB embryos with respect to normal embryos over the 

cardiac cycle. 

  We used Laplace law to estimate the averaged wall stress in the myocardium under a 

assumption that is h/R<0.1 with h denoting the wall thickness and r the internal radius of 

the myocardium. However, the OFT has an h/R ratio about 0.3-0.5. The violation of thin 

wall assumption means that the regional gradient of wall stress across the wall thickness 

is not negligible. The transmural distribution of wall stress may be important for 

remodeling of the myocardium, and will be interesting to study in our future work. In this 

thesis, the averaged wall stresses provides us insight on how markedly large changes in 

wall stress in the myocardium over a cardiac cycle as well as between the normal and 

OTB embryos.  

7.4.2 Changes in wall dynamics  

7.4.2.1 Myocardium  

After one hour banding, we did not observe significant changes in the dimension of the 

myocardium with respective to normal HH18 chick embryos, except that the minimal 
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radius at L5 significantly decreased (Figure 7.2). The band exerted physical constraint on 

the wall motion near the band (i.e., L1-L3 in Figure. 7.2); the amplitude of wall motion 

significantly reduced distal to the band at L3. Prior to the band at L1, the contractive 

radial velocity reduced (Figure 7.3), suggesting that the contractility of the myocardium 

was compromised prior to the band. Interestingly, we did not observed any significant 

changes at L2 (closest to the band) due to large variations resulting from difficulties in 

controlling exact locations and tightness of the band. 

  A most noticeable change was the motion pattern along the OFT. From the OTB 

embryo depicted in Figure 7.4, the entire wall opens almost simultaneously, distinct from 

the normal embryos. The changes in wall motion pattern affect the luminal area changes 

(Figure 7.8) and thus the blood flow pattern in the lumen, 163 as well as the cyclic 

circumferential strain over the cardiac cycle (Figures 7.10). Among other OTB embryos, 

another phenotype of wall motion was also observed such that the OFT exhibited a 

slower peristaltic motion than normal embryos (refer to Supplemental Figure 7.3). We 

cannot explain the diverse behaviors in wall motion in OTB embryos with such a limited 

sample size and the methodology used in this study. The motion pattern may be affected 

by a lot of factors including the conductance velocity of the electric impulse along the 

OFT wall, material properties of the myocardium, and the dynamic interaction between 

the wall and  blood flow in the lumen. The different responses observed in this study 

may be associated with variations in the degree of tightness and placement of the band. 

More studies based on a large number of OTB embryos with a grade of tightness and 

locations, combined with investigation on responses at the cellular and molecular level, 

are necessary to understand the roles of biomechanical factors on motion patterns of the 
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myocardium. Collectively, our findings suggest that the motion pattern of the OFT 

myocardium is susceptible to changes and that the changes of the OFT motion pattern is a 

fast and sensitive adaptive mechanism to altered pressure loads and/or external 

constraints (e.g., the band). The wall motion pattern may be potentially a good and 

sensitive index for evaluating the OFT functionality. 

7.4.2.2 Cardiac jelly  

In the OTB embryos, we did not observe significant changes in cardiac jelly areas (Figure 

7.5). However, the motion dynamics of the cardiac jelly apparently changed over time 

and along the OFT (Figure 7.6, also see Supplemental Videos 7.1 and 7.2). Cyclic 

changes in cardiac jelly were presumably affected by three factors: (1) biomechanical 

forces exerted by the blood flow and contraction of the myocardium; (2) the physical 

constraint of the band; and (3) the longitudinal stretching of the OFT wall. At early stages 

(i.e., HH18), the major component of cardiac jelly is glycosaminoglycans,187 which is 

very soft and easy to deform like a viscoelastic material.186, 188 The biomechanical forces 

such as the blood pressure in the OFT lumen and contraction forces from the myocardium 

may induce local lateral motion of the cardiac jelly along the OFT. We found a temporal 

correlation among the area changes in the cardiac jelly, the lumen, and the myocardium. 

The area of the cardiac jelly was larger when the OFT lumen was closed (low blood 

pressure) and the myocardium was relaxed (low contraction force); and the area of the 

cardiac jelly became smaller during the maximal expansion of the OFT lumen (large 

blood pressure) and fast contraction of the myocardium (large contraction force, refer to 

Supplemental Figure 7.4). In the OTB embryos, both the physical band and changes in 
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biomechanical forces, including increased blood pressures (Figure 7.14 and Table 7.1) 

and altered myocardium contraction (Figure 7.4), may affect the lateral motion of the 

cardiac jelly and thus the cyclic changes in the cardiac jelly. In addition, when the OFT 

expanded circumferentially, the OFT stretched longitudinal towards the ventricle. As a 

result, the area of cardiac jelly reduced at any given cross-section, seen as thinning of 

cardiac jelly layer (see examples in Figures 7.1 D and 7.1I). In the OTB embryos, 

however, longitudinal deformation of the OFT was restricted (refer to Supplemental 

Videos 7.1 and 7.2), which may also contribute to the dynamic changes in the cardiac 

jelly. To further understand the mechanical factors responsible for dynamics motion of 

the cardiac jelly, a biomechanical model of the OFT that incorporates the dynamic 

motions of the three-layered OFT wall and fluid-structure interaction is necessary to 

identify the roles of the OFT longitudinal deformation and biomechanical forces imposed 

on the cardiac jelly.  

7.4.2.3 Lumen  

The effects of OTB on the OFT lumen behaviors were apparently different prior to and 

after the band along the OFT (Figure 7.7). Prior to the band (L1), the minimal area 

increased, which is a sign of dilation due to blood detainment in some embryos. Chronic 

OTB is known to induce mild and moderate ventricular dilation (prior to the band) after 

24 hour banding.25 The minimal area at L5 reduced mainly as a result of increasing 

contractility of the myocardium at distal OFT (refer to the discussion in Section 7.4.3.1). 

The maximal luminal area and cyclic area change significantly reduced at and 

immediately after the band due to the physical constraint of the band (L2 and L3 in 
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Figure 7.7).  

  Noticeably, the closure time of the lumen increased particular at and after the band, as 

a result of reduced blood filling time (Te) or myocardium contraction time (Tc) (see 

Figures 7.9A and 7.9B). The increase in luminal closure time (Tclosure) ensures the entire 

OFT to close up to 0.5T, which may be a compensatory response to the changes in the 

peristaltic motion of the myocardium or cardiac jelly motion.  

7.4.3 Changes in the biomechanical environment  

7.4.3.1 Strains in the myocardium and endocardium  

After one hour of OTB, circumferential strains in the myocardium and the endocardium 

significantly reduced prior to the band at L1 (Figure 7.11). The observations of an 

increase in minimal area of the lumen (Figure 7.7) and a decrease in circumferential 

contractive strain rate at L1 (Figure 7.12) suggest that the reduction in the circumferential 

strain is mainly due to a reduction in contractility of the OFT myocardium prior to the 

band. In contrast, the contractive strain rate increased away from the band at L4 (Figure 

7.12), suggesting an increase in myocardium contractility after the band. There were no 

obvious changes in the expansive strain rate (Figure 7.12), which suggest passive 

material properties of the myocardium do not change as an acute response to increased 

blood pressures. An increase in the myocardium stiffness was reported 24 hours after 

OTB. 16, 198 

  Because the myocardium is non-compressible, both the circumferential stretch and 

longitudinal stretch change the wall thickness of the myocardium. The radial strain is an 

indicator of this cyclic change in wall thickness. The longitudinal stretch of the OFT 
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myocardium reduced to 0.07 (about 50% less than normal embryos180), estimated from a 

typical OTB embryo; the circumferential stretch was also constrained near the band 

(L1-L3). The combined effects resulted in a general reduction in radial strain in the OFT 

wall in the OTB embryo (Figure 7.13). We also noticed a change in radial strain pattern 

along the OFT. The radial strain reduced prior and at the band (L1 and L2), and increased 

immediately after the band at L3 (Figure 7.13). Since the trend was observed in a typical 

OTB embryo, more embryos need to be studied in order to confirm the spatial variation 

of the radial strain in the myocardium.  

7.4.3.2 Wall stress in the myocardium  

OTB is an often used model to study the effects of increased afterload on the 

morphologic changes and growth of the ventricle, and an increased (end-systolic) wall 

stress in the ventricular myocardium has been correlated with an enhanced maturation in 

ventricular myocardium.15 However, no study has been carried out to show the changes 

in the wall stress in the OFT myocardium, and its effects on the OFT growth and 

morphology. Here we estimated the wall stress in the myocardium near the OFT inlet 

prior to the band over a cardiac cycle, using Laplace law. We found both end-diastolic 

and end-systolic wall stresses in the OFT wall prior to the band increased, mainly as a 

response to the increased ventricular pressures (Figure 7.14). The increases in wall stress 

prior to the band correlated in space with the reduction in radial contractive velocity 

(Figure 7.3) and circumferential contractive strain rate at L1 (Figure 7.12), suggesting 

that increased wall stresses affect the contractility of the OFT (OFT function) before 

extensive remodeling events occur. As we know, the mature myocardium responds to 
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increased wall stresses by wall thickening or dilation.199 In OTB embryos, both 

myocardium wall thickening and dilation prior to the band have been reported at later 

developmental stages.25 Our findings on the OFT wall stress further confirm the view that 

the increases of end-systolic wall stress is associated with radial growth of the 

myocardium and end-diastolic wall stress with circumferential growth in embryonic 

myocardium development.185, 189, 200, 201 

7.4.3.3 Blood flow dynamics and wall shear stress 

The most noticeable observation on blood flow dynamic was a dramatic increase of peak 

velocity across and immediately after the band (Figure 7.15), mainly as a synergic effect 

of the decreased OFT luminal areas and increased ventricular pressures. The large 

variations observed in the flow measurement at the banding site among OTB chicks were 

largely due to technical difficulties in rigorously controlling the tightness and biological 

responses to the band.  

  Although the time course of the centerline velocities in the OTB embryos exhibited 

similar trend as that in the normal embryos, some changes in temporal variation in blood 

flow dynamics reflected the changes in the OFT wall dynamics and blood pressures 

(Figure 7.16). In the OTB embryos, due to the restriction of the band, we did not 

observed the shoulder region before peak flow in the centerline velocity near the OFT 

inlet as often observed in normal embryos. Instead, we observed a small transient 

backflow across the band (5/10 OTB versus 1/11 control), which might result from the 

transient local negative pressure gradient due to large pressures drop across the band. 

Large backflow across the band has been reported after the intensive remodeling and 
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adaption has occurred in the OTB embryos.202 The centerline velocities in normal 

embryos also exhibited a shoulder region (secondary peak) after the primary peak, driven 

by the additional momentum from the contraction of the OFT upstream region; towards 

the OFT outlet, the shoulder region increased in magnitude and duration (Figures 

7.16A-C). In OTB embryos, however, the magnitude and duration of the shoulder region 

at the distal region decreased (Figure 7.16F), which was consistent with the reduced wall 

dynamics upstream in OTB (a reduced radial contractile velocity in L1-L3 see Figure 

7.3).   

  The changes in flow dynamics are sensed by the endothelial cells on the OFT lumen 

surface in form of wall shear stress. The wall shear stress exerted by the blood flow on 

the OFT endocardium was estimated using the Hagen-Poiseuille law:	� =
�����	



, where τ 

is the shear stress, µ the viscosity, Vmax maximal centerline velocity, and R the lumen 

radius. We found that the wall shear stress dramatically increased near the band region as 

a result of the reduced luminal area and increased blood velocity (Figures 7.7 and 7.15). 

The abnormal high magnitude of wall shear stress may up-regulate expression of eNOs24, 

203 and thus release of NO, which may be responsible for later vasodilatation in the 

myocardium before and after the band.25 The pronounced changes in wall shear stress 

occurred at the proximal OFT, a region that is susceptible for emerging malformations in 

the OTB chicks, such as ventricular septal defects.  

7.5 Conclusions  

Our study examined for the first time the acute changes in the biomechanical 

environment within a cardiac cycle in the OFT in the OTB embryos. To maintain the 
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OFT function in regulating the blood flow from the ventricle to the arterial circulation, 

the OFT shows early signs of compensational changes in the wall dynamics of the 

myocardium and cardiac jelly, and the interaction between the wall and blood flow 

dynamics after one hour of OTB. As a consequence, the spatial distribution of 

biomechanical stresses and strains deviates from the normal pattern, especially near the 

band. The changes in the biomechanical environment at cellular level may pre-dispose 

the functional and structural abnormalities in the banded OFT at later developmental 

stages.   

 

7.6 Data supplement  

Supplemental Videos: 

 

Supplemental Video 7.1 Longitudinal (A) and frontal views (B) of the OFT of a representative 
HH18 chick embryo. Frontal view depicts a curve plane approximately along the axial centerline of 
the OFT in (A). Note the wave-like motion of the cardiac jelly. MI, myocardium; L, lumen; CJ, 
cardiac jelly. 

(A) (B) 

CJ 
MI 

L 

CJ 
MI 
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Supplemental Video 7.2 Longitudinal (A) and frontal (B) views of the OFT of an OTB chick 
embryo. Frontal view depicts a curve plane approximately along the axial centerline of the OFT in 
(B). Note that the longitudinal motion of the OFT is dramatically reduced and that the 
wavelike-motion of the cardiac jelly is disrupted by OTB. 
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Supplemental Figures: 
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Supplemental Figure 7.2 Comparison of wall stress in the myocardium at the OFT inlet between 
(A) a normal chick embryo and (B) an OTB embryo under different combinations of phase relations 
between PV and R. 0T, 0.1T,0.2T, and 0.4T are conjectured phase lags of peak PV with respect to 
peak R at the OFT inlet. PV, the ventricular pressure; R, effective radius of the myocardium; T, a 
cardiac cycle. 
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Supplemental Figure 7.1 OCT cross-sectional image of the OFT inlet of (A) a representative 
normal embryo and (B) a typical OTB embryo when the OFT is fully closed. Note those extensive 
branches of the endocardium (End) towards the myocardium in the OTB embryo. 
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Supplemental Figure 7.4 Temporal relationship between the areas of the OFT myocardium (MI), 
cardiac jelly (CJ), and lumen (L) at two locations: (A) L2 and (B) L4 in a typical OTB embryo. 
Large area of the cardiac jelly usually occurs during early myocardium relaxation and before fast 
increase of luminal area, or when the OFT is fully closed. The area of the cardiac jelly is small when 
the OFT is fully expanded or during fast myocardium contraction.  
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Supplemental Figure 7.3 Temporal variation of the interior radius of the myocardium at 5 selected 
OFT cross-sections. This is another typical response to OTB, showing a slower peristaltic motion 
than normal HH18 chick embryos. 
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Chapter 8: Summary and future work 

8.1 Summary 

The objective of this thesis was to develop a methodology to quantify the dynamical 

biomechanical environments in the early embryonic heart in vivo and non-invasively. The 

methodology enabled us to characterize the physiological biomechanical environment 

(biomechanical stresses and strains) that embryonic cardiac cells experience in vivo, and 

pathological changes in the biomechanical environment that may lead to heart defects. In 

this thesis, we used chicken embryonic hearts as the model system and focused on the 

chicken heart OFT, which provide us insight into the biomechanical environment that 

embryonic heart cells are exposed in vivo. In addition, we used an interventional 

experiment OTB to simulate disturbances in the biomechanical environment during heart 

development; OTB model has been reported to reproduce heart diseases associated with 

the OFT region.25   

  First, we developed a novel methodology that combines 4D imaging, image analysis, 

physiological measurement, and CFD modeling to quantify non-invasively the wall 

dynamics and blood flow dynamics within the chicken embryonic heart OFT in vivo for 

the first time. Specifically, we employed a high resolution, non-invasive imaging 

technique, OCT, and developed an image synchronization strategy to visualize in vivo the 

dynamics of the OFT of chicken embryonic hearts at an early stage (HH18). To extract 

dynamic geometric information from the 4D images of the embryonic heart, we 

developed a set of image analysis algorithms that enabled us to analyze the wall 

dynamics and biomechanical strains of the OFT wall within the cardiac cycle. To reveal 
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the blood flow dynamics in the OFT, we generated 3D dynamic FE models of the OFT 

based on the dynamic geometry of the OFT extracted from the 4D image data and in vivo 

pressure measurements. In contrast to previous studies,21, 91, 139, 162 our FE models were 

capable of quantifying the blood flow dynamics and variations of WSS over the cardiac 

cycle. 

  Second, we characterized the biomechanical environment in the heart OFT of normal 

chicken embryos and acute changes in the biomechanical environment in the OFT in 

OTB embryos. Specifically, by employing the methodology we developed, we quantified 

the wall dynamics and blood flow dynamics within the OFT, and we revealed a 

heterogeneous distribution of biomechanical stresses and strains in the OFT wall that 

vary dramatically over the cardiac cycle. The heterogeneous and dynamic biomechanical 

environment, which embryonic cardiac cells are subjected to in vivo, may be associated 

with the complex morphogenetic events occur in the OFT (such as semi-lunar valves and 

septa development). Further, to understand what changes in the biomechanical 

environment that lead to heart defects, we focused on the changes in the wall dynamics 

and blood flow dynamics in the OFT, and the alterations in the distribution of 

biomechanical stresses and strains in the OTB embryos before extensive remodeling 

events initiate.  

  Collectively, the methodology that I developed in this thesis provided a way to 

investigate the dynamic biomechanical environment of embryonic heart development for 

the first time. The knowledge of the in vivo biomechanical environment as well as its 

changes will contribute towards understanding the mechanisms by which the 
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biomechanical factors affect heart development.  

8.2 Major contributions 

The major contributions of this thesis are: 

1. I developed a 4D imaging strategy and an image post-synchronization algorithm that 

enabled us to visualize and quantify 4D geometry of the OFT in vivo with OCT. Our 

4D synchronization algorithm is fast and accurately captures the dynamics of the OFT 

in vivo.   

2. I developed a set of image analysis algorithms for 4D OCT images of the OFT. 

Specifically, the segmentation algorithm enabled us to delineate the 3D surfaces of 

the OFT myocardium and lumen at any given cardiac phase, and to demarcate the 

OFT wall from 2D time series of OCT images over a cardiac cycle. Algorithms 

developed to analyze the segmentation results allowed us to extract the cyclic strains 

from the OCT images. Further with pressure measurement data, we were able to 

estimate wall stress in the myocardium of the OFT.   

3. I developed 3D dynamic FE models of the chick heart OFT. The FE models were 

based on 4D OCT image data and pressure data measured in vivo. The image-based 

FE models of the OFT enabled us to quantify the blood flow pattern within the OFT 

lumen and blood-flow induced WSS on the OFT wall. Moreover, we investigated the 

effects of biomechanical factors, such as blood pressures, wall motion pattern, and the 

geometry of the OFT on the blood flow dynamics and tempo-spatial distribution of 

WSS. 
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4. I, for the first time, elucidated the biomechanical environment in the heart OFT of 

normal HH18 chick embryos. The most important findings were: (1) the OFT 

function was regulated by the interaction of the wall dynamics and blood flow 

dynamics; (2) the wall dynamics and blood flow dynamics in the OFT established a 

unique biomechanical environment which embryonic cardiac cells on the OFT wall 

are subjected to; and (3) the biomechanical environment dynamically varied over the 

cardiac cycle and spatial locations of the OFT.  

5. We, for the first time, characterized in detail acute changes in wall dynamics and 

hemodynamics in the heart OFT of OTB chick embryos. The notable findings were: 

(1) the OFT showed compensatory changes in the wall dynamics and blood flow 

dynamics after one hour of OTB; and (2) the biomechanical environment (stresses 

and strains) that the cardiac cells on the OFT wall experience was altered, especially 

near the banding site.     

8.3 Future work 

Current work is a preliminary step towards our goal to understand the roles of 

biomechanics factors in heart development. We could extend this work in the following 

directions:  

8.3.1 Longitudinal study of the chick outflow tract  

The OFT is a transient cardiac segment that undergoes intensive morphogenetic 

remodeling and functional evolution during heart development. The cardiac cells on the 

OFT wall are exposed to a constantly changing biomechanical environment.  
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Disturbances in the normal evolution of the biomechanical environment may impose the 

OFT to various forms of malformation. We envision that the knowledge of the normal 

changes in the biomechanical environment will be critical to understand how the 

biomechanical factors affect cellular behaviors and gene expression in the OFT at 

different developmental stages.  

  This thesis has provided a methodology to quantify the wall dynamics and flow 

dynamics of the developing OFT in vivo. We have studies the biomechanical 

environment of an important early stage of development when the morphogenesis of the 

OFT is sensitive to the biomechanical changes. It is feasible to apply the current 

methodology to follow the structural and functional development of the OFT across 

different stages. By doing so, we will reveal the complex morphogenetic events occurs in 

the OFT, and developmental changes in the wall dynamics and blood flow pattern. 

Further we will characterize the evolution of the biomechanical environment in the OFT,  

which will provide insight into the roles of the biomechanical factors in normal heart 

development, and will establish the baseline for investigating the changes in the 

biomechanical environment in our intervention models such as OTB or vitelline vein 

ligation.  

8.3.2 OCT imaging and image analysis 

8.3.2.1 Blood flow measurement using OCT 

One unique advantage of OCT is its capability to image the microstructure and blood 

flow simultaneously. In this thesis, we used OCT mainly for visualizing and quantifying 

the dynamics structure of the OFT. We encountered two  major obstacles in flow 
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measurement in the OFT using Doppler OCT. First, the maximal flow velocity in the 

OFT was out of the measurement range of the current OCT system, which is constrained 

by the integration time of the CCD camera in the OCT system.  When the blood flow 

velocity in the OFT is beyond the maximal velocity of the OCT system, the measured 

flow signal becomes phase-wrapped.  Second, only the velocity component along the 

laser beam was detectable. Drs. Ma Zhenhe and Li Peng in Dr. Ruikang Wang’s lab have 

made great strides in developing the unwrapping algorithm and estimating the absolute 

velocity, which extend OCT to quantify the blood flow in the OFT in vivo.204 It will be 

also valuable to directly measure the absolute blood flow velocity in vivo by configuring 

the OCT image system and developing new signal processing algorithms. With the 

knowledge of absolute flow velocities in the OFT, WSS exerted by the blood flow will be 

directly derived. In addition, Doppler OCT will allow us to validate our 

subjective-specific FE model of the OFT with the blood flow measured in the same chick 

embryo. 

8.3.2.2 OCT image analysis  

In this thesis, we have developed a 3D segmentation algorithm to delineate the OFT wall 

from an image sequence over time or a 3D volume image dataset. We applied the 

segmentation algorithm to OCT image sequences of several cross-sections that evenly 

span along the OFT. Our finding that the wall dynamics and biomechanical strains in the 

OFT wall change along the OFT and over the cardiac cycle suggests that a 4D 

segmentation algorithm will be a critical extension to study the biomechanics of the OFT. 

Dr. Yin Xin has made a huge progress in developing a robust 4D image segmentation 
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algorithm that allows us to better visualize and quantify the morphology and wall 

dynamics of the OFT within the cardiac cycle (Figure 8.1). We will apply the 4D 

segmentation algorithm to all the 4D image datasets of the OFT in normal and OTB chick 

embryos that we have acquired to study biological variations and OTB induced changes 

in the wall dynamics of the entire OFT. Furthermore, the biomechanical strains at each 

material point on the OFT wall will be extracted from the 4D segmentation.  

 

8.3.3 Finite element modeling 

In this thesis, we have developed a subject-specific FE model of the OFT in a 

representative HH18 chick embryo. The FE model reveals a distinct blood flow pattern 

and heterogeneous distribution of flow-induced WSS on the OFT wall. A FE model of 

the heart OFT of OTB embryos will be important to quantify the changes in blood flow 

Figure 8.1 Temporal variation of the OFT surfaces extracted from 4D OCT images of the OFT 
with a 4D segmentation algorithm. Blue and green surfaces are the external and the interior surfaces 
of the myocardium, respectively. Red surface is the OFT lumen. 4D segmentation on the OFT were 
performed by Dr. Xin Yin (Image courtesy of Dr. Yin Xin) 
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dynamics and WSS in the OFT due to OTB. However, we have encountered some 

technical challenges in acquiring boundary conditions important for accurately modeling 

the OFT of OTB embryos: namely the aortic sac pressure data and phase relationships 

between the pressures and dynamic geometry of the OFT of OTB embryos. Dr. Shi Liang 

has made great advances and will continue to resolve the problems. Specifically, we will 

employ the OCT system to enhance the visualization of the pressure probe in the tiny 

beating embryonic chick heart. We will employ ECG signals to synchronize phase 

relationships between pressures and the dynamic geometry of the OFT. After successfully 

tackling these issues, we will generate FE models to quantity in details the changes of 

blood flow and WSS in the OFT of OTB embryos.  

  Further, to extend the quantitative powers of FE modeling in embryonic heart research, 

in particular the OFT, several improvements are recommended:  

1. Use realistic subject-specific geometry of the OFT lumen. With the 4D segmentation 

algorithm that developed by Dr. Yin Xin, no assumptions on the OFT lumen 

geometry and wall motion are necessary.   

2. Use realistic boundary conditions with blood pressures and geometric data 

synchronized within the cardiac cycle based on the simultaneous ECG signals 

acquired with pressure measurement and imaging.  

3. Incorporate flow-structure interaction in modeling of the OFT. The FE model couples 

the interaction of the blood flow dynamics and wall dynamics of the OFT, which will 

provide us insight into regulatory mechanisms of the embryonic heart.   
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4. Use OCT Doppler flow measurement to improve model validation. Both the blood 

flow used for validation and the geometry used in the FE model will be acquired 

simultaneously from the same chick embryo.    

8.3.4 Correlation with the gene expression pattern  

This thesis has provided quantitative knowledge of biomechanical environment that the 

cardiac cells on the OFT wall are subjected in vivo in HH18 chick embryos, as well as a 

methodology that enables us to carry out longitudinal investigation into the changes in 

biomechanical environment with development . In Dr. Thornburg’s lab, exciting research 

has been carried out in measuring gene expression level of biomechanical sensitive genes 

in chick embryos using microarray and real time (RT)-Polymerase Chain Reaction 

(PCR), and localizing gene expression using in situ hybridization (ISH) and 

immunohistochemistry (IHC). After ISH or IHC, the OFT was imaged using confocal 

microscopy and the gene expression pattern on the OFT wall was visualized using Amira 

5.2.2 (see an example in Figure 8.2).    
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  To determine the relationship between changes in biomechanical factors and associated 

changes in expression of biomechanical sensitive genes that modulate OFT 

morphogenesis, we will first correlate the spatial distribution of biomechanical indices 

(e.g., maximal circumferential strains, wall stress, and WSS) with spatial distribution of 

expression levels of candidate genes such as collagen α1 (XIV) and Integrin subunits α4 

on the OFT wall of normal embryos from HH18 to HH24. The genes are selected from 

our microarray data whose transcriptions have been up-regulation as a response to OTB. 

We will also correlate the alterations in the biomechanical indices to the changes in gene 

expression levels and localizations on the OFT wall in OTB embryos from HH18 to 

HH24.  

Figure 8.2 Level and spatial distribution of gene expression of integrin-α4 in a normal HH24 
chick embryo. (A-C) Examples of confocal microscopy images along the depth of the embryonic 
heart, with image intensity indicating the level of gene expression. (D) 3D voxel view of the gene 
expression of integrin-α4 (the red color), showing a strong express in the compact ventricular 
myocardium, and a mild express in the OFT myocardium and trabeculae. The 3D voxel view was 
reconstructed from the confocal image dataset in (A-C) using Amira 5.2.2. Confocal imaging was 
performed by Dr. Carley Shaut. 

D 
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   To understand the underlying regulatory mechanisms of biomechanical factors, we 

will characterize the features of the biomechanical factors at specific regions of interest 

such as the proximal and distal cardiac cushions as well as the inner curvature of the 

OFT, where differential morphological events occur later during development. We will 

design in vitro experiments with well controlled biomechanical environment (such as a 

flow chamber) that mimics the features of the in vivo biomechanical environment in order 

to differentiate the roles of individual biomechanical factor and a combination of 

biomechanical factors in OFT valve and septa development. 
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