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Abstract

Morphogenesis of the “immature symmetric embryonic aortic arches” into the “mature and
asymmetric aortic arches” involves a delicate sequence of cell and tissue migration, proliferation,
and remodeling within an active biomechanical environment. Both patient-derived and
experimental animal model data support a significant role for biomechanical forces during arch
development. The objective of the present study is to quantify changes in geometry, blood flow,
and shear stress patterns (WSS) during a period of normal arch morphogenesis. Composite three
dimensional (3D) models of the chick embryo aortic arches were generated at the Hamburger-
Hamilton (HH) developmental stages HH18 and HH24 using fluorescent dye injection, micro-
CT, Doppler velocity recordings and pulsatile subject-specific computational fluid dynamics
(CFD). India ink and fluorescent dyes were injected into the embryonic ventricle or atrium to
visualize right or left aortic arch morphologies and flows. 3D morphology of the developing
great vessels was obtained from polymeric casting followed by micro-CT scan. Inlet aortic arch
flow and body-to-brain flow-split was obtained from 20MHz pulsed Doppler velocity
measurements and literature data. Statistically significant variations of the individual arch
diameters along the developmental timeline are reported and correlated with WSS calculations
from CFD. CFD simulations quantified pulsatile blood flow distribution from the outflow tract
through the aortic arches at stages HH18 and HH24. Flow perfusion to all three arch pairs are
correlated with the in vivo observations of common pharyngeal arch defect progression. The
complex spatial WSS and velocity distributions in the early embryonic aortic arches shifted
between stages HH18 and HH24, consistent with increased flow velocities and altered anatomy.
The highest values for WSS were noted at sites of narrowest arch diameters. Altered flow and
WSS within individual arches could be simulated using altered distributions of inlet flow
streams. Thus, inlet flow stream distributions, 3D aortic sac and aortic arch geometries, and local
vascular biologic responses to spatial variations in WSS are all likely to be important in the

regulation of arch morphogenesis.
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1. Introduction

During embryogenesis, cardiovascular (CV) morphogenesis and adaptation are regulated by both
genetic and epigenetic factors, including dynamic three-dimensional (3D) changes in CV
structure and function [1, 2]. During embryonic development, six major pairs of aortic arches
(total of 12) sequentially emerge, remodel, and then disappear, eventually form two mature
brachiocephalic arteries (left and right third-derived), an aortic arch (avian: right fourth-derived
and human: left fourth-derived) and pulmonary arteries and ductus arteriosus (left and right
sixth-derived) [3-5] (Figure 1). Flow-driven hemodynamics plays a significant role in this
dynamic process [1, 2, 6], which is clinically described as a “flow-dependency” principle [7-10].
Altered intrauterine hemodynamics during critical windows of cardiac morphogenesis and
remodeling leads to congenital arterial defects, such as interruption of aortic arch, double aortic
arches, and coarctation of aorta [11, 12]. While the early origins and progression of these defects
are well established, little is known regarding the relationships between individual arch geometry
and hemodynamics, the distribution of cardiac output through each of the arches, and the
influence of altered hemodynamic forces on dynamic arch remodeling.

The avian embryo is an established model for in vivo studies that investigate the role of
flow-induced mechanical loading on vascular remodeling due to the structural and functional
similarities between avian and human hearts [13, 14]. Most investigations of aortic arch structure
and function have been limited to ultrasound and contrast imaging [13], which at the moment,
provide insufficient morphology and detailed 3D flow information to quantify the biomechanical
events that occur during aortic arch remodeling. Several experimental flow visualization
techniques including India ink, dye injection [6, 11, 12, 15] and micro particle imaging
velocimetry (uPIV) [14, 16, 17] have been used to qualitatively and quantitatively document the

hemodynamics in chick normal cardiac development. However, these studies focus primarily on
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2D intra-cardiac flow patterns and estimate wall shear stress (WSS) through the early tubular
heart at Hamburger-Hamilton stage [18] of HH15 and in easily accessible vitelline venous
vessels. Limited 3D biomechanical data is available beyond the ventricle and outflow tract.
Quantitative 3D imaging using micro-CT has become a standard technique for quantitative 3D
reconstruction of complex micro-morphologies including bone [19], vasculature [20] and
recently, the developing heart [21]. The initial objective of this research is to establish and
validate a multi-modal quantitative approach to investigate and quantify normal (healthy)
developmental changes of chick embryonic aortic arches in geometry, blood flow and WSS
distribution during a period of early development.

Aortic arch hemodynamics has been investigated using computational fluid dynamics
(CFD) in the normal mature adult-scale of human aorta [22-24] and in mouse aortic models of
atherosclerosis [25-27]. Relevant to patients with congenital heart disease, a patient specific
neonatal aortic arch configuration [28] and an in vitro experimental and computational study of
normal and abnormal embryonic aortic arch hemodynamics at late gestation [29] was published
by our group. Compared to the mature systemic aortic arch, the late fetal arch configuration
displays relatively complex flow and shear patterns due to the parallel pulmonary and systemic
artery flows, and the ductus arteriosus. Given the concurrent changes in cardiac function and
aortic arch morphometry that occur during embryogenesis, the current experiments were
developed with the anticipation that blood flow and shear stress patterns will be equal or more
complex than the case of late gestation due to the complex topology of early embryonic aortic
arches, 3D non-traditional flow characteristics, and dynamic changes in downstream vascular

impedance.
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In the current era of cardiovascular biology, flow induced changes in cell and tissue
biology and architecture are well established as major factors driving the large-scale
morphological changes via altered cell proliferation, apoptosis, differentiation, and remodeling.
In fetal development, subtle hemodynamic effects could be more striking compared to the mature
circulation [30]. With the emergence of fetal intervention strategies to normalize intracardiac
blood flow and hemodynamics, there is substantial clinical interest to understand the time course,
patterns, and thresholds for shear-stress mediated changes in CV morphogenesis and their
relationships to CHD. Major shifts in flow parameters and hemodynamic loads can be calculated
using the combination of anatomic, hemodynamic, and CFD data. These data sets can identify
unique temporal and spatial windows to guide complementary immunohistochemical and
molecular investigations. Therefore, an integrated investigation of the interaction of
hemodynamics and developing embryonic aortic arch geometry from mid-to-post cardiac
development is described as a first step in acquiring multi-modal data to understand and assess
the flow-dependent in utero causes (and rationale for potential treatment potentials) of common

CHDs.

2. Methods

2.1. Embryo model selection

Fertilized White Leghorn Eggs were studied at Hamburger and Hamilton (HH) Stage 18
(incubation time: 3 days) and Stage 24 (incubation time: 4 days) [18]. Between the selected
stages, the aortic arches undergo dramatic structural remodeling, embryonic mass and cardiac
output increase fourfold [3, 31]. Embryonic stages are identified by distinguished anatomical

differences in limb shape, body curvature and heart anatomy and orientation. At Stage 18, the
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heart still maintains its simple smooth transparent tubular topology; whereas for Stage 24, the
heart appears trabeculated and started to sink in to the embryo surrounded by semitransparent
membranes. Normal embryos were studied acutely at each stage and embryos that were
dysmorphic or exhibited overt bleeding were excluded. 111 embryos were used for vascular
imaging (n=24 right lateral imaging and n=33 left lateral imaging at Stage 18 and n=30 right

lateral imaging and n=24 left lateral imaging at Stage 24).

2.2. India ink and fluorescent dye microinjection

Embryos were incubated at 37°C and 60 to 70% relative humidity to Stage 18, Stage 24 and then
exposed by windowing the shell followed by removing the overlying extra embryonic membrane
to allow optical access to the embryonic circulatory system. Fluid microinjection was performed
using a glass micropipette connected via Silastic tubing to a disposable 22 gauge needle and a
10ul total volume glass Hamilton syringe, mounted in a Leica three-axis micromanipulator.
Chick embryos were imaged on either the right side up (right lateral view) or left side up (left
lateral view) positions. During normal embryo incubation, 95% of embryos are oriented right-
side up and embryos can be carefully manipulated from the right to a left lateral view without
altered heart rate or cardiac function [32]. India ink or fluorescent dyes were injected either
directly into the ventricular apex or into the atrium while visualizing the embryo in a left-side up
orientation. Microinjection volumes ranged from 0.3 to 1.0 ul per injection.

Traditional India ink injection was used to establish basic vascular landmarks including
the aortic arches and noted that overlying structures reduced arch flow visualization. Therefore,
to improve arch visualization, a variety of water soluble and lipid soluble fluorescent dyes were

evaluated, which was provided by Molecular Biosensor and Imaging Center at Carnegie Mellon
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University [33, 34] (Figure 2). Fluorescent dyes were diluted at various concentrations using
phosphate-buffered saline (PBS) solution. Hydrophilic dyes were well suited to visualize blood
flow streams (e.g. Sulforhodamine 101 Free Acid), while hydrophobic dyes penetrated
endothelial membranes and labeled most embryonic vessels including the aortic arches (e.g.
Rhodamine B, excitation wavelength=550 nm, emission wavelength=570 nm, SPEX industries,
Inc., Edison, NJ). For Rhodamine B, image acquisition and camera settings were varied to
optimize vascular imaging and an exposure time of 2.35 ms, gamma value of 1.43, and gain of
1.2 were selected. Still frame and time-lapse movies during embryo injection were recorded
using a dedicated stereo-dissection/fluorescent microscope (model MZ16F, Leica) suitable for
embryo work with either an external normal light source (DCR® Il Light Source) or an external
fluorescence light source with metal halide bulb (Leica EL6000), and a low light monochrome
digital camera (Leica DFC 350FX). Leica imaging software was used to view test images and
movies were recorded at frame rates between 6 and 20 frames per second for at least 3 cardiac

cycles.

2.3. Aortic arch diameter measurements

Multiple still images were captured throughout the cardiac cycle from both right and left lateral
views of the aortic arches at each developmental stage. Aortic arch images were sampled from
video images with maximum opacification of the aortic arches, rather than relative to ventricular
ejection timing. The diameter of each aortic arch was then measured at the midpoint of the arch
between the aortic sac and descending aorta (n=3 measures per vessel). At each measurement

location, the maximum possible vessel diameter was verified by acquiring several images
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through the vessel z-axis. For the calculation of vessel cross-sectional area and flow rate the

arches were assumed to have circular geometry.

2.4. 3D aortic arch imaging and reconstruction

In order to perform CFD simulations, aortic arch 3D geometries were determined by injecting a
rapidly polymerizing resin (diluted MICROFIL® Silicone Rubber Injection Compounds MV-
blue, Flow Tech Inc, Carver, MA) into the dorsal aorta employing the microinjection set up used
for vascular imaging. After microinjection trials using several techniques, it was found that the
most reproducible casts were generated by first arresting the embryonic heart in diastole using
chick ringer solution with EGTA [35] followed by diluted resin injection (1:7 to 1:12) into the
dorsal aorta at Stage 18 and Stage 24, and laceration of the atrium followed by retrograde
perfusion via the descending aorta. This protocol worked best at both stages. Higher resin
dilution (slower polymerization) was required for the smaller pipette tips and higher resistance of

the aortic arches at Stage 18. After resin polymerization, embryos were imbedded in gel (gel

base solution: 8ml 30% Acrylamide, 310 ul TEMED, 6ml 3xPBS, 3.7ml D.I. water; 5 drops of

0.02g/ml Ammonium Persulphate) and immersed in isotonic PBS until Micro-CT scanning
(Scanco Inc.).

Embryonic aortic arch imaging was performed by acquiring micro-CT DICOM images
with standard resolution (~10um) and 50% overlap. On average, 420 2D images were acquired
for each embryo. Image stacks (2D) were pre-processed using DicomWorks (a free DICOM
viewer, Lyon, France) to optimize image contrast without altering vessel geometries or
dimensions and then image reconstruction (3D) was performed using Simpleware-ScanlIP

(Simpleware Ltd. Innovation Centre, UK) software. Fluorescent dye injection movies and 3D
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reconstructions were overlapped to confirm accurate arch reconstruction. Several representative
aortic arch models were selected for each stage and then imported into Geomagics (Geomagic
Inc., Durham, NC) to create smooth inflow/outflow boundaries required for computational fluid
dynamics analysis. This 3D reconstruction protocol has been partially employed in earlier studies
on macro-scale complex anatomies [36, 37]. The current morphology database contained 63

reconstructions from 20 normal embryos for Stage18, Stage 21 and Stage 24.

2.5. CFD simulation and analysis

A mesh sensitivity study was conducted to investigate the effects of both surface and core mesh
refinements. A total of 9 auxiliary CFD simulations were performed for each development stage
corresponding to coarse, medium and fine surface and volume grid levels. Mesh independent
solutions were obtained using approximately 600,000 tetrahedral elements at each stage. Mesh
generation was performed using Gambit (ANSYS Inc). A pulsatile 2" Order CFD solver (Fluent
6.3.26, ANSYS Inc.) originally developed for complex subject-specific anatomical flows was
utilized [29, 38]. This experimentally validated model incorporated an implicit pressure based
numerical method, high-order discretization schemes, and a robust pressure-correction algorithm
to sequentially solve the pressure continuity and the linearized momentum equations assuming
incompressible and Newtonian blood flow with constant hemodynamic properties (p = 1060
kg/m®, u = 3.71 x 10 Pa). The Newtonian assumption is justified for embryonic blood flows
having “nucleated” and non-aggregated rigid red blood cells [39]. Vessel walls were assumed to
be rigid and impermeable with no slip boundary conditions. Flow split boundary conditions were
applied on extended outlets (i.e. approximately 10 vessel diameters). The total cardiac output

was distributed to dorsal aorta and cranial vessels with a ratio of 90:10. This outlet boundary
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condition strategy allowed the flow to reach the fully developed regime at the distal outlets and
ensured a robust convergence of flow and pressure field inside the domain. Pulsatile flow
waveforms were selected from our previously published studies (Figure 3) [40] as plug-flow
inflow boundary conditions for Stage 18 and Stage 24 [31].

Steady-state solutions were used to initialize the flow field prior to transient solutions.
Convergence was enforced by reducing the residual of continuity equation by 10° at all time
steps. Flow variables were monitored in real-time at the aortic inlet and descending aorta outlet
during the course of each solution to ensure that nonlinear start-up effects were eliminated.
Simulations were continued through six cardiac cycles when the solution became periodic in all
models. Computations took approximately 48 hours to complete (one converged cycle with a
period of ~0.4 seconds) using a Linux work station with two Quad Core Intel Xeon Processors (8

nodes each 2.66GHz) with 8GB of shared parallel memory.

2.6. Statistical analysis

Data was summarized as mean * standard deviation (Table 1) and analyzed using repeated
measures ANOVA to identify relationships between development stage, arch side (Left/Right),
arch number (11" 11", IV, VI™ and arch diameter. For the 111" an IV" aortic arches, no
significant effect was noted for the interaction of three factors (p=0.666) using ANOVA general
linear model, and pairwise comparisons were performed on the data followed by Tukey post-hoc
analysis. All the data was segregated according to different combinations of variables
(development stage and type of aortic arches; development stage and lateral; lateral and type of
aortic arches). One way ANOVA was then applied to the data subgroups. Statistical significance

was defined at 5% alpha error between groups for a single measure (p<0.05).
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3. Results

3.1. 3D geometry of the aortic arches

Arch Distribution: From Stage 18 to Stage 24, the number and dimension of embryonic aortic
arches on each lateral change dynamically, consistent with increasing cardiac output. At Stage 18
and Stage 24, three pairs of aortic arches were noted in almost all embryos. At Stage 18, left side,
only 4 out of 33 embryos had two aortic arches. At Stage 18, right side, all 23 embryos studied
had three aortic arches. And at Stage 24 both left (n=24) and right (n=30) sides had three aortic

1" 11" and

arches. At Stage 18, the three symmetric pairs of aortic arches were identified as the |
IV arches, and based on fluorescence intensity; the 111" aortic arches received the most flow.
At Stage 24, the 11" aortic arches were no longer visible and the arch pattern transformed into
the 11" IV™ and VI" arches. Including the interim Stage 21 data (not shown here), it is observed
that 3-arch pair pattern moved from anterior to posterior through sequential vessel formation and
extinction. As the aortic sac and arches remodel, the common outflow tract and aortic sac was
noted to maintain alignment with the middle aortic arches at Stages 18 and 24.

Arch Dimensions: The mean dimension of the individual aortic arch varied between the
right and left sides and with development. The distribution and relative diameters of the 1%, 111",
IV™ and VI™ right and left aortic arches are shown in Table 1. Both the differences in the
diameters of right and left similar numbered arches and the distribution of the arches varied from
Stage 18 to Stage 24. For example, at Stage 18, the right and left 111" aortic arches were larger
than the other two pairs and the IV arches had smallest diameter (p<0.001). The average arch

diameter from Stage 18 to Stage 24 showed a right dominant trend, consistent with the avian

mature right dominant aortic arch (Stage 24: 111" pairs: p=0.014; IV" pairs: p=0.001; VI™ pairs:
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p<0.001). From Stage 18 to Stage 24, we found that the diameters of the left 1™ arches
decreased (p=0.007); while the diameters of the IV (right: p<0.0001, left: p<0.0001) increased.

There was no statistical difference in Right 111

arch diameter between Stage 18 and 24
(p=0.389).

3D Arch Topology: The embryonic heart tube continues to undergo cardiac looping
between Stage 18 and Stage 24, shifting the positions of both the outflow tract and the aortic sac
relative to the ventricles. At Stage 18, the outflow tract is predominantly right sided and then
remodels to a more midline location by Stage 24. This shift in outflow tract position was
accompanied with the disappearance of 11"’ aortic arches, emergence of VI™ aortic arches and
shifts in the dimension of the 111" and IV" aortic arches. With the increase of the angle between
the branches of two cranial arteries, the aortic arch pairs displayed increasing curvature.
Meanwhile, the curvature of dorsal aorta also increased as the two cranial arteries extended
towards the head. The progressive narrowing between the junction of cranial arteries and the

Ird

paired dorsal aorta eventually leads to a separation of the 111" aortic arches from the dorsal aorta

and their direct connection to the cranial arteries.

3.2. 3D flow pattern in the aortic arch manifold

Blood flow through specific aortic arches was simulated and tracked through the cardiac cycle
using the CFD results of representative 3D composite reconstructions. In this manuscript, the
flow distributions were presented for Stage 18 and Stage 24. The distribution of cardiac output
through each of the individual arch vessels are investigated through the quadrant flow analysis
technique. The cross section of the outflow tract (inflow to the aorta) was segmented into four

quadrants and pulsatile flow path-lines initiating from these quadrants were labeled with four
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different colors to represent specific pathways through the aortic sac and individual arch
segments (Figure 4 and Figure 5).

At Stage 18, blood from the upper left quadrant (green) and upper right quadrants (blue)
preferentially perfused the left sided arches while blood from the lower right quadrant (pink) and
lower left quadrants (orange) preferentially perfused the right sided arches (Figure 4). Stage 18

Ind

upper left quadrant flow (green) distributed through the lower lumen of left II"™ aortic arch, the

" aortic arch, the upper lumen of left V™ aortic arch and also inner curve

whole lumen of left Il
of right 111" aortic arch. Stage 18 lower left quadrant flow (blue) distributed predominantly
through the paired V" aortic arches. Stage 18 lower right quadrant flow (orange) distributed

I aortic arch and partial lumen of right IV" aortic arch. Stage 18

mainly through the right 11
upper right quadrant flow (pink) distributed predominantly through the nearby right 11" and 111"
aortic arches, while a small amount of flow perfused the left 11" aortic arches and then the left

cranial arteries. Flow from the right 11"

aortic arch entered both the right cranial artery and right
sided dorsal aorta. These results predict that blood from three quadrants (upper left, lower right
and lower left,) perfuse the 111 aortic arch pairs which are dominant at this stage.

At Stage 24 (Figure 5), aortic sac inlet blood flow distribution had a similar distributed
effect on regional aortic arch perfusion; however, due to changes in the aortic sac orientation and
aortic arch geometry, the perfusion pattern was considerably different from Stage 18. Blood
from the upper left quadrant (green) filled the upper lumen of right 111", the whole lumen of left
111" and upper lumen of left IV" aortic arches. At the junction of the 111" aortic arches, cranial
arteries and dorsal aorta, the streamlines diverged between the cranial arteries and the dorsal

aorta leading to a predictable site of increased wall shear stress. Blood from lower left (blue) and

lower right (orange) quadrants at Stage 24 provided increased flow to more arches versus Stage
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18. Blood from lower left quadrant (blue) perfused the lower lumen of right 111", the lumen of
right IV, VI™ and also left VI™ aortic arches, while blood from lower right quadrant (orange)
perfused the right 111", left 111", IV and VI™ aortic arches. Blood from the upper right quadrant
(pink) perfused the lower lumen of right 11" and upper lumen of right IV aortic arches. Most of
this upper right stream consequently converged into dorsal aorta with only a small amount
perfusing the cranial arteries (in contrast to the greater cranial perfusion provided by the
comparable quadrant at Stage 18).

Of note, the particle path-line distribution patterns did not vary substantially throughout
the acceleration and deceleration phases of the cardiac cycle (for the entire cardiac cycle
patterns, see the Supplementary Movie for Stage 24) and identical to the mean flow streamline
patterns. This is expected due to the low Reynolds number flow regime with limited convective
mixing. For Stage 18, the maximum velocity in model was 0.17 m/s at the inlet aortic and
Reynolds (Re) numbers were approximately 4. For Stage 24, the maximum velocity recorded in
aortic arches was 0.25 m/s at convergence sites of cranial arteries and dorsal aorta. Re numbers
were approximately 25 at the inlet aortic sac. For both stages, the Womersley number (o) were

smaller than 1.

3.3. Wall shear stress distribution

Wall shear stress (WSS) distribution for Stage 18 left and right sided aortic arches at the
acceleration, peak, and deceleration phases are displayed in Figure 6 a-c and in Table 2. It is
noted that high WSS appeared at locations where flow converged and at narrow arch locations at
Stage 18. The maximum WSS value was 687 dynes cm™ located at the transition between the

aortic sac and the aortic arches during peak flow phase. WSS distributions for Stage 24 left and
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right-sided aortic arches at the acceleration, peak, and deceleration phases are displayed in
Figure 7 a-c. Aortic arch WSS at Stage 24 displayed more sites of high WSS (>105 dynes cm™)

I aortic arches and

including the aortic sac outlet, narrow midpoints of the left IV" and right VV
at the junctions of paired 111" arches with the cranial arteries and dorsal aorta. The maximum
WSS value at Stage 24 was 720 dynes cm™ located at the narrow midpoint of the left V™ aortic
arch at the peak flow.

Non-parametric pair-wise comparison of WSS over the 111 and V" aortic arches at
Stages 18 and 24 reveals that both the time-averaged and peak-flow WSS increases (p = 0.0078)
across-stages (Table 2). Increased WSS corresponds to increased cardiac output at Stage 24
relative to Stage 18. Contours of WSS displayed large spatial variations axially along the arch

I'"" aortic arches

centerline due to the sudden regression in vessel caliper (see left IV and right V
in Figure 6 and 7).

In addition, across-stages variation of aortic arch diameters correlated with the variation
of time-averaged WSS at the corresponding locations (p<0.015). Of note, increase in the
midpoint diameter of the right IV" arch is (statistically more significant (p<0.0001)) and
quantitatively largest (+0.057mm) compared to across-stage diameter variation of the other
arches (Table 2). Hence, the transitions in arch diameters are consistent with expansion of the

"dominant" right 1V" avian aortic arch, which forms the mature aorta, correlated strongly with

the variation in the hemodynamic loading.
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4. Discussion

4.1. Tracking intra-cardiac flow patterns beyond the ventricle

The exact number of distinct intracardiac flow streams that exist in the developing heart
(sustained by the low Reynolds number flow regimes) and their role in regulating the
morphogenesis of spiral aorto-pulmonary septum has long been debated [41, 42]. Since the
1960s, India ink and other dye tracers have been employed systematically to understand this
important flow structure. Leyhane used methylene blue to track blood flow from right or left
vitelline vein and visualized the distinct currents in chick embryos from Stage 17 to Stage 19
[43]; Yoshida et al. used the same methods and found two flow stream patterns in the embryonic
heart and aortic arch [15]. A contemporary investigation by Hogers et al. documented the
intracardiac flow patterns of normal and experimentally altered chick embryos (such as right, left
or posterior vitelline vein ligation) after injecting India ink into tributaries of the vitelline system
at different yolk sac sites [6, 11, 12]. These studies have provided sufficient qualitative evidence
that cardiac morphology and function is impacted by altered flow patterns. Earlier studies relied
on the 2D optical projections of streamlines, and the quantification of flow data beyond the
outflow tract was limited due to the 3D morphology of the aortic arches and their tendency for
increasingly limited optical access with development. The 3D pulsatile CFD results presented in
this manuscript enabled for the first time in the literature the quantitative tracking of the intra-
cardiac flow currents beyond the ventricle and the specific aortic arch lumen at early (Stage 18)
and later stages (Stage 24).

Previous in vivo studies performed by Hogers et al. confirmed the presence of unique
intracardiac flow streams which originate from different yolk sac regions (right lateral, left

lateral, anterior and posterior) and distribute equally in four quadrants along the cross section of
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the conotruncus (inlet of the aortic sac) [6]. Selective reduction of these flow streams due to the
viteline vein ligation results in significant shifts in the normal quadrant flow pattern and is
associated with downstream pharyngeal arch artery malformations including an interrupted aorta,
reduced diameter of the right third or sixth pharyngeal arch arteries and in some cases an
additional left aorta [12]. The orientations of the quadrants adopted in this analysis (Section 3.2)
were guided by this earlier study which enabled the tracking of the abnormal flow streams
through the aortic sac and specific arches. Hogers et al. (1995) showed that after right vitelline
vein ligation at Stage 17, embryonic blood flow concentrates in ventral right quadrants and a
small portion of the ventral left quadrants of the cross section of conotruncus [6]. Results of this
study indicate that this disturbed quadrant blood flow pattern would lead to reduced right 11",
111" and both IV" aortic arch perfusion but more blood flow in the 11", 111" and left V™" aortic
arches. Interestingly for certain arches, their eventual re-distribution of blood flow is dependent
upon dual altered flow patterns due to a compromise between lesser perfusion possibility of inlet
quadrants and more flow mass perfusion of certain aortic arch systems. This could explain the in
vivo observation that ligation of right vitelline vein results in two distinct outcomes, e. g. the
interruption of aorta and the generation of double aortic arch in Hogers’ observation. Results of
this study confirm that altered local perfusion of aortic arch impacts the terminal congenital
morphologies. Further prognosis of this intervention can be studied with this composite model at
Stage 24, which could simulate the blood streamlines in specific aortic arches at this stage as
well. The present analysis is applicable to other possible embryonic interventions, performed
either to create or to treat congenital heart defects, and the effect of altered aortic arches

perfusion can be investigated.
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4.2. Analysis of WSS distribution

Compared to the human aorta, flow within the aortic arches of smaller animals results in a lower
peak Reynolds numbers and considerably higher wall shear stresses [25, 44]. Earlier CFD studies
indicated complex characteristic WSS distributions proximal to the vessel anastomosis regions.
In spite of the more complex arch manifold, the present study followed the similar trend of
higher WSS in even smaller body sizes and complex regional differences. This trend implies that
during development the absolute value of WSS could be selectively interpreted and associated
with diverse endothelial functions. At Stage 24, the higher time-averaged WSS is located on the
right IV™" aortic arch coinciding with significantly larger vessel diameters, indicating that this
level of WSS (28 dynes cm™) results in cell proliferation for this region [45]. While an order of
magnitude higher WSS value at the junction of 111" aortic arches, cranial arteries and dorsal aorta
could trigger the regression of these regions interfering with the apoptosis pathway. Aside from
the magnitude of WSS, the dynamics of WSS (oscillatory, unidirectional, etc.) is another
possible factor for functional differentiation [46, 47].

Changes in WSS clearly trigger altered endothelial cell function and gene expression [2].
The majority of previous in vitro studies conducted at lower WSS levels in mature vascular
systems demonstrate that endothelial cells are sensitive to WSS as low as 1 dynes cm™[48]. The
WSS levels considerably larger than 1 dynes cm™, as found in present models, not only suggest
that the WSS exerted by blood flow can be sensed (by endothelial cell and then stimuli a gene
expression pathway to change the macro morphology and function) but also that the WSS
sensitivity of the developing endothelium can be continuously adapting to the changing mean
WSS level. This can be an indicator of the developmental time points transmitted to the gene

program. The extent of this mechanism at considerably higher WSS levels as observed in the
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developing embryo becomes critical and requires more investigation at higher WSS levels. The
3D expression of shear stress responsive genes, KLF-2, ET-1 and NOS-3 in the developing
cardiovascular system of chick embryos were recently investigated where KLF-2 and NOS-3
levels were known to be elevated at the high shear sites of Stage 18 [1, 49-51]. These studies also
suggested that the vascular malformations created by right vitelline vein ligation are associated
with the ET-1 pathway. Likewise, the high WSS regions calculated in this study predict
enhanced KLF-2 and NOS-3 expression at these areas which are in qualitative agreement with
the 3D gene expression patterns detected in Gittenberger-de Groot and Robert E. Poelmann [49],
including the maximum shear stress region of the inlet aortic sac where larger ET-1 gene

expression levels are recorded.

4.3. Verification of the composite 3D models

Limited qualitative information on the 3D morphogenesis of embryonic aortic arches is available
from the scanning electron micrograph pictures of vascular casts of chick embryo from Stage 19
to Stage 24 [3]. In addition, Waldo et al. presented the right lateral schematic diagrams of major
great vessels at HH Stages 18, 22, 25 [52] and performed preliminary qualitative computational
reconstructions from serial registered histological sections of embryonic heart with aortic arches
at Stage 18 and Stage 24 [1, 49]. Although 3D information is very limited in these reports, all of
these studies are in qualitative agreement with the topology of composite 3D reconstructions in
the current study, which were acquired from micro-CT scans. Specific anatomical features such
as the complex 3D narrowing of the 3™ aortic arches, cranial arteries and dorsal aorta junction at
Stage 24, which will further disconnect from the dorsal aorta at Stage 27, is in agreement with

Hiruma et al. [3]. The integrity of the present 3D quantitative morphology of the aortic arch was
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further verified; (1) by overlapping the 3D reconstructions with the large set of 2D fluorescence
dye injection recordings at several views, (2) through multiple snap-shots used for vessel
diameter measurements and (3) by the auxiliary micro-CT scans and 3D reconstructions with
parametric segmentation and smoothing settings. Vessel diameter measurements of the
individual arches in this study were performed at the mid-point locations to capture the minimum
vessel diameter and therefore the greatest hydrodynamic resistance since the formation of aortic
arch begins from two ends and eventually connects in the middle [3]. The 3D model agrees well
with these 2D results. Detailed statistical analysis was also performed on the measurement

results of aortic arch diameters.

4.4. Limitations

The 2D diameter measurements used in the current study were influenced by both reflected
fluorescent light and by the volume of injected dye. Therefore large sample numbers were used
and a complete statistical analysis was performed to reduce these effects. Since the selection of
midpoint and normal direction of the aortic arch was user dependent, a t-test of measurements
conducted by different observers need to be performed on the existing time-lapsed fluorescent
movie recordings. The vessel wall in this study was assumed to be rigid throughout the cardiac
cycle because no significant changes in wall movement were observed distal to the outflow tract.
In this study the body-to-head flow split is kept at the physiological well established literature
ratio of 90 to 10, while simulations can easily be performed for more balanced flow split ratios
with the existing CFD model. Finally, while it is important to interpret the relationships between

flow patterns, WSS, gene expression and aortic arch morphology, the inclusion of data related to
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hemodynamic factors, such as WSS gradient, oscillatory shear index and other biological assays

may be required since the information on the exact bio-physical interaction is still limited.

4.5. Conclusion

Expanding on the previous intra-cardiac hemodynamic investigations, the present study is a first
attempt to reconstruct the normal (healthy) micro 3D aortic arch morphology and flow
distribution during a critical period of development based on anatomical casts in chick embryo.

1" 11" and

Several major findings are reported including: (1) Aortic arch patterns change from |
IV to 111, 1V™ and VI™ between Stages 18 and 24; by Stage 24, the mean diameters of the right
arches are significantly larger than the left, consistent with the future right dominant arch in
avian species; (2) extensive 3D anatomical changes in size, curvature and orientation of the
developing arches and cranial vessels are quantified through multiple composite models; (3)
differences in flow regimes during development and individual arch flow-splits at healthy
conditions are documented which will provide an important baseline data in future studies with
congenitally defected models; (4) statistical correlation between flow and morphology indicates
that altered blood flow distribution of aortic sac impacts regional aortic arch perfusion and 3D
orientation of outflow tract can drive the paired arch growth and regression; and (5) complex and
high WSS distributions are found at the bifurcation and stenosed vessel regions with the highest
value around 700 dynes cm™ at low Reynolds regimes.

The present results confirm both the importance of blood flow for the normal
development and the possibility of selectively regulating the embryonic arch flow split or wall

shear stress patterns to intervene and counteract the progressing pharyngeal arch artery

malformations.
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List of Tables

Table 1: Developmental shifts and measurements of the aortic arch mid-point diameters at Stages
18 and 24. L: left; R: right; SD: standard deviation; n: number of samples studied per group.
Statistically significant differences (p<0.05) in individual arch diameter between stages are
denoted by * (arch growth). For fixed arch type, the statistically significant diameter differences
between R and L laterals are denoted by 1 (right dominance). Statistically significant differences

from the remaining two arches on the same lateral are indicated by 1.

Table 2: Wall shear stress (WSS) averaged spatially over each aortic arch segment at Stages 18

and 24 for the peak flow condition and averaged over the cardiac cycle (time-averaged); L: left;
R: right; SD: standard deviation. The cardiac-cycle averaged WSS at the midpoint of the arches
are also provided for comparison with the measured midpoint diameters (Table 1). WSS for

individual arch is calculated from the representative CFD model for Stage 18 and Stage 24.
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List of Figures

Figure 1. A cartoon representation of all 6 pairs of aortic arch branches that appear, disappear
and reappear during early embryonic development. Not all arches exist at the same time, and a
general trend occurs where cranial arches are replaced by caudal arch pairs. The sketch on the
right hand side shows the association of major arterial great vessels at term with these six aortic

arch pairs. Grey solid lines represent the arch vessels that became extinct during development.

Figure 2: Representative left lateral (a,c) and right lateral (b,d) views of embryonic chick aortic
arches with Rhodamine B at Stage 18 (a, b) and Stage 24 (c, d). There are 3 pairs of aortic arches
at Stages 18 and 24, but with different patterns. Individual aortic arches are labeled with roman

numerals. The scale bar corresponds to 500 pum.

Figure 3: Pulsatile flow rate waveforms used to represent a single cardiac cycle at the inlet to the
aortic sac for Stage 18 and Stage 24 models based on the data published by Y oshigi et al. (2000)
Ref. [40]. The heart rate is 160 beat per second at Stage 18 and 132 beat per second at Stage 24.

Figure 4. Representative mean flow path-lines at Stagel8 of particles released from different
inlet quadrants into the proximal aortic sac. Note that flow stream separation was maintained in
the aortic sac and each quadrant of inlet flow preferentially filled specific right and/or left aortic
arches. Panel a: Right upper quadrant flow or right ventral quadrant flow (pink). Panel b: Left
upper quadrant flow or left ventral quadrant (green). Panel c¢: Right lower quadrant flow or right
dorsal quadrant flow (orange). Panel d: Left lower quadrant flow or left dorsal quadrant flow
(blue).

Figure 5. Representative mean flow path-lines at Stage 24 of particles released from different
inlet quadrants into the proximal aortic sac. Similar to Stage 18, flow stream separation was
maintained in the aortic sac and each quadrant of inlet flow preferentially filled specific right

and/or left aortic arches, though the pattern differed from Stage 18 due to disappearance of the

“nd Ith

aortic arches and appearance of the VI aortic arches. Panel a: Right upper quadrant flow
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(pink). Panel b: Left upper quadrant flow (green). Panel c: Right lower quadrant flow (orange).

Panel d: Left lower quadrant flow (blue).

Figure 6: Aortic sac and aortic arch wall shear stress (WSS) distributions at Stage 18 displayed
from left lateral (L) and right lateral (R) views. Corresponding to (a) flow acceleration; (b) peak
flow velocity; (c) flow deceleration phases of the cardiac cycle. A maximum WSS value of 687
dynes/cm?® was noted briefly in several distinct areas (see arrow). In order to display a broader

range of WSS, a peak WSS of 350 dynes/cm? is shown in the legend.

Figure 7: Aortic sac and aortic arch wall shear stress (WSS) distributions at Stage 24 displayed
from left anterior oblique (L) and right lateral (R) views. Corresponding to (a) flow acceleration;
(b) peak flow velocity; (c) flow deceleration. A maximum WSS value of 720 dynes/cm® was
noted briefly in several distinct areas (see arrow). In order to display a broader range of WSS, a

peak WSS of 350 dynes/cm? is shown.
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Figure 1: A cartoon representation of all 6 pairs of aortic arch branches that
appear, disappear and reappear during early embryonic development. Not all
arches exist at the same time, and a general trend occurs where cranial arches are
replaced by caudal arch pairs. The sketch on the right hand side shows the
association of major arterial great vessels at term with these six aortic arch pairs.
Grey solid lines represent the arch vessels that became extinct during
development.
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Figure 2: Representative left lateral (a,c) and right lateral (b,d) views of embryonic
chick aortic arches with Rhodamine B at Stage 18 (a, b) and Stage 24 (c, d). There
are 3 pairs of aortic arches at Stages 18 and 24, but with different patterns.
Individual aortic arches are labeled with roman numerals. The scale bar
corresponds to 500 um.
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Figure 3: Pulsatile flow rate waveforms used to represent a single cardiac cycle at
the inlet to the aortic sac for Stage 18 and Stage 24 models based on the data
published by Yoshigi et al. (2000) Ref. [40]. The heart rate is 160 beat per second at
Stage 18 and 132 beat per second at Stage 24.
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Figure 4: Representative mean flow path-lines at Stage18 of particles released from
different inlet quadrants into the proximal aortic sac. Note that flow stream separation
was maintained in the aortic sac and each quadrant of inlet flow preferentially filled
specific right and/or left aortic arches. Panel a: Right upper quadrant flow or right
ventral quadrant flow (pink). Panel b: Left upper quadrant flow or left ventral quadrant
(green). Panel c: Right lower quadrant flow or right dorsal quadrant flow (orange).
Panel d: Left lower quadrant flow or left dorsal quadrant flow (blue).
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Figure 5. Representative mean flow path-lines at Stage 24 of particles released from
different inlet quadrants into the proximal aortic sac. Similar to Stage 18, flow stream
separation was maintained in the aortic sac and each quadrant of inlet flow
preferentially filled specific right and/or left aortic arches, though the pattern differed
from Stage 18 due to disappearance of the II"® aortic arches and appearance of the VIt
aortic arches. Panel a: Right upper quadrant flow (pink). Panel b: Left upper quadrant
flow (green). Panel c: Right lower quadrant flow (orange). Panel d: Left lower quadrant
flow (blue).
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Figure 6: Aortic sac and aortic arch wall shear stress (WSS) distributions at Stage 18
displayed from left lateral (L) and right lateral (R) views. Corresponding to (a) flow
acceleration; (b) peak flow velocity; (c) flow deceleration phases of the cardiac cycle. A
maximum WSS value of 687 dynes/cm? was noted briefly in several distinct areas (see
arrow). In order to display a broader range of WSS, a peak WSS of 350 dynes/cm? is
shown in the legend.
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Figure 7: Aortic sac and aortic arch wall shear stress (WSS) distributions at Stage 24
displayed from left anterior oblique (L) and right lateral (R) views. Corresponding to (a)
flow acceleration; (b) peak flow velocity; (c) flow deceleration. A maximum WSS value
of 720 dynes/cm? was noted briefly in several distinct areas (see arrow). In order to
display a broader range of WSS, a peak WSS of 350 dynes/cm? is shown.
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Table 1: Developmental shifts and measurements of the aortic arch mid-point diameters at
Stages 18 and 24. L: left; R: right; SD: standard deviation; n: number of samples studied per
group. Statistically significant differences (p<0.05) in individual arch diameter between stages
are denoted by * (arch growth). For fixed arch type, the statistically significant diameter

differences between R and L laterals are denoted by t (right dominance). Statistically significant

differences from the remaining two arches on the same lateral are indicated by %.

Midpoint diameter
Aortic | Lateral (SD) (mm)
Arch Side
Stage 18 | Stage 24 | Stage 18 | Stage 24
0.101 ¢t
1 L (0.025) i 33 i
0.112 t
R (0.021) i 23 i
0.127 0.112 *
m L (0.023) (0.015) 33 24
0.129 0.123 ¢t
R (0.037) (0.016) 23 30
0.075 0.118 *
v L (0.011) (0.019) 29 24
0.083 0.140 * 1
R (0.020) (0.024) 23 30
0.113
Vi L i (0.019) i 24
R i 0.138 t ¢ ) 29
(0.024)




Table 2: Wall shear stress (WSS) averaged spatially over each aortic arch segment at Stages 18

and 24 for the peak flow condition and averaged over the cardiac cycle (time-averaged); L.: left;

R: right; SD: standard deviation. The cardiac-cycle averaged WSS at the midpoint of the arches

are also provided for comparison with the measured midpoint diameters (Table 1). WSS for

individual arch is calculated from the representative CFD model for Stage 18 and Stage 24.

Spatial-average arch WSS (dynes/cm?)

WSS at arch midpoint

Aortic | Lateral Peak flow WSS Cardiac-averaged WSS (dynes/cm?)
Arch | Side (=SD) (xSD)
Stage 18 | Stage 24 | Stage 18 | Stage 24 | Stage 18 | Stage 24
59.4 17.9
L - - 32 -
T (14) (5)
47.1 14.3
R - - -
(12 @ 24
64.4 104.9 19.4 23.6
L 53 45
" (18) (37) (5) (8)
55.8 82.2 17.0 18.4
R 37 40
(17) (16) (5) (4)
41.7 92.3 12.5 20.8
L 49 164
v (17) (56) (5) (12)
R 59.9 122.9 18.2 27.5 33 80
(18) (40) (6) 9)
130.7 29.3
L ) - - 86
VI (28) (6)
R i 40.4 i 9.0 i 61
(40) 9)




Animation Stage 24 Aortic arch particle pathlines

The animation that shows the particle path lines at Stage 24 aortic arch manifold
can be downloaded from the following web address:

http://www.andrew.cmu.edu/user/kpekkan/Supplemantal Movie Stage24 particle pathlines.avi

(http://www.andrew.cmu.edu/user/kpekkan/Supplemantal_Movie_Stage24_particle_pathlines.avi)

We could not upload this file to the Editorial Manager as it didn’t allowed avi files.
Hope all reviewers could see this animation that shows the unsteady flow
distribution of quadrant flow streams.





