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Abstract

Hemodynamic analysis of the mouse embryonic heart is essential for understanding the functional
aspects of early cardiogenesis and advancing the research in congenital heart defects. However,
high-resolution imaging of cardiac hemodynamics in mammalian models remains challenging,
primarily due to the dynamic nature and deep location of the embryonic heart. Here we report
four-dimensional micro-scale imaging of blood flow in the early mouse embryonic heart, enabling
time-resolved measurement and analysis of flow velocity throughout the heart tube. Our method
uses Doppler optical coherence tomography in live mouse embryo culture, and employs a post-
processing synchronization approach to reconstruct three-dimensional data over time at a 100 Hz
volume rate. Experiments were performed on live mouse embryos at embryonic day 9.0. Our
results show blood flow dynamics inside the beating heart, with the capability for quantitative flow
velocity assessment in the primitive atrium, atrioventricular and bulboventricular regions, and
bulbus cordis. Combined cardiodynamic and hemodynamic analysis indicates this functional
imaging method can be utilized to further investigate the mechanical relationship between blood
flow dynamics and cardiac wall movement, bringing new possibilities to study biomechanics in
early mammalian cardiogenesis.

Four-dimensional live hemodynamic imaging of the mouse embryonic heart at embryonic day 9.0
using Doppler optical coherence tomography, showing directional blood flows in the sinus
venosus, primitive atrium, atrioventricular region and vitelline vein.

Graphical Abstract

Congenital heart disease is the most common congenital disorder, affecting 1% newborns in the
U.S. Visualization and measurement of hemodynamics in early developing mammalian heart can
provide great insights for improved understanding of normal cardiogenesis and congenital cardiac
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defects. In this study, Doppler optical coherence tomography is performed in live mouse embryo
culture to obtain the first four-dimensional high-resolution imaging and measurement of
hemodynamic features in the mammalian embryonic heart.
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1. Introduction

Hemodynamics is a key biomechanical factor and plays a pivotal role in early cardiac
morphogenesis [1, 2] and cardiac conduction system development [3, 4]. Abnormal
hemodynamics can lead to congenital heart disease [5, 6], which is the most common
congenital disorder affecting about 40,000 newborns per year in the United States [7]. In
spite of our understanding of the significant role of hemodynamics during cardiovascular
development, the assessment of hemodynamics in the mammalian embryonic heart is very
limited [8, 9], largely owing to the lack of proper functional imaging approaches with
sufficient field of view and spatiotemporal resolution. The ability to visualize and measure
blood flow in the embryonic heart at high resolution in a mammalian model remains a
highly desired tool needed to advance the research and understanding of human congenital
heart defects.

Acoustic imaging techniques, e.g. Doppler ultrasonic imaging, are widely used in the
clinical environment to examine fetal cardiovascular health [10, 11]. However, in preclinical
research using mouse models, the relatively poor spatial resolution (tens to hundreds of
microns) of these techniques cannot provide sufficient resolving capability to obtain detailed
hemodynamic information from inside the developing heart [12]. To achieve higher spatial
resolution, confocal microscopy with vital fluorescent reporters is a powerful approach for
imaging blood flow dynamics during the development of mouse embryonic vasculature [13,
14]. However, experiments are mainly limited to blood vessels from the extraembryonic yolk
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sac due to the lack of depthwise field of view [15, 16]. Nonlinear florescence microscopy,
such as two-photon and multi-photon microscopy, which has a higher imaging depth than
confocal microscopy, is becoming a popular tool in developmental biology [17, 18].
Although it was successfully applied for three-dimensional (3D) imaging of live mammalian
embryos [19, 20], applications were mainly limited to pre-implantation embryos, and no
data from the embryonic heart has been reported. Thus, to meet the demand of probing
detailed hemodynamic features in the mouse embryonic heart, an imaging approach with the
spatial scale that fills the gap between traditional modalities is required.

Optical coherence tomography (OCT) is an emerging 3D embryonic imaging method with
micro-scale spatial resolution and several millimetres penetration depth [21-23]. Doppler
OCT, based on the optical phase from OCT complex signals, provides the capability of
quantitatively mapping the velocities of moving scatters (such as blood cells) inside tissue
[24-26]. Using Doppler OCT for live blood flow imaging has been established in various
animal models, including Xenopus laevis [27], Drosophila [28], chick [29, 30], and mouse
[31, 32]. Since the embryonic heart is a highly dynamic organ, direct time-resolved high-
resolution imaging of hemodynamics inside the heart in 3D is challenging due to the limited
volumetric imaging speed of OCT. To overcome this limitation, gated data acquisition and
post-processing approaches have been proposed. Mariampillai et al utilized a second OCT
system to probe cardiac motion as the gating signal for Doppler OCT imaging and obtained
four-dimensional (4D) blood flow dynamics in the Xenopus laevis heart at a 45 Hz volume
rate [33]. Jenkins et al applied an image-based retrospective gating algorithm [34] to
measure 4D hemodynamics in the quail embryonic heart [35]. Additionally, with a similar
post-processing approach [36], Liu et al reconstructed 4D blood flow dynamics in the chick
embryonic outflow tract and characterized the biomechanics of the heart wall [37]. Despite
these efforts, high-resolution imaging of hemodynamics in the mammalian embryonic heart
has yet to be reported. Mice are the only mammalian organism that has a variety of genetic
manipulation tools available for engineering mutants modelling human congenital heart
defects [38]. Imaging 4D cardiac hemodynamics in the live mouse embryo can bring the
knowledge that is translational and that will directly contribute to the understanding and the
clinical care of congenital cardiac diseases [39], which is a major advantage over the avian
and amphibian models.

In this paper, we report the first 4D live imaging and hemodynamic analysis in the mouse
embryonic heart at a volume rate of 100 Hz and a spatial resolution of ~5 um. With Doppler
OCT and post-processing synchronization, this method can provide detailed structural and
functional information of early developing mammalian hearts and can indicate time-resolved
blood flow patterns throughout the heart tube. In addition, combined with cardiodynamic
analysis, our approach can be employed to assess the mechanical relationship between blood
flow dynamics and cardiac wall movement. This work opens great opportunities to study the
biomechanical aspects of the mouse embryonic heart during early development, which will
advance our knowledge of the biomechanics in mammalian cardiogenesis.
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2. Materials and Methods

2.1 OCT system

We employed a home-built spectral-domain OCT system [40, 41] with a central wavelength
of 808 nm and a bandwidth of ~110 nm. A fiber-based Michelson interferometer was
utilized for the interference of light from reference and sample arms. The interference
fringes were spatially resolved using a home-built spectrometer containing a diffraction
grating, a focusing lens system and a line-field CMOS camera (spL4096-140km, Basler).
The two-dimensional (2D) scanning of the imaging beam was obtained through two
galvanometer mirrors. The system had an A-line rate of ~68 kHz, and provided the spatial
resolutions of ~5 pm (in tissue) in the axial direction and ~4 um in the transverse direction.
The system sensitivity was measured as ~97 dB with a sensitivity drop of ~4 dB over ~1 mm
in depth. The OCT sample arm was placed in an incubator during the entire imaging
process. To generate high-resolution 4D images, data acquisition was conducted to have B-
scans over time (for at least two heartbeat cycles) in a stepped parallel slice geometry at
different spatial locations spanning the whole mouse embryonic heart [41].

2.2 Mouse embryos

Mouse embryos at embryonic day 9.0 (E9.0) with 12-16 somites were utilized in this study.
At this developmental stage, looping of the heart initiates, forming four major parts: the
sinus venosus, primitive atrium, primitive ventricle, and bulbus cordis. Mice were mated
overnight, and females were monitored for a vaginal plug in the morning. The details of
mouse embryo preparation can be found in our previous work [42]. Briefly, under 37°C,
embryos were dissected with the yolk sac intact in culture medium containing 89% DMEM/
F12, 1% penicillin-streptomycin and 10% fetal bovine serum. The embryos were then
transferred to a humidified incubator (VWR Symphony) at 37°C with 5% CO> to recover for
1.5 hours. The OCT imaging of the mouse embryos was conducted inside a humidified
incubator (37°C, 5% CO,) where the sample arm of the OCT system is located. All animal
manipulation procedures have been approved by the Institutional Animal Care and Use
Committee of Baylor College of Medicine, and our experiments followed the approved
guidelines and regulations.

2.3 Doppler imaging and 4D reconstruction

The data processing for 4D Doppler OCT hemodynamic imaging is illustrated in Figure 1.
From the interpolated equal 4-space interference fringes, fast Fourier transform was
performed to obtain complex OCT signals /, where /= A+/B. The intensity of each pixel
was calculated as

[I|= A2+ B? (1)

which was mapped as the structural image with a logarithm scale. For Doppler processing,
we applied the windowed Kasai autocorrelation function to estimate the blood flow velocity
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[43, 44]. The detailed derivation can be found in previous work on Doppler ultrasound [45].
The Doppler frequency shift 7from the spatial position (/m, 1)) was calculated as

M N-1

Z Z (A7n,n+1Bm,n _Bm,n+1Am,n)
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where 7;is the A-line rate of the OCT system, Ag is the averaged phase shift between A-
lines, Mx N is the size of the window with A and A representing the number of pixels in the
axial and transverse directions, respectively, and /mand 7 are the respective axial and
transverse pixel positions. With the Doppler frequency favailable, the absolute flow velocity
vand the axial flow velocity v, can be quantified as

_vq A
Y cos8 2ncosd 3)

where A is the central wavelength of the OCT system, nis the refractive index of blood
(assumed as 1.4), and @is the angle between the blood flow direction and the OCT imaging
beam, which was measured based on the 3D OCT structural image. To determine the blood
flow direction, a vertical 2D cross-sectional view through the structural OCT volume along
the heart tube was created at each measurement point. A line through the centre of the heart
tube in the 2D image was used to represent the blood flow direction, and the angle between
this line and the vertical direction was manually measured as 6. The mapping of the axial
flow velocity to the spatial position produced a 2D Doppler image.

The post-processing synchronization for the B-scan time lapse to have the same phase of
heartbeat cycle was conducted based on the structural images, as previously reported [41,
46, 47]. The 4D structural synchronization provides the information of the temporal and
spatial locations to rearrange the corresponding 2D Doppler images, enabling 4D
reconstruction of the cardiac blood flow. The registration of the dynamic structural images
and blood flow images was used as the 4D hemodynamic imaging result for the mouse
embryonic hearts.

3. Results

Four-dimensional cardiac hemodynamic imaging in an E9.0 mouse embryo is shown in
Figure 2, Media 1 and Media 2, with two cross-sectional views covering the sinus venosus,
primitive atrium, primitive ventricle and bulbus cordis of the heart. With 4D visualization,
the features of the blood flow dynamics are clearly distinguishable. As shown in Figure
2(A), as the atrium fully opens, a strong flow forms and feeds into the ventricle through the
sinus venosus and the atrium. Since blood flows into the sinus venosus from two conjoining
veins, in the atrium two separate streams of blood flow can be visualized in Figure 2(B).
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When the primitive atrium contracts, retrograde flow forms inside the atrium, as indicated
with the solid arrows in Figure 2(C) and Figure 2(D). Such backward flow is also present in
the vitelline vein. Similar to the atrium, when the bulbus cordis is wide-open, strong blood
output forms through the bulbus cordis, as shown in Figure 2(F). During the ventricle
contraction, from Figure 2(G), it can be seen that blood flows from the ventricle to the
bulbus cordis, with the Doppler signals present in the bulboventricular region. Concurrently,
retrograde flow is forming in the atrioventricular region (pointed with a dashed arrow),
which indicates the presence of a simultaneous bi-directional flow inside the primitive
ventricle at this time point. As the bulbus cordis contracts, retrograde flow appears in the
bulbus cordis and bulboventricular region, as indicated with the dotted arrows in Figure
2(H), where retrograde flow in the atrioventricular region is still present (pointed with a
dashed arrow). During further contraction of the bulbus cordis, retrograde flow remains in
the bulboventricular region (indicated with a dotted arrow), shown in Figure 2(E). At the
same time, the ventricle starts to open, and strong blood flow entering the ventricle is
visualized, thus creating another time point when simultaneous bi-directional flow is present
in the primitive ventricle. To the best of our knowledge, these results are the first high-
resolution 4D visualizations of hemodynamic flow patterns inside the mouse embryonic
heart tube, and can be of great value for the further studies of biomechanics during early
mammalian heart development.

A cross-section in the atrioventricular region of the embryonic heart was taken, and the
absolute blood flow velocity was mapped over the spatial region within the heart tube, as
shown in Figure 3. With the 2D smoothed surface in Figure 3(A), it can be seen that the
blood forms a laminar flow over the spatial region, which is also indicated by the parabolic
fit of the one-dimensional velocity profile in Figure 3(B). The results of peak blood flow
velocity in the embryonic heart are comparable with the range of hemodynamic
measurements in the mouse embryos from other developmental stages measured /n utero
using Doppler ultrasonic imaging [48-50]. Also, our measured velocity values are
comparable to those from the chick embryonic heart obtained with OCT [30, 51]. These data
suggest the feasibility of our approach to perform quantitative 2D spatially-resolved
measurements of the absolute blood flow velocity inside the mouse embryonic heart.

Time-resolved analysis of the peak flow velocity at four selected locations throughout the
heart tube of an E9.0 mouse embryo is shown in Figure 4. The positions where the velocity
measurements were taken are labelled in 3D with yellow plates, shown in Figure 4(A-D).
These data clearly show that retrograde flows are present at all four positions, including the
primitive atrium, atrioventricular and bulboventricular regions, and bulbus cordis. From
Figure 4(E), in the primitive atrium, the inflow, central and outflow regions have blood flow
turning from forward to retrograde flow at close but different time points, indicated with
three short green arrows. For retrograde flows, the outflow region has the maximum velocity
later than the inflow region, which is labelled with the solid and the dashed orange arrows.
Due to the closure of the atrium central region, the retrograde flow at this location undergoes
a decrease in velocity, shown with a dotted orange arrow. The velocity values that are still
present at this time are from the Doppler (phase) signal noise. Together with Figure 4(F), it
can be seen that the time points at which the flow direction switches show delays from the
atrioventricular region as compared to the central region of the primitive atrium. The delays
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are measured as ~40 ms and ~10 ms for the forward to retrograde switch and the retrograde
to forward switch, respectively. From Figure 4(F) and Figure 4(G), the previously visualized
simultaneous bi-directional blood flows in the primitive ventricle are quantitatively shown
with the velocity profiles in the atrioventricular and bulboventricular regions, which are
labelled with yellow blocks. In Figure 4(G) and Figure 4(H), the bulbus cordis shows no
time delay from the bulboventricular region for the switch of flow direction, while the
appearing of forward flow is ahead of ~30 ms in the bulbus cordis as compared to the
bulboventricular region. These time-resolved analyses confirm the 4D observations (Figure
2, Media 1 and Media 2) and demonstrate the capability of our imaging approach to provide
quantitative assessment of specific cardiac blood flow dynamics in mouse embryos with a
high temporal resolution.

During mammalian heart development, dramatic morphological changes occur in the
bulboventricular region, e.g. the formation of the right ventricle and the interventricular
septum [52, 53]. To demonstrate the feasibility of the described method for studying the
biomechanical relationship between blood flow and heart wall movement, we analysed the
hemodynamic features in the bulboventricular region in relation to the wall movements from
the central parts of the ventricle and the bulbus cordis, shown in Figure 5. Cardiac wall
dynamics were measured with diameter changes of the heart tube at specific locations based
on 4D structural OCT imaging. In Figure 5(A), the primitive ventricle and the bulbus cordis
show similar contraction and relaxation profiles over time with a small temporal difference
of about 10-20 ms. Also, strong forward bulboventricular blood flow occurs during the
contraction of both the ventricle and the bulbus cordis. Retrograde flow forms near the end
of the contraction. Specifically, retrograde flow starts when the ventricle is at its most
contracted state while the bulbus cordis is still in the process of contraction (close to the end
of the cycle). After this, retrograde flow lasts for a short period during the initial relaxation
of both the bulbus cordis and the ventricle. These observations can be seen in the 4D
visualization (Figure 2 and Media 2). However, such time-resolved quantitative plots provide
greater details, helping to identify a clearer temporal relationship.

As a demonstration of further analysis that can be performed based on this functional
imaging approach, we analysed the heart wall velocity as a function of time, which is shown
in Figure 5(B). The heart wall velocity was estimated as a half of the derivative of the
smoothed diameter over time. These plots show that the start of bulboventricular retrograde
flow occurs at a time close to the maximum contraction velocity of the bulbus cordis wall
(pointed by a solid arrow). During this retrograde flow, the relaxation velocity of the
ventricle wall reaches its highest value (pointed with a dotted arrow). These suggest that the
bulbus cordis contraction velocity and the ventricle relaxation velocity are possibly two of
the contributing factors for the formation and maintenance of retrograde flow in the
bulboventricular region. Also, the strong forward blood flow is coincident with the
maximum wall contraction velocity of the primitive ventricle (pointed with a dashed arrow),
implying a possible correlation between blood flow dynamics and the velocity of the heart
wall movement. These results indicate that the described 4D imaging method can provide
combined cardiodynamic and hemodynamic analysis over time, which will help to achieve
improved understanding of the biomechanics in early mammalian embryonic heart.
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With a total of six mouse embryos at E9.0 (12-16 somites), Figure 6 shows the maximum of
peak flow velocity over time from the bulboventricular region for each embryo. The
heartbeat cycle of these embryos is 0.49+0.04 s. For the forward and the backward flows, the
maximum velocities are measured as 7.7+2.8 mm/s and 9.5+3.1 mm/s, respectively. The
variation in velocity between embryos might due to individual developmental differences.

4. Discussions and Conclusions

Our results demonstrate that this Doppler-OCT-based 4D hemodynamic imaging approach is
able to provide high-resolution visualization and measurement of blood flow dynamics
throughout the early developing heart tube in mouse embryos, and can be utilized to perform
time-resolved analysis of the mechanical relationship between blood flow dynamics and
heart wall movement. This study opens the door for a variety of experiments to investigate
biomechanical factors in early mammalian cardiogenesis, which can lead to advances in
research on congenital heart disease.

Our Doppler OCT imaging was based on a windowed Kasai autocorrelation function. It was
demonstrated that the velocity estimation with the Kasai autocorrelation function provides
greater numerical efficiency compared with directly computing the phase difference between
A-lines [43]. In our computation, we applied a window size of 10x10 pixels. Applying larger
window size was found to have improved accuracy of velocity assessment [43], however, at
the expense of increased processing time and blurring of final images. The output of phase
calculation in Equation (2) has the range from —r to +, thus limiting the highest
measurable axial flow velocity as ~9.8 mm/s. With an angle @ existing between the
directions of blood flow and OCT imaging beam, the measurable range of absolute blood
flow velocity is proportionally extended by a factor of 1/cosé. Also, with a higher A-line
rate, higher velocity could be measured without aliasing of optical phase signals. The
sensitivity of the axial velocity measurement is mainly determined by the stability of phase
from the OCT system during embryonic imaging. In our case, the lowest axial velocity that
can be resolved is ~0.5 mm/s. Better phase stability could be achieved by implementing a
common-path configuration of the low coherence interferometer [54, 55], which will lead to
an improved sensitivity of velocity.

The manual measurement of the angle between laser beam and blood flow direction in this
work can be time consuming for a large amount of data analysis and might have influence
on the quantification of flow velocity. A very recent study on Doppler OCT proposed an
approach for automatic segmentation and skeletonization of blood vessels [56], which
potentially can be integrated with our 4D hemodynamic imaging approach and employed for
automatic extraction of the flow direction in the mouse embryonic heart tube. This would
provide a more robust and efficient way for quantitative analysis of the cardiac blood flow in
the early mammalian hearts.

Data acquisition for the presented 4D OCT imaging approach takes 5 minutes to cover the
whole embryonic heart with a micro-scale spatial sampling interval, and data
synchronization is required through post-processing for 4D visualization. Direct volumetric
imaging of a beating embryonic heart can significantly improve the efficiency of the mouse
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phenotyping process [57-59]. However, with the current speed of a state-of-the-art ultrafast
swept laser source, the spatial sampling resolution of direct 4D imaging cannot be
comparable to the results presented in this paper, causing lower quality of visualization,
measurement and analysis. With further development in the fields of lasers and electronics,
high-resolution real-time structural and hemodynamic imaging of live mouse embryonic
heart could be possible.

The mouse embryonic heart starts to beat and incorporate blood into circulation at early
E8.5. Since the OCT imaging depth is limited to several millimetres, and is associated with a
sensitivity drop over depth, the developmental period of embryo that could be covered by the
presented imaging procedure is from early E8.5 to late E9.5 with the yolk sac intact. A
majority of cardiac morphological and hemodynamic changes occur during this period,
offering great opportunities to study early cardiogenesis. For later stages, cardiac OCT
imaging can be achieved with the yolk sac partially removed [60], and the embryos can be
kept alive with roller culture techniques [61], extending the potential stages for the
investigation of mammalian heart development. Applying a longer wavelength of laser (e.g.
1300 nm) in the OCT system could provide an improved depth of view to probe deeper
inside the embryo [62].

The experiments reported here were performed in static mouse embryo culture. While in this
approach the embryos are removed from the uterus and are not in a perfectly natural
environment, there are currently no methods to visualize the beating mouse embryonic heart
in utero at this spatial and temporal resolution. Based on the previous studies, the early-stage
(E7.5-E10.5) mouse embryos cultured on the imaging stage for 24 hours exhibit similar
developmental changes as those in normal pregnancy [63-65]. Thus, static culture enables
otherwise inaccessible information of the live mouse embryo. The protocols of the static
mouse embryo culture are well established [66-68] and are applied in combination with
confocal microscopy by other groups [14, 69] as well as with OCT by our group [41, 59].
Although this culture method has been extensively utilized for cardiovascular analysis in
mouse embryos, the measurement acquired through this approach should be taken cautiously
since the embryos are not in their maternal environment. The static embryo culture is
optimal for E7.5-E10.5 mouse developmental stages.

Retrograde flows in the early embryonic heart were previously reported in zebrafish and
avian models [51, 70, 71]. With confocal imaging of zebrafish embryos, Vermot et al found
that retrograde flow acted as an important biomechanical factor regulating the valve
development in the early embryonic heart [72]. In our study, using Doppler OCT, we have
presented the first 4D imaging and analysis of retrograde flows throughout the mouse
embryonic heart. Based on the 4D structural and functional imaging results, it can be found
that the retrograde flows have strong peak flow velocities that are comparable to the forward
flows (Figure 4 and Figure 6), but occur at the time points when the diameter of heart tube is
relatively small (Media 1, Media 2 and Figure 5). This suggests that the retrograde flows
inside the embryonic heart could produce relatively higher shear stress on the cardiac wall,
providing strong mechanical stimuli to the endocardium [72]. The quantitative results shown
in this paper can serve as the basis for further investigation of blood flow dynamics during
mammalian cardiac development. With high-resolution image-guided manipulation methods
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available for mouse embryos [73], this dynamic imaging approach can be implemented to
study biomechanical and genetic regulations of the early mammalian heart development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure2.
Snapshots from 4D hemodynamic imaging of an E9.0 mouse embryonic heart, showing

features of blood flow dynamics (Media 1 and Media 2). (A-D) are cross-sectional views
that focus on the sinus venosus, primitive atrium and vitelline vein at different time points of
cardiac cycle. (E—H) are cross-sectional views that focus on the primitive ventricle and
bulbus cordis at different time points of cardiac cycle. Solid arrows point at retrograde flows
in the primitive atrium. Dashed arrows point at retrograde flows in the atrioventricular
region. Dotted arrows point at retrograde flows in the bulbus cordis and the bulboventricular
region. The dashed line in (E) shows the location that has the highest axial position. YV:
yolk sac vessel; VV: vitelline vein; SV: sinus venosus; PA: primitive atrium; PV: primitive
ventricle; BC: bulbus cordis.
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Figure 3.

Spatial profile of absolute blood flow velocity from the atrioventricular region of an E9.0
mouse embryonic heart. (A) 2D scatter plot of the spatial velocity distribution with a
smoothed surface. (B) Parabolic fit of a one-dimensional spatial velocity profile. The spatial

location where the velocity measurement is taken is labelled with a yellow plate in Figure
4(B).
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Figure 4.
Time-resolved analysis of the peak blood flow velocity throughout an E9.0 mouse

embryonic heart tube indicates hemodynamic features of early mammalian heart. 3D OCT
structural images with cross-sectional plates indicate the velocity measurement locations in
the (A) primitive atrium, (B) atrioventricular region, (C) bulboventricular region and (D)
bulbus cordis. The plate in (B) also indicates the location for the measurement of spatial
flow velocity distribution in Figure 3. Scale bars correspond to 100 um. Peak velocity
profiles over time at the cardiac positions of the (E) primitive atrium, (F) atrioventricular
region, (G) bulboventricular region, and (H) bulbus cordis. SV: sinus venosus; PA: primitive
atrium; PV: primitive ventricle; BC: bulbus cordis; AV: atrioventricular; BV:
bulboventricular. The second heartbeat cycle shown in (E-H) is duplication of the first one
for better visualization. The green arrows in (E) point at the time points when the blood flow
switches from forward to retrograde flow at three locations of the primitive atrium. The
dashed and solid orange arrows point at the peak of retrograde flow at the inflow and
outflow region of the atrium. The dotted orange arrow points at the decrease of the
retrograde flow velocity at the atrium central region due to the closure of heart tube at this
position.

J Biophotonics. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

- 300

- 250

200

- 150

100

0.4

--0.8

(A) Retrograde Flow Forward Flow ®  Ventricle Diameter
_' -' ——— Three-Point Smoothing
10.8 0 43 Bulbus Cordis Diameter
Peak Velocity of Blood Flow (mm/s) ~——— Three-Point Smoothing
400 -
g 350
T
[
-
£
& 300
o
9
L
=
e 250
>
200 x T X T £ T u T ¥ T z T z T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
(B) * Average of Ventricle Wall Velocity
——— Three-Point Smoothing
- Zero Line
Average of Bulbus Cordis Wall Velocity
Retrograde Flow Forward Flow Three-Point Smoothing
E | -~ Zero Line
10.8 0 43
Peak Velocity of Blood Flow (mm/s) Wall Velocity: Positive — Relaxation
Negative —Contraction
—~ 1.0 0.8
4
£
£ o6 Lo.a
2
%)
o .
o 0.2 +-0.0
>
©
= 2
2
2
£
o -0.6
>
'1 '0 T T T T 7[ T T T T = T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
Figureb.

(wr) Jojawelq sip109 snqing

(s/ww) Ayo0jaA |IEM SIPIOD Shaing

Page 17

Analysis of bulboventricular hemodynamics in relation to the heart wall dynamics in the

central parts of the ventricle and bulbus cordis in an E9.0 mouse embryo. (A) Diameters and
(B) average heart wall velocities of the ventricle and the bulbus cordis are plotted with blood
flow dynamics in the bulboventricular region, showing the capability of performing
combined high-resolution time-resolved cardiodynamic and hemodynamic analysis with this
imaging method. The second heartbeat cycle is duplication of the first one for better

visualization.
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Maximal peak flow velocity over one heartbeat cycle in the bulboventricular region from six

E9.0 mouse embryos.
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