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Abstract: In vertebrates, the coordinated beat of the early heart tube drives cardiogenesis and supports
embryonic growth. How the heart pumps at this valveless stage marks a fascinating problem that
is of vital significance for understanding cardiac development and defects. The developing heart
achieves its function at the same time as continuous and dramatic morphological changes, which
in turn modify its pumping dynamics. The beauty of this muti-time-scale process also highlights
its complexity that requires interdisciplinary approaches to study. High-resolution optical imaging,
particularly fast, four-dimensional (4D) imaging, plays a critical role in revealing the process of
pumping, instructing numerical modeling, and enabling biomechanical analyses. In this review, we
aim to connect the investigation of valveless pumping mechanisms with the recent advancements
in embryonic cardiodynamic imaging, facilitating interactions between these two areas of study, in
hopes of encouraging and motivating innovative work to further understand the early heartbeat.

Keywords: embryonic heart; valveless pumping; four-dimensional imaging; functional imaging;
cardiodynamics; hemodynamics; confocal microscopy; bright-field microscopy; optical coherence
tomography; light-sheet microscopy

1. Cardiac Pumping and Cardiovascular Morphogenesis

As the first organ to form and function during development, the embryonic heart
plays critical roles through its pumping dynamics. Of particular interest is its role in
morphogenesis, where biomechanical forces generated from the early heartbeat regulate
the developing cardiovascular system [1-5]. In fact, with evidence showing that the cardiac
contraction starts before the convective transport is needed [6], mechanical regulation
of cardiovascular development is increasingly recognized as a significant function of
early cardiodynamics.

While the early heartbeat produces several mechanical cues, the focus over the past
two decades has mainly been on the flow-induced forces applied to the endothelial and
endocardial cells [7-10]. Studies elucidated the intriguing role of the hemodynamic forces
in regulating various aspects of cardiogenesis and angiogenesis through mechanotrans-
duction, where multiple signaling pathways are activated upon force exposure. The level,
pattern, and direction of the flow were all suggested as important factors in cardiovascular
development, with different mechanosensing mechanisms involved [5]. For example, a
decreased retrograde flow fraction (decreased oscillatory flow) leads to a reduction in klf2a
expression in the atrioventricular canal through a mechanosensitive ion channel, which
affects the valve formation [11,12]. The flow-induced forces are heterogeneous spatially and
dynamic on different time scales; both intravascular and intracardiac blood flows present
significant spatiotemporal variations as a result of the continuous and dramatic morpho-
logical changes in the early developing heart [13]. Figure 1 shows the interplay between
the pumping function and the cardiovascular morphogenesis with the contraction/flow-
induced forces and mechanotransduction during development. All these point to the need
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of understanding the cardiac pumping process, which could reveal the interconnection and
regulation between the morphology and function of the heart during early development.
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Figure 1. An illustration of the interplay between the cardiac pumping function and cardiovascular
morphogenesis with mechanotransduction during early development.

2. The Valveless Heart as a Pump: Insights Enabled by Imaging

Studies of valveless pumping dynamics were performed with avian, fish, and mouse
models, largely enabled by the advancements in optical imaging. From early qualitative
observations to recent quantitative assessments, the imaging resolution, speed, depth,
and contrast have all been important factors pushing the limit of what information can be
achieved from the beating embryonic heart. Behind the evolving knowledge of the valveless
pumping mechanism is the development and application of new imaging modalities for
probing cardiodynamics and hemodynamics.

The history of research into cardiac pumping at the early embryonic stage has been
thoroughly reviewed by Manner et al. [14]. Direct observations of the contraction wave
traveling throughout the heart tube in the chick embryo led to the characterization of the
early tubular heart as a peristaltic pump [15,16]. Since the 21st century, new optical imaging
capabilities have brought a novel understanding of pumping dynamics at the early tubular
stage and also extended the assessment of valveless pumping beyond this stage, into the
more complicated, looping heart.

Line-scan confocal microscopy. The revolutionary improvement of confocal mi-
croscopy from point scanning to line scanning enabled fast 2D dynamic (2D+time) imaging
over 100 Hz [17]. This, along with 4D (3D+time) cardiodynamic reconstruction [18], has
allowed unprecedented volumetric visualizations and quantifications of the heart wall
movement and intracardiac blood flow in the zebrafish model [19]. Such analyses chal-
lenged the classical views of the tubular heart as a technical peristaltic pump by defining
detailed wall-blood interactions, including the single active contraction site, the peak
blood flow speed exceeding the speed of the contraction wave, a nonlinear frequency-flow
relationship, and a negative pressure gradient giving rise to the maximal acceleration of
flow [19]. As a result, a new suction pumping mechanism (impedance pump) of the tubular
heart was proposed [19].
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Ultrafast bright-field imaging. Relying on 2D bright-field imaging of zebrafish em-
bryos, the use of an ultrafast camera has pushed the imaging speed to 1000-1500 frames per
second while maintaining a micro-level pixel scale and a sufficiently large field of view [20].
The high speed and pixel resolution of the cardiodynamic video has made it possible to
quantify a range of functional parameters through image processing methods and mechan-
ical models [21-23]. These include the blood velocity, flow pattern, heart wall kinematics,
luminal diameter, and intracardiac pressure field. Measurements of these parameters over
developmental stages suggest a significant transition of the pumping mechanics from
the wave-driven pumping at the early tubular stage to the displacement pumping with
independent, full-chamber contractions at the late looping stage [21]. Analyses of the
pressure gradient inside the heart and its relationship with the flow further describe the
underlying pumping process of the looping heart and how retrograde flows are generated
in the atrioventricular canal [22,23].

Optical coherence tomography (OCT). With its fast micro-scale depth-resolving ca-
pability over a millimeter-level depth, OCT enabled 4D imaging of the embryonic heart
in a range of model organisms [24-27]. Notably, the entire, live, beating embryonic heart
in cultured mouse embryos can be imaged with a high spatiotemporal resolution using
OCT [28] but is difficult to capture with most optical imaging modalities. Recently, as
shown in Figure 2, 4D cardiodynamic and hemodynamic imaging of the looping mouse
embryonic heart was performed to assess the pumping dynamics during mammalian car-
diogenesis [29,30]. The pressure gradient induced by heart wall movements, the averaged
viscous flow resistance, and the volumetric blood flow can be quantified at localized cardiac
regions and were analyzed together to reveal the pumping process [30]. Figure 3 shows
an example of such analyses. Specifically, the left and right ventricles of a looping heart
present both pushing and suction processes at different phases of the heartbeat cycle [30],
suggesting the coexistence of multiple pumping mechanics. Also, the flow in the outflow
tract appears to not be driven by the local active contractions of the outflow tract [30],
pointing to a spatial heterogeneity in how the valveless heart pumps blood.

Taking a further look at these three major imaging methods that have been utilized to
study valveless pumping, the fast imaging speed has been the key in achieving targeted
quantifications and information. Although the frequency of the embryonic heartbeat at
this early stage is in the range of 1-3 Hz, a sampling rate that is ~50 times of the heartbeat
frequency is necessary to resolve the detailed dynamics of cardiac activities. For example,
high-speed confocal microscopy captured the bi-directional contraction waves and their
reflections at the inflow and outflow tracts in the zebrafish tubular heart [19], which were
undetectable with traditional imaging. Also, the subtle difference in the temporal profiles of
luminal areas over a ~60 pm distance from the mouse embryonic heart leads to distinct area
changing rates, contributing to the intracardiac pressure gradient [30], which can hardly be
revealed with the slower imaging speed of OCT. In addition to fast imaging, the ability to
simultaneously image heart wall movement and blood flow is also essential for pumping
analysis. While the heart wall can be directly visualized and segmented from the imaging
modalities, measuring the blood flow largely relies on processing of the imaging data.
This is shown through cell tracking for confocal microscopy [19], microparticle imaging
velocimetry for bright-field microscopy [23], and Doppler imaging for OCT [29].
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Figure 2. Four-dimensional OCT structural and Doppler imaging of the beating embryonic heart
in the live mouse embryos at embryonic day 9.25 with cross-sectional visualizations. (A) Cardiac
contraction wave in the left ventricle with the wave front (arrows) moving from left to right. (B) Left
ventricular expansion with blood filling into the left ventricle. Scale bars are 100 um.
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Figure 3. Plot of the temporal relation between the intracardiac pressure gradient, viscous resistance
to flow, and volume flow rate for analyzing pumping dynamics in the early embryonic heart. This
plot is from the right ventricle of an embryonic day 9.25 mouse embryo. Double arrows A—C indicate
the corresponding changes in the flow and the pressure gradient. The pressure gradient is between
two locations with a distance of ~60 um, and the flow is measured around the middle of these two
locations. Reproduced from [30].

There has been clear evidence showing that the early tubular heart is not a technical
peristaltic pump [19]; however, categorizing the valveless embryonic heart as a well-defined
type of pump has yet to be successful and might even be infeasible [14]. With the continuous
and significant structural and morphological changes in the early developing heart, it is
plausible that different pumping mechanisms function in different locations of the heart
to drive blood circulations, especially during the looping process. Considering these, it is
our perspective that, instead of looking to attribute the valveless heart to a defined pump,
studies can focus on elucidating the detailed pumping process in a spatiotemporally
resolved fashion. Regarding the temporal aspect, similar to the bright-field imaging
study [21], the focus can be placed on the change or evolvement of pumping dynamics
over cardiac development, linking the function with morphogenesis. Regarding the spatial



J. Cardiovasc. Dev. Dis. 2022, 9, 267

6 of 12

aspect, the heterogeneity in how the blood is pumped arises as the heart loops [30], and
assessment of specific sections of the heart becomes necessary. These contribute to painting
the whole picture of valveless pumping, which would require further advancement of
approaches. In the following three sections, we comment on selected aspects that could
potentially make an impact in this endeavor.

3. Frontiers of Imaging with Light-Sheet Microscopy

The improvement in imaging speed from confocal microscopy has taken the dynamic
assessment of the beating embryonic heart to a new level [31]. By achieving ultrafast
imaging at a subcellular resolution over a larger depth, light-sheet microscopy holds strong
promise for further advancing the analysis of valveless pumping dynamics in the zebrafish
model [32]. This is shown by its advantages in both the imaging scale and imaging speed in
comparison to confocal microscopy, while also maintaining the robust fluorescent contrast.

Regarding the scale, a higher imaging depth allows light-sheet microscopy to probe
4D structures and protein expressions of the whole heart at a later stage of zebrafish
development [33], thus covering an extended range of the developmental period for anal-
ysis. Notably, 4D light-sheet imaging of cardiac morphogenesis was used to elucidate
how flow-induced shear stress modulates the trabeculation through Notch signaling [34].
Furthermore, through 4D light-sheet assessment of the cardiac mechanics and valvular
morphology, the relative contributions of the contractile force and hemodynamic shear
force to the outflow tract valvulogenesis were revealed with corresponding mechanotrans-
duction pathways [35]. Such studies laid the foundation for biomechanical analysis of the
developing valveless heart, which can be directly applied to study the pumping process at
a high resolution and throughout the entire pre-valve cardiogenesis.

With respect to the speed, development of advanced light-sheet microscopy enabled
direct, volumetric imaging of the beating embryonic heart [36,37]. Focusing on tracking
individual blood cells and imaging arrhythmic hearts, where post-acquisition synchro-
nization was not applicable, Micholeit et al. employed a galvanometric mirror for rapid
scanning of the light sheet and an electrically tunable lens for fast refocusing along the
detection axis, which led to a 60 Hz volume rate of data acquisition, directly capturing
the cardiodynamics and blood flow [36]. As a further advancement in speed, Voleti et al.
recently established an oblique light-sheet approach for single-objective excitation and
imaging, demonstrating ultrafast, direct, volumetric imaging of a beating heart at 100 Hz,
while also maintaining submicron-to-micron spatial sampling [37]. Moreover, the system
can achieve a 321-volumes-per-second direct imaging rate, which allows for tracking in-
dividual blood cells in the fast-flow region, revealing various behaviors at the single-cell
level [37]. Such powerful ultra-high-speed volumetric imaging capabilities set the stage to
bring significantly improved efficiency in analyzing cardiac pumping.

4. Modeling and Its Integration with Imaging

Computational mechanical modeling has been an important tool to investigate valve-
less pumping [38—40]. Numerical methods with a simulated embryonic heart allow for
convenient changes in parameters, which, in most cases, can be hard to achieve in the
imaging/manipulation experiment. Building a heart computationally requires data on the
morphology, structure, dynamics, and material properties. Thus, high-resolution imaging
has naturally been used to guide the modeling for numerical analysis, and this has pro-
vided important insights into the pumping behavior of early cardiogenesis. For example,
incorporating two-way fluid—structure interactions, Kozlovsky et al. developed a heart-like
model simulating the chick tubular embryonic heart and discovered that the early chick
heart functions as a complex peristaltic pump with a duty cycle, termed as a biological
pump [41]. To investigate the mechanics of tubular heart pumping, Sharifi et al. modeled
the myocardium as a neo-Hookean material and identified the effect of wall stiffness on the
cardiac function, concluding with a myocardium elasticity on the order of 10 kPa for the
optimal pumping output [42].
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Current integrations between modeling and imaging have largely been one-way: the
imaging-instructed modeling analysis. More explorations in the other direction, where
insights from modeling studies are utilized to assist the direct experimental/imaging
assessment, can further improve the existing approaches for more advanced pumping
investigations. From the two noted studies above, the detailed, temporal profiles of
cardiodynamics and hemodynamics from specific conditions of numerical models [41]
can be used to guide experimental analysis, and the biomechanical characterization of
pumping in modeling [42] could contribute to defining the extent of induced mechanical
changes for experimentally investigating the role of stiffness in valveless pumping. In
addition to numerical models, greater involvement of mechanical models can extend the
existing measurements to the critical cardiac parameters that are not directly available
from imaging. Specifically, quantifications of the intracardiac pressure field and pressure
gradient were enabled by using established models with proper assumptions, which led to
a new understanding of the valveless pumping process that would otherwise be hard to
achieve [22,23,30]. Further efforts to integrate modeling and imaging in such ways are of
critical value in elucidating key aspects of early cardiac function.

5. Emerging Concepts and Analyses

Cardiac jelly in pumping. In the early embryonic heart, cardiac jelly is a layer of
extracellular matrix between the myocardium and endocardium, supporting the overall
cardiac morphology [43]. This jelly-like substance has long been researched for its roles in
early cardiogenesis [44], while studies have largely focused on the structural and molecular
aspects [45]. The function of the cardiac jelly in supporting the pumping process, specifically
for reaching both the end-systolic luminal occlusion and a diastolic luminal opening, was
first proposed by Barry [46]. However, there has largely been a lack of experimental
or numerical analyses to elucidate how the cardiac jelly contributes to the mechanics of
pumping. Recently, Méanner and Yelbuz speculated that the noncircular cross-sectional
shape of the endocardial lumen resulted from the nonuniform distribution of the cardiac
jelly functions to increase the pumping efficiency of the valveless heart as it developed [47].
This points to an interesting direction for imaging-based investigations, especially with
animal models that have cardiac jelly deficiency [48-50].

Mechanical signaling for contraction. Waves of cardiac contractions are essential for
valveless pumping, but the long-believed electrical signaling among cardiomyocytes was
recently challenged by a novel concept of mechanical signaling [51]. In this new framework,
high strains trigger intracellular release of Ca* in local cardiomyocytes for contraction,
which activates the neighboring cardiomyocytes through strains, thus propagating the
contraction [51]. This explains the stiffness-dependent wave speed of the embryonic
heart contraction and is supported by the experimental evidence that embryonic hearts
continue to beat with disrupted electrical conduction [51]. While the definite signaling
mechanisms and underlying molecular mechanisms remain to be determined, this direct
mechanical coupling among cardiomyocytes to form contraction waves should be taken
into account for future analysis of the pumping dynamics. In particular, this could affect the
interpretations of the heart wall dynamics or mechanics when assessing their relationship
with the blood flow.

Causal analysis and active/passive wall dynamics. Assessing interactions between
heart wall movements and blood flow is essential to describe and understand the valveless
pumping process. Temporal profiles of parameters measuring the wall and blood dynamics
are frequently quantified and analyzed in experimental studies [19,22,30]. For example, the
pressure—flow relationship in the tubular zebrafish heart was assessed to reveal a suction
process of pumping [19]. However, the analysis of the causal relation between the temporal
data was largely based on the observation of the plots and time (or phase) delays. Recently,
the Granger causality test was employed for statistical evaluations of the causal relations
between pressure and flow at different cardiac regions of mouse embryos, and this helped
to statistically define the difference in pumping between the ventricles and the outflow
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tract [30]. The Granger causality test is a prediction-based method for time-series data
and has found increasing applications in neuro studies [52]. Utilizing such a statistical
testing method alongside the biomechanical interpretation of the heartbeat is expected to
provide a more robust pumping assessment. Moreover, the active or passive dynamics of
the heart wall can potentially be evaluated statistically using this approach, which will
bring improved efficiency in characterizing valveless pumping, as it is important to identify
active/passive wall motions [8,19].

In vitro models of the embryonic heart. Advancements in tissue engineering tech-
niques have enabled the creation of many types of artificial organs, including heart
organoids for modeling cardiac development [53]. Recently, synthetic embryos created
from mouse stem cells demonstrated a successful development to embryonic day 8.5 and
a beating heart [54]. Such in vitro engineering work provides new and interesting oppor-
tunities to study the pumping function of the early heart in a more controlled way that
allows for easy manipulations. Furthermore, insights from the pumping studies, including
the detailed mechanisms, wall dynamics, and flow mechanics, can contribute to the engi-
neering of an artificial embryonic heart or pumping structures. Notably, a pump-bot [55]
inspired by the suction pumping mechanism of the tubular heart [19] was developed for
microfluidic applications. This type of in vitro model could potentially be a valuable tool
to further validate our understanding of valveless pumping.

Multi-contrast and multimodality imaging. As discussed in Section 2, the key factors
in studying valveless pumping are the imaging speed and the ability to measure heart wall
movement and flow dynamics. While these can be achieved with one imaging modality
(e.g., OCT) or one imaging contrast (e.g., fluorescence), obtaining additional information
is necessary to further investigate the biomechanics of the early embryonic heart. One
such type of information is the elasticity of the heart, which largely defines the contractile
outcome, affecting the intracardiac pressure gradient. The current understanding of the
mechanical behavior in valveless pumping remains highly limited, being based primarily
on computational analyses [42]. Microindentation and pipette aspiration were used to
measure the stiffness of embryonic heart tissue [56-58]; however, applying such techniques
to the live, beating heart is extremely challenging. The high-resolution biomechanical imag-
ing field has recently witnessed the emerging of two optical techniques: optical coherence
elastography (OCE) and Brillouin microscopy [59]. OCE relies on the phase of the OCT
signal to resolve micro- or nano-scale displacement in response to mechanical loads [60]
and thus can be integrated with 4D OCT imaging of embryonic cardiodynamics and hemo-
dynamics, achieving multi-contrast imaging to extend the dimension of pumping analysis.
Using a different mechanical imaging principle, Brillouin microscopy detects Brillouin-
scattered light caused by the traveling microscopic acoustic wave whose properties depend
on the material viscoelasticity [61]. Brillouin microscopy has been applied to the embryonic
tissues in the zebrafish and mouse models [62-64]. With further improvements in the
imaging speed, the combination of Brillouin microscopy with fluorescence-based confocal
or light-sheet microscopy as multimodality imaging is a powerful method to assess both
the dynamics and mechanics of early valveless cardiac pumping.

Manipulation of pumping and optogenetics. Manipulations of the heartbeat are a
critical component in studying embryonic heart function. The early-stage, developing
heart is tiny in size and extremely delicate, and thus, manipulating the heart while main-
taining its live, beating state inside the embryo has been challenging. Direct and indirect
manipulations have been developed and successfully utilized to investigate early cardiac
functions. As summarized in Table 1, these include outflow tract banding in chick embryos
that changes the wall motion and hemodynamics [65-67], infrared-laser optical pacing of
embryonic quail hearts that controls the heart rate and increases retrograde flows [68,69],
centrifugation of zebrafish embryos that introduces time-dependent alterations in the heart
morphology and functions with either an increase or a decrease in retrograde flows [22,70],
use of lidocaine in zebrafish embryo culture that alters the heartbeat pattern to a reduced
heart rate for a reduction in retrograde flows [11], and adjusting the environmental tem-
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perature of zebrafish embryos to change the heart rate [19]. Such approaches can facilitate
in-depth experimental studies of valveless pumping which otherwise require numerical
simulations and modeling. Recently, optogenetic pacing of the embryonic heart has been
achieved, enabling both increases and decreases in the heartbeat rate as well as cardiac
arrest [71-73]. Particularly for the mouse model, optogenetic pacing was shown to induce
hemodynamic changes in the heart [74], which, together with the possibility of highly-
localized pacing or disruption, suggests a potentially useful integration with pumping
analysis to further assess the pumping dynamics during mammalian cardiogenesis.

Table 1. Methods for manipulating the valveless pumping function in the embryonic heart.

Manipulation Method Animal Model Location to Apply Effect on Cardiac Pumping
. . Wall motion pattern [66]
Banding Chick Outflow tract of heart Hemodynamics [65]
. . Heartbeat rate [68]
Infrared pacing Quail Inflow of heart Retrograde flow [69]
. . . Cardiac preload [70]
Centrifugation Zebrafish Whole embryo Retrograde flow [22]
Heartbeat rate [11]
Lidocaine in culture Zebrafish Whole embryo Heartbeat pattern [11]
Retrograde flow [11]
. Heartbeat rate [19]
Temperature of culture Zebrafish Whole embryo Retrograde flow [11]
. . Heartbeat rate [71,72]
Optogenetics Drosophila Whole heart Cardiac arrest [72]
Heartbeat rate [73]
Optogenetics Zebrafish Selected locations of heart Heartbeat pattern [73]
Cardiac arrest [73]
: Heartbeat rate [74
Optogenetics Mouse Selected locations of heart giﬁo de ?101;; F7EL] |
Author Contributions: Conceptualization, S.W. and I.V.L.; writing—original draft preparation, S.W.;
writing—review and editing, I.V.L.; All authors have read and agreed to the published version of
the manuscript.
Funding: This work was supported by the National Institutes of Health with grants R35GM142953
to S.W. and RO1HD096335 to I.V.L.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hove, J.R,; Koster, RW.; Forouhar, A.S.; Acevedo-Bolton, G.; Fraser, S.E.; Gharib, M. Intracardiac fluid forces are an essential
epigenetic factor for embryonic cardiogenesis. Nature 2003, 421, 172-177. [CrossRef]

2. Adamo, L.; Naveiras, O.; Wenzel, P.L.; McKinney-Freeman, S.; Mack, PJ.; Gracia-Sancho, J.; Suchy-Dicey, A.; Yoshimoto, M.;
Lensch, M.W.; Yoder, M.C.; et al. Biomechanical forces promote embryonic haematopoiesis. Nature 2009, 459, 1131-1135.
[CrossRef] [PubMed]

3.  Sidhwani, P; Yelon, D. Fluid forces shape the embryonic heart: Insights from zebrafish. Curr. Top. Dev. Biol. 2019, 132, 395-416.
[CrossRef]

4. Lucitti, J.L.; Jones, E.A.; Huang, C.; Chen, ].; Fraser, S.; Dickinson, M.E. Vascular remodeling of the mouse yolk sac requires
hemodynamic force. Development 2007, 134, 3317-3326. [CrossRef]

5. Lindsey, S.E.; Butcher, J.; Yalcin, H.C. Mechanical regulation of cardiac development. Front. Physiol. 2014, 5, 318. [CrossRef]


http://doi.org/10.1038/nature01282
http://doi.org/10.1038/nature08073
http://www.ncbi.nlm.nih.gov/pubmed/19440194
http://doi.org/10.1016/bs.ctdb.2018.12.009
http://doi.org/10.1242/dev.02883
http://doi.org/10.3389/fphys.2014.00318

J. Cardiovasc. Dev. Dis. 2022, 9, 267 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Granados-Riveron, J.T.; Brook, ].D. The Impact of Mechanical Forces in Heart Morphogenesis. Circ. Cardiovasc. Genet. 2012,
5,132-142. [CrossRef] [PubMed]

Poelmann, R.E.; Groot, A.C.G.-D.; Hierck, B. The development of the heart and microcirculation: Role of shear stress. Med. Biol.
Eng. Comput. 2008, 46, 479-484. [CrossRef]

Boselli, F; Freund, J.B.; Vermot, J. Blood flow mechanics in cardiovascular development. Experientia 2015, 72, 2545-2559.
[CrossRef]

Culver, J.C.; Dickinson, M.E. The Effects of Hemodynamic Force on Embryonic Development. Microcirculation 2010, 17, 164-178.
[CrossRef]

Campinho, P; Vilfan, A.; Vermot, ]. Blood Flow Forces in Shaping the Vascular System: A Focus on Endothelial Cell Behavior.
Front. Physiol. 2020, 11, 552. [CrossRef]

Vermot, J.; Forouhar, A.S.; Liebling, M.; Wu, D.; Plummer, D.; Gharib, M.; Fraser, S.E. Reversing Blood Flows Act through klf2a to
Ensure Normal Valvulogenesis in the Developing Heart. PLoS Biol. 2009, 7, e1000246. [CrossRef]

Heckel, E.; Boselli, F; Roth, S.; Krudewig, A.; Belting, H.-G.; Charvin, G.; Vermot, J. Oscillatory Flow Modulates Mechanosensitive
kif2a Expression through trpv4 and trpp2 during Heart Valve Development. Curr. Biol. 2015, 25, 1354-1361. [CrossRef]
Goenezen, S.; Rennie, M.Y.; Rugonyi, S. Biomechanics of early cardiac development. Biomech. Model. Mechanobiol. 2012, 11,
1187-1204. [CrossRef]

Mainner, J.; Wessel, A.; Yelbuz, TM. How does the tubular embryonic heart work? Looking for the physical mechanism generating
unidirectional blood flow in the valveless embryonic heart tube. Dev. Dyn. 2010, 239, 1035-1046. [CrossRef]

Pickering, ].W. Observations on the Physiology of the Embryonic Heart. J. Physiol. 1893, 14, 382-466. [CrossRef]

Patten, B.M.; Kramer, T.C. The initiation of contraction in the embryonic chick heart. Am. J. Anat. 1933, 53, 349-375. [CrossRef]
Ralf, W.; Bernhard, Z.; Michael, K. High-speed confocal fluorescence imaging with a novel line scanning microscope. . Biomed.
Opt. 2006, 11, 1-14.

Michael, L.; Arian, S.F.; Morteza, G.; Scott, E.F.; Mary, E.D. Four-dimensional cardiac imaging in living embryos via postacquisition
synchronization of nongated slice sequences. J. Biomed. Opt. 2005, 10, 1-10.

Forouhar, A.S; Liebling, M.; Hickerson, A.; Nasiraei-Moghaddam, A.; Tsai, H.-J.; Hove, ].R; Fraser, S.E.; Dickinson, M.E.; Gharib,
M. The Embryonic Vertebrate Heart Tube Is a Dynamic Suction Pump. Science 2006, 312, 751-753. [CrossRef]

Johnson, B.M.; Garrity, D.M.; Dasi, L.P. Quantifying Function in the Early Embryonic Heart. ]. Biomech. Eng. 2013, 135, 041006.
[CrossRef]

Johnson, B.M.; Garrity, D.M.; Dasi, L.P. The Transitional Cardiac Pumping Mechanics in the Embryonic Heart. Cardiovasc. Eng.
Technol. 2013, 4, 246-255. [CrossRef] [PubMed]

Bulk, A.; Bark, D.; Johnson, B.; Garrity, D.; Dasi, L.P. Mechanisms influencing retrograde flow in the atrioventricular canal during
early embryonic cardiogenesis. |. Biomech. 2016, 49, 3162-3167. [CrossRef] [PubMed]

Bark, D.L., Jr.; Johnson, B.; Garrity, D.; Dasi, L.P. Valveless pumping mechanics of the embryonic heart during cardiac looping:
Pressure and flow through micro-PIV. J. Biomech. 2017, 50, 50-55. [CrossRef]

Liu, A,; Yin, X,; Shi, L.; Li, P; Thornburg, K.L.; Wang, R.; Rugonyi, S. Biomechanics of the Chick Embryonic Heart Outflow Tract
at HH18 Using 4D Optical Coherence Tomography Imaging and Computational Modeling. PLoS ONE 2012, 7, e40869. [CrossRef]
Mariampillai, A.; Standish, B.A.; Munce, N.R.; Randall, C.; Liu, G.; Jiang, J.Y.; Cable, A.E.; Vitkin, A ; Yang, V.X. Doppler optical
cardiogram gated 2D color flow imaging at 1000 fps and 4D in vivo visualization of embryonic heart at 45 fps on a swept source
OCT system. Opt. Express 2007, 15, 1627-1638. [CrossRef]

Jenkins, M.W.; Chughtai, O.Q.; Basavanhally, A.N.; Watanabe, M.; Rollins, A.M. In vivo gated 4D imaging of the embryonic heart
using optical coherence tomography. J. Biomed. Opt. 2007, 12, 030505. [CrossRef] [PubMed]

Wang, S.; Singh, M.; Lopez, A.L., 3rd; Wu, C.; Raghunathan, R.; Schill, A; Li, J.; Larin, K.V,; Larina, I.V. Direct four-dimensional
structural and functional imaging of cardiovascular dynamics in mouse embryos with 1.5 MHz optical coherence tomography.
Opt. Lett. 2015, 40, 4791-4794. [CrossRef] [PubMed]

Wang, S.; Lopez, A.; Larin, K.V.; Overbeek, P.; Larina, I.V. Live four-dimensional optical coherence tomography reveals embryonic
cardiac phenotype in mouse mutant. J. Biomed. Opt. 2015, 20, 090501. [CrossRef]

Wang, S.; Lakomy, D.S.; Garcia, M.D.; Lopez, A.L.; Larin, K.V,; Larina, I.V. Four-dimensional live imaging of hemodynamics in
mammalian embryonic heart with Doppler optical coherence tomography. J. Biophotonics 2016, 9, 837-847. [CrossRef]

Wang, S.; Larina, I.V. Live mechanistic assessment of localized cardiac pumping in mammalian tubular embryonic heart. J. Biomed.
Opt. 2020, 25, 086001. [CrossRef] [PubMed]

Liebling, M.; Forouhar, A.S.; Wolleschensky, R.; Zimmermann, B.; Ankerhold, R.; Fraser, S.E.; Gharib, M.; Dickinson, M.E. Rapid
three-dimensional imaging and analysis of the beating embryonic heart reveals functional changes during development. Dev.
Dyn. 2006, 235, 2940-2948. [CrossRef]

Weber, M.; Huisken, . In vivo imaging of cardiac development and function in zebrafish using light sheet microscopy. Swiss Med.
Wkly. 2015, 145, w14227. [CrossRef]

Trivedi, V;; Truong, T.; Trinh, L.A.; Holland, D.B.; Liebling, M.; Fraser, S.E. Dynamic structure and protein expression of the
live embryonic heart captured by 2-photon light sheet microscopy and retrospective registration. Biomed. Opt. Express 2015,
6,2056-2066. [CrossRef] [PubMed]


http://doi.org/10.1161/CIRCGENETICS.111.961086
http://www.ncbi.nlm.nih.gov/pubmed/22337926
http://doi.org/10.1007/s11517-008-0304-4
http://doi.org/10.1007/s00018-015-1885-3
http://doi.org/10.1111/j.1549-8719.2010.00025.x
http://doi.org/10.3389/fphys.2020.00552
http://doi.org/10.1371/journal.pbio.1000246
http://doi.org/10.1016/j.cub.2015.03.038
http://doi.org/10.1007/s10237-012-0414-7
http://doi.org/10.1002/dvdy.22265
http://doi.org/10.1113/jphysiol.1893.sp000459
http://doi.org/10.1002/aja.1000530302
http://doi.org/10.1126/science.1123775
http://doi.org/10.1115/1.4023701
http://doi.org/10.1007/s13239-013-0120-3
http://www.ncbi.nlm.nih.gov/pubmed/29637499
http://doi.org/10.1016/j.jbiomech.2016.07.028
http://www.ncbi.nlm.nih.gov/pubmed/27511597
http://doi.org/10.1016/j.jbiomech.2016.11.036
http://doi.org/10.1371/journal.pone.0040869
http://doi.org/10.1364/OE.15.001627
http://doi.org/10.1117/1.2747208
http://www.ncbi.nlm.nih.gov/pubmed/17614708
http://doi.org/10.1364/OL.40.004791
http://www.ncbi.nlm.nih.gov/pubmed/26469621
http://doi.org/10.1117/1.JBO.20.9.090501
http://doi.org/10.1002/jbio.201500314
http://doi.org/10.1117/1.JBO.25.8.086001
http://www.ncbi.nlm.nih.gov/pubmed/32762173
http://doi.org/10.1002/dvdy.20926
http://doi.org/10.4414/smw.2015.14227
http://doi.org/10.1364/BOE.6.002056
http://www.ncbi.nlm.nih.gov/pubmed/26114028

J. Cardiovasc. Dev. Dis. 2022, 9, 267 11 of 12

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lee, J.; Fei, P; Packard, RR.S.; Kang, H.; Xu, H.; Baek, K.I; Jen, N.; Chen, ].; Yen, H.; Kuo, C.-C]; et al. 4-Dimensional light-sheet
microscopy to elucidate shear stress modulation of cardiac trabeculation. J. Clin. Investig. 2016, 126, 1679-1690. [CrossRef]

Hsu, J.J.; Vedula, V.; Baek, K.I; Chen, C.; Chen, J.; Chou, M.L; Lam, J.; Subhedar, S.; Wang, J.; Ding, Y.; et al. Contractile and
hemodynamic forces coordinate Notchlb-mediated outflow tract valve formation. JCI Insight 2021, 4, e124460. [CrossRef]
Mickoleit, M.; Schmid, B.; Weber, M.; Fahrbach, F.O.; Hombach, S.; Reischauer, S.; Huisken, ]. High-resolution reconstruction of
the beating zebrafish heart. Nat. Methods 2014, 11, 919-922. [CrossRef] [PubMed]

Voleti, V.; Patel, K.B.; Li, W.; Campos, C.P,; Bharadwaj, S.; Yu, H.; Ford, C.; Casper, M.].; Yan, RW.; Liang, W.; et al. Real-time
volumetric microscopy of in vivo dynamics and large-scale samples with SCAPE 2.0. Nat. Methods 2019, 16, 1054-1062. [CrossRef]
[PubMed]

Jung, E. A Mathematical Model of Valveless Pumping: A Lumped Model with Time-Dependent Compliance, Resistance, and
Inertia. Bull. Math. Biol. 2007, 69, 2181-2198. [CrossRef]

Kozlovsky, P.; Rosenfeld, M.; Jaffa, A.J.; Elad, D. Dimensionless analysis of valveless pumping in a thick-wall elastic tube:
Application to the tubular embryonic heart. J. Biomech. 2015, 48, 1652-1661. [CrossRef] [PubMed]

Taber, L.A.; Zhang, J.; Perucchio, R. Computational Model for the Transition from Peristaltic to Pulsatile Flow in the Embryonic
Heart Tube. . Biomech. Eng. 2006, 129, 441-449. [CrossRef]

Kozlovsky, P; Bryson-Richardson, R.; Jaffa, A.J.; Rosenfeld, M.; Elad, D. The Driving Mechanism for Unidirectional Blood Flow in
the Tubular Embryonic Heart. Ann. Biomed. Eng. 2016, 44, 3069-3083. [CrossRef] [PubMed]

Sharifi, A.; Gendernalik, A.; Garrity, D.; Bark, D. Valveless pumping behavior of the simulated embryonic heart tube as a function
of contractile patterns and myocardial stiffness. Biomech. Model. Mechanobiol. 2021, 20, 2001-2012. [CrossRef] [PubMed]
Nakamura, A.; Manasek, FJ. An experimental study of the relation of cardiac jelly to the shape of the early chick embryonic heart.
Development 1981, 65, 235-256. [CrossRef]

Davis, C.L. The cardiac jelly of the chick embryo. Anat. Rec. 1924, 27, 201-202.

Silva, A.C.; Pereira, C.; Fonseca, A.C.R.G.; Pinto-do-O, P.; Nascimento, D.S. Bearing My Heart: The Role of Extracellular Matrix
on Cardiac Development, Homeostasis, and Injury Response. Front. Cell Dev. Biol. 2021, 8, 1705. [CrossRef] [PubMed]

Barry, A. The functional significance of the cardiac jelly in the tubular heart of the chick embryo. Anat. Rec. 1948, 102, 289-298.
[CrossRef] [PubMed]

Manner, J.; Yelbuz, T.M. Functional Morphology of the Cardiac Jelly in the Tubular Heart of Vertebrate Embryos. J. Cardiovasc.
Dev. Dis. 2019, 6, 12. [CrossRef] [PubMed]

Camenisch, T.D.; Biesterfeldt, J.; Brehm-Gibson, T.; Bradley, J.; McDonald, J.A. Regulation of cardiac cushion development by
hyaluronan. Exp. Clin. Cardiol. 2001, 6, 4-10. [PubMed]

Segert, J.; Schneider, I.; Berger, LM.; Rottbauer, W.; Just, S. Mediator complex subunit Med12 regulates cardiac jelly development
and AV valve formation in zebrafish. Prog. Biophys. Mol. Biol. 2018, 138, 20-31. [CrossRef] [PubMed]

Kim, K.H.; Nakaoka, Y.; Augustin, H.G.; Koh, G.Y. Myocardial Angiopoietin-1 Controls Atrial Chamber Morphogenesis by
Spatiotemporal Degradation of Cardiac Jelly. Cell Rep. 2018, 23, 2455-2466. [CrossRef]

Kevin, K.C.; Jason, W.R.; Christina, Y.C.; Cho, S.; Koen, E.M.; Rajaratnam, A.; Robison, P.; Tewari, M.; Vogel, K.; Stephanie, EM.;
et al. Mechanical signaling coordinates the embryonic heartbeat. Proc. Natl. Acad. Sci. USA 2016, 113, 8939-8944.

Seth, AK.; Barrett, A.B.; Barnett, L. Granger Causality Analysis in Neuroscience and Neuroimaging. ]. Neurosci.
2015, 35, 3293-3297. [CrossRef] [PubMed]

Lewis-Israeli, Y.R.; Wasserman, A.H.; Gabalski, M.A.; Volmert, B.D.; Ming, Y.; Ball, K.A.; Yang, W.; Zou, J.; Ni, G.; Pajares, N.; et al.
Self-assembling human heart organoids for the modeling of cardiac development and congenital heart disease. Nat. Commun.
2021, 12, 1-16. [CrossRef]

Tarazi, S.; Aguilera-Castrejon, A.; Joubran, C.; Ghanem, N.; Ashouokhi, S.; Roncato, F.; Wildschutz, E.; Haddad, M.; Oldak, B.;
Gomez-Cesar, E.; et al. Post-Gastrulation Synthetic Embryos Generated Ex Utero from Mouse Naive ESCs. Cell 2022. [CrossRef]
Li, Z.; Seo, Y.; Aydin, O.; Elhebeary, M.; Kamm, R.D.; Kong, H.; Saif, M.T.A. Biohybrid valveless pump-bot powered by engineered
skeletal muscle. Proc. Natl. Acad. Sci. USA 2019, 116, 1543-1548. [CrossRef] [PubMed]

Zamir, E.A.; Taber, L.A. Material Properties and Residual Stress in the Stage 12 Chick Heart During Cardiac Looping. J. Biomech.
Eng. 2004, 126, 823-830. [CrossRef]

Majkut, S.; Idema, T.; Swift, J.; Krieger, C.; Liu, A.; Discher, D.E. Heart-Specific Stiffening in Early Embryos Parallels Matrix and
Myosin Expression to Optimize Beating. Curr. Biol. 2013, 23, 2434-2439. [CrossRef]

Buskohl, PR.; Gould, R.A.; Butcher, ].T. Quantification of embryonic atrioventricular valve biomechanics during morphogenesis.
J. Biomech. 2012, 45, 895-902. [CrossRef]

Kennedy, B.; Wijesinghe, P.; Sampson, D. The emergence of optical elastography in biomedicine. Nat. Photonics 2017, 11, 215-221.
[CrossRef]

Wang, S.; Larin, K.V. Optical coherence elastography for tissue characterization: A review. ]. Biophotonics 2015, 8, 279-302.
[CrossRef] [PubMed]

Prevedel, R.; Diz-Mufioz, A.; Ruocco, G.; Antonacci, G. Brillouin microscopy: An emerging tool for mechanobiology. Nat. Methods
2019, 16, 969-977. [CrossRef] [PubMed]

Bevilacqua, C.; Sanchez-Iranzo, H.; Richter, D.; Diz-Mufioz, A.; Prevedel, R. Imaging mechanical properties of sub-micron ECM
in live zebrafish using Brillouin microscopy. Biomed. Opt. Express 2019, 10, 1420-1431. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI89549
http://doi.org/10.1172/jci.insight.124460
http://doi.org/10.1038/nmeth.3037
http://www.ncbi.nlm.nih.gov/pubmed/25042787
http://doi.org/10.1038/s41592-019-0579-4
http://www.ncbi.nlm.nih.gov/pubmed/31562489
http://doi.org/10.1007/s11538-007-9208-y
http://doi.org/10.1016/j.jbiomech.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25835790
http://doi.org/10.1115/1.2721076
http://doi.org/10.1007/s10439-016-1620-8
http://www.ncbi.nlm.nih.gov/pubmed/27112782
http://doi.org/10.1007/s10237-021-01489-7
http://www.ncbi.nlm.nih.gov/pubmed/34297252
http://doi.org/10.1242/dev.65.1.235
http://doi.org/10.3389/fcell.2020.621644
http://www.ncbi.nlm.nih.gov/pubmed/33511134
http://doi.org/10.1002/ar.1091020304
http://www.ncbi.nlm.nih.gov/pubmed/18098957
http://doi.org/10.3390/jcdd6010012
http://www.ncbi.nlm.nih.gov/pubmed/30818886
http://www.ncbi.nlm.nih.gov/pubmed/20428437
http://doi.org/10.1016/j.pbiomolbio.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30036562
http://doi.org/10.1016/j.celrep.2018.04.080
http://doi.org/10.1523/JNEUROSCI.4399-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25716830
http://doi.org/10.1038/s41467-021-25329-5
http://doi.org/10.1016/j.cell.2022.07.028
http://doi.org/10.1073/pnas.1817682116
http://www.ncbi.nlm.nih.gov/pubmed/30635415
http://doi.org/10.1115/1.1824129
http://doi.org/10.1016/j.cub.2013.10.057
http://doi.org/10.1016/j.jbiomech.2011.11.032
http://doi.org/10.1038/nphoton.2017.6
http://doi.org/10.1002/jbio.201400108
http://www.ncbi.nlm.nih.gov/pubmed/25412100
http://doi.org/10.1038/s41592-019-0543-3
http://www.ncbi.nlm.nih.gov/pubmed/31548707
http://doi.org/10.1364/BOE.10.001420
http://www.ncbi.nlm.nih.gov/pubmed/30891356

J. Cardiovasc. Dev. Dis. 2022, 9, 267 12 of 12

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Zhang, J.; Raghunathan, R.; Rippy, J.; Wu, C.; Finnell, R H.; Larin, K.V.; Scarcelli, G. Tissue biomechanics during cranial neural tube
closure measured by Brillouin microscopy and optical coherence tomography. Birth Defects Res. 2018, 111, 991-998. [CrossRef]
Raghunathan, R.; Zhang, J.; Wu, C.; Rippy, J.; Singh, M. Evaluating biomechanical properties of murine embryos using Brillouin
microscopy and optical coherence tomography. J. Biomed. Opt. 2017, 22, 1-6. [CrossRef]

Midgett, M.; Goenezen, S.; Rugonyi, S. Blood flow dynamics reflect degree of outflow tract banding in Hamburger—-Hamilton
stage 18 chicken embryos. . R. Soc. Interface 2014, 11, 20140643. [CrossRef]

Stovall, S.; Midgett, M.; Thornburg, K.; Rugonyi, S. Changes in dynamic embryonic heart wall motion in response to outflow tract
banding measured using video densitometry. J. Biomed. Opt. 2016, 21, 116003. [CrossRef]

Chivukula, VK.; Goenezen, S.; Liu, A.; Rugonyi, S. Effect of Outflow Tract Banding on Embryonic Cardiac Hemodynamics. J.
Cardiovasc. Dev. Dis. 2015, 3, 1. [CrossRef]

Jenkins, M.W.; Duke, A.R; Gu, S.; Doughman, Y.; Chiel, H.; Fujioka, H.; Watanabe, M.; Jansen, E.D.; Rollins, A.M. Optical pacing
of the embryonic heart. Nat. Photonics 2010, 4, 623-626. [CrossRef]

Ford, SM.; Ms, M.T.M.; Wang, Y.; Ma, P,; Gu, S.; Strainic, J.; Snyder, C.; Rollins, A.M.; Watanabe, M.; Jenkins, M.W. Increased
regurgitant flow causes endocardial cushion defects in an avian embryonic model of congenital heart disease. Congenit. Heart Dis.
2017, 12, 322-331. [CrossRef]

Johnson, B.; Bark, D.; Van Herck, I.; Garrity, D.; Dasi, L.P. Altered mechanical state in the embryonic heart results in time-dependent
decreases in cardiac function. Biomech. Model. Mechanobiol. 2015, 14, 1379-1389. [CrossRef]

Alex, A.; Li, A,; Tanzi, R.E.; Zhou, C. Optogenetic pacing in Drosophila melanogaster. Sci. Adv. 2015, 1, e1500639. [CrossRef]
[PubMed]

Men, J.; Li, A,; Jerwick, J.; Li, Z,; Tanzi, R.E.; Zhou, C. Non-invasive red-light optogenetic control of Drosophila cardiac function.
Commun. Biol. 2020, 3, 1-10. [CrossRef] [PubMed]

Aristides, B.A,; Didier, Y.R.S.; Baier, H.; Huisken, J. Optogenetic Control of Cardiac Function. Science 2010, 330, 971-974.

Lopez, A.L.; Wang, S.; Larina, I.V. Optogenetic cardiac pacing in cultured mouse embryos under imaging guidance. ]. Biophotonics
2020, 13, €202000223. [CrossRef]


http://doi.org/10.1002/bdr2.1389
http://doi.org/10.1117/1.JBO.22.8.086013
http://doi.org/10.1098/rsif.2014.0643
http://doi.org/10.1117/1.JBO.21.11.116003
http://doi.org/10.3390/jcdd3010001
http://doi.org/10.1038/nphoton.2010.166
http://doi.org/10.1111/chd.12443
http://doi.org/10.1007/s10237-015-0681-1
http://doi.org/10.1126/sciadv.1500639
http://www.ncbi.nlm.nih.gov/pubmed/26601299
http://doi.org/10.1038/s42003-020-1065-3
http://www.ncbi.nlm.nih.gov/pubmed/32601302
http://doi.org/10.1002/jbio.202000223

	Cardiac Pumping and Cardiovascular Morphogenesis 
	The Valveless Heart as a Pump: Insights Enabled by Imaging 
	Frontiers of Imaging with Light-Sheet Microscopy 
	Modeling and Its Integration with Imaging 
	Emerging Concepts and Analyses 
	References

