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Abstract: 

The proper formation of the vertebrate embryonic heart relies on various 

mechanical forces which determine its form and function. Measuring these forces at the 

microscale of the embryo is a challenge. We propose a new tool utilizing high-resolution 

optical elastography and stiffness measurements of surrounding tissues to non-

invasively track the changes in the pressure exerted by the heart on the neighboring 

yolk, as well as changes in contractile patterns during early cardiac growth in-vivo, using 

the zebrafish embryo as a model system. Cardiac development was characterized 

every three hours from 24 hours post-fertilization (hpf) to 30 hpf and compared between 

wildtype fish and those treated with MS-222, a commonly used fish anesthetic that 

decreases cardiac contractility. Wildtype embryos from 24 hpf to 30 hpf showed an 

average yolk indentation pressure of 0.32 mmHg to 0.41 mmHg, respectively. MS-222 

treated embryos showed an average yolk indentation pressure of 0.22 mmHg to 0.29 

mmHg. Yolk indentation pressure between control and treated embryos at 24 hpf and 

30 hpf showed a significant difference (p < 0.05). Our method allowed for contractility 

and pressure evaluation at these early developmental stages, which have not been 

previously reported in published literature, regardless of sample or imaging modality. 

This research could lead to a better understanding of heart development and improved 

diagnostic tools for congenital heart disease.  

 

Key Terms: zebrafish embryo, cardiac development, contractile patterns, optical 

elastography, blood pressure 
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Introduction: 

The heart is one of the earliest organs to form and function in the vertebrate 

embryo. In humans, the heartbeat can be assessed seven weeks after gestation. 

Proper heart formation during embryonic development involves a complex interplay 

between molecular, cellular, and mechanical signaling pathways. Disturbances to these 

pathways can cause various defects in cardiac morphogenesis, leading to increased 

embryo mortality [1]. Research within the last decade has shown that perturbations to 

the mechanical signaling pathways of the vertebrate embryonic heart can lead to 

defects in structure and function that resemble congenital heart disease [2]. For 

example, feedback between the morphological and mechanical properties of developing 

cardiac tissue and local forces, such as compression or blood shear- have been shown 

to be mediated by specific molecular and cellular mechanisms [3]. Therefore, the 

biomechanical properties of the embryonic heart play a significant role in its 

development, and the quantification of these properties can help differentiate normal 

and perturbed growth.  

The zebrafish has long been a powerful model for investigating the mechanisms 

of cardiac development due to their genetic tractability, their similarity to humans in 

early cardiac development, their ability to survive with an impaired circulatory system, 

their high fecundity, and their optical transparency [4–6]. The developing zebrafish 

cardiac tissue begins to beat at 24 hours post fertilization (hpf). At this stage, it can be 

described as a linear heart tube with no valves or chambers present, consisting 

primarily of the myocardium. As development progresses to 30 hpf, a shift from a 

pulsatile contractile pattern to a two-stage contractile pattern marks the emergence of 
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the atrium and ventricle chambers [7]. Many studies in zebrafish have been instrumental 

in furthering our understanding of the complex interplay between morphological 

development and biomechanical forces in the heart [8]. However, the specific 

mechanisms that relate cardiac development and hemodynamic forces are still not fully 

understood.  

Most traditional methods of mechanical characterization are hindered by the 

microscopic size of the zebrafish embryo heart, which ranges from 100 µm-200 µm 

during early development. Quantification methods such as uniaxial or biaxial testing 

have been used to test vessels in the >200 µm range but have not yet been applied to 

zebrafish and cannot be performed in-vivo [9]. At the microscale, several methods used 

for cellular mechanical analysis are atomic force microscopy, micro-indentation, and 

optical tweezers, but these are limited to quantifying a small, localized area of interest 

[10–12]. For hemodynamic characterization at this scale, only a few methods exist 

including servo null measurement systems, particle image velocimetry, and 

computational fluid dynamics [6, 13, 14]. These methods have been used to study 

endothelial wall shear stress. ventricular deformation, and pressure-volume changes 

within growing zebrafish embryos, but are generally applied to embryos at later stages 

of development (>72 hpf) [15, 16]. Servo null measurement systems allow for direct 

pressure measurements within the embryonic heart but can be difficult to perform, are 

invasive, and cannot be easily scaled to larger sample sizes. In comparison, particle 

image velocimetry and computational fluid dynamics are both non-invasive tools for 

hemodynamic analysis but rely on purely computational approaches. 
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In this work, we demonstrate a novel tool based on optical elastography 

combined with micro-cantilever beam manipulation that allows for rapid, non-invasive, 

label-free in-situ monitoring of passive mechanical properties of the zebrafish heart 

throughout development by utilizing tissues of known stiffness as a sensor. Specifically, 

we quantify the deformation of the yolk caused by the relaxation of the embryo heart 

during a single heartbeat, the yolk indentation pressure, as well as changes in 

contractile patterns from 24 hpf to 30 hpf. Overall, our tool presents a simple and 

sensitive method to quantify cardiac function at early developmental stages.  

 

Materials and Methods: 

Zebrafish Embryo Collection and Preparation: 

Adult male and female zebrafish (Danio rerio) of the wildtype AB strain were 

separated overnight and then placed together in a 1:2 proportion in breeding tanks at 

the start of the light cycle the following morning. Fertilized embryos were then collected 

and staged under light microscopy and embryos in the zygote period were separated. 

These embryos were then maintained in embryo media (15 mM NaCl, 0.5 mM KCl, 1 

mM CaCl2, 0.15 mM KH2PO4, 0.05 mM Na2HPO4,1 mM MgSO4 and 0.84 mM 

NaHCO3) at 28° C until 24 hpf. Embryos at 24 hpf were dechorionated using #12 

watchmaker forceps and transferred onto a glass coverslip with a raised silicone well. 

The embryos were then embedded in 0.6% agarose solution in embryo media. Each 

embryo was manipulated into a lateral view using a custom poker device made from 

fishing line. A total of six embryos were staged in this manner. The raised silicone well 
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was filled with embryo media for the three control embryos and a 383 µM solution of 

M2-222 (Sigma Aldrich, MO) diluted in embryo media for the three embryos in the 

experimental group. Dosage for chronic MS-222 treatment was determined by 

established anesthetic guidelines and dosages utilized by previously published studies 

[17, 18]. The staged zebrafish embryos were then placed on a heated imaging stage 

(BoliOptics, CA) at 28° C. Every hour, the respective solutions were added to the well to 

keep the volume consistent and replace lost media from evaporation. Agar embedding 

has been shown to not significantly impact zebrafish embryo physiology, and the use of 

embryos at the 24 hpf stage minimizes tail extension complications in the morphological 

analysis [19].  

 

Fig. 1 Experimental setup of image collection. The system comprises a high-resolution bottom 

microscope and a low-resolution top microscope. Cardiac motion was imaged with the bottom 
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microscope. The top microscope was used for the yolk stiffness calculation. Embryo was oriented so that 

the imaging plane was orthogonal to the heart/yolk interface 

 

Image Collection 

Figure 1 illustrates the details of the experimental setup. For determining yolk 

indentation pressure, the bottom microscope consisting of a 5472x3648 pixel Blackfly® 

S USB3 camera (Teledyne FLIR, OR) and a Nikon CFI Plan APO VC 20 Air 0.75 NA 

UV Enhanced Microscope Objective lens (Nikon, Japan) were used to capture the 

heart-yolk interface at higher magnification. A 3 W green LED (520–530 nm) (Chanzon, 

China) was used for illumination. The top low-resolution microscope, consisting of a 

2048 × 1536 pixel 55 fps Chameleon®3 USB3 camera (Teledyne FLIR, OR) and a M 

Plan Apo 10 × 0.28 NA Long working distance objective lens (Mitutoyo, Japan), was 

used for the yolk indentation analysis. To reduce vibration on the optical stage, a Vision 

IsoStationTM Optical Workstation with Pneumatic Isolation (Newport Corporation, CA) 

was utilized. We oriented the embryo to observe the heart indentation from the bottom 

view of the experimental setup, i.e., the heart-yolk interface is orthogonal to the image 

plane (Fig. 1). 1600x1600 pixel videos at 24 frames per second were recorded of 

cardiac motion every three hours, from 24 hpf to 30 hpf for each embryo (Fig. 2). Each 

recording was five seconds long, which corresponded to around five heartbeat cycles. 

The depth of focus was adjusted to best visualize the deformation of the yolk during a 

heartbeat. Images captured by the bottom microscope are shown in Figure 2a and 2b. 

The focal depth is defined by the numerical apertures (NA) of the illumination and the 

observation optics. Each optics system has an iris to reduce the NA, allowing for high-
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contrast imaging with a deeper focal depth. Online Resource 1 shows the heart-yolk 

interface imaged at different objective heights. The interface is sufficiently visible for a 

range of z =~100 µm, which is larger than the thickness of the heart. 

 

Fig. 2 (a,b) Brightfield images of wildtype zebrafish embryo at 24 and 30 hours post fertilization (hpf). 

Contrast and brightness have been adjusted to best visualize heart/yolk interface. A and V denote the 

arterial and venous poles of the heart, respectively. Black arrows point to the heart/yolk interface. (c,d) 

Cartoon depictions of heart morphology and blood flow direction at these stages. A and V denote the 

arterial and venous poles of the heart respectively 

 

MATLAB Optical Elastography Analysis:  

Videos of the embryonic heart were processed to create a TIFF file containing all the 

image frames. Before performing the image-based deformation analysis [20], the 

contrast and brightness of the images were optimized for image analysis. For this 

analysis, a total of 10 feature points along the heart-yolk interface were chosen. Each of 
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these points was characterized as a node, which defines a target area and a scan area 

for optical tracking, Fig. 3.  

 

Fig. 3 Representation of feature tracking using MATLAB image analysis. Consecutive frames are 

searched incrementally for the node defined by the target area. Nodal displacement per frame can then 

be calculated 

 

The target area was 120x120 pixels, and the scan area was 140x140 pixels. 

Using the first frame i, the program creates a unique pattern for each node based on the 

pixel intensities of the target area. The scan area was then searched incrementally on 

the consecutive frame i +1 to determine the best match of the target area. This was 

performed through normalized cross-correlation at every increment. The area with the 

highest cross-correlation was determined to be the optimally matched area on frame i + 

1, and this area was updated to be the new target area and used for the search on 

frame i + 2. Therefore, frame by frame, the program searches a defined area around the 

original target area, looking for the most similar value to the original value. This allows 
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for the quantification of nodal displacement frame by frame throughout the cardiac 

cycle.  

 

Yolk Stiffness Quantification 

In previous studies, we have made a 3D-printed flexure micro tweezer system 

which utilizes force-sensing microcantilever beams [21]. We have used this system in 

conjunction with image-tracking analysis to characterize multicellular tumor spheroids 

[22, 23]. A recent focus of our studies has been the mechanical characterization of the 

zebrafish embryonic tissues [24, 25]. To measure the Young’s Modulus of the embryo 

yolk, microcantilever beam manipulation was performed on four zebrafish embryos at 

30 hpf. Embryos at 30 hpf were dechorionated using #12 watchmaker forceps and 

transferred onto a glass coverslip with a raised silicone well filled with embryo media. 

MS-222 solution at 4g/ml was added dropwise to the well until no embryo movement 

was observed. Stiffness calculation of the embryo yolk was performed using 

microcantilever beam indentation on the yolk as shown in Fig. 4b. The compression 

rate used for this analysis was ten compression steps with a one-second interval 

between steps. The custom MATLAB image-tracking program was utilized to determine 

the displacement (𝜇) of the microcantilever beams in response to sample compression. 

A video of the image-tracking analysis for yolk stiffness measurement is shown in 

Online Resource 2. The calculated displacement and the spring constant (K) of the 

microcantilever beam (1.03 x 10-2 N/m) was used to determine the force (F) applied to 

the embryo. The calculated force was then utilized to determine the stiffness of the 

sample using the cantilever bending equation referenced in the previously reported 
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study. The Poisson’s Ratio of the yolk was set to 0.5, with the assumption made that it 

acts as an incompressible isotropic material deforming elastically. This analysis follows 

basic Hertzian contact mechanics that has been well established in biomechanical 

characterization. To calculate the stiffness using Hertzian contact mechanics, the 

assumption is made that a viscoelastic material can be treated as quasistatic if the 

compression rate is slow enough.  

 

 

Fig. 4 Microcantilever beam manipulation to determine yolk stiffness of an embryo at 30 hpf. (a) Cartoon 

representation of deformation of the beam and the yolk to measure yolk stiffness. (b)  Image from 

MATLAB image analysis tool showing embryo yolk being compressed by microcantilever beams. Green 
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squares on the microcantilever beams represent node locations for image tracking. See Online Resource 

2 for video of yolk stiffness measurement 

 

Yolk Indentation Pressure Quantification and Contractile Pattern Visualization 

Hertzian Contact Theory for contact between Two Elastic Bodies with Curved 

Surfaces was used to calculate indentation pressure [26]. For our model, we assumed a 

rigid cylindrical indenter compressing a significantly larger elastic cylinder, yielding the 

following equations. 

𝟏

𝑬∗ =  
𝟏−𝒗𝟐

𝑬𝒚𝒐𝒍𝒌
           (1) 

𝑭 =  
𝝅

𝟒
𝑬∗𝑳𝒅           (2) 

𝑷 =  √
𝑬∗𝑭

𝝅𝑳𝑹
           (3) 

In these equations. Eyolk, v, L, d, F, R, and P are equal to the Elastic Modulus of 

the material being indented, Poisson’s Ratio of the material being indented, length of 

the indenter, displacement depth of the indenter, force of the indenter, radius of 

indenter, and pressure, respectively. Applying our image analysis method to these 

equations, we can calculate the indentation pressure. We validated this approach by 

performing a phantom experiment using a silicone elastomer of known stiffness and 

acrylic indenter with known force to compare against the results of the Hertzian Model 

values. A Polydimethylsiloxane (PDMS) piece (3 MPa) was compressed with an acrylic 

cylindrical indenter (Diameter = 60 µm, Length = 300 µm), where the PDMS piece 

represented the embryo yolk, and the acrylic cylinder represented the heart. The acrylic 

cylinder was attached to a micro loadcell with micro strain gauges (SS-060-040-2500-

PM, Micron Technology, Boise, ID, USA) and a piezoelectric actuator (APF710, 
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Thorlabs, Newton, New Jersey). We applied a 1 Hz, 8 µm (p-p) sinusoidal indentation 

on the PDMS elastomer and measured the amplitude using the same optical system we 

used for yolk indentation analysis. See Figure 5a for the experimental setup of the 

phantom indentation and Figure 5b for an image of the image analysis of PDMS 

deformation. For analysis, a total of three indentation cycles were measured. The 

average indentation force measured by the force gauge was 5.59 mN. The average 

indentation force calculated using the Hertzian Model was 5.21 mN. Therefore, error of 

our measurement system was well within 10%. 

 

 

Fig. 5 Validation of the Image-based Hertzian Model for Yolk Deformation Analysis. (a) Experimental 

Setup of Phantom Indentation. PDMS elastomer was indented by the cylindrical acrylic piece. Indentation 

force was measured by a micro loadcell with micro strain gauges. (b) Image tracking analysis of PDMS 
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deformation. 10 tracking nodes were chosen at the PDMS/Indenter interface and the indentation force 

was calculated 

 

Having validated this method, we modeled the contact between the heart and 

yolk as 2 parallel cylinders in contact, Fig. 6a and Fig. 6c. A total of 10 Nodes, visually 

represented as green squares, were manually selected along the heart-yolk interface for 

image tracking analysis, Fig. 6b. With the calculated elastic modulus of the yolk from the 

above method, the equivalent elastic modulus of the yolk and heart in contact was 

calculated using Eq.1. For this analysis we treated the heart as a rigid indenter, so only 

the elastic modulus of the yolk was used to calculate the equivalent elastic modulus 

(E*). The yolk indentation force was calculated using Eq. 2. Using the MATLAB image 

tracking method, each node’s position along the heart-yolk interface during a single 

heartbeat was tracked. Then the max displacement of each node in the yolk direction 

during one heartbeat was plotted against its position along the heart. This data was then 

integrated using the “trapz” function in MATLAB to determine the total yolk area 

indented by the heart, Fig. 6d. This calculated area was equivalent to the product of the 

length (L) and indentation depth (d) seen in Eq. 2. To calculate yolk indentation 

pressure, the radius of each embryo heart was measured using MATLAB and the 

average radius of the three embryos per timepoint and condition was calculated. The 

length (L) in Eq. 3 was determined for each embryo heart by taking the distance 

between the first and last node used during analysis. Yolk indentation pressure was 

then calculated using Eq. 3. All analyses were performed in MATLAB.  
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Fig. 6 Calculation of Yolk Indentation Pressure. Hertzian Contact Theory for contact between Two 

Elastic Bodies with Curved Surfaces was used to calculate yolk indentation pressure. (a) The contact 

between the heart and yolk was modeled as 2 parallel cylinders in contact. (b) 10 Nodes represented as 

green squares were placed along the heart-yolk interface for image tracking analysis. (c) Description of 

parameters used in Hertzian Model analysis: R1 and R2 represent the radius of the heart and yolk 

respectively, F is the indentation force of the heart, d is the measured yolk indentation and L is the length 

of heart/yolk interface. (d) Integration of maximum yolk deformation area during one heartbeat for 

pressure calculation. See Online Resource 3 for a video of yolk deformation image tracking analysis of an 

untreated embryo at 30 hpf 

 

Results: 

Contractile Patterns Change During Early Cardiac Development 
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Fig. 7 Heart contractile patterns at 24 hpf, 27 hpf and 30 hpf. (a-c) Images of the 10 nodes used for 

analysis. Nodes were manually chosen along the heart/yolk interface. (d-f) Plots of nodal displacement 

(µm) of 6 frames during a single heartbeat of an untreated embryo at 24 hpf, 27 hpf, and 30 hpf. Nodal 

displacement for all frames were standardized to the first frame. Positive and negative displacement 

indicate movement away from and towards the yolk, respectively. Node 1 is at the arterial pole of the 

heart and Node 10 is at the venous pole of the heart. Note a single central peak of deformation at 24 hpf 

compared to two peaks on opposite sides at 30 hpf. (g-i) Heatmap plots of normalized max displacement 

per frame during a single heartbeat of an untreated embryo at 24 hpf, 27 hpf, and 30 hpf. Each frame’s 

nodes were normalized to the max nodal displacement of that frame. Darker colors indicate displacement 
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towards the yolk while lighter colors indicate displacement away from the yolk. Note that the area of max 

displacement stays central at 24 hpf but travels fully across the heart at 30 hpf 

 

To show changes in the contractile patterns during development from 24 hpf to 

30 hpf, the displacement of each node per frame was determined. There is a clear 

change in contractile patterns from 24 hpf to 30 hpf. Shown in Fig. 7d and Fig. 7g, at 24 

hpf the heart begins to deform the yolk at the venous pole and travels centrally 

increasing in amplitude. The arterial pole of the heart only displaces in the positive 

direction which is not seen in later timepoints. At 27 hpf, the contractile patterns are still 

like those at 24 hpf, with a single central peak of negative displacement, but the positive 

displacement in the arterial pole has decreased and negative displacement has begun 

to occur in this region, Fig. 7e and Fig. 7h. At 30 hpf, two clear peaks of negative 

displacement, one towards the venous pole and the other towards the arterial pole are 

present. This wave travels from pole to pole, with almost no positive displacement 

occurring during the heartbeat, Fig. 7f and Fig. 7i. 

 

Yolk Indentation Pressure as a Measure of Cardiac Function 
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Fig. 8 Plot of Yolk Indentation Pressure (mmHg) of control and MS-222 treated zebrafish embryos at 24 

hpf, 27 hpf, and 30 hpf. 3 heartbeats from each control (N=3) and treated (N=3) embryos at each 

timepoint were used for analysis. Results of linear regression: Control Trendline: y = 0.0152x – 0.0575, R2 

= 0.37; MS-222 Treated Trendline: y = 0.0116x – 0.0515, R2 = 0.14. Black stars above 24 hpf and 30 hpf 

represent significant difference in yolk indentation pressure between conditions at that timepoint (p < 

0.05) 

 

 

To evaluate our tool’s ability to discern between normal and altered cardiac 

function, yolk indentation pressure of wildtype and MS-222 treated embryos from 24 hpf 

to 30 hpf were compared. Overall, yolk indentation pressure increases over time for 

both the control and treated embryos. A 2-sample t-test (MATLAB 2023a) was 

performed between control and treated embryos at each timepoint. A significant 

difference in mean yolk indentation pressure was found between control and treated 
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embryos at both 24 hpf and 30 hpf (p < 0.05). Furthermore, a 2-sample t-test was 

performed on yolk indentation pressure between 24 hpf and 30 hpf for each condition. A 

significant difference in pressure was found between 24 hpf and 30 hpf for control 

embryos but not MS-222 treated embryos. 

 

Discussion: 

We developed a tool to quantify the pressure exerted from the heart on the 

surrounding tissues as well as the contractile patterns of the embryonic zebrafish heart. 

By measuring the yolk indentation occurring during a single heartbeat, we were able to 

quantify the force and pressure exerted by the zebrafish heart in-vivo. This 

measurement allowed for an in-vivo indicator of cardiac function for the developing 

embryonic heart after its very first heartbeat.  

This study demonstrates that in principle, due to the favorable optical qualities of 

the zebrafish embryo, this microscopy tool can be easily applied to better understand 

the mechanical parameters of cardiac development. The quantification of such 

parameters could help better differentiate mutant phenotypes which affect cardiac 

function, potentially allowing for a more precise analysis of the underlying deficiencies. 

Many studies on cardiac mutant phenotypes utilize well-established markers of proper 

heart development such as ventricular shortening fraction, beats per minute, and red 

blood cell flow rate [27]. Our new marker, yolk indentation pressure, represents a 

combination of several cardiac factors including cardiac contractile and relaxation 

forces, stiffness of the heart tissue, and vessel area, which allows for a holistic 
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measurement of cardiac function. We validated this claim by comparing yolk indentation 

pressure measurements from untreated wildtype embryos to MS-222 treated embryos. 

The results of the analysis show a moderate positive linear trend in pressure 

from 24 hpf to 30 hpf for control embryos and a weak positive linear trend for treated 

embryos, Fig. 8. This increase in pressure over time is expected as the heart grows and 

is required to accommodate the development of vasculature throughout the embryo. 

During the timepoints analyzed, the heart remains a relatively linear tube in direct 

contact with the yolk. Therefore, the pressure measured at the site of yolk deformation 

should be a good estimate of the change in pressure during diastole of the embryonic 

heart. Furthermore, this method of analysis was sensitive enough to detect a significant 

difference in pressure between the treatment and control groups. MS-222 has been 

previously shown to decrease heart contractility within the embryonic heart [28], and our 

results demonstrate that this tool is sensitive enough to detect that effect on yolk 

indentation pressure. 

A thorough literature review revealed that blood pressure measurements at this 

initial stage of development have not been published before. Although we could find no 

previously published results on embryonic blood pressure at the stages we investigated, 

our values appear to be consistent with those reported for subsequent stages. One 

study utilizing servo-null measurements at 48 hpf detailed values of ventricular blood 

pressure of 0.49 mmHg [29]. Another study at 48 hpf concluded that physiological blood 

pressures at this stage are likely below 2 mmHg [14]. Finally, a separate study at 72 hpf 

reported a mean arterial blood pressure of 0.37 mmHg in the ventral aorta [30]. Due to 

the difference in methods and timepoints measured, a direct comparison cannot be 
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made with our measured values, however, these values are quite close to our average 

yolk indentation pressure value of 0.41 mmHg at 30 hpf. Unlike our method which 

measures deformation across the entire heart, servo-null measurements provide 

information for a localized region. This along with the development of cardiac chambers 

and valves that occur between 30 hpf to 48 hpf could also explain the difference in 

pressure measurements. Overall, our tool measured physiological pressures which are 

in line with current published data.  

The exact pumping mechanism of the early embryonic zebrafish heart is still not 

fully understood [31]. When the developing cardiac tube begins to beat at 24 hpf, its 

contractile pattern is a single wave traveling from the venous to arterial end of the heart. 

This contrasts with the pumping mechanism of the further developed two chamber 

heart, whose chambers pump sequentially. These changes in pumping mechanisms 

have been modeled with 4D computational fluid dynamic studies at later stages in heart 

development (>72 hpf) [32, 33]. Our method can help better understand this change in 

pumping mechanics by helping to visualize the contractile patterns of the growing heart, 

as shown in Fig. 7. Looking at the changes in contractile mechanics from 24 hpf to 30 

hpf, the heart initially starts off with a single pole of contraction that begins at the venous 

end of the heart and travels only to the middle of the heart tube. This contrasts with the 

pattern at 30 hpf which shows two poles of contraction with the beat traveling from the 

venous end of the heart all the way to the opposite arterial end of the heart. At this 

timepoint, the venous and arterial poles of the heart contract sequentially without any 

valve formation present. The emergence of this contractile pattern may thus be an 

important marker as a hallmark of proper cardiac development. Therefore, the 
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application of this tool to quantify the contractile patterns of the growing embryo heart 

can help better understand normal and perturbed pumping behavior.  

 Our tool has one main limitation that there must be contact between the heart 

and the yolk for pressure measurement to occur. This limits the use of our tool during 

later stages of heart development, as the yolk decreases in size and the heart shifts 

away from the yolk. Therefore, this tool is best utilized for measuring yolk indentation 

pressure from 24 hpf to 36 hpf but can measure the contractile patterns of the heart 

throughout later timepoints as well. As our tool is non-invasive and label-free it can be 

directly applied with other established hemodynamic measurement methods such as 

particle image velocimetry or 4D computational fluid dynamics for a complete 

observation and characterization of the embryonic heart. Continuing, the embryo can be 

removed from the agarose mounting after 36 hpf to allow for other approaches of late-

stage assessment, such as servo null system measurements.  

In conclusion, we developed a new method to study embryonic cardiac 

development in zebrafish. We have shown a significant difference in yolk indentation 

pressure over the course of 6 hours of cardiac development, as well as between 

untreated and MS-222 treated embryos. Our method allowed for contractility and 

pressure evaluation at these early developmental stages, which have not been 

previously reported in published literature, regardless of sample or imaging modality. 

Furthermore, the tool can be combined with other standard image-based analysis 

methods to allow for better characterization of cardiac mutant phenotypes, which can 

help better understand the relationship between mechanical forces and heart 
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development. In the future, our tool could be used in conjunction with fetal 

echocardiography to better quantify human embryonic heart development. 
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