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Abstract: The zebrafish (Danio rerio) is an increasingly popular animal model biological system.
In cardiovascular research, it has been used to model specific cardiac phenomena as well as to
identify novel therapies for human cardiovascular disease. While the zebrafish cardiovascular
system functioning is well examined at larval stages, the mechanisms by which vessel activity
is initiated remain a subject of intense investigation. In this research, we report on an in vivo
stain-free blood vessel imaging technique at pre-larval stages of zebrafish embryonic development.
We have developed the algorithm for the enhancement, alignment and spatiotemporal analysis
of bright-field microscopy images of zebrafish embryos. It enables the detection, mapping and
quantitative characterization of cardiac activity across the whole specimen. To validate the proposed
approach, we have analyzed multiple data cubes, calculated vessel images and evaluated blood flow
velocity and heart rate dynamics in the absence of any anesthesia. This non-invasive technique may
shed light on the mechanism of vessel activity initiation and stabilization as well as the cardiovascular
system’s susceptibility to environmental stressors at early developmental stages.

Keywords: zebrafish; embryonic development; cardiovascular system; in vivo imaging; optical
mapping; non-invasive measurements

1. Introduction

The zebrafish has emerged to become a common and useful vertebrate animal model for
cardiovascular research in recent years [1–4]. It is a powerful genetic system to study cardiac function
due to several advantages. The ability to implement the main modern genome editing tools and
techniques, including engineered nucleases (meganucleases, zinc-finger nucleases, transcription
activator-like effector nucleases) and CRISPR gene editing, have been demonstrated for Danio rerio [5–8].
Various zebrafish transgenic lines can be used to enhance the visualization contrast of different
transformation processes [9–11]. The use of the zebrafish as a model organism is of particular interest
for the analysis of innate immunity [12] and for the study of viral [13–15], bacterial [16,17] and fungal
infections [18,19].

Small size, ease of maintenance, short reproduction cycle with multiple (up to 2000) embryos and
short period (3 days) of embryonic development make Danio rerio a convenient object for continuous
observation and experimental research of the mechanisms by which genetic and disease-related
modifications are being passed to the offspring.
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Cardiovascular system functional characteristics of zebrafish are well studied in various conditions
and in the whole life cycle. Their accurate analysis and patterning may indicate developmental disorders
and presence of pathology at the very early stages. Detailed studies of cardiovascular system function
are of great value for understanding cardiac failures and identifying novel therapies for human
cardiovascular disease [20–22].

Zebrafish embryos develop in the external environment and are relatively small-sized and
transparent in the optical wavelength range. These features allow one to easily visualize the circulatory
system structure [23,24], observe heart and blood vessel formation and development, and simulate
cardiovascular diseases [25–28]. While the zebrafish cardiovascular system functioning is well
examined at larval stages [24,29–31], the mechanisms by which the vessel activity is initiated under
natural conditions remain a subject of intense investigation. At the pharyngula stage (24–40 hpf)
that precedes hatching [32], invasive procedures (excising, fixation, sectioning and staining) are not
effective for real-time monitoring due to the fast-changing and vulnerable state of the emerging
cardiovascular system.

Thus, biomedical optical imaging techniques are remaining promising in the field of in vivo zebrafish
studies [2,33]. Though heart function analysis from bright field time-lapse image sequences [31,33–35] as
well as quantitative research of zebrafish heartbeat initiation and stabilization [36] have been reported,
blood vessel imaging during early embryonic development has not been carried out. Due to constant
embryo motion within the shell, conventional processing algorithms based on image subtraction are
inefficient and require precise initial image stabilization. In this research, we show that a combination of
time-lapse bright-field microscopy and an advanced image processing technique represents an effective
approach to in vivo stain-free cardiac activity mapping across the whole specimen and quantitative
analysis of cardiovascular performance even at pre-larval developmental stages in the absence of
any anesthesia.

2. Materials and Methods

2.1. Experimental Animals

Zebrafish embryos were from an existing stock at the Biological Faculty of Lomonosov Moscow
State University. Before embryo collection, single species groups of males and females were kept by
local aquarists in isolated 10 L glass aquaria at a temperature of 26 ◦C with the aquaria illumination
turned on for 12 h daily. The selected groups were fed three times a day ad libitum on flake and
Artemia. For embryo collection, males and females were placed together in a breeding tank and the
embryos were collected immediately post-fertilization. A mixture of individuals from several different
breeding groups was used during the experiment to maximize genetic variation among embryos.
The two-cell development stage was used as initial time point during observation because the exact
time of fertilization was difficult to determine. The development, survival rate and morphology of the
collected embryos was not affected in comparison to the control group not subjected to the study.

2.2. Experimental Setup

The conventional off-the-shelf trinocular transmitted light bright-field microscope is the basis
of the experimental setup (Figure 1). A Koehler system was implemented to achieve uniform
illumination of the object. Images were formed by an optical system assembled of a flat field corrected
apochromatic objective (10× NA 0.25) and a standard tube lens. To acquire the digital images, the
complementary metal-oxide-semiconductor active-pixel image sensor (IDS uEye UI-3060CP-M-GL
Rev.2, 1/1.2”, 1936 × 1216 pixels) was installed onto the camera tube. The image sensor was connected
to the PC for raw data acquisition and storage. The image processing and data analysis pipeline is
described in Section 2.3.
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Figure 1. Experimental protocol.

2.3. Experimental Protocol

The single experimental dataset contained 3000 12-bit grayscale digital images with 1200 × 1200
pixel resolution obtained during a 60-s time series (50 fps). For preliminary geometrical calibration
of the imaging setup, the images of the test chart were captured before the experimental dataset
acquisition. The geometrical calibration procedure is an essential step for the magnification determining
and estimation of the real image distortions. During image acquisition, the inspected embryo may
move and rotate within the shell, and illumination conditions and background characteristics may also
vary. Data analysis procedures require pre-processing of raw images to crop the region of interest,
compensate for movement and eliminate the illumination non-uniformity (Figure 2). After these
procedures, we obtained the well-matched and intensity-corrected spatiotemporal data cube I(x,y,t)
including time-domain dependences I(t) for each image pixel with spatial coordinates x,y.
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Figure 2. Image processing pipeline.

Figure 3 illustrates the main image pre-processing stages shown in pink color in Figure 2. First,
the microscopic images of 26 hpf unhatched zebrafish embryo in a lateral position were to be cropped
down to the embryo dimensions (Figure 3a). Second, to compensate for illumination non-uniformity
and align the average intensity of all images in a series, we subtracted a smoothed image and constant
term 127 (Figure 3b). Third, to ensure pixel-to-pixel matching of all images, we calculated local motion
vectors and matched the images with respect to their directions and lengths. Figure 3c shows a
locally matched image with crosses indicating the positions of each grid knot in the first (black) and
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the last (white) image of the sequence. Shape and intensity of the temporal signal I(t) in each pixel
of the obtained data cube I(x,y,t) characterizes morphogenetic events occurring during embryonic
development. The blood flow changes may be detected by the periodic variations of the transmitted
light intensity since blood cells absorb light more strongly than the surrounding tissues [37]. Plotting
the spectrum of the temporal signal using Fourier transform allowed detection of the dominant
frequencies, which corresponded to the cardiovascular activity. After obtaining the intensity deviation
values in each image pixel, we could subtract the blood-free background and consider only the pixels
with blood flow related to significant intensity oscillations. Thus, we obtained a series of well-matched
blood flow images ready for cardiac activity analysis (Figure 3d). The blood circulation was clearly
visible throughout the full cardiac cycle (Supplementary Video).

Diagnostics 2020, 10, x FOR PEER REVIEW 4 of 10 

 

a locally matched image with crosses indicating the positions of each grid knot in the first (black) and 

the last (white) image of the sequence. Shape and intensity of the temporal signal I(t) in each pixel of 

the obtained data cube I(x,y,t) characterizes morphogenetic events occurring during embryonic 

development. The blood flow changes may be detected by the periodic variations of the transmitted 

light intensity since blood cells absorb light more strongly than the surrounding tissues [37]. Plotting 

the spectrum of the temporal signal using Fourier transform allowed detection of the dominant 

frequencies, which corresponded to the cardiovascular activity. After obtaining the intensity deviation 

values in each image pixel, we could subtract the blood-free background and consider only the pixels 

with blood flow related to significant intensity oscillations. Thus, we obtained a series of well-matched 

blood flow images ready for cardiac activity analysis (Figure 3d). The blood circulation was clearly 

visible throughout the full cardiac cycle (Supplementary Video). 

 

Figure 3. Stages of image pre-processing: (a) cropped image, (b) aligned image, (c) locally matched 

image and (d) blood flow image. 

3. Results 

From the series of blood flow images (Figure 4a), we could calculate the intensity of blood 

volume changes as the ratio of high- and low-frequency spectral components in the Fourier spectrum. 

Thus, we obtained the vessel image. It vividly depicts the tissues associated with cardiac activity, i.e., 

the spatial structure of the cardiovascular system existing at this developmental stage (Figure 4b). 

The heart and the system of vessels that carry blood throughout the embryo’s body may be clearly 

identified on the blood-free background [32,38,39]. The calculated vessel image in Figure 4b 

Figure 3. Stages of image pre-processing: (a) cropped image, (b) aligned image, (c) locally matched
image and (d) blood flow image.

3. Results

From the series of blood flow images (Figure 4a), we could calculate the intensity of blood volume
changes as the ratio of high- and low-frequency spectral components in the Fourier spectrum. Thus,
we obtained the vessel image. It vividly depicts the tissues associated with cardiac activity, i.e., the spatial
structure of the cardiovascular system existing at this developmental stage (Figure 4b). The heart and
the system of vessels that carry blood throughout the embryo’s body may be clearly identified on the
blood-free background [32,38,39]. The calculated vessel image in Figure 4b demonstrates the efficiency
of the proposed processing algorithm and shows the main elements of the existing cardiovascular
system. Vessels are named according to commonly used classification [40]: ACeV—anterior cerebral
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vein; BA—basilar artery; CA—caudal artery; CaDI—caudal division of the internal carotid artery;
CCV—common cardinal vein; CV—caudal vein; DA—dorsal aorta; MsA—mesencephalic artery;
MsV—mesencephalic vein; PCV—posterior cardinal vein; PHBC—primordial hindbrain channel;
PHS—primary head sinus; PICA—primitive internal carotid artery; PMBC—primordial midbrain
channel; PMsA—primitive mesencephalic artery; PPrA—primitive prosencephalic artery.
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Besides the two-dimensional mapping of cardiac activity, the obtained spatiotemporal data cube
I(x,y,t) allowed calculation of the heartbeat rate and blood flow velocity—quantitative parameters
characterizing cardiovascular functioning. The heart location (Figure 4c) could be detected automatically
as the image pixel group demonstrating the most intensive and constant oscillations. Heart area
detection in the blood flow images allowed accurate cardiac beat detection and heart rate monitoring.
The obtained temporal signals in the heart area had the correct shape and spectrum [30,34]. In the
experiment shown in Figure 4, the measurement result for the heart rhythm was 69 bpm (Figure 4h),
which is in good agreement with the values obtained in other studies for this stage of zebrafish
development [36,41].

Pulsatile flow of blood cells could be easily detected in zebrafish embryo blood vessels from the
beginning of circulation at 24 hpf. To demonstrate blood flow velocity measurement, we selected one
of the vessel areas (Figure 4d) and carried out its morphological analysis in order to detect the offset
vector field (Figure 4e) and central line of the vessel (Figure 4f) and to calculate normal direction at
each point. Implementation of this procedure allowed the alignment of the pixels corresponding to
the blood vessel into a straight line [42] to calculate the blood flow velocity. Since the blood vessel
pixels were aligned, the relative shift between consequent images could be estimated. Then the blood
flow velocity could be determined as the ratio of this shift to the time interval between the moments of
image acquisition. The obtained blood flow velocity signal was compared with the temporal signal in
the heart area to validate the proposed velocity measurement technique. In the diagram in Figure 4g,
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the curves corresponding to these signals are superimposed so that their mean values are equal. Heart
area temporal signal and blood flow velocity signal had the same period of 0.86 s and a constant
relative temporal shift of 0.35 s. Average blood flow velocity was 389 µm/s, which is close to the value
measured using quantitative fluorescent imaging at the larval stage (Figure 4i) [24].

We implemented the described image processing algorithms in C++ using parallel computing
on multiple CPU cores. The software includes modules for camera control and image acquisition,
preprocessing and data analysis. The total processing time of 3000 12-bit monochrome images with
1200 × 1200 resolution was about 12 min using Intel’s 8th generation 4-core processor. The most
time-consuming processes were local matching (18 min) and vessel image calculation (1 min). Further
optimization may be related to GPU computing.

Figure 5 illustrates the vessel activity across the whole embryo and the heart rate at the stages
from 22 hpf to 27 hpf. Due to the absence of anesthesia, embryos moved and were randomly oriented
in chorions. For this reason, the viewing angle and orientation of the embryos differed. Figure 5
shows temporal dynamics of the key features indicating the state of the embryos and suitability
for non-invasive measurements at early developmental stages. The experiments demonstrated a
continuous increase of the heartbeat rate and gradual activation of vasculature initiated by the heart
functioning. Such measurements are important for predicting the further development of the embryo,
in particular the time of its hatching.
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4. Discussion

As a model biological system, the zebrafish possesses numerous advantages: rapid embryonic
development, fully sequenced genome, low cost, etc. This organism also has a unique collection of
features at pre-larval developmental stages: large size, optical transparency of the embryo’s interior and
relatively slow embryo movements inside the shell. This makes zebrafish an attractive model for in vivo
study of the formation and functioning of its cardiovascular system using optical imaging techniques.

In this study, we have demonstrated that time-lapse bright-field microscopy and digital signal
processing allow blood vessel imaging of a living embryo as well as heartbeat and blood flow velocity
measurements without any anesthesia. In contrast to straightforward approaches based on image
subtraction, the described pre-processing procedure enables the compensation of shifts and rotations
between images and their pixel-to-pixel matching necessary for accurate quantitative characterization
of cardiac activity.

The proposed algorithm is applicable for processing the images obtained by various microscope
setups widely used for in vivo studies of zebrafish embryos. It can complement optical coherence
tomography, acoustic microscopy and other imaging techniques by adding cardiac activity
mapping capability.
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5. Conclusions

The presented algorithm does not require the use of contrast agents and may be used to visualize
cardiac morphology and measure dynamics in zebrafish embryos without anesthesia. We believe that
it may help to shed light on the mechanisms by which the cardiovascular system’s activity is initiated
under natural conditions. Continuous study of the heart function and vessel structure transformation
using the proposed algorithm may contribute to recognizing possible warning signs of developmental
disorders at the very early stages and understanding the symptoms of various diseases, i.e., help to
improve the techniques for their correct diagnosis and timely treatment.

Further development of this technique may include the interactive analysis of vessel structure
and function in both normal and pathological condition at embryonic stages, as well as detecting
and studying the changes in zebrafish cardiovascular system initiation, development and functioning
induced by various environmental stressors.

6. Ethics

The authors confirm that all methods were carried out in accordance with relevant guidelines
and regulations and were approved by the Lomonosov Moscow State University Bioethics Committee
(Protocol #108-0).

7. Data Accessibility

The raw image sequence for the 26 hpf unhatched zebrafish embryo is available from Mendeley
Data (http://dx.doi.org/10.17632/kj7mkcw8vn.1).

Supplementary Materials: Supplementary video presenting the locally matched images, blood flow images and
a resulting vessel image is available from Mendeley Data (http://dx.doi.org/10.17632/kj7mkcw8vn.1).

Author Contributions: A.S.M. and A.B.B. conceived and designed the project; M.V.V. and D.D.K. acquired data;
A.S.M., M.V.V. and A.V.P. analyzed data; A.S.M. drafted the article; and A.B.B., M.V.V. and D.D.K. revised it
critically for important intellectual content. All authors gave final approval of the version to be published and
agreed to be accountable for all aspects of the work. All authors have read and agreed to the published version of
the manuscript.

Funding: This study is supported by the Ministry of Science and Higher Education of the Russian Federation
(project 0069-2019-0010). Experiments were performed using the equipment of the Center for Collective Use of the
Scientific and Technological Center of Unique Instrumentation of the Russian Academy of Sciences.

Acknowledgments: The experiments were carried out on the base of the Center for Collective Use of the Scientific
and Technological Center of Unique Instrumentation of the Russian Academy of Sciences.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Kawasaki, T.; Maeno, A.; Shiroishi, T.; Sakai, N. Development and growth of organs in living whole embryo
and larval grafts in zebrafish. Sci. Rep. UK 2017, 7, 16508. [CrossRef] [PubMed]

2. Yalcin, H.C.; Amindari, A.; Butcher, J.T.; Althan, A.; Yacoub, M. Heart function and hemodynamic analysis
for zebrafish embryos. Dev. Dynam. 2017, 246, 868–880. [CrossRef] [PubMed]

3. Lawson, N.D.; Weinstein, B.M. Arteries and veins: Making a difference with zebrafish. Nat. Rev. Genet. 2002,
3, 674–682. [CrossRef] [PubMed]

4. Konno, M.; Asai, A.; Kitagawa, T.; Yabumoto, M.; Ofusa, K.; Arai, T.; Hirotsu, T.; Doki, Y.; Eguchi, H.; Ishii, H.
State-of-the-Art Technology of Model Organisms for Current Human Medicine. Diagnostics 2020, 10, 392.
[CrossRef]

5. Soroldoni, D.; Hogan, B.M.; Oates, A.C. Simple and efficient transgenesis with meganuclease constructs in
zebrafish. Methods Mol. Biol. 2009, 546, 117–130. [CrossRef]

6. Foley, J.E.; Maeder, M.L.; Pearlberg, J.; Joung, J.K.; Peterson, R.T.; Yeh, J.R. Targeted mutagenesis in zebrafish
using customized zinc-finger nucleases. Nat. Protoc. 2009, 4, 1855–1867. [CrossRef]

http://dx.doi.org/10.17632/kj7mkcw8vn.1
http://dx.doi.org/10.17632/kj7mkcw8vn.1
http://dx.doi.org/10.1038/s41598-017-16642-5
http://www.ncbi.nlm.nih.gov/pubmed/29184141
http://dx.doi.org/10.1002/dvdy.24497
http://www.ncbi.nlm.nih.gov/pubmed/28249360
http://dx.doi.org/10.1038/nrg888
http://www.ncbi.nlm.nih.gov/pubmed/12209142
http://dx.doi.org/10.3390/diagnostics10060392
http://dx.doi.org/10.1007/978-1-60327-977-2_8
http://dx.doi.org/10.1038/nprot.2009.209


Diagnostics 2020, 10, 886 8 of 9

7. Hwang, W.Y.; Peterson, R.T.; Yeh, J.R. Methods for targeted mutagenesis in zebrafish using TALENs. Methods
2014, 69, 76–84. [CrossRef] [PubMed]

8. Du, X.; Xu, B.; Zhang, Y.; Du, J. A transgenic zebrafish model for in vivo long-term imaging of retinotectal
synaptogenesis. Sci. Rep. UK 2018, 8, 14077. [CrossRef] [PubMed]

9. Marquart, G.D.; Tabor, K.M.; Brown, M.; Strykowski, J.L.; Varshney, G.K.; LaFave, M.C.; Mueller, T.;
Burgess, S.M.; Higashijima, S.; Burgess, H.A. A 3D searchable database of transgenic zebrafish Gal4 and Cre
lines for functional neuroanatomy studies. Front. Neural Circuits 2015, 9, 78. [CrossRef] [PubMed]

10. Mathias, J.R.; Perrin, B.J.; Liu, T.X.; Kanki, J.; Look, A.T.; Huttenlocher, A. Resolution of inflammation by
retrograde chemotaxis of neutrophils in transgenic zebrafish. J. Leukoc. Biol. 2006, 80, 1281–1288. [CrossRef]

11. Ellett, F.; Pase, L.; Hayman, J.W.; Andrianopoulos, A.; Lieschke, G.J. mpeg1 promoter transgenes direct
macrophage-lineage expression in zebrafish. Blood 2011, 117, e49–e56. [CrossRef] [PubMed]

12. Novoa, B.; Figueras, A. Zebrafish: Model for the study of inflammation and the innate immune response to
infectious diseases. Adv. Exp. Med. Biol. 2012, 946, 253–275. [CrossRef] [PubMed]

13. Gabor, K.A.; Goody, M.F.; Mowel, W.K.; Breitbach, M.E.; Gratacap, R.L.; Witten, P.E.; Kim, C.H. Influenza
A virus infection in zebrafish recapitulates mammalian infection and sensitivity to anti-influenza drug
treatment. Dis. Model. Mech. 2014, 7, 1227–1237. [CrossRef]

14. Burgos, J.S.; Ripoll-Gomez, J.; Alfaro, J.M.; Sastre, I.; Valdivieso, F. Zebrafish as a new model for herpes
simplex virus type 1 infection. Zebrafish 2008, 5, 323–333. [CrossRef]

15. Ding, C.B.; Zhang, J.P.; Zhao, Y.; Peng, Z.G.; Song, D.Q.; Jiang, J.D. Zebrafish as a potential model organism
for drug test against hepatitis C virus. PLoS ONE 2011, 6, e22921. [CrossRef]

16. Prajsnar, T.K.; Cunliffe, V.T.; Foster, S.J.; Renshaw, S.A. A novel vertebrate model of Staphylococcus
aureus infection reveals phagocyte-dependent resistance of zebrafish to non-host specialized pathogens.
Cell. Microbiol. 2008, 10, 2312–2325. [CrossRef] [PubMed]

17. Bernut, A.; Dupont, C.; Sahuquet, A.; Herrmann, J.L.; Lutfalla, G.; Kremer, L. Deciphering and Imaging
Pathogenesis and Cording of Mycobacterium abscessus in Zebrafish Embryos. J. Vis. Exp. 2015, 103, 53130.
[CrossRef] [PubMed]

18. Brothers, K.M.; Wheeler, R.T. Non-invasive imaging of disseminated candidiasis in zebrafish larvae. J. Vis.
Exp. 2012, 65, e4051. [CrossRef]

19. Voelz, K.; Gratacap, R.L.; Wheeler, R.T. A zebrafish larval model reveals early tissue-specific innate immune
responses to Mucor circinelloides. Dis. Models Mech. 2015, 8, 1375–1388. [CrossRef]

20. Brown, D.R.; Samsa, L.A.; Qian, L.; Liu, J. Advances in the study of heart development and disease using
zebrafish. J. Cardiovasc. Dev. Dis. 2016, 3, 13. [CrossRef]

21. Bakkers, J. Zebrafish as a model to study cardiac development and human cardiac disease. Cardiovasc. Res.
2011, 91, 279–288. [CrossRef]

22. Asnani, A.; Peterson, R.T. The zebrafish as a tool to identify novel therapies for human cardiovascular disease.
Dis. Models Mech. 2014, 7, 763–767. [CrossRef] [PubMed]

23. Major, R.J.; Poss, K.D. Zebrafish heart regeneration as a model for cardiac tissue repair. Drug Discov. Today
Dis. Model. 2007, 4, 219–225. [CrossRef] [PubMed]

24. Watkins, S.C.; Maniar, S.; Mosher, M.; Roman, B.L.; Tsang, M.; St Croix, C.M. High resolution imaging of
vascular function in zebrafish. PLoS ONE 2012, 7, e44018. [CrossRef]

25. Mably, J.D.; Childs, S.J. Developmental physiology of the zebrafish cardiovascular system. Fish Physiol. 2010,
29, 249–287. [CrossRef]

26. Liu, J.; Stainier, D.Y. Zebrafish in the study of early cardiac development. Circ. Res. 2012, 110, 870–874.
[CrossRef]

27. Giardoglou, P.; Beis, D. On zebrafish disease models and matters of the heart. Biomedicines 2019, 7, 15.
[CrossRef] [PubMed]

28. Gut, P.; Reischauer, S.; Stainier, D.Y.R.; Arnaout, R. Little fish, big data: Zebrafish as a model for cardiovascular
and metabolic disease. Physiol. Rev. 2017, 97, 889–938. [CrossRef]

29. Pylatiuk, C.; Sanchez, D.; Mikut, R.; Alshut, R.; Reischl, M.; Hirth, S.; Rottbauer, W.; Just, S. Automatic
zebrafish heartbeat detection and analysis for zebrafish embryos. Zebrafish 2014, 11, 379–383. [CrossRef]

30. De Luca, E.; Zaccaria, G.M.; Hadhoud, M.; Rizzo, G.; Ponzini, R.; Morbiducci, U.; Santoro, M.M. ZebraBeat:
A flexible platform for the analysis of the cardiac rate in zebrafish embryos. Sci. Rep. UK 2014, 4, 4898.
[CrossRef]

http://dx.doi.org/10.1016/j.ymeth.2014.04.009
http://www.ncbi.nlm.nih.gov/pubmed/24747922
http://dx.doi.org/10.1038/s41598-018-32409-y
http://www.ncbi.nlm.nih.gov/pubmed/30232367
http://dx.doi.org/10.3389/fncir.2015.00078
http://www.ncbi.nlm.nih.gov/pubmed/26635538
http://dx.doi.org/10.1189/jlb.0506346
http://dx.doi.org/10.1182/blood-2010-10-314120
http://www.ncbi.nlm.nih.gov/pubmed/21084707
http://dx.doi.org/10.1007/978-1-4614-0106-3_15
http://www.ncbi.nlm.nih.gov/pubmed/21948373
http://dx.doi.org/10.1242/dmm.014746
http://dx.doi.org/10.1089/zeb.2008.0552
http://dx.doi.org/10.1371/journal.pone.0022921
http://dx.doi.org/10.1111/j.1462-5822.2008.01213.x
http://www.ncbi.nlm.nih.gov/pubmed/18715285
http://dx.doi.org/10.3791/53130
http://www.ncbi.nlm.nih.gov/pubmed/26382225
http://dx.doi.org/10.3791/4051
http://dx.doi.org/10.1242/dmm.019992
http://dx.doi.org/10.3390/jcdd3020013
http://dx.doi.org/10.1093/cvr/cvr098
http://dx.doi.org/10.1242/dmm.016170
http://www.ncbi.nlm.nih.gov/pubmed/24973746
http://dx.doi.org/10.1016/j.ddmod.2007.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19081827
http://dx.doi.org/10.1371/journal.pone.0044018
http://dx.doi.org/10.1016/S1546-5098(10)02906-7
http://dx.doi.org/10.1161/CIRCRESAHA.111.246504
http://dx.doi.org/10.3390/biomedicines7010015
http://www.ncbi.nlm.nih.gov/pubmed/30823496
http://dx.doi.org/10.1152/physrev.00038.2016
http://dx.doi.org/10.1089/zeb.2014.1002
http://dx.doi.org/10.1038/srep04898


Diagnostics 2020, 10, 886 9 of 9

31. Kang, C.P.; Tu, H.C.; Fu, T.F.; Wu, J.M.; Chu, P.H.; Chang, D.T. An automatic method to calculate heart rate
from zebrafish larval cardiac videos. BMC Bioinform. 2018, 19, 169. [CrossRef] [PubMed]

32. Kimmel, C.B.; Ballard, W.W.; Kimmel, S.R.; Ullmann, B.; Schilling, T.F. Stages of embryonic development of
the zebrafish. Dev. Dynam. 1995, 203, 253–310. [CrossRef] [PubMed]

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

34. Chan, P.K.; Lin, C.C.; Cheng, S.H. Noninvasive technique for measurement of heartbeat regularity in zebrafish
(Danio rerio) embryos. BMC Biotechnol. 2009, 9, 11. [CrossRef] [PubMed]

35. Machikhin, A.; Burlakov, A.; Volkov, M.; Khokhlov, D. Imaging photoplethysmography and
videocapillaroscopy enable non-invasive study of zebrafish cardiovascular system functioning. J. Biophotonics
2020, 13, e202000061. [CrossRef]

36. Gierten, J.; Pylatiuk, C.; Hammouda, O.T.; Schock, C.; Stegmaier, J.; Wittbrodt, J.; Gehrig, J.; Loosli, F.
Automated high-throughput heartbeat quantification in medaka and zebrafish embryos under physiological
conditions. Sci. Rep. UK 2020, 10, 2046. [CrossRef] [PubMed]

37. Moraes, J.L.; Rocha, M.X.; Vasconcelos, G.G.; Vasconcelos Filho, J.E.; de Albuquerque, V.H.C.; Alexandria, A.R.
Advances in photopletysmography signal analysis for biomedical applications. Sensors 2018, 18, 1894.
[CrossRef]

38. Gore, A.V.; Monzo, K.; Cha, Y.R.; Pan, W.; Weinstein, B.M. Vascular development in the zebrafish. Cold Spring
Harb. Perspect. Med. 2012, 2, a006684. [CrossRef]

39. Kunz, Y. Developmental Biology of Teleost Fishes; Springer: Dordrecht, The Netherlands, 2004. [CrossRef]
40. Isogai, S.; Horiguchi, M.; Weinstein, B.M. The vascular anatomy of the developing zebrafish: An atlas of

embryonic and early larval development. Dev. Biol. 2001, 230, 278–301. [CrossRef]
41. Ibrahim, M.; Balakrishnan, A.; Prakash, S.; Lee, H.J. Effect of ethanol exposure on heart development in zebra

fish (Danio rerio) embryos. Int. J. Anat. Sci. 2014, 5, 26–33.
42. Volkov, M.V.; Margaryants, N.B.; Potemkin, A.V.; Volynsky, M.A.; Gurov, I.P.; Mamontov, O.V.; Kamshilin, A.A.

Video capillaroscopy clarifies mechanism of the photoplethysmographic waveform appearance. Sci. Rep.
UK 2017, 7, 13298. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/s12859-018-2166-6
http://www.ncbi.nlm.nih.gov/pubmed/29743010
http://dx.doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/8589427
http://dx.doi.org/10.4414/smw.2015.14227
http://www.ncbi.nlm.nih.gov/pubmed/26700795
http://dx.doi.org/10.1186/1472-6750-9-11
http://www.ncbi.nlm.nih.gov/pubmed/19228382
http://dx.doi.org/10.1002/jbio.202000061
http://dx.doi.org/10.1038/s41598-020-58563-w
http://www.ncbi.nlm.nih.gov/pubmed/32029752
http://dx.doi.org/10.3390/s18061894
http://dx.doi.org/10.1101/cshperspect.a006684
http://dx.doi.org/10.1007/978-1-4020-2997-4
http://dx.doi.org/10.1006/dbio.2000.9995
http://dx.doi.org/10.1038/s41598-017-13552-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Experimental Setup 
	Experimental Protocol 

	Results 
	Discussion 
	Conclusions 
	Ethics 
	Data Accessibility 
	References

