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Abstract

:

Cardiovascular disease (CVD) is the number one cause of death worldwide. This condition resulted in huge research on CVD increasing the need for animal models suitable for in vivo research. Daphnia and zebrafish are good animal models for cardiovascular research due to their relative body transparency and easy culture property. Several methods have been developed to conduct cardiac performance measurement in Daphnia and zebrafish. However, most of the methods are only able to obtain heartbeat rate. The other important cardiac endpoints like stroke volume, ejection fraction, fraction shortening, cardiac output, and heartbeat regularity must use other programs for measurement. To overcome this limitation, in this study, we successfully developed a one-stop ImageJ-based method using kymograph macros language that is able to obtain multiple cardiac performance endpoints simultaneously for the first time. To validate its utility, we incubated Daphnia magna at different ambient temperatures and exposed zebrafish with astemizole to detect the corresponding cardiac performance alterations. In summary, the kymograph method reported in this study provides a new, easy to use, and inexpensive one-stop method obtaining multiple cardiac performance endpoints with high accuracy and convenience.
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1. Introduction


Cardiovascular diseases (CVD) are the number one cause of death worldwide, accounting for 17.9 million or 31% of total annual worldwide deaths. This number is predicted to increase to 22.2 million annual deaths by 2030. CVD deaths are mainly caused by heart attacks and strokes, which are avoidable outcomes, mainly in developed countries. However, in low- and middle-income countries, more than three-quarters of deaths occurred due to these conditions [1]. As a result of these conditions, biomedical research on causes, prevention, and treatment of CVD remained active, producing hundreds of publications weekly. The sheer amount of research on CVDs increased the need for animal models.



Zebrafish was proven to be a good vertebrate model for cardiovascular research because of several advantages it holds over the mammalian model. Physically, the human heart rate of 60–100 beats per minute (bpm) is closer to the zebrafish embryonic heart rate of 120–180 bpm than the mouse heart rate of 300–600 bpm. Cardiovascular screening is mostly done in small zebrafish within the 1st week of birth due to the transparent body of larval zebrafish, allowing non-invasive detection on the organ [2]. Zebrafish also produce a high offspring number, have a fast-embryonic development process, and have a short reproductive cycle. Due to its small size, zebrafish are easier to maintain and require little laboratory space. Furthermore, the zebrafish genome is fully sequenced and showed more than 70% similarity with human genes at protein level reflected in drug response, as the protein comprising drug binding targets is similar [3]. Due to this similarity, genes expressed in human disease are also expressed by zebrafish, providing a platform to model existing mutations in patients. These properties make zebrafish a fitting animal model for cardiovascular research [4]. In addition, zebrafish use for research also has fewer ethical restrictions compared to mammalian models [2].



Another animal fitting as an excellent cardiovascular research model is Daphnia magna. D. magna (also known as water flea) is a well-known invertebrate animal model because of its high sensitivity to environmental change, and is usually used as prescreening for toxicity assay [5]. Furthermore, a transparent body and large heart-to-body ratio is an advantage, allowing easier observation under a microscope [6]. D. magna has a myogenic heart, which is the intrinsic property of the mammalian heart and also known to have a similarity in cardiac response to components affecting heart rate in the mammalian animal model and even humans [7,8,9]. All these advantages make D. magna an excellent animal model to investigate the effect of some compounds on the cardiovascular system.



Previously, Hoage et al. [10] developed a method for quantifying cardiac functions such as heart rate and shortening fraction in embryonic zebrafish. While providing a new and inexpensive way of obtaining cardiac function endpoints, this method might result in varied data due to manual heartbeat counting. In order to reduce data variation, the current method for heartbeat measurement in zebrafish and Daphnia involved a recording of the region of interest (ROI) and observation of dynamic pixel changes using a computer which was previously published by Sampurna et al. [11] using changes of pixel intensity due to blood cell movement during heart contraction. To further improve cardiac measurement endpoint, there are some other parameters such as stroke volume and cardiac output [12] which were not mentioned in previous studies. Currently, there are also several methods using manual counting [10,13,14], MATLAB [15,16,17,18], commercialized software [19,20,21], deep learning [22], and free software [11,23,24] already published for cardiac performance detection; however, these methods might be expensive, require some coding skills, or have limited measurement endpoints (summarized in Table 1).



A kymograph is a two-dimensional plot containing time and space information created from time-lapse images of moving or pulsing objects of interest. It is able to quantify the movement velocity and trajectory of these objects. Kymographs are mainly used for axonal transport in nervous system research [25], microtubules dynamics, and particle movement [26] in previous studies. This study aimed to develop a kymograph-based method built in ImageJ platform [27], encompassing all cardiac performance endpoints obtainable and providing an easy-to-use and inexpensive one-stop method to obtain multiple cardiac performance endpoints with high accuracy for both D. magna neonates and zebrafish embryos. To validate our method’s accuracy, we compared the overall performance with a previously established method [11]. Furthermore, we also validated the result by recording at a different ambient temperature on D. magna which has an ectothermic property [28,29]. We also used astemizole to induce arrhythmia in zebrafish [11] and tested whether our kymograph method was able to detect the corresponding cardiac performance changes.




2. Materials and Methods


2.1. Zebrafish and Daphnia Maintenance and Sample Preparation


In this study, wild type AB strain zebrafish were used and maintained in a continuously filtered and aerated water system. According to previously reported protocol, the temperature was maintained at 26 °C with a 10/14 h of dark/light cycle [30]. After harvesting, the eggs were kept in an incubator and maintained at 28 °C until 72 h post-fertilization. Daphnia magna used in this study were cultured in an aquarium tank at 26 °C dark/light cycle, like the zebrafish. The D. magna used in this study has a body size of around 3–6 mm2 (xy projection area size).




2.2. Instrument Setting for Temperature Control


To test the effect of temperature in D. magna, we used a temperature chamber (U 140A, BLAST, Tokyo, Japan) mounted on the inverted microscope (Sunny Optical Technology, Ningbo, Zhejiang, China). The temperature chamber was connected to the heater. Ice cubes were used to lower the chamber’s temperature while the heater increased and maintained the temperature. The temperature was set to 15 °C, 20 °C, 25 °C, 30 °C, and 35 °C with one-minute acclimatization each time it reaches the desired temperature. The recording was done using a digital charge-coupled device (CCD) camera to capture the heartbeat of D. magna.




2.3. Astemizole Treatment


Astemizole stock solution was purchased from Enzo Life Science (Enzo Life Science, Inc., New York, NY, USA). The stock solution was diluted to 40 µM working solution at the time of recording. A mixture of 3% methylcellulose and 40 µM astemizole in a 1:1 ratio was applied to zebrafish, resulting in a final astemizole concentration of 20 µM, while the control group was immobilized using 3% methylcellulose only. Heartbeat was recorded for 10 s after methylcellulose-astemizole treatment starting from minute 0 to minute 30 with 5 min interval for each recording. To record the zebrafish in astemizole treatment, we used the same camera setup with the temperature treatment with the exception of the temperature chamber.




2.4. Video Capturing and Kymograph Generation


Initially, both zebrafish larvae and D. magna were positioned left-side facing upwards under the inverted microscope (Figure 1A,C) to facilitate heartbeat recording. The videography was done using a high-speed CCD camera (Zgenebio, Taipei, Taiwan) capable of recording up to 200 fps (frame per second) mounted to an inverted microscope (ICX41, Sunny Optical Technology, Ningbo, Zhejiang, China). HiBestViewer (AZ Instrument, Taichung, Taiwan) software was used to conduct high-speed video recording. An objective lens with 20x magnification was used to record D. magna heart rate while 10x magnification was used for zebrafish larvae. The kymograph was generated from the video using the Dynamic Reslice tool on Fiji distribution of ImageJ Software [27] (available online: https://imagej.net/Fiji/Downloads). Peak detection was done using the Find Peaks function on broadly applicable routines (BAR) plugin in ImageJ (available online: https://imagej.net/BAR).




2.5. Heart Rate and Heart Rate Variability Measurement


Heart rate (beat per minute) was measured by dividing 60 s with the average of time interval between peaks detected by BAR plugin. Heart rate variability was measured by using the Poincare plot plugin from OriginPro 2019 software (OriginLab Corporation, Northampton, MA, USA). The standard deviation 1 (SD1) and standard deviation 2 (SD2), which represent beat-beat interval regularity and long-term regularity respectively, were recorded and calculated statistically to determine the heart rate variability [31].




2.6. Cardiac Parameter Endpoint Calculation


End diastolic diameter (EDD) 1 for short axis, EDD 2 for long axis, end systolic diameter (ESD) 1 from short axis, and ESD 2 for long axis can be manually measured using the produced kymograph and adaptation from the method used by Hsiao et al. [12] as can be seen on Figure 2. The fractional shortening (FS) which is a measurement of ventricular contractility, can be calculated using the following formula [32]:


  F S =     E D D 1 − E S D 1   E D D 1     × 100 %  



(1)







By assuming the ventricle is spheroid and the length of unknown diameter is the same as the shorter diameter, end diastolic volume (EDV) can be calculated using the following equation:


  E D V   =    4 3    ×   π   ×    1 2    E D D 2   ×  1 4    E D D  1 2    o r    1 6    ×   π   ×   E D D 2   ×   E D D  1 2   



(2)







End systolic volume (ESV) can also be calculated using the same equation. After obtained EDV and ESV, ejection fraction (EF), which represents volumetric fraction blood pumped from the heart, a sensitive indicator to detect changes in contractility [33], can be calculated using the equation:


  E F =   E D V − E S V   E D V     ×   100 %  



(3)







Stroke volume (SV), which represents the volume of blood being pumped within 1 pumping cycle, can also be calculated from known data by subtracting EDV with ESV [34].


  S V = E D V − E S V  



(4)







Finally, with the obtained heart rate and stroke volume data, cardiac output (CO), which represents the volume of blood pumped within a time frame, can be calculated by the following formula [34]:


  C O = S V   ×   h e a r t   r a t e  



(5)








2.7. Statistics


Data were compiled and analyzed statistically using GraphPad Prism 8 software (Graphpad Holdings, LCC, San Diego, CA, USA). Significance level was set at 5% (p < 0.05). Pearson correlation was used on normalized D. magna heart rate data, while Wilcoxon test was used for D. magna heart rate regularity as the data did not follow normal distribution assumption. The data were presented as mean ± SEM. Effect of selected ROI positioning data on both atrium and ventricle (A-V) and ventricle-atrium (V-A) interval measurement were calculated using kymograph and time series analyzer (TSA) method were calculated using two-way ANOVA and presented as mean ± SEM. Different letters (a,b) were used to denote significant differences. Effect of astemizole treatment on zebrafish heartbeat were calculated using two-way ANOVA and presented as mean ± SEM. The data for multiple endpoints achievable using kymograph between control and astemizole-treated zebrafish were presented as mean ± SD and compared using Mann–Whitney test as the data did not follow normal distribution assumption (* p < 0.5, ** p < 0.1, *** p < 0.001, **** p < 0.0001).





3. Results


3.1. Overview of Experimental Workflow


Although several cardiac rhythm measurement methods have been reported in zebrafish and D. magna, most of them were able to extract few cardiac physiology endpoints. In this study, we aimed to establish a one-stop, kymograph-based method to measure multiple cardiac physiology endpoints such as heart rate, ejection fraction, fractional shortening, stroke volume, cardiac output, and heartbeat variability. Two animal models of zebrafish and D. magna were adopted since they are popular aquatic vertebrate and invertebrate models often used for cardiac physiology and toxicology studies. Initially, to obtain the unbiased data for fast heart beat rate nature, videography was performed using a high-speed CCD mounted on an inverted microscope. The recording video (around 10 sec) was obtained in mp4 format and needs to be converted to avi format using VirtualDub (available online: virtualdub.org/download.html) software for downstream ImageJ processing. Kymographs were made from the region of interest (ROI), which is the heart on both species for heartbeat quantification. Due to the anesthesia-free procedure used in this study, the specimen might move or struggle during recording, disrupting the quantification process. To overcome this limitation, we used ImageJ Stabilizer plugin [35] to stabilize the image and reduce minor-medium movement. The kymographs can be plotted, smoothened, and quantified using the Smoothed Plot Profile and Find Peaks tools in the BAR plugin in ImageJ [36]. Some macro languages were conducted in order to simplify the entire data collection process (see Supplementary Files 1 and 2). Finally, multiple cardiac physiology endpoints such as heart rate, ejection fraction, fractional shortening, stroke volume, and cardiac output can be obtained using mathematical calculation while heart rate variability can be analyzed using Poincare plot in OriginPro Software. The workflow of data processing for this research is schematically illustrated in Figure 3.




3.2. Measurement of Heart Rate by Kymograph in Zebrafish and Daphnia Magna


The kymograph for zebrafish larvae and D. magna heart chamber was made by drawing a line from the heart’s inner part to the outermost area during diastole. The resulting kymograph can be adjusted using the Brightness/Contrast tool provided by ImageJ software to make a better visualization of heart movement during the beat for zebrafish larvae (Figure 1B, original video can be found in Supplementary File 3) and D. magna neonates (Figure 1D, original video can be found in Supplementary File 4), respectively. The resulting kymograph shows the space and time relationship for heartbeat, and the time interval between two kymograph peaks can be defined as heartbeat interval. Quantification of zebrafish and D. magna heartbeat started by drawing a straight line from the leftmost side of the short-axis kymograph to the rightmost side (see supplementary protocol). The line must go through the ROI where heart movement or blood is present. Then, the heartbeat plot was made in ImageJ using the Plot Profile tool or by using the Smoothed Plot Profile tool included in the broadly applicable routine (BAR) plugin. Finally, a plot of time (x-axis) and gray value (y-axis) was made (Figure 1E for zebrafish and 1F for Daphnia) and the Find Peaks tool in the BAR plugin automatically detected the timing of the peaks.




3.3. Comparison of Different Measuring Methods on Heart Rate Variability in Daphnia Magna


Our previously reported time series analyzer (TSA) method for cardiac rhythm measurement in zebrafish is based on the dynamic pixel change of blood within the heart chamber [11]. Once the selected ROI did not contain blood cell movement, this TSA-based ImageJ method might have some bias. On the other hand, the kymograph method reported here can measure either the blood cells within the heart chamber or heart chamber movement (contraction and relaxation), providing a more flexible option choice for the users. To compare the utility and performance between TSA and kymograph methods, we raised D. magna neonates in different temperature and their corresponding heartbeat rate and regularity were compared. Results show the heartbeat rate obtained from both methods display similar and consistent values at different testing temperatures. This high consistency between TSA and kymography for heart rate measurement in D. magna neonates was further justified through Pearson correlation statistical calculation (Figure 4A). This result shows the kymograph’s ability to accurately detect high-speed heartbeat movement and distinguish the interval clearly within the plot.



Poincare plot is a good method to measure heart rate regularity by measuring the time interval between two consecutive beats in two dimensions. As previously mentioned, the standard deviation is defined as SD1 for beat-beat interval regularity and SD2 for the long-term regularity [31]. The heart rate regularity obtained from TSA and kymograph methods for D. magna recorded in different temperature was compared. Interestingly, both SD1 and SD2 showed higher variation in low temperature than high temperature groups for both analysis methods. Significantly higher SD1 and SD2 values were observed in kymography than TSA methods at different testing temperatures for Daphnia heartbeats (Figure 4B). The most significant difference can be observed at the ambient temperature of 25 °C, showing higher SD1 of 0.02383 ± 0.007 for kymograph vs. 0.0069 ± 0.0019 SD1 of TSA; and SD2 of 0.2083 ± 0.0072 vs. 0.0046 ± 0.0023 SD2 for TSA. High variation of SD1 and SD2 demonstrated that the kymograph method is more sensitive than the TSA method as it can detect the slightest change in the heart variability of D. magna’s heartbeat. An example of the peak acquired from both methods can be seen on Figure A1 in Appendix A.




3.4. Effects of Region of Interest (ROI) Position on Heartbeat Regularity in Zebrafish


Based on the experience obtained from our previous TSA-based ImageJ method [11], we learned the selected ROI position play an essential role for cardiac rhythm detection. In this study, we wanted to compare the performance between TSA and kymograph methods in different ROI positions. Zebrafish embryos were used for this validation, and three different ROI positions were tested as (1) middle position at both cardiac chambers, (2) low position for atrium and high position for ventricle, and (3) high position for atrium and low position for ventricle (Figure 5A).



Since zebrafish have two cardiac chambers as atrium and ventricle, we measured the atrium-ventricle (A-V) and ventricle-atrium (V-A) intervals at three different positions based on either TSA or kymograph methods in zebrafish for cardiac rhythm comparison. The result showed that the different ROI positions indeed affect the analysis results. When using the TSA method, significant differences were evident at low atrium and high ventricle measuring position (Low A-High V) for in A-V (Figure 5B) and or high atrium and low ventricle (High A-Low V) measuring position for V-A interval (Figure 5C). The kymograph-based method, on the contrary, showed more stable results with similar time intervals between all three testing positions (Figure 5B,C). This result shows that the kymograph method is superior to the time series analyzer as it shows position-independent manner.




3.5. Comparison of the Heartbeat Regularity after Astemizole Treatment in Zebrafish


Based on the optimized ROI position (middle position for both cardiac chambers), we wanted to validate whether our developed kymograph method is able to evaluate potential cardiac arrhythmia. To achieve this goal, astemizole (a second-generation antihistamine) was selected to induce arrhythmia in a time-dependent manner according to our previous publication [11]. Compared to the control group, astemizole treatment (at 20 µM) induced a fast heart rate drop in both atrium and ventricle chambers from 10 min onwards until the end of the experiment (Figure 6A,B). The lowest heart rate was observed in ventricle (96 ± 30 bpm) and in atrium (104 ± 25 bpm) at 20 min and 25 min after astemizole treatment, respectively (Figure 6A,B).



In addition to heart rate decline, astemizole treatment also induced heartbeat irregularity in zebrafish, which increased mostly in a time-dependent manner in both cardiac chambers (Figure 6C–F). In the atrium, a significant difference was observed starting from 15 min after astemizole exposure (SD1 value of 0.0299 ± 0.0226 and SD2 value of 0.0219 ± 0.0172) compared to control group (SD1 value of 0.0096 ± 0.0040 and SD2 value of 0.0091 ± 0.0041). Both SD values kept showing significant differences until the end of the experiment on 30 min. However, in the ventricle, the result seems to vary between SD1 and SD2. SD1 shows a significant difference at 5, 20, and 25 min after astemizole treatment (0.0487 ± 0.0845) compared to control (0.0161 ± 0.0125).



For more detailed evaluation of cardiac rhythm after astemizole treatment, we measured the A-V and V-A interval and found there are no significant change for A-V interval (Figure 6G) after astemizole treatment over time. However, a significant increment was observed in the V-A interval (Figure 6H) from 0.166 ± 0.075 s to 0.339 ± 0.124 s at 15 min after astemizole treatment and 0.176 ± 0.069 s to 0.343 ± 0.142 s at 20 min after treatment, which give some insight that reduction of heart rate after incubation in astemizole mainly comes from the increase of V-A interval. This result showed that the kymograph method can detect the change in cardiac rhythm after astemizole treatment in zebrafish.




3.6. Measurement of Multiple Cardiac Performance Endpoints by Using Kymograph


In addition to heart rate measurement, we next explored the possibility to use this kymograph-based method to obtain other important heart parameters in a one-stop manner. These parameters include end-diastolic diameter (EDD), end-systolic diameter (ESD), heart period (HP), diastolic interval (DI), and systolic interval (SI) (Figure 2). For EDD and ESD measurement, a line can be drawn across the heart chamber at short- and long-axis (Figure 2A,B). EDD and ESD obtained from both the short- and long-axis of the heart is used for calculating stroke volume (SV), fractional shortening (FS), and ejection fraction (EF). Heart period can be used to calculate the heart rate. However, the kymograph method is able to accurately obtain heart rate data rather than using heart period as manual observation. Any significant changes within systolic interval and diastolic interval can be considered as heartbeat irregularity. Finally, by combining heart rate data with stroke volume (SV), cardiac output (CO) can be calculated, as previously mentioned by Hsiao et al. [12].



To validate this tool’s utility, we used parameters obtained from kymograph method to compare the cardiac physiology endpoints between control and astemizole-treated zebrafish embryos. Astemizole treatment increased the heart short-axis length and volume in both EDV and ESV while reducing heart rate, shortening fraction, ejection fraction, and cardiac output of zebrafish larvae. Furthermore, astemizole treatment also increased the ESV in zebrafish larvae. An increase in end-systolic volume means that the blood volume ejected from the heart chamber is low, showing the heart’s lower contraction power (Table 2).





4. Discussion


Although several methods have been established for heart rate analysis in aquatic animals, they suffer from some drawbacks like limited usage, expensive instrument setting, or complicated operational procedures [11,19,37] (summarized in Table 1). The most updated review on analyzing the pros and cons of current cardiac rhythm detection methods in zebrafish can be found in our recent review article [38]. Sampurna et al. [11] developed a simple and cost-effective ImageJ-based method to calculate cardiac rhythm in zebrafish. However, this stand-alone method is limited as it is only capable of calculating heart rate. Other important cardiac parameters, on the contrary, still need to perform manual measurement. This limitation led us to develop kymograph-based method in order to provide a more comprehensive way for data collection and processing. By utilizing several macro languages (see supplementary data) to facilitate image processing and semi-automated data calculation, we presented a more versatile kymograph-based method for cardiac performance evaluation in zebrafish larvae and D. magna neonates for the first time.



Kymograph is a method to dissect the time and space relationship and has been utilized to analyze cilia beating [39,40] or vesicle transportation [41,42]. This method has also been used to measure heartbeat in insects [43], crabs [44], and freshwater mussel [45]. In Drosophila, Chakraborty et al. [46] used the kymograph method for visualization of heart movement within a period, allowing them to obtain heart-related data such as EDD, ESD, HP, SI, and DI. The current kymograph-based method can be considered a semi-automated tool for multiple heart parameter measurement by combining several tools like image stabilizer, BAR plugin, and several macros to facilitate its overall performance. A similar approach has been reported by Collins et al. [47] to measure the cardiac arrhythmia in zebrafish pitx2c mutant by using MATLAB scripts. In this study, we provided a user-friendly ImageJ(Fiji)-based kymography tool and clearly demonstrated this new invented tool displays more endpoints and showed higher accuracy than previously ImageJ-based method reported by Sampurna et al. [11] on measuring cardiac physiology.



Detection of heart chamber parameters using kymograph is based on the dynamic pixel changes, shown by the gray value on the time and space of the ROI. The presence of heart chamber wall or blood cell will increase the gray value on the time dimension. Thus, it is preferable to select an ROI with higher contrast to the background to reduce detected noise. By using our optimized instrument and software parameter settings presented in this study, we can detect the gray value over time of the heart wall with good contrast. In this study, we used a high speed CCD camera to record the heart chamber at frame rate of 200 fps and check the heart rate regularity. High frame rate is preferred in the kymograph method as this method relies on the gray value caused by pixel color changes from frame to frame. High frame number will result in an increase of information and accuracy of the pixel changes. Higher frame rate is also more preferred during heart rate variability calculation as it will enable us to obtain the exact timing of the beat, especially with animals with a high heart rate like D. magna. However, a very high frame rate could result in more noise, resulting in a new problem; therefore, depending on the heart rate, camera settings should be adjusted in order to record at suitable frame rate and obtain the optimal result [48].



Changes in heart rate can be caused by physiological and pathological factors, lifestyle factors, environmental factors, and neurophysiological factors [49]. Within these factors, the environmental factor, especially temperature, is capable of inducing fast bradycardia or tachycardia [50]. Due to being ectothermic organism, changes in water temperature can significantly alter D. magna heart rate [51]. An increase in temperature will increase metabolic activity resulting in high cellular oxygen demand, which increases heart activity to fulfill the demand, while the opposite happens during low temperatures [52]. In this assay, we provide good evidence to show that the combination of high-speed videography and the kymograph method can detect superfast heartbeat in D. magna when they are acclimated to high water temperature conditions (up to 600 bpm). In addition, more information regarding heart rate variability can be extracted by using the kymograph method compared to TSA-based counterpart as kymograph method could sensitively detected more variability in heart rate compared to TSA method.



In this study, we further validated the potential utility of our developed kymograph method that is able to evaluate cardiac physiology alterations after waterborne astemizole exposure. Astemizole is a compound able to block outward repolarizing potassium channels to induce long QT syndrome, which is a condition affecting heart repolarization after beat. Overdosage of astemizole makes cytochrome-P450, a primary enzymatic system for detoxification, unable to metabolize the drugs resulting in prolonging the drug duration and causing adverse reactions. Long QT syndrome increases the possibility of an individual contracting a fatal ventricular arrhythmia called torsades de pointes (TDP) that might lead to sudden cardiac arrest [53]. In this study, we observed a faster decline of zebrafish heart rate starting from 10 min after astemizole treatment. However, a significant difference was observed starting from 15 min after treatment until the end of observation. According to high-speed videography, ventricular pumping was not observed 15 min after astemizole exposure; however, blood backflow from the ventricle to the atrium was observed. Furthermore, by using this kymograph, we also observed significant changes in several cardiac parameters (decline of EDV, SF, EF, HR, and CO) after 30 min of astemizole treatment due to potassium channel blockage within the heart muscle, disturbing heart muscle contractility and affecting the cardiac parameter and cardiac rhythm.




5. Conclusions


In conclusion, we provided a one-stop method for easy and inexpensive cardiac physiology assessment in two important aquatic models of zebrafish larvae and D. magna neonates. By using this kymograph-based ImageJ tool, we provided a simple method for scientists without experience in coding. The kymograph data are also comparable to the previous TSA-based method and competitive to other established methods. By using the image stabilizer, BAR plugin, and developed macro, most of the work can be done semi-automatically in the ImageJ platform. We believe this kymograph-based tool can provide the research community with a simple toolkit with multiple function for cardiac physiology and toxicology assessments. However, development of a fully automated method is also considered necessary to reduce the workload and hasten the process in the future.
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Figure A1. Comparison of peak acquired from either kymograph (upper panel) or time series analyzer (lower panel) methods. 






Figure A1. Comparison of peak acquired from either kymograph (upper panel) or time series analyzer (lower panel) methods.
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Figure 1. Principle for heartbeat measurement in zebrafish embryo and Daphnia magna neonates using kymograph. (A) The position used to calculate heartbeat in zebrafish embryo aged at 72 h post-fertilization, (B) direction of the line made before dynamic resliced in zebrafish, (C) the outlook of Daphnia magna showing the relative positions of heart, (D) direction of the line made before dynamic resliced in D. magna (area inside the red dashed line (A,B) show the location of heart chamber in zebrafish and Daphnia, while red arrow (B,D) represents the location and direction of ROI selection), (E) the kymograph pattern of zebrafish heartbeat, and (F) the kymograph pattern of D. magna heartbeat. 
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Figure 2. Cardiac physiology parameter endpoints in zebrafish aged at 72 h post-fertilization measured by kymograph method. The position for kymograph measurement as (A) short-axis of the ventricle and (B) long-axis of the ventricle (yellow line: line drawn in ImageJ, red arrow: direction of yellow line when drawn). The typical kymograph pattern obtained from the (C) short-axis and (D) long-axis of ventricle. Some important parameters like end diastolic diameter (EDD, red color) and end systolic diameter (ESD, yellow color), heart period (HP, green color), diastolic interval (DI, blue color), and systolic interval (SI, white color) from either short axis or long axis were presented with solid lines in different colors. The typical kymograph collected from ventricle (V) chambers of normal (E) and astemizole-induced arrhythmic (F) heart. 
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Figure 3. Overview of experimental workflow for zebrafish and Daphnia magna heartbeat measurement using the kymograph method; left panel showing image process pipeline, middle panel showing information extraction pipeline, and right panel showing the cardiac parameters that can be obtained by using this one-step kymograph method. The heart positions in zebrafish and Daphnia were highlighted by red dots in the bottom panel. 
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Figure 4. Comparison of kymograph (kymo) and time serial analyzer (TSA) methods on analyzing heart rate variability in Daphnia magna neonates cultured at different ambient temperatures. Two important indexes of standard deviation 1 (SD1) and standard deviation 2 (SD2) in the Poincare plot are used to measure heart rate regularity. Data were normalized for Pearson correlation calculation (A) and Wilcoxon test (B), and presented as mean ± SEM (n = 20). (* p < 0.5, ** p < 0.1, **** p < 0.0001, n = 20). 
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Figure 5. Effect of the selected region of interest (ROI) positioning on atrium-ventricle (A-V) and ventricle-atrium (V-A) interval measurement. (A) Three photos were showing the different positions of ROI when measuring heart rate in zebrafish embryos aged at 72 h post-fertilization. There are middle ventricle-middle atrium, high ventricle-low atrium, and high atrium-low ventricle positions (yellow lines represent the ROI location for ventricle, while red lines represent the ROI location for atrium). Comparison of kymograph (kymo) and time series analyzer (TSA) methods to measure zebrafish (B) atrium-ventricle interval and (C) ventricle-atrium interval. Data were calculated using a two-way analysis of variance (ANOVA), presented as mean ± SEM (* p < 0.5, n = 20). Different letters (a, b) on the error bars represent the significant differences (p < 0.05). 
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Figure 6. Effect of astemizole treatment on zebrafish cardiac parameters. (A) ventricle and (B) atrium heart rate, (C–F) atrium-atrium (A-A), and ventricle-ventricle (V-V) SD1 and SD2 calculated using a Poincare plot to present heart rate variability. (G,H) Atrium-ventricle (A-V) and ventricle-atrium (V-A) interval of zebrafish heartbeat. Blue line = control, red line = astemizole treatment. Zebrafish embryos were exposed to astemizole at 72 h post-fertilization, and the corresponding heart rate changes were monitoring over time for 30 min. Data were calculated using two-way ANOVA and presented as mean ± SEM. (* p < 0.5, ** p < 0.1, *** p < 0.001, **** p < 0.0001, n = 20). 
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Table 1. Comparison of heartbeat measurement methods in zebrafish larvae.
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	Published Methods
	Main Region of Interest Recording Instrument
	Tracking Software
	Animal Model
	Obtainable Result





	Our study
	Inverted Microscope (ICX41, Sunny Optical Technology, Ningbo, Zhejiang, China) + High- Speed CCD (Zgenebio, Taipei, Taiwan)
	ImageJ (Fiji)
	Zebrafish, AB strain and Daphnia magna
	Heart rate, fractional shortening, ejection fraction, stroke volume, cardiac output, heartbeat interval, and chamber-to-chamber interval



	Sampurna et al., 2018 [11]
	CCD mounted onto dissecting microscope
	ImageJ
	Zebrafish, AB strain
	Heart rate



	Jeong et al., 2018 [13]
	Olympus-CKX41SF Microscope (Olympus corporation, Shinjuku, Tokyo, Japan)
	Manual counting (Toupview 3.7)
	Daphnia magna
	Heart rate



	Ho et al., 2007 [14]
	Axioplan microscope (Zeiss, Jeny Germany) with Normaski optics and fluorescence, captured using Sony digital camera
	Viewed frame by frame (manual)
	Transgenic zebrafish with Green fluorescence protein (GFP) expression
	Heart rate, stroke volume, cardiac output



	Xing et al., 2018 [15]
	C3313/RHD2216 + C3100/RHD2000 (Intan Technologies LLC, Los Angeles, CA, USA) and Opticam + Stereo Microscope
	MATLAB
	Zebrafish, strain not mentioned
	Heart rate



	Gierten et al., 2020 [16]
	Brightfield microscope
	HeartBeat software (MATLAB)
	Unhatched medaka and zebrafish embryos
	Heart rate (single and multiple ROI)



	Akerberg et al., 2019 [17]
	Nikon Eclipse 80i compound microscope and Zeiss Lightsheet Z.1 microscope
	Deep learning (MATLAB)
	Zebrafish strain Tg(myl7:GFP)
	Heart rate, fractional shortening, ejection fraction, and cardiac output



	Pylatiuk et al., 2014 [18]
	Automated microscope and Inverted microscope Leica DMIL LED (Leica Camera, Wetzlar, Germany)
	MATLAB
	Zebrafish AB, Shox2-MO and Isl1l-MO strains
	Heart rate (automatic detection)



	Lenning et al., 2018 [19]
	Electrocardiogram recording using MEA membranes
	LabVIEW
	Zebrafish, strain not mentioned
	Heart rate, p waves, QRS complexes, and T waves



	Zhu et al., 2018 [20]
	Dissecting stereomicroscope (Olympus corporation, Shinjuku, Tokyo Japan)
	Zebralab Blood Flow System
	Zebrafish, AB strain
	Heart rate



	Martin et al., 2019 [21]
	Andor Zyla 4.2 sCMOS (Andor Technologies, Belfast, NI) camera mounted to a Nikon Ti microscope (Nikon Corporation, Minato, Tokyo, Japan)
	FishRateZ (LabVIEW)
	Zebrafish
	Heart rate (automatic detection)



	Schutera et al., 2019 [22]
	Not mentioned
	Deep learning (PyCharm)
	Zebrafish and Medaka
	Heart rate, systolic/diastolic volume, ejection fraction, fractional shortening, and stroke volume



	Nasrat et al., 2016 [23]
	Not mentioned
	Microsoft Visual Studio Community 2015
	Zebrafish
	Fractional shortening



	Gaur et al., 2018 [24]
	Inverted microscope Olympus IX73 Series (Olympus corporation, Shinjuku, Tokyo, Japan) and 10-megapixel camera ProCAM HS-10 MP (Radical Scientific Equipments Private Limited, Ambala, Haryana, India)
	ZebraPace (ImageJ based)
	Zebrafish
	Heart rate
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Table 2. Comparison of multiple cardiac performance endpoints between control and astemizole-treated zebrafish aged at 72 h post-fertilization.
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	Parameters
	Control
	Astemizole (20 µM)
	p





	End diastolic volume (µm3) a,b
	490,153.6 ± 182,235.3
	773,517.1 ± 324,727.3
	≤0.01



	Long axis (µm) a
	140.81 ± 20.18
	147.1 ± 18.75
	NS



	Short axis (µm) b
	80.96 ± 16.67
	98.42 ± 17.85
	≤0.01



	End systolic volume (µm3) a,b
	180,197.1 ± 76,735.82
	524,531.6 ± 338,855.3
	≤0.0001



	Long axis (µm) a
	106.77 ± 17.16
	122.34 ± 30.64
	≤0.01



	Short axis (µm) b
	56.38 ± 14.85
	85.31 ± 22.18
	≤0.0001



	Shortening fraction (%) b
	30.72 ± 13.87
	13.87 ± 12.10
	≤0.0001



	Ejection fraction (%) b
	62.93 ± 9.97
	35.70 ± 22.65
	≤0.001



	Stroke volume (pL/beat) a,b
	309.96 ± 134.42
	248.99 ± 151.00
	NS



	Heart rate (bpm) b
	133.42 ± 7.84
	104.00 ± 24.61
	≤0.0001



	Cardiac output (pL/min) a,b
	40,359.96 ± 18,286.35
	25,351 ± 16,238.36
	≤0.01







p-value calculated statistically using Mann–Whitney test. n = 20. a the parameter obtained from long-axis kymograph. b the parameter obtained from short-axis kymograph. NS, no significance.
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