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ABSTRACT OF THE THESIS 
 

Acquisition, processing and analysis of electrocardiogram in awake zebrafish 

by 

Tai Le 

Master of Science in Electrical Engineering 

University of California, Irvine, 2021 

Assistant Professor Hung Cao, Chair 

 

The zebrafish model has been demonstrated as an ideal vertebrate model system for a 

diverse range of biological studies. Along with conventional approaches, monitoring and 

analysis of zebrafish electrocardiogram (ECG) have been utilized for cardio-physiological 

screening and elucidation. ECG monitoring has been carried out with fish treated with 

anesthetic drugs, rendering the short period of time in recording the signals (<5 minutes). In 

this work, a prolonged sedation system for continuous ECG monitoring of multiple zebrafish 

was proposed and developed. The design allows the minimization of the effects of anesthetic 

drugs and temperature variation to zebrafish cardiac signals for experiments that need 

continuous data acquisition in real time. Moreover, a graphical user interface (GUI) was built 

in National Instruments LabView platform for real-time recording, processing and analysis. 

The program provided important features, such as signal de-noising, characteristic wave 

detection. Further, machine learning-based approach was first utilized for anomaly 

detection, yielding above 90% of accuracy to classify different types of heart disease with 

zebrafish ECG data. Last but not least, the device showed a robust ECG acquisition and 

analytics for various applications including arrhythmia in Na+-induced sinus arrest, 
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temperature-induced heart rate variation, and drug-induced arrhythmia in Tg(SCN5A-

D1275N) mutant and wildtype fish. The multiple channel acquisition also enables the 

implementation of randomized controlled trials on zebrafish models. Two fish per group 

may be utilized simultaneously in identical conditions of experiments. Finally, the developed 

ECG system holds promise and solves current drawbacks to greatly accelerate other 

cardiovascular studies and drug screening applications using zebrafish.
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CHAPTER 1: INTRODUCTION 

1.1. Motivation 

Cardiovascular diseases (CVDs), are currently the leading cause of death globally, taking an 

estimated 17.9 million people dying annually which is 31% of all global deaths [1]. Combined 

effects of population growth, aging of populations, and epidemiological changes in CVDs have 

resulted in increasing global deaths from CVDs [2]. In the US, about 655,000 people die from 

heard disease each year which is 1 in every 4 deaths according to the Centers for Disease 

Control and Prevention (CDC) [3]. Especially, since the COVID-19 pandemic has started in 

late 2019, it significantly contributes to mortality rate in patients with CVDs of 10 % or more 

[4]. In attempt to reduce the number of dead people caused by CVDs, the National Institutes 

of Health (NIH) and other institutions such as the National Science Foundation and American 

Heart Association have provided multi billions of dollars (e.g., nearly 2.5 billion dollars in 

2020 from NIH) in research toward heart disease therapies [5].  

The zebrafish serves as an ideal model for cardiovascular studies because of its similar 

homology to humans in both morphology, physiology, and genetics. Moreover, with small 

size, low cost for maintenance, short generation time, and optical transparency in embryo 

stage, zebrafish offers advantages over traditional mammalian models. Despite having only 

two discernible chambers in the zebrafish heart compared to four in human hearts, the 

zebrafish heart possesses a similar contractile structure with an analogous conduction 

system [6, 7]. Additionally, 70% of all human genes have orthologues in the zebrafish 

genome, indicating its applicability in studying genetic pathways [8]. Therefore, the 

zebrafish model is appropriate in the study of SSS and the correlation of related genetic 

pathways to the electrophysical phenotype via ECG. Currently, several research groups have 
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developed systems to assess zebrafish ECG. Regarding sensor design, conventional needle 

electrodes are commonly used. Lin et al., [9] designed and tested the needle electrode with 

different materials, including tungsten filament, stainless steel and silver wire to investigate 

the recorded signal quality. Along with a portable ECG kit, the authors aim to provide a 

standard platform for research and teaching laboratories. The needle system is also 

deployed in other studies [9-12] to conduct biological and/or drug-induced research. 

Although those demonstrated promising results, , the needles need to be gently inserted 

through the dermis of zebrafish in order to collect favorable signals. This could cause injury 

to the fish’s heart, thus possibly changing signal morphology [11]. Moreover, it requires an 

intensive effort in precisely positioning the electrode on the tiny heart to achieve a clear ECG 

signal. Therefore, several alternative probe systems have been developed, including the 

micro-electrode array (MEA) and the 3D-printed sensors. Our team and others have 

demonstrated the use of MEA for acquisition and provided the signal with favorable signal-

to-noise ratio (SNR) with high spatial and temporal resolution [13-15]. For instance, we 

presented a MEA array covering the fish’s heart which enables site-specific signals [14, 15]. 

Cho et al., [16] developed a MEA printed on a flexible printed circuit board (FPCB) based on 

a polyimide film for multiple electroencephalogram (EEG) recording for epilepsy studies. 

Although the MEA allows multiple signal recordings, only one fish can be assessed at a time 

due to the limiting number of channels on acquisition. Moreover, most studies have used 

bulky and expensive acquisition tools to collect data and then transfer them through a cable 

to a computer. These require a designated benchtop area to conduct experiments, and they 

can potentially encounter errors due to instability of cable and connectivity. In the market, 

commercially available systems, e.g. the one from iWORX (Dover, NH) with a compact 
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amplifier, can provide improved system mobility. However, several challenges have not been 

resolved, such as i) the current systems only record for a short period of time (3-5 mins), 

which result in inconsistent results among different fish; ii) the ECG acquisition requires 

anesthetized animals, rendering it stressful to the fish and inadequate to provide intrinsic 

cardiac electrophysiological signals; iii) manual one-by-one measurement limits the ability 

of conducting studies required to test with a large number of fish; and iv) signal processing 

has been carried out offline with exorbitant effort. 

1.2. Objectives 

In this work, a zebrafish ECG monitoring system with capable of obtaining long-term ECG 

recordings for multiple fish simultaneously is presented. Two protypes of the system are 

described in detail. An in-house electronic device is developed, leveraging the Internet of 

Thing (IoT) capability with wireless data transmission and data processing on a mobile 

application. This enhances the mobility and versatility of the system as well as support 

distanced collaborations to conduct research on zebrafish models. The system is validated 

through numerous experiments, showing its potential with 1) simultaneous measurement 

for up to 4 fish; 2) continuous ECG recording for up to 1 hour compared to several minutes 

of other systems; 3) reduction in arrhythmic side effects with the use of 50% lower Tricaine 

concentration.  

Furthermore, we investigate a specific electrophysiological phenotype, namely sinus arrest, 

induced by sodium chloride on mutant fish Tg(SCN5A-D1275N) to demonstrate that our 

proposed system can be used as a screening tool to detect and elucidate zebrafish cardiac 

arrhythmic symptoms. 
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1.3. Thesis outline 

Chapter 1 – This chapter presents the current problem with cardiovascular disease as well 

as the advantages of zebrafish as a model for cardiac studies. Moreover, literature review 

also is presented in this chapter.  

Chapter 2 – The main content in this chapter is to cover ECG acquisition design, and ECG 

processing and analysis for zebrafish as well as the experimental design. Specifically, in the 

ECG acquisition system, two prototypes of the prolonged system and in-house electronics 

system are described in detail. For ECG processing and analysis, the work highlights 

difficulties of processing the zebrafish ECG, and introduces two platforms to solve the 

problems, including a graphical user interface (GUI) using LabView platform and machine 

learning-based approach. 

Chapter 3 – This chapter provides results of system implementation with various 

experiments and characterizations. Some limitations of the current design and discussion on 

each result are also presented.  

Chapter 4 – This chapter summarizes the content of this MS thesis and highlights potential 

impact of this work to cardiac studies. In addition, the future work also is mentioned, thus 

suggesting some points to improve the system and experiments. 
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CHAPTER 2: DESIGNS, METHODS, AND IMPLEMENTATION 

2.1. ECG acquisition for awake zebrafish 

As aforementioned, current approaches only provide a short ECG measurement with high 

dose in anesthesia and without proper environment control which leads to side effects in 

cardiac rhythm. This section provides in detail on two of the ECG monitoring systems for 

awake zebrafish, including electrode and apparatus development, mechanical system, and 

electronics design. These attempts are to tackle with such obstacles of current approaches. 

2.1.1. Prolonged Zebrafish system – Prototype 1 

Microelectrode array (MEA) membrane: To collect the ECG signal from zebrafish, 

4-channel MEA membranes for ECG acquisition in adult zebrafish was first developed 

humans [13-15], yielding high spatial and temporal resolution with favorable SNR. The 

sensors were based on a polymer substrate, such as parylene C or polyimide so that they can 

be gently contact the fish’s chest as shown in (Fig. 1d). The MEA membranes were fabricated 

by patterning sputtered or e-beam evaporated metals (200 nm Au on 20 nm Cr) by wet 

etching followed by an encapsulation process by another polymer, leaving only the 

electrodes and contacts exposed (Fig. 1a). The working electrodes (WE) were designed in 

 

Fig. 2. 1. (a) Fabrication processes of the MEA membranes. (b) Different electrode sizes and the complete device. 

(c) Impedance curves of one 300-µm MEA membrane. (d) The MEA on the fish. 

(a) (b) (c) (d) 
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various sizes and shapes in order to compare the performance. The reference electrode (RE) 

was much larger to maintain proper electrode-tissue interface. Silver epoxy was used to form 

electrical connections using thin wires, and then all contacts were protected by glue using a 

glue gun (Fig. 2.1.b). Electrodes with different sizes were characterized using an impedance 

analyzer, and we chose round electrodes with a diameter of 300 μm for most of the cases 

owing to the performance and relatively small size. Initially, a Faraday cage on a vibration-

free table was preferred [31]; however in order to reduce complications in experimental 

setup, we conducted experiments in regular lab benches then applied rigorous signal 

processing to enhance SNR using wavelet filtering and the thresholding technique humans 

[13-15]. Prior to experiments, to validate connectivity and characterize the performance of 

the fabricated electrodes, each MEA membrane 

was immersed in a saline solution while 

applying a range of voltages between 0 V and 1.5 

V across the WEs and RE. The resulting currents 

were then measured. A result from a 300-µm 

MEA membrane is showed in Fig. 2.1.c. Our MEA 

membranes have provided a novel tool to study 

the zebrafish heart; however, measurement was 

done with fish under anesthesia (Fig. 2.1.d), 

indicating the obtained ECG signals were not 

intrinsic, which a new version of this MEA with 

the support of apparatus was developed. 

Apparatus and 2-channel electrode: The apparatus was designed aiming to keep 

 

Fig. 2. 2. (a) 3D design in SketchUp software; (b) 3D-

printed mold with parts 1&2 assembled; the dashed 

line shows the boundary of the two parts; (c) PDMS 

mold with integrated WE and RE electrodes; and (d) 

4-chamber apparatus with fish. 
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zebrafish comfortable, in order to minimize the unwanted effects and prolong reliable 

recording [17]. Generally, the length of an adult fish body varies from 17 mm to 33 mm [18], 

thus the housing was designed with a length of 50 mm, a height of 50 mm and a width of 25 

mm. For the ease of demolding after curing PDMS, the mold was split into two pieces as 

shown in Fig. 2.2.b. An additional part (in the middle, blue, Fig. 2.2.a) with a height of 43 

mm and a maximum width of 20 mm was used to make a tapered shape of the housing to 

minimize the movement of the fish when loaded. First, the curing agent and PDMS monomer 

(Sylgard 184, Dow Corning, Midland, MI) were mixed together with a ratio 1:10 in weight, 

respectively. Subsequently, the mixed solution was degassed for approximately 1 hour 

before being poured into the rectangular mold. Then, the middle part was securely placed. 

After the PDMS was cured by putting on a hot plate under 100oC for 5 hours, it was removed 

from the rectangular box. The middle part was gently pulled out to make sure the apparatus 

remains the desired shape (Fig. 2.2).  

 

Fig. 2. 3. The prolonged anesthesia system for continuous zebrafish ECG monitoring (left) and the LabView GUI 

(right) for 4 fish simultaneously. 
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To integrate ECG electrodes, two strips of 125-μm thick polyimide (Kapton, DuPont, 

Wilmington, DE) with pre-sputtered Cu electrodes were inserted from the side of the 

apparatus through two thin-cut slits. The slits were then sealed by applying additional PDMS 

followed by a post-curing process. The strips were placed so that when the fish is loaded into 

the housing, the two electrodes would securely position at the chest and abdominal areas, 

acting as recording (WE) and reference (RE) electrodes, respectively (Figs. 2.2.c and 2.d). 

Mechanical design: The entire system consists of three unique subsystems: the 

housing system, recording system, and anesthetic drug delivery system [19]. The housing 

system includes in-house apparatuses made of polydimethylsiloxane (PDMS) with 3D-

printed molds. The apparatus was designed to fit a range of fish comfortably and secure them 

for recording (Fig. 2.3 – left panel). The detail of design was described in the previous section 

and could be found in our previous work [17]. The drug delivery system is illustrated in Fig. 

2.3, including a submersible pump, a 4-way splitter, four catheters, a reservoir and tubing. 

The peristaltic pump placed inside the reservoir was to create the proper flow rate of system, 

which can be done by adjusting a valve connected to the pump. Here, a flow rate of 5.5-6 

ml/min was chosen since it would provide zebrafish with adequate oxygen during the 

recording. The flow design of the system starts with the submerged pump inside the 

reservoir. After traveling through the pump, the solution is split 4 ways at the splitter. It goes 

through the catheters and into the fish directly though their mouths. Subsequently, the water 

exits through the gills and traveled back to the reservoir via the hole in the bottom of the 

apparatus.  The ECG signals were collected with a high-gain differential amplifier (A-M 

Systems, Sequim, WA) and an in-house LabVIEW (National Instruments, Austin, TX) program 

(Fig. 2.3 – right panel) was used to display, analyze and record the data which would be 
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discussed further in Section 2.2 . The gain was set at 10,000 with filters including a bandpass 

of 0.1-500 Hz and a notch at 60 Hz to eliminate the unwanted interferences. All signals were 

then fed into a data acquisition device (DAQ 6000, National Instruments, Austin, TX), being 

digitized at a sampling rate of 1,000 Hz. 

2.1.2. Prolonged Zebrafish system – prototype 2 

Needle-based electrodes: Although the advantage of MEA is inevitable, some 

drawbacks during the experiments should be taken into account. For instance, the contact 

between fish and the MEA is highly dependent on the fish’s weight as the fish have to lay on 

the electrode to make contact, which leads to instability on the collected ECG signal. 

 

Fig. 2. 4. The prolonged ECG system for multiple adult zebrafish recording. (a) the prolonged ECG mechanical design: 

the reservoir containing solution, the tube system dropping the solution on the fish, the electrode and support stand 

recording the ECG signal. (b) System-level block diagram showing analog front-end chip, signal transduction, wireless 

transmission for the ECG signal to user interface. (c) In-house electronic board having system-on-chip for wireless 

transmission, power management connecting to the electrode for ECG acquisition. (d) User interface of mobile 

application receiving ECG signal from multiple fish. 
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Moreover, given the low Tricaine concentration continuously provided to the fish, 

unexpected movement was observed during the measurement with the MEA. This also 

reduced the SNR of the collected signal. Therefore, needle-based electrodes were used as the 

alternative. Specifically, 2 copper electrodes with the diameter of 0.8 mm were used for 

working electrode and reference electrode. To prevent these electrodes from causing injury 

to the fish, electrode’ s tip was designed as ball shape. The general characteristics of the 

copper electrodes are relatively high conductivity and high tensile strength, enabling the 

needle to penetrate the fish dermis easily and provide strong electrical signals. 

Mechanical design: The previous system used pump to create circular solution 

system; however, the pump’s vibration significantly caused noise in the ECG signal. 

Therefore, in this version the perfusion system used four syringes instead along with four 

valves and tubing and the system took gravity effect to provide solution to the fish (Fig. 2.4a). 

Four syringes contained low dose Tricaine solution, continuously providing the solution to 

the fish through the tubing system to reduce their aggressiveness and activity while 

maintaining their consciousness. Four valves adjusted the solution’s flow rate within a range 

of 5.5 - 6 ml/min [19]. Housing apparatuses and sensors were improved from the previous 

work [19]. Specifically, multiple side-fitted housings were made of polydimethylsiloxane 

 

Fig. 2. 5. The prolonged system configuration: (a) fish placement in chambers; (b) electrodes placement with thumb 

screw; (c) electrodes placement with stand supports. 
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(PDMS), providing comfort to the fish and thus minimizing unwanted movements. Moreover, 

the top and bottom of the apparatus were designed in such a way that the fish can lay 

comfortably on electrodes within the curved bottom. The top had a redundant part sticking 

on the wall to keep the fish from escaping the apparatus. With the thermo box, a specific 

temperature was set by the thermostat control, and the light bulb was turned on so that the 

box’s temperature can be maintained at the setup temperature and vice versa. Fig. 2.5 

illustrates the fish and electrode setup for the system. Specifically, 4 fish were put upside 

down with the tube projected toward the fish’s head (Fig. 2.5a). For electrode placement 

setup, the first way was shown in Fig. 2.5b using a thumb screw. The electrodes were easily 

maneuvered up and down along the Z axes and the electrodes could be lowered until they 

touch the fish. However, this configuration was not effective for the measurement with 

multiple fish as it took 5-10 minutes to adjust all electrodes. As an attempt to cope with this 

issue, stand supports were utilized instead such that they will hold electrodes and we can 

adjust only swings connected to stand support (Fig. 2.5c).  

Electronic design: The in-house electronic and a mobile application were developed 

as shown in Figs. 2.4b-d. Specifically, the system includes a system on chip (SoC) supporting 

Bluetooth Low Energy (BLE), an analog front-end for zebrafish ECG signal acquisition, and a 

power-supply module with charge management. The SoC adopted nRF52832 from Nordic 

(Trondheim, Norway), which was a 64-MHz Arm Cortex-M4 CPU with a built-in BLE module. 

The analog front-end of ADS1299 from TI was well-known for biopotential measurements 

with eight low-noise, programmable gain amplifiers (PGAs) and eight high 24-bit resolution 

Delta-Sigma ADCs. Its high bit resolution provided both precision and dynamic range, 

allowing it to capture signals as high as 4.5 V and as low as 0.5 µV. The data rate was 
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configurable from 250 samples per second (SPS) to 16 kSPS for all eight channels. Digital 

signals were sent from the ADS modules to the microcontroller for preprocessing via SPI 

interface. The data ready pin of the ADS1299 module was triggered to the signal 

microcontroller once a new data package is ready to transfer. Since multiple zebrafish were 

recorded simultaneously, differential mode configuration was utilized in the ADS1299. This 

would preclude signals in each fish from affecting each other. Moreover, a bias electrode with 

a signal generated by an ADS1299 chip was used, enabling a feedback loop built in the chip 

to get better common mode rejection. The overall fish ECG system electronic specifications 

are shown in Table 2.1.  

Table 2. 1. Prolonged ECG monitoring system 

Parameters Numbers 
Number of channels 4 (can be up to 8) 
Bandwidth 1 Hz – 150 Hz 
Input Range ±2.5V 
Resolution 24 Bit 
Sampling rate 250 Hz 
Common mode rejection ratio (CMRR © 60 
Hz) 

100 dB 

Input-Referred Noise 1 µV 
Enclosure Plastic 
Dimensions 6.3’’W x 4.8’’L x 3.9’’H 
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Mobile application development: An Android application developed in Java that connects 

to the ECG system via BLE communication for data collection, displaying, and logging. We 

developed an Android smartphone application in Java that connects to the Bluetooth Low 

Energy (BLE)  device for data collection, displaying, and saving. Through BLE protocols, the 

application connects to the Zebra II and reads in multiple channels of data at a rate of 250 

Hz. After accumulating 1000 data points, the input data is sent to the connecting cloud server 

for feature extraction of fish ECG. The results will start appearing on the application interface 

after at least 10 seconds of initially starting in the form of dynamic graphs – 4 ECG channels 

of zebrafish (Fig. 2.6). The user can disconnect the Zebra II at any time and save the raw data 

plus the time they are received in the application are recorded to a .txt file with a 

customizable name in the phone’s external storage as well as on the cloud server as a backup. 

Fig. 2.7 illustrates the user interface of mobile application, including main screen with 4 

graphs showing ECG data collected from 4 zebrafish simultaneously. Once the device is 

turned on, the app will search device name in the device list and connect it automatically. 

 

Fig. 2. 6. Diagram for wireless data transmission to mobile application. 
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2.2. ECG Processing and Analysis for awake zebrafish 

2.2.1. LabView program 

A LabVIEW GUI was developed to process and analyze zebrafish ECG data in real time [15]. 

The program was design to simultaneously collect and analyze ECG from zebrafish. As 

shown in Fig. 2.3 – right panel, the graphic user interface describes 4 zebrafish ECG data 

displayed and labeled ECG wave components 

such as P, QRS, T waves and different types of 

heart disease classified for particular ECG 

data. An overview flowchart of the program is 

shown in Fig. 2.8.   

Pre-processing: For real-time recording and 

processing, first, ECG data are continuously 

collected at 1000 samples/second. They are 

checked to look for non-ECG periods, which 

 

Fig. 2. 7. Diagram for wireless data transmission to mobile application. 

 

Fig. 2. 8. LabView program flowchart. 
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were due to uncertainties in 

measurement, such as unexpected 

strong movement of fish or electrode 

dislocation, then partitioned into 10-

second long segments. Finally, each 

segment would be de-noised and 

analyzed along with abnormal 

detection. The process is iterated until 

the user stops recording the data. The method to remove non-ECG sections is illustrated in 

Fig. 2.9. In every five seconds, the coming data will be checked whether there are the 

glitches. Specifically, the maximum and minimum values of each interval will be detected 

(red and dashed orange lines in Fig. 2.9), then two thresholds (black lines) will be set up 

by taking the average of all maximum points and minimum points in each interval. 

Therefore, those meaningless points which are higher than the threshold could be found. 

Then, the distance between two such successive points would be found. If it is greater than 

1000 samples, the data will be partitioned into different sub-segments (1st, 2nd and 3rd 

segments in Fig. 2.9).  

Once the non-ECG sections are removed, the data stream would be further processed to 

remove noise components such as baseline wander (breathing/gill motion interferences) 

caused by low-frequency and high-frequency noise. First, to remove high-frequency noise 

from the data, an initial Dolph-Chebyshev low-pass filter is applied using the Bio-signal 

Filtering VI as shown in Equation (1), which is part of the Biomedical Toolkit of LabView. 

The Dolph-Chebyshev window filter’s Fourier transform is defined by equations reported 

 
Fig. 2. 9. The illustration of our method to trim off unwanted data.  
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in [20, 21].  
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Lynch et al. [20] comprehensively compared this type of filter with others and the 

outperforming results were obtained as 1) the computational time was reduced from 6 hours 

to 3 hours with comparable performance; and 2) the Dolph window gave better attenuation 

in high-frequency ranges. Here, the Dolph-Chebyshev filter was used with a cutoff frequency 

of 40 Hz. As a result, the signals greater than 40 Hz were suppressed by a minimum of 40 dB. 

The baseline wander was eliminated using the Wavelet Denoise VI, which is a part of Digital 

Filter Design Toolkit of LabView, with the db06 wavelet. The selection of Daubechies mother 

wavelet showed the most effective result for de-noising ECG signals [22]. We examined the 

effectiveness of various mother wavelets by comparing different factors such as root mean 

square error (RMSE), root mean square bias (RMSB), and L1 norm, and revealed that the 

Deaubechies mother wavelet outperformed not only in terms of RMSE, but also the 

preservation of characteristic waves of ECG signals. Once the data were split into several 

segments with specific interval frequency, a soft threshold would be applied to suppress 
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coefficients which are smaller than the threshold. The new data were then reconstructed 

based on the new approximation and detailed coefficients. 

Feature extraction: First, R peaks of the zebrafish ECG signal are detected using the Peak 

Detector VI within LabVIEW. Specifically, a threshold that equals 50% of the maximum 

amplitude in the signal is set up and points which are above the threshold value are the R 

peaks. Second, each R-R interval is used to find the P, Q, S, T wave. The Q-wave and S-wave 

peaks are searched for as the minimum points 50 ms before and after the R peak, 

respectively. The T-wave is defined as the maximum value between 15% and 55% of the R-

R interval from the first R-wave in the interval. Finally, the P wave is the highest peak 65% 

to 95% of the R-R interval from the first R-wave in the interval. The R-R interval also is saved 

for the anomaly detection which is described in next section. Once all the ECG peaks are 

detected, typical features are calculated and reported in a document as shown in Table I.  

To assess the efficacy of the program in de-noising, signal to noise ratio (SNR) calculation 

was used as reported in [23].  

s2 s2

s1 s2

n2 n2

n1 n1

b t 2

kk=b i=t
s2 s2 s2 s1

b t 2

kk=b i=t
n2 n2 n2 n1

1 1
X (i)

b -b +1 t -t +1
SNR=

1 1
X (i)

b -b +1 t -t +1

 

 
   (2) 

where s2b , s1b , s2t , s1t are end beat number, start beat number,  end time of the segment and 

start time for the segment used for calculating the signal, respectively. ( )kX i are the 

amplitudes. n2b , 1bn and n2t are end beat number, start beat number and end time of the 

segment used for calculating the noise, respectively. 
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The signal value in Equation (2) was calculated using data from the R-wave of each 

heartbeat while the noise value was calculated using points from the space between the T-

wave and P-wave of each cycle. The time intervals were the same for both the raw and 

filtered data.  

Anomaly detection: In addition to finding the ECG features, the program was designed to 

diagnose various ECG anomalies. Standards for fish cardiac electrocardiography were 

established, which was based on our experience and observations after years working with 

zebrafish. Sinus bradycardia which is induced if the heartrate (HR) is less than 90 beats per 

minute (BPM). The HR value above 150 BPM can be diagnosed as sinus tachycardia. Sinus 

arrhythmia is a symptom if a difference in R-R interval length between the shortest and 

longest in the last 10 heart beats is greater than 0.16 seconds. If P-P interval is greater than 

twice of R-R interval, the signal may be sinus arrest. Finally, the symptom of first-degree AV 

block is presented when P-R interval is 

Table 2. 2. Summary of ECG Data Features 

Feature Result Standard deviation Unit 

Number of R peaks 41 N/A N/A 

Average heart rate 73.12 15.09 BPM 

Average R amplitude 0.49 0.04 mV 

Average normalized P amplitude 

(in % compared to R amplitude) 

0.18 0.11 % 

Average RT interval 0.272 0.08 s 

RMSSD 0.36 N/A ms 

NN50 29 N/A N/A 

pNN50 74.36 N/A % 

RMSSD: root mean square successive difference of intervals, NN50: The number of pairs of 
successive R-R interval that differ by more than 50 ms; pNN50:  the proportion of NN50 divided by 
the total number of R-R intervals. 
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greater than 0.20 seconds long. All 

anomalies can be detected by calculating 

the time differences between various 

ECG features such as R-R, P-R and P-P 

interval. Fig. 2.10 depicts the detection 

of sinus arrest in a zebrafish ECG signal 

when comparing the difference between 

P-P and R-R interval (see the red arrow).  

2.2.2. Machine learning (ML)-based for zebrafish analysis 

Following classic approach based on zebrafish ECG morphology, machine learning-based 

approach was used to classify different types of heart disease with zebrafish ECG data. In this 

work, two ML algorithms (Convolution Neural Network and K-

means) were investigated. We attempted to demonstrate the use of 

ML for training and recognition of three specific patterns: 

Atrioventricular Block (AVB), Sinus Arrest (SA) and ST Elevation 

(STE). Each signal in the dataset consists of approximately 4 to 5 

beats which is roughly equivalent to 3000 samples at 1000-Hz 

sampling frequency. The data was pre-processed and filtered prior 

to training, the dataset size and training parameters were adjusted 

as necessary and the results were compared.  

K-means Clustering: Clustering algorithms are often utilized for 

unlabeled feature detection and classification. K-means clustering 

 

Fig. 2. 11. K-means 

clustering algorithm. 

 
Fig. 2. 10. A zebrafish ECG signal with sinus arrest detected. 
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is a simple and straight-forward iterative approach and is one of the most well-known 

clustering algorithms in use today [24]. K-means has been successfully applied in a variety 

of fields, including human cardiology, obtaining high accuracy [25]. The high-level noise in 

the zebrafish ECG poses unique challenges. Moreover, each type of disease patterns has its 

own unique morphology, making clustering analysis is a good method for classification. 

K-means works by partitioning data into k-numbers of clusters with one centroid 

defined for each cluster. The initial values of the centroids may be randomly selected. For 

each data point, the distance to each cluster is calculated. If the data point is closest to its 

initial cluster, the data point is left in that cluster, otherwise it is moved to the closest cluster 

[26]. This is repeated until a complete pass is made. The details of this approach are 

illustrated in Fig. 2.11. 

Artificial Neural Networks: Researchers in the field of human cardiology trained a Deep 

Neural Network (DNN) in order to detect premature ventricular contractions, yielding 99.41% 

accuracy [27]. Convolutional Neural Networks (CNNs), a type of DNN, consistently deliver 

great performance in image classification tasks. For instance, Google’s Inception v3 is 

capable of classifying images from 1000 classes with a Top-5 error rate of of 3.58% [28]. 

While neural networks can boast some impressive accuracy, one of their main trade-offs is 

that training one from scratch generally requires an elephantine amount of labeled data. 

Google’s Inception v3 model, for example, was trained on 1.2 Million labeled images. 

Similarly, the neural network used in [27] was trained on over 80,000 samples. Fortunately, 

it is still possible to get favorable results from an ANN with a smaller dataset by utilizing a 

technique called “transfer learning” [29]. Transfer learning is the generalization of 
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information learned for one task, to another task. In the context of DNNs, a previously-

trained neural network can be repurposed to work on a different problem. In order to 

accomplish this, the classification layer is replaced, and the final few layers are trained on a 

new dataset. During training, the weights of these final layers are adjusted to reflect the new 

data. This approach is possible because the output of this penultimate layer is essentially a 

feature vector which is then used by the classification layer. If the features are similar enough 

to the new task, the layer weights only need to be slightly adjusted to fit the new data. This 

approach is applied here to investigate whether generic visual features from a pre-trained 

CNN may be applied to successfully bootstrap recognition of cardiac anomalies in small-

dataset environments, the last layer of a pre-trained image recognition CNN is retrained 

utilizing ECG data.  

Here, we used Matlab to transform the 1-dimensional ECG signals into 2-dimensional 

images, resulting in square greyscale plots. The amplitude values of each segment were 

mapped to greyscale colors. Each segment was then mapped to a square greyscale matrix 

using a “z-layout”, with the first sample occurring in the upper left hand corner of the matrix 

and the last sample occurring in the lower right hand corner. The signals were truncated to 

2916 sample to accommodate the square layout. The CNN was constructed using Keras (an 

open source neural network library written in Python) with a Tensorflow backend [30, 31]. 

Google’s Inception v3 model was imported without its final layer and the model was 

configured with inception’s ImageNet pre-trained layer weights. The following layers were 

then added to the top of the inception architecture: a 2D global average pooling layer, two 

densely-connected layers with 1024 and 256 parameters both utilizing Rectifier Linear Unit 

(ReLU) as the activation function, then a final densly-connected layer using Softmax 
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activation. The layers on the original Inception model were frozen and the new layer was 

trained for 50 epochs utilizing only the output features from the original model, with 

rmsprop utilized as the activation function and Sparse Categorical Cross-Entropy used for 

the loss function. The layers after the final convolution layer (the final 12 layers) were then 

unfrozen and the model was retrained to fine-tune the weights on the 12 unfrozen layers. 

The model was trained for 400 epochs, the loss function employed was sparse categorical 

cross-entropy, the metric used was accuracy and the optimizer used was stochastic gradient 

decent with a learning rate of 0.0001 and a Nesterov momentum of 0.9, sparse categorical 

cross-entropy was used as the loss function.  

Algorithm Evaluation: To ensure the validity of these approaches, 10-fold cross validation 

was employed, where the models were trained from 9 non-overlapping data subsets and 

tested from the remaining subset, and this process was repeated until all sets have been used 

for both testing and training and the results were then averaged. Precision, recall and F1 

score were used as criteria for classifier evaluation [32]. These parameters are related to 

True Positives and False Positives (TP/FP) which refer to the number of predicted positives 

that were correct/incorrect, and similarly for True and False Negative (TN/FN) [32]. Here, 

TPAVB, TPSA, TPSTE are true positives; FPAVB, FPSA, FPSTE are false positives; FNAVB, FNSA, FNSTE 

are false negatives; and TNAVB, TNSA, TNSTE are true negatives for 3 classes AVB, SA and STE, 

respectively. The average accuracy, precision, recall and F1 score are calculated respectively 

by equations (1), (2), (3) and (4). 

Average Accuracy = 
N i i

i=1
i i i i

TP +TN1

N TP +TN +FP +FN
                               (1) 

Precision = 
N i

i=1
i i

TP1

N TP +FP
        (2) 
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Recall = 
N i

i=1
i i

TP1

N TP +FN
         (3) 

F1 score = 
2 * Precision * Recall

Precision + Recall
       (4) 

 
where N is number of classes and i (1, 2 and 3) represents AVB, SA and STE, respectively. 

Results were plotted and confusion matrices were used to indicate the efficacy of each 

training model. The number of correct and incorrect predictions of testing data will be 

illustrated in the confusion matrix along with the actual values. The diagonal of the matrix 

represents the outcomes where the predicted label was equal to the actual label. 

2.3. Experimental design and preparation 

All experiments were compliant with the Institutional Animal Care and Use Committee 

(IACUC) protocol (#AUP-18-115 at University of California, Irvine). Adult zebrafish targeted 

to the experiments were opened chest by doing surgery to form an incision and after two 

days they would be ready for the experiments. 

2.3.1. Zebrafish husbandry 

Mutant Tg(SCN5A-D1275N), a transgenic zebrafish arrhythmia model bearing the 

pathogenic human cardiac sodium channel mutation SCN5A-D1275N, was used to 

characterize and validate device performance, study sinus node dysfunction, and perform 

drug high throughput screening assays. Correlation between clinical phenotype and the 

mutant line has been reported for bradycardia, conduction-system abnormalities, episodes 

of SA [33].  

Adult wild/mutant-type zebrafish with the age of 13 to 20 months (body lengths 

approximately 3-3.5 cm) were used in this study. Zebrafish were kept in a circulating system 
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that is continuously filtered and aerated to maintain the water quality required for a healthy 

aquatic environment. The fish room was generally maintained between 26-28.5ºC, and the 

lighting conditions are controlled with 14:10 hours (i.e., light: dark).  

All animal protocols in this study were reviewed and approved by the Institutional 

Animal Care and Use Committee (IACUC) protocol (#AUP-18-115 at University of California, 

Irvine). All drug administration experiments (section 1-2, supplementary document), 

chemicals, reagents, and materials were performed in accordance with relevant guidelines 

and regulations. 

2.3.2. Drug administration 

To anesthetize fish, we used a buffered solution of 200 parts-per-million (ppm) 

Tricaine (Sigma, USA) [17].  Tricaine was dissolved in distilled water to a final concentration 

of 7,000 parts-per-million (ppm) as a stock, and the pH value was adjusted to 7.2 with 

sodium hydroxide (Sigma).  

Amiodarone (Sigma) was dissolved in water at 65ºC for 2 hours and stocked as 900 

µM at 4ºC. Before use, the solution was re-dissolved at 65ºC for 1 hour [34]. The fish were 

immersed in a tank with 100 µM amiodarone for 1 hour and then returned to fish water for 

15 min before conducting experiment.  

Sodium chloride (NaCl) was dissolved in water and stocked as 1.8 ‰ and the solution 

was re-dissolved into smaller doses (e.g., 0.1, 0.3, 0.6, 0.9 ‰) and keep the fish stay in that 

solution up to 30 mins before returning to fish water for the experiment of evaluation of Na+ 

sensitivity in the development of sinus arrest (SA) in Tg(SCN5A-D1275N). 
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CHAPTER 3: RESULTS AND DISCUSSION 

3.1. Demonstration of prolonged system 

 

Fig. 3.1 presents the zebrafish ECG signal measured by the prolonged anesthesia 

system, and the recovery transition of the zebrafish from anesthesia to normal stages. Being 

treated with 50% of the original Tricaine concentration, fish were highly active, thereby 

interfering the signal (Fig. 3.1a) with signal-to-noise ratio (SNR) of 34.88 dB. Similarly, fish 

under the Tricaine concentration (150 mg/L) induced noise due to gill’s motion, making the 

SNR of 50.4 dB (Fig. 3.1b); however, noise level was not as strong as that in fish with the 

Tricaine concentration (100mg/L). Fig. 3.1c and Fig. 3.1d illustrate the processed ECG 

signals from the data collected by fish under 50% and 75% Tricaine, respectively. Fig. 3.1e 

depicts the moment when the fish started waking up. We can clearly notice the recovery 

transition with significant changes in the ECG signal. Specifically, the gills’ motion started 

 

Fig. 3. 1. The zebrafish ECG collected with 100 mg/mL and 150 mg/mL Tricaine both raw data (a) & (b) and processed 

data (c) & (d). The transition stage when fish recover after being under anesthesia (e). 
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dominating the signal as shown in the right side of the black dotted line in Fig. 3.1e compared 

with that noise level once the fish was under anesthesia. However, there were no abrupt and 

significant changes in the heartrate.  

3.2. Investigation of side effects of Tricaine and variable temperature cardiac rhythm  

 

Tricaine (MS-222) and temperature has been shown to affect cardiac functions of 

adult zebrafish and the HR of the treated subjects [9, 35]. As a result, they may skew the 

measurement of zebrafish physiological parameters. At low temperatures (e.g., 18 - 20ºC), 

myocyte activity is reduced as a natural adaptive mechanism to aid survival during colder 

climates or reasons [36], which leads to a reduction in HR. At higher temperatures, increased 

HR facilitates greater cardiac output to support a higher metabolic activity/demand for 

 

Fig. 3. 2. Investigation of tricaine and temperature to reduce cardiac rhythm side effect. (a) ECG morphology example 

recorded by different Tricaine concentrations. (b) Bar chart comparing recovery time needed after treatment for each 

Tricaine concentration. Line graph describing the survival rate of zebrafish treated by different Tricaine 

concentrations. (c) SDANN in WT fish with different temperatures. (d) HR in WT fish with different temperatures. *p 

<0.05; **p < 0.01 (one-way analysis of variance). ns indicates not significant. 
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oxygen consistent with normal biological rate function. Therefore, with an optimal 

environment temperature, our prolonged ECG system will help lower the tricaine 

concentration utilized, which can reduce the cardiac rhythm side effect as well as maintain 

the intrinsic ECG morphology.  

As shown in Fig. 3.2a, the ECG morphology from eight fish per concentration group 

(75, 100, and 150 ppm) of Tricaine was observed. The ECG signal showed gill motion noise. 

The noise interfered with ECG waveforms such as P, T and QRS waves with 75 ppm Tricaine, 

while the signal appeared to be more stable under 100 ppm and 150 ppm treatment, 

providing clear ECG waves. After the 40 min measurement, the recovered time and survival 

rate of fish were collected (Fig. 3.2b). It was found that fish under higher Tricaine 

concentration needed longer recovery time. Specifically, it took an average of 7 min to 

recover the fish under 150 ppm compared to the 3 min and 4.2 min for fish treated under 75 

and 100 ppm, respectively. Furthermore, with 150 ppm treatment, the survival rate was 

about 75%, while other concentrations yielded survival rates above 90%. It reflected the 

effect of a high dose used under a long period of time measurement, which was similar to the 

dose for fish euthanasia (i.e., 168 ppm) [37]. Given the recovery time and survival rate along 

with ECG morphology, the dose of 100 ppm was the optimal one for the prolonged 

measurement. The heart rate variation (HRV) for zebrafish treated in 100 ppm showed no 

significant difference among the 30 min measurement, making the average standard 

deviation (STD) of 17 beats per minute (BPM). In contrast, the HRV for fish treated in 75 ppm 

was determined to have a 22 BPM difference based on STD. The recorded variable could be 

associated to the native response of individual fish to tricaine. 
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Given the optimal Tricaine concentration, we next investigated the effect of different 

temperatures on ECG acquisition. The zebrafish ECG system was placed in the middle of the 

home-made incubator. Temperature within the chamber ranged from 20ºC to 32ºC, as 

measured by a thermometer inside the chamber and controlled by a thermostat with 

accuracy of ±1˚C. Prior to recording the ECG signals, the impedance of the electrodes was 

measured on zebrafish skin, ensuring the signal stability during the long-term measurement. 

As shown in Fig. 3.2c, SDANN at 26ºC had the lowest value with the range of 36 millisecond 

(msec) to 75 msec, while the SDANN at 24ºC is highest with the range of 50 msec to 139 msec. 

 

Fig. 3. 3. Demonstration of the prolonged ECG system showing the ECG morphology in response to different 

amiodarone concentrations. (a) The representative of ECG signal recorded by the proposed system and its change of 

signal morphology due to different amiodarone dosages in real time. (b) Bar chart describing the discrepancy of HR, 

QTc interval and QRS interval in ECG signal with different amiodarone dosages (n = 8 fish). *p <0.05 (one-way analysis 

of variance with Turkey test). ns indicates not significant. 
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Moreover, the data distribution from HR collected every 5 min at 26ºC was the most 

condensed (Fig. 3.2d). Thus, under 26ºC, the HR was most stable.  

3.3. Response analysis to drug treatment in real time with the Zebra II system 
 

One of the key novelties of the Zebra II system is the capacity to test drugs with 

different dosages on individual fish with a continuously prolonged assay. First, we explored 

the effect of Amiodarone with different dosages to zebrafish ECG morphology and ECG wave 

intervals. 3 doses of Amiodarone were consecutively filled in the reservoir to feed the fish 

while collecting the ECG data, and each dose lasted around 5 min. As shown in Fig. 3.3a, the 

changes in response to different dosages in all four fish were obvious. Zooming in on the data 

collected from fish 1 in different amiodarone dosages as denoted from (1) to (4), the QTc 

interval displayed considerable changes. For instance, the QTc interval was 310 msec 

without drug treatment, and it tended to increase after the fish was treated. Specifically, it 

was 330 msec with 70 µM of Amiodarone, while it was 476 msec and 536 msec with 100 µM 

and 200 µM of Amiodarone, respectively. Fig. 3.3b described the overall changes in terms of 

QT prolongation, QRS interval, and HR in response to different Amiodarone concentrations. 

With the increase of amiodarone dosage, QT prolongation and QRS interval showed an 

increase while the average HR was decreased. 

In drug response studies, it is most ideal to conduct comparatively real time 

measurements for the same fish due to biological variability between individuals. Our 

perfusion system is equipped with multiple chambers for multiple drug doses in order to 

provide seamless transitions of multiple dosage treatments, allowing for a more native 

measurement. Our system was able to demonstrate that a longer acquisition time enables 
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the treatment of multiple drug doses, as indicated by our successful documentations of dose 

response Amiodarone-associated ECG changes as well as Na+-associated arrhythmic 

symptoms described later. The utility of our perfusion system can also be expanded to 

include the testing of multiple drugs to assess the arrhythmic effects due to drug-drug 

interactions, a developing field of study [38]. The chambers in the perfusion system can also 

contain multiple drugs for the precise modulation of zebrafish drug intake to accurately 

determine the effects of each tested drug as well as the onset of potential drug-drug 

interactions. While our ECG analysis of Tg(SCN5A-D1275N) indicates that Methamphetamine 

(Meth) did not improve SA frequency and HR, it demonstrated the assessment of effects of 

multiple drugs, as seen from the prolongation of QT after treatment of 50 M of Meth.  In 

both groups, the QTc was longer (by 350 msec for wild type and 385 msec for Tg(SCN5A-

D1275N)) after Meth treatment. Thus, the robust performance of the system allowed 

incorporation of multiple drugs with different effects (e.g., antagonistic effects) in a single 

continuously prolonged assay to study drug-drug interactions on a specific arrhythmic 

phenotype, which was previously heavily performed on the short time course of current 

systems. Extending ECG acquisition in merely-sedated fish allowed the measurement of 

interactive effects of different drugs on a specific phenotype by a prolonged screening course. 

Different ECG phenotypes were recorded in our experiments using the prolonged real-time 

courses (over 40 min) to provide intuitive insights into drug interaction effects, 

demonstrating the potential of our system to evaluate drug efficacy. As shown in Fig. 3.4c 

for the Na+ sensitivity experiment, the average SDNN was 125 msec for wild type fish, but 

was 255 msec for Tg(SCN5A-D1275N), consistent with reduced conduction velocities due to 

Na+ ion channel disfunction [39].  
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3.4. Evaluation of Na+ sensitivity in the development of sinus arrest (SA) in Tg(SCN5A-

D1275N)  
 

To the best of our knowledge, there are no research studies established to investigate 

the Na+ sensitivity in the development of SA. Therefore, an experiment was devised to 

determine the Na+ sensitivity of the variant SCN5A-D1275N by observing changes in the 

frequency of SA episodes, the HR, and the QTc in the transgenic fish after treatment of 0.1, 

0.3, 0.6, 0.9, and 1.8 ‰ of 5 M NaCl. WT fish (n = 12, aged 1.5 years) and Tg(SCN5A-D1275N) 

fish (n = 8, aged 10 months) were used in this experiment. Our developed system showed 

the susceptible effects of excess sodium ions to abnormal cardiac rhythm of the Tg(SCN5A-

D1275N) mutant as a demonstration of characterizing different arrhythmic phenotypes. Fig. 

3.4a illustrates the ECG morphology of Tg(SCN5A-D1275N) with different NaCl dosages. We 

noticed that with a small NaCl dosage (0.1 ‰), the zebrafish started showing a reduction in 

HR, followed by a more significant decrease in higher dosages. According to the SA criteria 

(i.e., RR interval is greater than 1.5 sec) determined in our previous work [33], sinus arrest 

appears more frequently after treatment with 0.6 ‰ NaCl and above. The result confirms a 

strong association between high sodium intake and cardiovascular diseases, which has been 

reported in hypertensive populations [40]. A high sodium diet is associated with alterations 

in various proteins responsible for transmembrane ion homeostasis and myocardial 

contractility. Recent studies provided important evidence that excess sodium promotes 

structural and functional impairment of the heart, especially in populations bearing mutant 

phenotypes of the major cardiac sodium channels, including Nav1.5 and its corresponding 

gene SCN5A. However, there is a current lack of a functional prolonged device to characterize 

Nav1.5 sodium channel variants phenotypically, including the functional response of Nav1.5 
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to initiate action potentials based on variation of sodium concentration. Sodium-overload 

sinus arrest observed in this study may be associated with a rise of the intracellular Na+ in 

heart muscle due to the gain-of-function of Tg(SCN5A-D1275N) for sodium ions traveling into 

the cell. Detection of Na+-induced SA by the developed system implied that the mutation 

Tg(SCN5A-D1275N) is susceptible to excess Na+ ions due to hastening epicardial 

repolarization and causing idiopathic ventricular conduction, which induce ECG changes and 

ventricular arrhythmias. Moreover, the mutation D1275N evokes the long QT syndrome 
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Fig. 3. 4. Evaluation of Na+ sensitivity in the development of sinus arrest in Tg(SCN5A-D1275N). (a) the representative 

ECG waveforms before and after NaCl treatment with different dosages. The SA appears more frequently in response 

to the increase of the NaCl dosage. (b) the average HR of wild-type fish (n = 12) and mutant fish (n = 8) with each dosage 

of NaCl. (c) SDNN of wild-type fish and mutant fish. (d) QTc values of two types of fish after treatment with different 

NaCl concentration. 
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(LQTS), which is caused by excessive INa detected by the developed system with continuously 

prolonged measurement. Recorded data by the developed system was consistent with 

clinical reports indicating that Brugada syndrome in human and animals reported Na+-

induced abnormalities in ventricular conduction [41, 42]. Thus, an overload of  

Na+ ions can cause destabilized closed-state inactivation gating of D1275N that may 

attenuate the ventricular conduction delay, shown in arrhythmic parameters.  

 As shown in Fig. 3.4b, the HR started significantly dropping in the 0.6 ‰ NaCl 

treatment in the mutant. In contrast, NaCl did not show a profound effect to the control group 

(WT fish) as evidenced by the slight decrease in the HR responding to different NaCl levels. 

It was worth noting that these WT fish were at 1.5 years old, which could attribute to an 

increase of SA [33], causing the slight reduction of HR in the experiment. In terms of HRV, 

Tg(SCN5A-D1275N) fish showed a remarkable increase with the high NaCl dosages (0.9 and 

1.8 ‰) compared with other dosages. This provided evidence that the Tg(SNC5A-D1275N) 

triggered more SA under NaCl treatment. Moreover, the QTc interval in response to NaCl 

dosages were also measured, and it exhibited a similar pattern shown in SDNN 

measurements. (Fig. 3.4d).  

Our notable finding is that the excessive sodium ions caused SA in Tg(SCN5A-D1275N) 

at 0.6 ‰, 0.9 ‰, and 1.8 ‰, corresponding to 1.53 sec, 1.55 sec and 1.52 sec, respectively. 

Additionally, slower HR and prolonged QTc were observed only in mutant fish. These results 

provide a significant association between the increased frequency of SA, slower HR, and 

prolonged QTc with increased sodium intake in SSS mutants. According to previous reports 

[43, 44], the Nav1.5 sodium-channel protein can disrupt the heart's electrical activity and 



34 
 

lead to a dramatic decrease of HR. The slow-conducting Tg(SCN5A-D1275N) phenotype has 

been proved by voltage-clamp measurement [45, 46], in which data were consistent with 

our finding. In the eight mutant fish, the average QTc intervals were 385 msec at the upper 

physiological limit, indicating that the QTc intervals in Tg(SCN5A-D1275N) fish were 

generally more prolonged than wild type animals. Moreover, excess Na+ ions caused not only 

slow HR and prolonged QTc but also increased SA frequency in Tg(SCN5A-D1275N) (Fig. 3.4).  

3.5. Anomaly detection with machine learning 
 

Fig. 3.5 illustrates the ECG waveforms of control, AVB, SA and STE fish as well as their 

conversion images prepared for the CNN approach. Fig. 3.6 depicts the results from the K-

means clustering algorithm which had an overall accuracy of 76% while the CNN approach 

used with 488 samples, obtaining an overall accuracy of 93.26 %, are showed in Fig. 3.6b. 

Both the K-means model and the ANN performed best when distinguishing STE with an 

accuracy of 80% and 96%, respectively; while it was more challenging to differentiate AVB 

and SA for both approaches. Table 2 illustrates evaluation metrics for the two different 

 
Fig. 3. 5. ECG patterns and their corresponding conversion images for CNN training. (a) Control fish; (b-d) Mutant 

lines with phenotypes of AVB, SA and STE, respectively. Green: R peaks; Pink: P peaks. 
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models, including precision, recall and F1 scores for each cluster. As shown in the table, F1 

score obtained from CNN algorithm is higher than that from K-Means.  

Table 3. 1. Classifier results 

Abnormality Precision Recall F1 

 K-Means CNN K-Means CNN 
K-

Means 
CNN 

AV Block 0.78  0.95 0.70 0.89 0.74 0.92 
ST Elevation 0.8 0.98 0.80 0.96 0.80 0.97 

SA 0.73 0.86 0.80 0.95 0.76 0.90 
Average 0.77 0.94 0.77 0.93 0.77 0.93 

Unsupervised algorithms such as clustering compensate for a lack of labeled data by their 

ability to analyze unlabeled datasets and detect patterns that haven’t been discovered before. 

In contrast, the CNN compensated by utilizing a supervised image-based approach which 

made labeling the training set much faster. These methods are thus a great fit to detect 

zebrafish ECG anomalies due to their capability to deal with less well-defined inputs and a 

lack of well-defined diagnostic criteria. CNN and K-means clustering approaches share the 

ability to extract latent features from complex data which makes both a good choice for this 

type of determination. Both of the methods employed allowed us to use quick visual 

evaluation of the signal by a human, allowing for more data to be labeled quickly for training. 

There are a few likely reasons for the lower accuracy of K-means relative to the CNN (Table 

2). First, K-means clustering is known to suffer from problems due to high-dimensional data, 

especially in cases where data distribution causes the distance between the points to be 

uniform. This could potentially be addressed by reducing the dimensonality of datasets in 

the form of feature selection using methods such as principal component analysis (PCA) 
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where irrelevant features or those that show high correlation with other features are 

removed. Second, it may be due to the randomized selection of initial centroids. The output 

of representative clusters from K-means is heavily dependent on the selection of the initial 

centroids. In the traditional K-means approach used here, these were randomly selected. To 

improve the accuracy, a different clustering algorithm could be used, features could be 

manually engineered to reduce their dimensionality, or K-means could be modified to allow 

for controlled selection of the centroids. In contrast to K-means clustering, the utilized CNN 

method performed beyond expectations given the small amount of labeled data. One aspect 

of the training which may be the key to the performance of this model, was curtailing the 

training to 400 epochs, as models trained beyond this point tended toward over-fitting. If 

more data were used to train the CNN, the training could likely be extended further than 400 

epochs with a positive outcome. The utilization of an image-based method and a pre-trained 

CNN allowed us to circumvent many of the issues encountered with ECG data from zebrafish. 

While classification with K-means did not perform as well as the CNN did in this case, 

unsupervised clustering is an excellent tool for the discovery of common features within 

datasets. Further, the strengths of the two approaches create an opportunity to increase the 

        

Fig. 3. 6. (a) The confusion matrix for k-means clustering based classification (b) The confusion matrix for CNN- 

based classification. 
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performance by combining both methods into a semi-supervised approach, possibly 

enabling more-efficient evaluation of zebrafish ECGs. 
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CHAPTER 4: CONCLUSION AND FUTURE WORK 

The prolonged continuous ECG performance of our system increased diagnostic and 

monitoring yield in the detection of asymptomatic cardiac events and reduced ECG artifact 

to improve arrhythmia detection. The major novelties of the novel Zebra II ECG system lie in 

the prolonged measurement for multi-step experiments (up to 1 hour), high throughput 

screening with multiple fish, controlled environment with minimal side effects, and 

automated cloud-based analytics, among other controlled features. We have demonstrated 

and further deployed the system for phenotyping cardiac mutants in response to various 

drugs and environmental stimulus. Specifically, we have utilized our system to study Na+ 

sensitivity of the variant SCN5A-D1275N by observing changes in the frequency of SA 

episodes, HR, and QTc. From our understanding, such an experiment has not been reported 

previously. Finally, the Zebra II can be used for a host of cardiac disease studies including 

phenotypic cardiac screening for genetic engineering studies and new drug screening 

applications. 

In the future, the prolonged ECG monitoring system can be improved so that more 

fish can be recorded simultaneously with favorable SNR. With the use of the low Tricaine 

concentration to enable longer ECG recording, the fish tended to exhibit unexpected strong 

movement, thus leading to the electrode dislocation. Thus, I may utilize a mechanism to 

automatically detect the impedance of electrode-tissue interface, which can be used to 

indicate the contact between electrode and fish’s chest. More experiments for drug screening 

purpose with both wide type and mutant zebrafish will be conducted to validate the system. 
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APPENDIX 
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Schematic design 

 

PCB design 
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