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Simple Summary: With the advancement of existing technology, artificial intelligence is widely
applied in various fields of research, including cardiovascular studies. In this study, we explored the
feasibility of conducting a markerless cardiac physiology assessment in zebrafish embryos by using
DeepLabCut (DLC), a deep learning tool for motion analysis. Several cardiac parameters, such as
heart rate, diastolic-systolic volumes (EDV /ESV), stroke volume, cardiac output, shortening fraction,
and ejection fraction were obtained by the DLC-trained model and then compared to the previous
published methods, Time Series Analysis and Kymograph. This new method has several advantages,
having full automation, precise detection, and real-time labelling. This network was also trained to
analyze zebrafish with cardiovascular defects (pericardial edema) induced by chemical treatments
with ethanol and ponatinib. It was revealed that the heart rate, EDV/ESV, stroke volume, and cardiac
output from both the ethanol and ponatinib groups displayed significant reductions compared with
the control. Hopefully, this trained DLC network can contribute to a better understanding and
investigation of the existing cardiovascular system and abnormalities.

Abstract: DeepLabCut (DLC) is a deep learning-based tool initially invented for markerless pose
estimation in mammals. In this study, we explored the possibility of adopting this tool for conducting
markerless cardiac physiology assessment in an important aquatic toxicology model of zebrafish
(Danio rerio). Initially, high-definition videography was applied to capture heartbeat information at
a frame rate of 30 frames per second (fps). Next, 20 videos from different individuals were used to
perform convolutional neural network training by labeling the heart chamber (ventricle) with eight
landmarks. Using Residual Network (ResNet) 152, a neural network with 152 convolutional neural
network layers with 500,000 iterations, we successfully obtained a trained model that can track the
heart chamber in a real-time manner. Later, we validated DLC performance with the previously
published Image] Time Series Analysis (TSA) and Kymograph (KYM) methods. We also evaluated
DLC performance by challenging experimental animals with ethanol and ponatinib to induce cardiac
abnormality and heartbeat irregularity. The results showed that DLC is more accurate than the TSA
method in several parameters tested. The DLC-trained model also detected the ventricle of zebrafish
embryos even in the occurrence of heart abnormalities, such as pericardial edema. We believe that
this tool is beneficial for research studies, especially for cardiac physiology assessment in zebrafish
embryos.
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1. Introduction

Due to its transparent body and relatively short development processes, the zebrafish
is a widely used model for numerous biological studies, including cardiovascular and
genetic screenings [1,2]. These fish are also easy to culture, cheap, and have the potential
for a high-throughput screening [3]. Zebrafish hearts are typically used for drug testing,
which involves the evaluation of different cardiovascular parameters, such as heart rate,
the frequency of shortening fraction, stroke volume, ejection fraction, cardiac output, and
heartbeat regularity [4]. Numerous methods were developed to detect and quantify the
zebrafish heart rate, including visual inspection, electrocardiogram (ECG) use, and image
processing methods [5]. However, a visual inspection of the cardiac rate is time-consuming
and operator dependent. Using ECG, cardiac events can easily be seen, but recording
electrocardiographic traces from embryonic zebrafish requires precisely positioned elec-
trodes, which is an essential step in obtaining reproducible ECG signals [6]. Nowadays,
the flexibility to evaluate cardiac performance is mostly based on image processing. By
choosing a specific image-processing strategy, the tool can also be used to analyze these
animal models. Several previously established methods for cardiac physiology assessment
in zebrafish are summarized in Table 1. However, these methods also have limitations
which may involve multiple steps before the cardiac function can be obtained.

Table 1. Summary of previous detection methods and endpoints for cardiac physiology assessment
in zebrafish. Abbreviations: dpf: days post-fertilization; hpf: hours post-fertilization.

Species

Detection Method Detection Endpoints Literatures

Danio rerio (36-120 hpf)

Detection algorithms written in
Matlab based on changes in pixel
intensity and color segmentation

Heartbeats and heart rate

irregularity Pylatiuk et al., 2014 [7]

Using green fluorescent

. . . Number of heart contraction times
protein-expressing zebrafish

Danio rerio (3 dpf) Tg(cmlc2: GEP) to automate the based on su‘bcs}Ltierl p:;el intensities Burns et al., 2005 [8]
myocardial phenotype screening &
Heart rate was calculated by the Heart rate in beats per minute
Danio rerio (72 hpf) software “DanioScope” using a (BPM) based on video assessment Zhong et al., 2021 [9]
Noldus DanioVision system of inter-beat intervals

Danio rerio

Heartbeat regularity, stroke volume,
Kymograph plugin in Image] ejection fraction, shortening Kurnia et al., 2021 [4]
fraction, and cardiac output

Danio rerio

Image] based on the dynamic pixel Atrium rhythm and heartbeat

changes method frequency Santoso et al., 2019 [10]

Another approach is integrating artificial intelligence (AI) deep learning-based meth-
ods into cardiovascular research. In recent years, Al and computer vision libraries were
used for many applications in the healthcare industry to reduce costs and time, and enhance
clinical practices [11]. Al allows accurate information to be produced and large datasets to
be quantitatively analyzed, which would not be feasible manually. It integrates omics data
with additional layers of information, such as videos, imaging, and other electronic health
records [12]. A deep learning-based method required training to compensate for automated
analysis of images and demonstrate consistency with the overall assessment [13]. This ap-
proach also relies on framework selection to find features in images or object detection [14].
Several deep learning methods established for cardiac physiology assessment in zebrafish
are shown in Table 2. However, these methods require some coding skills and advanced
computer units. In addition, most of these studies do not provide or share complete details
on how the programs were used or run. These deep learning methods also seem to be
developing rapidly, making it more difficult to keep track of the details of each procedure.
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Table 2. Summary of deep learning-based methods and endpoints used to conduct cardiac physiology
assessment in fish.

Species Deep Learning Method Detection Endpoints Literatures
Automatic assessment of
Danio rerio (3 dpf) cardiovascular function Pased Shortening fraction and e]('ectlon fraction Naderi et al,, 2021 [15]
on a U-net deep learning of masked ventricles
model

Danio rerio (embryonic)

A stand-alone software that ~ Shortening fraction based on two pairs of

uses C# language with marking points from the diastolic and Nasrat et al., 2016 [16]
the.NET Framework 4.5.2 systolic heart edges of the ventricles

Danio rerio (48 to 96 hpf)

intelligent robotic microscope

Heart-region detection based on the
intensity and difference images which
can be used to distinguish the heart
dysfunction

Automatic detection of the

heart region by using an Spomer et al., 2012 [17]

Danio rerio

OpenCV-based approach Heart rate and heartbeat regularity Farhan et al., 2021 [18]

Danio rerio

Cardiac Functional Imaging  Shorteing fraction, ejection fraction, heart

Akerberg et al., 2019 [19]

Danio rerio

Network (CFIN) rate, and cardiac output
Zebrafish HeartRate 110 B o e o Xing et al, 2018 [20]
Automatic Method (Z-HRAM) y exp g .,
movements

Danio rerio (2-3 dpf)

DeepLabCutTM (DLC) using shortening fraction, cardiac output, and

Calculation of volume change, heart rate,
stroke volume, ejection fraction,
ResNet-152 heartbeat regularity based on 8-point In this study
labeling of heart edges for short and long
axis lengths

At present, deep learning has made significant progress in the field of neuroscience,
behavior observation, and other analyses related to health examination. Researchers have
studied deep learning to train models to track user-defined features for different animals,
simplifying traditional feature engineering and image-processing methods [21]. In 2018,
Mathis et al. developed an open-source software package called DeepLabCut (DLC), a
markerless pose estimation tool to define body parts using deep learning [22]. It combines
pre-trained Residual Networks (ResNets) with deconvolutional layers to create a deep
convolutional network capable of object recognition and semantic segmentation. This
toolbox is provided with several features to extract frames automatically or manually from
videos for labeling, create a training dataset based on labeled frames, train networks by
selecting the desired framework, and identify the locations of these features in unlabeled
data. Basically, DLC enables the creation of tailored part detectors adapted from the body
parts of interest that have been labeled. DLC can then be applied to novel videos after a
few hours of network training. Although DLC was demonstrated in a mouse [23], fruit
fly [24], cat [25], monkey [21], and zebrafish [26] based on the labeling of their outer body
parts, there are no inherent limitations. This toolbox can be applied to other models or
non-model organisms with a broad range of characteristics.

In this study, we explored the feasibility of conducting a markerless cardiac physiol-
ogy assessment using DLC in an important aquatic toxicology model, the zebrafish. By
demonstrating the practical use of this tool, a better understanding and evaluation of deep
learning applications in cardiovascular research can be established. We also demonstrated
that trained deep-learning models could generate accurate predictions when given a simple
anatomical feature, such as the heart chamber.
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2. Materials and Methods
2.1. Zebrafish Maintenance

Wild-type AB strain zebrafish (Danio rerio) were obtained from Taiwan Zebrafish Core
Facility (Academia Sinica, Taipei, Taiwan). Sexually matured male and female zebrafish (4 to
6 months old) were used for breeding. An E3 medium and methylene blue mixture were used
to culture the zebrafish embryos [27]. The zebrafish embryos were maintained at 25-27 °C
with a 14:10 h light:dark cycle. At 2 and 3-days post-fertilization (dpf), zebrafish embryos
were used for cardiac physiology assessment. All experiments in this study involving
zebrafish were approved by the Institutional Animal Care and Use Committees (IACUCs) of
Chung Yuan Christian University (Approval No. 109001, issue date 15 January 2020).

2.2. High-Definition Videography

Up to 10 zebrafish were placed onto a microscope slide and mounted with 3% methyl-
cellulose for immobilization. The heart chamber movement (ventricle) for each individual
fish embryo was recorded using a high-resolution 4K CCD (XP4K8MA, ToupTek, Zhejiang,
China) mounted on an upright microscope (EX20, SOPTOP, Taipei, Taiwan). The video
was recorded for 1 min for each individual fish embryo at a resolution of 3840 x 2160 at
a rate of 30 fps. The heart position was identical for each recording, and in this case, the
head position of animal models was on the left side to maintain consistency throughout the
training process. We repeated at least triplicates video recording for microscope slides.

2.3. DeepLabCut Training

The recorded videos were then used for the training process in DeepLabCut™ (Version
2.2.05, Mathis Group, Swiss Federal Institute of Technology, Lausanne, Switzerland) [22].
The training dataset was generated using a combined 2 and 3-dpf untreated zebrafish
(control) group and a chemical treatment (ethanol and ponatinib) group. Ten (10) videos
from each group were selected and 20 frames were extracted automatically from each video
by OpenCV with a K-means algorithm. In this function, the video was downsampled to
frames and clustered based on visual appearance [28]. Generally, this procedure ensures
that each extracted frame looks different. After the frames were extracted, each was labeled
with eight different points, namely 1, 2, 3, 4, 5, 6, 7, and 8 (Figure 1). The points between
1 and 5 were then connected by a black line to indicate the short axis (Ds) of the heart
chamber. Points 3 and 7 were also connected by a black line to indicate the long axis (D).
In this study, as an initial step, we used and compared ResNet-50, 101, and 152 to the image
augmentation (imgaug) method to train our labeled data with 50,000 iterations. After the
training, the network was evaluated and was ready to be used to analyze the videos. This
process was repeated and increased by 50,000 iterations until a total of 500,000 iterations
was reached. Finally, based on each ResNet network train-and-test error results, ResNet-
152 was selected, due to it having the best performance. The ResNet-152-based neural
network [29] with default parameters for 500,000 training iterations was performed. This
was validated with ten shuffles, which resulted in the evaluation network of the test-and-
train error rate (based on X and Y pixels position). The network was then utilized to analyze
new videos and detect the heart chamber of the animal model with similar experimental
settings. Afterward, seven cardiac parameters were calculated: end-diastolic volume (EDV),
end-systolic volume (ESV), heart rate, SV, CO, EF, and SF.
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Figure 1. The experimental design was used to detect and label the heart chamber of zebrafish in
this study. On top, the animal model: zebrafish (Danio rerio) was used in this study as it is widely
used for toxicity studies since its body transparency makes it suitable for cardiovascular assessment.
Up to 20 videos of a heart beating with a duration of 1 min were collected. The bottom section
describes how DLC performed the training process for dataset and video analysis, resulting in a
labeled zebrafish ventricle heart chamber.

2.4. Cardiac Parameter Calculation

The data calculations were processed in Microsoft® Excel® for Microsoft 365 MSO
(Version 2206 Build 16.0.15330.20260) 32-bit. EDV and ESV were calculated with the
following equation by assuming the ventricle is spheroid:

EDVorESV:%xnxDlxDsz

The data were further processed in Origin 9.1 software (Originlab Corporation,
Northampton, MA, USA). By using the Peak Analyzer tool provided in the Origin software,
the EDV, ESV, and heart rate were determined. EDV and ESV represent the heart volume
during diastolic—systolic phases. Heart rate was defined as the number of times the heart
beats per minute (bpm) and was obtained by dividing one minute with the time interval of
consecutive beats. After EDV, ESV, and heart rate were obtained, other parameters such
as stroke volume, cardiac output, and ejection fraction were measured. Stroke volume
represents the volume ejected with every heartbeat (1 cycle) between the EDV and ESV
(calculated by the equation below).

Stroke volume = EDV — ESV
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The cardiac output is the total amount of blood pumped within a time frame (1 min)
and was calculated by the following equation:

Cardiac output = Stroke volume X heart rate

The ejection fraction is the volumetric fraction (percentage) change of blood that is
pumped out from the heart chamber during diastolic phase which is important to measure
heart contractility. It was calculated by the following equation:

Stroke volume
Ejection fraction = —————— x 100%
Jection f EDV ’

Lastly, the shortening fraction—another cardiac parameter—represents the percentage
reduction in the length of the end-diastolic diameter by the end of systole. Similar to the
ejection fraction, it measures the contractility of the heart muscle, and it can be calculated
by the following equation:

Dsg — Dss

x 100%
Dss

Shortening fraction =

where D, is the short axis diameter during the diastolic stage and D refers to the short
axis diameter during the systolic stage. All formulations and calculations in this study
were conducted based on our previous publications [4,30].

2.5. Data Validation with Image] and Kymograph

To validate the cardiac parameter results analyzed by DLC, we also applied the
Image] method with the Time Series Analysis (TSA) plug-in (https://imagej.nih.gov/ij/
plugins/time-series.html) (accessed on 22 July 2021) and the kymograph (KYM) generation
with broadly applicable routines (BAR) plug-in (https://imagej.net/BAR) (accessed on 8
August 2021) to compare the data. The TSA and KYM methods were performed in Image]J
Version 1.53e on Windows 10 Home. For the TSA method, the peaks of beat intervals were
retrieved based on the change in dynamic pixels of blood during diastolic-systolic phases.
Meanwhile, in the KYM method, the time-lapse for heart contraction-relaxation images
were created in a two-dimensional plot comprising time and space information. Similar
output results with total of seven cardiac parameters were calculated. The protocol was
conducted based on our previous publications [4,30,31].

2.6. Chemical Exposure to Induce Cardiac Abnormality

We further improved our zebrafish cardiovascular detection performance by adding
some irregular or abnormal heart morphology images to the training dataset. To achieve
this, ethanol and ponatinib were used to induce pericardial edema in zebrafish embryos.
Ethanol was purchased from the Sigma-Aldrich Corporation (Taipei, Taiwan), and pona-
tinib was purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai,
China). Based on a previous study, 2% ethanol was added to 10-hpf zebrafish [32]. A
separate group of 2-dpf zebrafish embryos was exposed to 2.5 ppm of ponatinib for the
ethanol-treated group [33]. Pericardial edema was successfully induced in both groups on
day 3. All data were recorded using the same method as explained in the previous section.

2.7. Heart Rate Variability Measurement by Poincaré Plot

The heart rate variability (HRV) for the control and chemical treatment groups was
evaluated using the Poincaré plot plugin (https://www.originlab.com/fileExchange/
details.aspx?fid=404) (accessed on 13 March 2022) in Origin 9.1 software (Originlab Corpo-
ration, Northampton, MA, USA). The Poincaré plot illustrates HRV through a scatter graph
that is useful for quantifying the heart rate regularity or irregularity [34]. The plot was
created by inputting the time interval of consecutive heartbeats into the data column. The
Poincaré plot was then performed with default settings and with the confidence level for
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plotting an ellipse: 0.95. The HRV was determined by two indices: the standard deviation
1 (sd1) and standard deviation 2 (sd2) that represented instantaneous and continuous
long-term beat intervals, respectively [35].

2.8. Statistics

The graphical visualization and statistical analyses were performed using GraphPad
Prism software (Version 8.0.2., GraphPad Software, Inc.: San Diego, CA, USA). To compare
cardiac physiology using the DLC, TSA, and KYM methods, statistical significance was
carried out with repeated measures (RM) one-way ANOVA, followed by the Tukey’s
multiple comparisons test. The control and chemical treatment groups were statistically
analyzed by ordinary one-way ANOVA, followed by Fisher’s LSD test as the post hoc
multiple comparison test. Meanwhile, the sd1 and sd2 of the HRV results were statistically
analyzed by the Kruskal-Wallis test, followed by the uncorrected Dunn’s test.

3. Results
3.1. Overview of Experimental Design

The DeepLabCut (DLC) Python toolbox is versatile, user-friendly, and accessible without
needing advanced skills in the programming language. With few trainings of framed
images, the network can be trained to achieve human-level labeling accuracy, which makes
it applicable for multiple research studies, such as behavior analysis, motion analysis, and
medicine. In DLC, the training datasets are prepared based on several initial videos [26].
DLC identifies frames corresponding to the range of movement and object identity based on
postures. Once the frames are extracted, the points of interest can be labeled. Checking the
accuracy of these annotated frames and correcting them as needed can be done by visual
inspection [29]. All extracted labeled frames are then merged and subdivided into train-and-
test frames to create the training dataset [22]. To predict the points of interest, a pre-trained
network (ResNet) is then refined to adapt its weights according to the labels made by the user.
Using the train-and-test frames, one can compare the performance of the trained network.
The trained network can be used to analyze videos and extract the pose files [36].

In this study, the cardiac physiology of zebrafish embryos was evaluated by using DLC.
The first step was to record the heart movement of this animal model. Since the zebrafish
has two heart chambers, it is difficult for the microscope to focus on both chambers. Thus,
only one chamber of the ventricle was examined. The video was recorded for 1 min (30
fps) at a 4K resolution of 3840 x 2160 and saved in .mp4 format. After that, 20 frames
from each video were automatically extracted using the K-means algorithm. Eight points
surrounding the heart chamber were labeled to mark the heart movement. The marker
points were then trained using a deep learning approach using a ResNet neural network
until 500,000 iterations were reached. The trained datasets were stored in configuration
files and used to conduct additional analysis on the novel videos. The heart chamber from
the novel videos could then be recognized and labeled automatically (Figure Al). The
output data X and Y coordinates were used as a starting point for determining the short
axis length, long axis length, and volume (Figure A2), which were used to calculate the
cardiac parameters, such as EDV, ESV, stroke volume, heart rate, cardiac output, shortening
fraction, and ejection fraction. The experimental design of this study is shown in Figure 1.

3.2. DeepLabCut Training for Zebrafish

We adopted the deep neural network, using the ResNet model. This network model
has remarkable performance, as it is prepared with information, different capable models,
and visual acknowledgment frameworks [37]. The training network was evaluated using
different ResNet networks provided in DLC: ResNet-50, 101, and 152. The iteration process
started from 50,000 to 500,000, then the train-and-test errors (pixels) were calculated using
the p-cutoff method. ResNet-152 provided the best performance on zebrafish compared
with ResNet-50 and ResNet-101 (Figure 2). The evaluation results showed that ResNet-101
had the lowest accuracy. This is demonstrated by the results of the train-and-test error rates
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which were statistically higher than those of ResNet-50 and 152 (Figure 2A). Meanwhile, no
significant difference is observed between ResNet-50 and ResNet-152. However, ResNet-152
still performs the best, having the lowest train-and-test error rates. Therefore, the ResNet-152
network was selected for the training process and video analysis in this study. ResNet-152 is
a convolutional neural network with 152 layers, and it has features to learn within various
abstraction levels to improve its performance [38]. Supporting our data, the ResNet-152
network was reported to achieve the highest accuracy in machine health monitoring. In
experiments to predict cancer and detect malignant and benign cells, ResNet-152 performed
better than ResNet-18, 50, and 101 [39]. It is an effective recommendation predictor with
high training and testing accuracy but requires a longer prediction time for interpretation.

400 (A) Train error with p-cutoff 3001(B) Test error with p-cutoff
M m
% 5 ) = ResNet-50
X X 200- -=- ResNet-101
o o
~ ~ =~ ResNet-152
2 200 2
: g
r — 100
S 100 o b
= b £
w a uw a
0 1 1 1 1 1 1 1 ) 1 1 a 0 1 T 1 1 1 1 1 1 1 1 a
NN N N N N N N N Y R N N N I S S N Y
090 090 Q"Q 090 Q9° Q\QQ 090 090 090 ng Q~QQ 090 Q?Q 090 Q~Q Q?Q Q?Q Q«Q QsQ Q?Q
RN S 2N TRE A P S PSS
Training Iterations Test Iterations

Figure 2. Train error rate (A) and test error rate (B) with p-cutoff evaluation results with 500,000
iterations in zebrafish heart chambers. The statistical difference was analyzed using ordinary one-
way ANOVA, followed by Dunn’s multiple comparison test. The different letters (a and b) indicate
significant differences with p < 0.05.

DLC effectiveness was determined using Euclidean distances between the location
labels (x and y coordinates) from training and testing [40]. The location of the centroid of
each label was then predicted by ResNet-152. In addition, based on the centroid location,
the position of the heart chamber was identified to study its movement. In relation to
movement, the x and y coordinates are crucial for counting the distance of pixels to find the
short and long axes of the heart chambers. A semi-automatic feature can be achieved by
involving machine learning algorithms to complete this task. The trained network provides
researchers with a quick and efficient method of quantifying cardiac parameters using
animal models studied in a laboratory.

Using ResNet-152, the videos were analyzed, and eight points on the heart chamber
outer area were labeled (Figure 3A). After the video was analyzed, the plot position of
each point was generated to resemble the trajectory of heart movement. Here, evidence
is provided to demonstrate the excellent performance of ResNet-152. Several cases of
trajectory positions are displayed in Figure 3. For example, Figure 3B shows the normal
condition of heart movement and position without any disturbance during video recording
(Video S1). Meanwhile, the other two figures (Figure 3C,D) display irregular cases with
atypical trajectory positions that were generated due to interference caused by a technical
problem or by the animal itself. In Figure 3C, the microscope slides moved slightly, but
DLC detected and labeled the movement precisely (Video S2). Another case is shown in
Figure 3D, which displays irregular label positions. This incident occurred because the fish
suddenly moved during the video recording. However, DLC could still follow the heart
chamber position precisely, as shown in the supporting videos (Video S3).
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Figure 3. The representative image plots of the ventricle chamber labeled by DLC. (A) Eight different
circle points label the ventricle of zebrafish larvae. (B) Plot created from normal placement without
interference. (C) Plot created from a microscope slide that was moving slightly. (D) Plot created from
the zebrafish heart that suddenly moved.

3.3. Cardiac Physiology Comparison between DLC and Image] in Control Animals

Data validation was performed for DLC by comparing it to the previously published
Image] Time Series Analysis (TSA) and kymograph (KYM) methods. Based on the re-
sults, the TSA, KYM, and DLC methods did not significantly differ in terms of heart rate
(Figure 4A). However, in terms of volume change, we found that there was no significant
different between these three methods, except the KYM method displayed a lower ESV
compared with DLC and TSA (Figure 4B,C). With the other cardiac parameters, the TSA
method displayed significantly more extensive results than DLC, as observed in normalized
stroke volume and cardiac output. However, no significant difference was found between
DLC and KYM in those parameters (Figure 4D,E). Meanwhile, in two other parameters,
shortening fraction and ejection fraction, TSA and KYM displayed significantly higher
outcomes than the DLC method (Figure 4F,G). Despite the different outcomes displayed in
some cardiac parameters, these methods still succeed in measuring cardiac physiology in
the animal model.
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Figure 4. Cardiac physiology parameter comparison between DLC, Image] TSA, and Kymograph
methods in zebrafish. Results for heart rate (A), end-diastolic volume (B), end-systolic volume
(C), normalized stroke volume (D), cardiac output (E), shortening fraction (F), and ejection fraction
(G), from three methods were compared statistically by RM one-way ANOVA followed by Tukey’s
multiple comparisons test. Data are expressed as mean + SD and significant differences (p < 0.05) are
indicated by lower case a, b, and ¢ (n = 15).

3.4. Cardiac Physiology Assessment in Zebrafish Embryos after Chemical Treatment

To improve the performance of the DLC network dataset further, we selected two
chemicals (ethanol and ponatinib) previously reported to cause cardiovascular defects. Both
the ethanol 2% and ponatinib 2.5 ppm groups induced heart deformation and pericardial
edema in zebrafish embryos at 3 dpf (Videos S4 and S5, respectively). Based on the
results, the trained network also detected and labeled the ventricle chamber despite heart
malformation due to chemical exposure. After the cardiac parameters were calculated, it
was revealed that the heart rate, EDV, ESV, stroke volume, and cardiac output from both
the ethanol and ponatinib groups showed significant reduction compared with the control
(Figure 5A-E). Meanwhile, for the shortening fraction and ejection fraction endpoints, only
the ponatinib group displayed a significant reduction (Figure 5EG).

Based on the time interval between heartbeats, HRV for the control, ethanol, and
ponatinib-treated groups was calculated using the Poincaré plot. Using an ellipse-fitting
method, the plot was adjusted using two indices: the standard deviation of instantaneous
beat intervals (sd1) and the continuous long-term between two successive peak intervals
(sd2). Based on the results, ponatinib caused significant increases in both sd1 and sd2
values, which indicates the higher irregularity of heartbeat compared with the control
(Figure 5A,B). In sync with the heartbeat dynamic volume-change patterns (Figure A3), the
chemical-treated group, especially ponatinib, had the highest standard deviation value in
the Poincaré plot (Figure 6C-E).
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Figure 5. Cardiac physiology parameter comparison between control, ethanol 2%, and ponatinib
2.5 ppm analyzed by DLC method. Heart rate (A), end-diastolic volume (B), end-systolic volume (C),
normalized stroke volume (D), cardiac output (E), shortening fraction (F), and ejection fraction (G).
Results from control and chemical treatment were statistically analyzed by ordinary one-way ANOVA
followed by Fisher’s LSD test as post hoc multiple comparison test. Data are expressed as mean + SD
and statistical difference is indicated by * p < 0.05; *** p < 0.001; and **** p < 0.0001 (n = 20).
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Figure 6. Heart rate variability evaluation in zebrafish embryos after exposure to ethanol 2% and
ponatinib 2.5 ppm. Data analyses were conducted based on the standard deviation 1 (sd1) (A) and
standard deviation 2 (sd2) (B) of the heart chamber generated by Poincaré Plot (C-E). The sd1 and sd2
results were statistically analyzed by Kruskal-Wallis test, followed by the uncorrected Dunn’s test.
Data are expressed as mean =+ SD, and statistical difference is indicated by **** p < 0.0001 (n = 20).

4. Discussion

In this study, the zebrafish was chosen as an animal model for studying the cardiovas-
cular system. Zebrafish have a rapid reproduction rate, and the embryo has a transparent
body, making it possible to observe the heart and its contractility easily. The zebrafish
heart has a simple architecture that consists of two major chambers: a ventricle and an
atrium [41]. In this study, we focused on ventricular analysis. Throughout the cardiac
cycle, the image of the zebrafish heart was imaged in a lateral position with the ventricle
section clearly visible, while the atrium was laid outside the plane of focus. Compared
with the atrium, the ventricle is primarily spherical and elongated (ovoid) in morphology,
with a spherical index of 0.83 [42]. On the other hand, the atrium has an irregular shape
which is ineffective for morphology-based quantification. In clinical analysis, ventricular
length is more reliable because it can also be measured during echocardiography [43].
Several publications also preferred to focus only on the ventricular area of the zebrafish for
cardiovascular research [44—46].

4.1. Advantages and Limitations

The main advantage of the DLC code is that it provides a graphical user interface
(GUI) with simple steps for frame extraction, point labeling, training, and video analysis to
retrieve the pose data [22]. Without putting any visible markers on the locations of interest,
the system can achieve human-level accuracy using only a small number of training images.
Furthermore, DLC is a free, open-source software, with a large-scale discussion forum. It is
an excellent motion analysis tool applied in diverse organisms, such as rodents, primates,
insects, and fish. The deep features allow DLC to extract body parts despite various
background challenges or camera distortions [47]. In addition, DLC possesses a refinement
step to take advantage of different scenarios for improving tracking performance [48]. DLC
can predict the points without requiring consistency across the frames. It can also retrieve
or locate the points of some features that are not initially detected due to occlusions or
motion blurs, a capacity lacking in other tracking methods [49,50].

A limitation of DLC is that this software requires modern computational hardware,
such as graphical processor units (GPUs), in order to deliver fast and efficient results. GPUs
are necessary to manage and improve memory to accelerate graphics rendering, which is
useful for machine learning [51]. Another consideration is that the convolutional networks
analyze images based on the scale in pixel size; thus, larger images will be processed
more slowly [52]. In this study, we considered using 1280 x 720 as maximum resolution
videos; however, the choice of resolution still depends on the performance of each computer.
Furthermore, DLC is designed for general purpose, so it cannot track any occluded points
and does not rely on heuristics, such as a body model [53]. In addition, high-resolution
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videos were required in this study to observe and monitor heart movement. Thus, we
used a high-quality charged-coupled device (CCD) and digital microscopy with higher
magnification to capture the heart chamber. With this set-up, DLC delivered sharp and
detailed visual colors allowing us to clearly mark and label the edge of the heart. Camera
settings were also adjusted to ensure optimal recording results.

4.2. Cardiac Physiology Comparison between DLC and Image] Methods

In comparison, these three methods displayed identical results in terms of cardiac
rhythm, as indicated by the heart rate values. In the TSA method, the heartbeat was
measured by dynamic pixel changes of blood in the heart chamber. The dynamic pixel
changes showed that, during the systolic phase, the pixel intensity increased when the
hemocytes were pumped out from the heart chamber, while during the diastolic phase,
lower pixel intensity was observed [31]. On the contrary, DLC measured the heart volume
changes by the location of labels generated. Meanwhile, the KYM method used a similar
approach by detecting heart chamber movement (contraction and relaxation), but was
still limited by manual selection. Each method in this study successfully measured the
heart rate equally well, which demonstrates that these methods are able to identify and
determine the diastolic—systolic stage (heartbeats) either by pixel intensity changes or
chamber movement. However, the statistical comparison showed significant differences in
some cardiac parameters between the newly developed method (DLC) and the previously
published methods (TSA and KYM). To obtain the cardiac parameters from the TSA and
KYM methods, it required several steps, including manual counting [5]. In addition, most
of the tools in the Image] software is a freehand ruler, which might cause inaccuracy,
especially if the heart chambers are small [15]. Since the regions of interest (ROI) in the TSA
method are selected manually by using a circle tool with a limited size selection [31], the
results might be affected depending on the users. The heart diameter at the diastolic stage
(heart relaxation) and systolic stage (heart contraction) were then manually measured by
drawing a straight line on a single frame as representatives in Image]J. Similarly, for the
KYM method, the user must draw a line from the inner part of the heart to the outermost
area during diastole. This line is fixed; thus, the heart movement detection is limited by the
predefined line boundaries. In addition, ROI selection is also limited due to possible image
noise (random variation of brightness) potential in certain heart regions. Another problem
is that fish embryos might float in the mounting medium, which can cause a shift in the
pixel intensity pattern. However, in DLC, the shift or floating movement from the animal
models in the mounting medium can still be analyzed without any problems. Unlike the
TSA and KYM methods, DLC also provides functionality that enables users to confirm the
output results based on the labeled videos and x—y positions of whole video frames. This
evidence might explain the difference in cardiac performance results retrieved from these
two different methods since the outcomes of the ImageJ-based method is mainly affected
by the ROI selection. The limitations of the TSA and KYM methods are also the reason for
researchers using a different approach, such as the machine learning method, to collect
and process data more comprehensively. Based on these findings, we conclude that the
DLC method is more advanced and reliable because it uses a machine learning approach,
requires less user involvement, and includes functionality that enables users to confirm the
reliability of the training model.

4.3. Comparison of the Cardiac Parameters between Control and Chemical-Treated Zebrafish

As previously reported, ethanol and ponatinib exposure causes heart developmental
defects [33,54]. Li et al., 2016 reported that zebrafish larvae exposed to 2% ethanol displayed
incomplete and damaged blood vessels, alteration in permeability, decreased blood volume,
and a deformed heart [32]. Similar to our study, the heart volume became much smaller,
and the heart rate decreased. Pericardial edema was observed, caused by the damaged
dorsal aorta and arteries that disrupted the blood and fluid circulation [55]. Ponatinib,
as low as 3 uM, was reported to induce severe cardiac edema, blood vessel disorders,
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and narrowing of the dorsal aorta [33]. Similar to our study, ponatinib was also reported
to reduce the shortening and ejection fraction in zebrafish [56]. In terms of heart rate
variability, ponatinib induces high irregularity. This chemotherapeutic agent is known
to be highly related to arrhythmias and contributes to various ECG changes [57]. All the
cardiovascular disorders in the experiment were well evaluated using the newly developed
method. Despite the abnormalities caused by ethanol and ponatinib, our DLC-training
network performed well in defining the ventricle chamber of zebrafish embryos. Shrinkage
and downsizing of the atrium chamber were also observed in both chemical-treated groups.
The present results also provide additional evidence that it is preferable to focus the analysis
on the ventricular section since its morphology is still well recognizable despite alteration
of cardiac morphology due to chemical exposure.

5. Conclusions

In conclusion, a trained DLC model for automatic detection of the ventricle chamber
in zebrafish was established. Using the ResNet-152 network, we retrieved the x—y coordi-
nates of each labeled position, which were then used to calculate several multiple cardiac
parameters. This study also revealed that the DLC method displayed identical results
in term of cardiac rhythm compared to the previous published TSA and KYM methods.
However, in some cardiac parameters, different results were obtained, which might be due
to manual measurement and ROI selection-dependency from the Image]J-based method.
Compared with these previous methods, DLC has the advantage of real-time labeling of the
whole video frames, with full automation. In addition, the DLC model was also trained to
recognize the ventricle chamber despite disruption in cardiac morphology and pericardial
edema resulting from ethanol or ponatinib exposure. With this trained model, improvement
and increased robustness in detection in zebrafish embryo heart videos were achieved. In
the future, hopefully, this trained DLC network can be enhanced with additional training
dataset videos from various cardiovascular studies so that this model network can further
contribute to a better understanding and investigation of the existing cardiovascular system
and abnormalities. It is also necessary to compare this newly developed method to another
deep learning tool that uses a similar approach in the future.

Supplementary Materials: The following supporting information can be downloaded, Video S1: The
heart outlook able to be labeled by DLC in zebrafish embryos aged at 3dpf. https://drive.google.
com/file/d/10OM-ZBYPcOeln_warEe35fS776Trl_xDf/view?usp=sharing (accessed on 10 August
2022). Video S2: The heart outlook able to be labeled by DLC in zebrafish embryos aged at 3dpf
even if the detected subjects are sliding slowly during video recording. https:/ /drive.google.com/
file/d/1ZyvO71YFcJHgyilpqgjv5h]cEK39gu6YD/view?usp=sharing (accessed on 10 August 2022).
Video S3: The heart outlook able to be labeled by DLC in zebrafish embryos aged at 3dpf even
if the detected subjects suddenly move from their original position. https://drive.google.com/
file/d/1rryMm]JEXdeADXwBOL760sGoQHDnnpSJ4 /view?usp=sharing (accessed on 10 August
2022). Video S4: The abnormal heart outlook (edema) able to be labeled by DLC in zebrafish
embryos aged at 3dpf exposed to 2% ethanol. https://drive.google.com/file/d/1_GXMhrdjVemK1
U5ASM6IF_adx15-IbpM/view?usp=sharing (accessed on 10 August 2022). Video S5: The abnormal
heart outlook (edema) able to be labeled by DLC in zebrafish embryos aged at 3dpf exposed to
2.5ppm Ponatinib. https://drive.google.com/file/d/1PIhvEM9lw VtalFfPFDkvXZZCEKk9Ubq81/
view?usp=sharing (accessed on 10 August 2022).
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Appendix A

Before labelling

7

Figure Al. The ventricle area of zebrafish (day-2 post-fertilization) before and after labelling by
DeepLabCut from eight different points that mark the outer heart chamber area.
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Figure A2. The volume-change peaks (black color), short axis (blue color), and long axis (red color)
of heart movement generated during diastolic and systolic phases for 10 s.
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Figure A3. Comparison of the dynamic volume change patterns extracted from zebrafish heartbeat
between control (black color), ethanol (EtOH) 2% (purple color), and ponatinib 2.5 ppm (green
color)-treated groups.

References

1.  Kanungo, J.; Cuevas, E.; Ali, S.F,; Paule, M.G. Zebrafish model in drug safety assessment. Curr. Pharm. Des. 2014, 20, 5416-5429.
[CrossRef] [PubMed]

2. Hussain, A; Audira, G.; Malhotra, N.; Uapipatanakul, B.; Chen, J.-R.; Lai, Y.-H.; Huang, J.-C.; Chen, K.H.-C.; Lai, H.-T.; Hsiao,
C.-D. Multiple screening of pesticides toxicity in zebrafish and daphnia based on locomotor activity alterations. Biormolecules
2020, 10, 1224. [CrossRef] [PubMed]

3.  Lessman, C.A. The developing zebrafish (Danio rerio): A vertebrate model for high-throughput screening of chemical libraries.
Birth Defects Res. Part C Embryo Today Rev. 2011, 93, 268-280. [CrossRef]

4. Kurnia, K.A,; Saputra, F; Roldan, M.].M.; Castillo, A.L.; Huang, J.-C.; Chen, K.H.-C.; Lai, H.-T.; Hsiao, C.-D. Measurement of
Multiple Cardiac Performance Endpoints in Daphnia and Zebrafish by Kymograph. Inventions 2021, 6, 8. [CrossRef]

5. Santoso, F; Farhan, A.; Castillo, A.L.; Malhotra, N.; Saputra, F.; Kurnia, K.A.; Chen, K.H.-C.; Huang, ].-C.; Chen, ].-R.; Hsiao, C.-D.
An overview of methods for cardiac rhythm detection in Zebrafish. Biomedicines 2020, 8, 329.

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

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

8. Burns, C.G.; Milan, D.J.; Grande, E.J.; Rottbauer, W.; MacRae, C.A.; Fishman, M.C. High-throughput assay for small molecules
that modulate zebrafish embryonic heart rate. Nat. Chem. Biol. 2005, 1, 263-264. [CrossRef]

9. Zhong, K; Meng, Y.; Wu, J.; Wei, Y,; Huang, Y.; Ma, J.; Lu, H. Effect of flupyradifurone on zebrafish embryonic development.
Environ. Pollut. 2021, 285, 117323. [CrossRef]

10. Santoso, F; Sampurna, B.P; Lai, Y.-H.; Liang, S.-T.; Hao, E.; Chen, J.-R.; Hsiao, C.-D. Development of a simple imagej-based
method for dynamic blood flow tracking in zebrafish embryos and its application in drug toxicity evaluation. Inventions 2019, 4, 65.
[CrossRef]

11. Langlotz, C.P; Allen, B.; Erickson, B.J.; Kalpathy-Cramer, J.; Bigelow, K.; Cook, T.S.; Flanders, A.E.; Lungren, M.P.; Mendel-
son, D.S.; Rudie, ].D. A roadmap for foundational research on artificial intelligence in medical imaging: From the 2018
NIH/RSNA/ACR/The Academy Workshop. Radiology 2019, 291, 781-791. [CrossRef] [PubMed]

12.  Rogers, M.A.; Aikawa, E. Cardiovascular calcification: Artificial intelligence and big data accelerate mechanistic discovery. Nat.
Rev. Cardiol. 2019, 16, 261-274. [CrossRef]

13. Teixido, E.; Kiefsling, T.R.; Krupp, E.; Quevedo, C.; Muriana, A.; Scholz, S. Automated morphological feature assessment for
zebrafish embryo developmental toxicity screens. Toxicol. Sci. 2019, 167, 438-449. [CrossRef] [PubMed]

14.  Shen, M,; Li, G.; Wu, D,; Liu, Y,; Greaves, ].R.; Hao, W.; Krakauer, N.J.; Krudy, L.; Perez, J.; Sreenivasan, V. Multi defect detection
and analysis of electron microscopy images with deep learning. Comput. Mater. Sci. 2021, 199, 110576. [CrossRef]

15. Naderi, AM.; Bu, H; Su, J.; Huang, M.-H.; Vo, K; Torres, R.S.T.; Chiao, J.-C.; Lee, J.; Lau, M.P; Xu, X. Deep learning-based
framework for cardiac function assessment in embryonic zebrafish from heart beating videos. Comput. Biol. Med. 2021, 135, 104565.
[CrossRef]

16. Nasrat, S.; Marcato, D.; Hirth, S.; Reischl, M.; Pylatiuk, C. Semi-automated detection of fractional shortening in zebrafish embryo

heart videos. Curr. Dir. Biomed. Eng. 2016, 2, 233-236. [CrossRef]


http://doi.org/10.2174/1381612820666140205145658
http://www.ncbi.nlm.nih.gov/pubmed/24502596
http://doi.org/10.3390/biom10091224
http://www.ncbi.nlm.nih.gov/pubmed/32842481
http://doi.org/10.1002/bdrc.20212
http://doi.org/10.3390/inventions6010008
http://doi.org/10.1038/srep04898
http://doi.org/10.1089/zeb.2014.1002
http://doi.org/10.1038/nchembio732
http://doi.org/10.1016/j.envpol.2021.117323
http://doi.org/10.3390/inventions4040065
http://doi.org/10.1148/radiol.2019190613
http://www.ncbi.nlm.nih.gov/pubmed/30990384
http://doi.org/10.1038/s41569-018-0123-8
http://doi.org/10.1093/toxsci/kfy250
http://www.ncbi.nlm.nih.gov/pubmed/30295906
http://doi.org/10.1016/j.commatsci.2021.110576
http://doi.org/10.1016/j.compbiomed.2021.104565
http://doi.org/10.1515/cdbme-2016-0052

Biology 2022, 11, 1243 17 of 18

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

Spomer, W.; Pfriem, A.; Alshut, R.; Just, S.; Pylatiuk, C. High-throughput screening of zebrafish embryos using automated heart
detection and imaging. J. Lab. Autom. 2012, 17, 435-442. [CrossRef]

Farhan, A.; Kurnia, K.A.; Saputra, F; Chen, KH.-C.; Huang, ].-C.; Roldan, M.].M.; Lai, Y.-H.; Hsiao, C.-D. An OpenCV-Based
Approach for Automated Cardiac Rhythm Measurement in Zebrafish from Video Datasets. Biomolecules 2021, 11, 1476. [CrossRef]
Akerberg, A.A.; Burns, C.E.; Burns, C.G.; Nguyen, C. Deep learning enables automated volumetric assessments of cardiac
function in zebrafish. Dis. Models Mech. 2019, 12, dmm040188. [CrossRef]

Xing, Q.; Huynh, V,; Parolari, T.G.; Maurer-Morelli, C.V.; Peixoto, N.; Wei, Q. Zebrafish larvae heartbeat detection from body
deformation in low resolution and low frequency video. Med. Biol. Eng. Comput. 2018, 56, 2353-2365. [CrossRef]

Labuguen, R.; Bardeloza, D.K.; Negrete, S.B.; Matsumoto, J.; Inoue, K.; Shibata, T. Primate markerless pose estimation
and movement analysis using DeepLabCut. In Proceedings of the 2019 Joint 8th International Conference on Informatics,
Electronics & Vision (ICIEV) and 2019 3rd International Conference on Imaging, Vision & Pattern Recognition (icIVPR), Spokane,
WA, USA, 30 May-2 June 2019; pp. 297-300.

Mathis, A.; Mamidanna, P.; Cury, KM.; Abe, T.; Murthy, V.N.; Mathis, M.W.; Bethge, M. DeepLabCut: Markerless pose estimation
of user-defined body parts with deep learning. Nat. Neurosci. 2018, 21, 1281-1289. [CrossRef] [PubMed]

Forys, B.J.; Xiao, D.; Gupta, P.; Murphy, T.H. Real-time selective markerless tracking of forepaws of head fixed mice using deep
neural networks. Eneuro 2020, 7, 1-14. [CrossRef]

Wu, S,; Tan, KJ.; Govindarajan, L.N.; Stewart, ].C.; Gu, L.; Ho, ] WH,; Katarya, M.; Wong, B.H.; Tan, E.-K; Li, D. Fully automated
leg tracking of Drosophila neurodegeneration models reveals distinct conserved movement signatures. PLoS Biol. 2019, 17, e3000346.
[CrossRef] [PubMed]

Fujimori, S.; Ishikawa, T.; Watanabe, H. Animal Behavior Classification Using DeepLabCut. In Proceedings of the 2020 IEEE 9th
Global Conference on Consumer Electronics (GCCE), Kobe, Japan, 13-16 October 2020; pp. 254-257.

Nath, T.; Mathis, A.; Chen, A.C.; Patel, A.; Bethge, M.; Mathis, M.W. Using DeepLabCut for 3D markerless pose estimation across
species and behaviors. Nat. Protoc. 2019, 14, 2152-2176. [CrossRef] [PubMed]

Avdesh, A.; Chen, M.; Martin-Iverson, M.T.; Mondal, A.; Ong, D.; Rainey-Smith, S.; Taddei, K.; Lardelli, M.; Groth, D.M.; Verdile,
G. Regular care and maintenance of a zebrafish (Danio rerio) laboratory: An introduction. JoVE (]. Vis. Exp.) 2012, 69, e4196.
[CrossRef]

Jardim, S.; Anténio, J.; Mora, C. Graphical Image Region Extraction with K-Means Clustering and Watershed. J. Imaging 2022, 8, 163.
[CrossRef]

Insafutdinov, E.; Pishchulin, L.; Andres, B.; Andriluka, M.; Schiele, B. Deepercut: A deeper, stronger, and faster multi-person
pose estimation model. In Proceedings of the European Conference on Computer Vision, Amsterdam, The Netherlands,
11-14 October 2016; pp. 34-50.

Santoso, F.; Krylov, V.V,; Castillo, A.L.; Saputra, F; Chen, H.-M; Lai, H.-T.; Hsiao, C.-D. Cardiovascular performance measurement
in water fleas by utilizing high-speed videography and Image] software and its application for pesticide toxicity assessment.
Animals 2020, 10, 1587. [CrossRef]

Sampurna, B.P,; Audira, G.; Juniardi, S.; Lai, Y.-H.; Hsiao, C.-D. A simple imagej-based method to measure cardiac rhythm in
zebrafish embryos. Inventions 2018, 3, 21. [CrossRef]

Li, X;; Gao, A.; Wang, Y.; Chen, M.; Peng, ]J.; Yan, H.; Zhao, X.; Feng, X.; Chen, D. Alcohol exposure leads to unrecoverable
cardiovascular defects along with edema and motor function changes in developing zebrafish larvae. Biol. Open 2016, 5, 1128-1133.
[CrossRef]

Cheng, S.; Jin, P; Li, H.; Pei, D.; Shu, X. Evaluation of CML TKI Induced cardiovascular toxicity and development of potential
rescue strategies in a zebrafish model. Front. Pharmacol. 2021, 12, 2866. [CrossRef]

Hoshi, R.A.; Pastre, C.M.; Vanderlei, L.C.M.; Godoy, M.E. Poincaré plot indexes of heart rate variability: Relationships with other
nonlinear variables. Auton. Neurosci. 2013, 177, 271-274. [CrossRef] [PubMed]

Piskorski, J.; Guzik, P. Filtering poincare plots. Comput. Methods Sci. Technol. 2005, 11, 39-48. [CrossRef]

Kosourikhina, V.; Kavanagh, D.; Richardson, M.].; Kaplan, D.M. Validation of DeepLabCut as a tool for markerless 3D pose
estimation. bioRxiv 2022. [CrossRef]

Chen, Z; Xie, Z.; Zhang, W.; Xu, X. ResNet and Model Fusion for Automatic Spoofing Detection. In Proceedings of the Interspeech,
Stockholm, Sweden, 2024 August 2017; pp. 102-106.

Han, S.S.; Park, G.H.; Lim, W.; Kim, M.S.; Na, J.I; Park, I.; Chang, S.E. Deep neural networks show an equivalent and often
superior performance to dermatologists in onychomycosis diagnosis: Automatic construction of onychomycosis datasets by
region-based convolutional deep neural network. PLoS ONE 2018, 13, €0191493. [CrossRef] [PubMed]

Khan, R.U.; Zhang, X.; Kumar, R.; Aboagye, E.O. Evaluating the performance of resnet model based on image recogni-
tion. In Proceedings of the 2018 International Conference on Computing and Artificial Intelligence, New York, NY, USA,
21-23 December 2018; pp. 86-90.

Lee, S.; Waugh, B.; O’Dell, G.; Zhao, X.; Yoo, W.-S.; Kim, D.H. Predicting Fruit Fly Behaviour using TOLC device and DeepLabCut.
In Proceedings of the 2021 IEEE 21st International Conference on Bioinformatics and Bioengineering (BIBE), Kragujevac, Serbia,
25-27 October 2021; pp. 1-6.

Miura, G.I; Yelon, D. A guide to analysis of cardiac phenotypes in the zebrafish embryo. Methods Cell Biol. 2011, 101, 161-180.
[PubMed]


http://doi.org/10.1177/2211068212464223
http://doi.org/10.3390/biom11101476
http://doi.org/10.1242/dmm.040188
http://doi.org/10.1007/s11517-018-1863-7
http://doi.org/10.1038/s41593-018-0209-y
http://www.ncbi.nlm.nih.gov/pubmed/30127430
http://doi.org/10.1523/ENEURO.0096-20.2020
http://doi.org/10.1371/journal.pbio.3000346
http://www.ncbi.nlm.nih.gov/pubmed/31246996
http://doi.org/10.1038/s41596-019-0176-0
http://www.ncbi.nlm.nih.gov/pubmed/31227823
http://doi.org/10.3791/4196
http://doi.org/10.3390/jimaging8060163
http://doi.org/10.3390/ani10091587
http://doi.org/10.3390/inventions3020021
http://doi.org/10.1242/bio.019497
http://doi.org/10.3389/fphar.2021.740529
http://doi.org/10.1016/j.autneu.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23755947
http://doi.org/10.12921/cmst.2005.11.01.39-48
http://doi.org/10.1101/2022.03.29.486170
http://doi.org/10.1371/journal.pone.0191493
http://www.ncbi.nlm.nih.gov/pubmed/29352285
http://www.ncbi.nlm.nih.gov/pubmed/21550443

Biology 2022, 11, 1243 18 of 18

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

Singleman, C.; Holtzman, N.G. Analysis of postembryonic heart development and maturation in the zebrafish, Danio rerio. Dev.
Dyn. 2012, 241, 1993-2004. [CrossRef]

Claireaux, G.; McKenzie, D.J.; Genge, A.G.; Chatelier, A.; Aubin, J.; Farrell, A P. Linking swimming performance, cardiac pumping
ability and cardiac anatomy in rainbow trout. J. Exp. Biol. 2005, 208, 1775-1784. [CrossRef]

Echeazarra, L.; Hortigon-Vinagre, M.P.; Casis, O.; Gallego, M. Adult and developing zebrafish as suitable models for cardiac
electrophysiology and pathology in research and industry. Front. Physiol. 2021, 11, 1692. [CrossRef]

Yalcin, H.C.; Amindari, A.; Butcher, J.T.; Althani, A.; Yacoub, M. Heart function and hemodynamic analysis for zebrafish embryos.
Dev. Dyn. 2017, 246, 868-880. [CrossRef]

Shin, J.T.; Pomerantsev, E.V.; Mably, ].D.; MacRae, C.A. High-resolution cardiovascular function confirms functional orthology of
myocardial contractility pathways in zebrafish. Physiol. Genom. 2010, 42, 300-309. [CrossRef]

Pereira, T.D.; Aldarondo, D.E.; Willmore, L.; Kislin, M.; Wang, S.S.-H.; Murthy, M.; Shaevitz, ].W. Fast animal pose estimation
using deep neural networks. Nat. Methods 2019, 16, 117-125. [CrossRef] [PubMed]

Lauer, J.; Zhou, M.; Ye, S.; Menegas, W.; Nath, T.; Rahman, M.M.; Di Santo, V.; Soberanes, D.; Feng, G.; Murthy, V.N. Multi-animal
pose estimation and tracking with DeepLabCut. bioRxiv 2021. [CrossRef] [PubMed]

Lucas, B.D.; Kanade, T. An Iterative Image Registration Technique with an Application to Stereo Vision; Canegie Mellon University:
Pittsburgh, PA, USA, 1981.

Bradski, G.; Kaehler, A. Learning OpenCV: Computer Vision with the OpenCV Library; O'Reilly Media, Inc.: Sebastopol, CA, USA, 2008.
Mathis, M.W.; Mathis, A. Deep learning tools for the measurement of animal behavior in neuroscience. Curr. Opin. Neurobiol.
2020, 60, 1-11. [CrossRef] [PubMed]

Mah, K.M.; Torres-Espin, A.; Hallworth, B.W.; Bixby, ].L.; Lemmon, V.P; Fouad, K.; Fenrich, K.K. Automation of training and
testing motor and related tasks in pre-clinical behavioural and rehabilitative neuroscience. Exp. Neurol. 2021, 340, 113647.
[CrossRef]

Arent, I.; Schmidt, EP,; Botsch, M.; Diirr, V. Marker-Less Motion Capture of Insect Locomotion With Deep Neural Networks
Pre-trained on Synthetic Videos. Front. Behav. Neurosci. 2021, 15, 637806. [CrossRef] [PubMed]

Sarmah, S.; Marrs, J.A. Complex cardiac defects after ethanol exposure during discrete cardiogenic events in zebrafish: Prevention
with folic acid. Dev. Dyn. 2013, 242, 1184-1201. [CrossRef]

Dejana, E.; Tournier-Lasserve, E.; Weinstein, B.M. The control of vascular integrity by endothelial cell junctions: Molecular basis
and pathological implications. Dev. Cell. 2009, 16, 209-221. [CrossRef]

Singh, A.P.,; Glennon, M.S.; Umbarkar, P.; Gupte, M.; Galindo, C.L.; Zhang, Q.; Force, T.; Becker, ].R.; Lal, H. Ponatinib-induced
cardiotoxicity: Delineating the signalling mechanisms and potential rescue strategies. Cardiovasc. Res. 2019, 115, 966-977.
[CrossRef]

Buza, V.; Rajagopalan, B.; Curtis, A.B. Cancer treatment-induced arrhythmias: Focus on chemotherapy and targeted therapies.
Circul. Arrhythmia Electrophysiol. 2017, 10, €005443. [CrossRef]


http://doi.org/10.1002/dvdy.23882
http://doi.org/10.1242/jeb.01587
http://doi.org/10.3389/fphys.2020.607860
http://doi.org/10.1002/dvdy.24497
http://doi.org/10.1152/physiolgenomics.00206.2009
http://doi.org/10.1038/s41592-018-0234-5
http://www.ncbi.nlm.nih.gov/pubmed/30573820
http://doi.org/10.1038/s41592-022-01443-0
http://www.ncbi.nlm.nih.gov/pubmed/35414125
http://doi.org/10.1016/j.conb.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/31791006
http://doi.org/10.1016/j.expneurol.2021.113647
http://doi.org/10.3389/fnbeh.2021.637806
http://www.ncbi.nlm.nih.gov/pubmed/33967713
http://doi.org/10.1002/dvdy.24015
http://doi.org/10.1016/j.devcel.2009.01.004
http://doi.org/10.1093/cvr/cvz006
http://doi.org/10.1161/CIRCEP.117.005443

	Introduction 
	Materials and Methods 
	Zebrafish Maintenance 
	High-Definition Videography 
	DeepLabCut Training 
	Cardiac Parameter Calculation 
	Data Validation with ImageJ and Kymograph 
	Chemical Exposure to Induce Cardiac Abnormality 
	Heart Rate Variability Measurement by Poincaré Plot 
	Statistics 

	Results 
	Overview of Experimental Design 
	DeepLabCut Training for Zebrafish 
	Cardiac Physiology Comparison between DLC and ImageJ in Control Animals 
	Cardiac Physiology Assessment in Zebrafish Embryos after Chemical Treatment 

	Discussion 
	Advantages and Limitations 
	Cardiac Physiology Comparison between DLC and ImageJ Methods 
	Comparison of the Cardiac Parameters between Control and Chemical-Treated Zebrafish 

	Conclusions 
	Appendix A
	References

