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Abstract 24 

Background and objective: In the last 30 years, a growing interest has involved the 25 

study of zebrafish thanks to its physiological characteristics similar to those of humans. 26 

The aim of the following work is to create an electrophysiological computational model 27 

of the zebrafish heart and lay the foundation for the development of an in-silico model of 28 

the zebrafish heart that will allow to study the correlation between pathologies and drug 29 

administration with the main electrophysiological parameters as the ECG signal. 30 

Methods: The model considers a whole body and the two chambers of three days post 31 

fertilization (3 dpf) zebrafish. A four-variable phenomenological action potential model 32 

describes the action potential of different heart regions. Tissue conductivity was 33 

calibrated to reproduce the experimentally described activation sequence.  34 

Results: The model is able to correctly reproduce the activation sequence and times 35 

found in literature, with activation of the atrium and ventricle that correspond to 36 and 36 

59 ms, respectively, and a delay of 14 ms caused by the presence of the atrioventricular 37 

band (AV band). Moreover, the obtained in-silico ECG reflects the main characteristics 38 

of the zebrafish ECG in good agreement with experimental records, a P-wave with a 39 

duration of approximately the total atrial activation, followed by a QRS complex of 40 

approximately 109 ms corresponding to ventricle activation.  41 

Conclusions: The model allows the assessment of the main electrophysiological 42 

parameters in terms of activation sequence and timing, reproducing monopolar and 43 

bipolar ECG signals in line with experimental data. Coupling the proposed model with an 44 

electrophysiological detailed action potential model of zebrafish will represent a 45 

significant breakthrough toward the development of an in-silico zebrafish heart. 46 
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1. Introduction 51 

In the last 30 years, a growing interest has involved the study of zebrafish thanks to 52 

characteristics that make this animal very attractive for different fields of study. First, 53 

zebrafish has small dimensions (~ 3 – 5 cm) and results in simple and economical 54 

maintenance compared to mammals. In addition, the zebrafish embryos are transparent 55 

until 30 days post fertilization (dpf), which is very useful for investigating heart 56 

development. After 24 hours post fertilization (hpf), the embryo has formed most of the 57 

organs, including a contracting heart tube and a nervous system, even though the latter is 58 

not yet fully innervated to the heart [1]. Differently from mammals, zebrafish is able to 59 

regenerate up to 20 % of the myocardium without scar formation [2]. Its high fertility (~ 60 

200 eggs per week) is ideal for extensive statistical analysis [1] also considering that, in 61 

agreement with the European Commission Directive from 2010 (Directive 2010/63/EU), 62 

until 5 dpf, when the independent feeding starts, zebrafish is not yet subjected to the 63 

regulation for animal experimentation, representing in this way an alternative to animal 64 

experimentation [3].  65 

The interest in zebrafish is also connected to electrophysiology. In fact, the physiology 66 

of zebrafish is very close to the human one, showing similar spontaneous heart rate, a heart 67 

rate dependent QT-interval [4], and similar action potential (AP) shape and duration [5]. 68 

Additionally, the zebrafish shows the presence of 69 % of orthologues of human genes 69 

and reciprocally 71.4 % of human genes have at least one zebrafish orthologue [6]. These 70 

percentages are found to be striking similar to other mammals (i.e., 82 % in mouse and rat 71 

or 79 % in dog [8]). Moreover, many genes encoding for ion channels in zebrafish have 72 

orthologues in human, leading to similarities in zebrafish and human cardiac 73 

electrophysiology [7]. Further, in relation to human cardiac disease and disease-related 74 

genes, the Online Mendelian In-heritance in Man (OMIM) database shows that 82 % of 75 

human genes have at least one zebrafish orthologue [9], and that 96 % of human dilated 76 

cardiomyopathy-associated genes have orthologues in zebrafish [10]. However, there are 77 



important differences in ion channels underlying the cardiac action potential between 78 

zebrafish and humans that need to be kept in mind when using the zebrafish heart as a 79 

surrogate for pharmacological and pathophysiological studies of human cardiac 80 

electrophysiology [11].  For all these reasons, zebrafish has been proposed as a potential 81 

model for genetic and pharmacological screenings for all factors affecting heart functions. 82 

Despite the rising interest, few studies developed a computational model of the 83 

zebrafish heart to date. A first study from Qian et al. [12] concerns the development of a 84 

three-dimensional discrete model for 48 and 72 hpf larval zebrafish ventricular fibers 85 

(LZVF) to assess the action potential propagation. The model used the phenomenological 86 

FitzHugh – Nagumo (FHN) equations to describe transmembrane currents, and then FHN 87 

parameters were adjusted using published AP and cell size data for the zebrafish embryos. 88 

The use of LZVF, has the benefit of reducing computational costs if compared to a 89 

complete 3D simulation of the heart. Still, at the same time, it does not give any 90 

information on the electric propagation on the entire heart, its conductance, and the 91 

activation pattern. A more comprehensive study was carried out by Crowcombe et al. [5], 92 

in which a 3D model of a 3 dpf larval zebrafish was used to simulate the heart electrical 93 

activity and investigate how the ECG signal is related to the heart structure and the 94 

position of the electrodes. Also in this work, FitzHugh – Nagumo equations adjusted were 95 

used. The main limitation of this work is the unphysiological stimulation which leads to 96 

an unphysiological propagation of the action potential in the heart and inaccurate ECG 97 

waveforms. 98 

This work aims at developing an accurate finite element model of the 3 dpf zebrafish 99 

embryo heart electrophysiology to recreate physiological activation times and patterns and 100 

how they are modulated by the electric characteristics of the myocardial tissue to 101 

reproduce realistic in-silico monopolar and bipolar electrocardiograms. This model sets 102 

the basis for the development of an in-silico model of the zebrafish heart. 103 

 104 

2. Material and Methods 105 



2.1 Governing equations 106 

The electric propagation in the heart and body of zebrafish was modeled using the 107 

bidomain model for the heart coupled with the equation of volume conductor for the body 108 

[13]. The bidomain model can be simplified to the well-known monodomain model in the 109 

case of tissue isotropy or equal anisotropy [13]. For the zebrafish, no evidence of tissue 110 

anisotropy or the presence of muscular fibers is reported in literature [14] allowing, 111 

therefore, the assumption of tissue isotropy when modeling its electrophysiology. In this 112 

case, the electrophysiology problem is solved in two steps. First, the propagation of the 113 

transmembrane potential is obtained by solving the monodomain model: 114 

 𝛁𝛁 ∙ (𝐃𝐃𝐃𝐃Vm) = Cm
∂Vm
∂t

+ Jion(Vm, 𝐬𝐬) in H  (1) 115 

 ∂𝐬𝐬
∂t

= f(𝐬𝐬, Vm, t) in H (2) 116 

 𝐧𝐧 ∙ (𝐃𝐃𝐃𝐃Vm) = 0 in 𝜕𝜕𝜕𝜕 (3) 117 

where H represents the heart volume and ∂H its bounding surface with outer normal n; Vm 118 

the transmembrane potential; Cm the specific membrane capacitance (assumed 119 

1 μF/cm2); D the isotropic effective conductivity tensor of the myocardium defined in 120 

terms of the intracellular conductivity tensor, 𝐃𝐃i = σi𝐈𝐈 (σi the intracellular conductance 121 

and I the identity matrix), as 𝐃𝐃 = λ (1 + λ)⁄ σi𝐈𝐈, with λ the intracellular to extracellular 122 

conductivity ratio (assumed, as in previous studies [5][12], to be 1); and Jion(Vm, 𝐬𝐬) the 123 

transmembrane ionic current, with s the vector of state variables associated with the ionic 124 

model.  125 

With the transmembrane potential in the heart at hand, the extracellular potential in the 126 

heart, Ve, and body, VB (necessary to extract the ECG signal at the body surface) are 127 

obtained by solving the following set of partial differential equations: 128 

(1 + λ)𝛁𝛁 ∙ (𝐃𝐃𝐃𝐃Ve) = −𝛁𝛁 ∙ (𝐃𝐃𝐃𝐃Vm) in H  (4) 129 

𝛁𝛁 ∙ (𝐃𝐃𝐵𝐵𝛁𝛁V𝐵𝐵) = 0 in B (5) 130 

𝐧𝐧 ∙ �(1 + 𝜆𝜆)(𝐃𝐃𝐃𝐃V𝑒𝑒)� =  𝐧𝐧 ∙ (𝐃𝐃𝐵𝐵𝛁𝛁V𝐵𝐵) in 𝜕𝜕𝜕𝜕  (6)  131 



𝐧𝐧𝐵𝐵 ∙ (𝐃𝐃𝐵𝐵𝛁𝛁V𝐵𝐵) = 0 in 𝜕𝜕𝜕𝜕  (7) 132 

V𝐵𝐵 = V𝑒𝑒 in 𝜕𝜕𝜕𝜕 (8) 133 

where B represents the body volume (not including the heart) and ∂B its bounding outer 134 

surface with outer normal 𝐧𝐧𝐵𝐵, and 𝐃𝐃𝐵𝐵 = σ𝐵𝐵𝐈𝐈 the isotropic extracellular conductivity tensor 135 

of the body.  136 

In summary, the governing equations comprise a parabolic reaction-diffusion equation 137 

coupled with a set of ordinary differential equations, representing the ionic currents 138 

through the cellular membrane, that define the propagation of the transmembrane potential 139 

in the heart (Equations 1-3), together with two coupled elliptic partial differential 140 

equations describing the extracellular potential in the heart (Equation 4) and the body of 141 

zebrafish (Equation 5) modeled as a passive volume conductor. 142 

 143 

2.2 Action potential model 144 

The four-variables minimal model (BV4) proposed by Bueno-Orovio et al. [15] was 145 

used in this study to reproduce the action potential of the different parts of the model. The 146 

BV4 is a phenomenological model that uses only four state variables to reproduce many 147 

AP shapes while accurately reproducing the AP duration (APD) and conduction velocity 148 

restitution curves.  149 

The action potential model is defined as follows: 150 

 ∂Vm
∂t

= −(Jfi + Jso + Jsi) (9) 151 

 ∂v
∂t

= 1 − H(Vm − θv) − 1
τv−

(v∞ − v) − v
τv+

H(Vm − θv) (10) 152 

 ∂w
∂t

= 1 − H(Vm − θw) − 1
τw−

(w∞ − w) − w
τw+

H(Vm − θw) (11) 153 

 ∂s
∂t

= 1
2
�1 + tanh�ks(Vm − us)�� − s

τs
 (12) 154 

where H(∙) is the standard Heaviside function, and the three currents per unit surface Jfi, 155 

the fast inward current, Jso the slow outward current, and Jsi the slow inward current are: 156 



 Jfi = − 1
τfi

v ∙ (Vm − θv)H(Vm − θv)H(uu − Vm) (13) 157 

 Jso = 1
τo

(Vm − uo)[1 − H(Vm − θw)] + 1
τso

H(Vm − θw) (14) 158 

 Jsi = − 1
τsi

w ∙ s ∙ H(Vm − θw) (15) 159 

with τv−, τw− , τso, τs, τo the time constants: 160 

 τv− = 1 − τv1− H(u − θv−) + τv2− H(u − θv−) (16) 161 

τw− = τw1− + 1
2

(τw2− − τw1− )�1 + tanh�kw− (u − uw− )�� (17) 162 

τso = τso1 + 1
2

(τso2 − τso1)�1 + tanh�kso(u − uso)�� (18) 163 

τs = [1 − H(u − θw)]τs1 + τs2H(u − θw) (19) 164 

τo = [1 − H(u − θo)]τo1 + τo2H(u − θo) (20) 165 

The parameters of the BV4 model were obtained by fitting the numerical AP model to the 166 

experimental recording of the zebrafish action potential in different heart regions [16][17] 167 

by means of non-linear regression analysis (R2 over 0.98), as shown in Figure 1. The 168 

model parameters for the atrium and ventricle myocytes are found in Table S.1 in the 169 

supplemented materials. 170 

 171 

Figure 1. Fitting of the BV4 numerical curves to the experimental recording of the zebrafish AP for 172 

atrium (left) and ventricle (right). The fitting was obtained by simulating an isolated cell. 173 

Experimental data from [16]. 174 

 175 

2.3 Model geometry 176 



Compared to the human heart, the zebrafish heart has a very simple structure: it is 177 

composed of two chambers (one atrium and one ventricle) and at 3 dpf has a size of 178 

approximately 70 µm evaluated from sinoatrial region to the ventricular base [5]. The 179 

model (Figure 2) is based on the geometry from Crowcombe et al. [5]. It consists of three 180 

parts: the body, the heart chambers, and the heart myocardium. The body has a surface of 181 

280 µm2 with a total volume of 9.62 µm3, while the heart, which is positioned close to the 182 

ventral surface, has a surface area of 7.1 µm2 with an average wall thickness of ~ 2.5 µm. 183 

The heart orientation is obtained by aligning the segment that runs from the tip of the 184 

sinous venosus to the one of the ventricles with the longitudinal axis of the body. 185 

The heart myocardium is composed of four main regions: the sinoatrial region (SAR), 186 

which is the area where the stimulus starts, the atrial wall, the atrio-ventricular band (AV 187 

band), and the ventricular wall (right panel in Figure 2). 188 

 189 

Figure 2. Ventral view (head on the top and tail on the bottom) of the complete geometry of the 3 190 

dpf zebrafish model (middle panel) detailing the different parts of the heart model (right panel) and 191 

an internal section of the heart (left panel) showing the ventricular wall (blue) and the ventricular 192 

cavity (red). OC and IC in the right panel indicate the outer curvature and the inner curvature of 193 

the ventricle wall respectively. 194 

 195 

The SAR, AV band, and ventricle were further divided, as shown in Figure 3, to account 196 

for differences in conduction velocity, leading to different activation times, reported in 197 

literature [14][18]. In particular, the sinoatrial region comprises two parts: SAR1 and 198 



SAR2. This allows the recreation of the experimentally observed ring-like activation of 199 

the pacemaker cells [18]. The AV band is composed of two rings, one on the atrium side 200 

and one on the ventricle side, named AVband1 and AVband2, respectively. For these two 201 

parts, different action potential models were assigned. Specifically, the action potential 202 

model of the atrium was imposed to the AVband1 and the one of the ventricle to the 203 

AVband2. Lastly, the ventricular wall was divided into three regions (Figure 3) called 204 

Ventricle1, Ventricle2, and Ventricle3 associated with the apex-to-base conduction 205 

heterogeneity reported in literature [14]. 206 

 207 

Figure 3. Sub-parts of the atrium, AV band, and ventricle used to recreate the experimental features. 208 

 209 

The geometry was then discretized with tetrahedral elements with an element size of ~ 210 

0.6 µm on average for the heart to obtained at least three elements in the wall thickness. 211 

A sensitivity analysis was performed to ensure that results were mesh element size 212 

independent. Figure S1 in the supplemented material shows the result of the analysis. For 213 

the body, instead, the mesh was generated by imposing a growth factor of 1.4 moving 214 

away from the heart region and resulting in an element size average value of ~ 5.6 µm. 215 

The model comprises 546142 elements and 94860 nodes, with 247309 elements and 216 

53415 nodes in the heart.  217 

 218 



2.4 Calibration of myocardial conductivity values 219 

Evidence of anisotropy and the existence of muscle fibers in the zebrafish heart tissue 220 

was not found in literature, but was found the evidence of heterogeneity in electric 221 

propagation [14]. In this regard, it has been reported that the cardiomyocytes that form the 222 

myocardial outer curvature (OC), which becomes the ventricular apex, conduct the signal 223 

about three times faster than those that characterize the inner curvature (IC), which 224 

develops into the ventricular base [14] (see Figure 2). Based on this evidence, the heart 225 

tissue was modeled as isotropic with different conductivity values associated with 226 

different heart regions. Hence, the tissue conductivities assigned to the different parts 227 

shown in Figure 3 were calibrated such that the conduction velocities in the three different 228 

parts of the ventricle reported in [14] were reproduced by the model. Since the conduction 229 

velocity in the atrium is not reported in [14], but the total activation time instead, for this 230 

region, the value of the conductance was set to match the total activation time reported in  231 

[14]. On the other hand, the body conductivity has been set to reproduce the correct ECG 232 

signal amplitude [18]. Table 1 shows the results of the calibration process. 233 

Table 1. Tissue intracellular and extracellular conductivities used in the model 234 

Part Intracellular 
conductivity (mS) 

Extracellular 
conductivity (mS) 

SAR1 2.89e-06 2.89e-06 
SAR2 8.67e-06 8.67e-06 
Atrium 2.60e-05 2.60e-05 

AVband1 2.00e-07 2.00e-07 
AVband2 3.00e-07 3.00e-07 
Ventricle1 3.00e-06 3.00e-06 
Ventricle2 3.00e-07 3.00e-07 
Ventricle3 9.00e-08 9.00e-08 

Body - 1.60e-04 
 235 

2.5 Stimulation and numerical simulation 236 

The model was stimulated at the SAR with a basic cycle length (BCL) of 500 ms 237 

corresponding to a heart frequency of 2 Hz, close to the spontaneous heart rhythm of 238 

zebrafish [5]. The action potential model was implemented as a Usermaterial within the 239 



multiphysics finite element solver LS-DYNA (ANSYS, Canonsburg, PA, USA) used to 240 

solve the complete set of equations of the governing equations with a fixed time step of 241 

0.02 ms. 242 

 243 

3. Results 244 

3.1.  Action potential 245 

Figure 4 shows the numerical APs obtained for the atrium and ventricle in the 3D model.  246 

 247 

Figure 4. Experimental [16] and numerical action potential for atrium (top) and ventricle (bottom). 248 

 249 

The main characteristics of the action potential morphology (i.e., APD90, AP amplitude 250 

(APA), maximum, and minimum AP derivatives) were assessed and compared with 251 

experimental values reported in literature [5][12][17]. This comparison is reported in 252 

Table 2. In general, the morphology of the AP obtained in the 3D simulations is in good 253 

agreement with experimental values. Only the APD90 in the ventricle is slightly 254 

underestimated with respect to the experimental range. This may be explained because the 255 

calibration of the AP model was performed using isolated cell recordings which may differ 256 



from measurements performed at tissue level by means of microelctrodes. 257 

 258 

Table 2. Comparison of AP morphology between model and experiments from literature. * Only 259 

experimental value available in literature. 260 

 AP marker Model Experiment [5][12][17] 

A
tri

um
 APD90 (ms) 118.64 102 ÷ 174.48 

APA (mV) 91.95 80.1 ÷ 110.65 
Max der. (V/s) 8.80 7.5 ÷ 9 
Min der. (V/s) -2.28 -3.99* 

V
en

tri
cl

e APD90 (ms) 183.90 215.88 ÷ 328,12 
APA (mV) 102.26 89.03 ÷ 117.97 

Max der. (V/s) 6.38 2.26 ÷ 8.74 
Min der. (V/s) -1.95 -1.69* 

 261 

 262 

3.2. Activation times and sequence 263 

The total activation time of the heart predicted by the model was 134 ms which 264 

compares well with the 125 ms reported in the experiments [14]. The electric signal took 265 

36 ms to activate the atrium, starting from the SAR region where the stimulus is applied, 266 

followed by a 25 ms delay in the AV band to then propagate to the ventricles where the 267 

signal propagates following the outer curvature of the ventricle toward the arterial pole 268 

(Figure 5D) to fully depolarize the ventricle in 73 ms. These partial results are in good 269 

agreement with the experimental data reported in [14], for which the atrium depolarizes 270 

in 35 ms, with a delay of the order of 25 ms in the AV band, and 75 ms for the 271 

depolarization of the ventricle. Table 3 summarizes the experimental and in-silico results. 272 

Table 3. Comparison of activation times between model and experiments from literature. 273 

 Model Experimental [14] 
Atrium 36 ms  35 ms 

AV band 25 ms 25 ms 
Ventricle 73 ms 75 ms 

 274 

For what concerns the activation sequence, Figure 5 shows how the activation starts 275 

from the SAR, where the pacemaker cells are located (Figure 5A). The activation then 276 



continues towards the entire atrium (Figure 5B), the AV band (Figure 5C), and finally, the 277 

signal propagates into the ventricle following the characteristic apex-to-base pattern 278 

(Figure 5D and Figure 5E). The same sequence is followed during the repolarization of 279 

the atrium and ventricle, i.e., the first tissue to depolarize is also the first tissue to 280 

repolarize, as shown in Figure 5D to Figure 5H. The obtained results of the activation and 281 

repolarization sequence were found to be in line with optical mapping performed on a 3 282 

dpf zebrafish heart [14] (see Figure 1a and Supplementary Movie 2 in [14]). 283 

 284 

Figure 5. Significant frames of the activation sequence of the 3 dpf zebrafish heart model. 285 

 286 

3.3.  ECG 287 

In this work, both monopolar and bipolar ECGs were assessed and compared with 288 

experimentally registered ECG signals. 289 

Firstly, monopolar ECGs (Figure 6) for the atrio-ventricular and ventricular region 290 

were extracted by selecting specific nodes on the body surface, shown in Figure 6A, 291 

allowing the comparison with the in vivo signals reported in the study of  Crowcombe et 292 

al. [5] for a 3 dpf zebrafish.  293 



 294 

Figure 6. Monopolar ECGs: A) Considered body surface nodes for the ECG analysis (1: atrial, 2: 295 

middle, 3: ventricular), B) C) D) comparison between experimental [5] and in-silico signals.  296 

 297 

Besides the differences with the experimental records, the simulated monopolar 298 

waveforms show the same polarity and characteristics of the experimental waveforms, 299 

indicating the correct activation sequence captured by the model and described in the 300 

previous paragraph. The most significant differences are associated with the duration of 301 

the QRS complex (lower in the simulation) and the amplitude of the P-wave (higher in the 302 

simulation) (see Figure 6C and Figure 6D). For node 2, selected in the middle region (i.e., 303 

AV band), both the model and recording showed a biphasic behavior of the P wave and a 304 

positive T wave (Figure 6C). Similarly, in the monopolar ECG computed on node 3, in 305 

the ventricular region, the results from the simulation are in line with experimental 306 

recordings showing a negative P-wave followed by a positive QRS complex and a 307 

negative T-wave (Figure 6D). 308 

A bipolar ECG was also computed between the two electrodes shown in Figure 7 that 309 

were located on the body surface in correspondence of the ventricular base (electrode +) 310 

and ventricular apex (electrode -). The in-silico ECG (Figure 7) is found to be in good 311 

agreement with in vivo recorded zebrafish ECG [19] [20]. Namely, the P wave showed a 312 

duration of 43 ms, in line with the total atrial activation (36 ms). The relatively high 313 

amplitude of the P wave is due to the size of the atrium that, at 3 dpf, has a size comparable 314 



to that of the ventricle. It is worth noting that, even if in the adult zebrafish the P wave has 315 

an amplitude that is smaller than the one of the QRS complex, it still shows a higher 316 

amplitude than in human ECG [19]. The P wave is followed by the QRS complex, which 317 

shows a duration of 109 ms, comparable with the 111 ms obtained from experiments. 318 

Finally, the T wave showed a duration of 62 ms, in line with the experimental value of 54 319 

ms. Moreover, the negative polarity of the T wave is consistent with the depolarization-320 

repolarization pattern obtained in-silico and reported in experiments with 3 dpf embryos.  321 

 322 

Figure 7. Body surface location of the electrodes for the bipolar ECG and the corresponding ECG 323 

trace. The positive electrode (+) is in correspondence of the ventricular base and the negative 324 

electrode (-) in correspondence of the ventricular apex. 325 

 326 

The ECG parameters are summarized in Table 4. 327 

Table 4. Bipolar ECG: comparison of the main ECG parameters between the model and the 328 

experimental recordings from literature 329 

ECG parameters Model Experimental [20] 
P width 43 36 

QRS width (ms) 109 111 
T width (ms) 62 54 

 330 

4. Discussion 331 

Despite the rising interest in zebrafish in the last decades, few studies have been 332 



devoted to the development of a computational model of the zebrafish heart. This work 333 

develops a finite element model of the 3 dpf embryo electrophysiology accounting for 334 

different physiological characteristics described in literature. The decision to use a 335 

zebrafish embryo instead of an adult one was because it corresponds to one of the most 336 

popular zebrafish models. This popularity is related to the fact that embryos until 5 dpf 337 

represent a valid alternative to animal testing, that allows obtaining a significant amount 338 

of experimental data for model verification.  339 

The model considers the cardiac tissue as isotropic since no evidence of tissue 340 

anisotropy or the presence of muscular fibers has been reported for the zebrafish cardiac 341 

tissue but considers the heterogeneity in conduction velocity in different areas of the heart 342 

[14]. In this regard, our numerical results indicate that considering conductivity 343 

heterogeneity in the ventricular tissue, as demonstrated by experiments, is required to 344 

describe the correct activation sequence of the zebrafish heart. On the other hand, 345 

considering homogeneous values (i.e., the conductivities of the outer and inner curvature 346 

are the same) results in a non-physiological activation sequence, with the apex of the heart 347 

being one of the last to be depolarized (results not shown). The proper activation sequence 348 

allows obtaining simulated monopolar ECGs in good agreement with experimental 349 

measurements from literature [5] [20]  and a bipolar ECG that well reflects the main 350 

phases of activation and repolarization. 351 

The main differences observed between the simulated ECG and the experimental 352 

records, in particular the duration of the QRS complex and the amplitude of the P-wave, 353 

are mostly associated to morphological differences that can be present between the 354 

simulated and the in vivo hearts. These differences are related to the high variability of 355 

experimental data for the zebrafish due to the high velocity in which the embryo and its 356 

heart develop. In this regard, a wider QRS complex indicates a larger size/volume 357 

ventricle for the in vivo measurements in comparison to the model. Increasing the ventricle 358 

size in the in silico model will not only make the QRS complex wider, but also reduce the 359 

amplitude of the P-wave relative to that of the QRS complex while increasing the 360 



amplitude of the T-wave. Differences between simulation and experiments could also be 361 

associated with a difference in the thickness between the atrial (thinner) and ventricular 362 

(thicker) walls, which is not reported in the model but is found in literature [18][19]. 363 

This model is not exempt from limitations. One of the main limitations concerns the 364 

geometry of the 3 dpf embryo. The choice of the 3 dpf embryo is linked to the difficulty 365 

of finding images that allow the realization of a more advanced embryonal stage. The main 366 

difference between the embryo and the adult fish lies in the volume of the atrium compared 367 

to the ventricular one. This will result in a smaller amplitude on the P wave compared to 368 

the QRS one. Moreover, another difference is related to the repolarization sequence in the 369 

ventricle. In fact, looking at the experimental depolarization-repolarization sequence in 370 

the ventricle of a 3 dpf embryo, it is possible to see that they follow the same apex-to-base 371 

pattern resulting in a negative T wave. On the other hand, looking at adult recording ECGs, 372 

the T wave seems to be positive, suggesting that the repolarization occurs base-to-apex 373 

(as in humans). For this reason, future developments will mainly focus on modeling 374 

different geometries to account for different developmental stages of the embryos (i.e., 4 375 

and 5 dpf). In fact, at these advanced stages, the heart rhythm is more stable, and the size 376 

of the atrium is significantly smaller than the ventricular one, being closer to those of the 377 

adult fish. This leads to in-silico ECG signals more similar to human ones. In addition, the 378 

model considers a constant wall thickness model for the atrium and ventricle. Future 379 

models should consider the actual thickness of the ventricle (considerably thicker than the 380 

atrium). This will contribute to achieving more realistic ECG signals, in particular the 381 

QRS complex. 382 

Another fundamental aspect to consider in future developments is coupling the 383 

proposed model to an electrophysiological detailed AP model for zebrafish to assess the 384 

effect of the different ionic channels. Our group is working on its development which first 385 

version has already been published [21]. The use of the detailed AP model in the 3D 386 

simulation will allow the study of different cardiac pathologies and ionic channel 387 

mutations, as well as the effect that different drugs have on the electrophysiology of 388 



zebrafish and how it is reflected at the ECG level. This work comprises the first step 389 

towards the development of an in-silico zebrafish heart. 390 
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Supplementary Material 1 502 

 503 

Table S.1 summarizes the model parameters for the 4 variable model from Bueno 504 

Orovio et al. [12]. Parameters were identified by means of a non-linear regression 505 

analysis of action potential registries for atrium and ventricle reported in [13-14]. 506 

 507 

Table S.1. Parameters of the 2-variable model for Atrium and Ventricle myocytes 508 

Parameter Atrium Ventricle 
𝑢𝑢𝑜𝑜 0.0000e+00 0.0000e+00 
𝑢𝑢𝑢𝑢 1.5500e+00 1.5500e+00 
𝜃𝜃𝑣𝑣 3.0000e-01 3.0000e-01 
𝜃𝜃𝑤𝑤 1.3000e-01 1.3000e-01 
𝜃𝜃𝑣𝑣− 6.0000e-03 6.0000e-03 
𝜃𝜃𝑜𝑜 6.0000e-03 6.0000e-03 
𝜏𝜏𝑣𝑣1−  6.0000e+01 6.0000e+01 
𝜏𝜏𝑣𝑣2−  1.150e+03 1.1500e+03 
𝜏𝜏𝑣𝑣+ 2.9197e+00 2.9197e+00 
𝜏𝜏𝑤𝑤1−  8.2093e+01 8.1986e+01 
𝜏𝜏𝑤𝑤2−  1.6369e+01 1.6369e+01 
𝑘𝑘𝑤𝑤−  6.3673e+01 6.3914e+01 
𝑢𝑢𝑤𝑤−  3.7379e-02 2.8531e-02 
𝜏𝜏𝑤𝑤+ 1.0004e+02 1.7089e+02 
𝜏𝜏𝑓𝑓𝑓𝑓 9.9352e-01 9.9352e-01 
𝜏𝜏𝑜𝑜1 4.3219e+02 4.3160e+02 
𝜏𝜏𝑜𝑜2 9.9884e+00 9.9969e+00 
𝜏𝜏𝑠𝑠𝑠𝑠1 1.0000e+01 1.0023e+01 
𝜏𝜏𝑠𝑠𝑠𝑠2 1.8239e-01 1.8239e-01 
𝑘𝑘𝑠𝑠𝑠𝑠 1.0001e+00 1.1059e+00 
𝑢𝑢𝑠𝑠𝑠𝑠 6.1633e-01 7.3470e-01 
𝜏𝜏𝑠𝑠1 9.9367e+00 7.0310e+00 
𝜏𝜏𝑠𝑠2 8.1343e+00 9.1176e+00 
𝑘𝑘𝑠𝑠 1.0007e+00 1.0006e+00 
𝑢𝑢𝑠𝑠 6.6648e-01 8.4811e-01 
𝜏𝜏𝑠𝑠𝑠𝑠 1.0004e+00 1.0005e+00 
𝜏𝜏𝑤𝑤∞ 2.5323e-01 2.5239e-01 
𝑤𝑤∞∗  9.5335e-01 9.7163e-01 
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Supplementary Material 2 510 

Figure S.1. Sensitivity mesh size analysis for the different parts of the zebrafish heart. 511 

The red column indicates the mesh size used in the simulations. Results confirm the 512 



mesh independency of the conduction velocity 513 

 514 


