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A B S T R A C T   

This paper proposes a new non-invasive, low-cost, and fully automated platform to quantitatively analyze dy-
namics of human-induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs) at the single-cell level by 
holographic image-based tracking for cardiotoxicity screening. A dense Farneback optical flow method and 
holographic imaging informatics were combined to characterize the contractile motion of a single CM, which 
obviates the need for costly equipment to monitor a CM’s mechanical beat activity. The reliability of the pro-
posed platform was tested by single-cell motion characterization, synchronization analysis, motion speed mea-
surement of fixed CMs versus live CMs, and noise sensitivity. The applicability of the motion characterization 
method was tested to determine the pharmacological effects of two cardiovascular drugs, isoprenaline (166 nM) 
and E− 4031 (500 μM). The experiments were done using single CMs and multiple cells, and the results were 
compared to control conditions. Cardiomyocytes responded to isoprenaline by increasing the action potential 
(AP) speed and shortening the resting period, thus increasing the beat frequency. In the presence of E− 4031, the 
AP speed was decreased, and the resting period was prolonged, thus decreasing the beat frequency. The findings 
offer insights into single hiPS-CMs’ contractile motion and a deep understanding of their kinetics at the single- 
cell level for cardiotoxicity screening.   

1. Introduction 

Understanding the mechanics of human cardiomyocytes (CMs) is 
particularly important to study as the main constituent of the heart to 
pump the blood to the entire body in a synchronized manner (Hu et al., 
2018). Biochemical changes in metabolic processes cause a variety of 
problems including dysfunction and cardiac diseases leading to heart-
beat fluctuations is one of the top priorities in cardiovascular-related 
studies (Fathi et al., 2018). Human-induced pluripotent stem 
cell-derived cardiomyocytes (hiPS-CMs) are used for modeling human 
disease, cardiotoxicity, drug response testing, and therapy in vitro which 
have high similarity in the formation and spontaneous contraction to in 
vivo cardiac cells (Abassi et al., 2012; Fleischer et al., 2019; Moon et al., 
2018; Rappaz et al., 2015). Digital holographic microscopy (DHM) is a 
promising tool that achieved a remarkable role in the field of living cell 
analysis by providing quantitative phase images (QPIs) well-suited for 
the label-free study of cell behavior (Ahmadzadeh et al., 2020; Anand 
et al., 2017; Dubois et al., 2006; Javidi et al., 2005, 2018; Krinke et al., 
2009; Memmolo et al., 2014, 2015; Merola et al., 2017; Moon et al., 

2009, 2019; O’Connor et al., 2020; Rawat et al., 2017). During cardiac 
cell mechanical beatings activity, dry mass redistribution occurs which 
can be efficiently monitored with DHM (Rappaz et al, 2009, 2015; 
Shaked et al., 2010). A major contributor to lengthy and high-cost drug 
development processes is the lack of fast, label-free, and high 
throughput screening for in vitro CM characterization. Various efforts 
have been carried out to characterize hiPS-CM’s for disease modeling 
and quantify drug response including patch clamping (Brüggemann 
et al., 2017; Ossola et al., 2015), which requires expensive equipment, 
calcium imaging (Dempsey et al., 2016; Grespan et al., 2016), which is 
not label-free and requires fluorescent markers, the electrocardiogram 
(Krinke et al., 2009; Reppel et al., 2005) which needs costly equipment 
and expertise in the filed and cell-based biosensors also have limitations 
including the need for high-cost specific hardware, sensors, and trained 
personnel in this field or cardiomyocytes to be cultured onto specialized 
materials which renders the process challenging (Caluori et al., 2019; 
Gupta et al., 2019; Wang et al., 2013). In our previous study, we showed 
that multiple CMs’ responses to pharmacological compounds can be 
characterized by monitoring the dry mass changes (Jaferzadeh et al., 
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2020). However, there is still essential to developing high throughput, 
label-free, low cost, and non-destructive screening system for single 
hiPS-CMs motion characterization in vitro without the need for manually 
tuning software parameters or biochemical alternation to preserve the 
sample’s originality. This creates several challenges for efficient single 
CM motion monitoring to obtain functional signal capable of revealing 
detailed information regarding the pharmacological effects of com-
pounds. The optical flow-based motion tracking methods are low-cost 
and high throughput methods capable of monitoring cardiomyocyte 
contractile activity without physical contact. The Farneback dense op-
tical flow method performs the tracking of moving objects with 
single-pixel displacement detection (Fortun et al., 2015; Plyer et al., 
2016). Furthermore, using the non-invasive property of DHM and op-
tical flow-based analysis, cells remain intact for long-term monitoring. 
Using motion waveforms generated from the cell’s motion speed mea-
surement, the cell’s dynamic parameters including the contraction 
period, relaxation period, beating period, and resting period can be 
automatically quantified. 

In this work, a novel platform for single CM’s contractile motion 
characterization was designed using the Farneback dense optical flow 
method and holographic imaging informatics for cardiotoxicity 
screening applications. First, we image cardiac cells with DHM and 
perform motion tracking at the single-cell level using the Farneback 
dense optical flow method capable of detecting high-resolution 

contractile centers. In this way, the CM contractile motion speed was 
measured which reflects the changes in cell morphology. Afterward, we 
implemented a computational algorithm, to further characterize CM’s 
motion waveform, and multiple temporal parameters including the 
contraction period, relaxation period, beating period, and resting period 
were measured. Since our assessment method is at the single-cell level, 
the CMs synchronization can be qualitatively assessed. We demon-
strated the application of the proposed method for cardiotoxicity 
screening by analyzing the pharmacological effects of isoprenaline (166 
nM) and E− 4031 (500 μM) response in CM motion speed in comparison 
to the control condition at the single-cell level. In the presence of 500 μM 
E− 4031, the contraction-relaxation motion speed is declined compared 
to the control condition with prolongation in the resting period. The 
contraction-relaxation motion speed is increased in response to 166 nM 
isoprenaline with shortening the resting period. The other critical tem-
poral parameters including contraction period, relaxation period, 
resting period, and beating period were compared from the statistical 
point of view. The statistical analysis of results was performed using the 
unpaired Student t-test. We also validated the proposed platform for 
whole slide QPI of cardiomyocytes motion characterization by applying 
several whole slides QPI of multiple cardiomyocytes for motion char-
acterization and the generated motion waveform was quantified. The 
platform was validated by speed measurements of fixed cardiomyocytes 
versus live cardiomyocytes, single-CM synchronization testing, and a 

Fig. 1. Cardiomyocyte holographic imaging 
technique. (a) Diagram of off-axis digital 
holographic microscopy used to acquire 
cardiomyocyte images. (b) A recorded holo-
gram of a cardiomyocyte sample (inset shows 
a portion of the hologram in 3D). (c) A 
spectrum of the off-axis hologram with iso-
lated three bandwidths. (d) Spatial filtering 
is carried out to preserve the bandwidth of 
the real image. (e) Amplitude image after 
numerical reconstruction. (f) Phase image 
after numerical reconstruction and phase 
unwrapping.   
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noise sensitivity analysis. 

2. Materials and methods 

2.1. Digital holographic imaging 

To obtain cardiomyocyte images, off-axis DHM was used. Fig. 1(a) 
shows a schematic of an off-axis DHM. A recorded hologram of the 
cardiac cell sample is shown in Fig. 1(b). Afterward, three bandwidths of 
the real image, virtual image, and zero-order noise are obtained using 
the Fourier transform as shown in Fig. 1(c). A spatial filter to cover only 
the bandwidth of the real image is used (see Fig. 1(d)). Eventually, the 
amplitude and the quantitative phase images are obtained after nu-
merical reconstruction and phase unwarping (see Fig. 1(e) and (f)), 
respectively (Cuche et al., 1999; Marquet et al., 2005). In Supplemen-
tary section 1, we show in more detail how the holographic imaging can 
be obtained. 

2.2. Cardiomyocyte preparation and imaging conditions 

Human-induced pluripotent stem (iPS) cell-derived CMs obtained 
from Cellular Dynamics Int. (Madison, WI) were cultured and grown 
according to the manufacturer’s instructions for 14 days before 
recording a hologram. Measurements were acquired in a Chamlide WP 
incubator system with a 96-well plate (LCI, South Korea) at 37 ◦C with 
5% CO2 and high humidity. Images were recorded by a commercially 
available DHM T-1001 from LynceeTec SA (Lausanne, Switzerland) 
equipped with a motorized stage (Märzhäuser Wetzlar GmbH & Co. KG, 
Wetzlar, Germany, ref. S429). Images were acquired using a Leica 20 ×
/0.4NA objective (Leica Microsystems GmbH, Wetzlar, Germany, ref. 
11566049). The camera resolution was 1920 × 1200 pixels (the holo-
gram size was 1024 × 1024, which is efficient for FFT computation). 

For drug-treated CMs, a sequence was recorded before treatment for 

the control conditions. Then the drug was added, and after 15 min of 
incubation, the images were recorded again. The reconstruction process 
of the cardiac cells’ phase image was conducted using a standard com-
puter at a rate of several images per second. The image of car-
diomyocytes was acquired at three sampling frequencies of 10 Hz, 25 
Hz, and 50 Hz. 

2.3. Cardiac cell fixation 

Cardiomyocytes were fixed using a 4% formalin solution (Sigma- 
Aldrich) and incubated for 15 min at room temperature (RT). Subse-
quently, cells were washed three times with phosphate-buffered saline 
(PBS) for 10 min at RT. 1500 images were acquired at a sampling fre-
quency of 50 Hz before and after cell fixation. 

2.4. Statistical analysis 

For better evaluation, data were compared to control conditions with 
an unpaired student’s t-test for statistical analysis using GraphPad 
Prism. Data are expressed as the means ± standard deviation (SD). 
Statistical differences between the two groups with p-value < 0.05 were 
considered statistically significant. 

2.5. Single CM motion tracking with Farneback optical flow 

The steps of single cardiac cell motion tracking using the Farneback 
optical flow method and motion waveform generation are shown in 
Fig. 2(a). In the first step, the algorithm generates a hierarchy of reso-
lution levels from the original image using Gaussian pyramids, where 
each level has a lower resolution than the previous level (see Fig. 2(b)). 

Fig. 2(c) shows the optical flow method for pixel displacement esti-
mation in two successive image frames where I(x,y,t) denotes the pixel 
position in the reference frame and I(x + dx, y + dy, t + dt) refers to the 

Fig. 2. Overview of the workflow for motion tracking of single cardiac cells and beating profile quantification. (a) Quick steps of single cardiac cell motion tracking 
using the Farneback optical flow method and motion waveform generation. (b) Multi-resolution leveling of an image with three levels. The image resolution at each 
level was downsized. (c) Diagram of the optical flow for pixel displacement estimation. (d) Close-up QPI of a single CM with superimposed motion vectors on the 
cell’s image for contraction. (e) Relaxation state, (f) resting state (first row), and corresponding heat map generated from absolute motion (second row) with 
encircled contractile centers. The contractile centers refer to a region in which contractions are maximized. (g) Quantification description is explained in Section 2.6. 
(h) Beating activity profile of a single cell. 
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pixel displacement in the subsequent frame (current frame). The Far-
neback algorithm is a dense optical flow method that performs motion 
tracking in multi-resolution levels (Plyer et al., 2016). In the first step, 
the algorithm generates a hierarchy of resolution levels from the original 
image using Gaussian pyramids, where each level has a lower resolution 
compared to the previous level (see Fig. 2(b)). The tracking process 
starts with the lowest resolution and continues to the highest resolution. 
Consequently, the displacement of two local patches in consecutive 
image frames is calculated by approximating the neighborhood of each 
pixel with a quadratic polynomial (Farnebäck, 2003) as in the following 
equation: 

I(x)≈XT Ax + bT x + c, (1)  

where A stands for a symmetric matrix, b is a vector, and c is a scalar. The 
vector x is a 1 × 2 vector containing running variables x and y, A is a 
symmetric matrix 2 × 2 of unknowns that capture information about the 
even parts of the signal, and c is an unknown scalar. The first neigh-
borhood is approximated by the following equation: 

I1(x)=XT A1x + b1
T x + c. (2) 

The new neighborhood affected by displacement d is calculated as 
follows: 

I2(x) = I1(x − d) = (x − d)T A1(x − d) + bT
1 (x − d) + c1

= xT A1x + (b1 − 2A1d)T x + dT A1d − bT
1 d + c1

= xT A2x + bT
2 x + c2.

(3) 

Using the different coefficients from the two polynomials I2(x) and 
I1(x-d) gives A2 = A1,b2 = b1 − 2A1d, and c2 = dTA1d − bT

1d+ c1. The 
distance d is used to approximate the optical flow and is obtained by the 
following equation: 

d = −
1
2
A− 1

1 (b2 − b1). (4) 

The tracking is refined at each resolution level by starting from the 
lowest resolution level and moving to the highest resolution. The 
detected tracking points at each level are the base points for the next 
level, and large displacement can be detected. 

2.6. Workflow for beating signal quantification 

Ten single CMs were manually extracted from different parts of the 
cardiomyocytes’ QPI (see Fig. 2(a)). The extracted cell area mostly in-
cludes the nucleus section assuming the nucleus section is the center of 
the motion (Ahmadzadeh et al., 2020). During the cardiac cell’s beating 
activity, an array of motion vectors is generated by repeating the optical 
flow procedure shown in Fig. 2(a) which demonstrates the CM’s motion 
direction, and the action potential (AP) speed is calculated. The CM’s 
motion waveform is generated by AP speed calculation using the 
following equation: 

Speedμm/s =
Displacement

Time
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(dx)2
+ (dy)2

√

Time
, (5)  

where dx and dy are displacements in x and y directions estimated by 
Farneback algorithm representing CM motion in the x and y direction, 
and time is considered as the time between two consecutive frames. 
Once the motion waveform is generated, one can find the contraction 
and relaxation peaks obtained by the automated peak identification 
method along with multiple auxiliary points for CM’s physiological 
behavior quantification. A single cardiac cell with superimposed motion 
vectors on the image referring to the motion directions for different 
bating statuses shown in Fig. 2(d), (e), and (f) corresponding to 
contraction, relaxation, and resting beating status respectively. It can 
readily be seen that during contraction and relaxation, motion vectors 
are indicating opposite directions. In contrast, vectors indicate no 

motion (displacement) in the resting status. The corresponding heat map 
generated from absolute motion for each beating status is also shown 
(see the second row in Fig. 2(d), (e), and (f)). Heat map represents the 
specific regions of the cells which is a center of contraction. While the 
cell’s contraction status, more contractile centers are observed on the 
heat map image compared to relaxation status. In contrast, the heat map 
shows almost no contractile centers in resting status which leads to 
nearly zero value for motion speed. Temporal motion speed monitoring 
can reveal details of the beating activity of the cardiac sample (see Fig. 2 
(g)). 

An accurate peak detection (see Fig. 2(h)) and averaging period se-
lection allowed the reconstruction of important temporal parameters 
namely, contraction period, relaxation period, resting period, and 
beating period. Fig. 2(g) shows details of the obtainable averaged tem-
poral parameters related to the cell’s mechanical events. To calculate the 
characteristics of the cardiac sample activity from the motion speed 
signal, single beating profiles are extracted. It requires two main peaks 
of contraction and relaxation and three auxiliary points 1) Start-of- 
Contraction, 2) End-of-Contraction and 3) End-of-Relaxation. The rep-
resentation of these points is shown in Fig. 2(g). Details of accurate peak 
detection along with auxiliary points are described in our previous study 
(Ahmadzadeh et al., 2020). The description of dynamic parameters 
measured for each extracted cardiac cell is as follows: 1) Maximum 
contraction speed (see #1 in Fig. 2(g)): the average amplitude of 
contraction peaks; 2) Beating period (see #2 in Fig. 2(g)): the time be-
tween two adjacent contraction peaks; 3) Contraction period (see #3 in 
Fig. 2(g)): the average time between the start of contraction and end of 
contraction points; 4) Relaxation period (see #4 in Fig. 2(g)): the 
average time between the start of relaxation to the end of relaxation 
points; 5) Maximum relaxation speed (see #5 in Fig. 2(g)): the average 
amplitude of relaxation peaks; 6) Resting period (see #6 in Fig. 2(g)): 
the average time between the end of relaxation to the next start of 
contraction points. 

3. Results and discussion 

The single-CM motion characterization, beating profile quantifica-
tion results, and synchronization analyses are demonstrated in Fig. 3. 
Heat map analysis of the absolute motion was used to monitor the 
contractile centers (see Fig. 3(a), (b), (c), second row). Four single CMs 
are shown as examples, and the complete visualization of a CM’s beating 
activity is shown in Movies 1-4. 

The beating profile of cells #5 to #10 is shown in Supplementary 
Figure S1. The maximum contraction speed is larger than the maximum 
relaxation speed, also the contraction period is shorter than the relax-
ation period (see Fig. 3(d)) due to the presence of different ion channels 
and transporters expressed in cardiomyocytes membrane and the 
mechanisms by which their activities are sequentially orchestrated 
during cell contraction and relaxations. The motion vectors indicate 
opposite directions to each other during CM contraction-relaxation 
beating activity while during the CM resting status, the motion vectors 
are too weak which specifies the cell is almost immobile (Fig. 3(a), (b), 
(c) first row). The quantification results demonstrated the average 
beating rate and average beating period are similar for all cells and the 
beating activity occurred at regular intervals (see Fig. 3(e)). Note that 
there is a cell-to-cell variation in the magnitude of speed value, whereas 
the CM’s beating rate and other characteristics related to the physio-
logical aspects of the sample (contraction and relaxation period, etc.) are 
almost the same. As it can rapidly be seen from Fig. 3(d), the signal 
shape was compromised by the biological processes happening inside 
the cell membrane and flows through ion channels. This implies that we 
obtained high-quality signals. 

Since our analyses are at the single-cell level, they can provide reli-
able synchronization analysis. Fig. 3(f), (g) show the synchronization 
investigation for all extracted single CMs. As shown in Fig. 3(f), the 
temporal activity (contraction-relaxation) in different periods beat with 
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the same frequency. As shown in Fig. 3(g), the cross-correlation evalu-
ation between the beating activity signals of cardiac cells, the maximal 
cross-correlation value is on the time lag zero. It shows that CM signals 
are perfectly synched in time (see Fig. 3(g)). 

3.1. Verification of the proposed motion tracking method 

3.1.1. Whole slide image motion characterization 
To demonstrate the robustness of the proposed CM motion charac-

terization method, we analyzed five different whole slide QPI samples of 
multiple CMs that were imaged at different sampling frequencies (10 Hz, 
25 Hz, 50 Hz). Fig. 4(a) shows sample #1 with superimposed motion 
vectors for contraction beating status and the corresponding heat map is 
shown in Fig. 4(b). The beating activity profile with detected 
contraction-relaxation peaks and auxiliary points is shown in Fig. 4(c). 
Samples #2-#5 are shown in Supplementary Figure S2 and visualization 
is provided by Supplementary Movie 5. It is worth mentioning that the 
average contraction-relaxation motion speed of the whole image is 

affected by the motionless areas which mostly there are no cells grown. 
This results in declining average speeds comparing to the single-cell 
level analysis. 

3.1.2. Speed measurement of fixed cardiomyocytes versus live 
cardiomyocytes 

The method was verified by measuring the speed of fixed car-
diomyocytes versus live cardiomyocytes, as shown in Fig. 4(d). The 
amplitude of the speed of fixed cells fluctuates around zero. The 
amplitude is much smaller than both contraction-relaxation peaks and 
similar to the amplitude of the resting state. Visualization is provided by 
Supplementary Movie 6. 

3.1.3. Noise sensitivity analysis 
In general, noise may be caused by several factors. To demonstrate 

the robustness of the proposed method for CM motion characterization 
in noisy images, we artificially applied Gaussian noise ranging from 5% 
to 20% on the single CM #1 phase image (see Fig. 4(e)) and the motion 

Fig. 3. Single CM motion characterization and synchronization analysis. (a), (b), (c) Motion vectors superimposed on a single CM’s QPI representing the motion 
direction for contraction, relaxation, and resting beating cycle shown in the first row, respectively. The corresponding contractility heat map is demonstrated in the 
second row. The contractile centers are circled and shown in warmer colors on the heat map. (d) CM motion waveform derived from dry mass redistribution speed 
calculation using Eq. (5). Supplementary Movie 1, Movie 2, Movie 3, and Movie 4 correspond to cell #1, cell #2, cell #3, and cell #4, respectively. (e) Results of CM’s 
motion waveform quantification parameters, (f) 3D representation of single CMs’ beating activity synchronization. (g) Cross-correlation analysis between different 
pairs of individual CMs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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waveform generated by the proposed method are quantified. The cell’s 
beating profile regularity remained constant for all different noise levels 
and quantification results show that dynamic beating parameters also 
remained almost constant. (see Supplementary Figure S4). 

3.2. Monitoring the pharmacological effects of compounds on CMs’ AP 
waveform 

3.2.1. Whole slide QPI analysis of drug-treated cardiomyocytes 
We next applied the platform to test the response to pharmacological 

compounds on single CMs’ motion activity. We analyzed the effects of an 
hERG channel blocker (E− 4031) and an adrenergic receptor agonist 
(isoprenaline) on cardiomyocytes’ contractile speed using the proposed 
platform. We treated multiple cardiomyocytes with 166 nM of 
isoprenaline and 500 μM of E− 4031 and compared the beating activity 
parameters to those obtained in the control conditions (see Figs. 5(a) 
and 6(a)). The quantification results are shown in Supplementary 
Figs. S4 and S6. The cardiomyocytes responded to the E− 4031 drug by 
decreasing their contractile speed with the prolongation of the resting 
period, thus decreasing their beating frequency compared to the control 
conditions. This is in agreement with the drug’s mode of action. 
Isoprenaline raised the AP speed and shortened the resting period, thus 
increasing the beating frequency compared to the control conditions. 
This is also in line with previous findings (Hayakawa et al., 2014; Treat 
et al., 2019). 

3.2.2. Single CM motion characterization of isoprenaline-treated 
cardiomyocytes 

Fig. 5(a) shows the contractile speed of the whole-slide QPI of mul-
tiple CMs in control and drug-treated conditions in response to 166 nM 
of isoprenaline. Fig. 5(b) demonstrates an example of single beat profiles 
of a whole-slide QPI with a comparison between the control and drug- 
treated conditions. The contraction-relaxation speed increased in drug- 
treated conditions compared to the control conditions. Fig. 5(c) and 
(e) show examples of single-CM beating profiles of cells #1 to #4 
extracted in control (blue beating profile) and isoprenaline-treated 
conditions (shown in red). Single-cell parameter quantification results 
are compared in Fig. 5(d). A summary of the compound addition effects 
is presented in Fig. 5(f). 

The unpaired student’s t-test analysis shows that cardiomyocytes 
responded to isoprenaline with a significant increase in relaxation speed 

during the contraction speed, but it was not significantly increased 
compared to the control condition. The resting period was significantly 
shortened and caused a significant increase in the beating frequency. 
The bars represent the mean and SD for each quantification parameter. 
These findings are in line with previous reports (Isobe et al., 2018; Luo 
et al., 2017). 

3.2.3. Single CM motion characterization of E− 4031-treated 
cardiomyocytes 

It was previously reported that the treatment of cardiac cells with 
E4031 significantly slowed the heart rate of the loss of intracellular K+ in 
cardiac cells (Dempsey et al., 2016; Luo et al., 2017). Fig. 6(a) shows the 
contractile motion of the whole-slide QPI of multiple CMs in control and 
drug-treated conditions in response to 500 μM of E− 4031. After drug 
treatment, a reduction in the contraction-relaxation speed was observed 
with prolongation in the resting period, thus decreasing the beat fre-
quency compared to the control conditions. The quantification of the 
beating parameters exhibited a prolongation in the relaxation period 
(Supplementary Fig. S6). Fig. 6(b) demonstrates an example of a single 
beat profile comparison. 

The effects of E− 4031 on AP were tested at both the whole-slide QPI 
and single-cell levels. The single CM beating patterns for cells #1 to #4 
are given in Fig. 6(c) and (e). A comparison of the beating profile 
quantification parameter was performed at the single-cell level as shown 
in Fig. 6(d). We observed a contractile response of a CM to the E− 4031 
drug, which demonstrated that the average AP of all single CMs’ con-
tractile speeds decreased compared to the control conditions. The 
average resting period for all extracted single CMs in drug-treated 
conditions demonstrated almost the same value, which shows signifi-
cant prolongation compared to the control conditions. Thus, there was a 
significant decrease in the beating period. Some single CMs’ motion 
profiles exhibited irregular beating patterns after drug treatment. The 
average results of each quantification parameter for all extracted single 
cells are shown in Fig. 6(f). These findings are in agreement with pre-
vious findings (Hayakawa et al., 2014). The bars represent the mean and 
SD for each quantification parameter of all extracted single cells. 

We have proposed a motion characterization platform for single 
hiPS-CMs using the optical flow method combined with digital holo-
graphic imaging for cardiotoxicity application which obviates the need 
for costly equipment to monitor a CM’s mechanical beat activity. We 
obtained detailed information about CM functionality from generating 

Fig. 4. Proposed method validation. (a) Whole-slide QPI of multiple CMs with superimposed motion vectors for contraction beating state, (b) corresponding heat 
map, (c) beating activity profile (maximum contraction speed: 1.4 μm/s; maximum relaxation speed: 0.8 μm/s; contraction period: 0.58s; relaxation period: 0.63s; 
beating period: 2.1s; resting period: 0.75s). (d) Contractile speed measurement of fixed cardiomyocytes versus live cardiomyocytes. (e) Single CM #1 phase image 
supplied with Gaussian noise ranging from 5% to 20%. The cell’s beating profile regularity remained constant for all noise percentages. 
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the CM beating activity profile based on the cell’s speed calculation. 
Quantification of the beating profile was performed for every extracted 
single cell using our automated peak identification method. Validation 
of the proposed CM characterization method was performed by 
measuring the contractile speed of fixed cardiomyocytes versus live 
cardiomyocytes and a noise sensitivity analysis. Based on experimental 
results, it was shown that the proposed method and quantification have 
the potential to be used in high-throughput analysis of hiPS-CMs in 
compound cardiotoxicity screening. Our results revealed quantification 
features of the beating profile, including the contraction period, relax-
ation period, and resting period. Also, we investigated the beating 
synchronization of the single CMs using the proposed method. 

Finally, we validated the applicability of the proposed platform for 
cardiotoxicity screening at the single-cell level by monitoring the effects 
of E− 4031 (500 μM) and isoprenaline (166 nM) compounds on multiple 
single cardiomyocytes’ beating activity-related parameters in compari-
son to control conditions. The cardiomyocytes responded to the E− 4031 

by decreasing their contractile speed and prolonging their resting 
period, thus decreasing their beating frequency. The isoprenaline caused 
an increase in AP speed with a decrease in the resting period, thus 
increasing the beating frequency (Jaferzadeh et al., 2020; Hayakawa 
et al., 2014). Finally, we averaged each quantification result for all 
extracted single CMs (10 single CMs) in control conditions and 
drug-treated conditions. In summary, our results prove that the pro-
posed method can be used for synchronization analysis and cardiotox-
icity screening. More specifically, the Farneback method can perfectly 
generate motion vectors for single cardiac muscle cells. Other advanced 
tracking algorithms may or may not be able to generate the same vec-
tors, but designing a new tracking algorithm is not the purpose of this 
study. Overall, the experimental results demonstrated that the proposed 
approach can efficiently and accurately reveal detailed quantification 
results about the pharmacological effects of a drug on single cardiac cells 
for cardiotoxicity screening and predictive toxicology. Overall, the 
experimental results demonstrated the proposed approach can 

Fig. 5. Single-CM contractile motion analysis in control (ctrl) and drug-treated conditions in response to 166 nM of isoprenaline. (a) Whole-slide QPI contractile 
motion analysis in control and drug-treated conditions, (b) single-beat contractile motion comparison in control and drug-treated conditions. Quantification results 
are shown Supplementary Fig. S4. (c) Motion waveforms of single CMs #1 to #4 extracted in control conditions. (d) Quantification result comparison in the control 
conditions (blue points) versus drug-treated conditions (red points) at the single-cell level. (e) Single CMs #1 to #4 extracted after isoprenaline treatment (cells #5 
#10’s beating profiles in control and isoprenaline-treated conditions are shown in Supplementary Fig. S5. Supplementary Movie 7 corresponds to cell #1 of 
isoprenaline-treated cardiomyocytes. (f) Average of each quantification parameter for all extracted single cells in control (blue bars) versus drug-treated conditions 
(red bars). All statistical comparisons were carried using an unpaired student t-test. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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efficiently and accurately reveal detailed quantification results about 
the pharmacological effects of the drug on single cardiac cells for car-
diotoxicity screening and predictive toxicology. 

4. Conclusions 

We have demonstrated a new, label-free, low-cost in vitro platform 
for human cardiomyocytes’ motion characterization at a single-cell level 
by holographic image-based tracking for cardiotoxicity application. The 
method enabled us to obtain detailed information about a single cardiac 
cell’s AP parameters. The proposed method demonstrated that it can 
efficiently and accurately reveal detailed quantification results about 
the pharmacological effects of a drug on single cardiac cells for car-
diotoxicity screening and predictive toxicology. In addition, the results 
demonstrate the prospects of using the proposed method as a reliable 
tool for beating synchronization analysis from the cells motion wave-
form during beating activity. 

The current limitations of the holographic image-based tracking for 
cardiotoxicity screening using the optical flow method are regarding 
extra noisy images. An extra noisy image can negatively affect the op-
tical flow-based cell tracking method for accurate cell motion speed 
measurements. As part of our future study we plan on incorporating 
additional noise information into our cardiac cells motion tracking al-
gorithms. Another interesting future work plan is to investigate whether 
our proposed optical flow method can provide a fairly good estimate for 
tracking of cardiac cells with the time-lapse Gabor holography, which 
allows to automatically quantify their beating activity at a much lower 
cost. 

Supporting information 

Supporting document is provided for this work. Fig. S1: The beating 
activity profile derived from single CMs #5-#10 is shown. Fig. S2: 
Whole-slide QPI of multiple-cardiomyocyte motion characterization. 

Fig. 6. CM contractile motion analysis in control (ctrl) and drug-treated conditions in response to 500 μM of E− 4031. (a) Whole-slide QPI contractile motion analysis 
in control versus drug-treated conditions in response to 500 μM of E− 4031 with beating profile (the whole-slide quantification results are shown in Supplementary 
Fig. S6). (b) Single beat contractile motion comparison in control conditions versus drug-treated conditions. (c) Motion waveforms of single CMs #1 to #4 extracted 
in the control conditions and (d) quantification result comparison at the single-cell level of the control conditions (blue points) versus drug-treated conditions (red 
points). e) Single CMs #1 to #4 extracted after 500-μM E− 4031 treatment (cell #5 to #10’s beating profiles in control and E− 4031-treated conditions are shown in 
Supplementary Fig. S7; Supplementary Movie 8 corresponds to cell #1 of E− 4031-treated cardiomyocytes). (f) Average of each quantification parameter for all 
extracted single cells in the control conditions (blue bars) versus drug-treated conditions (red bars). All comparisons were carried out using an unpaired student t-test. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. S3: Quantification results of single CM beating profiles supplied 
with different levels of noise ranging from 5% to 20%. Fig. S4: (a) 
Whole-slide QPI of cardiomyocytes beating activity in control condition 
versus drug-treated conditions in the presence of 166 nM of isoprena-
line, (b) Beating activity quantification results of drug-treated versus 
control conditions. Fig. S5: (a) Single cardiomyocytes’ beating activity 
of cells #5-#10 in the control conditions, (b) single cardiomyocytes’ 
beating activity of cells #5-#10 in drug-treated conditions in presence of 
166 nM of isoprenaline. Fig. S6: (a) Whole-slide QPI of cardiomyocytes’ 
beating activity in control conditions versus drug-treated conditions in 
the presence of E− 4031 500 μM, (b) beating activity quantification re-
sults in control versus drug-treated conditions. Fig. S7: (a) Single car-
diomyocytes’ beating activity of cells #5-#10 in the control conditions, 
(b) single cardiomyocytes’ beating activity of cells #5-#10 of drug- 
treated conditions in presence of E− 4031 500 μM. 
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