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a b s t r a c t 

Current in vivo disease models and analysis methods for cardiac drug development have been insufficient in pro- 

viding accurate and reliable predictions of drug efficacy and safety. Here, we propose a custom optical flow-based 

analysis method to quantitatively measure recordings of contracting cardiomyocytes on polydimethylsiloxane 

(PDMS), compatible with medium-throughput systems. 

Movement of the PDMS was examined by covalently bound fluorescent beads on the PDMS surface, differences 

caused by increased substrate stiffness were compared, and cells were stimulated with 𝛽-agonist. We further 

validated the system using cardiomyocytes treated with endothelin-1 and compared their contractions against 

control and cells incubated with receptor antagonist bosentan. After validation we examined two MYBPC3-mutant 

patient-derived cell lines. 

Recordings showed that higher substrate stiffness resulted in higher contractile pressure, while beating fre- 

quency remained similar to control. 𝛽-agonist stimulation resulted in both higher beating frequency as well as 

higher pressure values during contraction and relaxation. Cells treated with endothelin-1 showed an increased 

beating frequency, but a lower contraction pressure. Cells treated with both endothelin-1 and bosentan remained 

at control level of beating frequency and pressure. Lastly, both MYBPC3-mutant lines showed a higher beating 

frequency and lower contraction pressure. 

Our validated method is capable of automatically quantifying contraction of hiPSC-derived cardiomyocytes 

on a PDMS substrate of known shear modulus, returning an absolute value. Our method could have major benefits 

in a medium-throughput setting. 
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. Introduction 

Heart failure (HF) is a chronic progressive condition in which the

eart fails to pump enough blood to fulfill the metabolic demand of

he body [1] . Since the 1990s, HF has become an increasing problem
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nd is currently a leading cause of death. An estimated 37.7 million

eople have been diagnosed with HF worldwide [2] . While drug devel-

pment has been improving in other fields of medicine, cardiac drug

evelopment has seen slower progress over the years [3] . It can take $2

illion and over 12 years of development for a single compound to be
ober 2022 
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eleased [4] . This is partly explained by the fact that predicting toxicity

s challenging [4] . Mouse models are often used to evaluate drug effects

n cardiac function and toxicity, but their translational value is low

 5 , 6 ]. Hence, there is a growing need for better cardiac disease models.

ne promising model is the use of patient-specific induced pluripotent

tem cells (hiPSC), a renewing source capable of producing billions of

ardiomyocyte-like cells [7–9] . Although proper maturation of hiPSC-

erived cardiomyocytes (hiPSC-CM) remains a challenge as of this day,

iPSC-CM are able to spontaneously contract and relax periodically and

orm a monolayer with intact cell-cell junctions. This allows the inves-

igation of cardiotoxicity and phenotypical differences in both healthy

nd diseased cells in a model that fully mimics patient characteristics. 

Coinciding with the development of disease models, many new

ools have been developed to quantify contraction profiles of in vitro

ardiomyocyte monolayers [ 10 , 11 ]. Impedance-based methods rely on

lectrodes which measure the electrical resistance of the cell membrane

12] . Another method is the use of fluorescence microscopy to measure

he molecular mechanisms of contraction, such as calcium influx and ac-

ion potential [13] . Current optical-based methods using phase-contrast

ecordings provide a simple, cost-effective way of analyzing contraction

14] . Many analyses are limited to providing quantitative data of veloc-

ty. Additionally, many methods lack automation, making analyses of

ultiple longitudinal experiments a laborious process. 

Here, we describe a custom analysis tool based on Lucas-Kanade op-

ical flow to quantify cardiac contraction in a 2D in vitro hiPSC-based

odel. We use the flexible attributes of polydimethylsiloxane (PDMS)

o both provide a physiologically relevant environment for the cells, as

ell as allowing us to calculate the absolute pressures applied by the

ells to the PDMS, by using its shear modulus. With our method we aim

o improve cardiac drug discovery by developing a medium-throughput

ystem with maximum biological relevance. 

We analyzed the contractility of patient-derived hiPSC-CM with

YBPC3 mutant gene as experimental model for heart failure. MYBPC3

s localized on chromosome 11p11.2 and encodes an essential compo-

ent of the sarcomere. Cardiac MyBP-C (cMyBP-C), the protein encoded

y MYBPC3 gene, functions as a linker between the thick and thin fil-

ments [15] . Mutations in MYBPC3 are associated with hypertrophic

ardiomyopathy and dilated cardiomyopathy (HCM and DCM, respec-

ively). The heterozygous mutation p.Ser311 ∗ results in an early stop

odon and the production of truncated MYBPC-3 proteins, resulting in

aploinsufficiency [16–19] . The p.Trp792ValfsX41 mutation results in

amilial hypertrophic cardiomyopathy with higher survival rates than

ther mutations in sarcomeric proteins [ 20 , 21 ]. Both mutations con-

ribute to impaired sarcomere and myocardial contractility and subse-

uent dilated or hypertrophic compensation of the myocardium reduc-

ng functional cardiac output [ 18 , 19 , 22 ]. We hypothesized that the HCM

ells would show aberrant contraction with reduced contractile pres-

ure, and expected our analysis to detect the differences between our

wo HCM cell lines and their respective healthy control cardiomyocytes

n vitro . 

. Methods 

.1. PDMS slide preparation 

We produced the custom-made PDMS slides using the Angiogenesis

-slides (#81506, ibidi, Gräfelfing, Germany). A two-component based

ilicone gel (NuSil MED-6340, Polymer Systems Technology Limited,

igh Wycombe, United Kingdom) was used to generate PDMS-based

ubstrates of different stiffnesses. The required stiffness was acquired by

ixing the silicone base and curing agent at specific ratios according to a

alibration curve kindly provided by the company beniag GmbH, Jülich,

ermany. The PDMS mixture was then transferred to a syringe with a

ispensing needle and used to fill the wells of the angiogenesis slides un-

il a planar surface was obtained. The PDMS was cross-linked for 16 h at

0°C. The slides were sterilized with ethylene oxide (EO) gassing [23] .
 i

2 
he shear modulus ranged from 15 kPa resembling healthy heart tis-

ue, to 100 kPa resembling fibrotic heart tissue [24] . Experiments were

erformed using 15 kPa slides unless noted otherwise. 

.2. Covalently bound fluorescent beads 

Our pressure calculation algorithm was validated by directly detect-

ng the movement of the 

PDMS using covalently bound FluoSpheres (latex beads) (cat no.

8806, ThermoFisher, München, Germany). PDMS substrates were first

alinized by adding 95% ethanol pH 5.0 + 5% APTES (cat no. 440140,

igma-Aldrich, Taufkirchen, Germany) to the wells and incubating for

 min at room temperature. Wells were then washed 5 times with 95%

thanol and vacuum aspirated. Slides were left to dry for 30 min at room

emperature. 

After salinizing the slides, FluoSpheres were activated; the

eads were incubated at a ratio of 1:1200 in coupling buffer

31.1 mmol/L 2-(N-morpholino)ethanesulfonic acid pH 6.0 (cat no.

75893, Sigma-Aldrich), 0.1% Sodium Dodecyl Sulfate, 20 mg/mL N-

ydroxysulfosuccinimide sodium salt (cat no. 56485, Sigma-Aldrich),

nd 20 mg/mL N-(3-Dimethylaminopropyl)-N ′ -ethylcarbodiimide hy-

rochloride (cat no. 03450, Sigma-Aldrich) for 15 min at room temper-

ture. Beads were then added to the wells and incubated for 10 min

t room temperature. Afterwards wells were washed with distilled

 2 O to rid unbound FluoSpheres from the substrate. Slides were then

eady for matrix coating and seeding according to the experimental

etup. 

.3. Cell culture 

Pluricyte Cardiomyocytes (PCM) were kindly provided by Ncardia.

he generation of transgene-free hiPSC from skin fibroblasts of Hy-

ertrophic cardiomyopathy patient 1 (HCM1) carrying the mutation

YBPC3 p.Trp792ValfsX41 was previously reported [25] . Transgene-free

iPSC were generated from skin fibroblast from a second patient car-

ying mutations MYBPC3 Ser311 ∗ and MYBPC3 Gly148Arg (HCM2) accord-

ng to protocol approved by the institutional Medical Ethics Committee.

iPSC lines were maintained on Matrigel-coated plates in mTeSR 

tm 1

Stemcell Technologies, Vancouver, Canada) for at least 2 passages

efore differentiation. The Pluricyte Cardiomyocyte Differentiation kit

Ncardia, discontinued) was used to generate hiPSC-derived cardiomy-

cytes according to manufacturer’s protocol. 

Cardiomyocytes were cultured on plastic 6-wells plates. PCM were

hawed and maintained in Pluricyte Cardiomyocyte Medium (Cat no.

CK-1.5, Ncardia, the Netherlands) according to manufacturer’s proto-

ol. Cells were maintained in an incubator at 37°C, 5% CO 2 , for 3 days

efore seeding. 

Cardiomyocytes were seeded onto coated PDMS slides. First, PDMS

lides were exposed to a 180 nm Deep UV lamp for 10 min to make

he surface hydrophilic for the coating. The distance between the slides

nd the lamp was 5 cm. Immediately after, slides were coated with 100

g/mL fibronectin (cat no. 354008, Corning, Germany), or 1:100 Ma-

rigel (cat no. 354277, Corning) for 1 hour at 37°C. Slides were stored at

°C for 3 days. After incubation, cells were dislodged using 10x TrypLE

elect (#A12177, Gibco, Germany) and seeded onto the PDMS slides at

5.000 cells per well. Medium was refreshed every other day. 

.4. Drug treatment 

In our drug experiments, we induced an aberrant phenotype

y increasing beating rate with isoproterenol, and by inducing a

ypertrophic-like state with endothelin-1 (ET-1) [26] . In our first ex-

erimental model, cells were treated with isoproterenol. 10 days after

eeding, medium was supplemented with 0.1, 1 or 10 μmol/L isopro-

erenol hydrochloride (cat no. I6504, Sigma-Aldrich). After 15 min of

ncubation cells were imaged. 
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Table 1 

Culturing and imaging setup for each experiment. 

Experimental model Model specifications Cultured on Substrate stiffness (kPa) Resolution (pixels) Frames per second (fps) Total frames 

Isoproterenol Fibronectin 15, 100 2048 ×2048 24 239 

Substrate stiffness Matrigel 15 2048 ×2048 30 299 

Disease and rescue 

(ET1 + bosentan) 

Dilution series Matrigel 15 1200 ×1200 24 239 

Disease and rescue Fibronectin 15 1200 ×1200 24 239 

Disease (Healthy vs HCM) Trp792fs Matrigel 15 2048 ×2048 30 199 

Ser311 ∗ /Gly148Arg Matrigel 20 464 ×346 (3x binning) 30 299 

 

e  

g  

A  

m

 

(  

c  

A  

C

2

 

t  

a  

s  

J  

w  

d  

b  

a  

2

 

fl  

c  

m  

T  

m  

t  

b  

d  

i  

i  

m  

o  

s  

d  

s

 

R  

P  

a  

I  

t  

f

𝐹

w  

p  

t  

t  

p  

n  

f

 

e  

i  

t  

n  

p  

t  

p  

w  

t  

v  

p  

r  

c  

o  

e  

i

2

 

F  

p  

l  

i

2

 

A  

e  

p  

f  

P  

n  

n

3

3

 

t  

t  

d  

b  

v  

o  

F

 

i  

s  

s  
In our second experimental model, cells were treated with

ndothelin-1. Pluricyte Cardiomyocyte medium was replaced with

lucose-free EmbryoMax FHM Mouse Embryo medium (MR056, Sigma-

ldrich). Cells were allowed to equilibrate to the glucose free environ-

ent for 2 days. 

Medium was supplemented with 0.1 nM, 1 nM or 10 nmol/L ET-1

cat no. 05-23-3800, Sigma-Aldrich). After 4 h of incubation a subset of

ells was supplemented with 10 μmol/L of the mixed endothelin type

 and B receptor blocker bosentan (cat no. SML1265, Sigma-Aldrich).

ells were imaged after 24 h of incubation. 

.5. Imaging 

Cells on PDMS slides were imaged in a stage top incubation sys-

em (ibidi, Germany) at 37°C, and 5% CO 2 . Phase-contrast movies were

cquired using a 20x objective on a Nikon Ti-Eclipse widefield micro-

cope using an ORCA Flash 4.0 LT camera (0.33·μm/pixel) (Hamamatsu,

apan). The recordings were made during development of the analysis,

hich introduced differences in experimental setup and recording con-

itions for each experiment. This in turn allowed for versatility tests

etween different recording setups. Details of the experimental setup

nd movie settings for each individual experiment are listed in Table 1 .

.6. Algorithm development and implementation 

hiPSC-derived cardiomyocytes were cultured in monolayer on a

exible PDMS substrate ( Fig. 1 A). hiPSC-derived cardiomyocytes show

yclic contraction and relaxation, pulling on the substrate. This move-

ent is quantified using the Guassian Window MSE plugin in ImageJ.

his method is based on the well documented Lucas-Kanade optical flow

ethod [28] . This method assumes that the displacement of pixels be-

ween timepoint t and t + 1 is small and is constant within a small neigh-

orhood of pixels. In our analysis, we use the default setting of maximum

istance of 7 pixels and a sigma of 4. A least-squares error estimator us-

ng a Gaussian weight function is calculated. The resulting displacement

s presented as a 2-channel image containing the size of the displace-

ent and the direction of displacement. In our current method, the size

f displacement (vector length) is used in further analyses steps; the

um pixel intensity per frame was exported to a.csv file, along with ad-

itional parameters such as width and height in pixels, and total area

howing displacement in each frame. 

The pressure calculations are performed in MATLAB (version

2019b); pixel size, frames per second and substrate shear modulus of

DMS are provided by the user. Selection of the movies is automated

nd requires the path to the folder containing the .csv files exported by

mageJ, thus processing multiple recordings at once. Pressure calcula-

ion is based on the shear modulus of the PDMS substrate as per the

ollowing [27] : 

 = 

𝐺 × 𝐴 × Δ𝑥 
𝑙 

here 𝐹 is the force in N, 𝐺 is the shear modulus in Pa, 𝐴 is the area of a

ixel (m 

2 ), Δ𝑥 is the total displacement in frame t with respect to frame

 -1, and 𝑙 is the length (depth) of the substrate. 𝐹 is then divided by

he area of moving pixels (m 

2 ) to obtain the average pressure per pixel

er frame in N/m 

2 (Pa). Due to variation in contractile uniformity, we
3 
ormalize the amount of movement to the amount of pixels moving per

rame. 

Because optical flow outputs a velocity, we depict the pressure differ-

nce as ∆Pa plotted against time ( Fig. 1 B). Extremes are automatically

dentified as peaks by taking the derivative of the graph and finding

he values on the x-axis where the derivative changes from positive to

egative, and by an automatically calculated threshold to distinguish

eak displacement from background noise. Peaks are identified as ei-

her a contraction or relaxation based on the time between 3 following

eaks; shorter times between peaks 1 and 2 compared to peaks 2 and 3

ill identify peak 1 and 3 as contraction and peak 2 as relaxation. The

hreshold and peak order can be adjusted manually by the user to inter-

ene when the analysis fails to properly classify contraction or relaxation

eaks. After confirming proper peak detection, the time and pressure pa-

ameters are calculated; time parameters show the mean time to fully

ontract and relax, the mean time before contracting or relaxing, and the

verall consistency of contraction intervals in seconds. Pressure param-

ters include mean and maximum contraction and relaxation pressures

n Pa, and the maximum speed of contraction and relaxation in dP/dt. 

.7. Code availability 

Vector fields were generated from the movies using the implemented

iji plugin Windows Gaussian MSE (Fiji version 1.53c). Downstream

rocessing of the output was written in a Fiji macro. Raw data was ana-

yzed in MATLAB through our custom automated analysis. Source code

s available in the online data repository. 

.8. Statistics 

Statistical differences were tested using a two-tailed t-test, one-way

NOVA or two-way ANOVA for unpaired measurements (indicated for

ach experiment in the legend). The p -values obtained from two-tailed

airwise comparisons were corrected for multiple testing using the Bon-

erroni method. Statistical analyses were performed with Graphpad

rism (v9.0.1). p -values less than 0.05 were considered statistically sig-

ificant and are indicated with an asterisk ( ∗ ). N values represent tech-

ical replicates. 

. Results 

.1. Analysis validation 

The ability of the hiPSC-derived cardiomyocytes to apply pressure to

he PDMS substrate and the ability of the analysis to detect and analyze

hese contractions was initially assessed using three experimental con-

itions: [1] movement of the PDMS using fluorescent beads covalently

ound to the PDMS surface, [2] fibrosis of the heart simulated by using

ariable substrate stiffnesses, and [3] induced tachycardia by addition

f isoproterenol. We have shown example peak patterns in supplemental

ig. 1 which are used to calculate the different parameters. 

First, we evaluated how much movement in a phase-contrast record-

ng contributed to actual motion of the PDMS. Wells containing a PDMS

ubstrate coated with covalently bound fluorescent beads (TxRed) were

eeded with PCM and recordings were made using phase-contrast. The
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Fig. 1. Contraction analysis workflow. ( A) Experimental culturing setup. Cardiomyocytes are grown on a flexible PDMS substrate in a μ-angiogenesis slide well 

(ibidi). Confluent sections of each well were used for phase-contrast imaging. (B) Schematic overview of the contraction analysis workflow. Cardiomyocyte movies 

are imported in ImageJ and the Gaussian Window MSE optical flow plugin is used to analyze pixel displacement. Length and direction of pixel displacement are 

stored in two separate files as a vector field. The sum of pixel intensity (movement per frame) is exported to a.csv file, along with additional information such 

as movie width and height in pixels, and total area showing displacement in each frame. Force calculations are performed and converted to pressure in MATLAB 

using the shear modulus formula where G is the shear modulus (Pa), A is the area of a pixel (m 

2 ), x is the total displacement in frame t over frame t -1, and l is the 

length/depth of the substrate. The resulting pressure change F ( ∆Pa) is then plotted. 

4 
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Fig. 2. Validation of optical flow analysis by application to multiple experiments. ( A) TxRed image showing the orientation of fluorescent beads in PDMS 

substrate and a corresponding phase-contrast image depicting cardiomyocyte orientation on top of PDMS substrate (B) Comparison of beating rate and pressure 

applied to the substrate (stiffness of 15 kPa and 100 kPa) by contracting cardiomyocytes by analyzing movement of a TxRed (fluorescent beads) movie and the 

phase-contrast (cardiomyocytes) movie. Data consist of 1 technical replicate in each condition. (C) Effects of substrate stiffness on beating rate and pressure applied 

to the substrate. Data consist of 5 technical replicates in each condition. Data represent mean with SD. Significance shown in comparison with 15 kPa control. 

Two-tailed t-test (beating rate) and two-way ANOVA with Bonferroni correction (pressure). #; p ≤ 0.001. (D) Effects of isoproterenol on beating rate and pressure 

applied to the substrate by contracting cardiomyocytes. Data consist of 3 technical replicates in each condition. Data represent mean with SD. Significance is shown 

in comparison with 0 μM control. One-way (beating rate) and two-way (pressure) ANOVA with Bonferroni correction. ∗ ; p ≤ 0.05, ∗ ∗ ; p ≤ 0.01, #; p ≤ 0.001. 
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ecordings were made on 15 kPa stiffness resembling healthy human

eart conditions, and 100 kPa stiffness resembling fibrotic human heart

onditions. Contraction pressures were compared between both phase-

ontrast and fluorescence recordings ( Fig. 2 A). No differences in beating

ate were recorded between phase-contrast and fluorescence movies,

or both 15 kPa and 100 kPa stiffness ( Fig. 2 B). Overall, the fluores-

ent recordings showed a lower amount of pressure when compared to

hase-contrast recordings on 15 kPa stiffness ( Fig. 2 B, 60 Pa vs. 70 Pa)

nd 100 kPa ( Fig. 2 B, 180 Pa vs. 480 Pa). 

Next, we determined the effect of substrate stiffness on contraction

n recordings of 15 and 100 kPa stiffness. No difference in beating rate

ould be detected in both 15 and 100 kPa conditions. Contraction and

elaxation pressures was on average significantly higher in the 100 kPa

ondition compared to 15 kPa ( Fig. 2 C, 570 vs. 75 Pa; p ≤ 0.001). 

To validate our method against varying beating rates, we assessed

he effects of the 𝛽-agonist isoproterenol. PCM cells were subjected to

ehicle, 0.1 μM or 1 μM isoproterenol for 24 h. A concentration of 0.1

M isoproterenol showed a higher beating frequency compared to the

ehicle control (42.1 BPM vs. 27.6 BPM; p ≤ 0.01). The 1 μM dose fur-

her increased this (45.8 BPM vs. 27.6 BPM; p ≤ 0.005), which could be

ndicative of a dose-dependent effect ( Fig. 2 D, p ≤ 0.01). We looked into

he temporal parameters regarding contraction and relaxation ( Fig. 4 A).

e found that the increase in beating rate could be a result of both

horter contraction and relaxation times. Both times were ∼0.4 s in ve-

o  

5 
icle and ∼0.2 s in treated samples, but this difference was not signifi-

ant. 

During contraction, a higher pressure was seen in the 1 μM condition

ompared to the vehicle (108 Pa vs. 83 Pa; p = 0.06), but not for the 0.1

M treated cells (77 Pa vs. 83 Pa; p > 0.99). During relaxation, pressure

hanges were higher for both 0.1 μM (95.2 Pa/s vs 50.4 Pa; p ≤ 0.001)

nd 1 μM (133.9 Pa vs 50.4 Pa; p ≤ 0.001) compared to vehicle. 

.2. Application in disease phenotypes in vitro 

Having shown that our analysis can detect hiPSC-derived cardiomy-

cyte contractions in line with expectations of three independent exper-

mental conditions, we next sought to demonstrate its ability in more

omplex disease mechanics. Movies of two different disease mechanics

ere analyzed; [1] hypertrophy induced by endothelin-1 and [2] hyper-

rophic cardiomyopathy caused by mutations in MYBPC3 . 

In the first model, healthy PCM cells were incubated with ET-1 to

nduce a hypertrophic-like state. Cells were grown on 15 kPa PDMS

nd were incubated with concentrations of vehicle, 5 nM, 10 nM or

00 nM ET-1 in glucose-free medium for 24 h. ET-1 showed a positive

hronotropic effect (increased beating rate), increasing beating rates

rom 16.5 BPM in the vehicle control to 24.9 BPM at concentrations

f 5 nM and higher ( Fig. 3 A, p ≤ 0.001), while showing a negative in-

tropic effect (lowering contraction and relaxation pressures) compared
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Fig. 3. Application to in vitro and in vivo disease phenotypes. Data represent mean with SD in all graphs. (A) Effects of ET1 on beating rate and pressure applied 

to the substrate by contracting cardiomyocytes. Data consist of 3 technical replicates in each condition. Significance shown in comparison with MR056 control. 

One-way (left) and two-way (right) ANOVA with Bonferroni correction. ∗ ∗ ; p ≤ 0.01, #; p ≤ 0.001. (B) Effects of ET1 and subsequent treatment with Bosentan on 

beating rate (left) and pressure applied to the substrate (right) by contracting cardiomyocytes. Data consist of 3 technical replicates in each condition. Significance 

shown in comparison with MR056 control. One-way (left) and two-way (right) ANOVA with Bonferroni correction. ∗ ; p ≤ 0.05, ∗ ∗ ; p ≤ 0.01. (C and D) Comparison 

between healthy and hypertrophic cardiomyopathy cardiomyocytes of beating rate and pressure applied to the substrate. PLM1 = control cardiomyocyte line 1, 

HCM1 = hypertrophic cardiomyopathy line 1 carrying a Trp792fs mutation in MYBPC3, PLM2 = control cardiomyocyte line 2, HCM2 = hypertrophic cardiomyopathy 

line 2 carrying a Ser311 ∗ /Gly148Arg mutation in MYBPC3. Data consist of 3 technical replicates in each condition. Significance shown in comparison with healthy 

control. Two-tailed t -test (left) and two-way (right) ANOVA with Bonferroni correction. ∗ ∗ ; p ≤ 0.01. 

Fig. 4. Temporal parameters for isoproterenol (A) and endothelin-1 (B) recordings at different concentrations. Data represent mean with SD of three technical 

replicates. Two-way ANOVA with Bonferroni correction. #; p ≤ 0.001. 
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o vehicle ( Fig. 3 A, p ≤ 0.001 and p = 0.003). For this experiment, we

lso examined the temporal parameters regarding contraction and re-

axation, and found that the resting period between contractions was

ignificantly reduced from ∼3.7 s to ∼2.5 s in the ET-1 treated samples

 Fig. 4 b, p ≤ 0.001). 

To further evaluate the output parameters of our in vitro cardiomy-

cyte system, a disease-treatment scenario was analyzed. As before,
6 
CM cells were incubated with 10 nM ET-1 for 24 h. Cells were then split

nto two groups: one group received the same treatment with ET-1, the

ther received ET-1 with addition of 10 nM bosentan. After 24 h of in-

ubation, bosentan was added to prevent the ET-1 induced chronotropic

nd inotropic effects. As before, ET-1 showed a positive chronotropic ef-

ect ( Fig. 3 B, p = 0.002) while ET-1 + bosentan treated cells showed no

ifference compared to control ( p = 0.60). Contraction and relaxation
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ressures were also not different compared to control after treatment

ith bosentan (ET-1; p = 0.02, ET-1 + bosentan; p = 0.87). 

As an experiment with unknown outcome, two hypertrophic car-

iomyopathy patient cell lines were examined in separate experiments.

hese cell lines carry a mutant MYBPC3 allele causing haploinsuffi-

iency; MYBPC3 Trp792fs (HCM1) and MYBPC3 Ser311 ∗ / MYBPC3 Gly148Arg 

HCM2). HCM1 and control hiPSC-CM were seeded on PDMS 15 kPa,

nd HCM2 and control hiPSC-CM were seeded on 20 kPa PDMS due

o differences in experimental setup. Albeit different in stiffness, both

5 kPa and 20 kPa are representative of healthy physiological stiff-

ess of the adult human heart and were therefore considered valid

ontrols in their respective experiment. Both HCM1 and HCM2 cells

howed a higher beating rate compared to their respective healthy con-

rol ( Fig. 3 C, HCM1 42 BPM vs. 18 BPM; p ≤ 0.005, HCM2 29 BPM vs. 15

PM; p = 0.22). Additionally, contraction and relaxation pressures on

verage showed signs of being lowered in both patient cell lines com-

ared to their respective healthy control, although this effect was not

ignificant ( Fig. 3 C and D, HCM1 54 Pa vs. 82 Pa; p = 0.14, HCM2 93

a vs. 205 Pa; p = 0.06). 

. Discussion 

Cardiac drug development has suffered from high costs with low

ates of success during clinical trials, greatly hampering progress of med-

cal care for cardiac diseases. One of the major contributors to this sit-

ation is the use of pre-clinical animal models with low translational

alue [3–5] . To produce output parameters in a pre-clinical in vitro set-

ing which are comparable to in vivo conditions, it is essential to devise a

ersatile and accurate method for quantification of cardiac contractility.

ere, we developed and validated a custom optical flow-based anal-

sis method to quantitatively determine the absolute contractile pres-

ures applied by hiPSC-derived cardiomyocytes, using the flexible prop-

rties of PDMS and its respective shear modulus. More importantly, our

ethod is nearly fully automated and requires minimal intervention.

ue to how the data is stored in a text file rather than as images, our

nalysis is efficient in rapidly storing and analyzing data, which would

ake its potential more apparent in a medium-throughput setting. 

The principle of our method relies on the flexible properties of poly-

imethylsiloxane (PDMS). Cardiomyocytes seeded on this flexible sub-

trate pull on the substrate during contraction. As the shear modulus of

he PDMS can be estimated based on the mixing ratio of the reagent and

olymer, we can then directly translate movement recorded using phase-

ontrast to absolute pressures in Pascal. Movement is extracted through

he Lucas-Kanade optical flow method and is stored in table format with

egligible loss of information. This assures that downstream analyses

an be performed within seconds, providing data on contraction- and

elaxation pressures and timing, with minimal storage capacity require-

ents. 

We validated our method by comparing the motion in phase-contrast

ecordings of contracting cardiomyocytes, with the motion of fluores-

ence recordings of covalently bound beads on the PDMS surface of the

ame sample [29] . We predominantly used 15 kPa in our experiments as

his coincides with the native human healthy heart tissue stiffness range

f 15–23 kPa. A 15 kPa model has been previously shown to accurately

esemble the native environmental extracellular matrix stiffness in vivo

 30 , 31 ]. Durán-Pastén et al. previously showed that cardiomyocytes ad-

ere to a soft substrate resembling the native environment better than

o a stiff substrate [32] . Additionally, cells could more properly form a

onolayer, resulting in uniform calcium signaling [32] . 

On our 15 kPa model, bead movement could be detected showing

hat cardiomyocyte contractions pull on the PDMS substrate. We could

ot determine a difference in pressure between phase-contrast and flu-

rescence in this case, and concluded that cardiomyocyte movement

irectly translates to PDMS movement at 15 kPa stiffness, and therefore

llows absolute quantification of pressure. 
7 
We performed the same experiment using a 100 kPa PDMS substrate,

epresenting fibrotic heart tissue [ 27 , 30 , 33 ]. In contrast to 15 kPa, we

ound a nearly threefold decrease in motion of the fluorescent beads

ecording compared to the phase-contrast recording at 100 kPa stiffness.

e assumed that this is caused by movement of both cells and surface in

he phase-contrast recordings. On a stiffer substrate, the cardiomyocytes

ust apply more pressure to get the same amount of movement. To

alculate the absolute pressure, we assumed that the movement in the

ecordings is representative of the movement of the surface itself, but

his seems not the case at higher stiffnesses. Thus, when using higher

tiffnesses our current method overestimates the pressure applied to the

urface. As of this moment we have been unable to further investigate

his (non-)linear relationship between stiffness and cell movement. As

pposed to the single-cell analysis reported by Czirok et al. [14] , we

erform analysis of the entire field of view. This introduces movement

aused by cells pulling on one another as well as on the substrate. Both

tiffness and cell-cell contact could explain this overestimation. Further

tudies are required to correct for stiffness and cell-cell contact, so that

his can be incorporated into the pressure calculations. 

We further validated the system by inducing parametric changes

hich were expected to be distinguishable to control conditions after

nalysis. First, we subjected cardiomyocytes to the 𝛽-agonist isopro-

erenol. Treatment of cardiomyocytes with isoproterenol resulted in de-

ectable increases in beating rate and increased pressure values com-

ared to control, a finding which is consistent with previous studies

34–36] . Beating rates increased by roughly 30% at concentrations as

ow as 0.1 μM isoproterenol, and increased in a dose-dependent manner.

e recorded the contractions at 24 frames per second, which resulted

n acceptable accuracy and detection of both contraction and relaxation

hases at beating rates of 60 beats per minute. We did notice that relax-

tion pressure changed more strongly in cells treated with isoproterenol

han in control, exceeding that of their respective contraction pressure

hange. At this point we were unsure whether this could be contributed

y the low recording speed, or because cells relax more rapidly after

soproterenol treatment ( Fig. 4 A, not significant). 

We then subjected cardiomyocytes to ET-1. ET-1 has known vaso-

onstrictor actions and has previously been successfully used to mimic

he hypertrophic phenotype in human adult and hiPSC- CMs [37–41] .

n addition, it was shown that ET-1 increased the presence of myofib-

illar disarray in hiPSC-derived CMs, resulting in decreased contraction

mplitude in mouse embryonic stem cell-derived cardiomyocytes and an

ncrease in beating frequency in hiPSC-CM [ 37 , 42 , 43 ]. Our analysis was

ble to detect an increase in beating rate and a decrease in both contrac-

ion and relaxation pressure after treatment with ET-1, consistent with

he known mechanism of action of the compound. We subsequently res-

ued the diseased state with the ET-1 receptor antagonist bosentan. The

ddition of bosentan attenuated these effects and produced results com-

arable to controls. We conclude that our analysis is able to distinguish

etween healthy and diseased conditions in this experimental setup. 

Considering the ultimate endpoint of this contraction analysis as a

eans to discover new cardiac drugs in a medium-throughput setting,

ur analysis was also validated using hiPSC-derived cardiomyocytes of

atients diagnosed with hypertrophic cardiomyopathy, carrying muta-

ions in MYBPC3 . The mutations we studied, p.Trp792ValfsX41 and

.Ser311 ∗ , lead to C-terminally truncated proteins and were predicted to

ause haploinsufficiency [ 16 , 17 , 44 ]. Physiological studies have shown

hat truncating mutations are associated with cardiomyocyte hypertro-

hy, reduced pressure-generating capacity of cardiomyocytes and re-

uced myofibril density [17] . On a general note, contraction analysis of

oth HCM models in this study revealed a trend of higher beating fre-

uency and lower contraction and relaxation pressures than in healthy

ontrols. However, in the p.Trp792ValfsX41 HCM model only beating

requency showed an increase, while a reduction in contraction pressure

as only indicative compared to the healthy control cardiomyocytes.

hese pressure measurements are supported by previous results of de-



M. Snelders, I.H. Koedijk, J. Schirmer et al. Biomaterials and Biosystems 8 (2022) 100068 

c  

c

 

b  

e  

o  

t  

r  

a  

t  

a

 

p  

t  

f  

t  

t  

s  

p  

a  

t  

t  

i  

m  

p

 

m  

d  

p  

o  

a  

r  

t  

w  

s  

a  

i  

l  

a  

K  

b

 

c  

u  

m  

o  

a  

r  

c  

c  

i  

v  

d  

m  

s  

v  

d  

e

 

o  

t  

T  

p  

a  

h  

e

 

t  

f  

s  

b  

t

 

1  

v  

c  

s  

o  

T  

i  

s  

w  

d

 

u  

t  

d  

o  

p  

v

S

 

t  

f  

C

D

D

 

b

D

 

i  

t

D

A

 

f  

T  

t  

B

S

 

t

reased contractile pressures in patient hiPSC-derived cardiomyocytes

arrying truncated mutations at the single-cell level [ 45 , 46 ]. 

Overall, our contraction analysis provided the expected correlations

etween known inputs and outputs in our presented experimental mod-

ls. Several challenges still need to be considered in the process of devel-

ping a user-friendly, accurate, and fully automated analysis for quan-

ification of contractile function in cardiac disease phenotypes. The cur-

ent method requires two programs, ImageJ and MATLAB, to gener-

te output parameters. An easy-to-use contraction analysis for medium-

hroughput drug screening would in the future ideally require only one

nalysis program. 

Optical flow is a basic method of calculating movement of a given

ixel on a frame-to-frame basis, which is employed on several assump-

ions. One assumption is that the signal intensity remains constant from

rame to frame. In transmission and phase-contract microscopy, con-

raction of cells by itself causes shifts in signal intensity by compressing

he membrane, making the edges of the cells appear darker and pos-

ibly affecting the level of pixel displacement. Also, shadows might be

icked up as pixel displacement. Image registration was evaluated as an

lternative measuring method [47] . The method uses histogram-based

racking of subsections of a movie, using a reference frame to better es-

imate the movement. At this time, we found no significant difference

n calculation accuracy between optical flow and the image registration

ethod (unpublished data), placing optical flow favorable for its faster

rocessing. 

In light of previously published optical flow-based analyses, our

ethod, in its current form, provides a rapid, automated workflow for

rug screening with the intent to determine differences in contractile

henotype. Several analysis software analysis tools have been devel-

ped over the past decades. One example, developed by Toepfer et al.,

nalyzes the contraction of sarcomeres within the cell [48] . The method

equires fluorescently tagged sarcomeres and studies sarcomere contrac-

ion specifically. Sarcomeres, while being the main contractile structure

ithin the cardiomyocytes, do not show the systemic contraction we ob-

erve when looking at the complete cell or heart. Other mechanisms such

s the composition of the skeletal structure within the cell play a role

n contraction as well. Unless interested in the sarcomere specifically,

ooking at the whole cell provides more relevant information when an-

lyzing contraction movement. Other optical flow-based methods from

umar et al. and Scalzo et al. provide the contractions as either an ar-

itrary unit or as a velocity [ 49 , 50 ]. 

Our method uses movement information to determine the overall

ontraction pattern within a recording. In its current state, we do not

se the directionality of movement, nor do we provide spatial infor-

ation on the areas of beating cardiomyocytes, as seen in the works

f Czirok et al [14] . In the future, we aim to examine whether cell

lignment and contraction propagation can be added as relevant pa-

ameters using the spatial information we currently lack. Additionally,

ontractile heterogeneity across the field of view was observed. We cal-

ulated the coefficient of variation to be approximately 75.84% dur-

ng peak contraction in our isoproterenol recordings. The origin for this

ariability could come from various sources; we use iPSC derived car-

iomyocytes which, although from a human source, do not represent

ature cardiomyocytes. The cells do not form the typical elongated

hape. From an experimental standpoint, gaps between cells might be

isible, lack of pacing, or insufficient differentiation/selection intro-

uced non-contractile cells. We intend to introduce pacing for future

xperiments. 

We further intend to improve our more detailed time parameters. As

f yet, the analysis provides temporal information regarding contrac-

ion time, contracted period, relaxation time and resting period ( Fig. 4 ).

hese parameters, although important, have shown to be variable de-

ending on the experiment. We intend to further optimize this by using

 high-speed camera at more than 100 frames per second, so that these

undreds of nanoseconds differences between contractions can be prop-

rly quantified. 
8 
Absolute pressure can be calculated at a certain time point by adding

he pressure derivatives over time. We have been able to achieve this

or several recordings (supplemental Fig. 1), but in most cases did not

ucceed due to the low recording speeds. Once available, we expect to

e able to properly quantify absolute pressures at a given time using

hese outcome parameters. 

Regarding computation times, analyzing a recording of

024 ×1024 ×300 could take approximately 5 min to extract the

elocities (this is only required one time). After this, the MATLAB

ode can quantify the results within 3 s, assuming the thresholds were

et correctly and peaks were correctly allocated on a previous run,

therwise it would take approximately 1.5 s due to drawing the graph.

hese runs were performed on a 3.0 GHz 6-core CPU. We are looking

nto ways to further improve computation times by recoding into a

ingle platform using Python. Different plugins for drawing the graphs

ould help speed up the processing considerably, as well as comparing

ifferent optical-flow based techniques. 

In conclusion, our current contraction analysis offers a non-invasive,

ser-friendly, optical flow-based solution for absolute contractile quan-

ification. Future extensions include applying our method to three-

imensional models consisting of paced and fully mature cardiomy-

cytes that more accurately resemble the complex integrated diseased

henotype. We believe our method will facilitate research in drug de-

elopment, personalized medicine and clinical applications. 
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