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Abstract

Background: The field of tissue engineering has provided valuable three-dimensional species-

specific models of the human myocardium in the form of human Engineered Cardiac Tissues 

(hECTs) and similar constructs. However, hECT systems are often bottlenecked by a lack of 

openly available software that can collect data from multiple tissues at a time, even in multi-tissue 

bioreactors, which limits throughput in phenotypic and therapeutic screening applications.

Methods: We developed Rianú, an open-source web application capable of simultaneously 

tracking multiple hECTs on flexible end-posts. This software is operating system agnostic 

and deployable on a remote server, accessible via a web browser with no local hardware or 

software requirements. The software incorporates object-tracking capabilities for multiple objects 

simultaneously, an algorithm for twitch tracing analysis and contractile force calculation, and a 

data compilation system for comparative analysis within and amongst groups. Validation tests 

were performed using in-silico and in-vitro experiments for comparison with established methods 

and interventions.

Results: Rianú was able to detect the displacement of the flexible end-posts with a sub-pixel 

sensitivity of 0.555 px/post (minimum increment in post displacement) and a lower limit of 1.665 

px/post (minimum post displacement). Compared to our established reference for contractility 

assessment, Rianú had a high correlation for all parameters analyzed (ranging from R2 = 0.7514 to 

R2 = 0.9695), demonstrating its high accuracy and reliability.
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Conclusions: Rianú provides simultaneous tracking of multiple hECTs, expediting the 

recording and analysis processes, and simplifies time-based intervention studies. It also allows 

data collection from different formats and has scale-up capabilities proportional to the number of 

tissues per field of view. These capabilities will enhance throughput of hECTs and similar assays 

for in-vitro analysis in disease modeling and drug screening applications.
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1. Introduction

Human engineered cardiac tissues (hECTs) are valuable constructs that provide 3-D species-

specific models of the human myocardium for in-vitro assessments. hECTs have widespread 

appeal due to their unique ability to recapitulate functional properties of the myocardium 

and have shown promise as a preclinical model for drug screening [1,2]. Our group and 

others have developed independent hECT systems for quantifying tissue function [3–7]. 

One shortcoming in the field is that the quantitative analysis software for each system is 

often custom tailored for a particular bioreactor design. This bioreactor dependency of the 

analysis tools means that every group that wants to develop a novel bioreactor needs to 

develop tracking software concurrently, deterring development and hindering advances in 

cardiac tissue engineering. Additionally, while bioreactors have progressed to allow for the 

culture of up to six hECTs in a shared media environment [3], there lacks a suitable openly 

available software to collect data from all tissues in parallel. This results in discontinuous 

data collection, with the need to reposition the bioreactor for video recording of each 

hECT, and also requires repeated electrical stimulation that would be avoided if multiple 

tissues were tracked simultaneously. This restriction renders multi-tissue systems ineffectual 

in studies where an effect occurs soon after the intervention [8], or for dose-dependent 

experiments where incremental dosages are applied within 3 min of each other [2,9], or even 

for 10 min step recording, the current system would still pose a challenge [10]. Even though 

multiple tissues can receive a treatment at the same time point, to our knowledge there is 

no open access software that would permit data to be collected from them simultaneously. 

Software capable of tracking multiple hECTs in parallel can reduce recording time, increase 

throughput, and allow experimental studies where multiple tissues in a bioreactor are 

exposed to an intervention and it would be beneficial to acquire responses simultaneously.

Two main approaches to evaluating hECT function are optical recording and tensile testing. 

The tensile testing technique is very intrusive, requiring the removal of the hECTs from 

their bioreactor and attachment to force sensors and length controllers [5,7]. This requires 

specialized instrumentation, damages the ends of tissues, and prevents capturing contractile 

function data on subsequent days. Optical recording platforms solve some of these issues 

by not requiring tissue handling and allowing longitudinal studies, but a comprehensive, 

validated, open-access software package to quantify recorded tissue contractility is lacking. 

Existing optical recording analysis software suffers from limitations such as either being 
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unable to obtain contractile forces, requiring commercial recording hardware, or being 

limited to recording one hECT at a time [3,6,11,12].

In this study, we present a new open-source web application capable of tracking multiple 

hECTs simultaneously; this shortens recording times, reduces bioreactor manipulation and 

avoids tissue exposure to unnecessary repeated electrical stimulation. This software offers 

the latest advance in our efforts to track contractility features in hECTs. Furthermore, 

its versatility allows for data collection from tissues of various different formats. These 

characteristics address a major bottleneck in the functional assessment of hECTs caused by 

the limitations of currently available open-access software.

2. Material and methods

2.1. Rianú algorithm

Rianú is an open-source web application capable of obtaining valuable cardiac muscle 

function parameters from videos of hECT contractions. Rianú is primarily written in 

Python [13], with simple operating system agnostic deployment made possible using Docker 

containers [14]. The software was designed to be deployed on a remote server and interacted 

with via a web browser, but it can be run locally if the user prefers, and provides many 

advantages over our established software (Supplementary Table S1).

2.1.1. Post tracking—Posts are tracked through each video frame using an OpenCV 

[15] implementation of a Discriminative Correlation Filter with Channel and Spatial 

Reliability (DCF-CSR) tracker [16]. The user supplies starting post locations through 

drawing boxes on the first frame. One DCF-CSR tracker is spawned per post and follows 

that post through subsequent frames. The difference of the centroids for each pair of posts is 

taken and used to obtain the total post deflection of each tissue. The associated time for each 

deflection is obtained from the frame properties using OpenCV’s CAP_PROP_POS_MSEC 

function.

2.1.2. Force calculations—Force is derived from individual post deflections using the 

beambending equation (Eq. (1)) [17], where δ is displacement, a is the distance between the 

tissue and the base of the post (tissue height), L is the post height, E is Young’s modulus of 

the post, R is post radius and subscripts denote left post (L), right post (R), or total (T).

FL = 3πERL
4

2aL
2 3LL − aL

* δL (1)

Eq. (1) applies to each post independently meaning that δL and δR must be calculated from 

δT, when δT = δR + δL. Since the tissue is taut between two posts the force applied to each 

post must equal. Setting FL = FR and simplifying allows for Eq. (2) to be applied to the total 

displacement to obtain individual post displacements.
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δL = δT

1 + δR
δL

where δR

δL
= aR

2 3LR − aR

aL
2 3LL − aL

(2)

2.1.3. Data processing—The raw force data is smoothed using a Savitzky-Golay filter 

(sav-gol) as supplied by the SciPy signal processing python package to allow for easier 

visualization and analysis [18,19]. A sav-gol filter uses linear least-squares regression to 

smooth data. Two variables control how this smoothing occurs, the polynomial degree 

to which the data is fitted and the window size, which is the number of coefficients 

(Supplementary Table S2). The window size must be a positive odd integer and larger 

than the polynomial. The larger the difference between the polynomial and window size, 

the smoother the signal will be, which means that to reduce signal distortion these values 

should be kept as close as possible while still smoothing the data enough for analysis. 

The sav-gol filter fits local polynomials to each point as part of the smoothing process, 

those polynomial slopes are taken as the dF/dt function, which is used to find the +dF/dt 

and −dF/dt. Further data processing can be undertaken in select situations. If the tracked 

objects move away from each other during a contraction, the data can be inverted prior 

to peak finding. Additionally, if there is an artificial trend, the linear trend of the data 

can be removed. This should only be done in select situations as it will unfairly alter the 

systolic and diastolic forces. It is important that data with sufficient temporal resolution is 

supplied to the smoothing algorithm so that it does not omit peak values, this becomes more 

important when higher frequencies are investigated. For all videos analyzed in this paper the 

number of frames per second (FPS) was ≥30.

2.1.4. Peak detection—Peaks are detected after smoothing using the find_peaks 

function supplied in the SciPy signal processing package. Two parameters are used in 

finding peaks, the prominence and minimum distance. The prominence is a relative value 

between zero and one that measures how much the peak protrudes from values around 

it, while the minimum distance is how large of an interval is required between peaks (an 

interval length is measured by the number of data points). These two parameters combined 

allow for user correction if the algorithm incorrectly identifies noise as a contraction peak.

2.1.5. Twitch characterization—From each peak moving backward and forward 

chronologically, the first-order derivative crossing zero defines the beginning and end 

of each contraction, respectively. The force at the beginning and end of the twitch is 

averaged to get a baseline for the twitch. This baseline force and the peak force (maximum 

contraction force) are used to calculate the force values at 10% and 50% contracted, and 

50% and 90% relaxed. If no data point falls exactly at this force, a linear approximation is 

used between the closest point on either side. These points are used to calculate parameters 

of cardiac muscle function as summarized in Table 1. For values described in Table 1 all 

parameters except BF and BF CoV are calculated once per contraction, the values from 

multiple contractions are used to obtain a mean ± standard deviation. BF is calculated 

for each interbeat interval and used to obtain mean ± standard deviation. BF CoV is 

then calculated by taking the BF and corresponding standard deviation. We recommend 
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analyzing at least ten contractions for a reliable mean, this system can also be applied to 

fewer contractions at the users’ discretion. One parameter can be used to correct in case 

of misidentification of the start or end of a twitch, the buffer. The buffer is how many 

data points away from the peak the algorithm should wait before looking for the derivative 

change.

2.1.6. Data archival—Calculated twitch characteristics are available for download as an 

excel file for each set of tissues analyzed. Additionally, a zip file containing all videos, 

excel files, and related database metadata can be downloaded for long-term archival when 

an experiment has concluded. That zip file can be re-uploaded later, and the database will 

automatically be populated with the previously used bioreactor and calibration data.

2.2. In-silico hECT model

For in-silico simulations we developed a custom MATLAB script, available at DOI: 

10.17605/OSF.IO/YWCHZ, to simulate video recordings of sine-based post displacements 

(30 FPS, 1920×1080px, 111 px/mm, .mp4). Each video contained 6 pairs of black dots 

that moved towards each other at the assigned frequency and displacement. The assigned 

displacements included 1.665, 2.22, 3.33, 4.44, 5.55, 11.1, and 22.2 px/post. Each of these 

displacements were generated at frequencies of 0.75, 1.00, and 1.25 Hz. Analysis of this 

in-silico model assumed post heights of 3 mm, distance between posts as 6 mm, Young’s 

modulus as 1.33 MPa, and post radii as 0.277 mm. Sav-gol smoothing parameters were kept 

constant with a polynomial of 3 and a window size of 19.

2.3. In-vitro hECT model

Human engineered cardiac tissues were fabricated as previously described [3]. Human 

induced pluripotent stem cells (hiPSCs) from a healthy cell line (SKiPS 31.3, [20]) 

were differentiated into cardiomyocytes. After day 25 of differentiation the hiPSC-derived 

cardiomyocytes were collected and resuspended in a Collagen and Matrigel mix (Bovine 

Collagen type I and Matrigel). This mix was layered onto a custom baseplate fitted with a 

polysulfone frame holding PDMS molds. The multi-tissue bioreactor holds up to six hECTs, 

each hECT is held between two flexible PDMS cantilever posts, and they share the same 

media bath in culture [3]. Functional analysis of the hECTs with our established reference 

and Rianú were performed after day 10 of hECT fabrication.

2.4. Established reference software

To evaluate the contractile function of the hECT, tissues were viewed one at a time 

using a dissecting microscope equipped with a Pixelink PL-B741 camera connected to 

a Olympus SZ61 dissecting microscope. Previously established software was then used 

to track (LabVIEW, National Instruments) and analyze (MATLAB, MathWorks) hECT 

function, serving as the control for validating this software for in-vitro experiments [21]. 

A custom LabVIEW script performed real-time tracking on two posts, saving centroid 

locations to a .dat file. Post and tissue heights needed in Eq. (1) were then manually entered 

into a summary CSV file. That summary CSV file and the .dat files was supplied to a 

custom MATLAB script that performed data smoothing, peak finding, and twitch parameter 
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calculations [3]. For all analysis of in-vitro hECTs sav-gol polynomial was 4 with a window 

size of 11 in both systems.

2.5. In-vitro pharmacologic applications

The hECTs were placed in a laminar flow hood, on a heating stage table, and visualized 

with a dissecting microscope equipped with a camera connected to a computer as 

described above. Video recordings, including three hECT per frame, were obtained 

under spontaneous conditions. The recordings started (pre-treatment), then isoproterenol 

(Isoproterenol hydrochloride; Sigma-Aldrich, Catalog #: I5267) was dispensed into the 

media for a final concentration of 300 nM. The hECTs were monitored and recordings 

were also obtained ten minutes after isoproterenol administration (post-treatment). The 

pre-treatment and ten minute post-treatment recordings were uploaded to Rianú for analysis.

2.6. Non-cantilever applications

To test Rianú on systems that are not cantilever dependent, two hECTs were fabricated using 

the same method described in Section 2.3 with minor modifications described hereafter. As 

one example of a non-cantilever dependent system, one hECT was unhooked from both 

posts after 7 days in culture, one day later functional analysis was performed, this was used 

to track the contraction of a free-floating tissue. As another example of a non-cantilever 

dependent system, we aimed to emulate a quasi-circular shaped hECT. For that purpose we 

accelerated the compaction of the hECT through supplementation with human ventricular 

cardiac fibroblasts (Lonza, Catalog #: CC-2904) at the time of fabrication [22]. After seven 

days in culture the hECT was unhooked from one post and by day ten the tissue had 

compacted and curled up around the top of a single post, this was used to track contractions 

of a circular shaped hECT.

2.7. Statistical analysis

Data were analyzed and graphed in Prism (GraphPad) and R 4.0.4 [23]. Data are presented 

as mean ± standard deviation. Differences between two experimental groups containing the 

same tissues were analyzed by paired two-tailed Student’s t-test. Differences between more 

than two independent experimental groups were analyzed by oneway ANOVA, significant 

results P < 0.05  were followed by Bonferroni post hoc test. Linear least-squares regression 

was performed to compare outputs from Rianú to the assigned inputs of the in-silico 

model; and also to compare outputs from Rianú and our established reference. Significant 

differences defined by P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****).

3. Results

3.1. Implementation

To increase throughput of experiments involving engineered cardiac tissue constructs, we 

developed Rianú. Rianú is an open-source web application capable of tracking and analyzing 

multiple hECTs simultaneously. This software was designed to be operating system agnostic 

and deployed on a remote server, accessible via a web browser with no local hardware or 

software requirements. Each Rianú instance has a database that stores bioreactor, hECT, 

and calibration information needed for cardiac contractility assessment. Instances can be 
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personal and password protected or shared between multiple users if they use the same 

bioreactors.

We and others have used a dual cantilever bioreactor setup to quantify hECT contractility 

[3,6,7,24,25]. In this setup, a tissue is fabricated suspended between two flexible 

polydimethylsiloxane (PDMS) posts, when the tissue contracts it pulls on both cantilever 

posts causing them to deflect inwardly. The post deflections can be converted into a 

measurement of force (described in detail in Section 2.1.2).

The workflow for using Rianú to analyze cardiac tissue function of this setup breaks down 

into four parts (Fig. 1). Firstly, a video of the post deflections caused by tissue contractions 

needs to be obtained and uploaded to Rianú (Fig. 1.A, Supplementary Video S1). As part 

of this upload process, metadata needed for analysis such as post and tissue heights are 

either inputted or selected from the database. Secondly, once a video has been uploaded, 

it can be tracked; the user selects the video and draws starting post locations on the first 

frame (Fig. 1.B). The tracking algorithm takes those starting positions and follows each post 

through subsequent frames, calculating the centroid of each post and saving the raw post 

deflection data. Thirdly, after tissues have been tracked, they can be analyzed (Fig. 1.C). The 

user selects the tissues of interest; the raw deflection data is then converted into a force as 

described in Eq. (1). Rianú then smooths the raw force data and finds the peaks (see Section 

2.1 for details). The peaks are used to calculate twitch parameters, and calculated parameters 

are outputted to a CSV file. Finally, after an experiment is finished, Rianú allows archival 

of data through a zip download (Fig. 1.D). The user selects the experiment they want to 

archive, which downloads a zip file containing all videos, twitch parameters, post locations, 

and bioreactor metadata related to that experiment. The experiment can then be deleted from 

the server and stored offline; if reanalysis is ever needed, that zip file can be uploaded, 

which will upload the archived videos and populate the database with all required metadata.

3.2. In silico characterization of sensitivity, reliability, and repeatability

The sensitivity, reliability, and repeatability of Rianú’s post-deflection tracking capabilities 

were characterized using a custom in-silico hECT model with assigned post displacement 

amplitudes and frequencies ranging from 1.665 px/post to 22.2 px/post and 0.75 to 1.25 Hz 

(with 0.25 Hz increments), respectively. Each contraction frequency was analyzed at all post 

displacement amplitudes, and no significant differences in measured beating frequency (BF) 

were observed across displacement amplitude groups for each assigned frequency (P = 0.941
for 0.75 Hz, P = 0.991 for 1 Hz, P = 0.995 for 1.25 Hz; Fig. 2.A and Supplementary Table 

S3). Linear least-squares regression analysis confirmed the expectation that the measured 

BF is linearly correlated with the assigned BF R2 = 0.9998  (Fig. 2.B). The developed 

force (DF) was measured for all assigned post displacement amplitudes; the resulting DF 

was significantly different between all post displacement amplitude groups, with higher 

DF at each increasing post displacement amplitude (ANOVA P < 0.0001; Bonferroni post 

hoc P < 0.0001 for each groupwise comparison; Fig. 2.C). This demonstrates that Rianú 

was able to reliably detect post displacement differences with a subpixel sensitivity of 

0.555 px/post (minimum increment between post displacements) and a lower limit of 

1.665 px/post (minimum post displacement). The repeatability of this software was tested 
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through the repeated tracking and analysis of a video with assigned deflections of 5.55 

px/post (Supplementary Video S2), it was repeated ten times using the same data smoothing 

parameters each time and the results were consistent across all iterations with no significant 

differences between trials for BF P = 0.888  or DF P = 0.493 .

3.3. Correlation to established reference

We then sought to evaluate Rianú’s performance compared to our validated system 

(established reference) currently used to record and analyze post deflections of individual 

hECTs [3]. A screen recording was captured while the contractions of the hECTs were 

tracked in real-time using the existing established reference software. The screen recording 

was uploaded to Rianú, allowing for post hoc tracking and analysis of the same hECT 

twitches. After tracking and analysis, the outputs from both systems showed a high 

correlation for all twitch characteristics investigated, including force- and time-domain 

parameters. Measurements under both electrical field stimulation (Fig. 3.A) and spontaneous 

beating (Fig. 3.B) conditions were analyzed. The high correlation for DF (Fig. 3.A.1), 

systolic force (Fig. 3.A.2) and diastolic force (Fig. 3.A.3) as well as the time to peak 

force (T2PK, Fig. 3.A.4) display Rianú’s ability to detect inotropic changes in hECTs. The 

time-domain parameter correlations including time to 50% relaxation (R50, Fig. 3.A.5), 

time to 90% relaxation (R90, Fig. 3.A.6), and spontaneous BF (Fig. 3.B.1), show Rianú’s 

ability to detect lusitropic and chronotropic changes. The maximum rates of contraction 

(+dF/dt, Fig. 3.A.7) and relaxation (−dF/dt, Fig. 3.A.8) can be affected by both inotropic 

and chronotropic changes. The beating frequency coefficient of variation (BF CoV, Fig. 

3.B.2) correlation shows Rianú’s ability to detect beating frequency irregularity, which can 

be used to detect a proarrhythmic phenotype [1]. The force-frequency relationship is another 

indicator of cardiac contractility, we evaluated how this measurement compared between 

Rianú and the established reference and observed mirrored trends in both (Fig. 3.C).

3.4. In-vitro pharmacological applications

Rianú successfully detected chronotopic changes in hECT contractions in response to 

isoproterenol [300 nM] under spontaneous conditions. Videos recording spontaneous 

contractions of the hECTs were obtained before, during, and for ten minutes after 

isoproterenol administration (Supplementary Video S3). For comparison of the BF changes 

in response to isoproterenol, two thirty-second video segments were analyzed pre-treatment 

and ten minutes post-treatment. The hECTs showed a 2.51 ± 0.26 fold increase in 

spontaneous BF (P < 0.0001; Fig. 4.A), with a significant decrease in BF CoV (P = 0.009; 

Fig. 4.B). DF did not change significantly P = 0.591 . T2PK, time to 50% relaxation (R50) 

and time to 90% relaxation (R90) decreased after isoproterenol, but the difference was not 

significant (Figure S1). Representative twitch tracings of force and dF/dt are shown in Fig. 

4.C and D. Of note, the change in BF was rapid; an increase in BF was identified within 

the first 60 s after isoproterenol administration (2.66 ± 0.86 fold increase compared to 

pre-treatment).
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3.5. Application to other bioengineered cardiac platforms

Not all 3-D tissue culture models of human myocardium include cantilever posts [26–29]. In 

order to demonstrate that Rianú is not limited to acquiring data from only cantilever-based 

bioreactors, both a free-floating tissue (Supplementary Video S4) and a tissue only anchored 

on one post (Supplementary Video S5) were recorded under electrical field stimulation. In 

both experimental conditions, the beating frequency matched the applied 1.00 Hz electrical 

stimulation frequency; with measured BFs of 0.99 ± 0.036 (3.6% BF CoV) Hz and 

1.00 ± 0.047 Hz (4.7% BF CoV) for the free-floating and single post anchored tissues, 

respectively (Fig. 5). Video S6 and Figure S2 shows a straightforward application of Rianú 

to an alternative arrangement of 6 cardiac tissues using the multiwell assay from EHT 

technologies; the post characteristics included in the analysis to calculate the absolute force 

are described in [6,17,30]. These results serve as proof-of-concept for Rianú’s capability to 

be applied to varied hECT experimental setups. We also tested Rianú’s applicability to other 

bioengineered cardiac platforms. Video S7 and Figure S3 demonstrate monitoring single 

cardiomyocyte contractility by tracking fluorescent beads displacement in a traction force 

microscopy assay, from Sala et al. [12]. Video S8 and Figure S4 shows monitoring the 

contractions of two free floating engineered heart muscle (EHM) tissue rings by tracking 

the edges of the tissues, showing differences in spontaneous beating rate for the different 

EHM compositions, from Tiburcy et al. [31]. Video S9 and Figure S5 demonstrate five 

displacement tracings obtained from tracking ten flexible holders around the periphery of 

an EHM patch, from Tiburcy et al. [31]. Finally, we used Rianú to examine the contraction 

of a monolayer culture of hiPSC-CMs, segmented into 36 regions, we applied 18 individual 

tracking features, demonstrating regional differences in myocyte beating pattern (Video S10, 

Figure S6). These examples demonstrate the versatility of the Rianú software, including the 

ability to simultaneously track a large number of features as required for applications such as 

high throughput screening.

4. Discussion

Our previous work shows how multiple tissues cultured in a shared media environment 

serve as a system to explore cell–cell interactions and dissect paracrine effects [32,33]. 

This bioreactor potentially allows for synchronous recording of multiple tissue responses 

to external stimuli; however, this multi-tissue capability has not been realized to date due 

to a lack of available software implementing the capturing of video data from more than 

one tissue at a time. Previously available software has been too specific, only working 

for particular bioreactor configurations, requiring commercial hardware [6], or limiting the 

number of tissues that can be analyzed [3]. Alternatively, open-source software exists that 

is capable of capturing data from a variety of culture conditions, but force is reported in 

arbitrary units, and even the latest version appears to capture data from one tissue at a time 

[12].

Rianú’s use of a general-purpose tracker makes it uniquely versatile. Rianú reliably detected 

hECT contractions; in cases where the experimental setup allows (i.e. dual cantilever 

suspended hECTs), those contractions were translated into forces; and in experimental 

setups that have no way to translate contraction displacements to forces (i.e. free-floating 
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hECTs), Rianú was applied to report time-domain parameters, as demonstrated by our 

proof-of-concept test (Fig. 5). The open-source nature of this software further builds 

on this versatility, as the same tracking software can be re-purposed for non-cantilever 

bioreactor setups, or for systems with alternative equations to translate displacement into 

force values. Rianú accepts video recordings, which allows for re-analysis of the same video 

multiple times, or by multiple investigators, if comparisons at a later time point are desired 

(Supplementary Table S1).

In this study, we limited our simulations to six in-silico tissues because that is currently the 

highest quantity of hECT that our experimental bioreactor system can culture in a shared 

media environment [3]. However, this is not a software limitation, and Rianú can track 

a higher number of objects, limited only by the experimental setup’s ability to capture 

displacements greater than 1.665 pixels per object of interest. Rianú’s ability to increase 

throughput is determined as a factor of the number of trackable objects in the recording; 

applied to our multi-tissue bioreactor that holds 6 hECTs, this translates to a 6-fold increase 

in throughput. Tracking this in silico model (Video S2) with 6 tissues took under 1 min (10 

s, 1920 × 1080, 25 fps). As an example of further parallel analysis, we used a video of a 

engineered heart muscle patch configuration with multiple flexible holders, described and 

shown in Tiburcy et al. (Video S9 [15 s, 306 × 218, 50 fps]) [31], we tracked the motion 

from a combination of 24 pairs of objects (48 trackers) and completed the analysis in under 

3 min.

Rianú is an entirely post hoc implementation of hECT analysis. It does not help with hECT 

fabrication or recording. This, however, leaves the user with flexibility on how they want to 

generate and record hECTs; they do not need to limit themselves to any particular setup. In 

the experimental setup design, consideration needs to be taken to use a camera of sufficient 

frame rate, zoom, and resolution to obtain displacements of higher than 1.665 pixels per 

object of interest as Rianú struggled with displacements lower than this. This practical lower 

limit in detection displacement is a result of the CSRT localization process attempting to 

find the object of interest within the region of interest, which introduces minor jitter of the 

tracker boundaries. In silico simulations found object displacements lower than 1.665 px 

were obfuscated by this intrinsic jitter, while larger displacements were able to overcome 

this baseline jitter and get a readable signal with a 0.555 px sensitivity. Deep learning 

trackers could be implemented to address these sensitivity limitations as long as the object of 

interest is consistent across recordings.

For applications where the same objects are tracked in every video, a deep learning based 

Generic Object Tracking Using Regression Networks tracker (GOTURN) could be trained 

to increase object tracking accuracy and speed [34]. In addition, object detection could 

be automated using contour detection or deep learning [35,36], eliminating the need to 

manually draw each object’s starting position; indeed, future versions of Rianú could use 

AI-based feature tracking rather than manual ROI selection. Teles et al. have shown the use 

of machine learning to identify healthy or diseased cardiomyocytes based on twitch tracing 

data [37]. Additionally, Lee et al. have used machine learning for comprehensive analysis 

of contractile behavior in drug screening studies [2]. Rianú’s use of Python, a popular 

language for machine learning, and its deployment on a server makes it well suited for fully 
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integrating these machine learning approaches to automate tissue characterization, with the 

advantage of not requiring additional steps in the user workflow. Combining deep learning 

trackers with machine learning characterization techniques would expedite Rianú at every 

step of the process, including post detection, post tracking, and functional characterization. 

The implementation of these techniques was outside of the scope of our study, but we 

envision that Rianú could be used to train these machines. In consideration of the recent 

FDA Modernization Act 2.0 [38], there is growing interest in using in vitro cardiac assays 

for drug development, and we anticipate that analysis techniques such as Rianú will have an 

important role for future regulatory requirements.

In conclusion, herein we present a fully open-source software designed to be deployable 

on a remote server and accessed via any web browser. This software reliably detects 

hECT contractions and translates them into twitch tracings which are used to obtain 

measurements for DF, BF, and other associated cardiac muscle function parameters. The 

ease of implementation, availability, and versatility of this software will help advance hECT 

studies. Its multi-tracking capabilities make it practical to evaluate multiple hECTs recorded 

simultaneously, increasing throughput of hECT screening.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Rianú workflow overview. (A) Uploading workflow. Recorded videos are saved to the 

server’s file system, while bioreactor and tissue metadata is stored in the database. The inset 

photograph is a top view of an array of six hECTs suspended between cantilever posts. (B) 

Tracking workflow. A video is selected from the uploaded videos by the user and collected 

by Rianú, the user draws post location on the first frame (green boxes on inset photograph), 

the tracking algorithm tracks posts and saves displacements. (C) Analysis workflow. Tissues 

of interest that have been tracked are selected by the user. Rianú filters the data, finds peaks, 

and calculates twitch parameters. The analysis algorithm can be recalled to update graphs 

with new sav-gol filter parameters, new peak finding parameters, or a reduced time interval 

of interest for each tissue. (D) Archiving workflow. An experiment is selected by the user. 

Rianú finds all videos associated with that experiment and saves those videos along with the 

calculated twitch parameters, post locations, and bioreactor metadata in a zip file. This zip 

can be later uploaded for further analysis as needed. The web browser (sky blue) represents 

the interface between the user inputs and outputs (blue-gray; left) and the server actions 

(gray; right).
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Fig. 2. 
In-silico characterization of Rianú. (A) The measured beating frequency after tracking 

simulated hECTs at varying assigned frequencies (blue: 0.75; red: 1.00; green: 1.25 Hz) 

and post displacement amplitudes. Values shown represent mean and error bars represent 

standard deviation. (B) Linear least-squares regression model comparing measured beating 

frequency and assigned beating frequency. Values shown represent individual simulated 

tissues. (C) Linear least-squares regression model showing the calculated developed force 

at different post deflections at 1.00 Hz. * is 1.665 post displacement (px). Values shown 

represent individual simulated tissues, crossbar (red line) represents the mean. n = 6
simulated tissues per post displacement group at each frequency (total n = 126; panels A 

and B), n = 6 simulated tissues per post displacement (total n = 42; panel C).
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Fig. 3. 
Comparison of Rianú with our established reference software. Twitch characteristics of 

electrically stimulated (A, n = 7 at 0.75 Hz, n = 7 at 1.00 Hz, and n = 6 at 1.25 Hz) and 

spontaneously beating (B, n = 6) twitch characteristics of hECTs calculated independently 

by the current established reference (x-axis) and Rianú (y-axis). Solid black lines represent 

results of linear regression (best-fit equation shown) and red shaded regions represent 

95% confidence intervals. Force-frequency relationship (C) of electrically stimulated tissues 

normalized to 0.5 Hz for each hECT, with mean ± standard deviation for Rianú (solid 

black square, dashed black line) and current established reference (hollow orange box with 

crosshair, dashed orange line), DF = Developed force.
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Fig. 4. 
Isoproterenol induced chronotropic effects on hECT. (A) Spontaneous beating frequency, 

(B) spontaneous beating frequency coefficient of variation, (C) representative twitch force 

tracings, and (D) representative dF/dt tracings of hECT before (blue) and ten minutes 

after (red) isoproterenol treatment [300 nM] are displayed. n = 6 hECT. Boxplots represent 

minimum, Q1, median, Q3, maximum. ** P < 0.01, and **** P < 0.0001.
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Fig. 5. 
Non-cantilever applications. (A) Poincaré plot of time to next peak PPn + 1  and time to 

previous peak PPn  with the supplied electrical field stimulation (red triangle) indicated. 

Ellipse represents 95% confidence interval of the mean. PP = peak-to-peak. (B) Ten second 

twitch tracings from free-floating (brown) and single post anchored (green) tissues. Note 

different scale for y axes.
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