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With the high rate of cardiovascular disease and cardi-
ovascular comorbidities, the burden on the healthcare 

system in the United States has reached $329.7 billion dol-
lars per year.1 As developing countries become more indus-
trialized, they also become susceptible to entering a phase, in 
which cardiovascular disease (a noncommunicable disease) 
begins to outrank communicable diseases such as malaria, tu-
berculosis, and HIV/AIDS. However, the rate of novel drug 
discovery dropped 33% between the years 2000 and 2009 as 
compared to the prior decade, whereas the price of bringing a 
new drug to market cost over $50 billion in the United States 
in 2008.2 Consequently, great effort has been made to identify 
new therapeutics, yet few therapeutics have been found be-
cause of the limitations of current techniques.
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Fortunately, cardiomyocytes are one of the most readily 
produced and distinguishable cell types that can be differ-
entiated from pluripotent stem cells (PSC).3 Human PSC-
derived cardiomyocytes (hPSC-CMs), while immature, have 
the machinery at hand to express all the electrophysiological 
ion channels found in an adult human cardiomyocyte, along 
with their critical sarcomere structures. These repeating sar-
comeres, along with the sarcolemma-binding costamere struc-
tures, provide cardiomyocytes with their mechanotransductive 
properties. Because of the indispensable nature of these pro-
tein complexes, mutations affecting sarcomere and costamere 
protein-coding genes lead to severe and often lethal diseases. 
Additionally, gene editing technologies, such as CRISPR/
Cas9, have progressed alongside improved hPSC culture and 
patient-derived somatic cell reprogramming methods to en-
able controlled in vitro studies of these diseases. With these 
combined tools, researchers can now identify specific drugs 
that may aid these patients in a precision medicine approach. 

This new approach to human cardiac disease modeling has 
now reached a point where drugs can be screened for off-tar-
get cardiac toxicity, proarrhythmic events, and patient-specific 
cardiac diseases.

As advances in automation, high-content imaging, gene 
editing, stem cell technologies, and sequencing enable re-
searchers to model diseases at increasingly large scales, there 
are still several challenges that prevent researchers from 
fully recapitulating disease phenotypes in vitro. Specifically, 
hPSC-CMs continue to exhibit fetal-like phenotypes in the 
transcriptional, protein, and functional space.4 The sarcomere 
structures that form in hPSC-CMs exhibit a misaligned, often 
rounded morphology, unlike the uniformly oriented, consist-
ently spaced structures that are observed in primary tissues.5 
Several approaches have been implemented to improve this 
sarcomere structure, to push the hPSC-CMs toward a more 
mature-like state. Thus, there is a high demand for methods 
to quantify sarcomere structure in a dynamic culture, as they 
would allow researchers to screen for both hPSC-CM disease 
phenotypes, treatment corrections, as well as maturation fac-
tors for protocol optimization.

Currently, in the field, it has been a challenge to obtain 
dynamic assessment of contraction parameters in beating hP-
SC-CMs. The current gold standard in determining adult car-
diomyocyte contractile properties is the IonOptix system.6 In 
this system, a region of interest is drawn over a horizontally 
aligned cardiomyocyte, from which a Fast Fourier Transform 
is derived to achieve sarcomere spacing. However, this system 
is best utilized with single-cell adult cardiomyocytes because 
a clear contractile axis is required for the imaging software. 
Because adult cardiomyocytes are not available from humans 
and current techniques to mature hPSC-CMs are not yet able 
to achieve full adult-like structure, other single-cell assays 
have been developed to quantify sarcomere structure. Higher 
throughput means of determining relative displacement of 
monolayers of cardiomyocytes includes correlation-based 
correction quantification7 and Fast Fourier Transform to di-
rectly monitor changes in sarcomere length.8 There are addi-
tional methods that more directly quantify the forces applied 
by cardiomyocytes on their surroundings, such as micropost 
platforms9 and traction force microscopy.10 Both techniques 
examine contractile function by measuring the deformations 
of materials that hPSC-CMs are seeded on, rather than ob-
serving the sarcomeres themselves.

In this issue of Circulation Research, Toepfer et al11 gener-
ated a new computational pipeline, coined SarcTrack, which 
uses wavelet transforms to noninvasively determine the con-
tractile properties of hPSC-CMs in a robust manner. What 
is exciting about the SarcTrack software is it can robustly 

The opinions expressed in this article are not necessarily those of the 
editors or of the American Heart Association.

From the Department of Bioengineering (J.W.M., D.-H.K.), Center 
for Cardiovascular Biology (D.-H.K.), and Institute for Stem Cell and 
Regenerative Medicine (D.-H.K.), University of Washington, Seattle; and 
Disease Modeling Group, insitro, South San Francisco, CA (M.R.S.).

*J.W.M. and M.R.S. contributed equally to this article.
Correspondence to Deok-Ho Kim, PhD, Department of Bioengineering, 

University of Washington, Box 355061, Seattle, WA 98195. Email 
deokho@uw.edu

Editorial

High-Throughput Contractility Assay for Human Stem  
Cell-Derived Cardiomyocytes

One Beat Closer to Tracking Heart Muscle Dynamics

Jason W. Miklas,* Max R. Salick,* Deok-Ho Kim

(Circ Res. 2019;124:1146-1148.
DOI: 10.1161/CIRCRESAHA.119.314844.)

© 2019 American Heart Association, Inc.

Circulation Research is available at https://www.ahajournals.org/
journal/res

DOI: 10.1161/CIRCRESAHA.119.314844

D
ow

nloaded from
 http://ahajournals.org by on July 24, 2019

https://circres.ahajournals.org/content/124/8/1172
mailto:deokho@uw.edu
https://www.ahajournals.org/journal/res
https://www.ahajournals.org/journal/res


Miklas et al  Assay for hPSC-CM Dynamics  1147

identify multiple sarcomere units at varying directionalities 
and distances to asses many sarcomeres in a given field of 
view from multiple cells. As a result, the resolution is much 
greater than other techniques as it is at the individual sarco-
mere level.

Like Fast Fourier Transforms, wavelet transforms are of-
ten used in image processing for denoising, compression, and 
object detection. These transforms are similar in that they both 
convert a signal or image into the frequency domain, allowing 
a researcher to quickly quantify any repeating pattern that is 
present in a signal (such as a specific audio pitch) or a repeat-
ing pattern that is present in an image (such as a striated my-
ofibril). The advantage of wavelets is that they provide both 
the frequency of a repeating pattern within an image, along 
with the location of that repeating structure. In contrast, Fast 
Fourier Transform only contains frequency information and 
thus is more effective if the entire analyzed region contains a 
uniform, unidirectional repeating structure.

To use SarcTrack, a user provides a discrete set of distanc-
es and angles that could define the relative distances of any 
2 neighboring Z-disks/M-bands. The algorithm then gener-
ates pairs of standard Mortlet mother wavelets and transforms 
these pairs based on the possible list of distances and angles 
provided. This creates a bank of small images that resemble i-
deal sarcomeres under a variety of distances and rotations. The 
algorithm then convolutes these wavelet pairs frame-by-frame 
over a video of contracting cells. The convolution algorithm 
finds regions within the image that closely resemble any of the 
defined wavelet pairs, labeling that region as a sarcomere of 
known rotation and distance. These wavelet pairs allow quan-
tification of distances and angles between Z-lines and M-lines 
at the single sarcomere scale, with no requirement that myo-
fibrils be unidirectional and have uniform sarcomere lengths.

One of the interesting features of this analysis technique 
is the ability to track various alignments of sarcomeres in 

hPSC-CMs. Because global tracking of various sarcomeres in 
a cell can be performed, a diseased cell or a drug that results 
in malformation/disassembly of sarcomeres will manifest as 
a large distribution in analyzed values. Immature hPSC-CMs 
have poor arrangement of myofibrils. Whereas many of the 
dominant myofibrils in an hPSC-CM will probably be paral-
lel to the long axis of the cardiomyocyte, there will be many 
other myofibrils randomly distributed. Consequently, these 
other myofibrils with random orientations to the long axis or 
the axis of contraction will most likely have different contrac-
tile properties compared with the main myofibrils in the cell. 
As a result, there will be a great deal of variation found within 
the assessed sarcomere analysis. It is impressive that we now 
have tools that have the resolution to measure so many myofi-
brils in the cell. It would be exciting to combine this imaging 
technology with current cell patterning strategies to generate 
well-aligned cardiomyocytes or other maturation techniques to 
obtain mature and aligned sarcomeres for analysis.7 This will 
help to reduce the amount of noise generated in the data and 
be well suited to disease modeling and drug discovery studies.

The current software tool is restricted to contractile mea-
surements. However, this imaging modality could be coupled 
with other engineered cell lines that express calcium or volt-
age sensitive fluorophores. This multiplexing feature would 
broaden the field of view for the screening potential performed 
as both contractile and electrophysiological properties could 
be assessed at once. The requirement of user-defined wavelet 
kernels spanning a discrete set of distances and angles does 
allow for misaligned sarcomere detection, however, at a sig-
nificant cost of computational power. Additionally, this forces 
the analyst to balance between detection resolution and speed 
of analysis. A first-pass script to automatically determine sar-
comere directionality and distance, even coarsely, may help to 
address this challenge, as well as reduce the likelihood of user 
error when handling the script.

Figure. Components to consider when performing a high-throughput screen on human pluripotent stem cell–derived cardiomyocytes. Modern 
techniques allow for a plethora of different parameters to consider when setting out to perform a high-throughput screen including cellular model, type of 
screen, and end point functional measurements. Choosing the optimal conditions will depend on the disease/biological perturbation being studied, which will 
dictate the desired functional measurement to record and whether the cell line will require modifications to accommodate the functional measurement. hESC 
indicates human embryonic stem cell; hiPSC, human induced pluripotent stem cell; and RNAi, RNA interference.
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Finally, there has been a great deal of effort to find novel 
ways to mature hPSC-CMs to a more adult-like state. Tissue 
engineering is a prominent technique used to recapitulate the 
3-dimensional structure of the native myocardium and to in-
troduce multiple cell types that would help promote a more 
mature cardiomyocyte.12 To assess force of contraction in bulk 
tissues, the constructs are tethered to deflectable posts that 
can be used to determine force of contraction of the whole 
tissue.13,14 Whereas single-cell force of contraction and sarco-
mere dynamics cannot be assessed in this paradigm, bulk tis-
sue assessment to drugs or maturation cues can be achieved.

To capitalize on hPSC-CMs, complementary technol-
ogy needs to be generated to assess the functional state of 
the hPSC-CMs during screens: genetic, small molecule, and 
pharmacological (Figure). These technologies need to be non-
invasive, nondestructive, provide a robust assessment of car-
diac function and be easily scalable to efficiently assess many 
cells and merge into the pharmaceutical pipeline. Developing 
tools such as SarcTrack helps to push the utility of hPSC-CMs 
as a model to study and find novel interventions of cardiac 
disease. Further development of such tools and multiplexing 
tools to assess multiple concurrent cardiomyocyte functional 
outputs will help generate robust in vitro platforms for rapid, 
reliable and cost-effective drug discovery.
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