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Automated Video-Based Analysis of Contractility
and Calcium Flux in Human-Induced Pluripotent

Stem Cell-Derived Cardiomyocytes Cultured
over Different Spatial Scales

Nathaniel Huebsch, PhD,1,* Peter Loskill, PhD,2,3,* Mohammad A. Mandegar, DPhil,1 Natalie C. Marks, BA,2

Alice S. Sheehan, BA,1 Zhen Ma, PhD,2 Anurag Mathur, PhD,2,3 Trieu N. Nguyen, BS,1

Jennie C. Yoo, BS,1 Luke M. Judge, MD, PhD,1 C. Ian Spencer, PhD,1 Anand C. Chukka,1

Caitlin R. Russell, BS,1 Po-Lin So, PhD,1 Bruce R. Conklin, MD,1,4 and Kevin E. Healy, PhD2,3

Contractile motion is the simplest metric of cardiomyocyte health in vitro, but unbiased quantification is
challenging. We describe a rapid automated method, requiring only standard video microscopy, to analyze the
contractility of human-induced pluripotent stem cell-derived cardiomyocytes (iPS-CM). New algorithms for
generating and filtering motion vectors combined with a newly developed isogenic iPSC line harboring ge-
netically encoded calcium indicator, GCaMP6f, allow simultaneous user-independent measurement and anal-
ysis of the coupling between calcium flux and contractility. The relative performance of these algorithms, in
terms of improving signal to noise, was tested. Applying these algorithms allowed analysis of contractility in
iPS-CM cultured over multiple spatial scales from single cells to three-dimensional constructs. This open source
software was validated with analysis of isoproterenol response in these cells, and can be applied in future
studies comparing the drug responsiveness of iPS-CM cultured in different microenvironments in the context of
tissue engineering.

Introduction

Human-induced pluripotent stem cell (iPSC) and
genome engineering technologies now offer a means to

model human disease, cardiotoxicity, and therapy in vitro, to
overcome the limitations of animal models.1 However, ro-
bust unbiased methods to assess the physiology of cardio-
myocytes derived from in vitro differentiation of pluripotent
stem cells are lacking. Clinically, heart disease manifests
through changes in physical characteristics of the tissue,
leading to aberrations in mechanical strain, movement co-
ordination, and beating frequency (e.g., arrhythmia). Based
on the electrochemical activation underlying these changes,
high-throughput in vitro assays are being developed to
monitor the electrical behavior of either single cells or
clusters of primary and pluripotent cell-derived cardio-
myocytes.2–4 These high-throughput assays complement
traditional lower-throughput patch-clamp electrophysiology,

and are complemented by novel genetic tools for imaging
calcium transients.5,6 However, these approaches either re-
quire that cardiomyocytes be plated onto specialized mate-
rials (e.g., multielectrode arrays, microelectrode arrays
[MEAs], or synthetic hydrogels embedded with fluorescent
particles to track strain7) or involve genetic manipulations.5

In contrast, qualitative aspects of cardiomyocyte physiology
can be easily monitored with standard optical microscopy,
which does not require genetic engineering or specialized
substrates and can be performed continuously throughout
the time course of differentiation or drug evaluation. Hence,
image-processing tools have been applied in attempts to turn
such qualitative observations into quantitative data.3,8–10

Popular image-processing techniques include edge detection
and simple pixel intensity monitoring.8,10 These techniques
require the user to specify regions of interest to monitor, which
introduces inherent bias.8,11 To avoid this bias, a series of more
robust methods to detect motion, collectively referred to as
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optical flow,12 are now used to analyze primary13,14 and plu-
ripotent stem cell-derived9,15 cardiomyocytes. In the field of
computer vision, optical flow describes the motion of pixels
from one frame to the next in a two-dimensional (2D) video.12

One of the simplest means of calculating optical flow is through
block matching, in which macroblocks of pixels within an
image are used as fiduciary markers to estimate movement
from one still frame to the next (Fig. 1).

Analysis of motion vector fields generated by block
matching yields several parameters related to the health of
cardiac tissue that cannot be identified with simple edge
detection, such as the robustness of mechanical coupling across
tissue, which can be assessed through coordination of motion
from different parts of the tissue.12–15 However, because of
technical obstacles, many users have not adopted this unbiased
approach for analyzing cardiomyocyte contractility. First, an-
alyzing videos of single or sparse cardiomyocytes is difficult
because their contraction speed is often obscured by nearby

Brownian motion or camera noise. This prevents direct com-
parisons of the drug IC50 and other relevant parameters be-
tween cardiomyocytes cultured in 2D versus three-dimensional
(3D), a topic of interest to tissue engineers. Second, optical flow
analysis has been applied only to bright-field videos of cardi-
omyocytes,9,13,14 in which motion cannot be tracked simulta-
neously with voltage or calcium flux using fluorescent reporters
(e.g., to assess electromechanical coupling). Finally, optical
flow analysis typically requires significant experience in
computer programming.

Cardiomyocytes are derived from in vitro differentiation
of pluripotent stem cells, because these cells do not have the
characteristic rod shape or contractile motion of adult car-
diomyocytes. Thus, to quantify drug response, disease
physiology, and maturation characteristics of this cell pop-
ulation, we developed new algorithms for optical flow
analysis that allow greater sensitivity to contractile motion
and improved ability to reject noise from Brownian motion

FIG. 1. Block-matching and cleaning algorithms to analyze cardiomyocyte contractility. (a) A block-matching optical
flow algorithm estimates motion in arbitrary sets of images. First, a still frame (Frame 1; left) is divided up into a grid of
macroblocks. In a subsequent frame (Frame 2; right), the position of the macroblock is identified, and the motion vector
(red) connecting the original and new macroblock positions is calculated (center). Finally, the image in the new frame is
divided into a new set of macroblocks, and the process is repeated. Note: Macroblocks are placed based on overall image
boundaries, irrespective of the position of individual objects. (b) Schematic depicting the application of block matching to
cardiomyocyte motion analysis. (c) By tracking movement of all macroblocks from Frame 1 to Frame 2, a field of vectors
indicating motion velocity is generated, as shown in schematic form (top) and within a beating sheet of induced pluripotent
stem-derived cardiomyocytes (iPS-CM, bottom). (d) Example of a typical macroblock from iPS-CM motion analysis; A
close-up image within an iPS-CM sheet, indicating a macroblock (green) that is shown at progressively higher magnifi-
cation. (e) Heat maps depicting the time-averaged magnitude of all motion (left), horizontal motion only (center), or vertical
motion only (right) for the images used to generate the data in Figure 1. (f) Heat map depicting the likelihood that a specific
region within the image is a center of contraction. A contractile center is defined as a region from which contractions
(inward motion) are maximized over the time-averaged course of the movie. Note: Regions of maximum contraction tend to
be outside of motion centers. (g) Representative tracing of the average speed versus time for a cardiomyocyte sheet.
Contraction and relaxation appear as doublet peaks, and beat rate is calculated from the time shift between contractions.
(h) Tracings obtained for the same region as in (g), but depicting average velocity versus time. Black drop line denotes a
contraction, as defined by both methods. Color images available online at www.liebertpub.com/tec
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and other background sources, to monitor the physiology of
the contractility of iPS-derived cardiomyocytes (iPS-CM)
independent of the culture platform. By applying an im-
proved single-sweep exhaustive search block-matching al-
gorithm, we were able to rapidly determine contractile
motion in sheets of iPS-CM derived from high-efficiency
differentiations. New algorithms were applied to detect the
center of contractile motion and to measure cardiomyocyte
contractility even in sparse cultures or singularized cells.
These algorithms also allowed optical flow analysis of
movies taken with the genetic calcium reporter, GCaMP6f,
thus allowing, for the first time, simultaneous measurements
of motion and calcium flux. This may be applied in future
studies to detect the effects of drugs or genetic mutations on
calcium–contraction coupling over long-term culture. To
demonstrate the power of these tools, we applied them to-
ward analyzing the dose and temporal response of iPS-CM
to isoproterenol. The code required to implement this
analysis is also provided in this study with a user-friendly
interface, to obviate the need for programming ability. This
user-friendly tool requires only standard video microscopy,
and even relatively low frame rates ( < 30 frames per second
[fps]) can be used to acquire most of the parameters relevant
to assessing iPS-CM behavior and drug response, including
beat rate. It can be a widely used tool as an alternative to
methods that require more expertise and costly equipment.

Materials and Methods

iPSC culture and cardiomyocyte differentiation

Wild-type (WT) human iPSCs were reprogrammed using
nonintegrating vectors16 from dermal fibroblasts obtained
from a healthy volunteer who had a normal electrocardio-
gram and no known family history of cardiac disease at the
time of donation. The cells are hereafter referred to as WTC.
Before cardiac differentiation, iPSCs were passaged without
feeder layers in the Essential 8 medium (Life Technologies)
at a constant density of 8000 cells/cm2 on substrates coated
with growth factor-reduced Matrigel (BD Biosciences) for
at least three passages.

Cardiomyocyte differentiation was achieved by modify-
ing the Wnt GiWi method developed by Lian et al.17,18

Briefly, human iPSCs were dissociated with Accutase (Life
Technologies) and seeded onto Matrigel-coated cell culture
plates at 25,000 cells/cm2 in E8 media supplemented with
10 mM Y-27632 (Sigma). The medium was changed 24 h
later to E8 without Y27632, and cells were expanded in E8
for 2 additional days. On day 0, iPSCs were treated with
12 mM of the GSK3-b inhibitor, CHIR99021 (CHIR; To-
cris), in the RPMI 1640 medium containing B27 supplement
without insulin (RPMI/B27-I; Life Technologies). Exactly
24 h after adding CHIR (day 1), the medium was changed to
RPMI/B27-I and cells were incubated for another 48 h. On
day 3, cells were exposed to a 50:50 mixture of their own
conditioned media and fresh RPMI/B27-I. The combined
media were supplemented with the Wnt inhibitor IWP-2
(Tocris) at a final concentration of 5 mM. On day 5, 48 h
after adding IWP-2, media were changed to RPMI/B27-I for
2 days, and then changed to RPMI 1640 containing B27
complete supplement (RPMI/B27C; Life Technologies) on
day 7. Thereafter, cells were fed every 3 days with RPMI/
B27C.

For motion tracking studies, iPS-CM were analyzed either
within the wells where they were originally differentiated or
they were singularized and replated onto a second set of
substrates. Using the modified GiWi differentiation proto-
cols (above), we achieved differentiation efficiencies of
above 70% (based on flow cytometry analysis of cardiac
Troponin T15), and only wells that had visibly beating sheets
were used for tracking analysis. For replating, iPS-CM on
days 15–18 of differentiation were retrieved by digestion for
10–15 min in 0.25% trypsin, which was quenched in em-
bryoid body media 20 (EB20; Knockout Dulbecco’s Mod-
ified Eagle’s Medium containing 20% characterized fetal
bovine serum, 1 mM nonessential amino acids, 1 mM l-
glutamine, 0.1 mM b-mercaptoethanol). Cells were carefully
singularized to prevent mechanical shear19 before they were
counted. To seed single cells, iPS-CM were replated at
10,000 cells/cm2, whereas for clusters, cells were replated at
50,000 cells/cm2. For 3D scaffolds, cells were seeded at a
density of 107 cells/mL. Cells were replated onto Matrigel-
coated substrates, or 3D scaffolds, in EB20 supplemented
with 10mM Y27632.20

Analysis of iPS-CM spontaneous beating and drug
response with video microscopy

iPS-CM were imaged on a microscope at 37�C and 5%
CO2 to maintain physiologic conditions. The reproducibility
of the approach was verified by performing the analysis using
two different systems: (1) Molecular Devices ImageXpress
Micro and (2) Zeiss Z1 AxioObserver Microscope equipped
with a Hamamatsu ORCA-Flash 4.0 sCMOS camera. The x,
y, and z positions of each region of interest (ROI) were
preselected at random and programmed using Zeiss Zen
software. Plates containing samples were incubated on the
microscope for 30 min to equilibrate conditions before ana-
lyzing baseline beating of the cells. Videos of cells were
taken at 14 fps over 10–20 s for each position. At least 30
positions were used to analyze baseline beating. For drug
response studies, media containing 10 · stock solutions of
isoproterenol were equilibrated to the same conditions within
a separate multiwell plate, and immediately following the
baseline imaging, the drug was rapidly added. The final
concentration of isoproterenol ranged from 100 nM to 10mM
after diluting into culture media. Bright-field videos (14 fps)
were taken at 0.5-, 2-, 8-, and 24-h intervals after adding the
drug. To verify that a 14 fps capture rate was sufficient to
capture dynamic cell responses, we also performed analysis
of baseline iPS-CM beating at 100 fps using a Hamamatsu
ORCA-Flash4.0 camera.

Software availability

All image analyses tools described in this study were
developed in Matlab (Mathworks). The implementation of
these algorithms requires the Image Processing and Parallel
Computing Toolboxes, in addition to the base Matlab
computing environment. Although the code is distributed in
this study for users to further modify, under GNU license,
users who simply wish to apply the code can do so without
programming knowledge using the supplied user interfaces
(Supplementary Figs. S1 and S2; Supplementary Data are
available online at www.liebertpub.com/tec). The software
is available at http://gladstone.ucsf.edu/46749d811/.
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Optical flow analysis of spontaneous
cardiomyocyte beating

Videos of spontaneously beating iPS-CM (no exogenous
electrical stimulation) were exported as a series of single-
frame image (.tiff) files. The block-matching method used
for motion tracking employs an exhaustive step search.
Movement of a given pixel macroblock at the ith frame (Fig.
1a–c) is calculated by matching a block of pixels (typically
16 · 16; Fig. 1d) to an identically-sized block of pixels in the
i + dth frame, where d is a delay in frames that the user
selects. Similar to previous analyses of confluent monolay-
ers of rodent primary cardiomyocytes,13 we empirically
found an optimal delay of two frames. Before performing
this analysis, the user inputs a maximum pixel shift pa-
rameter that describes the largest possible movement, p, in
pixels that a given macroblock can make. We empirically
set p to 7 for images taken with 10 · or 20 · objectives, 1.02
and 0.512 mm per pixel, respectively. For block matching, a
given pixel macroblock of n · n pixels from time i is first set
to the exact same spatial position at time i + d. The entire
macroblock is then subjected to rigid vertical and horizontal
motion, one pixel at a time, until the maximum displace-
ment p has been reached in each of the four cardinal di-
rections. This sweeps the macroblock across p · p + 1
different positions (the extra position is the origin) to create
p · p + 1 temporary new macroblocks. For each new tem-
porary macroblock from time i, the quality of registration
between the temporary macroblock and that set at the origin
for time i + d is calculated by measuring the mean absolute
difference (MAD) between each pixel. The MAD is then
used to assign a cost to each possible position for macro-
block movement. Although more complex methods for
image registration are available, MAD can be measured
very rapidly. Within the p · p + 1 array of possible new
macroblock positions, the position that yields the minimum
cost is selected as the new position.

By repeating the above procedure for each macroblock in
the image, the computer generates an array of motion vec-
tors that represent the motion of cells and tissue for each
time frame (Fig. 1a–c, g). Taking all frames together, a time
series of motion vectors that display the kinetics of the
beating motion is obtained, which visually aids in inter-
preting videos of beating cardiomyocytes (Supplementary
Movie S1).

Computational analysis of beating centers

To identify beating centers—defined as regions from
which motion originates—new algorithms were devel-
oped. First, the user selects a ROI and then a subregion
that contains the origin of contraction. The software then
calculates, within the larger ROI, the net movement to-
ward and away from each macroblock contained within
the smaller ROI. The center of motion is identified as
the pixel from which the difference between inward
motion (toward the pixel; contraction, blue) and outward
motion (away from the pixel; relaxation, red) is maxi-
mized (Fig. 1f; Supplementary Movie S2). The software
further produces an image, depicting the likelihood that
a given location is a beating center, and corresponding
plots of beating toward and away from the motion center
(Fig. 1h).

MEA analysis

On day 18, iPS-CM were plated onto Matrigel-coated
MEA chips (MED-P545A; Alpha MED Scientific, Inc.).
Field potential waveforms were recorded using a MED64
system (Alpha MED Scientific, Inc.). Bright-field videos
were recorded using a CCD camera (QICAM; QImaging) on
an Eclipse TE-300 microscope (Nikon) equipped with a
heated stage (TP-SQ05; Tokai Hit Co.). During MEA re-
cording and imaging, the cells were maintained at 37�C.

Patch clamp analysis

Patch clamp was performed as previously described.21

Briefly, 30 days after initiating differentiation with CHIR,
visibly beating myocytes were dispersed by trypsinization
onto fibronectin-coated coverslips (no. 1, CS15R; Warner
Instruments). Populated coverslips were incubated in the
RPMI complete medium (changed every 3 days) and were
transferred to the superfusion bath (Warner RC-26GLP) on
a Nikon TiS inverted microscope equipped with a photo-
multiplier (PMT) microfluorometer system (IonOptix;
PMT400). Extracellular solutions, delivered locally near
the patch-clamp electrode, were warmed to 30�C with a
superfusion system (AutoMate Scientific). One myocyte of a
synchronously beating microcluster was patch clamped
through an Axopatch 200B amplifier (Molecular Devices)
coupled through pClamp software (v10) to patch electrodes
of 2–3 MO (1B-150F; WPI). The patch pipettes were filled
with a solution containing (mM) 120 KCl, 20 NaHEPES, 10
MgATP, 5.0 K2EGTA, and 2 MgCl2, set to pH 7.1 with KOH,
and supplemented with 240mg/mL of amphotericin B.22 In
the recording chamber, myocytes were superfused at constant
flow (W2-64; Warner Instruments) with modified Tyrode’s
solution containing (mM) 137 NaCl, 10 NaHEPES, 10 dex-
trose, 5 KCl, 2 CaCl2, and 1 MgCl2, set to pH 7.4 with NaOH.
With the Axopatch amplifier in current clamp mode at zero
applied current, trains of spontaneous action potentials were
digitized at 5 kHz with low-pass filtering at 2 kHz, recorded
for 30 s per data file.

Insertion of the genetically encoded calcium indicator
GCaMP6f into the AAVS1 safe harbor locus

The fast green fluorescent calcium indicator GCaMP6f
open reading frame5 was placed under the control of the
CAG promoter, and a puromycin resistance gene was geneti-
cally engineered into the AAVS1 locus of WTC iPSCs, through
transcription activator-like effector nuclease (TALEN)-
mediated genome editing.23 Note, puromycin is driven by
the endogenous AAVS1 promoter, to improve the fidelity of
targeting.21 iPSC lines containing the GCaMP6f cassette
(GCaMP-WTC) were selected using puromycin (0.5mg/mL).
A heterozygous knockin clone was generated and differenti-
ated into iPS-CM to check GCaMP6f functionality.

Batch analysis

To enable batch analysis of large datasets, several fea-
tures were added to the software. First, a guided user in-
terface specific to batch generation of motion vectors was
created. Through this interface, users select any number of
image series, for which motion tracking analysis will be
performed, to generate motion vectors. For each image
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series, the user defines the delay, frame rate, and macro-
block size, along with method (if any) to be used for seg-
menting regions containing cardiomyocytes.

Statistical analyses

The significance of differences between data points was
assessed with a two-tailed student’s t-test. To test the cor-
relation between isoproterenol concentration and initial beat
rate and the chronotropic response of iPS-CM, a Pearson
correlation analysis was used (preceded by a Shapiro–Will
test). Analyses were performed with GraphPad Prism 6
software.

Results

Optical flow analysis of cardiomyocytes differentiated
from human iPSCs

As in previous studies, efficient differentiations yielded
sheets of cardiomyocytes wherein at least 70% of cells were
positive for cardiac troponin T by FACS analysis15 (Data
not shown). Optical flow analysis applied to these sheets
yielded similar results to those previously reported for
sheets of neonatal or human embryonic stem cell-derived
cardiomyocytes.9,13 One obvious benefit of optical flow is
that it can summarize temporal information about beating
through heat maps of the absolute motion and motion along
specific axes (Fig. 1e). These maps provide a rapid overview
of the relative movement in different parts of the field; ac-
quiring similar information would take considerably longer
with manual edge detection methods. Furthermore, with
parallel computing, the computation time was significantly
decreased depending on the number of available computing
cores; typically, the time required to process 150 frames at
1024 · 1024 pixel resolution and a macroblock size of 16
decreases from 45 min to a maximum of 1.5 min. By se-
lecting only a subregion of an image series for analysis,
computing time could be further reduced to 30 s or less.

Within a differentiated sheet, some regions are responsi-
ble for generating the contractile motion and this may reflect
differences in the transcriptome or strength of substrate
adhesion of these regions compared to their surroundings.
Our algorithms were able to identify these contractile cen-
ters in an unbiased manner (Fig. 1f). Often, though, a robust
estimate of beating intensity (e.g., amplitude of motion
vectors) and periodicity of contraction (e.g., beat rate) is
sufficient to gauge cardiomyocyte behavior. These data can
be extracted from motion vector maps simply by plotting the
magnitude of vectors in a given region of interest. For
cardiomyocytes, performing this analysis on a specific ROI
produces a tracing somewhat reminiscent of action potential
measurements (Fig. 1g).

Because this simple analysis does not discriminate based
on the direction of motion vectors, it yields positive peaks
both for contraction and relaxation. Simple peak identi-
fication tools can then be used to find contraction and re-
laxation peaks, in an automated manner, to measure
maximum contraction velocity (a surrogate for beating in-
tensity) and beat rate. A user interface allows peaks to be
discriminated from background noise based on their mag-
nitude and temporal separation. For a more robust analysis
of peaks—or when the magnitude of motion varies over

time—the autocorrelation analysis can be used to estimate
beat rate. Both types of analyses can be performed within the
DataEvaluation guided user interface (Supplementary Fig. S2).

To further discriminate between tachycardia and more
pathologic beating aberrations (e.g., delayed after depolar-
izations, and early after depolarizations) either at a high or
low frame rate, it is useful to calculate contractile motion
toward a center of movement and relaxation away from the
same center (Supplementary Fig. S3). Depending on cellular
organization, a given field of view may have several con-
tractile centers (Fig. 1f). For a given center of beating and
an area immediately surrounding it, one can then generate a
one-dimensional (1D) plot of contraction toward and re-
laxation away from the beating center (Fig. 1h).

Effects of camera frame rate on optical flow analysis

Although low frame rate cameras (those typically used on
video microscopy systems) are capable of estimating beat
rate regularity and direction in cells beating up to 3 Hz (a
reasonable limit for human cardiomyocytes), robust esti-
mation of maximum contraction velocity and overall shape
of the contraction–relaxation waveforms requires videos
taken at a high frame rate (Fig. 2).

Verification of optical flow software with standard
electrophysiology assays

We verified that motion tracking provides a surrogate for
direct electrical measurements by sequentially characteriz-
ing movement and field potential waveforms of iPS-CM
cultured on an MEA (Fig. 3a). Measurements of the same
sample revealed no significant deviation between these
measurements, in terms of the measured beat rate and reg-
ularity, suggesting that motion tracking software provides a
surrogate for MEA action potential measurements, which
require special equipment (Fig. 3b–d). To further verify
computational motion tracking methodology with a gold
standard method, video microscopy was performed on iPS-
CM during a patch-clamp experiment, in which triggered
activity was observed in a cell cluster (Fig. 3e; Supple-
mentary Movie S3). Because of the high level of noise
within bright-field video microscopy of patch-clamped iPS-
CM in the apparatus (due to fluid flow and intensity varia-
tion of the light source), additional measures were taken
while processing. Briefly, the time series was treated as a 3D
volume, and a 3D Gaussian blur was applied. Analysis of
tracings obtained for contraction speed versus time in this
cell cluster suggested that as with MEA, electrical action
potentials corresponded to contractile motion (Fig. 3f, g).
Furthermore, motion tracking analysis successfully detected
the aforementioned contractile abnormality.

Optical flow analysis of sparse cultures and single cells

Previously developed block-matching algorithms can mon-
itor the behavior of confluent cardiomyocyte sheets9,13,14 or
cells in 3D constructs such as collagen gels (Fig. 4a), but these
algorithms fail when applied to sparse or singularized cardio-
myocytes because motion caused by nonspecific signals (e.g.,
Brownian motion), obscures the signal from cardiomyocyte
motion (Fig. 4b, c; Supplementary Movies S4 and S5). The
magnitude of motion vectors associated with noise was very
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high for acellular regions, and there was little to no correlation
between the magnitude of motion from one macroblock to the
next (Supplementary Movies S4 and S5; Fig. 4b, c). In contrast,
motion associated with clusters of cardiomyocytes was rela-
tively well coordinated from one macroblock to the next (Fig.
4b), and motion occurred at regular intervals (e.g., during
beating). Based on these observations, two preprocessing al-
gorithms were tested: (1) global edge detection was on the
image at the earliest time point to identify cellular regions or (2)
a moving foreground detector was used to identify connected
groups of pixels, which underwent repetitive motion. The
moving foreground detector assesses whether or not a single
pixel has changed from one frame to the next, and then cal-
culates the cumulative movement for that pixel over the entire
time series of moves.

To further concentrate on cardiomyocyte motion, we
applied one of three different clean-up algorithms to the
motion vectors: amplitude-based cleaning, vector-based
cleaning, and frequency domain cleaning. For amplitude-
based cleaning, the amplitude of each motion vector at a
given time point was compared with the eight surrounding

motion vectors at time i and times i - 1 and i + 1. If the
difference between this vector and the surrounding vectors
exceeds a user-determined threshold, the motion vector in
question is assumed to be generated due to noise and is
thereafter set to zero. Vector-based cleaning was performed
in a manner similar to amplitude-based cleaning, with the
addition that differences in directional information were
taken into account. For frequency domain cleaning, it was
assumed that the beating motion of human cardiomyocytes
has a maximum frequency (user definable; default value
4 Hz) and that motion at higher frequencies is noise. Typi-
cally, amplitude-based cleaning was used in concert with
global edge detection and pixel intensity normalization de-
scribed above. To analyze single cells, smaller macroblocks
(4 · 4 pixels) were used.

To assess the robustness of these preprocessing and
postcleaning methods, we compared the ability to distin-
guish cardiomyocyte motion signal from background noise
signal with user-identified cellular and background regions
within the same image. Signal and noise were detected by
measuring the area under curves of time versus contraction

FIG. 2. Effects of camera
frame rate on accuracy of
block-matching optical flow
analysis of iPS-CM sheet
beating. (a–c) Capture of
beating motion for a sheet of
iPS-CM either at (a) 10
frames per second (fps) and
(b)14 fps or (c) 100 fps.
Contractions (maximum
contraction velocity for each
beat, represented by a dou-
blet of peaks) are denoted
with blue dots and relaxation
cycles (maximum relaxation
velocity for each beat rep-
resented by a doublet of
peaks). (d) Table of calcu-
lated values for maximum
contraction velocity, maxi-
mum relaxation velocity, and
beat rate. Note: The beat rate
calculated based on the dis-
tance between contraction
peaks or the periodicity of
doublets is the same, but
sampling at a lower frame
rate typically causes an un-
derestimate of the maximum
contraction velocity and
overestimate of the variabil-
ity in waveform shape. Color
images available online at
www.liebertpub.com/tec
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speed for cardiomyocyte regions versus background regions,
respectively. Data are reported as the relative improvement
in the ratio of noise/signal, normalized to the noise/signal
ratio obtained for the same cell, without preprocessing or
postprocessing (Fig. 4d). To compare the ability of different
postcleaning techniques to allow automated peak identifi-
cation, we measured the percentage of peaks that were
identified manually by a trained user to the peaks identified
within the program, after analyzing preprocessed cells with
different postcleaning techniques (Fig. 4e).

Qualitatively, time-averaged contraction heat maps and
1D tracings of contraction speed versus time, both suggest
that preprocessing either with edge detection (Fig. 4b) or
moving foreground detection (Fig. 4c) was sufficient to

identify beating regions. Quantitative analysis of the di-
minishing ratio of noise (area under curve for contraction
speed vs. time detected in user-identified background re-
gions) to cardiomyocyte signal (area under curve for con-
traction speed vs. time detected in user-defined beating
cardiomyocyte regions) confirmed that either preprocessing
algorithm could be used in the majority of cases, though the
moving foreground detector outperformed edge detection
(Fig. 4d). Importantly, because block matching is not per-
formed in regions that are not identified by initial seg-
mentation, both preprocessing algorithms could decrease
computation time by as much as 90% when smaller mac-
roblocks were used to assess single cell motion (data not
shown). When preprocessing alone was insufficient to yield

FIG. 3. Validation of motion tracking software with standard electrophysiologic methods. (a–d) Comparison of motion
tracking software to microelectrode array (MEA). (a) Bright-field image of replated iPS-CM on an MEA chip overlayed
with the respective motion vectors for this still frame from a movie (Scale bar 150mm). (b) Measurements on the same
sample reveal that there are no significant differences in the beat frequency determined by electrophysiological MEA and
motion tracking analysis (highlighted by the Bland–Altman plot in the inset). (c) Representative motion tracking charac-
terization: Tracing of the average motion featuring the typical contraction and relaxation peaks. (d) Representative elec-
trophysiologic MEA characterization: Time course of the field potential. (e–g) Comparison of motion tracking software to
patch clamp. (e) Bright-field image of a patch of iPS-CM, which were analyzed simultaneously by video microscopy and
patch clamp (Scale bar 100 mm). Triggered activity, as detected by both techniques, is denoted with black arrows. (f, g)
Quantitative, (f) motion tracking analysis, and (g) patch-clamp measurements of contraction speed versus time and
transmembrane potential and Em versus time, respectively. Color images available online at www.liebertpub.com/tec
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FIG. 4. Filtering algorithms allow motion tracking over multiple spatial scales. (a) Representative frame (left), heat map
of time-averaged motion (center), and one-dimensional (1D) tracing of motion vector magnitude (right) from motion
capture analysis of a beating three-dimensional construct with iPS-CM encapsulated into collagen gel. Note that motion is
substantial and coordinated in space, resulting in an easily interpretable 1D motion tracing. (b, c) Representative frames
from motion capture (left), time-averaged heat maps of motion magnitude (center), and 1D tracings (right) for either (b)
cardiomycotye clusters or (c) singularized cardiomycotyes. Note that without preprocessing (All Motion), there is sub-
stantial noise, which is uncoordinated in space and tends to result in very large amplitude vectors (compare size and
magnitude of motion vectors for motion generated outside of cell boundaries to motion generated within cell boundaries).
This resulted in 1D tracings, in which cardiomyocyte motion was difficult to distinguish. (d) Quantitative comparison of
improvement in ratio of intensity of background noise (from user-defined cell-free background regions) to intensity of signal
from user-defined beating cardiomyocytes, when singularized cardiomyocytes and clusters were preprocessed with moving
foreground or edge detectors. (e) Effects of postcleaning algorithms on the signal-to-noise ratio, in which preprocessing
algorithms did not completely eliminate background noise. Scale bars: 100 mm. Color images available online at
www.liebertpub.com/tec
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negligible levels of background noise, postprocessing tech-
niques were effective in further reducing background noise
levels (Fig. 4e). Among the three postprocessing methods
tested, vector cleaning (e.g., penalizing motion vectors,
which had significantly different magnitude and direction
from their neighbors in adjacent macroblocks) performed
slightly better than either frequency domain (Fourier)
cleaning or amplitude cleaning (e.g., penalizing motion
vectors, which had a significantly different magnitude from
their neighbors in adjacent macroblocks regardless of di-
rection). However, when we measured the percentage of
beats (contraction–relaxation cycles) that were identified
manually by a trained user and compared this with the
number of contraction–relaxation cycles identified within
the program, all three postprocessing methods yielded a
similar ability to identify beat rate and regularity in an au-
tomated manner (data not shown).

Analysis of calcium flux and electromechanical
coupling with optical flow analysis
on fluorescent videos

iPSCs with a constitutively expressed GCaMP6f inserted
into the AAVS1 locus (Fig. 5a) were generated, and cardiac
differentiation was performed to yield a beating sheet of
cells (Supplementary Movie S6). High-speed imaging cap-
tured waves of calcium flux traveling through these sheets
(Fig. 5b, c) with the intensity of the GCaMP signal fol-
lowing the expected sinusoid pattern (Fig. 5d). These results
are consistent with previous work indicating that integration
of the GCaMP vector in the defined AAVS locus drives
sufficient expression levels to perform quantitative physio-
logic analysis if optimal promoters are used.5

Although calcium flux is often used as a surrogate marker
for cardiomyocyte electrical responses,21 there are disease
conditions and drugs that cause decoupling between calcium
influx and mechanical contraction. Hence, optical flow al-
gorithms were modified to allow direct analysis of con-
tractile motion from GCaMP movies, to facilitate future
measurements of electromechanical coupling. Typically, an
assumption of block matching is that the intensity of images
is relatively constant over time,12 which is clearly not the
case for video micrographs taken with fluorescent reporters
like GCaMP6f. Thus, we modified the block-matching
process to include local intensity normalization steps so that
the texture rather than the intensity of the image was used to
calculate macroblock motion. First, to identify cellular
versus acellular ROI, a minimum fluorescence intensity
threshold corresponding to the baseline fluorescence inten-
sity of GCaMP6f in nonexcited cells was set. This allowed
cells to be identified from acellular regions by edge detec-
tion. To sharpen the image features/edges, the background
was subtracted and a minimum filter (radius of 2 pixels) was
applied. Additionally, the block-matching algorithm was
upgraded with an intensity normalization step; The intensity
of pixels within each macroblock (at time i) was normalized
to the maximum pixel intensity within the same macroblock
(at time i), so that any differences between images would be
due to changes in the location of macroblocks rather than
absolute pixel intensity (i.e., the texture rather than the in-
tensity of the image was used to calculate macroblock
motion).

Simultaneous analysis of these two signals indicated that
grossly, for homogenous cell sheets, Ca2 + flux and con-
tractile motion were spatially and temporally correlated
(Fig. 6a, b, e[i]; Supplementary Movie S6) and contraction

FIG. 5. Cardiac tissue derived from a genetically engineered iPSC line harboring a GCaMP Ca reporter. (a) Vector design
for introducing GCaMP6f into the AAVS1 safe harbor locus of iPSCs. Note: Puromycin resistance (Puro R) is driven by the
endogenous promoter, while a CAG promoter drives GCaMP6f. (b) Representative time series of images taken on sheets of
iPS-CM harboring the GCaMP6f reporter, which were tracked for calcium transients (fluorescence intensity). Note: Images
are contrast enhanced to aide in visualization. (c) Isochronal activation heat map depicting the propagation of the peak in the
calcium transient through the tissue. (d) Tracing of the GCaMP signal featuring the beating region of the cell sheet. Scale
bars: 200mm. Color images available online at www.liebertpub.com/tec
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followed calcium flux after a slight delay, as described in
previous work.24 However, less connected or branch-type
tissues, however, can show different types of electrome-
chanical coupling and this was apparent by directly com-
paring heat maps for time-averaged motion and GCaMP
signals (Fig. 6c–e; Supplementary Movie S7). Region [i]
(Fig. 6e), for instance, features a slight millisecond-scale
delay between the calcium transient and mechanical motion.
Several other regions, for example, region [ii] (Fig. 6e)
exhibited calcium flux, but no contractile motion likely re-
flecting noncontractile cells.

Application examples of block-matching analysis

Baseline beat rate and drug response of iPS-CM analyzed
by optical flow. The motion tracking software was applied to
assess the baseline behavior and drug response of iPS-CM. To
evaluate the high-throughput and noninvasive nature of the

software, we initially tracked beat rate over the course of de-
velopment of iPS-CM. This revealed marked heterogeneity in
the spontaneous beat rate of these cell preparations, which was
not otherwise apparent (Fig. 7a–e). Interestingly, the cells’
chronotropic response to this drug depended on their initial
beating rate (Fig. 7b) with the greatest fold change when basal
beat rates were between 30 and 50 beats per minute (bpm).
In fact, the correlation between initial beat rate and the fold
isoproterenol-induced increase in beat rate was much stronger
(Pearson correlation coefficient - 0.749) than the correlation
between the isoproterenol dose (within 100 nM and 10mM)
and the fold increase in beat rate (Pearson correlation coeffi-
cient 0.064). Hence, further pharmacologic analysis was per-
formed only on iPS-CM with an initial beat rate between 30
and 90 bpm. These studies showed that on day 45, cells ex-
hibited a longer-lived chronotropic response than on day 20,
though the fold increase in beat rate was constant (1.5-fold;
Fig. 7c, d).

FIG. 6. Combining motion tracking analysis with a genetically encoded calcium indicator to assess electromechanical
coupling. (a) Analyzed region of interest (ROI) of the dense and homogeneous, high-density cardiac tissue from Figure 5.
(b) Combined tracings of the GCaMP signal and the motion tracking revealing spatially and temporally correlated Ca2 + flux
and contractile motion. (c) GFP channel ( pseudo colored in grayscale) overlayed with the derived motion vectors of a low-
density branch-type tissue. (d) Heat maps of the tissue in (c) depicting time-averaged calcium (GCaMP6f intensity) levels
and beating motion. (e) Motion tracings associated with two ROIs [(i) and (ii)] within (d): the GFP channel was used to
generate motion vectors to simultaneously monitor calcium levels (GCaMP6f intensity; green) and radial beating velocity
(red). These ROIs show GCaMP-iPS-CM that either (i) generated contractile motion (i.e., each calcium transient is tightly
coupled to beating, and the motion lags behind the rise in calcium by several milliseconds) or (ii) exhibited rapid, low-
intensity calcium fluctuations that do not generate mechanical motion, indicating poor electromechanical coupling or
contractility. Color images available online at www.liebertpub.com/tec
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Discussion

The computational motion tracking software provided in
this study is a robust tool for unbiased analysis of cardio-
myocyte contractile behavior on multiple spatial scales.
Block matching provides information not only on beat rate
but also yields vector fields that can be used to quantify the
spatial distribution of beating of tissue constructs. These
vector fields can potentially also be used to quantify tem-
poral correlations in motion within different parts of tissues
as a means of gauging the success of tissue assembly and the
ability to generate physiologically relevant tissues with
uniaxial contraction. Generation of the vectors is user in-
dependent and robust, and the process of generating vectors
and subsequently assessing beat rate regularity and abnor-
malities is highly amenable to automation. Using modern
architecture for parallel computing, this procedure can rap-

idly analyze many samples. Although more complex assays,
including patch-clamp electrophysiology, can provide ad-
ditional information, computational motion tracking is
noninvasive and can be performed on cardiomyocytes in any
culture format with minimal additional expertise.

As suggested by the differences in beat rate and regularity
between cell sheets used for MEA analysis and cell clusters
used for patch clamp, plating conditions can have a signif-
icant effect on the electrophysiologic behavior of iPS-CM,
emphasizing the need for analytical tools that do not require
specific culture conditions. Therefore, this system may be
suitable for comparing the behavior, drug response, and
maturation of isolated iPS-CM and iPS-CM grown in more
in vivo-like microenvironments.15,25,26 To this end, the en-
abling nature of this software was demonstrated in a previous
study, in which long QT syndrome type 3 patient-specific
iPSCs were differentiated into iPS-CM and cultured on

FIG. 7. Analyzing iPS-CM pharmacology with motion tracking software. (a) Baseline beat rate of iPS-CM within the
original wells where differentiation was performed. (b) Response surface analysis of the combined effects of isoproterenol
dose and spontaneous (initial) beat rate on iPS-CM chronotropic (beat rate) response to isoproterenol dosing. Only the
spontaneous initial beat rate had significant effects on the fold increase in beat rate (Pearson correlation analysis). (c, d)
Isoproterenol response, as assessed by the chronotropic dose–response (c) and the time course of the chronotropic re-
sponse in iPS-CMs (d). (e, f) Usage examples for analysis of isoproterenol-induced arrhythmia. Motion tracings of iPS-CM
either (e) before or (f) 5 min after adding 1 mM isoproterenol to cells. Note: Arrhythmia occurred at 7 s (black arrow), as
detected by tracking beating speed. Error bars: standard error of the mean, n = 6–8. Color images available online at www
.liebertpub.com/tec
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synthetic biomaterials to generate a physiologically relevant
in vitro model of this disease.15 Direct analysis of cells in
these 3D environments would present significant challenges
with patch-clamp methodology and would not be possible
with MEA.

The ability to specifically detect the cells that initiate
beating in cardiomyocyte sheets or cells that couple elec-
trically, but not mechanically, to their neighbors may aid in
subsequent isolation and transcriptional analysis of these
potentially distinct populations. Another new feature intro-
duced in this study—the ability to measure electromechan-
ical coupling through optical flow analysis of fluorescent
images—may be especially useful for in vitro disease
modeling. For example, abnormal calcium flux has been
reported in iPS-CM derived from patients with hypertrophic
cardiomyopathy who harbor mutations in MYH7, a com-
ponent of the cell contraction apparatus.27 This aberration
may be explained by stress-induced decoupling between
calcium flux and mechanical contractility, and this cardio-
myopathy could be tracked noninvasively with genetic
calcium sensors combined with computational motion
tracking. The same features could be used to test drugs that
desensitize sarcomeres to calcium.

In addition to the aforementioned features, with batch
analysis, the software is well suited to assess larger sample
numbers to detect effects of subtle epidemiologically com-
mon mutations with in vitro models. The ability to share
motion vector fields generated by this software provides an
opportunity for data mining in the rapidly growing area of
genetic and other disease models based on human cardio-
myocytes. Most importantly, we provide the software as an
open source resource, so that it can be easily used—and
improved upon—by the biomedical and tissue engineering
communities.
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