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1  Introduction

Cardiac disease is a prevalent cause of death in the world
[1]. Research done in recent years has shown progress in
the potential application of cardiomyocytes (CM) for stem

cell therapy for cardiac repair [2, 3]. In addition, as novel
drugs are being produced to treat cardiac diseases, car-
diotoxicity has been identified as a leading reason for
drug attrition and is, therefore a critical area of research
[4, 5]. Common problems in cell therapy and cardio toxic-
ity include the need for platforms that are capable of pro-
ducing large quantities of cardiomyocytes as well as sys-
tems that are capable of evaluating new cardiomyocyte
platforms [4, 6–8].

Broadly speaking, there are two methods of differenti-
ating pluripotent stem cells to CM: (i) using cytokines
such as BMP4, Activin A, and FGF2 [9–11] and (ii) with
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small molecule inhibitors such as MAP kinase inhibitor
(SB203580) [12], WNT inhibitor (IWP-2) [13], and TGF-B
inhibitor (SB431542) [9]. Both approaches can be conduct-
ed in monolayer, embryoid bodies (EBs) or microcarrier cul-
tures over a period of 20–40 days [6, 14, 15]. However, only
3D suspended EBs and microcarrier cultures can be scaled
up in bioreactors for large scale production of CM [6–8].

The development of reproducible bioprocesses for
obtaining large amounts of human CM needed for regen-
erating the heart tissue and studies of drug toxicology 
[16, 17] requires parallel development of easy and repro-
ducible methods for non-invasive evaluation of CM differ-
entiation [4, 5]. The commonly practiced method used
today require microscopic observation of monolayer or
aggregate clusters of cells (EBs) forming beating entities
over days or weeks by individual researchers [6, 13, 18]. 
In many cases, these observations are qualitative as they
are made by users who do not have a common criterion
for identifying a beating structure. Furthermore, as these
measurements are time consuming, mostly endpoint
evaluations are performed. Moreover, in EBs-based CM
differentiation process there is a continuous change in EB
sizes and shapes due to aggregation and segregation 
[6, 19]. Therefore, there is a need to develop a high-
throughput screening system for investigating bio-
process optimization, quality control of production
processes and for monitoring the effects of drugs. An
automated system will enable these tasks to be performed
more objectively with less manpower and provide more
information in longitudinal studies over weeks.

We therefore, developed a time-resolved video analy-
sis and management system (TVAMS) for evaluating
stem cell differentiation to CM. This system had to fulfil
the following criteria: be non-invasive; able to monitor
several variables (total number of EBs, EB size, number of
beating EBs, total area of EBs, beating area of EBs, and
beating pattern of individual EBs); provide an objective
evaluation of measurements between different users; be
accurate and reproducible; have the ability to monitor the
same culture over weeks as well as monitoring of multiple
cultures for comparative studies; be able to archive and
retrieve videos to compare between differentiation in var-
ious culture conditions, or different cell lines.

TVAMS has thus been developed to map the beating
EBs by analyzing the dynamic properties of CM. Video
clips of 10 s were recorded and used for the identification
of beating and non-beating CM EBs. Results were com-
pared to a benchmark, which comprised of experts‘ man-
ual identification of beating and non-beating CM EBs. 
A time-course study was also conducted to display
TVAMS‘s capability of detecting CM development over
time. Beating areas were analyzed and compared to CM
biological markers and resulted in a positive correlation
for both cardiac troponin-T and myosin heavy chain. In
summary, we have developed an automated inspection
system to quantitatively monitor the differentiation proc -

ess and demonstrated its utility for optimization of CM
differentiation and response to drug toxicity.

2  Materials and methods

2.1  Time-resolved video analysis and management
system

Microscopic videos from the culture wells were captured
via a camera mounted on a Nikon microscope platform
and later analyzed to objectively identify and quantify
beating EBs in terms of frequency, amplitude, size, etc. 
In order to maintain cultures for long term, cultures on the
platform were kept at 37 C with 5% CO2 via an on-stage
incubator. The microscope video imaging system com-
prises of the following key modules, as depicted in Fig. 1:
• Microscope video imaging: Cardiomyocyte cultures

are prepared, grown and monitored in 12-well dishes
(Fig.  1A). A typical experimental cycle takes about 
16 days, where the CM EBs are monitored every other
day. In order to chart the evolution of CM growth un-
der different conditions, videos of the beating CM EBs
in each well are captured for subsequent computer-
ized analysis (Fig. 1B). Supporting Information,
Table S1, details the hardware system specifications
and the parameters of the various video imaging in-
struments used in our experiments. Each dish well is
divided into 48 field-of-views (FOVs), as illustrated in
Supporting Information, Fig. S1. A 10-s video of each
FOV is acquired at the specified video resolution, thus
forming a 3D dataset with the X–Y Cartesian coordi-
nates enabling the measurements of EB area, and the
third dimension representing the time domain that
embeds the beating information.

• Video compression: with the many sets of video being
acquired, efficient storage management becomes a
problem. In our system, a highly efficient scalable
video compression engine based on the scalable mul-
timedia platform (SMP), which leverages the ISO/IEC
SVC video coding standard [20], is used to greatly re-
duce the video file sizes (Fig. 1C). Each 10-s video has
a size of about 2 gigabytes, and one well generates
96 gigabytes of uncompressed video. For a 16-day ex-
periment cycle using a 12-well dish and captured at
every alternate day, a massive 9.2 terabytes of storage
will quickly become unmanageable. With SMP, a com-
pression ratio of 250–300 times can be achieved thus
reducing the storage requirement to some 30  giga-
bytes per experimental cycle, while maintaining video
quality for playback, visual inspection and analysis.

• Video application (GUI): The client-server system pro-
vides a user-friendly graphical user interface (GUI)
front end application. It allows the researcher to easi-
ly set up an experiment group and conditions, capture
the videos, analyze them, plot results in graphs,
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archive, and search and retrieve pertinent videos for
additional analysis and cross-verification (Fig.  1D).
The video streaming server on the backend also allows
instant-on-demand video streaming to heterogeneous
clients such as PC, tablet and mobile phone.

• Video analysis: The high-performance PC performs
automated computerized beating analysis of the
videos in an offline processing mode and can be clas-
sified into three major procedures:
– Image frames extraction and tiling process

Images are extracted from the recorded videos and
a complete image is generated by tiling together
every FOV image in the correct order. A detailed
description is shown in Supporting Information,
Fig. S1.

– Total EB counting
Image pre-processing is performed to remove un-
desired background artifact [21] due to non-uni-
form lighting. Segmentation and feature recogni-
tion based on boundary detection [22, 23] are used
to extract and count the number of EBs. A detailed
description is shown in Supporting Information,
Fig. S2.

– Beating EB count and area measurement
In order to determine the yield of stem cell differ-
entiation in CM EBs, two properties are analyzed
(i.e. EB area and beating profile). Each CM EB is
decomposed into 20 or more region-of-interest
(ROI) blocks depending on EB size. In order to

speed up processing time, the first 2.4 s video of
each ROI block is processed to detect beating
based on mean grey value (intensity) variation. 
If beating is not detected within this time window,
the EB is classified as non-beating. If beating is de-
tected, the entire 10-s video is analyzed to gener-
ate optical cardiograph (OCG) beating profiles (as
shown in Fig.  2). From the OCG, comparison of
beating amplitude and frequency can be made to
characterize the EB behavior under various exper-
imental conditions. A detailed description is
shown in Supporting Information, Fig. S3.

In our experiments, the following properties of the CM
EBs are analyzed:
– Total EBs: This indicates the total number of rec-

ognized EBs in the plate, each with a spatial
 dimension above a pre-determined threshold
(>200 μm width and >200 μm height).

– Total beating EBs: Each recognized EB is charac-
terized as positive (beating) or negative (non-beat-
ing) by analyzing the intensity variation (i.e. OCG)
of the small ROI blocks. The ratio of the total beat-
ing EBs to the total EBs yields the % beating count.

– Total area: Measured in millimeter square, it is the
calibrated area of one ROI block multiplied by the
total number of such ROI blocks covered by an EB.
The sum of all EB areas in the culture is equivalent
to the total area. An average EB size can be calcu-
lated by dividing the total area by the total EBs.
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Figure 1. Overview of the automated
video acquisition, analysis, and manage-
ment system. (A) Cardiomyocyte cul-
tures in 12-well dish are monitored over
16 days. (B) Automated microscope
imaging for real-time video capture of
the CM EBs every alternate day, where
the dish is placed on an X-Y motorized
stage under the microscope camera. 
(C) High-performance PC is used to
decrease processing time for real-time
video compression, EB counting and
beating analysis. (D) A client application
provides a friendly GUI to easily set up
experiments, capture and analyze
videos, and archive experimental data.
(E) Storage server that archives the com-
pressed video library for subsequent
search, retrieval and further analysis.
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– Total beating area: This indicates the number of
positive beating ROI blocks multiplied by the cali-
brated area of one ROI block (positive beating
area). The ratio of the total positive beating area of
all EBs to the total area yields the % beating area.

– Beating frequency: Small ROI blocks of every beat-
ing EB display unique OCG profiles, where the
beating frequency is derived.

The results of the analysis are then associated with
the video and stored in the database server for future
searching and retrieval (Fig. 1E). The software used for
all programming was Visual C++, version 2008. Typi-
cally, the video capture and data analysis of a 12-well
plate will take 2.5  h. However, this time can be re-
duced to 2 h with the use of a better computing sys-
tem as the video analysis and processing time will be
shorter.

• Video database server: The compressed video libraries
are archived and managed systematically in a back-
end video server. A database system will index each
video with its metadata to enable easy searching and
retrieval (Fig. 1E).

2.2  Culture of human embryonic stem cells (hESC)

HES-3 ([46 X, X]; ES Cell International) and H7 (WiCell
Research Institute) with normal karyotypes were cultured

using either KNOCKOUT medium on inactivated immor-
talized mouse feeders [24] or mTeSR™1 (Stemcell Tech-
nologies) on matrigel™ (BD). The medium was refreshed
daily and the cells were passaged weekly. Cultures were
kept at 37 C with 5% CO2.

2.3  Cardiac-directed differentiation via SB203580
(SB protocol)

hESC were cultured using KNOCKOUT medium on inac-
tivated immortalized mouse feeders. Cells were washed
using phosphate-buffered saline (PBS) with Ca2+/Mg2+,
cut into small clumps of 100 μm size (Ez-passage tool;
Invitrogen), and seeded at 1 × 106 cells/mL in ultra-low
attachment 12-well plates (Nunc). The differentiation
medium consisted of Dulbecco‘s modified Eagle‘s medi-
um (Invitrogen) supplemented with 2  mM L-glutamine
(Invitrogen), 0.182 mM sodium pyruvate (Invitrogen), 1%
nonessential amino acids (Invitrogen), 0.1 mM 2-mercap-
toethanol, 5.6 mg/L transferrin (Invitrogen), and 20 mg/L
sodium selenite (Sigma). Cardiac differentiation was
induced by addition of SB203580 at a concentration of
5 μM. The medium was refreshed every 2 days following
a previously described protocol [12, 15].Cultures were
kept at 37 C with 5% CO2. Cultures were scored manual-
ly for EB number and contractility using phase contract
microscopy (Nikon).
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Figure 2. Recognition of beating EBs
with beating profiles analyzed by the
OCG. (A) A snapshot of a dish well
showing a number of CM EBs, classify-
ing them as not beating (red) and beat-
ing (green) EBs (scale bar = 1 mm). 
(B) A 10-s OCG displaying beating and
non-beating EBs. (C) Different beating
OCG profiles expressing different ampli-
tudes, frequencies and wave forms of
individual CM EBs.
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2.4  Cardiac-directed differentiation via CHIR99021
and IWP-2 (WNT protocol)

hESC were cultured using mTeSR™1 on matrigel™. Cells
were washed using phosphate-buffered saline (PBS) with
Ca2+/Mg2+, cut into small clumps of 100 μm size (Ez-pas-
sage tool; Invitrogen), and seeded at 1 × 106 cells/mL in
ultra-low attachment 12-well plates (Nunc). CHIR99021 in
RPMI/B27-insulin (Invitrogen) was added for the first 24 h
and removed via medium change (day 0 to day 1). On Day
3 of differentiation, cells were treated to IWP-2 (Stemgent)
in RPMI/B27-insulin. IWP-2 was removed via medium
change on day 5 and cells were maintained in RPMI/B27-
insulin thereafter [13]. Cultures were kept at 37 C with 5%
CO2. Cultures were scored manually for EB number and
contractility using phase contract microscopy (Nikon).

2.5  Flow cytometry

Cells were dissociated into single cells with Tryple (Invit-
rogen) and then fixed and permeabilized (Invitrogen) as
per manufacturer‘s directions. Cells were subsequently
incubated with primary antibodies, anti-myosin heavy
chain (anti-MHC; MF20, dilution 1:200; Developmental
Studies Hybridoma Bank) and anti-troponin-T (anti-cTnT;
1:200; Thermo Scientific). Alexa Fluor 647® goat anti-
mouse (Invitrogen) was used as the secondary antibody.
All incubations were conducted at room temperature for
30 min. Fluorescent measurements were done using flow
cytometer (GUAVA ,Millipore). The gating method of flow
cytometry graphs is demonstrated in Supporting Infor-
mation, Fig. S4.

2.6  Toxicology assay

Contracting EBs were transferred into ultra-low attach-
ment 96-well plates (Corning). Cardiac inotropic sub-
stance, Isoproterenole (Sigma–Aldrich), was added at
1  μM concentration. Hyperpolarization-activated cyclic
nucleotide-gated (HCN) currents inhibitor, ZD7288 (Sig-
ma–Aldrich), was added at 0.3 μM concentration. Videos
were recorded before and after addition of cardiac toxic
drugs and were analyzed for frequency changes using
TVAMS.

2.7  Statistics

The significance of the results was calculated by Bonfer-
roni corrected Student‘s t-test. Error bars indicated on fig-
ures represent +/− standard deviations of the data. Corre-
lations between data sets were assessed by calculation of
correlation coefficient, r2.

3  Results

3.1  Evaluation of the ability of the TVAMS 
to measure total and beating EBs 
in differentiating cultures

HES-3 cells were differentiated into CM using two proto-
cols (WNT [13] and SB [7, 12]), which generate variability
in the number and percentage of beating EBs, for TVAMS
evaluation. After 16 days of differentiation, the numbers
of total EBs and beating EBs were counted both manual-
ly by microscopy and automatically with TVAMS. Results
presented in Fig. 3A show that the correlation between
manual counting (taken from 3 individuals) and TVAMS
counting resulted in a correlation coefficient of r2 = 0.76
for total number of EBs and r2 = 0.66 for number of beat-
ing EBs. In addition, triplicate monitoring of total number
of EBs and number of beating EBs of the same dish at 1 h
intervals showed low standard deviations, displaying the
accuracy and reproducibility of TVAMS: Total number of
EBs = 80.0 ± 4.3; Number of Beating EBs = 54.6 ± 2.1. 

The evaluation of TVAMS capabilities were further
assessed by monitoring the kinetics of CM differentiation
(SB and WNT protocol) over 16 days using several param-
eters: total number of EBs, EBs average size, percentage
of beating EBs from total number of EBs and percentage
of beating area from total area of EBs (Fig. 3B). During dif-
ferentiation, there is a general trend of increase in EB size
(from 0.3 to 0.5 mm2 and 0.2 to 0.3 mm2 for SB and WNT
protocol, respectively); as a result of EB aggregation as
seen by a decrease in the total number of EBs from 150 to
90 and 110 to 50 for SB and WNT protocol, respectively
(Fig. 3B). Manual counting of total number of EBs taken on
days 10–16 correlates well with the automatic TVAMS
counting. Increase in beating EBs was observed by
TVAMS from day 8 in the SB protocol and day 4 with the
WNT protocol followed by a more gradual increase in per-
centage of beating EBs in the WNT protocol as compared
to SB which shows a dramatic increase between days 8
and 12 (Fig. 3B, lower panel). At the end of differentiation
(day 16), both protocols achieved similar efficiencies of
70–80% of beating EBs. In contrast, the parameter of per-
centage of beating area was more sensitive for evaluation
of the different protocols, reaching 20% in the WNT pro-
tocol, as compared with only 8% in the SB protocol at day
16 (Fig. 3B, lower panel). We hypothesised that the meas-
urement of beating area (from the total area of the EBs)
would be more indicative of differentiation efficiency than
percentage of beating EBs (from the total number of EBs),
and therefore investigated the correlation between these
parameters and the expression level of cardiomyocyte
markers.
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3.2  Evaluation of percentage beating area as a
predictive indicator of differentiation efficacy

HES-3 and H7 cells were differentiated into CM using the
WNT protocol for 16 days and the percentage of beating
EBs and areas were measured by TVAMS. After TVAMS
measurement, the EB cultures were trypsinized and eval-
uated for cTnT and MHC expression levels by flow cytom-
etry (Fig. 4). There was a positive correlation between the
percentage of beating EBs and the expression levels of
cTnT (r2 = 0.64) and MHC (r2 = 0.68) (Fig. 4A). This is not
surprising as the beating function of EBs displays the
mechanical maturation of cardiomyocytes and thus
should have a certain level of correlation to the percent-
age of cardiomyocytes within the EBs. In comparison, 
a higher positive correlation value was found between %
beating area and the expression levels of cTnT (r2 = 0.74)
and MHC (r2 = 0.81) (Fig. 4B). These results indicate that
the parameter of % beating area measured by TVAMS is
a better and more sensitive indicator of CM differentiation
efficiency, than the often used method of merely counting
the numbers of beating EBs.

3.3  Evaluation of optical beating trends of EBs 
for toxicology testing

An additional feature of TVAMS is the capability to meas-
ure beating patterns and frequencies of the EBs. Different
EBs in the same culture show different patterns and fre-
quencies of beating (Fig. 2C). However, beating frequen-
cy was found to be a reproducible parameter within the
same EB, and it ranged from 0.25 to 0.6 Hz in different
EBs. We applied the TVAMS to explore the changes in
beating frequencies induced by cardiotoxic drugs. Single
EBs with different beating patterns were exposed to a
negative inotropic drug, Isoproterenol [25] and HCN cur-
rents inhibitor, ZD7288 [26]. Beating frequency was meas-
ured for 20  s before and after the addition of the drug. 
As seen in Fig.  5A, addition of 1  μM of Isoproterenol
increased beating frequency from 0.35 to 0.8 Hz in a rep-
resentative EB but did not change the beating pattern.
Similarly, addition of 0.3 μM of ZD7288 decreased beating
frequency from 0.4 to 0.3 Hz in representative EB (Fig. 5B).
Measurements done with 14 EBs, shows that, after nor-
malization, there is an average of 98% increase (Fig. 5C)
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Figure 3. Accuracy of TVAMS: analysis of both manually
and software counted CM EBs. CM EBs were differentiat-
ed using both SB and WNT differentiation protocols and
counted both manually (by microscope) and automatically
(TVAMS). (A) The accuracy of TVAMS was evaluated by
comparing the software and manual counts of total no. 
of EBs (left panel) and no. of beating EBs (right panel)
(n>30). (B) Automatic (TVAMS) evaluation of CM differ-
entiation kinetics by monitoring EB size, Total EB count,
Percentage of Beating EB and percentage of beating area.
Measurements were taken every other day for a period of
16 days (n = 3). Black arrows indicate corresponding axes
of the data sets.
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and 25% decrease (Fig. 5D) in beating frequencies after
treatment with 1  μM of Isoproterenol and 0.3  μM of
ZD7288, respectively. After removal of Isoproterenol, EBs
regained their original beating rate after 24 h while the
ones treated with ZD7288 did not. These results are prom-
ising as they indicate that TVAMS can be used as a non-
invasive tool for high-throughput screening of cardiotoxic
substances as well as longitudinal studies over time.
Beating area therefore, could be a surrogate marker for
CM development.

4  Discussion

In this paper, we report a non-invasive, high-throughput
video imaging platform capable of detecting and quanti-
fying CM and also the effects of cardiotoxic drugs on CM.
TVAMS is capable of detecting both beating and non-
beating EBs with high accuracy in comparison to manu-
al counting (r2>0.66). The system was employed to auto-
matically monitor cultures over a period of 16 days and
identified information such as: when cultures first initiate

beating, changes in the sizes of EBs over time, and evi-
dence of EBs merging thereby decreasing the total num-
ber of EBs as the culture progressed. This information, 
if acquired manually, would have taken significantly more
effort and time. An important feature of this platform is
that all the analysis was done non-invasively allowing lon-
gitudinal studies of differentiation and comparing the
final beating parameters with end point assays of relevant
biological markers by flow cytometry. TVAMS can also
form a basis for the development of a high-throughput
platform to test the effects of cardiotoxic substances on
cardiomyocyte beating frequencies.

Assessing and quantifying cardiomyocyte differentia-
tion cultures via counting of contracting EBs has been a
widely used and accepted method [6, 11, 13, 18]. It is com-
mon to assess the efficiency of a cardiomyocyte differen-
tiation protocol by counting the number of beating EBs.
However, as shown in this study, the results obtained
from this counting can sometimes be misleading and
show a partial correlation (r2 = 0.64–0.68) when compared
to results obtained from flowcytometry analysis (Fig. 4A).
The reason for this is that within beating EBs, there are
different ratios of non-cardiomyocytes and cardiomy-
ocytes cells [27]. This heterogeneity is also apparent from
the signals we get when analyzing using our optical car-
diogram (Fig. 2C) which show a variety of beating areas,
frequencies and amplitudes. When cultures are assessed
via beating counts, EBs are assumed to contain a pure
population of cardiomyocytes and thus has an inherent
error. In this study, we propose a new variable, % beating
area that attempts to accommodate for the mix popula-
tion of cells and the impurity of cardiomyocytes within
each EB. We demonstrate better correlations between %
beating area and % positive cells stained for cardiac
 troponin-T, r2 = 0.74, and myosin heavy chain, r2 = 0.81.
However, there are a few limitations to this approach:
• TVAMS uses phase contract microscopy and can on-

ly analyze data based on 2D optical images while EBs
are 3D with different aggregate structures. This can
lead to inaccuracies in measurements.

• EBs must be properly distributed in culture before
video capturing as any overlap between EBs will affect
both the beating area and beating count results.

• Beating cardiomyocytes have a tendency to cause
movement in the non-cardiomyocyte areas of the EBs.
This ripple effect will give rise to slight errors in the re-
ported beating area.

Despite these sources for errors in measurements of num-
ber of EBs, number of beating EBs and areas of beating, it
has been demonstrated that % beating area of EBs is a
much better predictor of CM differentiation efficiency
with a higher correlation to the expression levels of cTnT
and MHC than percentage of beating EBs (Fig. 4B).

Similar systems that rely on video imaging and pro-
cessing to quantify and evaluate beating cardiomyocytes
have already been developed. Kamgoue et al. [28] devel-
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Figure 4. Correlation between (A) percentage of beating EBs and (B) per-
centage of beating area to CM markers measured by flow cytometry for
both HES-3 and H7 cell lines. Cardiomyocytes were differentiated using
WNT protocol and analyzed using both TVAMS (no. of beating EB (%),
beating area (%)) and flow cytometry. For flow cytometry, two antibodies
were used: cardiac troponin-T (cTnT) and myosin heavy chain (MF20). 
All analysis were done using cardiomyocytes at day 16 of differentiation
(n = 18).
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cardiotoxic substances on suspended EB cardiomyocyte
cultures in long term studies.

5  Conclusions

We have developed a new bioprocess monitoring platform
(TVAMS) that can replace manual counting of EBs during
CM differentiation. TVAMS can monitor total and beating
EBs, total and beating areas of EBs and perform kinetic
analysis of differentiation protocols. We have shown the %
beating areas of EBs is a better predictor of CM differentia-
tion efficiency (than the classical measurement of % beat-
ing EBs), which can be correlated to both cardiac troponin-
T and myosin heavy chain expression. TVAMS is also a plat-
form that is capable of screening the effects of cardiotoxic
drugs on cardiomyocyte EB beating frequency. This system
can potentially be applied to develop new and improved
protocols of EB differentiation and toxicology assays.
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oped a platform that could correlate the contraction-relax-
ation of sarcomeres to whole-cell contraction-relaxation.
Hossain et al. [29] developed a similar approach based on
the intensity variation in digital beating videos for mouse
embryonic stem cells that were attached onto culture
dishes. Stummann et al. [30] reported software capable of
analyzing certain points on cardiomyocytes for beating
based on pixel intensity variations. Suciu et al. [31] used
video microscopy to study cardiac telocytes interactions
with neighboring interstitial cells. Raman spectra have
also been applied to study the onset of spontaneous beat-
ing of individual EBs from hESC [32, 33]. Micro-electrode
arrays have long been used as an established method to
analyze cardiomyocyte characteristics and a platform for
drug toxicity testing [34, 35]. The above platforms share a
common property in that only small areas of the culture
are monitored and the analyzed cardiomyocytes must
attach to a surface. However, given the quantity of car-
diomyocytes that are needed for tissue engineering and
drug discovery [4], differentiation platforms have been
modified to produce cardiomyocytes in suspension cul-
tures [36, 37]. TVAMS is unique in the sense that it is the
first system developed to detect cardiomyocyte develop-
ment for whole plate EB suspended cultures. The com-
pression algorithm employed by TVAMS also provides a
cost-effective means for data storage, equipment foot-
print and long-term archiving of experimental data.
TVAMS can also be used for screening for the effects of

Figure 5. Change in EBs beating frequency induced by
inotropic drug, Isoproterenol and HCN currents inhibitor,
ZD7288. Cardiomyocyte EBs were differentiated using the
WNT protocol. Changes in cardiomyocyte beating frequen-
cy due to exposure to (A) Isoproterenol (1 μM) and to 
(B) ZD7288 (0.3 μM) in a representative single EB. Aver-
age cardiomyocyte beating frequency changes were record-
ed after exposure to (C) Isoproterenol (1 μM) and to 
(D) ZD7288 (0.3 μM) and 24 h after drug induction
(n = 14, *p<0.003, Bonferroni corrected).
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