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ORIGINAL RESEARCH

CalTrack
High-Throughput Automated Calcium Transient Analysis in Cardiomyocytes

Yiangos Psaras,* Francesca Margara ,* Marcelo Cicconet, Alexander J. Sparrow , Giuliana G. Repetti , Manuel Schmid,  
Violetta Steeples, Jonathan A.L. Wilcox , Alfonso Bueno-Orovio , Charles S. Redwood , Hugh C. Watkins ,  
Paul Robinson, Blanca Rodriguez , Jonathan G. Seidman , Christine E. Seidman , Christopher N. Toepfer

RATIONALE: Calcium transient analysis is central to understanding inherited and acquired cardiac physiology and disease. Although 
the development of novel calcium reporters enables assays of CRISPR/Cas-9 genome-edited induced pluripotent stem cell–
derived cardiomyocytes and primary adult cardiomyocytes, existing calcium-detection technologies are often proprietary and 
require specialist equipment, whereas open-source workflows necessitate considerable user expertise and manual input.

OBJECTIVE: We aimed to develop an easy to use open-source, adaptable, and automated analysis pipeline for measuring cellular 
calcium transients, from image stack to data output, inclusive of cellular identification, background subtraction, photobleaching 
correction, calcium transient averaging, calcium transient fitting, data collation, and aberrant behavior recognition.

METHODS AND RESULTS: We developed CalTrack, a MatLab-based algorithm, to monitor fluorescent calcium transients in living 
cardiomyocytes, including isolated single cells or those contained in 3-dimensional tissues or organoids, and to analyze data 
acquired using photomultiplier tubes or employing line scans. CalTrack uses masks to segment cells allowing multiple cardiomyocyte 
transients to be measured from a single field of view. After automatically correcting for photobleaching, CalTrack averages and 
fits a string of transients and provides parameters that measure time to peak, time of decay, tau, peak fluorescence/baseline 
fluorescence (Fmax/F0), and others. We demonstrate the utility of CalTrack in primary and induced pluripotent stem cell–derived cell 
lines in response to pharmacological compounds and in phenotyping cells carrying hypertrophic cardiomyopathy variants.

CONCLUSIONS: CalTrack, an open-source tool that runs on a local computer, provides automated high-throughput analysis of 
calcium transients in response to development, genetic or pharmacological manipulations, and pathological conditions. We 
expect that CalTrack analyses will accelerate insights into physiological and abnormal calcium homeostasis that influence 
diverse aspects of cardiomyocyte biology.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Calcium is a universal signaling molecule that can 
evoke extensive changes in the proteome and tran-
scriptome of all cells and has particular roles in 

excitable neural cells and cardiomyocytes. In addition to 
cell signaling, calcium transients in cardiomyocytes can 

directly influence contraction, relaxation, and arrhythmo-
genicity. As such, dynamic calcium measurements are 
key to understanding cardiomyocyte physiology, pathol-
ogy, and the therapeutic efficacy and safety in delivered 
compounds.1
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Investigations into cardiovascular biology employ 
fluorescent indicators of cellular calcium, including 
cell-permeable fluorophores,2,3 and viral delivery of 
genetically encoded calcium sensors4,5 that may target 

subcellular structures such as sarcomeres.6,7 Despite 
the successful application of these strategies to primary 
cells derived from experimental models or explanted 
human tissues,8 there remains an unmet need for higher 
throughput calcium screening assays, in particular, to 
address human immortalized embryonic stem cell and 
induced pluripotent stem cell–derived cardiomyocytes 
(iPSC-CMs). With this goal, we developed CalTrack, a 
set of MatLab algorithms with the flexibility to analyze 
cellular calcium transients from many cellular formats 
in an unbiased, rapid, analysis platform. CalTrack uses 
high-throughput fluorescent cellular imaging to enable 
analyses of wild-type (WT)9 and mutant iPSC-CMs 
derived from patients or mutated using clustered regu-
larly interspaced short palindromic repeats (CRISPR)/
Cas-9 methodologies.10

Phenotyping of iPSC-CMs has recently become 
easier with techniques that allow rapid automated 
assessments of contractile function11,12 and that 
address challenges of cellular heterogeneity by 
increasing experimental throughput, as greater data 
volume enables statistical power to interrogate small 
effects. Although the development of more physiologi-
cally relevant models remains an important endeavor 
to overcome cellular immaturity, rapid phenotyp-
ing of iPSC-CMs can be performed with CalTrack, 

Nonstandard Abbreviations and Acronyms

CD	 calcium transient duration
DMSO	 dimethylsulfoxide
Fmax/F0	� peak fluorescence/baseline 

fluorescence
FPS	 frames per second
GFP	 green fluorescent protein
HCM	 hypertrophic cardiomyopathy
iPSC	 induced pluripotent stem cell
iPSC-CMs	� induced pluripotent stem cell–derived 

cardiomyocytes
PKA	 protein kinase A
T50off	 time of 50% calcium decay
T50on	 time to 50% of calcium peak
Tau	 calcium decay constant
Toff	 time for calcium transient decay
Ton	 time to reach calcium peak
WT	 wild-type

Novelty and Significance

What Is Known?
•	 Measurements of calcium transients in cardiomyocytes 

provide insights into homeostasis and pathophysiologic 
processes and define drug effects.

•	 Tools that automatedly segment cells, extract calcium 
transients, and output data in high throughput are not 
available.

What New Information Does This Article  
Contribute?
•	 CalTrack provides an automated, high-throughput cal-

cium transient analysis pipeline for studying primary, 
induced pluripotent stem cell–derived cardiomyocytes, 
and engineered cardiac tissues.

•	 Analyses of cardiomyocytes with pathogenic thin fila-
ment variants reveal abnormal calcium transients in a 
cell model of hypertrophic cardiomyopathy (HCM).

•	 Aberrant calcium transient observed in induced plurip-
otent stem cell–derived cardiomyocytes with the HCM 
mutation TNNI3R21C/+ are not fully normalized by appli-
cation of Mavacamten.

CalTrack provides an automated and high-throughput 
platform for extracting and analyzing calcium transient 
data in cardiomyocytes. CalTrack can be used to analyze 
data from line scans, photomultiplier tubes, fluorescent 
image stacks, and movies. Cells can be automatically 
segmented to extract multiple calcium transients per 
field of view, from a wide variety of preparations, includ-
ing single cells, organoids, and 3-dimensional tissues. 
The CalTrack pipeline detected changes in calcium 
transients in response to pharmacological agents Leo-
vsimendan and Isoproterenol. CalTrack also identified 
abnormal cellular calcium transients in guinea pig car-
diomyocytes carrying the HCM variant TnnI3R145G/+ and 
in human induced pluripotent stem cell–derived cardio-
myocytes carrying the HCM variant TNNI3R21C/+. The 
TNNI3R21C/+ variant caused a significant acceleration of 
time to reach calcium peak (Ton), and longer duration 
of time for calcium transient decay (Toff) and calcium 
transient duration, abnormalities that were only partially 
corrected by Mavacamten, an allosteric modulator of 
myosin. We infer from this data that Mavacamten may 
have therapeutic utility in thin filament HCM but that 
compounds with more specific calcium effects may be 
of additional benefit to these patients.
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identifying subtle changes that are critical to under-
standing pathogenic signals. Existing strategies with 
these capabilities typically require expensive hardware 
and skilled manual interventions (Table I in the Data 
Supplement). Additionally, to allow automated, high-
throughput assessment of calcium transient changes 
for therapeutic screening, we aimed for efficient data 
acquisition and analyses. CalTrack is freely available 
using a MatLab pipeline or provided as a compiled ver-
sion for users without MatLab access.

CalTrack defines calcium transients in primary cardio-
myocytes from animal models6 and iPSC-CMs, includ-
ing cells on patterned substrates13,14 or in engineered 
3-dimensional tissue systems15 (Figure  1 and Figure I 
and II in the Data Supplement). The algorithm automates 
background subtraction, performs photobleach cor-
rection, uses masks to identify individual cells in image 
stacks with multiple cells per field of view, averages all 
identified transients, and performs transient fitting with 
parametric output. This code relies only upon providing 
a directory of video files (.avi,.vsi,.mov,.czi,.m4v,.mp4, and 
others) that can be converted to .tif stacks or previously 
extracted fluorescence data in an excel file (Figure 2). 
CalTrack is user-friendly (User Manual in the Data Sup-
plement) and computationally inexpensive so that it can 
be run on a local computer. On average, the algorithm 

requires 140 seconds to convert 10 video files (250 
frames) to .tif stacks and 55 seconds to analyze and 
export computed parameters into excel files. In com-
parison, manual conversion of similar videos (120 sec-
onds), extraction of calcium traces (200 seconds), and 
computation of the parameters is considerably slower. In 
addition, manual computation of average representative 
traces, with baseline correction can impair standardiza-
tion. We show that CalTrack’s rapid automated analy-
sis and fitting of hundreds of cells on a local computer 
provide robust statistical power for analyzing changes 
in cellular calcium transients in comparison to a com-
mercial software. As CalTrack only requires fluorescence 
microscopy, or extracted traces, to rapidly analyze large 
data sets, we suggest that this platform provides a critical 
resource for the cardiac biology community to accelerate 
experimentation in physiology, pathology, and therapeutic 
screening.

METHODS
Data Availability
The CalTrack code and trial data sets are openly available and 
maintained on GitHub at the following URL: https://github.
com/ToepferLab/CalTrack.

Figure 1. The variety of cardiovascular model systems and constructs that can be automatedly analyzed using CalTrack.
CalTrack can be applied to multiple cellular systems, both organized and disorganized primary cardiomyocytes from animal models and 
immortalized cell types (induced pluripotent stem cell–derived cardiomyocytes [iPSC-CMs] and embryonic stem cell derived cardiomyocytes 
[ESC-CMs]), using formats that include 3-dimensional (3D) tissue systems, organoids, and 2-dimensional (2D) cell culture systems.
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Figure 2. The CalTrack calcium analysis pipeline can be used for Single cells or multicell image stacks.
A, A single induced pluripotent stem cell–derived cardiomyocytes (iPSC-CM) imaged using an ×100 objective that has been masked (B) 
by CalTrack for segmentation and fluorescent trace extraction. C, From the masked iPSC-CM CalTrack extracts a raw calcium trace. D, 
CalTrack then automatedly segments the beats (red lines) and can average them into one trace (black line). E, CalTrack can then provide 
all parameters from each individual transient or from the mean transient of a single cell. F, The same analysis routine can be applied to 
low magnification (×20) image stacks with multiple cells per field of view. G, The CalTrack segmentation mask identifies single cells for 
transient analysis and provides raw fluorescent traces for each cell (H), which can then be individually segmented and averaged (I) for 
automatic parametric output (J). AU indicates arbitrary units.
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Mathematical Basis of CalTrack Calcium 
Transient Analysis
To extract calcium traces, CalTrack relies on the Bio-Formats 
toolbox16 for MatLab (Mathworks, Inc, Natwick, MA). CalTrack 
initially reads all frames in the video stack and averages the 
value of all pixels to generate a mask. Where multiple cell 
segmentation is required, the average image is subjected to 
a difference of Gaussians filter17 to increase contrast in local 
boundaries. Contrast-limited adaptive histogram equalization 
and erosion-dilation enhance this to produce a segmented cell 
mask. This is applied to extract the raw fluorescence within 
each cell per frame, as the sum of all pixels in each cell (n):

N t p t Fluorescent Trace
i

n

i( ) = =
=

∑
1

( )

where pi  represents each pixel intensity.
Below we provide a simplified mathematical version (see 

Data Supplement for additional details) of the process of 
extraction and analysis of traces that have successfully passed 
quality control and have either been corrected for photobleach 
or have been deemed by the user not to require photobleach 
correction. Previously extracted traces can also be processed 
with CalTrack.

First, to select the beginning of each fluorescent transient 
and perform transient segmentation, the entire trace is con-
verted to an array of the difference of each intensity value with 
its previous value:

D diff N N N N N N n N n= ( ) = ( ) − ( ) ( ) − ( ) … ( ) − −[ , , , ( )]2 1 3 2 1

The onsets of fluorescence increase, which correspond to the 
start of calcium transients, match the peak values of D. Peaks 
in D (termed Dp) are selected as onsets of calcium-driven fluo-
rescent transients by thresholding to a minimum prominence 
of 50%. The beginning of each transient is selected by sub-
tracting an offset of 10% of the cycle length to Dp (eg, 100 
ms for 1 Hz pacing), in the original trace. Individual transients 
are cropped from the whole fluorescent trace by specifying 
their beginning and ending points at Dp-offset and Dp+1-offset, 
respectively. Next, the transients are averaged to a single fluo-
rescence intensity transient unless the option of measuring 
parameters on each individual transient is selected by the user, 
in which case the following is performed on every transient. 
When measuring parameters on each individual transient, a 
measurement of the SD of all individual transients’ parameters 
is provided as a quality control metric.

As an alternative to automatic transient segmentation, 
CalTrack offers the user the option to perform this process by 
defining the beginning of the first calcium transient via event 
markers such as the time of electrical pacing, if known.

To characterize all temporal parameters of the obtained 
average transient, the baseline intensity must be determined. 
This is achieved by averaging the last points of the trace that 
correspond to a temporal window of 20% of the cycle length 
(eg, 200 ms for 1 Hz pacing). Subsequently, the peak of the 
trace is selected as the maximum intensity value and the tran-
sient magnitude is calculated as max–baseline. Peak fluores-
cence/baseline fluorescence (Fmax/F0) is calculated as the 
peak value divided by the baseline. Next, since fluorescent 
traces may have a lower baseline at the end of the trace than 
at the beginning, a more robust value for the baseline is defined 

as baseline+(0.03×magnitude). This enables automated defi-
nition of the beginning and end of each transient in the fluo-
rescent trace and is the smallest change that can support 
automation while minimally altering the measured temporal 
parameters (Figure III in the Data Supplement). The redefined 
baseline value is used to calculate all temporal parameters via 
linear interpolation (ie, interpolation of time at intensity values 
corresponding to 0%, 10%, 50% and 90% of the magnitude, 
which has been recalculated with the redefined baseline), with 
the exception of tau (and its fitting parameters), which is calcu-
lated by fitting the decaying arm of the fluorescent trace with 
an exponential decay curve with equation y ae cbx= + ,  and 

calculating tau as tau
b

= −
1

.  The goodness-of-fit value is also 

calculated and reported for quality control. For traces without 
uniform electrical pacing (ie, more fluorescent transients are 
identified than the manually-input pacing frequency justifies) or 
traces that display aberrations reminiscent of irregular behavior, 
such as early or delayed afterdepolarizations (Figure IV in the 
Data Supplement), additional information is reported as output. 
This includes the beat-to-beat time as the average time interval 
between peaks, the number of intervals used to compute the 
beat-to-beat time, and the cell and beat number where early 
or delayed afterdepolarizations occurred. These traces may 
later undergo post hoc processing. Here an automated analysis 
of the regular events is carried out (ie, excluding the irregular 
parts of the trace), and reported measurements include all of 
the above in addition to the number of total and irregular beats, 
as well as classifying irregular beats as an early or delayed 
afterdepolarization.

Finally, for quality control, the signal-to-noise ratio is cal-
culated for the extracted traces as the average of the tran-
sient values (above baseline) divided by the SD of values 
below the baseline.

Production of Synthetic Calcium Transients for 
CalTrack Benchmarking
Synthetic calcium transients were simulated using a biophysically 
detailed electro-mechanical model18 of adult human ventricular 
myocyte obtained through the coupling of the electrophysiol-
ogy ToR-ORd19 and the contractility Land20 models. Simulations 
were conducted in MatLab, using the numerical solver ode15s 
with solutions reported every 1 ms, corresponding to an acquisi-
tion frequency of 1000 frames per second (FPS). The model 
was stimulated at 0.5, 1, and 2 Hz for 200 beats, delivering a 
stimulus current of −53 µA/µF for 1 ms. The last 5 beats of each 
simulation were saved. For each pacing frequency, twenty 5-beat 
traces were generated by scaling either the L-type calcium or the 
rapid delayed rectifier potassium currents’ conductance. Calcium 
traces were downsampled to match experimental acquisition fre-
quencies. Noise equivalent to 2.5× the SD of the final 300 ms 
of each calcium trace was added to each trace. Resemblance 
to commonly acquired experimental data was confirmed on all 
traces visually before analyzing with CalTrack.

Generation of WT and TNNI3R21C/+ Missense 
iPSC-CMs for Calcium Transient Analyses
A heterozygous pathogenic missense variant TNNI3R21C that 
causes hypertrophic cardiomyopathy21 was introduced using 
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CRISPR/Cas-9 technology as previously described and in 
Methods in the Data Supplement10,22–24 (please see the Major 
Resources Table in the Data Supplement). Targeted iPSC sub-
clones were sequenced to confirm the TNNI3R21C/+ genotype 
(Figure V in the Data Supplement), differentiated into iPSC-
CMs via Wnt pathway modulation, and plated in a 2-dimensional 
assay plate as described in detail in the Supplemental Methods 
and identically as previously described.25 Cells were treated with 
dimethylsulfoxide (DMSO) or Mavacamten 0.3 to 3 µmol/L as 
described in detail in Methods in the Data Supplement.

Guinea Pig Cardiomyocyte Isolation and 
Manipulation
Guinea pig studies were performed with protocols that were 
reviewed and approved by the Animal Welfare and Ethical 
Review Board at the University of Oxford and conform to the 
UK Animals (Scientific Procedures) Act, 1986. Adult left ven-
tricular cardiomyocytes (adolescent male, 10–15 weeks in 
age) were isolated and immediately processed for ratiometric 
calcium analyses as previously described26 (see Methods and 
Major Resources Table in the Data Supplement). Paced Fura2-
loaded cells were studied using the Ionoptix (Waltham, MA) 
platform IonWizard, according to manufacturer’s protocols, and 
by CalTrack (see Results). Alternatively, isolated cardiomyo-
cytes were co-transduced for 48 hours with adenovirus car-
rying a red genetically encoded calcium indicator (RGECO)6 
and a cDNA encoding either WT TnnI3 or TnnI3 R145G, and 
cultured in plates for imaging.6 Videos of 0.5 Hz electrically 
paced cardiomyocytes at 37 °C were acquired at 25 FPS. 
Pharmacological effects were assessed in guinea pig cardio-
myocytes that have been pretreated with either DMSO or 10 
µmol/L levosimendan for 15 minutes at 37 °C before imaging.

Statistical Analysis
All individuals performing data analysis were blinded to the 
treatment group under study. Postanalysis processing was 
unblinded. Statistical analyses were performed using GraphPad 
Prism version 8.4.2 for macOS (GraphPad Software, San Diego, 
CA, www.graphpad.com). Normality in all data sets, defined as 
alpha <0.05, was assessed by the D’Agostino-Pearson normal-
ity test. Single comparisons of data modeled by a normal distri-
bution was assessed by a double-tailed Student t test; multiple 
comparisons use a 1-way ANOVA with post hoc correction 
for the number of comparisons. Data that were not modeled 
by a normal distribution was assessed by a nonparametric 
Mann-Whitney test. When multiple comparisons were tested in 
unpaired data, a Kruskal-Wallis was used with post hoc Dunn 
correction. For multiple comparisons in paired data (Figure 4, 
Figures III and VII in the Data Supplement) where the normality 
test was not satisfied, data were tested with a nonparametric 
Friedman test with Dunn multiple comparisons correction. In all 
instances, a significance cutoff of P<0.05 was used.

RESULTS
CalTrack Pipeline Overview and Applications
CalTrack analyzes image stacks/videos acquired with 
fluorescent calcium reporters in iPSC-CMs or isolated 

adult cardiomyocytes (Figure 1). Alternatively, extracted 
traces (collected in excel files) that bypass the need to 
derive data from stacks/videos can also be analyzed. 
After incubation with chemical calcium dyes, such as 
Fura2, Fluo-4,2 or following transduction with viruses 
carrying calcium probes (eg, RGECOs/GCaMPs27), 
cells are imaged using a fluorescent microscope at a 
range of magnifications (typically ×100–×10) to pro-
vide image stacks of either single or multiple cells per 
field of view (Figure 2). Image acquisition rates should 
at minimum be 25 FPS but ideally should be 40 to 100 
FPS to allow the accurate capture of calcium transients. 
However, data acquired at up to 1000 data points per 
second can be analyzed (Figure VI in the Data Supple-
ment). CalTrack applies a mask to these image stacks 
to identify either single or multiple cells in a field of view 
(Figure I in the Data Supplement). In the case of imaging 
single iPSC-CMs at ×100 or equivalent optical magni-
fication, CalTrack identifies the area that the cell occu-
pies in the field of view and applies a fixed mask to the 
cell to measure fluorophore intensity in each frame of 
the acquisition (Figure 2A and 2B). Fluorophore inten-
sity is, therefore, measured within the cell’s boundary 
at maximum relaxation throughout each frame of the 
acquisition (Figure 2A through 2C and Figure IA in the 
Data Supplement). The individual transients can then be 
segmented and aligned to create a mean transient per 
cell (Figure 2D), which is used to determine the param-
eters that define the calcium transient. These include the 
decay constant tau (Tau), determined by curve fitting to 
the mean transient, time to reach calcium peak (Ton), time 
to 90% of peak (T90on), time to 50% of peak (T50on), 
time to 10% of peak (T10on), Fmax/F0, time for calcium 
transient decay (Toff), time of 10% decay (T10off), time of 
50% calcium decay (T50off), time of 90% decay (T90off), 
calcium transient duration (CD), and signal-to-noise ratio 
for the calcium trace. Examples of the CalTrack fitting 
and parametric determination are illustrated in Figure 2E 
and in the CalTrack user guide.

For low magnification acquisition where multiple cells 
are within a single field of view, CalTrack can distinguish 
cells by applying a mask that defines cells within a field 
of view (Figure  2F and 2G and Figure I in the Data 
Supplement). This allows the simultaneous fluorescence 
intensity assessment of many cells from one image stack 
(Figure 2H). Each of the identified cells can then be indi-
vidually segmented so that a mean transient per cell can 
be computed (Figure  2I). The computed mean is then 
used for fitting and measurement of transient param-
eters (Figure 2J).

CalTrack Robustly Detects Cardiomyocytes in 
Low Magnification Image Stacks
Imaging calcium transients in multiple cells within a 
single field of view at low magnification can improve 
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throughput. To enable the analysis of this data, CalTrack 
constructs a cell mask to identify individual cells and 
excludes rounded dead cells by filtering out nonelon-
gated cells. This strategy yielded a 1.36% false-negative 
rate and 4.04% false-positive rate (Figure IB through ID 
in the Data Supplement). Cells detected by CalTrack are 
presented to the user for final quality control, and the 
end-user can further exclude cells as false positives. As 
the predominance of false positives reflect overlapping 
cells within high plating densities (Figure IE in the Data 
Supplement), cultures should aim to minimize individual 
cellular overlap to reduce false-positive detection of cells.

CalTrack Corrects for Linear and Exponential 
Baseline Drift in Calcium Transient Acquisitions
Baseline drift in fluorescent microscopy with calcium 
indicators can be caused by multiple events includ-
ing photobleaching, loss of fluorophore from the cell, 
or cell damage. CalTrack enables the investigator to 
select whether elimination from processing or correc-
tion of baseline drift is desirable. To correct baseline drift, 
a second-degree polynomial, applicable for both linear 
and exponential drifts, is used to determine the baseline 
trend; this is subsequently subtracted from the original 
trace to detrend the data (Figure  3A). Data that lacks 
baseline drift remains unaffected (Figure  3A, inset). 
Before baseline correction, linear baseline drift would 
skew mean calcium transient segmentation (Figure 3B). 
Correction of the linear baseline drift reduces individual 
transient drift and provides a robust corrected mean 
transient (Figure 3C). The same applies to an exponen-
tial decay in baseline, which can be successfully mod-
eled and removed from datasets with this approach 
(Figure 3D and 3E).

CalTrack Provides Analysis of Irregular Calcium 
Transients Including Early Afterdepolarizations and 
Delayed Afterdepolarizations
To account for irregular fluorescent transients, which 
cannot be analyzed as part of the main automated anal-
ysis, CalTrack has additional post hoc analysis capabili-
ties. These analyses require high signal-to-noise ratio 
in the extracted traces to allow robust detection of 
irregular transients. CalTrack classifies irregular traces 
as nonadherence to pacing or calcium spikes reminis-
cent of early and delayed afterdepolarizations (Figure 
IV in the Data Supplement). CalTrack can exclude the 
irregular events from the multibeat trace and measure 
parameters from the regular transients as it would 
usually in adherent transients (Figure  2). The irregu-
lar transients are subsequently analyzed and CalTrack 
provides a count of the number of total transients, the 
number of excluded events, and the number of irregu-
lar events, including designation of events as early or 
delayed afterdepolarizations.

Assessment of Quantitative Calcium Concentrations 
Using CalTrack
We harnessed CalTrack to quantify intracellular calcium 
using the ratiometric indicator Fura2 in WT adult guinea pig 
cardiomyocytes (Figure VI in the Data Supplement). When 
running CalTrack the user can either provide a calibration 
curve for the ratiometric indicator or alternatively, a calibra-
tion curve is generated within CalTrack by inputting the fluo-
rescence intensity values at known calcium concentrations 
for a specific ratiometric indicator. This calibration is then 
used with the fluorescence ratio of the ratiometric indicator 
to generate absolute raw and smoothed calcium concentra-
tion traces, demarcating T0, providing profiles with temporal 
parameters from baseline and peak calcium concentra-
tions, and quantifying the baseline and peak concentration 
of intracellular calcium (Figure VI in the Data Supplement).

Benchmarking of CalTrack With Synthetic Simulated 
Calcium Transient Data
CalTrack has been designed to function for multiple pacing 
frequencies, allowing the user to define the experimental 
pacing frequency. To test the fidelity of the underlying Cal-
Track code, we used simulated calcium transients obtained 
from 20 virtually generated human cardiomyocytes and 
several pacing frequencies from 0.5 Hz to 2 Hz (Figure 4). 
Variation of electrical pacing frequency affects simulated 
calcium transient parameters as expected (Figure  4A 
through 4I). When using CalTrack to analyze these data, 
the mean over 20 simulated calcium transients shows 
marked changes in calcium transient characteristics with 
pacing frequency (Figure 4B). Normalized calcium peak 
(equivalent to Fmax/F0 in experiments) decreases with 
increasing pacing frequency (Figure 4C). Ton and Toff are 
faster at higher pacing frequencies (Figure 4D and 4E). 
The calcium transient decay constant, tau, decreased with 
increasing pacing frequencies (Figure 4F). T50on, T50off, 
and CD were accelerated as pacing frequencies increased 
(Figure 4G through 4I).

To determine the interference of noise with measure-
ments, random noise was added to simulated calcium 
traces at 1 Hz pacing (Figure VII in the Data Supplement). 
Measurements of peak normalized calcium, tau, time to 
50%, peak calcium, time to 50%, and complete decay 
were unchanged at signal-to-noise ratio 15 to 70. How-
ever, the time to 50% peak calcium was increased (Fig-
ure VIIH in the Data Supplement), and time to complete 
decay was decreased (Figure VIIG in the Data Supple-
ment) at low signal-to-noise ratio of 10. Therefore, data 
acquired below signal-to-noise ratio of 15 may be unreli-
able and should be closely scrutinized by the end-user.

Quantitative Calcium Analyses in Adult TnnI3R145G/+ 
Cardiomyocytes With Benchmarking Comparison 
Between Automated CalTrack Analysis and Manual, 
User-Driven IonWizard Analysis
We compared ratiometric calcium data from adult guinea 
pig cardiomyocytes, which had either been transfected 
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with human TnnI3+/+9 or with the R145G variant troponin 
I (TnnI3R145G/+),6,28 which had been loaded with Fura2 (Fig-
ure 5). Both algorithms detected significantly increased 
baseline and peak calcium concentrations without alter-
ing calcium amplitudes (Figure  5A through 5C). The 
times to 10%, 50%, and 90% of peak calcium were 
not significantly different, although CalTrack detected a 
modest increase in the time to peak calcium (Figure 5D 
through 5G). Both software detected abnormalities in 
calcium decay times, although not identically and pro-
longed tau in the TnnI3R145G/+ versus WT cardiomyocytes 

(Figure 5H through 5K). Although these analyses dem-
onstrated comparable data acquisition and interpretation 
by both software platforms, the overall operator times for 
using IonWizard was 20-fold longer on average per cell 
analyzed (CalTrack ≈1 minute, IonWizard ≈20 minutes).

CalTrack Detects Calcium Transient Responses 
to Pharmacological Agents, Levosimendan and 
Isoproterenol, in Adult Cardiomyocytes
We studied WT adult guinea pig cardiomyocytes at base-
line (n=79) and after treatment (n=96) with 10 μM of 

Figure 3. CalTrack successfully corrects linear and exponential photobleach events.
A, Simulated linear and exponential baseline shifts are applied to a fluorescent calcium trace (inset). Colored trend lines are fit to the baseline 
shifted data by CalTrack. These are used to correct shifts in baseline. B and D, Segmented individual transients from traces that need baseline 
correction due to baseline drift caused by linear decay (B) or exponential decay (D). CalTrack correction of baseline drifts functions robustly for 
linear (C) or exponential (E) baseline shift. AU indicates arbitrary units.
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the calcium sensitizer levosimendan.29 Normalized mean 
calcium transients from 0.5 Hz paced cells (Figure  6A) 
and calcium decays (Figure 6B) that were obtained after 
levosimendan treatment increased Fmax/F0 (P=0.0022; 
Figure  6C) and reduced tau (P=1.9×10-14; Figure  6D). 
T50on was not statistically significantly altered by levo-
simendan (Figure 6E), but Ton was shortened (P=0.026; 
Figure 6F). Levosimendan accelerated T50off (P=2.4×10-

9; Figure 6G) and Toff (P=0.023; Figure 6H) and reduced 

CD (P=0.0034; Figure  6I). Drug-induced changes in 
fluorescence identified by CalTrack are consistent with 
prior studies in guinea pig cardiomyocytes6 and pharma-
cological activities of levosimendan. Levosimendan binds 
troponin C and increases calcium affinity, which underlies 
its positive inotropic effects,30,31 and also potently inhib-
its phosphodiesterase activity,32 thereby augmenting PKA 
(protein kinase A) and cAMP effects that increase cellular 
relaxation rates33 and promote lusitropy.

Figure 4. CalTrack analyzes computationally simulated calcium transients at multiple beating frequencies with fidelity.
A, 0.5–2 Hz Kymographs produced by CalTrack. B, Average normalized calcium transients (n=20 simulated traces for each pacing frequency). C, 
Increases in pacing frequency decrease normalized peak calcium concentration (equivalent to peak fluorescence/baseline fluorescence [Fmax/F0]). 
D–I, Increasing pacing frequency significantly accelerates all calcium transient properties assessed by CalTrack (time to reach calcium peak [Ton], 
time for calcium transient decay [Toff], calcium decay constant (Tau), time to 50% of calcium peak [T50on], time of 50% calcium decay [T50off], and 
calcium transient duration [CD]). Data presented as mean and SD, colors of data points represent 0.5 Hz pacing (blue), 1 Hz pacing (green), and 
2 Hz pacing (red). For Camax/Ca0 and Tau statistical analysis is performed by 1-way ANOVA with a post hoc Sidak correction. Ton, Toff, T50on, T50off, 
and CD were tested with a paired nonparametric test Friedman test with Dunn multiple comparisons correction, 3 comparisons. In both instances, 
a P<0.05 was defined as the significance cutoff. Camax/Ca0 indicate maximal calcium/baseline calcium.
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CalTrack also detected the effects of the β-adrenergic 
agonist isoproterenol on 1 Hz paced WT iPSC-CMs 
(Figure VIII in the Data Supplement). In comparison to 
untreated cells, isoproterenol increased calcium kinetics, 
showing both a more rapid increase in normalized cal-
cium fluorescence and significantly reduced tau, Ton, and 
T50off, consistent with previously reported data.34

CalTrack Detects Abnormal Calcium Transients 
in Guinea Pig Cardiomyocytes Expressing the 
TnnI3R145G/+ HCM Variant
We compared calcium homeostasis in 0.5 Hz paced 
adult WT (n=47) and TnnI3R145G/+ (n=88) guinea pig car-
diomyocytes (see Methods in the Data Supplement). In 
comparison to WT cardiomyocytes, the average calcium 
transients (Figure  7A) and decay traces (Figure  7B) 

indicated that TnnI3R145G/+ did not significantly alter Fmax/
F0 (Figure 7C) but significantly prolonged tau (P=3.9×10-

11) and caused faster T50on (P=0.033; Figure  7E). Ton 
was slowed in TnnI3R145G/+ guinea pig cardiomyocytes 
(versus WT, P=4.9×10-8; Figure 7F). T50off (P=6.4×10-9; 
Figure 7G) and Toff (P=5.0×10-15; Figure 7H) were lon-
ger in TnnI3R145G/+ guinea pig cardiomyocytes and CD 
was prolonged (P=5.9×10-20; Figure 7I).

CalTrack Detects Basal and Drug-Induced Calcium 
Changes in iPSC-CMs With an Endogenous 
TNNI3R21C/+ HCM Variant
We used CalTrack to assess the calcium transients from 
isogenic iPSC-CMs with and without an endogenous het-
erozygous pathogenic troponin I variant (TNNI3R21C/+) that 
causes HCM21 (see Methods in the Data Supplement). A 

Figure 5. Automated CalTrack quantification of calcium concentration and kinetic parameters in guinea pig wild-type (WT) and 
TnnI3R145G/+ cardiomyocytes is comparable to manual IonOptix IonWizard software analysis.
A, Average calcium transients are identical by analysis via IonWizard or CalTrack analysis. Average traces are made of n=42 WT and n=36 for 
TnnI3R145G/+ cells. B, Calcium amplitude is unaffected by Tnni3R145G/+. C, Baseline [Ca2+] is increased in TnnI3R145G/+ cells. Time to 10% of peak (T10on; 
D), time to 50% of calcium peak (T50on; E), and time to 90% of peak (T90on; F) are unaffected by TnnI3R145G/+. G, time to reach calcium peak (Ton) is 
significantly longer in TnnI3R145G/+ cardiomyocytes when assessed by CalTrack analysis. H, Time of 10% decay (T10off) is unaffected by TnnI3R145G/+. 
I, Time of 50% calcium decay (T50off) is longer in TnnI3R145G/+ cardiomyocytes. J, Time of 90% decay (T90off) is assessed to be longer in TnnI3R145G/+ 
cardiomyocytes by CalTrack analysis. K, Calcium decay constant (Tau) is significantly longer in TnnI3R145G/+ cardiomyocytes. Statistical analysis is 
performed by a 2-tailed Student t test (Baseline, Ton, T90on, and T90off) or by nonparametric Mann-Whitney test (CaAmplitude, T10on, T50on, T10off, 
T50off, tau) with a significance cutoff of P<0.05. No statistical comparisons are made between IonOptix and CalTrack. Ns indicates nonsignificance.
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founder TNNI3R21C/+ mutation in South Lebanon causes 
malignant HCM with sudden cardiac death, which often 
precedes hypertrophy,35 likely due to abnormal calcium 
handling from disruption of PKA-mediated phosphoryla-
tion of its N-terminal molecular switch.21,36

We studied 1 Hz paced cells treated with and without 
mavacamten,37 an allosteric myosin ATPase inhibitor,38 
which improves relaxation deficits associated with HCM 
thick filament variants39–42 and also influences calcium 
via unknown mechanisms.6 Using CalTrack outputs for 
the mean calcium transient in each cell analyzed (excel 
file), we defined an average transient at baseline and 
for each perturbation (Figure 8). Mutant iPSC-CMs had 
increased T50off, Toff, and tau at baseline, which is con-
sistent with previous work in a knock-in mouse model 
carrying the R21C variant43 that exhibits marked diastolic 
insufficiency and slowed myofilament relaxation.

TNNI3R21C/+ iPSC-CMs were not statistically different 
from WT iPSC-CMs when assaying Fmax/F0 at baseline 
(Figure 8B), whereas mavacamten further reduced Fmax/F0 
at each dose (Figure 8C, Table III in the Data Supplement). 
Other calcium parameters that were abnormal in TNNI3R21C/+ 
were reversed by treatment with 0.3 μM mavacamten, includ-
ing prolonged tau (versus WT, P=0.001, Figure 8D; normal-
ized in Figure 8E) and significantly faster T50on (versus WT, 

P=3.0×10-8; Figure 8F; normalized in Figure 8G). TNNI3R21C/+ 
also had faster Ton (vs. WT, P= 2.2×10-16, Figure 8H) and 
dose-dependently accelerated by mavacamten (Figure 8I), 
whereas prolonged T50off (vs. WT, P=0.044; Figure 8J) was 
normalized (Figure 8K). Toff was longer (P=1.7×10-5; Fig-
ure  8L) and dose-dependently corrected by mavacamten 
(Figure 8M). CD was longer in TNNI3R21C/+ iPSC-CMs when 
compared with WT (P=0.035, Figure  8N) but was dose-
dependently shortened by mavacamten (Figure  8O). Cal-
Track identified that 8% of TNNI3R21C/+ iPSC-CMs displayed 
delayed afterdepolarizations (n=60), in comparison to 0.9% 
in WT iPSC-CMs (n=113).

The effects of increasing mavacamten dose on WT 
iPSC-CMs are shown in Figure IX in the Data Supple-
ment. Fmax/F0 was increased by 3 µmol/L mavacamten 
treatment. T50on and Ton were dose-dependently reduced 
by mavacamten treatment (Figure IXA through IXC in the 
Data Supplement). T50off decreased at 1 µmol/L and 3 
µmol/L doses (P=0.023 and P=0.0045, respectively; 
Figure IXD in the Data Supplement). At 3 µmol/L mava-
camten, there was accelerated decay in Tau (P=0.0018; 
Figure IXE in the Data Supplement), an accelerated 
Toff P=0.024; Figure IXE in the Data Supplement), and 
decreased CD (P=0.000019; Figure IXG in the Data 
Supplement).

Figure 6. CalTrack defines calcium transient changes caused by the application of levosimendan in paced (0.5 Hz) adult guinea 
pig cardiomyocytes.
A, Normalized mean calcium transients and mean calcium decays (B) from control (n=79) or levosimendan (Levo) 10 µmol/L (n=96) treated 
guinea pig cardiomyocytes. Levo treatment increased peak fluorescence/baseline fluorescence (Fmax/F0; C), decreased calcium decay constant 
(Tau; D), and did not affect time to 50% of calcium peak (T50on; E). Levo treatment shortened time to reach calcium peak (Ton; F), time of 50% 
calcium decay (T50off; G), time for calcium transient decay (Toff; H). and calcium transient duration (CD; I). Data presented as mean and SD. 
Statistical analysis is performed by a 2-tailed Student t test (CD, Toff, T50off) or by nonparametric Mann-Whitney test (Fmax/F0, Tau, T50on, Ton) with a 
significance cutoff of P<0.05. AU indicates arbitrary units; and WT, wild-type.
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DISCUSSION
We demonstrate that CalTrack, a high-throughput auto-
mated analysis pipeline that capitalizes on advanced 
imaging capacities and acquisition of high frame rates 
by fluorescent microscopy, provides robust assessment 
of calcium transient in cultured or patterned cardiomyo-
cytes, and cardiomyocytes within engineered tissues. 
This extends to quantitative ratiometric analysis of cal-
cium concentrations within cells when data is acquired 
at high temporal resolution (>1000 data points per sec-
ond). Harnessing rapid screening technologies to visualize 
and image multiple cells in single fields of view, CalTrack 
acquires and automatedly and rapidly analyzes data in high 
throughput.

Quantitative assessment of calcium transients by 
CalTrack can be used in computational investigations 
into the pathogenic mechanisms underlying cardiovas-
cular conditions and their modulation under therapeutic 
interventions.44,45 Computational modeling and simu-
lation of cardiac pathophysiology can then be used to 
augment experimental datasets provided by CalTrack 
to enable a mechanism-driven understanding of cellular 
phenotypes,44,45 thereby providing a platform for testing 
hypotheses in human cardiomyocytes as alternatives to 
animal models46 so as to characterize physiological and 
pathological processes at baseline and in response to 
interventions.

Contemporary open-source software for analyzing cal-
cium transients focuses on neuronal cell types47–51 and char-
acterizes irregular traces generated by neurons. Although 
these platforms have some utility in cardiomyocytes, they are 
cumbersome for use in this system, and cannot run automa-
tedly. These issues limit high volume acquisition of cellular 
calcium transients and require significantly longer analysis 
times. Some laboratories overcome these issue through 
custom scripts, which typically lack automation, have variable 
parameter definitions, or limited parameter extraction pre-
cluding cross-study comparisons.52–56 By contrast, software 
automation eliminates manual user input and associated 
user error/bias so as to provide calcium transient data in a 
defined, standardized way that can be compared between 
cells and experimental conditions.

Although CalTrack is easily deployable for analysis across 
a variety of cardiac cells within a range of experimental sys-
tems, the platform has limitations. Analytical accuracy is 
compromised at low acquisition rates because of the rapid 
kinetics of the calcium transients generated in cardiomyo-
cytes. For example, acquisition at 25 FPS will sample data 
every 40 ms, resulting in a theoretical temporal resolution of 
92 ms (based on the Nyquist theorem, whereby resolution 
is equal to 1/2.3 of the sampling frequency). Hence the 
starting point of the calcium transient may be resolved as 
much as 40 ms further from whence it commences. This 
effect increases at lower sampling rates and is independent 
of the software used for analysis. Thus, although CalTrack 

Figure 7. CalTrack defines calcium transient changes caused by the TnnI3R145G/+ hypertrophic cardiomyopathy (HCM) variant in 
paced (0.5 Hz) adult guinea pig cardiomyocytes.
A, Normalized mean calcium transients and calcium decays (B) from wild-type (WT; n=47) or TnnI3R145G/+ (n=88) guinea pig cardiomyocytes. The 
TnnI3R145G/+ variant does not affect peak fluorescence/baseline fluorescence (Fmax/F0; C), and calcium decay constant (Tau; D). Time to 50% of 
calcium peak (T50on) is accelerated (E), but time to reach calcium peak (Ton; F), time of 50% calcium decay (T50off; G), time for calcium transient 
decay (Toff; H), and calcium transient duration (CD; I) are all slowed in comparison to WT. Data presented as mean and SD. Statistical analysis is 
performed by a 2-tailed Student t test (Ton, Toff, and CD) or by nonparametric Mann-Whitney test (Fmax/F0, Tau, T50on, and T50off) with a significance 
cutoff of P<0.05. ns indicates nonsignificant. AU indicates arbitrary units.
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Figure 8. CalTrack defines calcium phenotypes and drug responses in paced induced pluripotent stem cell–derived 
cardiomyocytes (iPSC-CMs) harboring the hypertrophic cardiomyopathy (HCM) TNNI3R21C/+ variant.
A, Averaged calcium transient traces of wild-type (WT; n=113 and TNNI3R21C/+ (n=60) cardiomyocytes with 0.3 μM (n=40), 1 μM (n=59), and 
3 μM mavacamten (n=92). B, TNNI3R21C/+ did not alter peak fluorescence/baseline fluorescence (Fmax/F0). C, Mavacamten reduces Fmax/F0 in 
a dose-dependent manner. D and E, Calcium decay constant (Tau) is prolonged in TNNI3R21C/+ cardiomyocytes and shortened by increasing 
mavacamtem dose. F, TNNI3R21C/+ shortens time to 50% of calcium peak (T50on). G, Mavacamten has variable, dose-dependent effects on T50on 
in the TNNI3R21C/+ cardiomyocytes. H and I, time to reach calcium peak (Ton) is shortened in TNNI3R21C/+ cardiomyocytes at baseline (Continued )
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uses interpolation to measure parameters smaller than the 
acquisition window, the acquisition frequency dictates accu-
racy, especially in parameters related to the start and fast 
phase of the transient. We suggest that this factor under-
lies the measurement difference of T50on in WT human 
iPSC-CMs (≈50 ms, acquired at 50 FPS) compared with 
WT guinea pig cardiomyocytes (≈100 ms, acquired at 25 
FPS). Nevertheless, CalTrack enables comparative analyses 
for lower frame rate data, where our findings using CalTrack 
are complementary to previous findings generated using 
the same experimental data set that had been analyzed 
with manual user-driven analysis and previously reported.6 
Additionally, we note that individual transient registration 
may be perturbed with extremely high frame rate data, as 
over-sampling reduces the prominence of point-to-point 
differences, from which the start of a calcium transient is 
defined. However, CalTrack data acquired at 1000 FPS is 
downsampled to 100 FPS solely to identify the start of the 
calcium transients; the raw 1000 FPS data is then used 
for parametric analyses. Therefore, high-frequency data 
acquired by line scanning or by the use of a photomulti-
plier tube can also be robustly and rapidly analyzed by Cal-
Track. As with many platforms, high data noise may limit 
the accuracy of the algorithm in fitting key parameters, but 
this is largely overcome by the trace averaging used in Cal-
Track. Indeed, almost identical analysis fidelity of values was 
obtained with CalTrack and the IonOptix IonWizard software 
(Figure 5). When needed, CalTrack also provides the end-
user the ability to check fitting fidelity for all steps of the 
analysis process so that data quality control standards can 
be identified. Notably, CalTrack can also be used to auto-
matedly analyze data obtained using a ratiometric calcium 
indicator, such as Fura2.

We demonstrate the utility of CalTrack to define per-
turbations in components of calcium homeostasis in adult 
guinea pig cardiomyocytes and human iPSC-CMs. We 
show that levosimendan, an agent with ionotropic effects 
by sensitizing troponin C57 and a potent phosphodies-
terase inhibitor32 that stabilizes PKA, increased Fmax/F0, 
accelerated calcium decay, and accelerated time to peak 
calcium, which manifested as shorter CDs in guinea pig 
cardiomyocytes similar to human myocardium.33 iPSC-
CMs treated with the β-adrenergic agonist isoproterenol 
activated calcium transients, due to PKA-dependent 
increases in L-type calcium channel activity,58 release of 
sarcoplasmic reticulum calcium by phosphorylation of 
phospholamban,59 and ryanodine receptor activity.60

CalTrack robustly detected differences in mutated 
sarcomeric thin filament proteins. Two pathogenic HCM 

variants in TNNI3 both had prolonged tau and longer Toff 
times. CalTrack also identified an 8-fold higher frequency 
of delayed afterdepolarizations in TNNI3R21C/+ iPSC-CMs 
when compared with WT iPSC-CMs. These findings 
result in decreased cellular relaxation, as assessed by 
SarcTrack in TNNI3R21C/+ iPSC-CMs, which often mani-
fest as diastolic abnormalities in HCM hearts,6,26 and may 
promote afterdepolarizations and arrhythmias that con-
tribute to sudden cardiac death.35 The TnnI3R145G/+ variant 
had a longer Ton, whereas the TNNI3R21C/+ variant had a 
shorter Ton when compared to respective WT cells. These 
findings are significant and are mirrored in the respective 
contractility profile of each variant26 (Figure X in the Data 
Supplement). Notably, these data also show that the allo-
steric myosin ATPase modulator mavacamten, which cor-
rects the contractile abnormalities in HCM thick filament 
variants, normalized tau and Toff in TNNI3R21C/+ iPSC-CMs 
albeit with a dose-dependent reduced Fmax/F0, time to 
peak, and CD (Figure IX in the Data Supplement). As 
such, mavacamten treatment may salvage some of the 
diastolic insufficiency caused by HCM mutations that are 
concomitant with increased lengths of calcium decays. 
These findings support recent studies,61 suggesting that 
mavacamten influences calcium cycling with potential 
therapeutic efficacy in addition to its established effects 
on myosin ATPase.38,61

Finally, we note that the combined use of endogenous 
genetically encoded GFP (green fluorescent protein) 
tag on titin22 concurrent with the red spectrum RGECO 
calcium fluorophore allows concurrent imaging of both 
sarcomere contraction and calcium transients in car-
diomyocytes (Figure X in the Data Supplement). Dual 
functional assessments with a cell-permeant fluorophore 
represent the potential for future development and com-
bination of SarcTrack with CalTrack, so as to enable 
wide-spread analyses using calcium-sarcomeric short-
ening loops (Figure XIB in the Data Supplement).

In summation, CalTrack has demonstrated applica-
bility as a rapid automated calcium transient analysis 
platform for a wide variety of cardiomyocyte constructs 
and sources. CalTrack provides calcium amplitude and 
temporal parameters from single or multiple adult or 
iPSC-derived cardiomyocytes within a field of view and 
can analyze previously extracted data from proprietary 
equipment. The algorithm provides high-fidelity measure-
ments, limited by the quality of data input (eg, acquisition 
rate of image stacks and noise), and is easily adopted 
and applied on local computers with rapid automated 
data processing rates. We expect this open-source tool 

Figure 8 Continued. (H) and further decreased by Mavacamten (I). J and K, Time of 50% calcium decay (T50off) is prolonged in TNNI3R21C/+ 
cardiomyocytes (J) and shortened (K) with increasing doses of mavacamten. L and M, time for calcium transient decay (Toff) is prolonged in 
TNNI3R21C/+ cardiomyocytes (L) and shortened (M) with increasing mavacamten dose. N and O, Calcium transient duration (CD) is statistically 
significantly prolonged in TNNI3R21C/+ cardiomyocytes (N) and reduced (O) with increasing doses of mavacamten. Data presented as mean and 
SD. Statistical analysis is performed by nonparametric Kruskal-Wallis with post hoc Dunn correction for multiple comparisons (9 comparisons). 
Significances are denoted on each panel where *P<0.05, **P<0.01, ***P<0.005, ****P<0.0001. Color of significance denotation defines the 
treatment group compared. Please see Table III in the Data Supplement for exact P values. AU indicates arbitrary units; and Mava, Mavacamten.
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will advance assessments of calcium transients across 
multiple experimental cardiovascular fields.

ARTICLE INFORMATION
Received January 12, 2021; revision received May 6, 2021; accepted May 20, 
2021.

Affiliations
Division of Cardiovascular Medicine, Radcliffe Department of Medicine (Y.P., F.M., 
A.J.S., M.S., V.S., C.S.R., H.C.W., P.R., C.N.T.), Computer Science (F.M., A.B.-O., B.R.), 
and Wellcome Centre for Human Genetics (H.C.W., C.N.T.), University of Oxford, 
United Kingdom. Image and Data Analysis Core (M.C.) and Genetics (G.G.R., 
J.A.L.W., J.G.S., C.E.S., C.N.T.), Harvard Medical School, Boston, MA; Cardiovascu-
lar Division, Department of Medicine, Brigham and Women’s Hospital, Boston, MA 
(C.E.S.). Howard Hughes Medical Institute, Chevy Chase, MD (C.E.S.).

Acknowledgments
We thank the members of the Image and Data Analysis Core at Harvard Medical 
School (HMS) for their discussions and technical assistance with programming 
CalTrack.

Sources of Funding
Support for this study was provided in part by the Wellcome Trust and British Heart 
Foundation Centre of Research Excellence (BHF-CRE) Oxford (C.N. Toepfer: Sir 
Henry Wellcome fellowship 206466/Z/17/Z and BHF-CRE Intermediate Transi-
tion fellowship RE/18/3/34214), Y. Psaras: the BHF-CRE RE/18/3/34214, G.G. 
Repetti: the Sarnoff Foundation, British Heart Foundation (RG/12/16/29939), and 
British Heart Foundation Centre of Research Excellence (Oxford; to H. Watkins and 
C.S. Redwood). Additional funding for A.J. Sparrow, P. Robinson, and C.S. Redwood: 
PG/18/68/33883 and P. Robinson and H. Watkins: CH/1992001/6764. B. Ro-
driguez holds a Wellcome Trust Senior Research Fellowship (214290/Z/18/Z) and 
an NC3Rs (National Centre for the Replacement, Refinement and Reduction of 
Animals in Research) Infrastructure for Impact Award (NC/P001076/1). A. Bueno-
Orovio is supported by BHF Intermediate Basic Science Fellowship to A. Bueno-
Orovio (FS/17/22/32644). The Fondation Leducq (J.G. Seidman and C.E. Seidman) 
the Engineering Research Centers Program of the National Science Foundation 
(J.G. Seidman, and C.E Seidman: National Science Foundation (NSF) Cooperative 
Agreement number EEC-1647837), the National Institutes of Health (J.G. Seid-
man and C.E. Seidman: 5R01HL080494 and 5R01HL084553), and the Howard 
Hughes Medical Institute (C.E. Seidman). F. Margara is funded by the Personalised 
In-Silico Cardiology project, European Union’s Horizon 2020 Research, and innova-
tion programme under the Marie Sklodowska-Curie grant agreement 764738.

Disclosures
None.

Supplemental Materials
CalTrack User Guide
Expanded Materials and Methods
Data Supplement Figures I–XI
Data Supplement Tables I–III
Data Supplement Movies I–III

REFERENCES
	 1.	 Paci M, Passini E, Klimas A, Severi S, Hyttinen J, Rodriguez B, Entcheva E. All-opti-

cal electrophysiology refines populations of in silico human iPSC-CMs for drug 
evaluation. Biophys J. 2020;118:2596–2611. doi: 10.1016/j.bpj.2020.03.018

	 2.	 Paredes RM, Etzler JC, Watts LT, Zheng W, Lechleiter JD. Chemical calcium 
indicators. Methods. 2008;46:143–151. doi: 10.1016/j.ymeth.2008.09.025

	 3.	 Lock JT, Parker I, Smith IF. A comparison of fluorescent Ca²+ indicators for 
imaging local Ca²+ signals in cultured cells. Cell Calcium. 2015;58:638–
648. doi: 10.1016/j.ceca.2015.10.003

	 4.	 Kaestner L, Scholz A, Tian Q, Ruppenthal S, Tabellion W, Wiesen K, 
Katus HA, Müller OJ, Kotlikoff MI, Lipp P. Genetically encoded Ca2+ 
indicators in cardiac myocytes. Circ Res. 2014;114:1623–1639. doi: 
10.1161/CIRCRESAHA.114.303475

	 5.	 Chen TW, Wardill TJ, Sun Y, Pulver SR, Renninger SL, Baohan A, Schreiter 
ER, Kerr RA, Orger MB, Jayaraman V, et al. Ultrasensitive fluorescent 
proteins for imaging neuronal activity. Nature. 2013;499:295–300. doi: 
10.1038/nature12354

	 6.	 Sparrow AJ, Sievert K, Patel S, Chang YF, Broyles CN, Brook FA, Watkins 
H, Geeves MA, Redwood CS, Robinson P, et al. Measurement of myofila-
ment-localized calcium dynamics in adult cardiomyocytes and the effect of 
hypertrophic cardiomyopathy mutations. Circ Res. 2019;124:1228–1239. 
doi: 10.1161/CIRCRESAHA.118.314600

	 7.	 Broyles CN, Robinson P, Daniels MJ. Fluorescent, bioluminescent, and opto-
genetic approaches to study excitable physiology in the single cardiomyo-
cyte. Cells. 2018;7:E51. doi: 10.3390/cells7060051

	 8.	 Lou Q, Janardhan A, Efimov IR. Remodeling of calcium handling in human 
heart failure. Adv Exp Med Biol. 2012;740:1145–1174. doi: 10.1007/978- 
94-007-2888-2_52

	 9.	 Arking DE, Pulit SL, Crotti L, van der Harst P, Munroe PB, Koopmann TT, 
Sotoodehnia N, Rossin EJ, Morley M, Wang X, et al; CARe Consortium; 
COGENT Consortium; DCCT/EDIC; eMERGE Consortium; HRGEN Con-
sortium. Genetic association study of QT interval highlights role for calcium 
signaling pathways in myocardial repolarization. Nat Genet. 2014;46:826–
836. doi: 10.1038/ng.3014

	10.	 Richardson CD, Ray GJ, DeWitt MA, Curie GL, Corn JE. Enhancing homol-
ogy-directed genome editing by catalytically active and inactive CRISPR-
Cas9 using asymmetric donor DNA. Nat Biotechnol. 2016;34:339–344. doi: 
10.1038/nbt.3481

	11.	 Sala L, van Meer BJ, Tertoolen LGJ, Bakkers J, Bellin M, Davis RP, 
Denning C, Dieben MAE, Eschenhagen T, Giacomelli E, et al. Musclemo-
tion: a versatile open software tool to quantify cardiomyocyte and cardiac 
muscle contraction in vitro and in vivo. Circ Res. 2018;122:e5–e16. doi: 
10.1161/CIRCRESAHA.117.312067

	12.	 Toepfer CN, Sharma A, Cicconet M, et al. SarcTrack: an adaptable soft-
ware tool for efficient large-scale analysis of sarcomere function in 
hiPSC-cardiomyocytes. Circ Res. 2019;124:1172–1183. doi: 10.1161/
CIRCRESAHA.118.314505

	13.	 Lundy SD, Zhu WZ, Regnier M, Laflamme MA. Structural and functional 
maturation of cardiomyocytes derived from human pluripotent stem cells. 
Stem Cells Dev. 2013;22:1991–2002. doi: 10.1089/scd.2012.0490

	14.	 Werley CA, Chien MP, Gaublomme J, Shekhar K, Butty V, Yi BA, Kralj JM,  
Bloxham W, Boyer LA, Regev A, et al. Geometry-dependent functional 
changes in iPSC-derived cardiomyocytes probed by functional imaging and 
RNA sequencing. PLoS One. 2017;12:e0172671. doi: 10.1371/journal. 
pone.0172671

	15.	 Saleem U, Mannhardt I, Braren I, Denning C, Eschenhagen T, Hansen A. 
Force and calcium transients analysis in human engineered heart tissues 
reveals positive force-frequency relation at physiological frequency. Stem 
Cell Reports. 2020;14:312–324. doi: 10.1016/j.stemcr.2019.12.011

	16.	 Linkert M, Rueden CT, Allan C, Burel JM, Moore W, Patterson A, Loranger B, 
Moore J, Neves C, Macdonald D, et al. Metadata matters: access to image 
data in the real world. J Cell Biol. 2010;189:777–782. doi: 10.1083/jcb. 
201004104

	 17.	 Marr D, Hildreth E. Theory of edge detection. Proc R Soc Lond B Biol Sci. 
1980;207:187–217. doi: 10.1098/rspb.1980.0020

	18.	 Margara F, Wang ZJ, Levrero-Florencio F, Santiago A, Vázquez M, 
Bueno-Orovio A, Rodriguez B. In-silico human electro-mechanical ven-
tricular modelling and simulation for drug-induced pro-arrhythmia and 
inotropic risk assessment. Prog Biophys Mol Biol. 2021;159:58–74. doi: 
10.1016/j.pbiomolbio.2020.06.007

	19.	 Tomek J, Bueno-Orovio A, Passini E, Zhou X, Minchole A, Britton O, 
Bartolucci C, Severi S, Shrier A, Virag L, et al. Development, calibration, and 
validation of a novel human ventricular myocyte model in health, disease, 
and drug block. Elife. 2019;8:e48890. doi: 10.7554/eLife.48890

	20.	 Land S, Park-Holohan SJ, Smith NP, Dos Remedios CG, Kentish JC, 
Niederer SA. A model of cardiac contraction based on novel measure-
ments of tension development in human cardiomyocytes. J Mol Cell Cardiol. 
2017;106:68–83. doi: 10.1016/j.yjmcc.2017.03.008

	21.	 Wang Y, Pinto JR, Solis RS, Dweck D, Liang J, Diaz-Perez Z, Ge Y, Walker 
JW, Potter JD. Generation and functional characterization of knock-in 
mice harboring the cardiac troponin I-R21C mutation associated with 
hypertrophic cardiomyopathy. J Biol Chem. 2012;287:2156–2167. doi: 
10.1074/jbc.M111.294306

	22.	 Sharma A, Toepfer CN, Ward T, Wasson L, Agarwal R, Conner DA, Hu JH, 
Seidman CE. CRISPR/Cas9-mediated fluorescent tagging of endog-
enous proteins in human pluripotent stem cells. Curr Protoc Hum Genet. 
2018;96:21.11.1–21.11.20.

	23.	 Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, Norville JE, 
Church GM. RNA-guided human genome engineering via Cas9. Science. 
2013;339:823–826. doi: 10.1126/science.1232033

	24.	 Hendel A, Bak RO, Clark JT, Kennedy AB, Ryan DE, Roy S, Steinfeld I, 
Lunstad BD, Kaiser RJ, Wilkens AB, et al. Chemically modified guide RNAs 

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 24, 2023



Original Research

Circulation Research. 2021;129:326–341. DOI: 10.1161/CIRCRESAHA.121.318868� July 9, 2021    341

Psaras et al CalTrack: Automated Calcium Transient Analysis

enhance CRISPR-Cas genome editing in human primary cells. Nat Biotech-
nol. 2015;33:985–989. doi: 10.1038/nbt.3290

	25.	 Sharma A, Toepfer CN, Schmid M, Garfinkel AC, Seidman CE. Differentiation and 
contractile analysis of GFP-sarcomere peporter hiPSC-cardiomyocytes. Curr 
Protoc Hum Genet. 2018;96:21.12.1–21.12.12. doi: 10.1002/cphg.53

	26.	 Robinson P, Liu X, Sparrow A, Patel S, Zhang YH, Casadei B, Watkins 
H, Redwood C. Hypertrophic cardiomyopathy mutations increase myo-
filament Ca2+ buffering, alter intracellular Ca2+ handling, and stimulate 
Ca2+-dependent signaling. J Biol Chem. 2018;293:10487–10499. doi: 
10.1074/jbc.RA118.002081

	 27.	 Nakai J, Ohkura M, Imoto K. A high signal-to-noise Ca(2+) probe composed 
of a single green fluorescent protein. Nat Biotechnol. 2001;19:137–141. 
doi: 10.1038/84397

	28.	 Kimura A, Harada H, Park JE, Nishi H, Satoh M, Takahashi M, Hiroi S, 
Sasaoka T, Ohbuchi N, Nakamura T, et al. Mutations in the cardiac tro-
ponin I gene associated with hypertrophic cardiomyopathy. Nat Genet. 
1997;16:379–382. doi: 10.1038/ng0897-379

	29.	 De Luca L, Colucci WS, Nieminen MS, Massie BM, Gheorghiade M. Evi-
dence-based use of levosimendan in different clinical settings. Eur Heart J. 
2006;27:1908–1920. doi: 10.1093/eurheartj/ehi875

	30.	 Haikala H, Kaivola J, Nissinen E, Wall P, Levijoki J, Lindén IB. Cardiac troponin 
C as a target protein for a novel calcium sensitizing drug, levosimendan. J Mol 
Cell Cardiol. 1995;27:1859–1866. doi: 10.1016/0022-2828(95)90009-8

	31.	 Katz AM. Regulation of myocardial contractility 1958-1983: an odyssey. J 
Am Coll Cardiol. 1983;1:42–51. doi: 10.1016/s0735-1097(83)80009-6

	32.	 Orstavik O, Ata SH, Riise J, Dahl CP, Andersen GØ, Levy FO, Skomedal T, 
Osnes JB, Qvigstad E. Inhibition of phosphodiesterase-3 by levosimendan 
is sufficient to account for its inotropic effect in failing human heart. Br J 
Pharmacol. 2014;171:5169–5181. doi: 10.1111/bph.12647

	33.	 Hasenfuss G, Pieske B, Castell M, Kretschmann B, Maier LS, Just H. Influ-
ence of the novel inotropic agent levosimendan on isometric tension and 
calcium cycling in failing human myocardium. Circulation. 1998;98:2141–
2147. doi: 10.1161/01.cir.98.20.2141

	34.	 Novak A, Barad L, Lorber A, Gherghiceanu M, Reiter I, Eisen B, Eldor 
L, Itskovitz-Eldor J, Eldar M, Arad M, et al. Functional abnormalities 
in iPSC-derived cardiomyocytes generated from CPVT1 and CPVT2 
patients carrying ryanodine or calsequestrin mutations. J Cell Mol Med. 
2015;19:2006–2018. doi: 10.1111/jcmm.12581

	35.	 Fahed AC, Nemer G, Bitar FF, Arnaout S, Abchee AB, Batrawi M, Khalil 
A, Abou Hassan OK, DePalma SR, McDonough B, et al. Founder muta-
tion in N terminus of cardiac troponin I causes malignant hypertro-
phic cardiomyopathy. Circ Genom Precis Med. 2020;13:444–452. doi: 
10.1161/CIRCGEN.120.002991

	36.	 Gomes AV, Harada K, Potter JD. A mutation in the N-terminus of troponin 
I that is associated with hypertrophic cardiomyopathy affects the Ca(2+)-
sensitivity, phosphorylation kinetics and proteolytic susceptibility of troponin. J 
Mol Cell Cardiol. 2005;39:754–765. doi: 10.1016/j.yjmcc.2005.05.013

	 37.	 Alamo L, Pinto A, Sulbarán G, Mavárez J, Padrón R. Lessons from a 
tarantula: new insights into myosin interacting-heads motif evolution 
and its implications on disease. Biophys Rev. 2018;10:1465–1477. doi: 
10.1007/s12551-017-0292-4

	38.	 Green EM, Wakimoto H, Anderson RL, Evanchik MJ, Gorham JM, Harrison 
BC, Henze M, Kawas R, Oslob JD, Rodriguez HM, et al. A small-molecule 
inhibitor of sarcomere contractility suppresses hypertrophic cardiomyopathy 
in mice. Science. 2016;351:617–621. doi: 10.1126/science.aad3456

	39.	 Rohde JA, Roopnarine O, Thomas DD, Muretta JM. Mavacamten stabilizes 
an autoinhibited state of two-headed cardiac myosin. Proc Natl Acad Sci U 
S A. 2018;115:E7486–E7494. doi: 10.1073/pnas.1720342115

	40.	 Anderson RL, Trivedi DV, Sarkar SS, Henze M, Ma W, Gong H, Rogers CS, 
Gorham JM, Wong FL, Morck MM, et al. Deciphering the super relaxed 
state of human β-cardiac myosin and the mode of action of mavacam-
ten from myosin molecules to muscle fibers. Proc Natl Acad Sci U S A. 
2018;115:E8143–E8152. doi: 10.1073/pnas.1809540115

	41.	 Toepfer CN, Wakimoto H, Garfinkel AC, McDonough B, Liao D, Jiang J, Tai 
AC, Gorham JM, Lunde IG, Lun M, et al. Hypertrophic cardiomyopathy muta-
tions in MYBPC3 dysregulate myosin. Sci Transl Med. 2019;11:eaat1199. 
doi: 10.1126/scitranslmed.aat1199

	42.	 Toepfer CN, Garfinkel AC, Venturini G, Wakimoto H, Repetti G, Alamo L, 
Sharma A, Agarwal R, Ewoldt JF, Cloonan P, et al. Myosin sequestration 
regulates sarcomere function, cardiomyocyte energetics, and metabolism, 
informing the pathogenesis of hypertrophic cardiomyopathy. Circulation. 
2020;141:828–842. doi: 10.1161/CIRCULATIONAHA.119.042339

	43.	 Dweck D, Sanchez-Gonzalez MA, Chang AN, Dulce RA, Badger CD, Koutnik 
AP, Ruiz EL, Griffin B, Liang J, Kabbaj M, et al. Long term ablation of protein 

kinase A (PKA)-mediated cardiac troponin I phosphorylation leads to exci-
tation-contraction uncoupling and diastolic dysfunction in a knock-in mouse 
model of hypertrophic cardiomyopathy. J Biol Chem. 2014;289:23097–
23111. doi: 10.1074/jbc.M114.561472

	44.	 Paci M, Passini E, Severi S, Hyttinen J, Rodriguez B. Phenotypic variability 
in LQT3 human induced pluripotent stem cell-derived cardiomyocytes and 
their response to antiarrhythmic pharmacologic therapy: an in silico approach. 
Heart Rhythm. 2017;14:1704–1712. doi: 10.1016/j.hrthm.2017.07.026

	45.	 Passini E, Mincholé A, Coppini R, Cerbai E, Rodriguez B, Severi S, 
Bueno-Orovio A. Mechanisms of pro-arrhythmic abnormalities in ven-
tricular repolarisation and anti-arrhythmic therapies in human hypertro-
phic cardiomyopathy. J Mol Cell Cardiol. 2016;96:72–81. doi: 10.1016/j. 
yjmcc.2015.09.003

	46.	 Rodriguez B, Carusi A, Abi-Gerges N, Ariga R, Britton O, Bub G, Bueno-Orovio 
A, Burton RA, Carapella V, Cardone-Noott L, et al. Human-based approaches 
to pharmacology and cardiology: an interdisciplinary and intersectorial work-
shop. Europace. 2016;18:1287–1298. doi: 10.1093/europace/euv320

	 47.	 Kaifosh P, Zaremba JD, Danielson NB, Losonczy A. SIMA: Python soft-
ware for analysis of dynamic fluorescence imaging data. Front Neuroinform. 
2014;8:80. doi: 10.3389/fninf.2014.00080

	48.	 Patel TP, Man K, Firestein BL, Meaney DF. Automated quantification of neu-
ronal networks and single-cell calcium dynamics using calcium imaging. J 
Neurosci Methods. 2015;243:26–38. doi: 10.1016/j.jneumeth.2015.01.020

	49.	 Jang MJ, Nam Y. NeuroCa: integrated framework for systematic analysis of 
spatiotemporal neuronal activity patterns from large-scale optical recording 
data. Neurophotonics. 2015;2:035003. doi: 10.1117/1.NPh.2.3.035003

	50.	 Artimovich E, Jackson RK, Kilander MBC, Lin YC, Nestor MW. PeakCaller: 
an automated graphical interface for the quantification of intracellular cal-
cium obtained by high-content screening. BMC Neurosci. 2017;18:72. doi: 
10.1186/s12868-017-0391-y

	51.	 Mackay L, Mikolajewicz N, Komarova SV, Khadra A. Systematic character-
ization of dynamic parameters of intracellular calcium signals. Front Physiol. 
2016;7:525. doi: 10.3389/fphys.2016.00525

	52.	 McKeithan WL, Savchenko A, Yu MS, Cerignoli F, Bruyneel AAN, Price JH, 
Colas AR, Miller EW, Cashman JR, Mercola M. An automated platform for 
assessment of congenital and drug-induced arrhythmia with hiPSC-derived 
cardiomyocytes. Front Physiol. 2017;8:766. doi: 10.3389/fphys.2017.00766

	53.	 Cerignoli F, Charlot D, Whittaker R, Ingermanson R, Gehalot P, Savchenko 
A, Gallacher DJ, Towart R, Price JH, McDonough PM, et al. High throughput 
measurement of Ca²+ dynamics for drug risk assessment in human stem 
cell-derived cardiomyocytes by kinetic image cytometry. J Pharmacol Toxicol 
Methods. 2012;66:246–256. doi: 10.1016/j.vascn.2012.08.167

	54.	 Huebsch N, Loskill P, Mandegar MA, Marks NC, Sheehan AS, Ma Z, Mathur 
A, Nguyen TN, Yoo JC, Judge LM, et al. Automated video-based analysis of 
contractility and calcium flux in human-induced pluripotent stem cell-derived 
cardiomyocytes cultured over different spatial scales. Tissue Eng Part C Meth-
ods. 2015;21:467–479. doi: 10.1089/ten.TEC.2014.0283

	55.	 Wong LC, Lu B, Tan KW, Fivaz M. Fully-automated image processing soft-
ware to analyze calcium traces in populations of single cells. Cell Calcium. 
2010;48:270–274. doi: 10.1016/j.ceca.2010.09.008

	56.	 Greensmith DJ. Ca analysis: an Excel based program for the analysis of 
intracellular calcium transients including multiple, simultaneous regression 
analysis. Comput Methods Programs Biomed. 2014;113:241–250. doi: 
10.1016/j.cmpb.2013.09.004

	 57.	 Pollesello P, Ovaska M, Kaivola J, Tilgmann C, Lundström K, Kalkkinen N, 
Ulmanen I, Nissinen E, Taskinen J. Binding of a new Ca2+ sensitizer, levosi-
mendan, to recombinant human cardiac troponin C. A molecular modelling, 
fluorescence probe, and proton nuclear magnetic resonance study. J Biol 
Chem. 1994;269:28584–28590.

	58.	 Ginsburg KS, Bers DM. Modulation of excitation-contraction coupling by iso-
proterenol in cardiomyocytes with controlled SR Ca2+ load and Ca2+ current 
trigger. J Physiol. 2004;556:463–480. doi: 10.1113/jphysiol.2003.055384

	59.	 Lindemann JP, Jones LR, Hathaway DR, Henry BG, Watanabe AM. beta-
Adrenergic stimulation of phospholamban phosphorylation and Ca2+-
ATPase activity in guinea pig ventricles. J Biol Chem. 1983;258:464–471.

	60.	 Yoshida A, Takahashi M, Imagawa T, Shigekawa M, Takisawa H, Nakamura 
T. Phosphorylation of ryanodine receptors in rat myocytes during beta-
adrenergic stimulation. J Biochem. 1992;111:186–190. doi: 10.1093/ 
oxfordjournals.jbchem.a123735

	61.	 Sparrow AJ, Watkins H, Daniels MJ, Redwood C, Robinson P. Mavacam-
ten rescues increased myofilament calcium sensitivity and dysregula-
tion of Ca2+ flux caused by thin filament hypertrophic cardiomyopathy 
mutations. Am J Physiol Heart Circ Physiol. 2020;318:H715–H722. doi: 
10.1152/ajpheart.00023.2020

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 24, 2023




