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Abstract 

 

All -Optical Cardiac Electrophysiology: Design, Validation, and Applications in vitro and in 

vivo 

 

Biological systems are inherently dynamic, requiring active interrogation and recording to provide 

a full understanding of their underlying mechanics. In order to fully characterize such a system, 

both readily quantifiable signals as well as a means of dynamic control are necessary. In the heart, 

the propagation of electrical waves driving contraction are mediated by the flow of ions through 

various ion channels working in concert to drive de- and re-polarization of the cell membrane. 

Typically, the culprit of electrical dysfunction in the heart is due to some disruption of normal 

function of one or more of these ion channels. In order to study these complex electrical 

disturbances, known as arrhythmias, high spatiotemporal resolution imaging and interrogation are 

necessary.  

Traditional methods of interrogation have relied on the use of electrodes and patch clamp methods, 

which are inherently low throughput and have limited spatial resolution. Additionally, these 

approaches do not lend well for in vivo use. While studies of cardiac tissue have also employed 

optical mapping techniques where voltage- or calcium-sensitive fluorescent reporters provide 

detailed information about cell activation, repolarization, and wave propagation maps, stimulation 

has remained primarily limited to electrical means. However, recently developed optogenetic tools 

provide a means of high-spatiotemporal resolution (and potentially tissue-type specific) means of 

interrogation. By combining both of these methods, high-spatiotemporal dynamic characterization 

of cardiac electrophysiology can be achieved. 

Here we present how all-optical approaches can be achieved via employing optogenetics in order 

to explore cardiac electrophysiology at the in vitro as well as in vivo scale. The main optical design 

is first implemented for in vitro use, where we demonstrate how OptoDyCE, our all-optical 



ix 

 

dynamic cardiac electrophysiology platform, can be used to screen drug effects in both isolated 

primary myocytes and human induced pluripotent stem-cell derived cardiomyocytes (hiPSC-CMs) 

grown in monolayers and 3D tissue constructs. We then characterize an upgraded version of 

OptoDyCE, capable of simultaneous imaging of membrane voltage and intracellular calcium 

signals. The system is used for screening of 12 blinded compounds to demonstrate how the platform 

can used for pro-arrhythmia prediction at the high-throughput (HT) scale. All compounds were 

properly identified as ósafeô or óunsafeô using the multi-parameter endpoints, made possible with 

high-spatiotemporal resolution recordings under spontaneous and paced conditions. To further 

demonstrate how all-optical approaches improve proarrhythmia prediction, we tested vanoxerine, 

a compound that failed Phase III clinical trials, and demonstrate OptoDyCEôs ability to easily 

identify the compound as pro-arrhythmic, unlike techniques employing patch clamp and in silico 

modeling that deemed the compound safe for use in humans. As hiPSC-CMs provide a novel 

testbed for drug testing and disease modeling, we then use OptoDyCE to characterize these cells, 

both in terms of their potential immaturity (a common criticism) and their ability to recapitulate 

genetic diseases for use in disease modeling. Finally, the requirements for translating OptoDyCE 

for in vivo use are considered, and successful demonstration in vivo expression of ChR2 in the rat 

heart by employing systemic viral delivery, providing a model for development and testing of an 

optical system in intact tissue and for long-term use in behaving animals. Ultimately, we 

demonstrate the OptoDyCE platform has capacity to revolutionize pre-clinical drug testing, reduce 

cost, reduce animal use, and make clinically implemented personalized medicine an obtainable 

goal. 
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Chapter 1: Background and Specific Aims 

1.1 All -Optical Interrogation of Cardiac Electrophysiology  

Based on: Ambrosi, C.M.*, Klimas, A.*, Yu, J.*, and Entcheva, E. (2014). Cardiac applications of 

optogenetics. Prog. Biophys. Mol. Biol. 115, 294ï304. *Co-first authors  [1] 

Optogenetics, offering both genetically-encoded optical sensors and actuators, enables all-

optical interrogation of electrical activity in a completely contactless manner. Such approaches are 

inherently parallelizable and amenable to implementations of feedback control. [2] Therefore, they 

can be particularly useful as a new generation of high-throughput drug screening methods, as 

cardiac liability testing (electrophysiological testing of all new drugs) requires physical contact 

with the cells and is therefore not easily scalable. [3] Furthermore, the combined use of optogenetic 

sensors and actuators permits cell-specific in vivo studies, not possible previously. [4] Some key 

challenges must be considered to achieve all-optical cardiac electrophysiology. First, the spectral 

accommodation of at least three wavelengths needs to be resolved: for the actuator, for excitation 

of the sensor, and for the sensor emission. In addition, the system must have sufficient 

spatiotemporal resolution to invoke and track electrical events, including typically millisecond 

temporal resolution, which imposes high demands in terms of light-gathering ability. [5] Unlike in 

structural imaging, signal to noise ratios (SNRs) cannot be improved by merely increasing 

integration time. In neuroscience, various implantable systems have been implemented in behaving 

animals over the last few years, [6]  using the skull as a mounting platform. To extend such tools 

to cardiac use, special solutions must be found to address minimally-invasive access, motion 

artifacts and photon scattering and absorption while remaining small enough to navigate through 

the heart. 

1.1.1 Optical Mapping 

For ex vivo cardiac optical mapping, two key classes of synthetic fast fluorescent dyes are 

used: voltage (potentiometric) and calcium. Commonly used voltage sensors include the styryl dyes 

RH-237, Di-4-ANEPPS, and Di-8-ANEPPS. These dyes are not particularly efficient; for example, 
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Di-4-ANEPPS has a limited quantum efficiency and has at best a 10% relative change in 

fluorescence per 100 mV. [7] In addition, the blue-green wavelengths used for excitation of these 

dyes undergo large amounts of scattering, particularly in tissue, and overlap spectrally with the 

wavelengths used for the optogenetic actuators, e.g. ChR2. More recently, new near-infrared (650 

nm) dyes, such as Di-4-ANBDQPQ and Di-4-ANBDQBS, have been used in blood perfused 

systems, as their absorption peak is >70nm higher than that of hemoglobin. [7] In addition to 

potentiometric dyes, calcium dyes are of particular interest for cardiac imaging due to the link 

between electrical activity and intracellular calcium. [5,7,8] Unlike potentiometric dyes, commonly 

used calcium dyes such as Fluo-4, Rhod-4, and Fura-2 have much stronger optical signals. [5,7,8]  

Future in vivo applications will require the use of optogenetic sensors, i.e. genetically-

encoded voltage and calcium indicators. Commonly used genetically-encoded calcium indicators 

include GCaMP variants, which use GFP as the fluorescent reporter. [9] The creation of 

genetically-encoded, fast voltage sensors has been challenging, yet some successful probes have 

recently been generated. Commonly used classes of voltage-sensitive fluorescent proteins (VSFP) 

include VSFP3 (based on a phosphatase voltage-sensing domain) with mKate as the reporter. [9] 

Recently, genetically-encoded opsins, such as Arch, have been adapted as voltage sensors. [10] 

1.1.2 Optogenetics 

For actuation, light-sensitive ion channels, such as the blue-wavelength excited (470 nm) 

depolarizing (excitatory) channel ChR2 and the yellow-wavelength (570 nm) hyperpolarizing 

(inhibitory) channels Halo and ArchT are used. [11,12] When combined, depolarizing and 

hyperpolarizing channels allow for precise bidirectional cellular manipulation ï either silencing or 

activation by light. [13,14] Like fluorescence imaging, optical stimulation deep within tissue is 

primarily limited by photon scattering and absorption, particularly for shorter-wavelength 

absorbing light sensitive channels, such as ChR2. Figure 1-1a shows the absorption spectrum for 

ChR2, as well as the excitation and emission spectra for two compatible optical sensors: the 

calcium-sensitive probe Rhod-4 and the red-shifted voltage sensor Di-4-ANBDQPQ. Many of 
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these probes and actuators have broad absorption and emission spectra which can overlap causing 

issues with excitation and stimulation. For example, ChR2 has an intermediate deactivating green 

state at 520 nm after activation with blue light, meaning excitation light for dyes such as Rhod-4 

could potentially affect ChR2 kinetics, [15] though in our experience such interference is 

negligible. An interesting activation of multiple probes within the same field of view can be 

achieved by altering the temporal and spectral properties of the actuators, as demonstrated with the 

new opsin variants Chrimson and Chronos, a red-shifted ChR2 variant and a more light-sensitive, 

faster ChR2 variant, respectively. [16] 

1.1.3 Considerations for All-Optical Interrogation 

The ñspectral congestionò issue arising from an all-optical approach is challenging, and 

must be addressed with either using laser lights sources or narrow-band optical filters and dichroic 

mirrors. Figure 1-1b shows a conceptual layout of an all-optical system, used in our laboratory, 

built around a standard microscope. The excitation source, LS1, is a green, 530 nm, LED (M530L3; 

Thorlabs) collimated using an aspheric condenser lens and filtered by the bandpass filter 

(ET535/50x; Chroma). The stimulation source, LS2, is a 470 nm high-powered mounted LED 

(M470L3; Thorlabs) collimated using an aspheric lens. Both light sources are combined using the 

Figure 1-1: Considerations for an all-optical system. (a) Absorption spectra for ChR2, and excitation 

(EX) and emission (EM) spectra for the voltage sensitive dye Di-4-ANBDQPQ and the calcium sensitive 

dye Rhod-4. (b) Conceptual schematic of the optical path for all-optical interrogation.. 
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dichroic mirror DM1 (T495lpxr; Chroma) and expanded using a telescopic lens pair to fill the back 

aperture of the objective (40x Nikon CFI Plan Fluor/20x Nikon CFI Super Plan Fluor). The 

combined beams are reflected up to the sample plane through the objective using the dichroic mirror 

DM2 (T565dcxr; Chroma), which allows for the separation of the stimulation/excitation sources 

and the emitted fluorescence signal. Collected light from the sample is sent to both detectors D1 

and D2 simultaneously using the dichroic mirror DM3 (T600lpxr; Chroma). In one implementation, 

detector D2 is used for videotracking of contractions (MyoCam; Ionoptix) in conjunction with 

transillumination. Fluorescence measurements (of calcium or voltage) are obtained using D1, 

which in this implementation is a PMT (9136B; ET-Enterprises) after an emission filter F2 

(ET605/70m; Chroma). Example traces comparing electrical and optical pacing in neonatal rat 

cardiomyocytes, with both optical readout of Rhod-4 and simultaneous optical tracking of 

mechanical contractions, can be seen in Figure 1-2. We have been the first to combine optogenetic 

stimulation and ultra-high resolution fast optical mapping to track excitation waves in cardiac tissue 

and quantitatively compare the response of cardiac tissue for both electrical and optical 

actuation. [17] 

Figure 1-2: Comparison of electrically driven and all -optical measurements in cardiomyocytes.  Optical 

actuation is driven by optically exciting ChR2 and readout is performed with and Rhod-4 as a sensor ï 

example traces, comparing: A. electrical pacing and B. optical pacing of ChR2 expressing neonatal 

cardiomyocytes. Top: Rhod-4 signal [Ca2+] i Bottom: Contractility measurements obtained through video 

tracking simultaneously with the Ca2+ data. 
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1.2 Applications of all Optical Cardiac Electrophysiology  

1.2.1 HTS Drug Screening 

One of the leading causes of drug withdraw from market has been due to cardiac toxicity; 

between 1990 and 2012, approximately 20% of all drugs (both cardiac and non-cardiac) have been 

removed from the market due to unintended pro-arrhythmic risks including Torsade de Pointe 

(TdP), a fatal arrhythmia. [18ï20] Additionally, with cardiotoxicity being a major cause  (up to 

33%) of drug withdrawal from clinical trials [21]  and with both high financial burden (> $1 billion) 

and development timelines (> 10 years) to have a single drug make it to market,  [22,23] it is 

necessary to perform proper risk assessment  as early as possible in the drug development process.  

A key bottleneck in the drug-development pipeline has been the mandated cardiac liability 

testing since the release of the ICH S7B and ICH E14 guidelines by the International Conference 

on Harmonization (ICH) in 2005. These guidelines, brought about by the increasing number of 

non-cardiac specific drugs reported to cause QT prolongation and TdP, lay a framework for testing 

strategies for pre-clinical assessment of pro-arrhythmic risk both in vitro and in vivo. [18,24ï26] 

In particular, the ICH E14 guidelines outline the method of prediction of QT prolongation (an 

imperfect surrogate of TdP prediction) by performing in vitro testing to determine the likelihood 

of hERG channel (and thus IKr) block. [18,24ï26]  These guidelines have been widely successful 

at preventing a drug with unknown TdP risk from making it to market; however, they have also 

resulted in the unnecessary abandonment of potentially useful drugs, where as many as 70% of  

explored compounds have been found to interact with the hERG channel at some 

concentration. [18,24ï26]  Additionally, it is known that hERG block and/or QT prolongation is 

not necessarily indicative of TdP risk. Verapamil, amiodarone, sodium pentobarbital, and other 

commonly used drugs block hERG and/or prolong QT; however, due to action on calcium and 

other currents, the do not pose a risk for TdP. [27] Put together, this illustrates the need to expand 

the paradigm of cardiotoxicity testing beyond just potential for hERG channel block as an endpoint 

for assessing pro-arrhythmic risk in vitro. 
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In order to re-evaluate current approaches and develop a standardized strategy for 

regulatory decision making, the US FDA, Safety Pharmacology Society (SPS), Cardiac Safety 

Research Consortium (CSRC) and Health & Environmental Sciences Institute (HESI) formed the 

Comprehensive in vitro Proarrhythmic Assay (CiPA) initiative. [25] The initiative intends to 

provide better risk-prediction technologies and improved guidelines via three main steps: 1) 

assessment of drug effects on ion channel currents, recorded via patch clamp methods in cell lines 

expressing human ventricular ion channels; 2) in silico integration of collected ion channel data to 

model the drugôs effect on the cardiac action potential; and 3) validation of the in silico model and 

patch clamp data in hiPSC-CMs and human EKGs. [25,28] 

According to CiPA guidelines, assessment of multi-ion channel effects will be 

characterized via patch clamp measurements of three depolarizing currents [INaFast (NaV1.5 peak 

current); INaLate  (NaV1.5 late current); ICa (Cav1.2)]; three repolarizing currents [Ito (KV4.3); IKr 

(hERG); IKs; (KVLQT1/KCNE1)]; and IK1 (KiR2.1) which can behave as either a de- or re-

polarizing current. [26] However, this approach relies on these ion channels being heterologous 

expressed in cell lines, where accessory proteins required for normal function may not be 

expressed, which may limit the ability to properly study the true channel kinetics and drug effects 

on the ventricular action potential profile. [26] Additionally, traditional patch clamp methods are 

slow and inefficient. HT patch platforms can be used, however current commercially available 

systems are often expensive, require specialized bath solutions, and they cannot easily be done at 

elevated temperatures. [26] Ultimately, the issues inherent to performing patch clamp 

measurements also will limit the utility of in silico models, thereby limiting the predictive power 

of the first two steps of the CiPA path.  

It should also be noted that it may be too narrow to rely on prediction of TdP, which is by 

definition preceded by QT prolongation. [29] Additionally, in the clinical setting, small increases 

in QT interval are seen as antiarrhythmic and drug-induced ventricular tachycardia (VT) not 
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preceded by QT prolongation can still result in fatal ventricular fibrillation (VF). [29,30] However, 

one commonality amongst all these events is abnormalities in repolarization, including 

triangulation of the AP, reverse-use dependence, instabilities (both temporal and spatial), and 

dispersion of repolarization. [29] Clinically, this is observed as widening and flattening of the T-

Waves, reverse use dependence of QT duration, and instability of the T/U wave. [29] These factors, 

known as TRIaD, have been proposed as a stronger predictor of arrhythmogenicity compared to 

QT prolongation (and AP prolongation) alone. [29,31] However, currently available tools, 

including those proposed by the CiPA initiative, lack the capacity to quantify TRIaD endpoints in 

an economical, high-throughput, reproducible manner. 

1.2.2 Use of iPSC-CMs 
Human patient-derived cardiomyocytes (induced pluripotent stem cell derived, hiPSC-

CMs) provide a novel means of performing patient-specific drug testing and for generating models 

of cardiac diseases. Unlike cell lines transduced to express specific ion channels, commonly used 

for patch clamp studies, hiPSC-CMs possess a cardiac phenotype capable of allowing for better 

study  of the disruption of ion channel currents, either due to drug effects or from underlying 

diseases, making them a superior testbed for performing cardiotoxicity screening.  Indeed, the CiPA 

initiative intends to make the use of hiPSC-CMs a key component of the soon-to-be revamped 

paradigm for cardiotoxicity testing. [18,24ï26] 

The recapitulation of phenotypic profiles has been successfully achieved in hiPSC-CMs, 

making them prime candidates for disease modeling and eventual use in personalized 

medicine. [32,33] However, the generation of reliable disease models requires large-scale 

evaluation and validation of electrophysiological responses of patient-specific cell lines in order to 

establish relationships between genetic variations and phenotypic responses. [34,35] Additionally, 

hiPSC-CMs are often criticized for their immaturity and variability in phenotype. [33,36]  Although 

one can incorporate these shortcomings into the testing schemes, they still must be thoroughly 

characterized and understood. Given that traditional methods of electrophysiological 
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characterization rely on slow, destructive patch clamp methods, a new method for HT screening of 

hiPSC-CMs is necessary to improve the development and production of this technology. 

1.2.3 In Vivo Cardiac Optogenetics 
 The heart is a heterogeneous structure, comprised of multiple cell types having different 

electrophysiology that uniquely contribute to normal function and to electrical disturbances leading 

to arrhythmias. Electrical and chemical perturbations are the current standard for treatment of 

electrical dysfunctions of the heart; however they lack cell-specificity and/or have low spatial 

and/or temporal resolution. Optogenetics offers targeted optical stimulation using genetic methods 

to produce cell-specific expression of light-sensitive ion channels, such as the depolarizing 

(excitatory) channel ChR2 and the hyperpolarizing (inhibitory) channels Halo and 

ArchT, [9,11,12,37ï43] and  genetically-encoded voltage and calcium sensors. [44] Optogenetics 

provides a unique solution for studying cardiac electrophysiology in vivo, as promoters for genes 

specifically expressed in the conduction system of the heart (e.g. HCN4, Cx40) can be 

targeted. [37] However, cell-type specific actuation and sensing of electrical activity within cardiac 

tissue in vivo has not yet been demonstrated. In addition to understanding the contribution of 

specific parts of the conduction system (e.g. the sinoatrial (SA) node, the atrioventricular (AV) 

node, and Purkinje system (PS)), in vivo study of cell-to-cell coupling in the heart could also be 

performed, including between cardiomyocytes and fibroblasts or with donor stem cells for 

regenerative therapies. [37]  Such methodology can provide unique insights on pacemaking, 

cardiac activation patterns, arrhythmogenesis, and low-energy approaches to cardioversion.  

The ability to perform high resolution, spatially localized interrogation of cardiac 

electrophysiology in vivo is vital for devising new therapeutic solutions for control of cardiac 

arrhythmias. In order to make this realizable, an in vivo model, where opsins such as ChR2 must 

be successfully expressed in the heart to provide full optical control. Out of available methods of 

optogenetic transduction, the use of adeno-associated viruses (AAV) has shown great promise due 

to their low immunogenicity and have been successfully expressed in humans. [45] In particular, 
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the AAV9 serotype has shown the greatest promise for use in cardiac optogenetics, where it is seen 

to have high cardiac tropism even when using a ubiquitous CAG promoter. [45,46] Viral delivery 

of optogenetic probes has the potential to prove a superior method compared to generation of 

transgenic animal lines, given its scalability, ability to combine different tools in the same animal 

without having to develop an entirely new transgenic animal line,  potentially shorter workflow 

(time course of viral expression is on the order of weeks versus time required to develop and breed 

transgenic animals), and also because use of AAVs has been successfully used in clinical trials 

allowing for better bridging from basic science to clinical applications. [45]  

In addition to generation of a successful in vivo model, considerations of engineering 

requirements for carrying out all-optical studies must be considered in order to develop an optical 

platform. Current optical mapping techniques provide a means for high-resolution readout of 

electrical disturbances; however, measurements are limited to cell monolayers or to tissue surfaces 

and sub-surfaces due to photon scattering and absorption. Expansion into fiber-optic based imaging 

remains limited to probes inserted into tissue to perform transmural multisite recording from the 

epicardial surface hearts, [47ï54] as fiber systems have limited collection efficiency and are unable 

to compete with high-sensitivity cameras used in free-space optical mapping. Unlike in 

neuroscience, where in vivo studies employing optogenetics in behaving mammals has become 

standard practice, [10,13,55ï63] cardiac optogenetics lacks methods for optically accessing regions 

of interest within the whole heart. In addition, experiments in vivo using traditional optical 

techniques would require the use of invasive, open chest procedures, not applicable to behaving 

animals. Fiber-based systems show a promising solution for performing minimally-invasive all-

optical interrogation when integrated with current catheterization procedures. Indeed, optical fiber 

imaging systems are currently used in catheter-based clinical cardiac imaging (e.g. angioscopy, 

optical coherence tomography (OCT), and spectroscopy) to perform real-time, high-resolution 

optical imaging for diagnostic procedures and surgery guidance. A device for all-optical 
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interrogation from the endocardial surface would provide a means to study activity not currently 

possible in vivo, including studying the initiation of focal arrhythmias, as endocardial Purkinje 

network locations are often implicated as the culprit. [37,64] 

1.3 Specific Aims 
Currently, there is a lack of tools for performing dynamic interrogation of cardiac 

electrophysiology in both the in vitro and in vivo setting. In particular, currently available tools for 

performing in vitro proarrhythmia prediction of pro-arrhythmia in the context of drug development 

either lack the ability to obtain robust endpoints and/or capacity for scalability and parallelization 

for high-throughput screening. Furthermore, although hiPSC-CMs show great promise as a testbed 

for personalized medicine, researchers lack adequate tools for characterization and production of 

hiPSC-CMs to make them clinically realizable. Finally, study of in vivo cardiac electrophysiology 

using dynamic characterization is not currently possible, as a robust imaging system is still required 

in addition to development of suitable animal models.  

In order to fill this technological gap, this project intends to combine techniques from 

optogenetics and functional cardiac imaging to demonstrate the power of all-optical approaches to 

studying cardiac electrophysiology, both in vitro and in vivo by: 1) designing and characterizing a 

microscope based all-optical system and validate its utility for high content screening; 2) 

characterize and quantify the function of human iPSC-CMs and demonstrate their utility as a 

testbed for drug screening and disease modeling; 3) illustrate how the platform can provide superior 

endpoints for pro-arrhythmia prediction of drugs in a high-throughput manner; 4) explore the 

necessary design considerations for performing all-optical in vivo cardiac electrophysiology in 

behaving animals; and 5) begin preliminary development of an animal model to provide a test bed 

for development of an all-optical imaging system for use in vivo. This will be achieved by the 

following aims:  
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SA 1: An Automated System for High-Throughput All-Optical Dynamic Cardiac 

Electrophysiology: Implementation and Validation of OptoDyCE 
A platform for all-optical cardiac electrophysiology, OptoDyCE, will be implemented and 

validated for use as a system for fully-automated all-optical cardiac electrophysiology. The utility 

of this approach will be demonstrated by validating the system against well-characterized pro-

arrhythmic drugs and will outline the considerations necessary for developing an all-optical high 

throughput system.  

SA 2: High-Throughput Proarrhythmia Prediction using OptoDyCE 
On-axis simultaneous recording of intracellular calcium and membrane potential will be 

implemented on the OptoDyCE platform. The systemôs utility for HTS cardiotoxicity screening 

will then be demonstrated.  

SA 2a: Use of iPSC-CMs in Blinded High-Throughput Cardiotoxicity Testing 

The OptoDyCE platform will be used to partake in a currently ongoing, multi-site study 

from the CiPA initiative, where a set of 12 blinded compounds will be tested. The endpoints 

collected from these experiments will be compared to those of other currently explored HTS 

cardiotoxicity testing platforms in order to demonstrate how dynamic interrogation of both 

temporal and spatial effects of a drug improve cardiotoxicity prediction. 

SA 2b: Demonstration of Dynamic Interrogation to Reveal Cardiotoxicity 

Use of the OptoDyCE platform for combined, simultaneous recording of membrane 

potential and intracellular calcium will be examined. The drug vanoxerine will be used as a case 

study of how all-optical dynamic interrogation provides more meaningful data compared to in silico 

models based on ion channel data that have been validated using patch clamped hiPSC-CMs, and 

thus illustrate the superiority of the approach.  

SA 3: High Throughput Characterization of Human iPSC-CMs and Disease Modeling 

using OptoDyCE 
Necessary characterization of hiPSC-CMs in the context of cardiotoxicity, drug screening, 

and personalized medicine will be performed and the utility of all-optical approaches to employing 

hiPSC-CMs in HTS applications will be demonstrated. 
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SA 3a: Quantification of Human iPSC-CM Function using the OptoDyCE Platform: Cell 

Density, Anisotropy, Automaticity and Voltage-Calcium Coupling 

As there is much controversy concerning the maturity of currently available hiPSC-CMs, 

the effects of culture conditions, specifically cell plating density, will be examined. Additionally, 

this will illustrate the utility of all-optical approaches in understanding these effects, as traditional 

methods of functional phenotyping, such as patch clamping, require sparse plating density.    

SA3b: Characterization of Patient-Derived iPSC-CMs: a Disease Model of Ogden Syndrome 

 In order for personalized medicine in the cardiac context to be economical, high content 

phenotyping is necessary. Here, the utility of all-optical approaches for potential HTS applications 

will be demonstrated by performing functional characterization of a new iPSC-CM disease model 

of a rare genetic disorder, Ogdenôs syndrome.  

SA 4: In Vivo Applications of All -Optical Dynamic Cardiac Electrophysiology 
The purpose of this aim is to present the considerations that are necessary for in vivo 

cardiac optogenetics. The design and validation, both structurally and functionally, of an in vivo 

optogenetic model will also be performed.  

SA 4a: Considerations for In Vivo Cardiac Optogenetics 

 An overview of necessary design considerations of inherent constraints to in vivo cardiac 

optogenetics will be provided. Specifically, requirements for using clinically-relevant access routes 

to different parts of the cardiac electrical conduction system will be considered. 

SA 4b: Design and Validation of an In Vivo Optogenetic Model 

Viral dose testing and quantification of expression will be performed in rats in order to 

develop an in vivo rat model for all-optical cardiac electrophysiology. They model will then be 

functionally characterized to determine if sufficient opsin expression is achieved, and required 

stimulation energies are within reasonably achievable levels.  
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Chapter 2: An Automated System for High-Throughput All -

Optical Dynamic Cardiac Electrophysiology 

Based on: Klimas A., Ambrosi, C.M., Yu, J., Williams, J.C., Bien, H., and Entcheva, E. (2016). 

OptoDyCE as an automated system for high-throughput all-optical dynamic cardiac 

electrophysiology. Nat. Commun. 7, 11542.  [3] 

2.1 Abstract 

The improvement of preclinical cardiotoxicity testing, discovery of new ion-channel-

targeted drugs, and phenotyping and use of stem cell-derived cardiomyocytes and other biologics 

all necessitate high-throughput (HT), cellular-level electrophysiological interrogation tools. Optical 

techniques for actuation and sensing provide instant parallelism, enabling contactless dynamic HT 

testing of cells and small-tissue constructs, not affordable by other means. Here we show, 

computationally and experimentally, the limits of all-optical electrophysiology when applied to 

drug testing, then implement and validate OptoDyCE, a fully automated system for all-optical 

cardiac electrophysiology. We validate optical actuation by virally introducing optogenetic drivers 

in rat and human cardiomyocytes or through the modular use of dedicated light-sensitive somatic 

"spark" cells. We show that this automated all-optical approach provides high-throughput means 

of cellular interrogation, i.e. allows for dynamic testing of >600 multicellular samples or 

compounds per hour, and yields high-content information about the action of a drug over time, 

space and doses. 

2.2 Introduction  

The development of new drugs is lengthy and inefficient, where the approval process alone 

takes on average 7 to 10 years.  [65]  In the United States, <0.05% of all compounds undergoing 

preclinical tests become marketed drugs, and <30% of compounds evaluated in clinical trials make 

it to market.  [20] Perhaps most costly, and with greatest negative societal and ethical impact, is the 

withdrawal of drugs from the market after they have been approved. Insufficient or inadequate tools 

for predicting failure before more expensive phases of testing both in animal and human, drive up 

drug costs and decrease the desire for pharmaceutical companies to pursue more ñhigh-riskò drugs 
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that would result in little payout.  In 2004, it was estimated that a 10% improvement in failure 

prediction before clinical trials could save $100 million in development costs per drug.  [66] 

Ultimately, developing tools for improved failure prediction of a drug in earlier stages of the 

development process is necessary to reverse the current trends in the drug development process. In 

the last 40 years, over 20% of drugs discontinued at all phases of development, including discovery, 

preclinical and clinical evaluation, and post-market surveillance has been due to cardiac toxicity, 

where unintended interactions with cardiac ion channels result in pro-arrhythmic effects.  [67] In 

response, international regulatory agreements were developed that mandate testing of all new 

drugs, both cardiac and non-cardiac, for cardiac liability, including drug-induced long QT interval 

(LQT) and risk for development of life-threatening arrhythmias, such as Torsade de Pointes 

(TdP).  [24]  

Currently required preclinical cardiotoxicity testing (part of the drug-development process, 

(Figure 2-1) specifically focuses on a drugôs blocking action on the hERG K+ channel that provides 

one of the main repolarizing currents in cardiomyocytes. The blocking of this channel impacts 

repolarization and is often associated with LQT and thus with increased risk of TdP. However, it 

has recently been recognized that a drugôs pro-arrhythmic effect, or ñtorsadogenicityò, is often 

shaped by its action on multiple ion channels, where the net effect may be different than the 

outcome of a simple hERG K+ channel block.  [24,68ï71] Indeed, there are hERG K+ blockers that 

are known to not cause TdP, (e.g. ranolazine or verapamil) resulting in false positives by the current 

testing methodology. Likewise, drugs with minor effect on the hERG K+ channel but causing TdP 

(e.g. tedisamil), produce false negatives.  [69] As a result, an integrative (both cell-level and 

multicellular) view is essential, and current regulations need to be revisited (see Figure 2-2) 

overviewing the Comprehensive in Vitro Pro-arrhythmia Assay  [24] (CiPA) Concept). 

Computational efforts are underway  [69,71] to integrate multi-channel data obtained in 

recombinant expression systems (non-myocytes) to predict the action of a drug on the human 
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cardiac action potential (see Figure 2-2). While computational models are powerful in simulating 

a wide range of conditions, they still require validation, and heavily rely on extensive experimental 

data for individual ion channels. Additionally, these data have their limitations due to being 

obtained in non-myocytes and by non-HT technology. Importantly, this type of experimental data 

(patch clamp data on select ion channels, Figure 2-2) still leaves the computational models under-

constrained. This high level of uncertainty results from missing detailed information on calcium 

and contractility handling as well as important intracellular signalling aspects. For example, models 

incorporating even an extensive ion channel data set, obtained using patch clamp in non-myocytes, 

may not be able to predict the pro-arrhythmic effects of a leukaemia drug like ponatinib, a tyrosine 

kinase inhibitor, or other non-classic multi-target regulators of electrophysiology. An alternative, 

more direct, and relevant experimental testbed for drug/cardiotoxicity screening may be provided 

by direct cell-level measurements in cardiomyocytes. In particular, human patient-derived 

cardiomyocytes (induced pluripotent stem cell derived, iPSC-CMs) show great potential, 

considering recent great strides in their optimization and production-scaling.  [21,36] The use of 

iPSC-CMs provides an exciting venue for patient-specific drug-testing, as acquiring native human 

heart tissue from the patient is undesirable and not scalable for use in HT-technology (Figure 2-1). 

The functional data obtained in myocytes by HT technology will not only yield an independent risk 

assessment of a drug on human cardiac electrophysiology, but will also help improve and constrain 

computational models developed in this area. However, there are currently no high-throughput 

solutions (ability to screen >10,000 compounds a day) for performing robust cardiomyocyte 

electrophysiological testing.  

Classic electrophysiology involves physical contact and therefore is inherently very low 

throughput (manual). New technical developments towards increased throughput  [72,73] include 

the automated planar patch, IonWorks by Molecular Devices, at the single-channel level; the 

Fluorometric Imaging Plate Reader (FLIPR) by Molecular Devices; Multichannel Electrode Arrays 
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(MEAs) recording local field potentials by Axion Biosystems; impedance-based assays with 

xCELLigence by Acea Biosciences; and the kinetic plate reader FDSS/mCell by Hamamatsu for 

cellular measurements (see Table 2-1 for a detailed comparison). The following limitations of these 

systems motivate the need for further developments towards HT cell-level electrophysiology: 1) 

Requirements for contact prevent scaling to the HT-level ï a non-contact modality is a must. 

Examples of contact-requiring systems include IonWorks, MEAs and xCELLigence. 2) Lack of 

electrophysiologically-relevant fast readout prevents tracking of fast action potentials. Optical 

sensing using FLIPR and the FDSS/mCell system for cellular measurements are highly parallel, but 

are unable to capture action potential morphology with high temporal resolution. 3) Inability for 

dynamic actuation (pacing with adaptable protocols) and frequency-response testing (e.g. FLIPR), 

which is quite relevant in drug-induced cardiotoxicity.  [74] 4) Cell-type restrictions: more 

phenotypic outputs, such as iPSC-CMs or primary CMs as testbeds, are desirable rather than the 

currently-employed recombinant expression systems. However, handling limitations present 

challenges (e.g. in IonWorks, a proper seal can be reliably formed only with ñwell-behavedò cell 

lines  [72]). 5) None of the current automated systems can characterize tissue-level/multicellular 

effects, in 2D or 3D, even though arrhythmias are inherently spatiotemporal phenomena. An all-

optical electrophysiology approach  [1,37,75] can overcome these limitations and facilitate HT-

level cellular testing through built-in parallelism. The contactless optical stimulation and readout 

can be used over millions of locations simultaneously, including three-dimensional settings. Such 

a system has not been realized to date.  
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Figure 2-1 High-throughput in drug discovery and cardiotoxicity testing. In the ñfunnelò workflow of 

drug development / drug testing, only some assays are HT-compatible. For cellular cardiac 

electrophysiology, currently there are no assays that fall into that category. The presented all-optical 

dynamic cardiac electrophysiology framework (OptoDyCE) is applicable to various experimental models 

(cells, tissue, whole heart and live animal testing) but only some of these (cardiomyocytes and some 

engineered syncytia, preferably using human iPS-CMs) are scalable and HT-compatible. Furthermore, 

they are the only ones that can be used directly for personalized testing/therapy on the same patient. Thick 

red arrows indicate that the OptoDyCE technology can elevate such functional cellular/multicellular 

cardiomyocyte assays for drug discovery or cardiotoxicity testing to HT-status. Further discussion of the 

best utility for different experimental models is provided in Supplementary Note 1 

concerning pharmaceutical products. 
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Figure 2-2: The new CiPA concept and a role for OptoDyCE in cardiotoxicity testing. The new 

CiPA  [24] (Comprehensive In Vitro Pro-arrhythmia Assay) concept aims to help change/improve current 

ICH* regulations for pre-clinical cardiotoxicity testing to avoid unnecessary drug attrition, reduce cost, 

and improve drug development. The arrhythmia risk is to be derived from experimental data using multi-

channel testing by manual or planar automated patch clamp in recombinant expression systems (see 

IonWorks in Table 2-1), which are then integrated using computational tools to predict the overall action 

of a compound on human cell electrophysiology, i.e. on the action potential (AP) - this experimental step 

plus the computational step form the main testing route. The predictions (the effects of a compound on the 

human action potential) are to be validated using cell electrophysiology measurements in human 

cardiomyocytes (most likely, iPSC-CMs). Note that currently, both of the two experimental components in 

this scheme lack true high-throughput (HT) capabilities. Planar patch systems have evolved but do not pass 

the HT threshold; cardiomyocyte electrophysiology (AP measurements) currently cannot be performed in 

HT fashion. Our platform, OptoDyCE, aims to bring HT capabilities to the cell-level testing in human 

cardiomyocytes. This experimental approach (on the right) is more direct and can theoretically (pending 

maturation of the iPSC-CM technology) provide more relevant, and even patient-specific predictions, 

compared to the main testing route on the left (a comprehensive characterization of all ion channels, 

signaling and other intracellular processes is impossible, and hence the complex computational models 

operate in high level of uncertainty, thus providing only probabilistic predictions). Furthermore, 

OptoDyCE can provide additional cell- and multicellular readouts, e.g. intracellular calcium, contractility, 

cell coupling, which are very relevant to arrhythmia testing but cannot be derived by the approach on the 

left. Therefore, OptoDyCE can help further constrain/improve computational modeling as well.  *ICH - 

International Conference on Harmonization of Technical Requirements for Registration of 

Pharmaceuticals for Human Use ï coordinated regulatory efforts by Europe, Japan and the United States 

concerning pharmaceutical products. 
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Table 2-1: State-of-the art industry-employed high-throughput electrophysiological measurement 

approaches. 

System Description PROS CONS 

IonWorks  

Molecular 

Devices 
 [72,73,76ï79] 

Actuation: 

Electrical 

Sensing: 
Population 

patch clamp 

¶ Closest to classic 

ion channel 

characterization 

¶ Fast readout 

¶ Dynamic 

stimulation 

available 

¶ Limited throughput/expandability 

¶ Limited spatial resolution 

¶ Contact-requiring 

¶ Not robust (needs ñwell behavedò cell 

lines; not applicable to any primary cells 

or mini-tissues) 

¶ No calcium/contractility measurements 

¶ High complexity; custom plates 

¶ High cost 

Maestro 

Multichannel 

Electrode 

Array  

(MEAs) Axion 

Biosystems 
 [21,72,80ï82] 

 

Actuation: 
Electrical 

Sensing: 
Local field 

potential 

¶ Label-free 

¶ Long-term 

recording possible 

¶ Fast readout 

¶ Dynamic 

stimulation 

available 

¶ Limited throughput/expandability  

¶ Limited spatial resolution 

¶ Contact-requiring 

¶ Not robust (not applicable to mini-

tissues) 

¶ No direct measurements of action 

potentials, calcium or contractility 

¶ High complexity; custom plates 

xCELLigence 
Acea 

Biosciences 
 [21,80,83,84] 

 

Actuation: 
Electrical 
Sensing: 

Impedance 

¶ Label-free 

¶ Long-term 
recording possible 

¶ Limited throughput/expandability 

¶ Tracks only slow processes 

¶ Limited spatial resolution 

¶ Contact-requiring 

¶ Not robust (not applicable to mini-
tissues) 

¶ No direct measurements of action 
potentials, calcium or dynamic 
contractions 

¶ High complexity; custom plates  

¶ High cost 

FLIPR  

Molecular 

Devices 
 [76,79,85,86] 

Actuation: 
Chemical 

Sensing: 

Optical 

(fluorescence) 

¶ Highly parallel 

¶ Contactless 

¶ Optical readout 

¶ No dynamic stimulation 

¶ Slow readout 

¶ No spatial information 

¶ Not robust (not applicable to mini-

tissues) 

¶ No direct measurements of action 

potentials or contractility 

¶ High complexity and cost; custom plates 

FDSS/ɛCell 

Hamamatsu 
 [85,87] 

 

Actuation: 
Chemical (or 

electrical 

field) 

Sensing: 

Optical 

(fluorescence) 

¶ Highly parallel 

¶ Contactless 

¶ Optical readout 

¶ Dynamic 

stimulation 

available 

¶ Limited dynamic stimulation 

¶ Relatively slow readout (typical < 5fps) 

¶ No spatial information (low SNR) 

¶ Not robust (not applicable to mini-

tissues) 

¶ No direct measurements of action 

potentials or contractility 

¶ High complexity and cost; custom plates  
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Here, we present OptoDyCE, the first fully automated platform for all-optical dynamic 

interrogation of cardiomyocyte electrophysiology. By employing optogenetic tools, we are able to 

perform dynamic interrogation of multiple cell types, including human iPSC-CMs in monolayers 

or in small three-dimensional cell constructs, with applicability to drug testing. While OptoDyCE 

can work with various experimental systems, its combination with scalable (HT-compatible) 

models, like stem-cell-derived cardiomyocytes and small engineered cardiac syncytia, is 

particularly relevant to the drug screening and testing process (Figure 2-1). We demonstrate the 

HT capabilities of OptoDyCE using multicellular samples in 96-well format by combining 

optogenetic actuation with simultaneous optical sensing of voltage, intracellular calcium or 

contractility by synthetic red-shifted dyes or dye-free video tracking. OptoDyCE permits the fast 

quantification of cardiomyocytesô electrophysiological and electromechanical response to a drug 

over time and space at both the cellular and global scale, to an extent that has not been achieved by 

any other system to date. 

2.3 Results 

2.3.1 Considerations for Applying Optogenetics to Drug Testing 

New fast optogenetic tools for optical stimulation (actuation)  [39,88,89]  and recording 

(sensing)  [75,90,91] offer attractive solutions for the observation and fine control of multiple cells 

simultaneously, but their limitations must be carefully considered in the context of drug screening 

(Figure 2-3). Both optogenetic actuators and sensors are biological entities that contain essential 

elements of ion channel proteins, making them potentially susceptible to the drugs being tested. 

We consider the extent of such undesirable effects on the electrophysiological (EP) response of the 

cells of interest. The action of a fast optogenetic actuator, e.g. Channelrhodopsin-2 (ChR2), that 

provides only a short stimulation impulse in cardiomyocytes can be viewed as time-detached from 

the EP response (Figure 2-3a), hence mostly benign. Indeed, we show computationally that for 

brief light pulses, even dramatic hypothetical drug effects on the ChR2 current amplitude and/or 

kinetics are practically inconsequential for the optically-triggered action potentials (APs) and 
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calcium transients (CTs), as long as light irradiances are maintained at supra-threshold levels 

relative to what is required to activate ChR2 (Figure 2-3b-f, details in Computational Analysis 

of Optogenetics and Cell Coupling in Methods). In contrast, an optogenetic sensor, e.g. the 

voltage sensor VSFP2.3,  [92] is continuously engaged and thus fully temporally-convolved with 

the EP response (Figure 2-3a). Even a mild drug action on the sensor can profoundly alter the EP 

readout (see computational predictions, Figure 2-3g).  The same applies to other voltage  [75,91] 

or calcium (GCaMP) optogenetic sensors, even if they exhibit superior kinetics compared to 

VSFP2.3. While great for long-term monitoring (order of days-months),  [91] channel-based 

optogenetic sensors may not be ideal for acute (order of minutes-hours) drug-testing applications 

due to such potential direct interference; instead, classic synthetic optical dyes for voltage and 

calcium or dye-free imaging may be more suitable, as they are already used in industrial 

applications.    

2.3.2 The OptoDyCE System for Cardiac Electrophysiology 

We describe here OptoDyCE, an automated system for all-optical dynamic cardiac 

electrophysiology testing at the cellular/multicellular level, which combines optogenetic actuation 

via ChR2 with simultaneous optical sensing of voltage or intracellular calcium by synthetic red-

shifted dyes (di-4-ANBDQBS and Rhod-4AM, respectively) spectrally compatible with ChR2, or 

dye-free video-tracking of contraction. The high-throughput capabilities of OptoDyCE are 

illustrated with multicellular samples in 96-well format (Figure 2-4). For several decades, optical 

techniques, including video recording of mechanical contractions and optical imaging of action 

potentials and calcium transients obtained by employing synthetic dyes and more recently, by 

optogenetic probes, have provided vital understanding of cardiac electrophysiology. However, their 

integration with optical pacing (for all-optical electrophysiology [2,75]) is a key development for 

cardiotoxicity testing because of the frequency-dependent aspect of drug actions and arrhythmia 

predictions.  [74] Therefore, parallelism/scalability in both stimulation and recording are crucial to 
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increasing throughput when testing a dynamic system like cardiac tissue for instabilities 

(arrhythmias). 

In OptoDyCE, contactless optical pacing reliably triggers voltage (Vm) and calcium 

([Ca2+] i) signals, as well as quantifiable mechanical contractions, in either neonatal rat ventricular 

myocytes (NRVMs) or iPSC-CMs in both cell monolayers and 3D structures (experimental data in 

Figure 2-4a,b,e; Figure 2-5). The ability for optical pacing is imparted via one of two quick and 

efficient transduction methods applied within 24 to 48 hours prior to experimentation to yield: 1) 

OptoHTS: using direct adenoviral gene delivery in human (ChR2-hiPSC-CM) or neonatal rat 

ventricular cardiomyocytes (ChR2-CM);  [1,93,94] or 2) sOptoHTS: ñsprinklingò of dedicated 

light-sensitive ñsparkò cells on top of samples of non-transduced cardiomyocytes, a version of our 

ñtandem-cell-unitò concept, [17] (Figure 2-4c-e, see Gene and Cell Delivery of Optogenetic 

Actuation in Methods).  
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Figure 2-3:  Drug testing considerations and computational analysis of the use of optogenetic tools. A 

comparison of actuators (e.g. ChR2) versus optogenetic sensors (e.g. VSFP2.3) in human ventricular 

myocytes. A fast optogenetic actuator acts as a stimulation impulse and is ñtime-detachedò from the 

electrophysiological (EP) response (a), and therefore a hypothetical drug action that affects ChR2 current 

amplitude and/or kinetics (b) has minimal effect on the optically-triggered action potentials (APs) (c) and 

calcium transients (CTs) (d), if light irradiances are adjusted to provide supra-threshold currents (e). Even 

extreme drug interference with ChR2 off-kinetics results in minor (5%) APD prolongation (c) due to re-

activation of inward ChR2 current during repolarization (f). In contrast, an optogenetic sensor, e.g. 

VSFP2.3, is fully ñtemporally-convolvedò with the EP response (a), and even a mild drug action on the 

sensor can profoundly influence the EP readout (g). 
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Figure 2-4:  Experimental high-throughput implementation and validation of automated OptoDyCE. 
Human ChR2-iPSC-CMs in a monolayer (a) or in 3D structures (e), and rat ChR2-CMs (OptoHTS) and 

ñsparkò-ChR2-CMs (sOptoHTS) (c-d, g-h) are optogenetically transformed to respond to optical 

stimulation. ChR2 expression by eYFP reporter (green), Ŭ-actinin staining (red) and DAPI nuclear stain 

(blue) are shown (a,c). Scale bars are 30 mm (a) and 25 mm (c). Optical pacing reliably triggers Vm and 

[Ca2+] i signals, measured optically (a,d,e). Validation of OptoHTS comes from identical AP and CT 

morphology for electrically-paced CM-controls (non-transduced) and optically-paced ChR2-CMs (f-g); in 

sOptoHTS, high ñsparkò cell density can lead to APD shortening compared to control CM (h, 

Supplementary Fig. 4) without much effect on CT morphology (h). We demonstrate a fully automated 

high-throughput version of OptoDyCE in 96-well format using a custom-built optical setup and an 

automation protocol (i-j), details in the Automated All-Optical Electrophysiology section in Methods.    
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Figure 2-5: All -optical electrophysiology in human iPS-CMs (Figure 2-4a). (a) hiPS-CMs without (top) 

and with Ad-ChR2(H134R)-eYFP delivery at MOI 250 (bottom). Red fluorescence indicates Ŭ-actinin 

staining illustrating the cardiomyocyte-like properties of hiPS-CMs, blue indicates DAPI nuclear staining, 

and green fluorescence indicates the eYFP reporter of ChR2. Combination (left) of the Ŭ-actinin (right) and 

eYFP (center) channels indicate expression of ChR2 in the ChR2-hiPS-CMs. Scale bar is 30 mm.  (b) 

Optical recording of Vm and [Ca2+] i  in optically paced ChR2-hiPS-CMs, used in an automated readout 

(96-well plate format). 
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We validate OptoHTS by comparing AP and CT morphology of optically-stimulated 

ChR2-CM samples and electrically-paced non-transduced CM samples, confirming that 

optogenetic pacing is a suitable alternative to electrical stimulation for drug testing purposes 

(Figure 2-4f-g), as predicted computationally. [93,95] sOptoHTS provides a more attractive, 

modular method of light sensitization: a bank of generic ñsparkò cells (light-sensitized somatic 

cells, including immortal cell-lines) can be used in conjunction with a variety of non-modified 

experimental cardiac systems. Eliminating the need for genetic transformation of the target cells, 

and the associated efforts for optimization of gene delivery in each studied cell type, constitute 

significant advantages of sOptoHTS. However, caution should be applied regarding the geometry 

of the ñsparkò cell distribution, since loading effects of higher ñsparkò-cell concentrations can 

locally shorten the AP (Figure 2-4h, Figure 2-7), while still having minimal effects on CT 

morphology. Proper ñsparkò-cell delivery, such as a localized/patterned pacing site, [96] can easily 

address the issue. 

Figure 2-6: Capturing cardiomyocyte contractions with OptoDyCE. (a) Validation of comparable 

contractility in response to optical (90 ms, 0.015 mW/mm2) vs. electrical (5 ms, 10 V bipolar) stimulation 

under different pacing frequencies; tick marks indicate stimulation pulses. Shown are measurements in 

neonatal rat ventricular ChR2-CMs. (b) The OptoDyCE system is capable of resolving abnormal 

contractile responses, e.g. aftercontractions (red asterisks) that can be used as arrhythmogenic markers. 
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A fully automated high-throughput version of OptoDyCE in 96-well format is 

demonstrated here using an optical setup, custom-built around an inverted microscope employing 

a high-speed camera, an automation protocol, and custom-developed software for semi-automated 

analysis (Figure 2-4i-j ; Figure 2-8). In the current proof-of-concept implementation of 

OptoDyCE, dynamic drug-dose testing using a multi-beat pacing protocol can be performed on a 

96-well platform in less than 10 minutes (Figure 2-9a, Figure 2-10). High spatio-temporal 

resolution video recordings obtained by the system in these 10 minutes provide over 30,000 single-

cell readouts per 96-well plate, probed by multiple pacing stimuli. These records can be 

investigated at both the global and cellular scale to assess pro-arrhythmic risk by quantifying shape 

and duration parameters of the voltage, calcium or contraction responses, and also sub-cellular 

spontaneous Ca2+ release (SCR) events, instabilities in intracellular calcium (Figure 2-11), 

Figure 2-7: Effect of ñsparkò cell density on measured APD in CMs. (a) Shown is a computational 

example of human ventricular action potentials, scaled and normalized in amplitude (as would be 

measured by an optical method) for two cases of ñsparkò-driven excitation of CMs: when 2 ñsparkò cells 

were connected to a cardiomyocyte or when 5 ñsparkò cells were connected to a cardiomyocyte. The 

loading effect in the latter case resulted in APD shortening in the CM (Figure 2-4h). The computer model 

employed ChR2-expressing cardiac fibroblasts (not HEK cells) as ñsparkò cells (see Computational 

Analysis), but the effect is applicable to both cell types. (b) Comparison of the experimentally measured 

APD for optically paced ChR2-CMs and HEK-ChR2-CMs for the samples shown in Figure 2-4h. For the 

cell density and the implementation here, with random sprinkling, there was overall APD shortening in the 

ñsparkò-driven (HEK-ChR2-CMs) compared to the ChR2-CMs (p < 0.01 using ANOVA test followed by a 

Tukey-Kramer post hoc correction for multiple comparisons.); to avoid APD shortening, the ñsparkò cells 

can easily be localized and can serve as optical pacemaking conduits without affecting the APD of the 

cardiomyocytes. 
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abnormalities in the AP morphology, e.g. early afterdepolarizations (EADs) (Figure 2-12), as well 

as abnormal mechanical activity (aftercontractions) (Figure 2-6). The system has been designed to 

be easily and economically adopted; compared to a prior report on all-optical electrophysiology in 

neurons, [75] we use low-power LED light sources and portable, modular components allowing 

straightforward customization.  

2.3.3 Drug Dose-Response Testing using OptoHTS 

In order to validate the OptoDyCE system as well as illustrate the range of dynamic 

information that can be obtained, we chose the well-understood class-IV antiarrhythmic agent 

nifedipine to perform drug dose-response testing. The drug was applied in 12 doses (0 to 50mM) to 

96 ChR2-CM samples (Figure 2-9a). Using optical pacing at 1Hz, we quantified the dose-response 

to nifedipine in terms of AP duration (APD) and CT duration (CTD) (Figure 2-9b-g). Expected 

APD shortening (Figure 2-9b-d) and CTD shortening (Figure 2-9e-g) were observed, especially 

at the plateau phase (APD25/CTD25 and APD50/CTD50), due to nifedipine blocking the inward 

L-type calcium current, ICaL. Nifedipine caused CTD to monotonically decrease up to 10 µM 

(Figure 2-9f,g). In contrast, after maximum APD shortening at around 1 µM, corresponding to 

Figure 2-8: flashligHTS analysis software. A snapshot of the custom-developed automated analysis 

software is shown. 
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maximum block of ICaL reached at that concentration (Figure 2-9d inset), the APD response to 

nifedipine reversed its direction, as seen clinically.  [70] This is likely due to indirect (voltage-

mediated) or non-specific action on other ion channels, partially countering the ICaL block (Figure 

2-9d). Note that the benefits of our in vitro HT platform are in the ability to quickly and finely 

probe many concentrations and to help determine the ñtherapeutic windowò, i.e. the window for 

which a drug is both effective (has the desired action) and safe. Clinically, the drug-metabolizing 

action of the cytochrome P450 enzymes present in cells can amplify or suppress the effect of a drug 

resulting in a lower or higher apparent drug dose (as in some failed drugs  [20]); our data can be 

used to judge the ñroom for errorò in the therapeutic window for a drug. 

2.3.4 Validation of Functional Drug Testing using sOptoHTS 

The development of sOptoHTS using dedicated ñsparkò cells was motivated by the search 

for a very simple and quick solution for optical actuation without genetically modifying the target 

cells (cardiomyocytes) under investigation. The genetic modification of primary cardiomyocytes 

or iPSC-CMs to make them light-sensitive in OptoHTS requires optimization that may be cell type 

or clone specific. In contrast, a stable ñsparkò cell line is an attractive solution for industrial 

applications as it does not require any development on the user end; it can be provided as a simple 

reagent to be added (ñsprinkledò) shortly before experimentation (24h); and a variety of somatic 

(non-excitable) cells can serve as donor ñsparkò cells for optical actuation, including cardiac 

fibroblasts.  

Seeking validation for sOptoHTS, we further compared the dose-dependent effects of 

nifedipine and of dofetilide using the two methods, OptoHTS vs. sOptoHTS (Figure 2-13). 

Dofetilide, a class-III anti-arrhythmic agent and intended hERG channel blocker, has a known risk 

for drug-induced LQT and TdP due to its APD-prolonging action,  [70] making it a suitable choice 

for validating the systemôs ability to discern both APD-shortening (nifedipine) and APD-

prolongation (dofetilide) for use as a drug-testing platform. sOptoHTS was able to successfully 

track the drug-dose dependent effects on APD and CTD, similar to OptoHTS (Figure 2-13a-d). 
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With proper tuning of the ñsparkò cell distribution, this simple and truly modular approach provided 

by sOptoHTS can be reliably applied to HT electrophysiological drug testing.  

 

 

 

  

Figure 2-9: Demonstration of OptoHTS for high-throughput dose-response drug testing.  Nifedipine, an 

L-type Ca2+ channel (ICaL) blocker, is applied at 12-concentration graded dosing (0 ï 50 µM) to ChR2-CMs 

in 96-well plates (a). Optical recordings of multiple voltage (b-d) or calcium events (e-g) are obtained 

during optical pacing at 1Hz, screening the full plate in under 10 minutes (see also Figure 2-5). Example 

averaged over 10 seconds (b, e) and quantitative results for APD and CTD (c-d, f-g) are shown. Expected 

APD (N = 4 to 7 samples, at least 800 single-cell records per concentration) (b-d) and CTD (N = 4 to 6 

samples, at least 800 single-cell records per concentration) (e-g) shortening, especially at the 

APD25/CTD25 and APD50/CTD50 levels, occurred due to nifedipine blocking the inward L-type calcium 

current. Maximum APD shortening is observed at around 1 µM, consistent with maximum block of ICaL 

reached at that concentration (d inset). Beyond 1 µM, indirect (voltage-mediated) or non-specific action on 

other ion channels partially counters the block of inward Ca2+ current and can reduce or eliminate the 

APD shortening (d). Nifedipine appears to monotonically shorten CTD up to 10 µM (f,g). Data are 

presented as mean±SEM, and each well is considered an independent sample, represented by a spatially-

averaged trace. 
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2.3.5 Dynamic Functional Probing Over Time and Space by OptoDyCE 

Electrophysiological responses are frequency-dependent, therefore passive observation of 

spontaneous activity [91] is generally insufficient in drug testing and for arrhythmia assessment. 

Unlike most currently-employed systems (Table 2-1), our platform allows for active dynamic 

interrogation, such as robust pacing protocols that can reveal Vm, [Ca2+] i  or contractionôs frequency 

response (restitution) and temporal instabilities (Figure 2-14a; Figure 2-6; Figure 2-11; Figure 

2-12). For example, a consistent generation of voltage instabilities known as alternans can be 

captured at 2Hz optical pacing in the presence of 2 µM dofetilide due to drug-induced APD 

prolongation (Figure 2-14b).  

 

  

Figure 2-10: Parallelism of the OptoHTS system. In each well, optical recording was performed over 

multiple cells in parallel. Typical field of view (FOV) was 400 mm x 400 mm, resulting in about 200-400 

parallel cell measurements per FOV (well), i.e. about 30,000 cell-level measurements per 96-well plate at 

20x magnification. For a dynamic pacing protocol, using multi-beat pacing (6 second dwell time per well), 

this resulted in about 10 min/plate, i.e. about 600 independent multi-cellular (>200 cells) samples (or 

compounds) per hour (with the possibility to reach > 10,000 compounds per day, which qualifies for 

HTS). Shown here are the global (space-integrated) calcium measurement for a well (scale bar 100 mm) 

and traces from individual cell-level regions, as outlined. While most of the analysis presented here dealt 

with the global responses, the parallelism is built-in into our approach and can easily be utilized further 

(see Figure 2-12h). 
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Figure 2-11: Capturing sub-cellular spontaneous Ca2+ release (SCR) events. The recording of SCR events 

and other calcium instabilities within multicellular samples can be easily performed using OptoDyCE. (a) 

Example of spatial heterogeneity with localized spontaneous calcium release in a ChR2-CM sample treated 

with 0.02 mM dofetilide, when paced at 1 Hz using a 0.539 mW/mm2 10 ms light pulses. Traces from 9 

outlined ROIs (top left; scale bar 100 mm), along with the global trace, exhibit abnormal pacing behavior 

(center). Deviation from the global signal, progressing from ROI 9 to ROI 1, can be seen in both trace 

morphology and in the frequency domain (FFT plot left), where the 1Hz pacing frequency is indicated by 

an asterisk; a strong low frequency component at 0.5 Hz is due to alternans (arrow), while the observed 

sub-cellular SCR results in a higher frequency component (arrow) at 3 Hz. Phase maps (Hilbert transform, 

right) were used to identify localized intracellular Ca2+ waves due to SCR; the three panels, corresponding 

to the grey dashed lines in the recorded traces, show the instantaneous phase 300 ms prior to the optical 

stimulus (tLP ï 0.3s), during the optical stimulus (tLP), and 300 ms after the optical stimulus (tLP + 0.3s).  (b) 

OptoDyCE can identify Ca2+ alternans with and without SR load alternation: example trace from ñsparkò-

hiPSC-CMs (top) shows subtle alternans without SR load alternation when paced at 0.5 Hz with a 1.51 

mW/mm2 5 ms pulses, while an example trace from a ChR2-CMs sample paced at 2 Hz with a 0.455 

mW/mm2 10 ms pulse shows prominent SR load alternation (dashed lines). (c) Calcium-mediated pacing 

activity was induced by 1 mM isoproterenol (10 min) in quiescent hiPS-CMs (top) and rate of pacing was 

accelerated in spontaneously beating hiPS-CMs (bottom). 
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Figure 2-12: Experimental comparison of OptoHTS versus ñsparkò-OptoHTS for functional drug 

testing.  (a-d) OptoHTS (left) and sOptoHTS (right) provide qualitatively and quantitatively similar results 

for measured effects on APD (a, c) and CTD (b, d) for both nifedipine (a,b) and dofetilide, a blocker of the 

rapid delayed rectifier, IKr (c,d). N = 3 to 16 samples (at least 600 single-cell records or more) for each 

condition and each data point in the panels above. Data are presented as mean±SEM, and each well is 

considered an independent sample. 

 

Figure 2-13: Abnormalities in action 

potential morphology captured by 

OptoDyCE.  (a) Intrinsic variability, including 

EADs (red asterisks), observed in this ChR2-

hiPSC-CM sample, paced at 0.5 Hz pacing. 

Drug-induced AP variation in sOptoHTS 

samples treated with 0.2 mM dofetilide (b) and 

2 mM dofetilide (c) paced at 1 Hz and 2 Hz, 

respectively. Lower doses of dofetilide create 

sporadic EADs (red asterisks), while higher 

doses yield large temporal variability in AP 

morphology (in addition to spatial variability 

quantified in Figure 2-15), with increased 

instances of EADs. 
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Figure 2-15: Dynamic functional drug testing. A demonstration of the utility of OptoDyCE for spatio-

temporal characterization. Dynamic pacing provides a means of studying pacing-induced Vm and Ca2+ 

restitution and instabilities (a) or drug-induced instabilities, i.e. 2 µM dofetilide leading to voltage 

alternans at relatively low pacing frequency (2Hz) (b). High-content dynamic information is obtained from 

a single data run (c-h). For example, restitution and temporal or spatial variability (quantified by median 

absolute deviation (MAD)) are shown as function of both drug dose and pacing frequency for peak calcium 

in the presence of nifedipine (c-e) and for APD in the presence of dofetilide (f,g). Nifedipine action on peak 

calcium (% change) is dose-dependent but frequency-independent (c,d). Nifedipine appears to reduce 

temporal variability of peak calcium (assessed by MAD), and this reduction is augmented by higher-

frequency pacing (e). Dofetilide shows enhanced action on APD50 at higher frequency (opposite to 

reverse-use dependence) (f,g). Spatial variation as a function of drug dose can also be assessed by 

analyzing multiple regions of interest (ROIs) within the same well (h, see also Supplementary Fig. 5-6). 

Dofetilide at 2 µM seems to increase spatial variability in APD, i.e. increase dispersion of repolarization, 

compared to control during 1Hz pacing (p<0.05 for APD50 obtained using ANOVA test followed by a 

Tukey-Kramer post hoc correction for multiple comparisons).  N = 5 to 16 samples (at least 1000 single-

cell records or more) for each condition and each data point in the panels above. Data are presented as 

mean±SEM, and each well is considered an independent samples. 

Figure 2-14 Drug action in standard TCU co-cultures. Shown 

is the effect of nifedipine on APD in standard co-cultures based 

on the TCU concept, when the ñsparkò cells are not 

ñsprinkledò at a later point but rather mixed uniformly at the 

time of plating of the CMs. Comparing with Figure 2-9, all 

three cases qualitatively capture the action of nifedipine on 

APD, but the sOptoHTS with ñsprinklingò is the simplest, most 

modular and attractive for industrial application. 
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Restitution and temporal or spatial variability assessed by median absolute deviation 

(MAD), (see Data Processing and Analysis in Methods) can be quantified as function of drug 

dose (Figure 2-14c-h). These are directly relevant to the ñtorsadogenecityò of a drug, providing a 

much more complete assessment than traditional (single-channel block) testing or current state-of-

the-art assays (Figure 2-14). Our dynamic testing data reveal that nifedipine action on peak calcium 

(% change) is dose-dependent (p<0.05 obtained using ANOVA test followed by a Tukey-Kramer 

post hoc correction for multiple comparisons) but frequency-independent (Figure 2-14c-d). 

Furthermore, nifedipine reduces temporal variability of peak calcium (assessed by MAD), and this 

reduction is augmented by higher-frequency pacing (Figure 2-14e). For dofetilide, we found 

enhanced relative APD50 prolongation at higher frequency, which is opposite to purported reverse-

use dependence (Figure 2-14f-g). Triggered pro-arrhythmic events resulting in drug-dose related 

temporal variations in AP morphology, including dose-dependent increase in EADs, can be 

revealed in optically paced samples treated with dofetilide (Figure 2-12). Furthermore, because of 

the ability to study multicellular samples, spatial variability can be quantified as a function of drug 

dose by analyzing individual cells or regions of interest within the same sample/well (Figure 2-14h, 

see also Figure 2-10; Figure 2-11). For example, we found that dofetilide at 2 µM increases spatial 

variability in APD (i.e. increases dispersion of repolarization - a known pro-arrhythmic factor), 

compared to control during 1Hz pacing (p<0.05 for APD50 obtained using ANOVA test followed 

by a Tukey-Kramer post hoc correction for multiple comparisons). Dispersion of repolarization and 

Figure 2-16: Effect of DMSO on APD. 
CM-ChR2 cells were dosed with 0, 0.5, and 

1 % DMSO in Tyrodeôs solution to assess 

the effect of DMSO on APD. Within the used 

concentrations to administer drugs and/or 

dyes (in all cases <1%), DMSO was not 

seen to affect the electrophysiological 

measurements. 
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abnormal AP events (e.g. EADs), in addition to being caused by heterogeneous block of the delayed 

rectifier K+ channel (upon application of dofetilide), can also be linked to localized spontaneous 

calcium release (SCR) -- a recognized factor in the development of life-threatening arrhythmias, 

including drug-triggered events, and a hallmark of heart failure 30. By recording multi-cellular 

samples with cellular-level resolution, we are able to identify SCR events, triggered by a drug, 

which may not be observed in the global traces (Figure 2-11). Most of the electrophysiological 

results presented here can be corroborated by published work, albeit certainly not in an all-

encompassing study. We chose to conduct our demonstration with these known clinically-used 

drugs so that the emphasis of our study can be the illustration of usability and the potential impact 

of our methodology rather than the electrophysiological insights per se.  

2.4 Discussion 

The development of new pharmaceuticals, the comprehensive characterization and 

optimization of new human cell-based products, and the cardiotoxicity testing for all drugs require 

fast high-throughput cellular interrogation. All-optical electrophysiology has the scalability 

potential and can provide a solution. Here we demonstrate how such an approach (OptoDyCE) can 

elevate cellular electrophysiology to the HT level. The ability for highly-parallel dynamic 

stimulation is a key component of assessing arrhythmia propensity. While non-optogenetic (mostly 

thermally-mediated) solutions are being pursued, opsin-based stimulation cannot be matched in 

terms of low energy, reliability, and precision. We show computationally and experimentally that 

optogenetic stimulation is not interfering with the electrophysiological response of cardiomyocytes, 

and it can be realized in several simple ways. To our knowledge, the results here represent the first 

validation of the use of optogenetic actuators for drug testing applications in cardiac 

electrophysiology. Particularly attractive for drug testing is the presented sOptoHTS method with 

sprinkled ñsparkò cells, which does not require any genetic modifications in the studied cells and 

can be easily incorporated in the current manufacturing workflow. Furthermore, our computational 

analysis illustrates that optogenetic sensors, which are often derived from ion channel modules and 
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other druggable components, may not be desirable in acute drug testing due to the temporal 

convolution of their response with the measured parameter of interest (action potential or calcium 

transient). While they are excellent reporters of activity long-term and in vivo, their use in the 

context of drug testing must be carefully validated. Instead, here we show that spectrally-suitable 

synthetic optical sensors work well. 

The presented system, OptoDyCE, is the first scalable automated all-optical platform for 

cardiac electrophysiology that can meet the HT standard, Figure 2-1. While often used colloquially 

in a liberal manner, ñhigh-throughputò in the industrial setting of drug discovery and testing implies 

capability of performing over 10,000 assays a day (see considerations in Figure 2-10). HT requires 

that the samples and the process are scalable, manufacturing-friendly, and amenable to handling 

with standard liquid and cell dispensing robotics within a standardized plate-format setting. With 

robotic dispensing of cells and drugs, the 96-well format, demonstrated here, can be instantly 

upgraded to 384-well or other standard plate formats, with very simple reprogramming. Thus, our 

system is indeed scalable. The current implementation has built-in parallelism within a well, 

interrogating hundreds of cells simultaneously  Figure 2-10; Figure 2-11), but relies on serial 

traversing of the wells; a macroscopic version (see  [2,5] ) of OptoDyCE with larger field-of-view 

can further increase throughput by order(s) of magnitude. The all-optical approach can also be 

applied for the quantification of drugôs action on cardiac conduction, including wave dynamics,  [2] 

but with sacrifice of throughput due to space (spatial wavelength) required to accommodate such 

measurements.  

The OptoDyCE framework is not limited to a particular experimental model. In addition 

to cultured cells, all-optical approaches can be used with cardiac tissue and whole hearts, including 

in vivo (Figure 2-1) The contactless nature of interrogation in OptoDyCE makes it especially 

versatile and applicable to non-planar, 3D samples (Figure 2-4), unlike any of the available 

technologies listed in . As illustrated in Figure 2-1, OptoDyCE can elevate electrophysiological 
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testing to HT-status. This requires the experimental model to be HT-compatible, such as 

cardiomyocytes and small engineered tissues that can be cultured. Despite recognized current 

problems with human iPSC-CMs, namely immaturity and variability  [87] we argue that there may 

not be better alternatives when HT-format assays are considered. Native cardiac tissue (animal or 

human-derived) provides a superior testing platform for assessing conduction abnormalities in a 

lower-throughput format (Figure 2-1). However, it is not a suitable experimental target for the HT-

level screening tests for several reasons: (a) there is limited availability of human heart tissue, and 

testing cannot be patient-specific because of the invasive nature of heart biopsies; (b) scalability is 

lacking due to spatial constraints ï to make native tissue HT-compatible, the size of the individual 

tissue samples has to be reduced/cut dramatically creating issues with handling; (c) viability and 

stability ï cultured cell systems are inherently better suited for industrial scale handling and more 

stable than organotypic cultures. Furthermore, pre-clinical testing in live animals also plays a key 

role, as systems-level effects need to be probed. However, that is done in a low-throughput format 

at a later validating stage. More detailed discussion of the suitability of cardiac experimental models 

at different stages of drug testing is presented in the Supplementary Note.  

In sum, HT electrophysiology with OptoDyCE is not intended to fully replace 

comprehensive in vitro (tissue or patch clamp) or in vivo tests, but it allows for quicker prediction 

of successful drug candidates, as well as more informed failure prediction in order to reduce cost 

in later testing phases. HT-compatible experimental models, such as based on iPSC-CMs, need to 

be further optimized to better mimic the native human heart properties, so that massively-parallel 

interrogation enabled by OptoDyCE in the early phases of drug development can indeed make a 

difference in preventing drug failure at later stages in the process.   

Our results also illustrate the extremely high-content data that can be obtained with the 

proposed platform. The ability to measure dynamically-controlled action potentials, calcium 

transients and contractions and to extract a large number of arrhythmia-relevant parameters, 
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including but not limited to frequency-dependent morphological changes (alternans, EADs, DADs, 

aftercontractions) as well as spontaneous calcium release, temporal and spatial variability of the 

response, allow the quantification of a drugôs pro-arrhythmic risk in a much more comprehensive 

way than with any of the current platforms. Such comprehensive evaluation of the cellular 

responses is much better suited to capture the effects of more recently acknowledged non-classical 

multi-target modulators of ion channels, such as kinase inhibitors, for example [97,98] compared 

to patch-clamp data collection on a subset of individual ion channels, especially when done in non-

myocytes. Drug effects mediated through intracellular signaling pathways, e.g. PI3K, may not be 

instantaneous and are likely to engage a large number of ion channels, in some of which the effects 

may be small or the measurements may be challenging (for example, measuring the late sodium 

current) [97]. Though not directly demonstrated here, such delayed/chronic action can be easily 

studied with the proposed platform, as cultured systems are stable over the relevant time frame 

(order of hours) and integral readouts (action potentials, calcium transients) are better and more 

relevant measures of such complex effects. A limitation of the optical interrogation methods, 

discussed here, compared to direct electrical measurements, is the difficulty in assessing absolute 

values, e.g. resting membrane potential or diastolic calcium levels. Even with ratiometric 

measurements (using dual-wavelength sensors), calibration can be prohibitively difficult to apply 

in a high-throughput setting. Nevertheless, drug-induced relative changes in these parameters can 

be inferred by the multitude of other measurements, as they directly influence the excitability and 

stability of the electrical response. 

The high-content data present a challenge for automated processing, but also an 

opportunity that has not been available before. Data mining and analysis (e.g. principal component 

analysis) of such massive number of outputs obtained in a self-consistent manner in the same 

experimental system under the same conditions, can provide a unique opportunity to design 

classifiers of a compoundôs cardiotoxity risk or of its ability to achieve desired safe modification 
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of cardiomyocyte function. Such extensive high-quality data in response to a large number of 

known drugs is also invaluable as means to much needed tuning and constraining of currently 

pursued computer models for cardiotoxicity predictions at the cell and tissue level, Figure 2-2. By 

offering a currently missing option for automated HT cardiomyocyte electrophysiology, 

OptoDyCE can also profoundly impact developments concerning human iPSC-CMs [21,99] (see 

Figure 2-2)  by allowing for combinatorial optimization of factors involved in cell maturation, 

phenotype selection, and tissue engineering. In turn, the utilization of these new optimized human, 

potentially patient-specific, experimental models in conjunction with our HT testing platform has 

the potential to dramatically improve pre-clinical drug testing, reduce cost, reduce animal use, and 

increase a therapyôs likelihood of clinical success. 

2.5 Methods 

2.5.1 Human iPS-Cardiomyocyte Culture and Gene Delivery 

Frozen human iPSC-derived cardiomyocytes (iCell Cardiomyocytes2 Ê CMC-100-012-

001, Cellular Dynamics International (CDI), Madison, WI) were thawed per the manufacturerôs 

instructions. The cells were plated at the recommended plating density of 156,000 cells/cm2 on 

fibronectin-coated 96-well glass-bottom plates. In some experiments, cells were grown in three-

dimensional microgrooved scaffolds. These fibronectin-coated PDMS (Sylgard 184, Dow Corning, 

Midland, MI, USA) scaffolds with microtopographical features (Figure 2-4e, peak-to-peak 120 

mm, depth of 50 mm) were produced by molding onto metal templates fabricated by acoustic 

micromachining [5,100,101] and small circular microgrooved scaffolds were punched-out and 

placed in the 96-well plates. After 2 days, adenoviral delivery of ChR2(H134R) to the iPSC-CMs 

was performed in-dish, similar to that used for generation of primary rat ChR2-CMs (see details 

below). The maintenance medium was replaced with viral doses of MOI 10, 15, 50, 100, 250, 500, 

and 1,000 prepared in Opti-MEM (GIBCO). Cells were incubated (37°C, 5% CO2) and gently 

agitated every 20 minutes for a total of two hours, after which cells were returned to the 
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maintenance media.  Functional and structural testing was then performed 2 days after viral delivery 

to determine the optimal MOI.   

2.5.2 Primary Cardiomyocyte Isolation and Culture 

Primary cardiomyocytes (CMs) used through the study for all illustrative experiments with 

pharmacological treatments, mainly because at the current stage, they are perceived as more mature 

than the hiPSC-CMs and their response to drugs has been better documented.  Briefly, neonatal (2-

3 day old) Sprague-Dawley rats were sacrificed and ventricular tissue was removed per an approved 

Stony Brook University IACUC protocol. The tissue was digested overnight at 4°C using 1mg/mL 

trypsin (US Biochemicals, Cleveland, OH) in Hanksô Balanced Salt Solution (HBSS, GIBCO 

Invitrogen, Carlsbad, CA). The next morning, the tissue was serially digested using 1mg/mL 

collagenase (Worthington Biomedical, Lakewood, NJ) in HBSS at 37°C and pipetted into conical 

tubes and placed on ice. After centrifugation, cells were re-suspended in culture medium M199 

(GIBCO) supplemented with 12 µM L-glutamine (GIBCO), 0.05 µg/mL penicillin-streptomycin 

(Mediatech Cellgro, Kansas City, MO), 0.2 µg/mL vitamin B12 (Sigma Aldrich, St. Louis, MO), 

10 mM HEPES (GIBCO), 3.5 mg/mL D-(+)-glucose (Sigma Aldrich) and 10% fetal bovine serum, 

FBS (GIBCO). Fibroblasts were removed via a two-step pre-plating process, where the cell 

suspension was plated in a flask and incubated (37°C, 5% CO2) for 45-60 minutes and switched to 

a new flask and the incubation repeated. CMs were then counted using a hemocytometer prior to 

plating in glass-bottom 96-well plates.  [97,98]  

2.5.3 Gene and Cell Delivery for Optogenetic Actuation 

Introduction of the optogenetic actuator was performed via direct gene delivery into 

cardiomyocytes using an adenovirus (ChR2-CM)  [93,94] or via ñsparkò cells (here an in-house 

developed stable ChR2-HEK293 cell line was used; other light-sensitized somatic cells can be used 

as well), based on a variation of the ñtandem-cell-unitò (TCU) concept. [17] Through the text, for 

the general high-throughput implementation of OptoDyCE, especially involving directly infected 
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ChR2-CMs, we use OptoHTS, while for the specific implementation with ñsparkò cells we use 

sOptoHTS. 

Adenoviral delivery of ChR2(H134R) to primary cardiomyocytes was performed in 

suspension [94] 0. Briefly, we used the plasmid pcDNA3.1/hChR2(H134R)-EYFP from Addgene 

(Cambridge, MA), deposited by Dr. K. Deisseroth  [14], to develop an adenoviral construct 

(pBR322 backbone) with a ubiquitous CMV promoter. First-generation adenovirus was generated 

by homologous recombination of the Ad-CMV-ChR2-eYFP into pTG3604; further propagation and 

purification of the virus genomes was done by transfection into HEK293 cells and CsC1 banding. 

CMs were re-suspended in 2% FBS M199 after counting and diluted to 1.125x106 cells/mL and 

infected using an optimized multiplicity of infection (MOI) of 15 for 2 hours in an incubator (37°C, 

5% CO2) with gentle agitation every 20 minutes. The MOI had been optimized during preliminary 

experiments to achieve >95% ChR2 expression in CMs within 48 hours using titer of 1012 units/mL 

diluted in PBS, confirmed by eYFP reporter visualization and minimal cell death (by propidium 

iodide staining)  [1,94]. After 2 hours, the cell suspension was centrifuged and culture medium was 

removed and replaced with fresh 10% FBS M199 for plating.  [94] 

The cell delivery approach employs ñsparkò cells (ChR2(H134R)-HEK293), a stable cell 

line showing near 100% expression of ChR2. ñSparkò cells were developed by transfecting 

HEK293 cells (CRL-1573 ATCC, Manassas, VA) with the ChR2 plasmid 

pcDNA3.1/hChR2(H134R)-EYFP using LipofectamineTM 2000 (Invitrogen, Carlsbad, CA). ChR2-

expressing cells were then selected by the application of 500 mg/mL geneticin (Invitrogen). [17] 

Prior to use, the ChR2-HEK cells were grown at 37°C , 5% CO2 in Dulbeccoôs Modified Eagleôs 

Medium (DMEM; GIBCO Invitrogen) supplemented with 10% FBS and 1% penicillin-

streptomycin. After trypsinization, the cells were delivered by one of two-methods during plating: 

co-culture, where the cells were mixed with CMs at the time of plating, or ñsprinklingò of ñsparkò 

cells on top of already plated cardiomyocytes 24 to 48 hours prior to experiments. 
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2.5.4 Cell Plating 

For all cell conditions, 50 µg/mL fibronectin, diluted in PBS, was used on 96-well glass-

bottom plates (In Vitro Scientific) and incubated at 37°C for at least two hours prior to cell plating. 

Cells were plated in 10% FBS M199 media; on day 2, the media was replaced with 2% FBS M199 

until the day of experiments. 

Non-infected control CMs and ChR2-CM cells (for OptoHTS) were plated using a 

concentration of 1.125 x 106 cells/mL to achieve a plating density of 470,000 cells/cm2. For 

CM/ChR2-HEK co-cultures, CMs at a concentration of 1.125 x 106 cells/mL were mixed in a 

conical with trypsinized ChR2-HEK cells, pre-diluted to achieve ratios 150:1 CM to ChR2-HEK. 

After centrifugation, the media was removed and the cells were re-suspended in fresh 10% FBS 

M199 to achieve the same density of plating as the control cardiomyocytes. 

ChR2-HEK cell ñsprinklingò (for sOptoHTS) was performed by exchanging culture media 

of already plated CMs with a cell suspension of ñsparkò ChR2-HEK cells, diluted to achieve ratios 

of 75:1 CM to ChR2-HEK cells. In this approach, the CMs were diluted to either 1.075x106 

cells/mL and cultured for several days. 48 hours prior to experiments, ChR2-HEK cells were 

trypsinized and diluted in 2% FBS M199 to achieve the desired plating ratios at the required volume 

for a media exchange. Media in the dishes containing CMs was then removed and replaced with 

the ChR2-HEK cell suspension.  

2.5.5 Automated All-Optical Electrophysiology 

All functional experiments were carried out 4-5 days after cell plating, at room temperature 

in Tyrodeôs solution containing the following (in mM): NaCl, 135; MgCl2, 1; KCl, 5.4; CaCl2, 1.5; 

NaH2Po4, 0.33; glucose, 5; and HEPES, 5 adjusted to pH 7.4 with NaOH.37 The optical setup 

(Figure 2-4o-p) was built around an inverted microscope (Nikon Eclipse TE-2000-U) fitted with 

a programmable x-y stage (OptiScan ES107; Prior Scientific; Rockland, MA) and automated z-

focus (PS3H122 Motorized Focus; Prior Scientific). Illumination for optical actuation and sensing 

was provided by TTL-programmable LEDs coupled into the system using a custom-built adapter. 
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Optical actuation of ChR2 was provided by aLED, a 470 nm, 650 mW LED (Thorlabs; Newton, 

NJ), controlled by an LED driver (Thorlabs), and fitted with a 470/28 nm bandpass filter, Factu.  

The components of the optical sensing light-path were selected based on the optical sensor. 

Voltage measurements, Vm, were recorded using the synthetic voltage-sensitive dye Di-4-

ANBDQBS  [102] (from Leslie Loew, University of Connecticut) with fluorescence excitation and 

emission peaks at 660 nm and > 700 nm, respectively. Rhod-4AM (AAT Bioquest, Sunnyvale, CA) 

with fluorescence excitation and emission peaks at 530 nm and 605 nm, respectively, was used for 

intracellular calcium, [Ca2+] I recording.  

Illumination for sensing was provided by sLED (Vm: 640 mW LED at 660nm; or [Ca2+] i: 

350 mW LED at 530nm, both from Thorlabs), fitted with a bandpass filter Fex (Vm: 655/40 nm; or 

[Ca2+] i: 535/50 nm). The light paths for optical sensing and actuation were combined by a dichroic 

mirror DM1 (495 nm long-pass) and directed to the sample by DM2 (Vm: 685 nm long-pass; [Ca2+] i: 

565 nm long-pass). Collimation optics comprised of several lenses (L), and an objective lens (in 

this case 20x Nikon CFI Super Plan Fluor) was used to direct light to the sample. Emitted 

fluorescence was collected by the objective lens and passed through DM2 and a band-pass emission 

filter Fem (Vm: 700 nm long-pass; [Ca2+] i: 605/70 nm bandpass) to a photodetector (in this case, 

iXon Ultra 897 EMCCD; Andor Technology Ltd., Belfast, UK). 

The main experiments were carried out using 96-well plates, automated as shown in 

(Figure 2-4i-j) . The stage was programmed to traverse each well (x-y coordinate), auto-focus (z) 

on the sample under constant fluorescent illumination and then record for 5-20 seconds, based on 

the desired optical pacing protocol. The optical pacing LED was controlled via TTL to deliver the 

desired pacing protocol, and the optical sensing LED was constantly on, while the camera was 

programmed to record only during the pacing. This protocol was repeated for each well over the 

entire dish. If needed, fluorescent images of the dye and of eYFP of the actuator were also recorded 
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using an automated protocol. After recording, intensity values over time averaged over the full 

FOV or extracted per region were exported for post-processing.  

2.5.6 Optical Pacing and Optical Recording 

Optical recording of membrane voltage, Vm, was performed using the synthetic voltage-

sensitive dye Di-4-ANBDQBS, spectrally-compatible with ChR2. Briefly, a 17.5 mM stock 

solution in pure ethanol was diluted to 35 µM Tyrodeôs solution. Cells were stained for 6 minutes 

in dye solution followed by a 6 minute wash in fresh Tyrodeôs. This wash solution was then 

replaced by fresh Tyrodeôs. Intracellular calcium, [Ca2+]I, was recorded using Quest Rhod4 AM 

diluted from a 0.5 mM stock solution dissolved in DMSO with 20% Pluronic to 10 ÕM in Tyrodeôs 

solution. Samples were stained with this solution for 20 minutes, followed by a 20 minute wash in 

fresh Tyrodeôs solution, and finally a replacement with fresh Tyrodeôs before experiments.  

Optical imaging was performed at >200 frames per second (fps) with 4x4 binning using 

NIS-Elements AR (Nikon Instruments; Melville, NY). Optical stimulation (470 nm) was provided 

at pulse lengths of 5-20 ms, at 0.5-8 Hz, using irradiances of 0.4 ï 7 mW/mm2, as needed. Electrical 

stimulation (for comparing electrical versus optical stimulation) was delivered through a pair of 

parallel platinum electrodes connected to a pulse generator (IonOptix, Milton, MA) providing 5ms 

10V bipolar pulses at 0.5 - 2Hz.  

Comparison of electrical pacing of control CMs (without gene or cell delivery of ChR2) to 

optical and electrical pacing of ChR2-CM and CM/ChR2-HEK cells was carried out on 14-mm 

glass bottom dishes. Multiple fields of view (FOVs) were taken per dish, and each recording was 

divided into smaller region of interest (ROI) and intensity data over time was extracted and 

analyzed. Contractions were measured by post-processing of recorded videos and tracking cell 

motion (displacement) by naturally occurring cell heterogeneities (fiducial markers).  
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2.5.7 Immunocytochemistry 

To confirm ChR2 expression (in the primary rat CMs, in the CM/ChR2-HEK co-cultures 

and the iPS-CMs) and to confirm myocyte-like properties of iPS-CMs, antibody staining and 

confocal imaging was performed (Figure 2-4a, c and Figure 2-5), using the Olympus 

FluoViewTM FV1000 confocal system. Samples were fixed in 3.7% formaldehyde after 

performing functional experiments. Prior to antibody labelling, cell membrane permealization was 

performed by incubating samples in 0.02% TritonX-100 for 5 minutes. Cells were labelled with 

mouse anti-Ŭ-actinin primary antibody (Sigma-Aldrich, A-7811) at 1:600 and Alexa Fluor 647 goat 

anti-mouse IgG secondary antibody (Invitrogen, A21235) at 1:1000. All antibodies were diluted 

using 1% bovine serum albumin (Amersham PLC, Amersham, UK). 1% FBS was used as a 

blocking agent.  After antibody staining, cell nuclei were stained with 1 ɛg/mL DAPI with 10 

minute incubation in PBS. Imaging was done using the Olympus FluoViewTM FV1000 confocal 

system with acquisition rate at 4 ɛs/pixel. Gain was kept constant for control and test groups to 

normalize and exclude autofluorescence contributions.  

2.5.8 Drugs 

Nifedipine (MW 346.33 g/mol; Sigma) concentrations of 50 ɛM, 10 ɛM, 5 ɛM, 1ɛM, 0.5 

ɛM, 0.1 ɛM, 0.05 ɛM, 0.01 ɛM, 0.005 ɛM, 0.001 ɛM, and 0.0001 ɛM were prepared in Tyrodeôs 

solution. A stock solution of 100 mM in DMSO was serially diluted in DMSO and then Tyrodeôs 

solution to the final concentrations. Dofetilide (MW 441.56 g/mol; Fisher) concentrations of 2 ɛM, 

0.2 ɛM, and 0.02 ɛM were prepared in Tyrodeôs solution. A stock solution of 200 mM in DMSO 

was prepared and serially diluted in DMSO and then Tyrodeôs solution to the final concentrations. 

DMSO was not seen to have effect on APD at the used concentrations (<1 % DMSO; Figure 2-16). 

Drug doses were dispensed manually after staining and washing and before experiments.  

Measurements were completed within 20-50 min after drug application, assuming steady-state of 

action.  
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2.5.9 Data Processing and Analysis  

Data was analyzed using custom developed high-throughput software in MATLAB, 

flashligHTS (Figure 2-8). The software was used to automatically extract ñeventsò from recorded 

traces, i.e. action potentials (APs) and calcium transients (CTs), as well as to quantify certain 

morphological features of these events, while keeping track of wells (samples) and spatial locations 

(or regions of interest, ROIs). Data pre-processing included baseline correction, removal of 

artifacts, temporal filtering using a Savitzky-Golay polynomial ýlter (second order, 7-11 frame 

window) and normalization.  All traces are reported in terms of percent change of fluorescence 

from baseline (ȹF/F) and normalized percent ȹF/F. All normalized example APs and CTs were 

averaged over 6-10 beats of filtered traces. Action potential durations (APDs) and calcium transient 

durations (CTDs) at 25%, 50%, and 80% were automatically extracted and defined as the time 

difference between the onset of an AP/CT and the point of 25%, 50%, and 80%, respectively, return 

to baseline. Contractions were quantified by video post-processing and expressed as relative 

displacement (in % length change). Phase maps to capture wavefront irregularities and localized 

abnormal activations (as shown in Figure 2-11) were constructed using the Hilbert transform, as 

described in our earlier work. 

Data are presented in terms of mean ± standard error of the mean (SEM). For drug dosing 

experiments, APD/CTD data for each group are calculated by finding the average APD/CTD for 

each well (usually 6 ï 10 beats). All averaged APD/CTDs for each well for a condition (e.g. drug 

dose) are then averaged and the SEM is calculated. ȹAPD/CTD (%) is given as the percent change 

of this calculated average from the average of the control group (e.g. no drug). SEM is calculated 

by appropriately propagating the SEM from each group. Data combined over different cultures is 

only given in terms of ȹAPD/CTD (%). Here, for each run, the ȹAPD/CTD (%) is calculated with 

respect to the average control APD/CTD (over all control wells). These normalized ȹAPD/CTD 

(%) for each well are then combined across all runs and averaged.  
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Variations within a sample (temporal variation of events or spatial variation of events within the 

field of view, FOV) are quantified using the median absolute deviation (MAD) as a measure of 

variability. MAD is calculated by taking the median of the absolute deviations from the dataôs 

median (Equation 2.1) for APD25/50/80 or CTD25/50/80 for each sample and then averaged across 

samples.  

ὓὃὈ άὩὨὭὥὲὢ άὩὨὭὥὲὢ . 

Statistical comparison of OptoHTS and sOptoHTS APDs was performed in MATLAB using an 

ANOVA test followed by a Tukey-Kramer post hoc correction for multiple comparisons. Values of 

p < 0.01 were considered statistically significant.  

2.5.10 Computational Analysis of Optogenetic Sensors and Actuators 

Computational modeling of ChR2(H134R) action in human ventricular myocytes  [103], 

shown in Figure 2-3 b-g and Figure 2-7a, was performed in MATLAB. Briefly, a four-state model 

of ChR2 with nonlinear voltage and light dependence was integrated into a human ventricular 

cardiac model. [93,95] To simulate a reduced expression or purported drug inhibitory action, we 

reduced the ChR2 conductance by 70%; while ñdrug, extremeò action was modeled by 70% 

reduced conductance and 95% slowing of Gd1 and Gd2 transition rates in the ChR2 state model  

(Figure 2-3 b-f). Irradiance was adjusted/increased to trigger a response in Figure 2-3 c-f under 

the abnormal conditions. The action of the optogenetic voltage sensor VSFP2.3 in human 

ventricular myocytes was simulated using a state model of VSFP2.3. [92] In Figure 2-3 g, VSFP-

Vm reports the fluorescence measured in a human ventricular myocyte. The ñ20% slowingò case 

was simulated by using a 0.8 scaling of all OFF rate constants in the model, and the ñ50% slowingò 

case was simulated by using a 0.5 scaling factor of all OFF rate constants.  [92] 

To simulate conditions in the ñsparkò OptoHTS approach, we used a human ventricular 

myocyte model, [103] coupled to fibroblast(s) [104] modified to express ChR2. [93] Multiple light-

sensitive fibroblasts could be coupled to a cardiomyocyte to capture the electronic effects they have 

2.1 
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on action potential duration, as shown in Figure 2-7a The effects of HEK cells would be 

qualitatively similar to the modelled fibroblasts, in the sense that they are both electrically passive 

cells with more depolarized resting membrane potential than the cardiomyocytes. 

2.6 Supplementary Note 1  

The pre-clinical process of drug discovery and testing involves multiple stages with 

different objectives and different suitable experimental systems and assays. For cardiac 

electrophysiology applications, the top, high-throughput  type of assays should yield fast, 

massively-parallel coverage of a large number of compounds and combinations in order to 

eliminate high-risk items. Currently, there are no HT electrophysiological assays in place. As 

illustrated in Figure 2-1, OptoDyCE can elevate electrophysiological testing to HT-status, if the 

experimental model is also HT-compatible. Cardiomyocytes and small engineered tissues that can 

be cultured fit this paradigm. Despite recognized current problems with human iPSC-CMs, namely 

immaturity and variability, [105] we argue that there may not be better alternatives when HT-

format assays are considered.  

Secondary filters in the drug testing process for cardiac electrophysiology can be provided 

by medium to low throughput assays designed to test also tissue-level / conduction properties. 

Engineered tissue equivalents may be suitable, but native cardiac tissue (animal or human-derived) 

provides a superior testing platform for assessing conduction abnormalities in this lower-

throughput format (Figure 2-1). Native tissue is not a suitable experimental target for the HT-level 

screening tests for several reasons:  

¶ Source and relevance: The excitement with stem-cell derived myocytes (esp. iPSC-CMs) is 

based on the idea that drug testing can become patient-specific. This cannot be achieved with 

native human heart tissue (i.e. patient heart biopsies are invasive and not desirable). There is a 

limited availability of donor human heart tissue, which varies a lot in state, patient age, drug 

and disease history, making it unsuitable for HT screening purposes. 
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¶ Spatial constraints: HT inevitably means scaling-down the sample size, dramatically, to 

increase throughput within the same plate format. If native tissue is to be used (animal or 

human), it must be chopped up to very tiny pieces (in the sub-millimeter range) in order to 

provide independent samples and to make it amenable to HT-format measurements. This 

presents problems with handling and viability. An interesting alternative is to use a ñpatternedò 

drug application (via microfluidics) within a bigger tissue sample [106]. In the case of cardiac 

tissue, inherent electrical coupling between the cells and inherent spatial variations present a 

problem for independent readouts.  

¶ Viability and sample stability:  Cultured cell systems are inherently better suited for industrial 

scale handling. They are easier to modify genetically in a consistent manner; they are 

functionally more stable over time than organotypic cultures, for example, which show rapid 

de-differentiation and loss of function, despite ongoing efforts to stabilize them (i.e. efforts to 

produce long-term cultured tissue slices). [107] 

Finally, the preclinical process requires testing of systems-level effects, which needs to be 

done in live animals and is low-throughput in nature. The main objective is to assess the drugôs 

metabolism and its action at the systemôs level (including other organs), and longer-term effects 

that may reveal unexpected new risks. 

All -optical methods are compatible with experimental models across these stages, but they 

are most impactful at the high-throughput level, which is the focus of this study. 

 

  



51 

 

Chapter 3: Blinded High-Throughput Cardiotoxicity Testing  

for the CiPA Initiative  Using Human iPS-CMs and the 

OptoDyCE Platform 

3.1 Abstract 

The current approaches to proarrhythmia prediction must be revised in order to improve 

the current drug development pipeline. Although all compounds must be screened for cardiotoxicity 

at both the pre-clinical and clinical phases prior to market approval, currently available tools lack 

the ability to perform scalable, high-throughput cardiotoxicity screening capable of providing 

endpoints with strong predictive value. The Comprehensive in vitro Proarrhythmia Assay (CiPA) 

initiative is investigating the optimal utilization of data of multi-ion channel effects by integrating 

single ion channel measurements, in silico modeling, and testing in human induced pluripotent 

stem-cell derived cardiomyocytes (hiPSC-CMs). Currently, the Health & Environmental Sciences 

Institute (HESI) intends to establish the best practices for using hiPSC-CMs to confirm 

observations in ion channel data and in silico models. We chose to partake in a HESI-sponsored 

CiPA study, where we performed automated blind testing of 12 compounds of varying cardiac 

arrhythmia risk using hiPSC-CM models in a 384-well format. In order to most effectively utilize 

the multi-parameter data provided by simultaneously acquired voltage and calcium signals of paced 

and spontaneously active samples, we first considered the currently employed metrics used to relate 

events at the cellular level to relevant proarrhythmic features observed clinically. Rather than the 

traditionally used increase in action potential duration (APD), which is used as a surrogate predictor 

of QT prolongation, the literature suggested that triangulation of the AP (APD90-APD30), 

temporal and spatial instabilities, reverse-use dependence, and dispersion provide a better surrogate 

to what is clinically observed prior to onset of potentially fatal arrhythmias. Using these metrics to 

examine the predictive power of the data acquired from paced and spontaneously active samples, 

we found the OptoDyCE systems offers 100% specificity and as high as 88.9% sensitivity in 

correctly discerning arrhythmic risk using action potential prolongation (APD90) and triangulation, 

but only under dynamically paced conditions. Additionally, due to perform simultaneous, high 
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spatiotemporal recording of voltage and calcium signals, abnormalities in voltage-calcium coupling 

and spatial dispersion can easily be explored. Such multi-dimensional information suggests that 

pacing increases assay specificity through reduction of false positives and that strong prediction of 

pro-arrhythmic effects cannot be achieved by measurements of intracellular calcium and changes 

in beat-rate of spontaneously active samples. Our quantitative data supports the utility of a hiPSC-

CM based model under paced conditions, where voltage recordings, rather than calcium transients, 

provide superior predictive information. Thus, our contactless, all-optical HT platform readily 

provides identification of key assay parameters using a variety of experimental models, including 

micro-tissues. 

3.2 Introduction  

3.2.1 Proarrhythmia Prediction  

Cardiotoxicity 

At the cellular level, the ventricular action potential (AP) driving contraction is determined 

by the balance of inward (depolarizing) and outward (repolarizing) currents; repolarization occurs 

when the net outward current exceeds the net inward current. Prolongation of repolarization (either 

due to pharmacological effects or genetic mutations) is observed as AP prolongation at the cellular 

level or QT prolongation on the EKG. During this window of prolongation, problems can arise 

when disruption of currents, typically L-type calcium and sodium-calcium exchange, trigger new 

beats before the cell has completely repolarized. [29,108] These events, known as early 

afterdepolarizations (EADs) can further develop into clinically significant polymorphic ventricular 

arrhythmias such as Torsade de Pointe (TdP) which can ultimately result in ventricular fibrillation 

(VF) and sudden cardiac death. [25,108ï111]  

Clinically, small increases of QT interval are seen as antiarrhythmic, but excessive 

increases have been seen as precursors to (and by definition precede) TdP and can eventually 

convert to ventricular tachycardia (VT) and VF.  [29] However, only 20% of TdP cases evolve into 

VF, otherwise TdP self terminates, resulting in an overall mortality on the order of 10% to 
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17%.  [29,30] Regardless, the risk of TdP converting to fatal VF is unacceptably high. [108ï110] 

Indeed, QT prolongation observed on the EKG was the cause of approximately one-third of all drug 

withdraws between 1990 and 2006. [112]  Due to rare clinical incidence, TdP is not a practical 

marker for risk assessment, as it would require an unnecessarily large amount of 

replicates  [31,108,111]  thus other surrogate markers, such as AP and QT prolongation and EADs, 

which are believed to be precursors to TdP, are often used to assess cardiotoxicity risk. [108]  

Loss of hERG channel function has been implicated as an underlying cause of long QT 

syndrome;  [108,113] indeed, the  hERG channel has been found to be the only ion channel strongly 

related to QT prolongation and TdP.  [108] In  the late 1980s, the antihistamine terfendidine was 

linked to cardiotoxicity, where presentation of prolonged cardiac repolarization resulting in TdP 

and sudden death was later found to be due to blocking of IKr.  [24]   Ultimately, in 2005 guidelines 

were released by the International Conference on Harmonization (ICH) that set the current 

standards for safety in pharmacology, where nonclinical testing strategies for assessing risk were 

outlined. The guidelines proposed assessment of the potential of a test compound to delay 

ventricular repolarization (ICH S7B) and requested that all sponsors submitting new drug 

applications conduct a thorough QT study to determine if a drug prolongs the heart rateïcorrected 

QT interval (QTc) (ICH E14).  [24] In a survey of 119 pharmaceutical companies, 93%, reported 

employing such assays.  [24,108] 

Ultimately, focusing on TdP risk alone may be too narrow in scope, as drug-induced VTs 

not preceded by QT prolongation can still result in fatal VF. [29,30] Even when small changes in 

QT prolongation were observed before cases of drug-induced TdP, other electrophysiological 

abnormalities such as changes in T-wave morphology were much stronger precursors. [29] QT 

prolongation associated with AP prolongation is the result of hERG block; however, due to multi-

ion channel effects, not all drugs that result in TdP are potent hERG blockers and not all hERG 

blockers result in TdP.  [29] Furthermore, not all drugs that prolong QT to the same degree result 
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in TdP or arrhythmia. [29] One can also say that QT prolongation is not a sufficiently strong 

predictor of arrhythmia risk, as arrhythmias preceded by shortened QT intervals have also been 

observed clinically.  [29] Indeed, although currently required hERG channel effect assays have 

prevented drugs with unknown TdP risk from making it to market, drug withdrawals due to 

cardiotoxicity have increased from 5.1 to 33.3% between 1997 and 2016,   [113] indicating that the 

current endpoints are not suitable to paint a complete picture of cardiotoxicity risk.  

Overall, it can be concluded that TdP may be too narrow of a marker for proarrhythmia, 

and that VT and VF can be proceeded by prolonged, shortened, or normal QT. Thus, the endpoints 

for cardiotoxicity should be expanded.  

Current Approaches to Arrhythmia Prediction  

Due to the rare clinical incidence of TdP and the inability to directly observe TdP at the 

single ion channel level, endpoints used to assess TdP risk include IC50 of hERG block and change 

in AP morphology at the cellular level, and changes in QT interval and T-wave morphology 

observed clinically via EKG. [31] These multiple endpoints are then appropriately weighted in 

order to provide an accurate picture of TdP risk. The generation of TdP is a complex process, thus 

no single surrogate marker used as an endpoint has 100% sensitivity or specificity when it comes 

to predicting clinical presentation of TdP.  [31] Successful, quantitative prediction of TdP risk 

requires both characterization of the role and limitations of each surrogate marker and 

understanding of the contribution of the other biomarkers of underlying risk factors.  [31] Specific 

biomarkers that are associated with higher risk of TdP include: female gender, bradycardia, 

hypokalemia, hypomagnesia, and structural heart disease.  [31] 

Direct measure of IKr, predominately mediated by the hERG channel, performed using the 

ógold standardô patch clamp is inefficient. The assay is inherently low throughput, requires taking 

the cells out of their normal in-context setting by disassociating them from tissues, and native IKr 

in a single cardiomyocyte has very small amplitudes that require block of other ion channel currents 
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in order to directly measure.  [108] Thus, the cells are removed from a more physiologically 

relevant setting making it potentially harder to predict clinically relevant outcomes. Patch clamping 

also relies heavily on operator skill; the success rate of patching a cell is approximately 60ï80 % 

for highly experienced users, but for less experienced personnel, it can be <50 %.  [113] 

Additionally, clinically observed QT prolongation may be the result of abnormal hERG protein 

trafficking to the cell membrane, or a combination thereof. [114] This means that a clamp-based 

hERG assay would not be able to detect these changes, as they are unsuitable for long-term 

measurements. For in vitro assays of AP recordings, the most commonly used model is the Purkinje 

fiber, as they are non-contractile; however their electrical activity makes limited contribution to the 

T-wave.   [112]  

 In order to increase throughput, automated patch clamp systems such as IonWorks are 

used. However, as cardiomyocytes are contracting cells requiring high-resistance seals, they are 

unsuitable for automated planar patch clamp recordings,  [108] and thus high-throughput IKr assays 

require the use of cell lines heterologously expressing the hERG channel. Such cells are unable to 

fully recapitulate the electrophysiology of a cardiomyocyte, particularly in cases where the drug is 

known to accumulate in cardiac tissue. [31] Additionally, large variability in experimental 

conditions (temperature, how and what voltage clamp protocols are applied, cell lines and their 

expression levels of ion channels, etc.) for both patch clamp and planar patch clamp assays can 

result in variations in IC50 values of hERG block across studies.  [31,108] Because of these 

discrepancies, it has been proposed that an IC50 value for hERG bock that is 30-fold greater than 

the maximum calculated unbound effective therapeutic plasma concentration (unbound ETPC) 

provides a suitable estimate for calculating clinical safety margins.  [31,70]  

The hERG assay has adequate sensitivity but not necessarily specificity. For example, 

dofetilide has shown strong association with TdP risk, where it has been seen that a 7% block of 

hERG translates to a mean of 5 ms QT prolongation and 13% hERG block results in a 20 ms 



56 

 

prolongation of QT.  [31] However, it is known that not all drugs that block hERG result in QT 

prolongation or TdP. For example, verapamil is known to block both hERG and L-type calcium 

(inward current), while fluoxetine and citalopram, both commonly prescribed antidepressants, 

would not have made it to market were currently used hERG assays in place, even though they do 

not prolong QT or result in TdP.  [31] The safety of these drugs is believed to arise due to multi-

ion channel effects. Thus, although hERG channel assays can provide information about drug 

action on the hERG channel, currently measureable endpoints cannot provide sufficient 

information to predict clinical cardiotoxicity, particularly in the event of multi ion channel effects.  

In order to achieve a better prediction of proarrhythmic risk, in vitro animal models are 

used. Commonly used models include both rabbit and canine wedge preparations, as well as 

Langendorff perfused rabbit heart assays, which allow for exploration of proarrhythmic endpoints 

such as spatial and temporal dispersion of repolarization, drug-induced increase in repolarization 

heterogeneity, and EADs. Rabbit ventricular wedge preparations, which are believed to be more 

electrically stable than Langendorff rabbit heart models,  [31] use QT and APD prolongation, 

transmural dispersion of repolarization (Tpeak-end/QT ratio), and incidences of EADs as surrogate 

markers of TdP.  [31] Although drug-induced dispersion of repolarization can be explored, it has 

been observed that there is less repolarization heterogeneity in situ compared to wedge 

preparations.  [31] Blinded drug studies have validated this model has high sensitivity and 

specificity in determining TdP risk, however, there have been some discrepancies across 

laboratories as to the degree of dose-dependent effects.  [31]  

In vitro Langendorff perfused isolated heart preparations allow for measurement of APs 

from the endo- and epicardial surfaces as well as generate pseudo-EKGs and look at dispersion of 

repolarization from the endo- and epicardial surfaces to predict arrhythmia risk.  [31] Complex 

pacing protocols allow for the measurement of rate dependence, and by combining rate-dependence 

along with other measured endpoints, it has been able to correctly identify drugs as safe. However, 
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for some drugs, such as terfendine, have required much higher doses than clinically relevant to be 

deemed unsafe.  [31] Comparison across multiple study protocols (concentration ranges, number 

of concentration ranges, perfusion times, and number of experiments) have also shown 

discrepancies in the doses at which AP prolongation, instability, reverse use dependence, and etopic 

beat prevalence occurred.  [31] Although Langendorff preparations allow for the exploration of 

drug action in more complex systems compared to simpler in vitro assay, they do not provide 

precise concentration-response relationships of risk. [31] In addition to needing more 

standardization of testing protocols, care must be taken when choosing the animal model. In rabbits, 

the worst drug-induced arrhythmias develop when the APD is shortened. [29]  Additionally, in 

wedge preparations, 100 nM cisapride has been shown to induce EADs in the rabbit heart model, 

while no such EADs were observed in the canine model, even at doses as high as 5mM. [31]  

For in vivo testing, the most commonly studied large animal proarrhythmia model is the 

chronic atrioventricular blocked (CAVB) dog, where the AV node is ablated in order to decrease 

repolarization reserve.  [31] Measured endpoints include QT prolongation, etopic beats, and 

monophasic action potentials (MAPs), which can be used to record EADs and interventricular 

dispersion.  [31]  Additional biomarkers can be sub-selected (female gender, hypokalemia, etc.) 

however, because it is an in vivo model, proarrhythmic effects can be confounded by additional 

off-target drug effects. This is not necessarily bad, as it may provide a more realistic view of 

associated risks. Of note, drug-induced QT prolongation without TdP has been observed with AV-

blocked heart models, showing that QT prolongation is not strongly correlated with TdP in this 

model. [31] Additionally, these studies, like in vitro heart tissue preparations, are limited in 

throughput, expensive, and require large technical expertise and are sensitivity of the surrogate 

markers varies based on the model.  

By surveying the currently used models and their various endpoints, it is evident that 

benchmarking of experimental conditions and better standardizations of protocols is needed to 



58 

 

perform better risk prediction. Because clinical TdP presentation is relatively rare, it can be difficult 

to directly relate pre-clinically measured endpoints to clinical outcomes. The current approach 

using hERG block and QT prolongation as a means of TdP risk assessment have been successful 

at keeping drugs with unknown TdP risk from making it to market. However, endpoints pertaining 

to spatial and temporal dispersion, reverse use dependence revealed through dynamic pacing, as 

well as drug effects on AP morphology cannot be obtained via economical, high throughput means. 

For a predictive model to be successful, it needs to be easily benchmarked (meaning it is easy to 

determine which weights to assign to which endpoints to provide an adequate prediction), 

accommodate a large number of replicates (including standardized control compounds), and be 

economical.  

Drug Testing in hiPSC-CMs 

In addition to providing information about multi-ion channel effects in a more 

physiologically relevant system, the fact that hiPSC-CMs can be easily scaled up makes them easy 

to provide a large number of replicates for blinded in vitro testing, [115ï118] including biomarker 

specific drug testing   [118,119],  and provide a means of standardization of protocols across 

multiple  sites,  [120ï122]  cell types,  [116]  as well as multiple systems. [115,116,123]  

In terms of testing systems, measuring field potential (FP) has been the most 

common,  [115,116,119ï127] where spontaneous activity is usually measured,  [115,116,118ï123] 

thus requiring rate correction of the FPD. However, experiments on MEAs have been performed 

successfully, allowing reverse-use dependence to be examined.   [126] Studies from the Japan iPS 

Cardiac Safety Assessment (JiCSA), which is quite favorable to hiPSC-CM technology, has been 

heavily focused on standardizing MEA based protocols for cardiotoxicity testing using hiPSC-CMs 

across multiple testing sites.  [120,122,127] Additionally, optical measurements using voltage 

sensitive optical (VSO) probes have been used in conjunction with MEAs,  [121] and on  

independent optical platforms with spontaneously beating cells  [116] as well as all-optical systems 
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capable of simultaneous voltage and calcium readout using optogenetically paced samples.  [128] 

Although the all optical system outlined in  [128] is the first published account demonstrating the 

utility of using all genetically encoded actuators and sensors for blinded drug testing, it was not 

carried out in a high throughput fashion and required specific patterning of the transduced cells, as 

they were not co-expressing the actuators and sensors. However, as it employs all genetically 

encoded probes and sensors, it shows promise for use in long-term monitoring of chronic drug 

treatment, which cannot be easily performed by other means. Optical calcium assays have also been 

used,  [115] however readout rates are typically too slow to be physiologically relevant.  

Experiments using hiPSC-CMs have been able to link field potential (FP) recordings of 

commercially available hiPSC-CMs from CDI (iCells) and Axiogenisis (Cor.4U) to those of native 

EKG measurements across multiple testing sites.   [115,116,120ï122] A study by 

GlaxoSmithKline  [123] using hiPSC-CMs in an MEA-based assay found that the hiPSC-CM based 

assay was more sensitive to drug impact on repolarization compared to rabbit wedge 

preparations.  [124] Others have demonstrated with a human embryonic stem-cell derived 

cardiomyocyte (hESC-CM) preparation measured with MEAs showed stronger TdP risk prediction 

when FP duration information was combined with looking at the temporal variability of FP 

duration.  [125] 

There is some disagreement as to which assays provide better predictive value. In a blinded 

study of 30 compounds  [115] concluded that calcium transients recorded with FLIPR Calcium 5 

Assay Kit on FLIPR® Tetra provided better predictive value compared to the Axion Biosystems 

Maestro MEA platform. Interestingly, the authors also concluded that both approaches had limited 

value as an integrated QT/TdP prediction assay, as they relied on using CDI iCell cardiomyocytes.  

When the authors compared their results to other studies, they found their results agreed with other 

blinded MEA studies, but not unblinded MEA or blind calcium-assay studies. The cited potential 

sources of divergence included whether or not rate correction was needed (they used Bazettôs and 
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Fredericiaôs algorithms), chosen threshold for flagging parameters, and the fact the cells were not 

paced. The authors believe that paced hiPSC-CMs will reduce level of variation seen in baseline 

recordings. 

Studies of two commercially available hiPSC-CMs, iCell (CDI) and Cor.4U (Axiogenesis), 

using both MEA and VSO recordings on two separate platforms found good correlation of drug-

induced rate-corrected prolongation of action potential duration and field potential duration (APDc 

and FPDc) and clinical trial QTc prolongation in a blinded study of 26 compounds.  [116] When 

compared to patch clamp measurements in cells stably expressing hERG, Nav1.5 cells (HEK- 293), 

or Cav1.2 cells (CHO). Cells from different vendors had different patterns of arrhythmic beating: 

CDI iCells developed EADs first, while Axiogenesis Cor.4U cells developed tachyarrhythmia. 

Verapamil, a clinically safe drug, was found to cause significant concentration-dependent APDc 

and FPDc shortening in both cell types, while no QTc shortening was observed clinically. The 

authors propose that this is the result of the cells having greater sensitivity to ICaL block, as they 

have higher expression of Cav1.2 compared to human adult left ventricles. Additionally, the higher 

doses of verapamil studied in hiPSC-CMs were also much greater than clinical concentrations. 

Amiodarone, chlorpromazine, and bepridil did not exhibit arrhythmias in hiPSC-CMs,  which the 

authors believe may be due to potent ICaL block and higher expression of CaV1.2 in hiPSC-CMs. 

Dofetilide was found to induce arrhythmias at the approximate CMax dose seen in clinical trials 

(>= 2 nM). Overall, the iPSC-CM assays demonstrated 100% specificity with 79% sensitivity using 

Cor.4U cells, while the iCells had 63% sensitivity using the VSD platform and only 47% sensitivity 

using the MEA platform. The authors admit that full control of the beat rate was not possible (no 

pacing), and to account for the rate dependence of APD, Bazet or Fridericia rate correction was 

used, which may confound results.   

Using hiPSC-CMs in 3D constructs has also been explored,  [117] where 10 blinded 

compounds on CDI iCells grown in 3D engineered heart tissue (EHTs). Contraction was measured 
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using EHT contour recognition. Cells were compared to that of human atrial trabeculae (hAT; 

measured by contractile force); variability of baselines was smaller for EHTs compared to hATs. 

Found it was feasible to detect drug effects on muscle contraction, but failed to detect beta-2 

adrenergic or PDE3 effects, which was claimed to be compatible with having an immature 

phenotype. 

Overall, hiPSC-CMs show great promise as a testbed for cardiotoxicity testing and 

proarrhythmia prediction. Care must be taken when selecting testing platforms as well as what 

measured endpoints are used, as the limitations of the studies may not be due so much to the testbed 

(hiPSC-CMs) as to the chosen recording platform (or vice versa). For better proarrhythmia 

prediction at the pre-clinical phase, an ideal system would provide a means of measuring a large 

scale of replicates, be easily automated to help achieve high amounts of reproducibility, and be able 

to examine proarrhythmia endpoints. Currently available systems are unable to provide such 

information.  

Need for Pacing in Cardiotoxicity Screening 

APD is dependent on pacing rate, and rate associated changes in the AP can thus mask 

effects of certain drugs. Given that characteristics such as reverse-use dependence are dependent 

on rate, it is important to be able to reliably control pacing rates. For in vitro testing in un-paced 

hiPSC-CMs, Bazett and Fridericia QT corrections are commonly used;   [115,121,122] however, it 

has been found that using these correction formulas interfere with measurement of drug-induced 

changes in QT intervals.  [129] This may hinder adequate prediction of proarrhythmia in certain 

antiarrhythmic drugs, such as Class III antiarrhythmics which prolong the APD, and have the 

strongest effect during tachycardia and limited effect at other times.  [30] Additionally, pacing 

control provides a means of accounting for certain biomarkers; for example, bradycardia is a TdP 

risk factor.  [112] It has been suggested from preclinical studies of hERG blocking drugs of 

different TdP risk that the effect on rate-dependent alternans at clinically relevant concentrations 
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may allow for discerning whether or not a hERG blocking drug is proarrhythmic.  [29] As 

instabilities that can result in arrhythmias (TdP, VT, and VF) are often highly frequency 

dependent,  [30] dynamic pacing, applied in a controlled and reproducible manner, is necessary for 

providing information for adequate prediction of proarrhythmia.  

TRIaD: Endpoints for Arrhythmia Prediction  

TdP is by definition preceded by QT prolongation; however, shortening of the QT interval 

can also be associated with VT and VF.  [29] Indeed, drug-induced TdP, VT, and VF may all be 

discrete entities within the spectrum of drug-induced cardiotoxicity, where QT prolongation only 

induces a subset of VF cases.  [29] However, one overlying characteristic is that they all are a result 

in abnormalities in repolarization, including triangulation of the AP, reverse use dependence, 

instabilities of repolarization, and dispersion of repolarization.  [29] Combined, these factors are 

known as TRIaD, and are believed to be a stronger predictor arrhythmogenicity compared to QT 

prolongation (and AP prolongation) alone, and TRIaD has been seen to proceed QT prolongation 

and VT.  [29,31] Taken together, TRIaD clinically present as widening and flattening of the T-

Waves, reverse use dependence of QT duration, and instability of the T/U wave.  [29] 

Any of the three TRIaD parameters can induce arrhythmia: dispersion of repolarization can 

lead to EADs which can further develop into TdP (especially in the presence of AP prolongation), 

and after shortening, can progress into VF.  [30] It has been observed that in the absence of the 

TRIaD parameters and QT prolongation, a drug is neither pro- nor anti-arrhythmic, while QT 

prolongation in the absence of TRIaD has been found to be antiarrhythmic.  [30] It has also been 

observed that QT prolongation in and of itself does not always result in TdP.  [30] Further emphasis 

of AP prolongation being a poor predictor of arrhythmia can be seen in two antiarrhythmic drugs: 

amiodarone, which prolongs the AP, and primidone, which shortens the AP.   [29,30]   

Rather than looking at AP prolongation in general, a large study of hERG blockers showed 

strong proarrhythmic association when AP triangulation (APD90-APD30), reverse use 
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dependence, and instability (thus, TRIaD) were taken together.  [130]. Using triangulation as a 

predictor seems reasonable, as APD is primarily a sum of the plateau and delayed fast repolarization 

in phase 3 of the action potential. Slowing of repolarization in AP is seen to triangulate the AP, and 

results mostly from reduced outward current (reducing IKr via loss of hERG function).  [29,30] 

This slowing then lengthens reactivation of calcium and sodium currents, as well as alters the 

sodium-calcium exchange current.  [29,30] The reduction and slowing of these combined currents 

makes the system more prone to EADs an also lengthens the window the heart is vulnerable to 

VF.  [30] Opposite to triangulation, squaring of the AP, even if it results in AP prolongation, 

indicates effects on other ion channels can counter-balance the proarrhythmic effects of hERG 

channel block.  

Clinically, changes in triangulation of the AP can be observed as prolongation and 

flattening of the T-wave, which often precedes TdP.  [29] QT prolongation may then be more 

correlated with TdP because of triangulation of the AP, rather than general prolongation. QT 

prolongation itself can be antiarrhythmic by avoiding the development of VF if it leads to self-

terminating VT.  [30] Under normal conditions, QT interval lengthens as the heart rate slows and 

shortens as the rate increases, requiring the use of the corrected QT interval (QTc); however drugs 

that prolong QTc to equivalent durations do not share the same risk of TdP.  [114] Thus, 

triangulation of the AP may be a better predictor of proarrhythmia than AP prolongation or QT 

prolongation, as it provides a more complete indirect measurement of ion channel effects.  

Reverse-use dependence, where a drug prolongs the AP at slower but not faster rates, can 

result in destabilization of the APD.  [30] Such temporal instabilities, or beat-to-beat variability, 

can desynchronize APDs across the tissue and result in larger depolarizing currents across the 

tissue.  [30] Thus, reverse use-dependence is proarrhythmic and drugs causing TdP have been 

associated with use-dependent QT prolongation  [29]. Unsurprisingly, drugs that prolong the QT 

but do not exhibit reverse-use dependence have a lower risk of inducing TdP.  [29]. 
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In the heart, there is inherent dispersion of repolarization both radially across the 

myocardial wall and through different geographic locations across the heart. Overall, these 

gradients are well tolerated, unless they become too large.  [29] However, in closely coupled 

regions, such dispersion can be proarrhythmic; intracellular uncoupling can increase membrane 

resistance and thus increase dispersion at the microscopic scale. [29] Thus, hERG block, which 

reduces extracellular potassium and increases membrane resistance during repolarization can 

promote proarrhythmic events.  [29] 

Different cell types across the myocardium have different voltage sensitivities, transmural 

dispersion can be proarrhythmic.  [30] Clinically, transmural dispersion is seen as prolongation of 

the T-wave (prolongation of Tpeak-Tend) and has been seen to have high correlation with the onset 

of TdP.  [29] However, the fact that shortening of the QT interval can be also seen as proarrhythmic 

reinforces that dispersion (rather than QT interval alone) is a strong driver of arrhythmias.  [29] 

Indeed, shortening of QT that has preceded arrhythmic events have been preceded by flattening of 

the T-wave.  [29] 

To illustrate the strength of using the TRIaD parameters, one can consider the following 

drugs: Ranolizine, an antianginal drug, prolongs APD (and the QT interval), but has not been shown 

to induce EADs or TdP. At therapeutic doses, it blocks IKr, however inhibition of the late sodium 

and calcium currents it does not exhibit increases in transmural dispersion.  [29] Class III 

antiarrhythmic agents, and known potassium channel blockers, prolong the APD at normal or low 

heart rates, while tachycardia reduces the APD prolongation.  [29] In the SWORD trial, the class 

III antiarrhythmic d-sotalol was seen to reverse-use dependence associated with proarrhythmia and 

thus higher mortality, even though there was only a small (but still more than placebo) incidence 

of TdP.  [29] Thus, the effect of agents seen to prolong QT and increase dispersion may be 

precursors to VF directly, rather than just TdP. Amiodarone, another class III antiarrhythmic, was 

shown to have low potential for TdP and only small amounts of triangulation in animal models; 
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however, it lacks reverse-use dependence and does not induce instabilities or TdP, even though it 

prolongs QT.  [29] Of note, although though it has been used in patients who have experienced 

TdP, there have been cases of QT prolongation combined with increased transmural dispersion 

which was predictive of VT and VF.  [29] Lastly, verapamil, a strong hERG blocker, lacks reverse-

use dependence and does not induce instabilities and has been found to suppress TdP.  [29] 

As there have been higher reported rates of drug-induced VF compared to that of drug-

induced TdP ,  [29] a better predictor of proarrhythmia may lie in looking at the factors contributing 

to VF as a whole rather than focusing on TdP risk. As clinically observed TdP is rare and fatal VF 

is unlikely in clinical trials,  [114] it is vital to be able to tease out the difference between 

proarrhythmic and non-proarrhythmic QT prolongation in the pre-clinical setting, especially given 

that some QT prolonging drugs are actually safe and some even have antiarrhythmic properties.  A 

review of literature has shown that drugs known to cause QTc prolongation and TdP in humans 

also increases transmural dispersion of repolarization in nonclinical models, whereas drugs that do 

not induce such dispersion have a lower probability of inducing TdP.  [114] Thus, using the TRIaD 

parameters in some properly weighted fashion can be valuable predictors of proarrhythmia, 

especially given there have been no reported TdP agents that score negative for TRIaD.  [29] 

However, given traditional tools available, it may be unrealistic to properly benchmark the TRIaD 

components. Thus, tools capable of high-throughput measurement (allowing for appropriate Ns and 

control and reference compounds) that can provide high spatiotemporal resolution information (to 

assess dispersion and triangulation) as well as pacing (to characterize reverse-use dependence) are 

necessary.  

3.2.2 High-Throughput Proarrhythmia Prediction using OptoDyCE 

Need for HTS Improvements  

Only 1 in 5,000-10,000 screened compounds make it to market, with an investment of $1-

2 billion and 12-15 years of research.  [113] Cardiotoxicity is the leading cause of drug 

failure,  [113,115,128,131ï134] and accounts for 22-28% of post-market drug withdrawal in the 
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US.  [135] Currently, approaches with the highest predictive value for cardiotoxicity use animal or 

ex vivo models, which are inherently low throughput and requires large quantities of the tested 

compound.  [113] 

When a molecular target is identified, multiple lead compounds are tested using high 

throughput screens (HTS) optimized for efficacy, absorption and metabolism, and safety where 

ultimately only a small number of compounds progress to the candidate selection phase often done 

in in vivo models.  [112] Although there has been much development of HTS methods in early 

stage drug discovery, where candidate identification can be performed in compound libraries of 

>100,000 molecules, 20-50% of these candidates are abandoned later due to unwanted effects, even 

in late-stage development  [113]. Thus more HTS of toxicity and other unwanted effects is needed.  

 At the early stages of development, hERG assays are used for cardiotoxicity testing, as it 

is easiest endpoint to measure that has strong association with drug-induced QT prolongation. [112] 

Currently, these assays are limited to indirect measurements (binding and efflux assays), however 

new attempts at electrophysiological measurement at the high-throughput scale have shown 

promise.  [112] Binding assays are currently the cheapest, technically simple, and have highest 

throughput, but they only look at the affinity of the compound for a radio-labelled ligand in 

membrane fragments from a hERG-expressing cell line and thus have limited physiological 

relevance.  [112] On the opposite end of the spectrum, the automated voltage clamp systems such 

as the planar patch systems are expensive, low throughput, and require some technical expertise; 

however, they use whole cells (albeit usually cell lines) and failure is often attributed to poor quality 

and/or poor expression of the target channel.  [112,113] The intermediate option, such as rubidium 

efflux assays or the fluorescence FLIPR thallium assay, fall between binding and voltage clamp 

assays, use whole cells where the transport of rubidium or thallium through the  hERG channel is 

observed;  however they can underestimate compound potency.  [112,113] The FLIPR-based 

hERG channel screen is able to predict drug-induced long-QT with 77.7% accuracy, is not 
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outperformed by the planar patch systems; given the cheaper material costs (~$5 per 96- or 384-

well plate) compared to the planar patch system (~$400 per 96 or 384-well plate)  [113] it does not 

seem like it will be as readily replaced.  

Other attempts at improving HTS of cardiotoxicity have employed functional 

electrophysiological screens. Microelectrode arrays (MEAs) provide field potential information 

and are not limited to cell-lines. They have been used to successfully demonstrate that human 

embryonic stem cell derived cardiomyocytes (hESC-CMs) match clinically observed QT effects 

and proarrhythmic risk. [113] Additionally, given they can be used on cell networks, they can 

provide some spatial resolution, but not single-cell level. Additionally, given their high cost per 

sample (~$500 per 12- or 48-well plate) they do not seem to be suitable alternatives to currently 

employed screens at the industrial level.  [113] Impedance based assays, such as real-time cell 

analysis (RTCA), monitor contraction-relaxation cycles of cardiomyocytes, allowing beat rate 

parameters to be explored,  however the predictive value of these parameters is still viewed as 

limited, and do not provide sub-cellular resolution.  [113] Additionally material costs are similar to 

those of MEAs.  [113] A more cost effective solution is seen in FLIPR-based calcium assays, which 

are relatively low cost (~$5 per 96- or 384- well plate)  [113] however, they lack fast readout, 

provide no spatial information, and do not provide a means of stimulation for cardiomyocytes, 

making it harder to explore reverse-use dependence.  Thus, in order to replace currently used assays, 

new approaches need to provide better, more economical predictive power. 

Statistics in HTS 

In order to take advantage of HTS, the quality of the assay must be assessed ï meaning the 

likelihood of false positives and negatives must be quantified. One of the main factors contributing 

to noise in the system is dude to error in measurements, typically due to systematic error (cell 

plating, compound preparation and addition, plate layout, etc.). A major advantage of HTS is it 

allows for more controls to be used, as they allow for assessment of the variability due to these 

errors. However, care must be taken in selection of the quality control (QC) tests as they can be 
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affected by the strength of the controls used and may be increased (but not made more precise) 

merely by the increase in replicates.  [136] 

Two of the main ways of calculating QC is through the Zô or Z-factor (not to be confused 

with the Z-score) as well as the strictly standardized mean difference (SSMD).  [137] The Zô or Zô 

factor can be defined as:  

ὤ Ὂὥὧὸέὶρ
σ„ σ„

ȿ‘  ‘ȿ 
 

and 

ὤ Ὂὥὧὸέὶρ
ȿ  ȿ 

,  

respectively, where ‘ is mean, „ is standard deviation, and óhcô denotes high-value control, ólcô is 

low-value control, ósô indicates samples value, and ócô is negative control.  [137] Measured 

parameters can range from Њ to 1, with πȢυ as a good assay, π as an acceptable assay, and 

π is an unacceptable assay.  [137] One weakness of the Zô factor is one can generate a very strong 

Zô value merely by choosing a very strong positive control, which may not be a meaningful 

representation of the assay. Additionally, this is less sensitive to weak effects, making it a more 

suitable measure when stronger controls are used.  [138] 

A relatively newly adopted metric, the SSMD, provides a more statistically robust measure 

of QC as it allows for better discrimination of more moderate effects.  [137] It is defined as the 

ratio of the difference of the two means, 1 and 2, where the standard deviation is the difference of 

the two populations and is defined as:  

ὛὛὓὈ .  

Acceptable values of this metric depend on the strength of the positive controls, and is typically 

more accurate and less conservative than the Zô or Z-factor, including in cases of long exposure 

where variability in controls can inherently increase.  [137] SSMD can also be used as a measure 
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of hit acceptance, especially in cases where false negatives are of concern.  [137] However, this 

metric requires many negative controls and is not widely adopted.  [137] 

Blinded Drug Studies 

In addition to selecting suitable endpoints, suitable study design is necessary for successful 

risk prediction. In the drug development pipeline, clinical studies have high-quality standards, 

including double-blinding, placebo-control, and multisite testing with one measured endpoint 

backed up by good statistics (typically made possible by larger budgets). However, in vitro and in 

vivo studies remain limited in statistical power and reproducibility, where identical (or near 

identical) populations with smaller sample sizes are often used to generate a larger set of 

endpoints.  [139] This large degree of variability can undermine reproducibility, the key to 

scientific relevance. Indeed, pharmaceutical companies have shown they are unable to reproduce 

key findings of published papers in the industrial setting  [139] 

A study by Amgen  [140] found they were only able to reproduce 20-25% of reported 

findings in-house; almost two-thirds of the inconsistences prolonged target validation and in most 

cases resulted in termination of the project due to insufficient evidence of success. This lack of 

reproducibility was attributed to inappropriate or incorrect statistical analysis of results or 

insufficient sample sizes. A similar study by Bayer HealthCare  [141] that only about 25% of 

published preclinical studies could be validated to the point at which projects could continue; in 

studies where findings could be produced, the authors had had paid close attention to controls, 

reagents, investigator bias and describing the complete data set. Studies that were unable to be 

reproduced often only presented a single experiment (or only specific experiments that supported 

their underlying hypothesis). Additionally, preclinical testing rarely includes biomarkers, 

randomization, blinding of investigators, and rigorous validation of reagents ï all measures that are 

employed in clinical studies.  [139] 
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As it is known well known that unblinded analysis induces bias,  [142] in order to improve 

preclinical risk prediction, blinding and randomization are necessary. However, given the low 

throughput of current approaches, as well as bias in subject selection (e.g. in patch clamp studies, 

cells are selected based on their ability to be patched), such study designs are hard to achieve. Thus, 

for better risk prediction, new tools capable of automated, high throughput measurements are 

necessary. 

CiPA 

Although the current hERG screens in vitro along with QTc based preclinical studies have 

successfully kept drugs with unknown TdP risk from making it to market,  [24,25] the current 

approach at the early preclinical level is imperfect; in the last two decades, 27% of the potential 

new drug molecules that failed in preclinical phase were because of cardiotoxicity.  [143] The 

approach can also result in unnecessarily abandoning of potentially therapeutic drugs; it has been 

estimated that as many as 60% of new potentially useful therapeutic agents have been abandoned 

in early development due to the risk of hERG block.  [143] Additionally, thorough QT (TQT) 

studies at the early clinical stages are still required for all drugs, where tests in healthy volunteers 

are estimated to cost $2-3 million per drug.  [24,143] Given that hERG assays alone are not a strong 

enough predictor of cardiac risk, and that increase in QTc is a sensitive, but not specific, predictor 

of arrhythmia,  [24,25] improved prediction strategies are necessary.  

In order to address these concerns, the Comprehensive in Vitro Proarrhythmia Assay 

(CiPA) attempts to design assays that allow for the assessment of pro-arrhythmic risk of compounds 

rather than the currently used approach, which is to assess a compoundôs ability to block hERG 

current and prolong QT interval.  [24] The CiPA initiative has been driven by a consortium of 

international agencies, including the FDA, Health and Environmental Sciences Institute (HESI), 

the Cardiac Safety Research Consortium  (SRC), Japan National Institute of Health Sciences, 

Health Canada, European Medicines Agency, Pharmaceutical and Medical Devices Agency 

(Japan), Japan iPS Cardiac Safety Assessment, academics, in silico modelers, and partners from 
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contract research organizations, the pharmaceutical industry, stem cell providers, and device 

companies.  [24]  Ideally, proarrhythmic risk will be assessed as early as possible in the 

development pipeline, and hopefully will reduce the need for TQT studies by assessing risk factors 

other than QT prolongation as a metric for proarrhythmic risk.  [24] Ultimately, CiPA intends to 

achieve what the SB7 guidelines failed to do,  [24] by providing a means of standardizing 

preclinical assays to improve sensitivity, specificity, and reproducibility across the academic and 

pharmaceutical realms in order to remove bias, increase reliability and reproducibility, and overall 

improve the predictive power of clinical success as early as possible in the development pipeline. 

CiPA encompasses a three-pronged approach, where drug effects will first be assessed on 

multiple isolated ion channels in patch clamp assays in order to determine multi-ion channel effects. 

These measurements will then be used for in silico modeling in order to quantify arrhythmia risk. 

Finally, these results will be integrated in measurements from human induced pluripotent stem cell-

derived cardiomyocytes (hiPSC-CMs) and compared to results from Phase 1 EKG studies to 

differentiate the effects of multi-ion channel block.  [24,25,28,116] hiPSC-CMs do not fully 

recapitulate EKG measurements of the heart in situ, however they may reveal other endpoints to 

predict proarrhythmic risk.  [24] Overall, these studies intend to better understand multi-ion channel 

effects and their role in AP prolongation (and triangulation), QT prolongation, EAD incidence, and 

eventually the generation of TdP.  [24]  

A part of CiPA, the Cardiac Stem Cell Working group (SCWG) sponsored by HESI, aims 

to establish best practices for use of hiPSC-CMs in order confirm effects observed in ion channel 

data or in silico models that were not adequately unmasked.  [24] There is large variability across 

HTS screening platforms, including different cell types, culture methods, protocol types (MEAs, 

VSDs and proteins, transmembrane recordings, calcium imaging) that make comparisons of results 

across different areas difficult.  [25] In order to determine what endpoints have the highest 

predictive power, 28 compounds of varying TdP risk selected based on published reports, results 
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from the FDAôs adverse event reporting system (AERS), and other sources and were divided into 

a set of twelve training and calibration compounds and the remaining were used for validation 

studies.  [25] In order to standardize measurements, the SCWG is developing a standardization 

procedure, where validation studies across four MEA platforms and two voltage sensitive optical 

VSO) platforms across core sites using two commercially available hIPSC-CM preparations. The 

results of the studies on 28 selected compounds will be compared with in silico models  [25] 

Recently, the working group has sponsored a new initiative, where they intend to assess the 

feasibility of transferring protocols from manual patch experiments to high throughput settings, 

understand the advantages and disadvantages of currently available platforms, and develop 

standardized data collection methods.  [25] 

Given the current unmet need for tools capable of performing scalable, high-throughput 

cardiotoxicity testing capable of providing endpoints with high specificity and sensitivity, we chose 

to partake in a HESI-sponsored CiPA study. Using OptoDyCE, we performed automated blind 

testing of 12 compounds of varying cardiac arrhythmia risk using hiPSC-CM models in a 384-well 

format. We found the system allows for multi-parameter analysis of simultaneously acquired 

voltage and calcium signals of paced and spontaneously active samples to predict arrhythmia-risk 

at clinically-relevant concentrations. In addition to capturing such pro-arrhythmic indicators as 

drug-induced early after-depolarizations, we show the system offers high specificity sensitivity in 

correctly discerning arrhythmic risk using the TRIaD parameters. Our quantitative data supports 

the utility of a hiPSC-CM based model under paced conditions, where voltage recordings, rather 

than calcium transients, provide superior predictive information. Thus, our contactless, all-optical 

HT platform readily provides identification of key assay parameters using a variety of experimental 

models. 
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3.3 Materials and Methods 

3.3.1 Human iPS-Cardiomyocyte Culture and Gene Delivery 

For all plates, 50 µg/mL fibronectin, diluted in PBS, used to coat wells on 384-well glass-

bottom plates (P384-1.5H-N, Cellvis, Mountain View, CA) and incubated at 37°C for at least two 

hours prior to cell plating. Frozen human iPSC-derived cardiomyocytes (iCell Cardiomyocytes2 Ê 

CMC-100-012-001, Lot #: CMC-02158; Cellular Dynamics International (CDI), Madison, WI) 

were thawed per the manufacturerôs instructions using their supplied CDI iCell Cardiomyocytes 

Plating Medium (Lots #s: 1713296 and 1656288). After counting, cells were first diluted to 

concentration of 170,000 cells/mL, in order to achieve the recommended plating density of 156,000 

cells/cm2 (17,000 cells/well) in a 384 well plate. Each well received 0.1 mL of the cell solution in 

the layout described in Figure 3-1a. Twelve plates in total were used, one for each compound; 24 

wells were used for the tested compound, 6 for the positive control, and 5 for the vehicle control 

resulting in a total of 35 wells per plate. Plates were randomly pre-numbered and were used in this 

order on experiment day in order to prevent selection bias. After 4 hours, the Plating Medium was 

replaced with CDI iCell Cardiomyocytes Maintenance Medium (Lot#: 1844350) and replaced 

every 2 days thereafter. After 5 days, adenoviral delivery of ChR2(H134R) to the iPSC-CMs was 

performed in-dish. The Maintenance Medium was replaced with a viral dose of MOI 250 or 350, 

prepared in the maintenance medium. Cells were incubated (37°C, 5% CO2) and gently agitated 

every 20 minutes for a total of two hours, after which cells were returned to the maintenance media.  

Functional testing was then performed 2 days after viral delivery.  

3.3.2 All -Optical Recording 

Membrane voltage, Vm, and intracellular calcium, [Ca2+] i , stains were performed as 

described previously.  [3] All experiments were carried out at room temperature in Tyrodeôs 

solution containing the following (in mM): NaCl, 135; MgCl2, 1; KCl, 5.4; CaCl2, 1.33; NaH2PO4, 

0.33; glucose, 5; and HEPES, 5 and adjusted to pH 7.4 with NaOH at room temperature. Optical 

imaging was performed at >200 frames per second (fps) with 4x4 binning with a field of view of  

~0.4 mm2 using NIS-Elements AR (Nikon Instruments; Melville, NY) on the OptoDyCE platform, 
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as described previously.  [3]   Recordings of spontaneous and paced activity were obtained for 25 

seconds each, where optical stimulation (470 nm) was provided at pulse lengths of 5 ms, at 0.5Hz, 

using irradiances of Irradiances between 0.5 ï 1.8 mW/mm2 for Vm and 0.5 ï 0.72 mW/mm2
 for 

[Ca2+] i. Measurements from selected vehicle control wells were obtained before and after 

recordings of the compound treated drugs. Compound treated wells (including positive controls) 

were scanned in a zig-zag fashion across columns.  

3.3.3 Dual Imaging of Voltage and Calcium 

A schematic of the protocol along with the light path of the optical system can be seen in 

Figure 3-1b., similar to that described previously.  [3]  The optical system was built around an 

inverted microscope (Nikon Eclipse TE-2000-U) fitted with a programmable x-y stage 

(OptiScan ES107; Prior Scientific; Rockland, MA) and automated z-focus (PS3H122 Motorized 

Focus; Prior Scientific), with illumination for actuation and sensing provided by a custom built 

adaptor. Illumination for sensing was provided by red (sLED1) and green (sLED2) for voltage and 

Figure 3-1: Experimental design for blinded drug study. (a) Layout plates for drug testing, where Doses 

1-4 were the four doses of the drug tested (Dose 1 being the lowest, Dose 4 being the highest). The plates 

were tested on the OptoDyCE platform (b) capable of automated, simultaneous voltage and calcium 

imaging using an automated dual-imaging and pacing protocol (c).  
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calcium, respectively (Vm: 640 mW LED at 660 nm; or [Ca2+] i: 350 mW LED at 530 nm, both 

from Thorlabs); both LEDs were fitted with a bandpass filter (Fex1(Vm): 655/40 nm; or Fex2 

([Ca2+]i): 535/50 nm).The actuation LED (aLED) for ChR2 (650 mW at 470 nm, Thorlabs) was 

fitted with a 470/28 nm bandpass filter, Factu. The light paths for optical sensing and actuation were 

combined by a dichroic mirror (495 nm long-pass) and directed to the sample. In order to achieve 

simultaneous imaging, temporal multiplexing was used, where the LEDs for exciting the Vm and 

[Ca2+] i probes were gated to each camera frame. The LED illumination is directed to the sample by 

the dichroic mirror in the filter cube. Collimation optics comprised of several lenses (L), and an 

objective lens (in this case 20x Nikon CFI Super Plan Fluor) was used to direct light to the sample. 

Emitted fluorescence was collected by the objective lens and passed through the dichroic mirror in 

the filter cube and to a photodetector (iXon Ultra 897 EMCCD; Andor Technology Ltd., Belfast, 

UK).  Illumination control was completely automated via software and TTL pulses (Figure 3-1c).  

3.3.4 Drug Preparation  

Drugs were provided by HESI and both powder form and stored at -20°C, per instructions. 

On day 1-2 before experiments, drugs were diluted in DMSO (Sigma Aldrich, 34869-100mL Lot#: 

MKBV1531V) per instructions provided by HESI after being allowed to equilibrate to room 

temperature. On the morning of the experiment, the compounds to be tested for that day were 

brought to room temperature and diluted 1:1000 in Tyrodeôs solution. A 0.1% DMSO solution was 

used as the vehicle control; 0.5 nM dofetilide was used as the unblended positive control. After the 

sample plates were stained, the Tyrodeôs wash solution was removed and replaced with 100 uL of 

the Tyrodeôs solution containing the compound. The plates were then returned to the incubator 

(37°C, 5% CO2) for 30 minutes prior to experiments to allow compounds to equilibrate. 

3.3.5 Data Processing and Analysis  

Data was analyzed using custom developed high-throughput software in MATLAB, 

flashligHTS, and the following endpoints were extracted for first-run analysis: APD and CTD 90, 

50, and 30, basic cycle length (BCL), rise time (tRise), peak Vm and [Ca2+] i , and baseline Vm and 
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[Ca2+] i . Data pre-processing included baseline correction, removal of artifacts, temporal filtering 

using a Savitzky-Golay polynomial ýlter (second order, 3-5 frame window) and normalization.  

From the extracted endpoints, percent change from baseline (D%) was calculated for APD and CTD 

values, and triangulation (APD90-APD30, CTD90-CTD30) and D% triangulation. To assess 

temporal dispersion coefficient of variation (CoV) and D%CoV and median absolution deviation 

(MAD) and D%MAD were calculated for APD and CTD values. CoV is defined as:  

ὅέὠ ,   

where „ is the standard deviation of the endpoint and ‘ is the mean endpoint for a given well. MAD 

is defined as  

ὓὃὈ άὩὨὭὥὲὢ ὢ ,  

where ὢ is the measured endpoint of an individual and ὢ is the median of the endpoint for a given 

well. 

In order to calculate risk, a risk ranking index was derived, based on the ratio of the change 

of an endpoint from baseline of to the effective therapeutic plasma concentrations (ETPC) where 

ὙὭίὯ
ȿ ȿ

. 

Based on this index, the compounds were ranked, where the higher the index indicated the higher 

proarrhythmic risk of the drug.  

3.4 Results 

3.4.1 Compound Unblinding 

After the results with the requested endpoints (average cycle length, STD average cycle 

length, APD90/50/30, CTD90/50/30, rise time, number and type of EADs) were sent to the HESI 

project organizers, the drugs were unblinded. Compounds listed in Table 3-1, were compounds are 

ranked based on their CiPA (left) and Redfern (red) risk categories. Color coding is based on the 

CiPA risk ranking, where red, yellow, and green designate high, medium, and low risk. The Redfern 

risk category  [70] uses 5 categories to assess TdP risk: 1) Class Ia and III antiarrhythmics; 2) 

withdrawn from market due to TdP; 3) measurable incidence of TdP reported in literature; 4) 

isolated reports of TdP in humans; 5) no published reports of TdP in humans. Doses, along with 

3.10 

3.1

2 

3.11 
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their ETCP-free values and their drug class and known cardiac effects are given in Table 3-2 and 

Table 3-3 respectively.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-2: Unblinded Compounds 

   Risk Score Doses (mM ) 

Code Plate Compound CIPA Redfern ETPC-Free D1 D2 D3 D4 

21A02 1 Ibutilide High 1 0.1 0.0001 0.001 0.01 0.1 

21A03 2 Metoprolol Low  -  1.8 3.17 10.01 31.65 100 

21A08 3 Dofetilide High 1 0.002 0.0003 0.001 0.0032 0.01 

21A12 4 Diltiazem Low 5 0.13 0.01 0.10 1.00 10.00 

21A13 5 Pimozide Med 3 0.00043 0.00095 0.003 0.0095 0.03 

21A14 6 Chlorpromazine Med  -  0.035 0.095 0.3 0.95 3 

21A18 7 Clarithromycin Med 4 1.21 0.1 1 10 100 

21A20 8 Cisapride Med 2 0.0026 0.0032 0.01 0.032 0.1 

21A24 9 Bepridil High 3 0.032 0.01 0.10 1.00 10.00 

21A26 10 Azimilide High 1 0.07 0.01 0.10 1.00 10.00 

21A27 11 Verapamil Low 5 0.045 0.001 0.01 0.1 1 

21A28 12 Astemizole Med 2 0.0003 0.0001 0.001 0.01 0.1 

 

 

 

  

Table 3-1: Ranked unblinded CiPA compounds 
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Table 3-3: Drug class, action, and known cardiac effects of unblinded compounds 

Compound Drug Class Action Known Cardiac Effects 

Ibutilide 
Class III 

antiarrhythmic 
Reduces IKr; Increases INaL TdP; QT prolongation  

Metoprolol b -blocker b 1 receptor blocker Bradycardia 

Dofetilide 
Class III 

antiarrhythmic 
Reduces IKr 

Dose-related TdP; cardiac death;  

Not approved in Europe, Australia 

Diltiazem 
Class IV 

antiangina  
Reduces ICa; nondihydropyridine  None 

Pimozide Antipsychotic 
Reduces IKr; dopamine, 5-HT7r 

antagonist 

TdP; QT prolongation;  

Abnormal T-wave 

Chlorpromazine Antipsychotic 
Dopamine, serotonin, histamine, 

and a1,2 adrenergic antagonist 

TdP;  Q,T wave distortions; cardiac 

death 

Clarithromycin Antibiotic protein synthesis inhibitor TdP; QT prolongation 

Cisapride 
Gastro-

prokinetic agent 
5-HT4 serotonin agonist 

TdP;  VT; VF; QT prolongation; 

cardiac death;  removed from US 

market 

Bepridil anti-angina Reduces ICa,INa (nonselective) 

TdP; tachycardia;  bradycardia; VT; 

QT prolongation; removed from US 

market 

Azimilide 
Class III 

antiarrhythmic 
Reduces IKr,IKs,INa, and INCX Investigational use only  

Verapamil 
 Class IV 

antiarrhythmic 
Reduces ICa; nondihydropyridine  Bradycardia 

Astemizole Antihistamine  
Histamine antagonist; 

reduces IKr 

TdP; QT prolongation; ventricular 

arrhythmia; cardiac death; removed 

from US market 

 

 

 

Table 3-4 Quality testing metrics of OptoDyCE for hiPSC-CMs 

 
 

  

Z-Factor: hiPSC-CM (Dof. vs Dit.)

APD90 APD50 APD30 MAD90 MAD50 MAD30 Tri. N Wells (+)N Wells (-)N Beats (+)N Beats (-)

Vm 0Hz 1 2 1 0 0 0 0 6 6 19 16

Vm 0.5Hz 2 2 2 0 0 0 2 6 6 68 67

CTD90 CTD50 CTD30 MAD90 MAD50 MAD30 Tri. N Wells (+)N Wells (-)N Beats (+)N Beats (-)

Ca 0Hz 1 2 2 0 0 0 1 6 5 19 14

Ca 0.5Hz 2 2 2 0 0 0 2 6 5 68 55

SSMD: hiPSC-CM (Dof. vs Dit.)

APD90 APD50 APD30 MAD90 MAD50 MAD30 Tri. N Wells (+)N Wells (-)N Beats (+)N Beats (-)

Vm 0Hz 3 3 3 1 0 0 2 6 6 19 16

Vm 0.5Hz 3 3 3 2 1 2 3 6 6 68 67

CTD90 CTD50 CTD30 MAD90 MAD50 MAD30 Tri. N Wells (+)N Wells (-)N Beats (+)N Beats (-)

Ca 0Hz 1 3 3 1 1 1 0 6 5 19 14

Ca 0.5Hz 2 3 3 1 1 1 0 6 5 68 55
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3.4.2 Quality Testing of OptoDyCE  

Both Z-Factor and SSMD were calculated for data collected on the OptoDyCE system for 

hiPSC-CMs treated with dofetilide (3.2 nM; Plate 3) as positive control and diltiazem (10 nM; Plate 

4) as negative control (Table 3-4). Both metrics were used to assess the assay sensitivity, where 3 

is a strong assay, 2 is a moderate assay, 1 is a weak assay, and 0 is no effect measured. Values for 

other endpoints as well as a comparison of quality factors for for neonatal rat ventricular myocytes 

(NRVMs) collected for previous studies [3] can be found in Appendix I . 

3.4.3 Endpoints: Measureable Parameters 

The following endpoints, represented as percent change from vehicle control, were 

obtained for all plates: DAPD and DCTD, DBCL, number of proarrhythmic events, DPeak, 

DTriangulation, DCoV, and DMAD. Some doses were unable to produce measureable APD and 

CTD changes due to irregular activity. Ibutilide (Figure 3-2a; 0.01 and 0.1 mM for spontaneous 

samples; 0.1 mM for paced), dofetilide (Figure 3-4b; 0.01 mM) and cisapride (Figure 3-9b; 0.1 

mM) produced EADs. 
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Figure 3-2: Pacing improves prediction of proarrhythmic effects of ibutilide. Ibutilide, a high-risk 

proarrhythmic compound, exhibited strong EADs in spontaneously active and paced samples at the two 

highest doses (a), with abnormal activity suppressed only in some samples at 0.1 mM.  DAPD and DCTD 

(b) could not be calculated for the two highest doses for spontaneously active samples, or the highest dose 

for paced samples. Shortening of AP and mild prolongation of CT was seen at the lowest doses, where 

spontaneous APD and CTD could potentially flag ibutilide as safe. Extreme APD prolongation was seen 

with paced samples at 0.01 mM prior to the generation of EADs at the highest dose, pointing to potential 

risk of TdP. Both strong temporal dispersion (c) and triangulation (d) of the AP and CT are also observed 

at 0.01 mM. Combined, these endpoints point to ibutilide having a high probability of inducing TdP. Error 

bars are given in terms of S.E.M. Example AP and CTs are averaged over all beats for the 25 second 

recording (a); APs and CTs for both spontaneous and paced conditions are taken from the same sample. 

given in terms of S.E.M. Example AP and CTs are averaged over all beats for the 25 second recording (a); 

APs and CTs for both spontaneous and paced conditions are taken from the same sample. 
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Figure 3-3: Metoprolol endpoints show low proarrhythmic risk and prediction is improved with pacing. 

Metoprolol, a low-risk compound, does not increase APD or CTD (a,b), having the strongest effects on 

shortening APD90. Some temporal dispersion (c) is observed in spontaneous samples and in the CTs at the 

highest dose in paced samples. However, paced APs do not appear to exhibit more temporal dispersion 

compared to 0.5 nM dofetilide. Metoprolol decreases triangulation (d) of both the AP and CT under both 

spontaneous and paced conditions. These endpoints indicate metoprolol has a low proarrhythmic risk. . 

Error bars are given in terms of S.E.M. Example AP and CTs are averaged over all beats for the 25 second 

recording (a); APs and CTs for both spontaneous and paced conditions are taken from the same sample. 

The jagged upstroke of the spontaneous AP occurs due to averaging beats with varying upstrokes.   

beats for the 25 second recording (a); APs and CTs for both spontaneous and paced conditions are taken 

from the same sample. The jagged upstroke of the spontaneous AP occurs due to averaging beats with 

varying upstrokes.   
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Figure 3-4 Dofetilide exhibits high dose-dependent proarrhythmic risk with and without pacing. 
Dofetilide, a high-risk proarrhythmic compound, exhibited some mild EADs in spontaneously active and 

paced samples at the highest doses (a), with abnormal activity suppressed only in some samples at 0.01 

mM; where pacing is seen to reduce the severity of the EADs, if present (b). Given this abnormal activity 

DAPD and DCTD at the highest dose are not presented (b), where dose dependent prolongation of both the 

AP and CT are strongly apparent in both spontaneous and paced samples. Dofetilide is seen to induce 

strong dose-dependent temporal dispersion of APD and CTD in spontaneous samples (d); for paced 

samples, temporal dispersion is present, but not strongly dose-dependent. Triangulation of both the AP and 

CT is seen to be dose-dependent (b), with stronger triangulation observed in spontaneous samples. 

Combined, these endpoints point to dofetilide having a high probability of inducing TdP in a dose-

dependent manner. Error bars are given in terms of S.E.M. Example AP and CTs are averaged over all 

beats for the 25 second recording (a); APs and CTs for both spontaneous and paced conditions are taken 

from the same sample.  
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Figure 3-5: Diltiazem exhibits low proarrhythmic risk with and without pacing. Diltiazem, a low-risk 

compound is seen to produce dose-dependent shortening of the AP and CT (a,b). Mild increase in temporal 

dispersion (c) for spontaneous samples was observed at 0.1 mM, however under paced conditions diltiazem 

did not exhibit more dispersion than the positive control (0.5 nM dofetilide). A strong dose dependent 

decrease in triangulation of the AP is observed (a,d). Although spontaneously measured CTD appears to 

show some prolongation, which may flag diltiazem as a false positive, a decrease in both AP/CT duration 

along with a decrease in AP triangulation point to diltiazem being a safe compound. Error bars are given 

in terms of S.E.M. Example AP and CTs are averaged over all beats for the 25 second recording (a); APs 

and CTs for both spontaneous and paced conditions are taken from the same sample. 
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Figure 3-6: Pimozide exhibits some dose-dependent proarrhythmic risk but has limited temporal 

dispersion. Pimozide, a medium-risk compound, strongly increase APD and CTD in a dose-dependent 

manner (a,b), with no strong increase in temporal dispersion (c). Mild EAD-like prolongation is observed 

at 0.03 mM (a) and marked increase in triangulation is observed (d). Given the strong AP prolongation and 

triangulation effects, pimozide appears to have proarrhythmic effects. Error bars are given in terms of 

S.E.M. Example AP and CTs are averaged over all beats for the 25 second recording (a); APs and CTs for 

both spontaneous and paced conditions are taken from the same sample. 
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Figure 3-7: Chlorpromazine exhibits increased temporal dispersion and AP triangulation with pacing, 

indicating some proarrhythmic risk. Chlorpromazine, a medium-risk drug, is seen to increase APD and 

CTD, but not in a strongly dose-dependent manner (a,b). Although decrease in temporal dispersion of AP 

is observed under spontaneous conditions, (c), dose-dependent increase in dispersion of CTD90 is 

observed along an increase in temporal dispersion in a dose independent manner under paced conditions. 

Mild triangulation (d) of the AP is seen at 3 mM under paced conditions. Overall, these endpoints indicate 

chlorpromazine has some proarrhythmic risk. Error bars are given in terms of S.E.M. Example AP and 

CTs are averaged over all beats for the 25 second recording (a); APs and CTs for both spontaneous and 

paced conditions are taken from the same sample. 



86 

 

 

 

 

 

  

Figure 3-8:  Clarithromycin exhibits dose-dependent AP and CT prolongation and increased temporal 

dispersion with pacing indicating some proarrhythmic risk. Clarithromycin, a medium-risk drug, exhibits 

shortening of the AP and CT at the two lowest doses, followed by prolongation at the highest dose, 100 mM 

(b). Although no temporal dispersion effects are observed in spontaneous samples (c), there appears to be 

a dose dependent increase in temporal dispersion under paced conditions. No triangulation effects are 

observed in the AP (d), as clarithromycin appears to induce more rounding of the AP as well as 

prolongation of the AP at the highest doses. However, the prolongation combined with the dose-dependent 

temporal dispersion under paced conditions does indicate some proarrhythmic effects. Error bars are 

given in terms of S.E.M. Example AP and CTs are averaged over all beats for the 25 second recording (a); 

APs and CTs for both spontaneous and paced conditions are taken from the same sample. 
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Figure 3-9: Cisapride exhibits strong dose-dependent AP and CT prolongation, manifestation of EADs, 

and triangulation, indicating high proarrhythmic risk. Cisapride, is a medium-risk proarrhythmic 

compound, exhibited behavior similar to that of dofetilide. Some mild EADs in spontaneously active and 

paced samples at the highest doses (a,b), with abnormal activity suppressed only in some samples at 0.1 

mM. Strong dose dependent prolongation of APD and CTD is observed (c). Temporal dispersion (d) is only 

strongly observed at the highest dose, where most instability appears in AP/CTD 90. Cisapride exhibits 

strong dose-dependent triangulation (e), which is apparent in both the AP/CTD 50 and 25 shortening at the 

highest dose (c) and upon visual inspection of the AP and CT (a). Although not a high-risk drug, cisapride 

appears to have strong proarrhythmic properties. Error bars are given in terms of S.E.M. Example AP and 

CTs are averaged over all beats for the 25 second recording (a); APs and CTs for both spontaneous and 

paced conditions are taken from the same sample. 
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Figure 3-10: Bepridil exhibits some proarrhythmic risk, primarily in the triangulation of the AP. 

Bepridil, a high-risk compound, exhibits dose-dependent AP and CT prolongation, particularly in 

spontaneous samples (a,b). Although extreme shortening is observed at 10 mM, it appears to be the result 

of triangulation of the AP and the CT (d). 1 mM bepridil appears to increase temporal dispersion of the CT 

and mild dose-dependent increase in temporal dispersion is seen in the AP under 0.5Hz pacing. Overall, 

these endpoints point to a strong proarrhythmic risk of bepridil. Error bars are given in terms of S.E.M. 

Example AP and CTs are averaged over all beats for the 25 second recording (a); APs and CTs for both 

spontaneous and paced conditions are taken from the same sample. 
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Figure 3-11: Azimilide exhibits high proarrhythmic risk, including strong triangulation of the AP. 

Azimilide, a high-risk compound, shows extreme prolongation of the AP and the CT (a,b), with mild EAD-

like features occurring at the highest dose (a). Strong dose-dependent temporal dispersion is observed (c), 

particularly in the case of spontaneous activity. Triangulation of the AP and CT are observed, particularly 

under spontaneous conditions at the highest dose (d). Of note is the much higher temporal instability in 

CTD under paced conditions compared to spontaneous CTD and paced APD.  Taken together, these 

endpoints point to a high risk of proarrhythmia. Error bars are given in terms of S.E.M. Example AP and 

CTs are averaged over all beats for the 25 second recording (a); APs and CTs for both spontaneous and 

paced conditions are taken from the same sample. 
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Figure 3-12: Verapamil exhibits low proarrhythmic risk. Verapamil, a low-risk compound, exhibited, 

dose-dependent shortening of both the AP and CT (a,b) at the higher doses, with extreme shortening of the 

AP at the highest dose (a), particularly when paced. Under spontaneous action, Verapamil is seen to have 

increased prolongation, temporal instability (c) and triangulation (d) of the AP and CT compared to 

dofetilide at 0.01 mM and 0.1 mM, which could result in false-positive identification of the compound. 

However, verapamil does decrease triangulation of the AP in a dose-dependent manner when paced at 

0.5Hz (d) and no EADs are observed. Error bars are given in terms of S.E.M. Example AP and CTs are 

averaged over all beats for the 25 second recording (a); APs and CTs for both spontaneous and paced 

conditions are taken from the same sample. 
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Figure 3-13: Astemizole exhibits decreased AP/CT prolongation and temporal dispersion with pacing, 

but maintains a dose-dependent increase in triangulation of the AP. Astemizole, a medium-risk 

compound, shows dose-dependent shortening followed by prolongation of the AP and CT at the highest 

dose (a,b), particularly in spontaneous samples. Temporal dispersion is more strongly observed at the 

lowest doses in spontaneous samples (c), with pacing appearing to minimize such instabilities. Strong dose-

dependent triangulation is observed in the AP (a,d). Error bars are given in terms of S.E.M. Example AP 

and CTs are averaged over all beats for the 25 second recording (a); APs and CTs for both spontaneous 

and paced conditions are taken from the same sample. 
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Endpoints: DAPD, DCTD 

As one of the most commonly used predictors of proarrhythmia is AP (and QT) 

prolongation, APD90/50/30 and CTD90/50/30 were calculated over all beats, averaged, and 

presented in terms of percent change from the vehicle control. Prediction of proarrhythmia was 

based on the criterion as to whether or not prolongation exceeds that of the positive control (0.5 

nM dofetilide). For determining sensitivity and specificity, drugs were placed into one of two 

categories, positive and negative proarrhythmic risk, due to disagreement on the risk categorization 

between CiPA and the Redfern categories. 

Spontaneous DAPD (Figure A I -1) showed one false negative, ibutilide (Figure 3-2b), 

and one false positive, verapamil (Figure 3-12b), resulting in a sensitivity of 87.5% and specificity 

of 67.5%. Strongest dose-dependent AP prolongation was seen with dofetilide (Figure 3-4b), 

pimozide (Figure 3-6b) and cisapride (Figure 3-9b). Bepridil (Figure 3-10b) showed dose-

dependent prolongation, except at APD50/30 at the highest dose. Dose-dependent shortening and 

then prolongation of the AP was observed with clarithromycin (Figure 3-8b) azimilide (Figure 

3-11b), and astemizole (Figure 3-13b). Chlorpromazine (Figure 3-7b) exhibited mild prolongation 

that was not dose-dependent. Shortening was observed with the two measureable doses of ibutilide 

hat did not exhibit EADs. Of the low-risk compounds, shortening of APD90 was observed with 

metoprolol (Figure 3-3b), which mildly increased (but not more than dofetilide) APD50/30 at 

higher doses. Similarly, diltiazem (Figure 3-5b) exhibited mild prolongation (but not more than 

dofetilide) or no effect on APD at lower doses, and shortening was observed at higher doses. No 

strong effects were seen with verapamil (Figure 3-12b).  

Spontaneous DCTD (Figure A I -2) showed two false positives, diltiazem (Figure 3-5b) 

and verapamil (Figure 3-12b), resulting in a sensitivity of 87.5% and specificity of 33.3%. 

Strongest dose-dependent CTD prolongation was seen with dofetilide (Figure 3-4c), pimozide 

(Figure 3-6b), and cisapride (Figure 3-9c), in agreement with observed spontaneous DAPD.  
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Diltiazem (Figure 3-5b) exhibited an increase in prolongation at 0.01 mM and 0.1 mM, but showed 

shortening at the highest dose. This disagreement with the observed spontaneous DAPD may be 

due to diltiazem being an ICa blocker. Bepridil (Figure 3-10b) showed dose-dependent 

prolongation, except shortened CTD50/30 at the two lowest doses (0.01 mM and 0.1 mM), which is 

again slightly different than what is observed in the spontaneous DAPD, and may be related to 

being an ICa and INa blocker. Like with spontaneous DAPD, CTD shortening and then prolongation 

was also observed with clarithromycin (Figure 3-8b), azimilide (Figure 3-11b), and astemizole 

(Figure 3-13b). Chlorpromazine (Figure 3-7b) exhibited mild prolongation that was not dose-

dependent, again in agreement with spontaneous DAPD. Shortening was observed with the only 

two measureable doses of ibutilide (Figure 3-2b 0.0001 mM and 0.001 mM), while prolongation 

and extreme shortening was seen with verapamil (Figure 3-12b Verapamilôs disagreement with 

observed spontaneous DAPD may be due to the drugôs action on ICa. No prolongation compared to 

dofetilide was observed with metoprolol (Figure 3-3b). Of note, the three ólow-riskô drugs 

(metoprolol, diltiazem, and verapamil), exhibited different dose-dependent behavior in 

spontaneous DCTD from spontaneous DAPD. 

With 0.5Hz pacing, DAPD (Figure A I -3) had one weak false negative, bepridil, resulting 

in an 88.9% sensitivity and 100% specificity of this endpoint. Strongest dose-dependent APD 

prolongation was seen with dofetilide (Figure 3-4), pimozide (Figure 3-6b), and cisapride (Figure 

3-9c), in agreement with spontaneous DAPD. Prolongation after APD shortening was observed 

with ibutilide (Figure 3-2b), clarithromycin (Figure 3-8b), azimilide (Figure 3-11b), and 

astemizole (Figure 3-13b).The proarrhythmic properties of ibutilide were only able to be observed 

with pacing. Bepridil (Figure 3-10b) showed dose-dependent prolongation, and extreme 

shortening at the highest dose, which is opposite to what was seen in spontaneous DAPD. 

Prolongation that was not noticeably dose dependent was seen with chlorpromazine (Figure 3-7b) 

and mildly with verapamil (Figure 3-12b), differing from the observed spontaneous DAPD. 
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Shortening was seen with metoprolol (Figure 3-3b) and diltiazem (Figure 3-5b), thus exhibiting 

less proarrhythmic effect compared to spontaneous DAPD.  

Along with bepridil (Figure 3-10b; high-risk), DCTD (Figure A I -4) of ibutilide (Figure 

3-2b), falsely identified the compound as safe, resulting in a sensitivity of 75% and specificity of 

100%. Strongest dose-dependent CTD prolongation was seen with dofetilide (Figure 3-4c), 

pimozide (Figure 3-6b), and cisapride (Figure 3-9c), in agreement with the other measured 

parameters. Mild dose-dependent prolongation was seen with chlorpromazine (Figure 3-7b) and 

astemizole (Figure 3-13b). Prolongation after CTD shortening was observed with clarithromycin 

(Figure 3-8b), and azimilide (Figure 3-11b). However, the shortening and mild effects of azimilide 

at the highest dose is in disagreement with the other three measured parameters. Prolongation, but 

not significantly more than dofetilide, was seen with ibutilide which provides an opposite 

prediction compared to paced DAPD. Metoprolol (Figure 3-3b) did not show the same shortening 

of CTD90 as seen in DAPD90, however, the mild (but not significant) effects on CTD50/90 was 

similar to what was seen in both spontaneous parameters. Diltiazem (Figure 3-5b), did not show 

any shortening, but the prolongation was not more than the dofetilide control. Mild, followed by 

extreme shortening at the highest dose was seen in bepridil (Figure 3-10b; high-risk), unlike what 

was observed in spontaneous activity. No noticeable prolongation or shortening was seen with 

verapamil (Figure 3-12b), in agreement with other measured duration parameters.  

Endpoints: Basic Cycle Length (BCL) 

Change in basic cycle length (BCL) is another commonly used predictor along with AP 

(and QT) prolongation, where a decrease in BCL translates to a faster beating rate. BCL was 

calculated over all beats and averaged and presented in terms of percent change from the vehicle 

control (Figure A I -5). Prediction of proarrhythmia was based on the criterion that the compound 

is proarrhythmic if change in BCL exceeds that of the positive control (0.5 nM dofetilide). For 

determining sensitivity and specificity, drugs were placed into one of two categories, positive and 
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negative proarrhythmic risk, due to disagreement on the risk categorization between CiPA and the 

Redfern categories.  

Both Vm and [Ca2+] i BCL showed weak sensitivity (55.6%), with Vm showing slightly 

higher sensitivity (66.7% versus 33.3% for [Ca2+] i), as diltiazem showed an increase in BCL at 0.1 

mM for [Ca2+] i compared to Vm, which never exceeded dofetilide. Similarly, verapamil showed an 

increase in BCL at 0.01 mM and 0.1 mM, but then showed extreme shortening at the highest dose 

(1 mM) However, if the highest doses of these two drugs is used as the deciding factor for the BCL 

metric, the specificity of both Vm and [Ca2+] i BCL becomes 100%. Strong dose-dependent increases 

in BCL were only seen in cisapride, bepridil, and azimilide. Shortening and then increasing BCL 

was seen with chlorpromazine, while increase in BCL that did not exceed the dofetilide control 

included in metoprolol, dofetilide, and astemizole. Increase and then shortening of BCL was 

observed with diltiazem. No strong effects on BCL were seen with ibutilide, pimozide, and 

clarithromycin.  

Endpoints: Irregular Activity 

Irregular activity of each sample was classified according to the arrhythmogenic feature 

classification, as provided by HESI (Figure A I -6). EADs were classified according to three types 

(A, B, C) and tachy-arrhythmic behavior (D) was defined as having a threshold >2Hz. Given the 

slow rate of activity of control samples (typically between 0.1-0.2 Hz), tachyarrhythmia was 

defined as >1-1.5Hz, depending on the activity of the control samples. This information was then 

binarized into óirregular eventsô versus óno irregular events.ô As there were 5 replicates for DMSO 

control and 6 replicates for all other compounds, 20% is equivalent to 1 well for DMSO control 

and 16.7% is equivalent to one well for all others.  

For spontaneous Vm  (Figure A I -7) the sensitivity of the assay was 75% and the specificity 

was 0%. Plates for pimozide, chlorpromazine, and clarithromycin exhibited abnormal behavior in 

DMSO control samples. Abnormal activity in both controls (dofetilide and DMSO control) was 
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observed in metoprolol, diltiazem, pimozide, chlorpromazine, clarithromycin, and cisapride plates. 

However, diltiazem and chlorpromazine showed abnormal activity in at least half of dofetilide 

control (diltiazem) or DMSO control (chlorpromazine). Spontaneous [Ca2+] i  (Figure A I -8), 

signals showed the same sensitivity and specificity as spontaneous Vm. Abnormal events in control 

samples were the same across both measurements, except for bepridil, which showed abnormal 

activity in one well in the dofetilide control.  

Ibutilide, which was identified as a false negative for spontaneous APD and CTD 

measurements had irregular activity (EADs) in half of 0.001 mM samples and all 0.01 mM and 0.1 

mM samples in both spontaneous Vm and [Ca2+] i (Figure 3-2a) Verapamil, identified as a false 

negative in both spontaneous APD and CTD, also showed abnormal activity in all samples at 1 

mM, including extreme shortening of the AP (Figure 3-12b). Diltiazem, which identified as a false 

positive in spontaneous CTD, showed more abnormal activity in [Ca2+] i compared to Vm; however, 

both measurements showed abnormal activity in all wells at the highest dose. Bepridil, which was 

a false negative for paced APD and CTD, showed little abnormal activity in the spontaneous Vm 

signal, but more abnormal activity [Ca2+] i, including over half of 10 mM plates exhibiting abnormal 

activity in [Ca2+] i. Metoprolol, had abnormal activity in spontaneous samples across all doses 

except the lowest, even though it was correctly identified as safe for all APD and CTD 

measurements. Dofetilide (Figure 3-4b), clarithromycin, and cisapride (Figure 3-9b) showed 

abnormal activity across all doses, while pimozide and chlorpromazine showed abnormal activity 

across all doses, except the highest dose. Azimilide and astemizole showed minimal and no 

abnormal activity, respectively.  

For paced Vm (Figure A I -9) and [Ca2+] i (Figure A I -10) signals, the sensitivity was 0% 

and the specificity was 0%. Plates with abnormal activity included ibutilide, dofetilide, diltiazem, 

cisapride, bepridil, and verapamil. Paced metoprolol  showed abnormal activity in one well in both 
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DMSO control and D2 in Vm. Ibutilide, diltiazem, bepridil, and verapamil all were falsely identified 

in at least one of the four APD or CTD parameters, with ibutilide being the most consistent.  

Endpoints: Changes in Fluorescence and Baseline 

Changes in fluorescence (DPeak and D(DF/F%)) as well as changes in baseline 

fluorescence were considered. All changes was calculated over all beats and averaged and 

presented in terms of percent change from the vehicle control. Prediction of proarrhythmia was 

based on the criterion that the compound is proarrhythmic if the change exceeds that of the positive 

control (0.5 nM dofetilide). In the case of DPeak and D( DF/F%), a larger increase than the positive 

control was deemed proarrhythmic. As the dofetilide control decreased baseline fluorescence, a 

stronger decrease was used as the criterion for proarrhythmia. For determining sensitivity and 

specificity, drugs were placed into one of two categories, positive and negative proarrhythmic risk, 

due to disagreement on the risk categorization between CiPA and the Redfern categories 

For D(DF/F%) there was no strong difference between spontaneous and paced (0.5Hz) Vm  

(Figure A I -11) and the assay had 77.8% sensitivity and 66.7% specificity. Ibutilide and astemizole 

were both decreased with respect to dofetilide, with astemizole overall showing a decrease in 

DF/F% compared to control. D(DF/F%) [Ca2+] i (Figure A I -12) showed an overall decrease 

between spontaneous and paced samples, as expected. Sensitivity for spontaneous and paced 

D(DF/F%) [Ca2+] i was the same for Vm (77.8%), with specificity for spontaneous (33.3%) being 

lower than paced (66.7%). Spontaneous DPeak for Vm. (Figure A I -13) had a sensitivity and 

specificity of 66.7% and 0%, respectively, where pacing only improved specificity (25%).  Overall, 

there was no strong difference between spontaneous and paced (0.5Hz) Vm. Of note, the drugs that 

were low-risk (metoprolol, diltiazem, and verapamil), were falsely identified as positive. [Ca2+] i  

(Figure A I -14) had no discrepancies in spontaneous versus paced samples. However, the endpoint 

had both weak sensitivity (44.4%) and specificity (33.3%).  
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DBaseline for Vm exhibited slight differences in sensitivity for spontaneous and paced data, 

at 88.9% and 77.8%, respectively while they both had the same specificity (Figure A 

I -15).However, there was mild ambiguity for classification of metoprolol (Plate 2; low-risk) and 

astemizole (Plate 12; medium-risk). DBaseline for . [Ca2+] i had weaker sensitivity (83.3%) and 

specificity (33.3%) compared to Vm (Figure A I -16) 

Endpoint: Triangulation  

Triangulation of Vm  (Figure A I -17) and [Ca2+] i  (Figure A I -18) calculated as the 

difference between 90% and 30% return (APD90-APD30, CTD90-CTD30) and as stated 

previously, is believed to be a better metric of proarrhythmia than AP or CT prolongation alone. 

Proarrhythmic risk was defined as having a larger triangulation compared to the dofetilide control.  

For Vm, paced triangulation had a sensitivity of 88.9% and a specificity of 100%, with 

clarithromycin (Figure 3-8d) being the only false negative, having little change from baseline. 

Without pacing, ibutilide (Figure 3-2d) was identified as safe, while verapamil (Figure 3-12d) was 

falsely identified positive for proarrhythmic risk, in line what was observed with spontaneous APD. 

Chlorpromazine (Figure 3-7d) was also identified as low-risk without pacing. However, with 

pacing, ibutilide is positive for being proarrhythmic at the higher dose, 0.01 mM, which could not 

be measured without pacing. Metoprolol (Figure 3-3d) and diltiazem (Figure 3-5d) were both 

correctly identified as safe with and without pacing, which is counter to what was observed in 

spontaneous APD and CTD measurements. Pimozide (Figure 3-6d) cisapride (Figure 3-9e), 

bepridil (Figure 3-10d), and astemizole (Figure 3-13) all showed dose-dependent increase in AP 

triangulation with pacing. Of note, the three Class III antiarrhythmics (ibutilide, dofetilide, and 

azimilide) all showed a decrease in APD triangulation at lower doses compared to higher doses. 

For triangulation of the CT, sensitivity decreased for paced samples (55.5%) compared to 

AP triangulation. Like with AP triangulation, pacing reveals an increase in triangulation of the CT 

of ibutilide. Although spontaneous CTs show an increase in triangulation for dofetilide (Figure 
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3-4e) triangulation is reduced with pacing; similarly this is also seen with diltiazem. Triangulation 

of CT also appears to decrease (at least for some doses) of all drugs with pacing compared to 

spontaneous activity. Overall, paced triangulation of the AP is the strongest proarrhythmic 

predictor, in congruence with paced DAPD.  

Endpoint: Temporal Dispersion  

Coefficient of Variation (CoV) and Median Absolute Deviation (MAD) were both 

considered as a means of quantifying temporal dispersion. CoV was found to not provide useful 

information. For CoV and MAD, the proarrhythmic criterion was to have a greater change than 

baseline than the dofetilide control.  

DCoV of spontaneous APDs had a sensitivity of 33.3% and a specificity of 0% (Figure A 

I -19). However, ibutilide showed a strong increase in DCoV, indicating it was proarrhythmic at 

0.01 mM, which was not observed the other spontaneous APD-related endpoints. Additionally, 4 

medium-risk compounds (pimozide, chlorpromazine, clarithromycin, and cisapride) all showed 

minimal change from baseline for the DCoV of spontaneous APD. Verapamil showed the highest 

change in DCoV for APD90. CoV for spontaneous CTD (Figure A I -20) had 100% sensitivity and 

33.3% specificity, where all compounds except diltiazem were deemed as proarrhythmic. Similar 

to spontaneous APD, ibutilide showed an increase CoV at 0.01 mM. Metoprolol and pimozide 

showed the strongest changes in the DCoV of spontaneous APDs.  

DCoV of the APDs of paced samples showed a decrease in sensitivity (77.8%) but an 

increase in specificity (33.3%) (Figure A I -21), where both dofetilide and pimozide were falsely 

identified as safe. Metoprolol and verapamil showed an increase in DCoV with dose. 

Clarithromycin, cisapride, azimilide, and astemizole all decreased CoV at lower doses and 

increased at higher doses. Ibutilide showed the strongest increase in DCoV for paced APDs, while 

bepridil showed a dose-dependent increase. Chlorpromazine showed a similar increase in DCoV 

across all doses. DCoV of paced CTDs (Figure A I -22) had 66.7% sensitivity and 33.3% 
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specificity, with dofetilide, pimozide, and astemizole being falsely identified as negative for 

arrhythmic risk. Metoprolol and verapamil also were incorrectly identified as unsafe. All other 

compounds behaved similarly to that as the DCoV of paced APDs.  

MAD of spontaneous APDs (Figure A I -23) had limited sensitivity (66.7%) and no 

specificity (0%). As with DCoV, ibutilide (Figure 3-2c) was determined as proarrhythmic, with an 

increase in the MAD compared to baseline (but not more than dofetilide) observed for MAD of 

APD50 and APD30. Unlike DCoV, dofetilide (Figure 3-4d) was properly categorized as 

proarrhythmic. Verapamil (Figure 3-12c) was classified as unsafe, however if the MAD of 

APD50/30 are only considered, there is little change seen from baseline. Similar to DCoV, 3 

medium-risk compounds (pimozide (Figure 3-6c) chlorpromazine (Figure 3-7c), and 

clarithromycin (Figure 3-8c)) all showed minimal change from baseline. Cisapride (Figure 3-9d) 

and azimilide (Figure 3-11c) were the only compounds to show a noticeable dose-dependent 

increase in the MAD of spontaneous APDs.  

The highest combined sensitivity and specificity for the spontaneous metrics of dispersion 

was the MAD of CTDs (Figure A I -24), with a sensitivity of 88.9% and specificity of 33.3%.  

Dose-dependent increases in MAD of CTD were seen for dofetilide, cisapride, bepridil (Figure 

3-10c), and azimilide. Verapamil has an increase in MAD for CTD90 for the two middle doses, but 

the remaining doses have little change from baseline. As with the other spontaneous metrics of 

dispersion, metoprolol (Figure 3-3c) shows a strong increase in dispersion at 31.65 mM. Ibutilide 

was also correctly identified as proarrhythmic.  

MAD of APD for paced samples (Figure A I -25) had a sensitivity of 88.9% and a 

specificity of 66.7%, the best out of all the dispersion metrics. It was the only dispersion metric to 

correctly identify metoprolol as safe. Although verapamil had a high increase in MAD at APD90 

at the highest dose, the large error bars combined with the other measured MADs resulted in a safe 

classification. Astemizole (Figure 3-13c) was the only proarrhythmic drug that showed little 
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change from baseline. Dose dependent increases in MAD of paced APDs were seen with 

clarithromycin, cisapride, bepridil, and azimilide. Ibutilide was also correctly identified as 

proarrhythmic. 

MAD of paced CTDs had moderate sensitivity (66.7%) and no specificity (0%) (Figure A 

I -26).  Dofetilide was not shown to be proarrhythmic using this metric, while diltiazem (Figure 

3-5c) and verapamil were incorrectly identified as proarrhythmic, with verapamil having the 

highest increase in MAD of paced CTD at the highest dose over all other compounds and doses. 

Ibutilide was also correctly identified as proarrhythmic. Dose-dependent increase in MAD of paced 

CTD was seen for cisapride and azimilide, however there was a decrease at the highest dose for 

MAD30.  

Summary of Endpoints 

A summary of the combined endpoints can be seen in Table 3-5, while drugs are ranked 

in order of Redfern risk, while color-coded based on CiPA risk, as in Table 3-1. Mean value 

deviations (at the highest applicable dose) are used, even if no significant difference is seen (*). 

Overall, the strongest predictors of risk are seen in paced Vm parameters, particularly with 

DTriangulation. This is reflected in Table 3-6. Binarized outcomes of all endpoints are seen in 

Table A 2 and Table A 3. It should be noted that no compound was consistently misidentified 

across the three main TRIaD parameters (AP/CTD, triangulation, MAD), suggesting that a multi-

dimensional classifier, such as derived based on principal component analysis, can provide a highly 

reliable drug risk prediction.  

In addition to the binarized measures, summarized in these tables, we aimed to provide 

non-binary quantification of risk, i.e. to attempt to rank the drugs by level of risk. To do this, the 

drug doses had to be taken into account. For example, the percent change of an endpoint from 

control, scaled by the xETPC was used to quantify risk (Equation 3.5), for both DAPD90 (Figure 

3-14) and DTriangulation of the AP (Figure 3-15). For both endpoints, pacing improves risk 
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prediction, allowing ibutilide to be correctly identified as high-risk and demonstrating good 

agreement with both Redfern (numbers) and CiPA (colors) rankings. Of the two endpoints, 

DTriangulation of paced samples is the strongest metric, suggesting that triangulation, rather than 

AP prolongation alone, is a better predictor of risk. Although bepridil is not shown as high-risk (its 

CiPA classification) using this metric, it does only have a risk category of 3 based on the Redfern 

scale. 

Table 3-5: Summary of select endpoints 
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Table 3-6: Summary of specificities and sensitivities for measured endpoints 
 Pacing 

(Hz) 

Sens 

(%)  

Spec. 

(%)  False Positive False Negative 

DAPD 
0 87.5 67.5 Verapamil Ibutilide 

0.5 88.9 100  Bepridil  

DCTD 
0 87.5 33.3 Verapamil; Diltiazem Ibutilide 

0.5 75 100  Ibutilide; Bepridil  

BCL 

Vm 
0 55.6 66.7 Verapamil Ibutilide; Dofetilide; Pimozide; Clarithromycin 

BCL 

[Ca2+] i 
0 55.6 33.3 Diltiazem; Verapamil Ibutilide; Dofetilide; Pimozide; Clarithromycin 

Ab. Vm 

0 75 0 
Metoprolol; Diltiazem; 

Verapamil 
Bepridil; Astemizole 

0.5 0 0 Diltiazem; Verapamil 

Pimozide; Chlorpromazine; Clarithromycin; 

Cisapride; 
Bepridil; Azimilide; Astemizole 

Ab. [Ca2+] i 

0 88.9 0 
Metoprolol; Diltiazem; 

Verapamil 
Astemizole 

0.5 0 0 Diltiazem; Verapamil 
Pimozide; Chlorpromazine; Clarithromycin; 
Cisapride; Bepridil; Azimilide; Astemizole 

DF/F% V m 

 

0 77.8 66.7 Metoprolol Ibutilide 

0.5 77.8 66.7 Metoprolol Ibutilide 

DF/F% 

[Ca2+] i 

 

0 77.8 33.3 Diltiazem; Verapamil Ibutilide; Clarithromycin 

0.5 77.8 66.7 Diltiazem Ibutilide; Clarithromycin 

Peak Vm 
0 66.7 0 

Metoprolol; Diltiazem; 
Verapamil 

Chlorpromazine; Clarithromycin; Azimilide 

0.5 66.7 25 Metoprolol; Diltiazem Chlorpromazine; Azimilide 

Peak 

[Ca2+] i 

 

0 44.4 33.3 Diltiazem; Verapamil 
Ibutilide; Chlorpromazine; Clarithromycin; Bepridil; 

Azimilide 

0.5 44.4 33.3 Diltiazem; Verapamil 
Ibutilide; Chlorpromazine; Clarithromycin; Bepridil; 

Azimilide 

Base Vm 
0 88.9 66.7 Verapamil Bepridil 

0.5 77.8 66.7 Verapamil Cisapride; Bepridil 

Base 

[Ca2+] i 

 

0 88.3 33.3 Metoprolol; Verapamil Dofetilide; Pimozide; Cisapride; Astemizole 

0.5 88.3 33.3 Metoprolol; Verapamil Dofetilide; Pimozide; Cisapride; Astemizole 

Triang. Vm 
0 66.7 66.7 Verapamil Ibutilide; Chlorpromazine; Clarithromycin 

0.5 88.9 100  Clarithromycin 

Triang. 

[Ca2+] i 

 

0 62.8 33.3 Diltiazem; Verapamil Chlorpromazine; Clarithromycin 

0.5 55.5 100  
Dofetilide; Chlorpromazine; Clarithromycin; 

Astemizole 

CoV Vm 
0 33.3 0 

Metoprolol; Diltiazem; 

Verapamil 

Pimozide; Chlorpromazine; Clarithromycin; 

Cisapride; Bepridil; Azimilide 

0.5 77.8 33.3 Metoprolol; Verapamil Dofetilide; Pimozide 

CoV 

[Ca2+] i 

 

0 100 0 Metoprolol; Verapamil  

0.5 66.7 33.3 Metoprolol; Verapamil Dofetilide; Pimozide; Azimilide 

MAD V m 
0 66.7 0 

Metoprolol; Diltiazem; 

Verapamil 
Pimozide; Chlorpromazine; Clarithromycin 

0.5 88.9 66.7 Diltiazem Astemizole 

MAD 

[Ca2+] i 

 

0 88.9 33.3 Metoprolol; Verapamil Clarithromycin 

0.5 66.7 0 
Metoprolol;  Diltiazem; 

Verapamil 
Dofetilide; Pimozide; Azimilide 
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Figure 3-14: Ranking of proarrhythmic risk for DAPD90. Proarrhythmic risk of the 12 compounds was 

calculated based on DAPD90 scaled by xETPC, as described in Equation 3.5. The compounds were then 

ranked according to this factor for spontaneous (a) and (b) paced samples. Redfern risk scores are given in 

terms of numbers from 1-5 (1 = high risk; 5 = low risk) while CiPA risk categories (high, medium, low) are 

used to color code the samples (red, yellow, green). All compounds were accurately ranked based on 

spontaneous activity, except for ibutilide, which showed the highest degree of risk when paced.  

terms of numbers from 1-5 (1 = high risk; 5 = low risk) while CiPA risk categories (high, medium, low) are 

used to color code the samples (red, yellow, green). All compounds were accurately ranked based on 

spontaneous activity, except for ibutilide, which showed the highest degree of risk when paced.  
























































































































































































































































