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ABSTRACT 

Beat-to-beat variations in cardiac action potential durations (APD) are a phenomenon 

known as alternans. Alternans has been linked to ventricular fibrillation, and thus 

predicting the onset of alternans can be clinically beneficial. Theoretically, the slope of a 

restitution curve, i.e. the dependence of the APD on preceding diastolic intervals should 

predict the onset of alternans. Nevertheless, many studies have reported varying slope 

values at the onset of alternans leaving this hypothesis unconfirmed. Recently, the 

restitution portrait, which measures several restitution curves simultaneously, predicted 

the onset of alternans in isolated myocytes. However, the behavior of the whole heart is 

temporally and spatially more complex, and it is unclear whether the restitution portrait 

can predict the onset of alternans in the heart.  

 

The aim of this project was twofold. The first aim was to develop a user-friendly software 

to analyze the correlation between alternans formation and the restitution properties of 

optically mapped tissue.  

 

A three tier program, named OptiMAP, was developed in PV-WAVE. The first tier 

allowed for averaging, filtering, and map construction of cardiac action potential 

responses from optical mapping movies. The second tier reviews the results from the first 

and allows for final data refinement and omitting of outliers. Lastly, the third tier 

analyzes the correlation of the initial onset of alternans and the restitution properties of 

the tissue in question. 
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The second aim was to use OptiMAP to investigate the spatiotemporal formation of 

alternans in isolated rabbit hearts and to determine whether the restitution portrait slopes 

could predict the initial, spatially local onset of alternans. 

 

Optical mapping was used in juncture with a voltage-sensitive dye to visualize the onset 

of alternans.  All rabbit experiment data were analyzed using OptiMAP to investigate the 

evolution of restitution slope values over different pacing frequencies until the onset of 

alternans. Slope values were averaged separately between two spatial regions of the heart 

that did or did not exhibit alternans.  It was demonstrated that the restitution portrait 

slope,     
     accurately predicted the local onset of alternans in the heart, although its 

value was significantly different from the theoretically predicted value of one. 
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1. INTRODUCTION 

 

The contraction of heart muscle is a phenomenon that is produced by a well timed 

summation of single cell (myocyte) contractions.  The contraction of each myoctye is 

triggered by a depolarization of its plasma membrane potential, caused from some 

external stimuli. This depolarization changes the properties of transmembrane ion 

channels, which in turn cause a complex exchange of ions in and out of the myocyte, and 

thus a change in membrane potential. Chronologically, the potential changes include a 

depolarization phase, a plateau phase and lastly a repolarization phase (Fig. 1: phases 1, 2 

and 3 respectively).  

 

This sequence of potential changes in membrane potential is known as an action potential 

(AP).  The action potential of one myocyte, will travel to surrounding myocytes through 

gap junctions, and act as the external stimulus required to depolarizing the surrounding 

myocytes. Consequently, the surrounding myocytes exhibit their own AP and the above 

process is repeated. This is the method by which electrical signals propagate throughout 

the heart muscle and cause whole heart contractions. 
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Figure 1: The voltage trace of a ventricular myoctye action potential showing the (1) depolarization 

phase, (2) plateau phase, and (3) repolarization phase. 

 

In normal cardiac activity, the contractions of individual myocytes must be synchronous.  

The length of time it takes a myocyte to complete the AP’s depolarization and 

repolarization cycle, known as the action potential duration (APD), can affect this 

synchrony. One example of desynchrony is beat-to-beat variations in consecutive APDs 

known as electrical alternans (Fig. 2). Alternans desynchronizes depolarization, increases 

dispersion of refractoriness, and creates a substrate for ventricular fibrillation (1-5).   
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Figure 2: The time sequence of action potentials in (A) a normal state and (B) an alternans state.  The 

action potential durations (APD) and diastolic intervals (DI) are equal in the normal state, while 

during alternans there exhibits a long-short APD-DI pattern. Figure adapted from: Weiss J. N., A. 

Karma, Y. Shiferaw, P. Chen, A. Garfinkel, Z. Qu. 2006. From pulsus to pulseless: the saga of 

cardiac alternans. Circ Res. 98:1244–1253. 

 

In addition, it has been shown that electrical alternans in myocytes is the primary cause of 

T-wave alternans in the heart (1). Moreover, T-wave alternans is recognized as a 

precursor of ventricular arrhythmias (6) since it was subsequently observed in a wide 

variety of clinical and experimental conditions associated with such arrhythmias (1,7-11).  

These observed links between alternans and ventricular arrhythmias attests that predicting 

the onset of alternans can be a valuable tool, indicating possible arrhythmias to come.   

 

It has been suggested that the onset of alternans can be predicted by the electrical 

restitution of cardiac tissue (12-15). Electrical restitution is the non-linear relationship 

between the APD and the preceding latent time between consecutive APs, known as the 
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diastolic interval (DI). Traditionally, electrical restitution has been studied by providing 

external stimuli to tissue at various intervals, known as the basic cycle length (BCL), and 

measuring the subsequent AP responses.   

 

Various pacing protocols have been implemented to investigate electrical restitution. The 

dynamic and S1-S2 pacing protocols are of the most commonly used (14,17,19). The 

dynamic pacing protocol explores the steady state restitution of cardiac tissue. Here, the 

tissue is paced at different BCLs; at each BCL, the tissue is allowed to achieve steady 

state and the resulting AP responses are recorded.  The S1-S2 pacing protocol involves 

recording the AP responses from consecutively shorter or longer ‘S2’ stimuli intervals 

while the BCL remains fixed and equal to ‘S1’. Consequently, the response measured 

from each of these pacing protocols describes different aspects of cardiac restitution: 

steady state responses and responses to immediate perturbations.   

 

Regardless of the pacing protocol the         APD,     , and its preceding DI,     

can be plotted to visualize what is known as a restitution curve.  

 

             ,                (1.1) 

where, 

       .                (1.2) 
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Here,    is a restitution curve and   is the BCL.  It should be noted that only one dynamic 

restitution curve exists because there is only one steady state response for any one BCL. 

In contrast there are an infinite number of S1-S2 restitution curves, being that there are 

many different S2 stimulus intervals for any one S1stimulus interval. Figure 3 shows 

examples of both dynamic and S1-S2 restitution curves. 

 

 

Figure 3: Example action potential durations plotted against their diastolic intervals. This figure 

shows two common types of restitution curves: dynamic and S1-S2; each curve’s data gathered from 

difference pacing protocols. Figure adapted from: V. Elharrar, and B. Surawicz, Cycle length effect 

on restitution of action potential duration in dog cardiac fibers, Am. J. Physiol. 244, H782 (1983). 

 

 

Depending on the pacing protocol used, the restitution curves will have different shapes 

and thus exhibits different slopes. It has been proposed theoretically, that when Eq. (1.1) 
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is valid, i.e. the APD is solely dependent on the preceding DI, the slope of the restitution 

curve equaling one,       , predicts the onset of alternans (15).  This restitution slope 

hypothesis hails from bifurcation theory. Combining Eq. (1.1) and Eq. (1.2) shows a one 

dimensional iterative map where the current APD,     , is a function of the previous 

APD,   , and the BCL.  

 

               ,                (1.3) 

 

According to bifurcation theory Eq. (1.3) can exhibit two fixed points if the restitution 

curve’s slope equals 1. These two fixed points are the two different APD values that are 

observed in the case of alternans. After the onset of alternans, with increasing BCL, it is 

thought that these fixed points will further themselves from one another, increasing the 

magnitude of alternans.  

 

However, the actual dynamics of periodically paced cardiac tissue reveal a higher degree 

of complexity, since the APD depends not only on the preceding DI, but by the entire 

pacing history as well (16,22). This phenomenon is known as short-term memory and 

depends on the pacing protocol used to obtain the corresponding restitution curve.  

 

So far, predictions of alternans in isolated cells (17), small tissues (18), Purkinje fibers 

(19), and in the whole heart (20) using these individual restitution curves lead to mixed 

results.  For instance, in several experiments, alternans was shown for      and no 
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alternans was observed for      (13-14,21). Hence, it is widely accepted that individual 

restitution curves fail to predict the onset of alternans correctly.   

To more accurately predict the onset of alternans, specifically in periodically paced 

myocytes, a downsweep pacing protocol was developed theoretically (22) that 

incorporated both steady state and local S1-S2 protocols, exercised simultaneously at 

different BCLs (Fig. 5). Implemented experimentally in small bullfrog cardiac tissue 

(23), isolated guinea pig and rabbit myocytes (24), the resulting collection of steady state 

and S1-S2 restitution curves is known as a restitution portrait. 

 

The restitution portrait explores different pacing histories and simultaneously captures 

different aspects of complex cardiac dynamics. Recently, it was experimentally 

confirmed that one of the slopes measured in the restitution portrait can accurately predict 

the onset of alternans in isolated rabbit and guinea pig myocytes (24). However, the 

dynamics of periodically paced whole hearts is more complex, both temporally and 

spatially; and it is unclear whether the restitution portrait can still predict the onset of 

alternans.  

 

The main purpose of this thesis was twofold. First, to develop software for the 

investigation of spatiotemporal alternans formation and concurrent changes in electrical 

restitution properties (Chapter 3). The software was required to support optical mapping 

experiments of spatially extend systems (i.e. whole heart) and be a medium to analyze 

these experiments quickly.  This was accomplished and reduced a multiple day analysis 
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process to one hour. In addition, the software had to be able to analyze experiments 

created with different pacing protocol.  The dynamic, S1-S2, or the restitution portrait can 

all be analyzed with the software created.  

 

The second aim was to determine whether restitution properties could accurately predict 

the initial onset of alternans in the whole heart (Chapter 4). Alternans was induced by 

implementing different pacing protocols in isolated rabbit hearts and identified the local 

origin of alternans         , both spatially and temporally. Optical mapping (see section 

2.1) was used to record the AP responses from these different applied pacing protocols. 

The slopes of the dynamic restitution curve and the restitution portrait were calculated 

separately for two different regions of the heart: the area that exhibited alternans at        

(       ) and the area that did not (   ). Over all experiments, we demonstrated that 

slopes measured from the restitution portrait were significantly different between the 

       and     regions at BCLs just prior to the onset of alternans. Despite that all slopes 

measured were significantly different than the theoretically predicted value of one, the 

regional differences in restitution portrait slopes can serve as criteria to accurately predict 

the onset of alternans in the heart. 

  



 

 9 

2. MATERIALS & METHODS 

 

2.1 OPTICAL MAPPING OF WHOLE HEARTS 

 

All animal experiments were approved by the University of Minnesota Animal Care and 

Use Committee and performed according to National Institute of Health and University 

of Minnesota guidelines. New Zealand White Rabbits of either sex (n=5, 2.5-3 kg) were 

injected with heparin sulfate (300 U) and anesthetized with sodium pentobarbital (75 

mg/kg IV).  After thoracotomy, the hearts were quickly removed and immersed in cold 

cardiopelgic solution (mM: glucose 280, KCl 13.44, NaHCO3 12.6, mannitol 34). The 

aorta was quickly cannulated and retrogradely perfused with warm (36 ± 1 °C) 

oxygenated Tyrode’s solution (mM: NaCl 130, CaCl2 1.8, KCl 4, MgCl2 1.0, NaH2PO4 

1.2, NaHCO3 24, glucose 5.5; pH 7.4) under constant pressure (70 mm Hg). The hearts 

were immersed in a chamber and superfused with the same Tyrode’s solution.  

Blebbistatin (10 µmol/L) was added to the Tyrode’s solution to reduce motion artifacts. 

 

A bolus of 5 mL of the voltage sensitive dye Di-4-ANEPPS (10 µmol/L) was injected.  

This dye was excited with the use of a diode-pumped continuous-excitation green laser 

(532 nm, 1W, Shanghai Dream Laser Technology Co, China). Two charge-coupled 

device cameras (CA-D1-0128T, DALSA, Waterloo, Ontario, Canada) were used to 

record the epicardial surfaces of both the left and right ventricles (> 80% of total surface) 

simultaneously. Movies were acquired at 600 frames per second with a spatial resolution 
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of 64X64 pixels. The background fluoresce was subtracted from each frame. In addition, 

spatial (3X3 pixels) and temporal (5 pixels) conical convolution filters were used. 

 

The stimulus threshold for each heart was found by slowly incrementing the stimulus 

magnitude until an action potential was triggered. 

 

2.2 PACING PROTOCOLS 

 

2.2.1 DYNAMIC PROTOCOL  

 

External stimuli (5 ms durations, twice the threshold) were applied to the base of the 

heart. Steady state BCLs,     , were progressively reduced from        to        in 

      decrements. The action potential response was recorded after 100 stimuli were 

applied at     in order to achieve a steady state.   

 

2.2.2 DOWNSWEEP PROTOCOL 

 

External stimuli (5 ms durations, twice the threshold) were applied to the base of the 

heart using the downsweep pacing protocol in which steady state BCLs,    , were 

progressively reduced from        to        in       decrements. The following 

steps were applied at each BCL (Fig. 4): 
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I. 100 stimuli were applied at     to achieve a steady state. 

II. 20 additional stimuli were delivered at     to measure the steady state response. 

III. One additional stimulus (long perturbation, LP) was applied at a longer BCL: 

 

            .                (2.1) 

 

IV. 20 stimuli were applied at B
SS

 to return to steady state after the long perturbation. 

V. One additional stimulus (short perturbation, SP) was applied at a shorter BCL: 

 

            .                (2.2) 

 

VI. 20 stimuli were applied at     to return to steady state after the short perturbation.  

 

 

Figure 4: The time progression of one BCL during the downsweep pacing protocol. This figure shows 

the restitution data measured at steps II(SS) , III (LP), and V (SP). 

 

 

 

 

2.3 RESTITUTION CURVE CONSTRUCTION & SLOPE MEASUREMENTS 
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The duration of the optical action potentials      were measured at 80% repolarization at 

each camera pixel. Further, each    was calculated according to the formula: 

 

  
    

    
  ,                (2.3) 

 

where p denotes the steady state (SS), long perturbation (LP), or short perturbation (SP) 

responses. 

 

Two-dimensional (2D) APD and DI maps were created from           pairs for 

epicardial surfaces of the heart at each BCL for SS, LP, and SP responses. These 2D 

maps were used to construct the dynamic restitution curves and restitution portraits at 

each pixel. The restitution portrait at each pixel is a combination of the following 

restitution curves: a single steady state restitution curve that consists of responses 

recorded at step II for different values of    , and several local S1-S2 restitution curves 

that consist of LP and SP responses recorded during steps III and V, respectively.  

Conversely, the dynamic restitution curves consisted solely of responses recorded from 

the dynamic protocol for different values of    . 

 

At each pixel, the steady state (from either pacing protocol) and local S1-S2 restitution 

curves were fitted with a second degree polynomial functions using custom made 
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software written in PV-WAVE (Visual Numeric, Boulder, CO).  At each      we 

calculated 4 slopes, each shown graphically in Figure 5 and listed below.  

 

 

Figure 5: This graphic shows the location on example restitution curves/portraits where slopes are 

measured.       is measured at each DI point along the dynamic restitution curve. The remaining 

three slopes are measured from the restitution portrait:     
   is measured from the steady state 

response,     is measured from the local S1-S2 response at the intersection of steady state, and    
    

is measured at the short perturbation point of the S1-S2 curves. 

 

 

1.       the slope of the steady state restitution curve from the dynamic protocol.  

2.     
    the slope of the steady state restitution curve from the restitution portrait 

protocol.  

3.      the slope of the S1-S2 restitution curve at the intersection with the restitution 

portrait’s steady state. 

4.    
     the slope of the S1-S2 restitution curve at the point of the short perturbation 
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2.4 DATA ANALYSIS 

 

Alternans was calculated at each pixel as a difference in APDs between odd and even 

beats, as described previously (25)         –            .  All APD variations 

smaller than the temporal threshold of alternans (5 ms) were defined as 1:1 responses.  

2D       maps were constructed to reveal the spatial distribution and amplitude of 

alternans for the epicardial surfaces of the heart.  

 

The local spatial onset of alternans,       , was defined as the BCL at which at least 10% 

of the ventricle surfaces exhibited alternans. In each experiment, only the ventricle 

surface where the onset of alternans appeared first (2 right ventricles and 3 left 

ventricles), was considered for further analysis.  

 

Two spatial regions of the heart’s ventricular surface were defined at       : the ‘      ’ 

region, where alternans existed and the ‘   ’ region where alternans did not exist. These 

two regions were virtually projected to all the previous BCLs. At each BCL, the mean 

values and standard errors for all parameters were calculated and averaged separately for 

these two regions. 

 

In order to account for the fact that the onset of alternans takes place at different BCLs 

for different rabbits, a normalized BCL,     was introduced as the following: 

 



 

 15 

                             (2.4) 

 

 Thus, the onset of alternans always occurred at           .  

 

Group data was presented as the mean ± SE. Statistical comparisons, using Origin 

software (Northampton, MA), between the two regions in the heart were performed with 

a two sample t-test. Values of P<0.05 were considered statistically significant. 
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3. SOFTWARE DEVELOPMENT OF OPTIMAP 

 

 

The OptiMAP software is intended to make the analysis and presentation of paced 

cardiac optical mapping experiments more user-friendly, less time consuming, and 

computationally consistent. Specifically, the functions of OptiMAP are concentrated on 

AP detection, electrical restitution and alternans formation.  There are three main tiers of 

this software: 

1. Data Input and Filtering: the objective of Tier 1 is to read in raw fluorescence 

data, remove outliers or very noisy traces, average signals temporally, and 

spatiotemporally filter the signals to reduce noise. Both steady state and 

perturbation APD maps are the end results of this tier. 

2. APD Map Overview: the objective of Tier 2 is to inspect and approve all APD 

maps created from Tier 1. Tier 2 contains many tools to investigate each APD 

map to make an educated decision on whether or not to omit it. In addition, Tier 2 

allows for the saving of APD map images and SCROLL (previously used 

software) compatible .var files. 

3. Restitution – Alternans Analysis: the objective of Tier 3 is to explore the 

restitution properties of the experiment in question and its correlation to the 

presence of alternans.  

The following paper was published with data analyzed using an early version of OptiMAP: 

Arvydas Matiukas, Arkady M. Pertsov, P. Kothari, A. Cram and Elena G. Tolkacheva, “Optical Mapping of Electrical Heterogeneities in the 

Heart During Global Ischemia”, EMB Conf Proc IEEE Eng Med Biol Soc. 2009;2009:6321-4. 
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OptiMAP is written in PV-WAVE v.6.21 (Visual Numerics) and is compatible with the 

Windows XP (Microsoft) operating system.  OptiMAP supports ‘.var’ files, which 

contain spatiotemporal fluorescence information captured from two cameras of optical 

mapping experiments specific to Dr. Talkachova’s Laboratory. 

 

Each .var file contains data from specific to one BCL, thus it takes a collection of .var 

files to comprise one pacing protocol experiment. Every .var file contains a header which 

holds specific information about that file. This information includes the resolution of the 

cameras used, and hence, the pixel dimensions            , the size of the temporal 

dimension (frames), and the movie frame rate,    (frames/sec). Throughout this chapter I 

will refer to the .var files as a three dimensional array,           , that contains the 

fluctuating fluorescence signal at specific spatial locations,      , of the mapped tissue, 

over time,  . (Fig 6).  

 

 

Figure 6: The time progression of the recorded fluorescence signal, v[x,y,t], at one camera pixel.  

 

 

 



 

 18 

3.1 TIER 1 – DATA INPUT AND REFINEMENT 

 

The objective of Tier 1 is to read in raw fluorescence data, remove outliers or very noisy 

traces, average signals temporally, and spatiotemporally filter the signals to reduce noise. 

Both steady state and perturbation APD maps are the end results of this tier. 

 

3.1.1 INPUTTING RAW DATA 

 

To launch the application, double click the OptiMAP shortcut icon.  This will first launch 

the PV-Wave console window which in turn open and run OptiMAP (Fig. 7).  
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Figure 7: The initial screen of OptiMAP showing the file list, initial parameters and the four plotting 

windows. 

 

 

 

There are two ways to input optical mapping data into OptiMAP. The first is by clicking 

‘Add Experiment’. In doing so, a browse window will pop up to search for your specific 

experiment files (Fig.8). Selecting one experimental file, the program will gather all files 

with the same experiment name in that containing directory. For example, selecting a file 

named ‘rp01_00.var’ will gather all files that contain ‘rp01’ in the file name. This 
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procedure is based on the experiment naming scheme specific to Dr. Talkachova’s 

Laboratory: 

 

                             

 

The second way to input data into OptiMAP is by clicking ‘Add Single File to List’. This 

will also pop up a browse window but will only add the specific file selected without 

related files.  All files selected will show in the left column as a list. Selecting any item(s) 

in this list and clicking ‘Delete Selected Files’ will remove the selected files from the list. 
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Figure 8: The browse window showed after clicking either ‘Add Experiment’ or ‘Add Single File to 

List’. 

 

3.1.2 INITIALIZING PROTOCOL AND MEASUREMENT PARAMETERS 

 

There are a number of parameters that must be initialized to instruct OptiMAP of the 

pacing protocol that was used and how to measure the APs. All initialization parameters 

are found below the list of experimental files. The following are descriptions of each 

parameter: 
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First Steady State Stimuli (      ): The stimuli number at which the first steady 

state stimulus was given. (Default value: 1) 

Last Steady State Stimuli (     ): The stimuli number at which the last steady 

state stimulus was given. (Default value: 10) 

Large Perturbation (   ): The stimuli number at which a large perturbation from 

the steady state pacing was given. (Default value: 11) 

Small Perturbation (   ): The stimuli number at which a small perturbation from 

the steady state pacing was given. (Default value: 16) 

APD Accommodation Start: The stimuli number at which the steady state pacing 

period was changed to the next pacing period. NOTE: To date, this parameter has 

not been integrated into OptiMAP. (Default value: 21) 

APD % Repol. (    ):  The percentage of repolarization used to calculate the 

APD. (Default value: 80%) 

Mask % (     ): The percentage of the maximum fluorescence value in any one 

file that will be used as a threshold to deem certain fluorescence data too low for 

consideration. (Default value: 10%) 

 

The default parameter values reflect the specific downsweep pacing protocol commonly 

used in Dr.  Talkachova’s Laboratory. These values may be changed to match a specific 

pacing protocol. To skip the perturbation step, as in a dynamic protocol, change    and 

    to zero. 
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NOTE: The remaining functional descriptions of Tier 1 are explained for one 

experimental file but are repeated as many times as there are files. Further, all actions 

described herein are at a single pixel level but repeated for every pixel of each .var file. 

Thus, we will describe the fluorescence signal without the spatial components: 

 

                     (3.1) 

 

3.1.3 STEADY STATE ACTION POTENTIAL SELECTION & AVERAGING 

 

The next step is to detect all the steady state APs and average them in time to obtain two 

overall consecutive ‘odd and even’ APs. Clicking ‘Start’ will begin the steady state AP 

detection. First, the BCL is determined from the frame rate,  , (read from the .var file 

header) and the number of frames between steady state stimuli,    .  

 

  
   

 
                (3.2) 

 

Second, consecutive pairs of the steady state APs are overlaid on top of each other. 

Fluorescence data at four different pixels (2 from each camera) on the mapped tissue are 

displayed on four separate, time versus fluorescence plots (initially shown blank in 

Figure 8). The time axis is of length     in order to completely display the AP pairs. If 

for some reason both APs do not show within     the ‘Extend Window’ slider may be 
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shifted to extend the time axis range. All further described actions happen concurrently in 

each plot. 

 

All pairs of APs are plotted in the color white except one pair that is ‘in view’ which is 

plotted in red (Fig. 9). The ‘in view’ AP pair must be either accepted or rejected to be 

used in the averaging. One by one, each pair becomes ‘in view’ and the user must click 

‘Accept’ or ‘Delete’ the AP pair to keep or remove it. The criteria to accept an AP is 

based solely on the user. Typically, one should reject AP pairs that look completely 

different than the rest. Note that you will be averaging these pairs in time and calculating 

the APD, thus AP length not signal amplitude should be primarily examined. 

 

At anytime in this process the user may click ‘Finish’ to accept all the remaining AP pairs 

or click ‘Restart BCL’ to start the entire selection process over again.  
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Figure 9: The steady state action potential pairs overlapping each other. All action potential traces 

are plotted in white except the pair in view which is in red. 

 

A record of the accepted and reject AP pairs are kept in an array A of length N, where N 

is the number of AP pairs. 

 

      
             
             

                                    (3.3) 

 

After a decision has been made to keep or reject each AP pair, the accepted pairs are 

averaged together in time.  Note that the averaged signal is now denoted by a capital 

letter  . 
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                           (3.4) 

 

3.1.4 SPATIAL AND TEMPORAL CONVOLUTION FILTERING 

 

After the AP pairs are averaged together, OptiMAP automatically filters the averaged 

fluorescence signal,    spatially and temporally between adjacent pixels. As a default, it 

does this with a 5 pixel spatial convolution and 9 pixel time convolution.  

 

                                      (3.5) 

 

The filtered signals at the same four pixels are displayed in the 4 plots first mentioned in 

the previous section (Fig. 10).  
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Figure 10: The averaged and filtered steady state action potentials. The blue line can be moved with 

the ‘AP split’ slider to correctly denote the separate action potentials. 

 

The user has the option to change the convolution parameters and re-filter the signal by 

clicking, ‘Re-Filter’ or once again has the option to click ‘Restart BCL’ to return to the 

top of the steady state AP selection processes. 

 

3.1.5 ACTION POTENTIAL PAIR SPLITTING 

 

Next, the user must instruct OptiMAP where to split the two filtered APs. Using the ‘AP 

Split’ slider bar, the user can position a vertical blue bar (seen in Fig. 10) to designate the 
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split.  The blue line will not always split each pair in the four windows the same; this is 

usually due to propagation effects throughout the paced tissue. With this in mind, the user 

should resist crossing into the second action potentials upstroke as it will shorten the 

second APD value. Once the vertical blue bar is positioned to the user’s satisfaction, the 

user should hit ‘Finish’. 

 

3.1.6 MEASURING ACTION POTENTIAL DURATIONS 

 

After hitting the ‘Finish’ button, OptiMAP calculates the APD of the two fluorescence 

AP signals. To do so, the frame,     where the maximum change in the fluorescence 

signal occurs is found: 

 

              
  

  
                (3.6) 

 

After that, the fame,      where this value times the repolarization percentage occurs is 

found: 

 

                   
  

  
               (3.7) 

 

Lastly, the APD is calculated by taking the difference of these frame numbers divided by 

the frame rate. 

 



 

 29 

    
       

 
               (3.8) 

 

3.1.7 ACTION POTENTIAL DURATION MAP CREATION & MASKING 

 

A new two dimensional array,    , is created of the same size as the spatial dimensions 

of the optical movies. Each pixel,         , of this new array is assigned an APD value 

calculated by repeating steps 3.1.3-3.1.6 with the corresponding fluorescence data, 

            .  

 

The newly created APD map is then masked by setting all pixels with values lower than a 

certain threshold,          to zero. Masking will reduce any motion artifacts or noise 

picked up in the optical mapping process. 

 

                                        (3.9) 

 

 

3.1.8 PERTURBATION ACTION POTENTIAL DURATIONS 

 

Perturbation data is analyzed after all steady state data has completed steps 3.1.3-3.1.7.  

OptiMAP only considers single perturbations and thus does not expect to average 

multiple perturbations. The following procedure description is the same for both the large 
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and small perturbations with the exception that the perturbation data begins at frames 

corresponding to the stimuli,    and     , respectively. 

The perturbation APs will be displayed in the four windows similar to the steady state 

data. Note again that in the bottom panel, the user can adjust the ‘Extend Window’ slider 

to increase the time axis range. Optimal range would include the full upstroke as well as a 

return to baseline intensity.  Clicking the ‘Finish’ button will bring up the filtered version 

of the perturbation AP and the data may be analyzed in the same manner as in step 3.1.4.  

 

The ‘AP Split’ slider must be used to determine the end of the action potential in the 

same manner the steady state AP pairs were split. The vertical blue line will denote the 

end of the AP and must not exceed the length of the displayed fluorescence data. If you 

need to increase the time axis range, to visualize the entire AP, click ‘Restart BCL ‘and 

manipulate the ‘Extend Window’ slider accordingly. 

 

After step 1.8 is complete for all experimental files in the file list, OptiMAP moves on to 

Tier 2. 

 

3.2 TIER 2 – ACTION POTENTIAL DURATION MAP OVERVIEW 

 

The objective of Tier 2 is to inspect and approve all APD Maps created from Tier 1. Tier 

2 contains many tools to investigate each APD map to make an educated decision on 
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whether or not to omit it. In addition, Tier 2 allows for the saving of APD map images 

and SCROLL compatible .var files. 

 

3.2.1 DISPLAYING MAPS 

 

Clicking ‘Start’ will load all the APD values calculated in Tier 1 into 2D spatial maps, 

one for each BCL (Fig. 11).  In order from top to bottom, the ‘odd’ steady state, the 

‘even’ steady state, alternans (subtraction of odd and even steady state), large 

perturbation and small perturbation maps are displayed.  Each set of maps shows both the 

two camera views stack on top of each other. From left to right the maps are ordered in 

decreasing BCL. 
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Figure 11: The first screen displayed in Tier 2. From top to bottom both the first AP, second AP, the 

alternans map, the long perturbation and the short perturbation maps for each ventricle are shown. 

Along with each map is its respective color bar. 

 

 

3.2.2 COLOR BAR EXPLANATION & MANIPULATION 

 

3.2.2A ACTION POTENTIAL DURATION MAPS 

 

Each pixel’s color corresponds to an APD value denoted by each color bar. By default, 

each row of map’s are scaled by their specific maximum and minimum, non-zero, values. 

Using the color bar sliders, you may change the ‘Max Color’ and ‘Min Color’ values at 
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which the color bar range is set. Doing so will allow one to investigate smaller APD 

heterogeneities at specific BCLs. 

 

A black color will always denote two things on the map: the area of the APD map that 

has been masked and the smallest APD present. It is important to note these two values 

will not be the same unless ‘Min Color’ is set to zero. The color ‘white’ is used to denote 

values that are larger than what the ‘Max Color’ slider is set to. 

 

3.2.2B ALTERNANS MAPS 

 

The red color denotes positive      and the blue denotes a negative     . Areas 

where alternans is absent is denoted with a white color and all masked areas of the map 

are black. This alternans threshold value can be altered by changing the present value in 

the alternans text box and clicking ‘Update Alternans’. By default the threshold value is 5 

ms. 

 

3.2.3 BORDER SUBTRACTION 

 

The tissue border seen on the APD maps can be subtracted to further reduce noisy edge 

effects. Entering a pixel value,  , and clicking ‘Update Border’ will in turn set all APD 

values a distance   into tissue, starting from the border, to zero. 
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3.2.4 OMITTING BCLS 

 

Clicking on any BCL number at the top of the window will hide all maps associated with 

that BCL. Keeping any BCL hidden will omit it from any further considerations. If you 

want to omit one map, you are forced to omit all related maps from that same BCL. The 

color scheme will adjust itself when one omits BCLs to reflect new minimum and 

maximum APD values present. 

 

3.2.5 SAVING APD IMAGES 

 

The user may wish to save the displayed APD maps and associated color bars. JPEG 

images are saved to the specified file path after clicking ‘Save Images’. 

 

3.2.6 SAVING ‘SCROLL’ COMPATIBLE FILES 

 

SCROLL is an optical mapping analysis software that offers analysis techniques other 

than what OptiMAP can do.  Clicking ‘Save Data’ will create .var files compatible with 

SCROLL and save them to the file path specified. 

 

 

Clicking the button labeled ‘STM’ will advance OptiMAP to Tier 3. During the transition 

from Tier 2 to Tier 3; all refined APD maps that are not hidden from step 3.2.4 are 
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combined into a new three dimensional map array,             where the third 

dimension is comprised of increasing integers beginning at zero, each assigned to an 

experimental file or BCL. For example,                              . 

 

                                         (3.10) 

 

A function is also defined that goes from the z index to the actual BCL value, 

 

                     (3.11) 

 

 

3.3 TIER 3 – RESTITUTION-ALTERNANS ANALYSIS 

 

The objective of Tier 3 is to explore the restitution properties of each experiment in 

question and its correlation to the presence of alternans.  

 

Clicking ‘Start’ will load             and the related alternans map (Fig. 12). The 

initial parameters at this tier are described below. 
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Figure 12: The first screen displayed in Tier 3. This includes the BCL list, Working APD map, 

alternans map and pixel restitution plotting window. 

 

3.3.1 INITIALIZATION 

 

3.3.1A WORKING ARRAY 

 

The user is given the option to use the ‘odd’ APD map (APD1), ‘even’ APD map 

(APD2), or the average of the two as the main working APD map used in further 

calculations. By default, APD 1 is selected. 

 

3.3.1B SPATIAL ONSET OF ALTERNANS  
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The spatial onset of the alternans is chosen by the user. This is done by visually deciding 

where 10% or more of the heart initially exhibits alternans. Clicking on a BCL number at 

the top of the window will associate that BCL to the initial presence of alternans on the 

alternans map. The word ‘ONSET’ will appear above the BCL number. This value is 

easily changed by clicking on a different BCL number. The z index referring to the onset 

is       , and thus: 

 

                                      (3.12) 

 

 

3.3.1C CURVE FITTING SELECTION 

 

The steady state restitution curve can be fitted with either a linear, 2
nd

 order polynomial, 

or exponential function. By default, the fitting is done with the 2
nd

 order polynomial, but 

can be changed by clicking the radio button next the either option. 

 

All perturbation data are fitted with a 2
nd

 order polynomial. 

 

3.3.1D SLOPE RESTRICTIONS 
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You may filter the values of restitution slopes use in further calculations by defining a 

range of accepted slope values. By default, both the steady state and perturbation slopes 

ranges are       . 

 

3.3.2 SINGLE PIXEL RESTITUTION PORTRAIT 

 

Clicking any pixel           on either of the APD maps or alternans map will construct 

and display a restitution portrait/curve using APD data taken from every pixel at each 

point, or BCL, of the third dimension, up to       .  

 

                          ]                        (3.13) 

 

 

To construct the restitution portrait, the APD array above is plotted against the DI. From 

Eq. (2): 

 

                                           (3.14) 

 

 

This process is repeated for both steady state and perturbation data. Steady state points 

are plotted in black triangles and the perturbation points in red stars. 

 



 

 39 

Concurrently, each restitution curve is fitted with curves selected from step 3.3.1. The 

steady state curve fit is drawn in green while the perturbation fits are in blue. 

 

3.3.3 SLOPE MEASUREMENTS 

 

OptiMAP can calculate the slope,    of the fitted restitution curves,    at each DI point 

(Fig. 10). The slope measurements are usually associated with the BCL that the DI is 

calculated from. 

 

            

   
 
            

              (3.15) 

 

3.3.4 SLOPE-ALTERNANS CORRELATION 

 

This step is the main function of Tier 3. Clicking the button labeled ‘STM’ will calculate 

the average slope values separately for the two spatial regions,        and      at every 

BCL leading up to the onset of alternans. 

 

OptiMAP initially finds the all x and y values at                 that pertain to 

1. Pixels that exhibit alternans:                    (of size     ) 

2. Pixels that do not exhibit alternans:                 (of size     ) 

 

All masked (zeroed) pixels are ignored. 
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Using these constraints on x and y, the single pixel restitution slopes are calculated, as in 

steps 3.3.2-3.3.3, for BCL values:                    .  Note that because           is 

the first BCL that exhibits alternans and we are only considering BCLs strictly before 

         , all slope calculations are from tissue that is in a 1:1 response state.  The slope 

averages for either spatial region are calculated as follows: 

 

            
 

        
                                              

    
   

    
       (3.16) 

 

Corresponding standard deviations are calculated with the same restraints on x and y. 

 

This process is repeated for all slopes listed in section 2.2.2. 

 

All slope averages and standard deviation for both spatial regions at each BCL value: 

                    are then exported to an excel file. 

 

To conclude, the end result of Tier 3 and OptiMAP is an excel file which summarizes the 

progression of slope averages and standard deviations over all BCLs for one particular 

experiment.  
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4. ALTERNANS ANALYSIS WITH OPTIMAP 

 

 

4.1 THE SPATIOTEMPORAL EVOLUTION OF ALTERNANS 

 

The second aim of this thesis was to determine whether the restitution properties could 

accurately predict the initial onset of alternans in the whole heart.  To approach this aim, 

the evolution of alternans was investigated using OptiMAP.  It was observed that 

alternans first appeared locally at            in one of the ventricles and evolves 

spatially throughout the heart as the BCL decreased. Figure 13 shows a representative 

example of the spatiotemporal evolution of alternans in the left ventricle of the rabbit 

heart at different values of      and normalized BCL,   . The red color denotes 

alternans, while the white color corresponds to     behavior. The magnitude of alternans 

is shown in the color bar. Note that at            the total area exhibiting alternans 

exceed the spatial threshold for alternans (10% of the heart’s surface), defining this BCL 

as        or   . At      , the two regions,        and     were introduced and 

projected onto all prior BCLs. At BCLs larger than   , alternans spread throughout the 

heart.  This data was not included in the analysis since any new onsets of alternans may 

include propagation effects.  

 

The following paper was submitted for publication containing all the results from this section. 

Alexander R. Cram, Hrishikesh M. Rao, and Elena G. Tolkacheva, “Predicting the Local Onset of Alternans in the Heart”, 

Biophysical Journal, Pending Journal Approval-Submitted: September 2010. 
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Figure 13: A representative example of the 2D ΔAPD maps in the rabbit left ventricle at different 

BCLs B
SS

 (top panel). The corresponding normalized BCLs BN are shown in the bottom panel. The 

alternans are shown in red, and 1:1 responses in white. Note that at B
SS

=170 ms the total area 

exhibiting alternans exceed the spatial threshold for alternans (10% of the heart’s surface), and 

therefore this BCL is denoted as Bonset (or B*). At BN=B*, the two regions, 1:1alt and 1:1 are 

introduced and projected (black outlines) into all preceding BCLs. At BCLs smaller than B*, 

alternans spread throughout the heart. 

 

Figure 14 shows the mean percent of total ventricular area of the heart exhibiting 

alternans as function of   , for all experiments. The dashed horizontal line represents the 

spatial threshold for alternans, equal to 10% of the heart’s surface. Note that as    

decreases, the total area occupied by alternans increases, until the entire heart surface 

exhibits alternans.   
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Figure 14: The mean percent of total ventricular area occupied by alternans as function of BN, for all 

rabbit ventricles. The dashed horizontal line represents the spatial threshold for alternans equal to 

10% of the heart’s surface.   

 

4.2 RESTITUTION PROPERTIES OF THE HEART 

 

After defining the spatial regions from       , the restitution properties of each heart was 

examined. The aim was to investigate whether the restitution properties measured for the 

two different regions (        and    ) were different. In order to do this, we constructed 

2D steady state (   ), long (   ) and short (   ) perturbations APD maps and calculated 

the corresponding 2D DI maps according to Eq. (2.3).  
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Representative 2D APD maps for    ,      and     constructed from the downsweep 

protocol are shown in Figure 16 A for large (         ) and small (        ) 

BCLs. Figure 15 contains no data from the dynamic protocols as they do not contain 

perturbation data to compare to steady state. The color bar represents the duration of the 

action potential in milliseconds, and the        and     region’s boundaries are 

superimposed to show qualitatively the change of APD associated with long and short 

perturbations from steady state. Note, that in both regions,     and     did not change 

significantly from     for large BCL,          . However, the situation was 

different for small BCLs.  At          the spatial distribution of     was similar to 

    , where as the spatial distribution of     decreased significantly from    ; both for 

the        and 1:1 regions.  

 

To quantify these changes, the values of (       )
 
and (       ) were calculated at 

each pixel and averaged over all rabbits. Figure 15 B and C show these two quantities, 

calculated separately for the        and     regions, as a function of   . Note that both 

quantities, in either spatial region, increased as    decreased, yet the rate of increase was 

higher for (       ). Specifically, for the        region at          , the mean 

value of (       )
 
was               whereas the mean value of (       )

 
was 

larger at a value of              .  

 

Figure 15 also demonstrates that the changes in perturbation APD from steady state were 

qualitatively similar for both regions, at all    except at         . At         , 
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both the (       )
 
and (       )

 
values in the        regions  surpass the values in 

the 1:1 regions (      ). In particular, the difference between the two regions was 

               for (       ) and                for (       ). Overall, Figure 

16 demonstrates that at small BCL, both short and long perturbations lead to different 

APDs between the        and     regions, but the short perturbation is as a stronger 

indicator of the onset of alternans. 
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Figure 15: (A) Representative examples of 2D APD maps for A
SS

, A
LP

 and A
SP

 at BN=100 ms and 10 

ms. The color bar represents the duration of the action potential in ms. The 1:1 and 1:1alt regions are 

outlined by black curves. (B) The mean difference (over all experiments) between steady state and 

short pertubation (A
SS

-A
SP

), and (C) long perturbation (A
LP

-A
SS

) as a function of BN calculated 

separately for the 1:1alt and 1:1 regions of the hearts. Data shown is regional means ± SE. * denotes 

statistically significant data (p<0.05). 
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In our downsweep pacing protocol, the short and long perturbations were set to be a fixed 

value (     ), and thus the difference in (       ) between the two        and     

regions should resemble itself in different slope values in the restitution portrait. 

Representative examples of the restitution portrait for two specific pixels taken from the 

       and     regions are compared in Fig. 16. The steady state restitution curve is 

represented by a red color and the local S1-S2 restitution curves for different BCLs are 

shown in blue. The gray dotted lines with the slope of   , connect points of Equal BCL. 

Note that there is no noticeable difference in     
   between the two spatial regions, since 

the steady state curves from each region appeared to be parallel at all BCLs. At larger 

BCLs (see for instance          ),     and    
      do not appear to be different 

between these two regions. Nevertheless, as the BCL decreases, the difference between 

    and    
    values in respect to the        and     regions is pronounced. Indeed, at 

         , prior to onset of alternans, the     and    
    slopes were much steeper in 

the        region rather than in the     region. Therefore, Fig. 16 demonstrates that the 

slopes     and    
   , measured in the restitution portrait, can be used to predict the local 

onset of alternans in the heart.  
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Figure 16: Representative examples of the restitution portraits constructed for two pixels taken from 

the 1:1alt (solid circles) and 1:1 (open circles) regions. The steady state restitution curve is represented 

by a red color and the local S1-S2 restitution curves for different BCLs are shown in blue. The gray 

dotted lines with the slope of -1 are the equal BCL lines. Three different slopes are present in the 

restitution portrait for each BCL: Sdyn and S12, measured at the steady state, and S12
max

 measured at 

the point of short perturbation. 

 

The dynamic restitution curves (not shown here) behaved similar to the dynamic curves 

embedded in the restitution portrait of Figure 16.  

 

4.3 PREDICTING THE LOCAL ONSET OF ALTERNANS 

 

To determine quantitatively whether any of the slopes measured in the restitution 

curves/portrait predicts the onset of alternans, we calculated mean values of            
  

, 

     and    
    over all experiments. These slopes were calculated over the entire 
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epicardial surfaces of the hearts, separately for the        and     spatial regions and at 

different values of   . The mean slope values are shown for these two regions in Fig. 17 

as a function of   . As is expected, all slopes increased as the BCL decreased, however 

the rate of increase was different for different slopes and in different regions.  Figure 17 

A and D illustrates that neither of the dynamic slopes,     
   nor       behaved differently 

between the two spatial regions, while the S1-S2 slopes,     and    
     did regionally 

diverge as the BCL decreased. Specifically, at large BCLs,     and    
    were regionally 

similar; however, the closer to    (smaller BCL) the more different the slope values 

became. In fact,     is significantly different between the        and     regions at 

         and 10 ms (Fig. 17 B), and    
    is significantly different between these 

regions only immediately prior to    at          (Fig. 17 C).  Therefore, both 

    and    
    can serve as an indicator of the local onset of alternans in the heart, 

although    
    can be considered as a more definite indicator.   
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Figure 17: Mean values of (A)     
    (B)    , (C) S12

max
 , and (D)      as a function of BN calculated 

separately for the 1:1alt (solid circles) and 1:1 (open circles) regions. Data shown is regional means ± 

SE. * denotes statistically significant data (p<0.05). 

  

 

Figure 17 also illustrates that all four slopes measured reached different quantitative 

values prior to B
*
. To recall, the theoretically predicted value of the slope at the onset of 

alternans is one. Figure 18 summarizes the mean values of these slopes calculated at 

        .  Note that all slope values stay below the value of one in either region, 

except for     
    which was larger than one in the        region. Nevertheless, the values 

of all slopes are significantly different than the theoretical predicted value of one 

(      ). 
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Figure 18: Mean values of      
        , S12

max
, and      measured right prior to the onset of alternans 

at BN=10 ms in comparison to the theoretical predicted value of slope equal to 1 at the onset of 

alternans. Data shown is regional means ± SE.  All slope values were significantly different than one 

(p<0.05). 
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5. CONCLUSIONS & DISCUSSION 

 

To recap, OptiMAP is a software that was specifically developed to analyze, in one 

sitting, entire optical mapping experiment data of spatially extended systems (i.e. the 

whole heart). OptiMAP allowed for consistent denoising and filtering of these 

experimental files and eventually the creation of APD and alternans maps. Following, 

OptiMAP also allowed for the visual inspection of APD-BCL dependence and alternans 

formation in the heart.  Lastly, OptiMAP gave the user the opportunity to analyze the 

restitution properties of paced cardiac tissue systematically, pixel by pixel. 

 

Utilizing OptiMAP to its fullest extent, alternans was demonstrated to be a 

spatiotemporal phenomenon in the whole heart. It initially appeared locally in the 

ventricles and evolved throughout the heart as the BCL decreased. At first, the difference 

between steady state and perturbation APD values were studied. Both (       )
 
and 

(       ) were found to be significantly different between the        and     regions 

at          . These results can serve as criteria for alternans predictions using either 

long or short perturbation data. However, a stronger indicator of alternans was sought 

after exploring the whole heart restitution properties.  Iit was confirmed that the slopes 

    and    
    measured from the restitution portrait, can predict the onset of alternans. 

Where    
     is considered to be a stronger predictor, being regionally different between 

the        and     regions only at         . 
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5.1 ALTERNANS INDUCED WAS INDEPENDENT OF PACING PROTOCOL 

 

In this thesis, two different pacing protocols were explored: the dynamic pacing protocol 

and the downsweep pacing protocol (used to construct the restitution portrait). Both 

measured steady state restitutions, yet the downsweep protocol integrated local S1-S2 

perturbations from its steady state.  Despite their differences in stimulus delivery, both 

protocols successfully induced alternans in the whole heart. Therefore, throughout this 

thesis, all alternans induced was independent of the pacing protocol used.  

 

5.2 SPATIAL COMPLEXITIES: SLOPE VALUES VS. REGIONAL DIFFERENCES 

 

The restitution hypothesis, i.e. the idea that slope of the restitution curve predicts the 

onset of alternans, was developed theoretically and was very attractive from an 

experimental point of view since it allowed for the prediction of complex cardiac rhythms 

from a dynamical behavior of periodically paced cardiac tissue (15).   However previous 

studies (17-20) have failed to confirm this hypothesis. 

 

Indeed, it has been demonstrated that the slope    
    predicts the onset of alternans, with 

the slope equal to one, in small bullfrog cardiac tissue (23) and isolated rabbit and 

guinea-pig myocytes (24). Yet, the spatial complexity was minimal (23) or absent (24) in 

both these studies. Our results from the whole heart, where spatial complexity needed to 

be taken into account, showed that    
    measured from the restitution portrait can still 
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be used as the predictor of local onsets of alternans. However, the quantitative value of 

   
    was different from the small tissue study (23), myocyte study (24), and the 

theoretically predicted value of one. 

 

Hypothesizing that these slope value differences are due to the presence of spatial 

complexity and propagating effects, it additionally illustrates the need for exploring the 

spatial dependence of restitution slope values with increasing tissue size.  
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