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Chapter 1 

Introduction 

 

The heart is a component of the circulatory system and functions within a complex 

framework of mechanics, metabolism, and electrics. Within this complex framework, 

the rhythmic contraction and relaxation of cardiac muscle (myocardium) drives the 

circulation of blood throughout the body.  

Since the work of Ringer (1), it has been widely known that calcium (Ca
2+

) triggers 

contraction in cardiac muscle. Consecutive experiments by other researchers have 

shown that relatively small increases in [Ca
2+

] results in disproportionately large 

increases in muscle force (2, 3).  Donaldson and Kerrick (4) first suggested in their 

experiments on skeletal muscle in frog that the disproportionate increases in force 

were due to interacting sites along the muscle, implying cooperativity. Following their 

suggestion, it became common to represent the calcium-force relationship in muscle 

with a Hill-type sigmoidal curve (5). The original use for the Hill-type sigmoidal curve 

was to understand cooperative binding of oxygen within a single molecule of 

hemoglobin. However, because cooperative interactions in the sarcomere occur along 

a longer distance than a single molecule, the mechanism of cooperativity represented 

by the Hill model cannot fully explain cooperativity in the calcium-force relationship. 

Unfortunately, direct imaging of sub-cellular level processes responsible for 

cooperativity is impossible because these processes are on too small of a scale and 

occur too quickly. Although the technology to directly visualize the cooperativity 

mechanism in cardiac muscle may not be available yet, computational models can be 

developed and utilized to try to understand the interactions and push knowledge one 

step further than current technologies allow us to see. 
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General Aim 

In this thesis, we aim to build a computational model of sarcomere mechanics that is 

based on a novel hypothesis for the mechanism of cooperativity in cardiac muscle. We 

suggest that there is an intrinsic chemical cooperativity in the myocardium that is 

boosted by the mechanical tension in the muscle. We construct our model step-by–

step from the ability to mimic the most basic static experiments towards the ability to 

mimic the shortening and relengthening of myocardial tissue that characterizes the 

rhythmic contraction and relaxation in the heart. Because the model is developed for 

eventual use in understanding clinically relevant problems in the human heart, we 

implement the newly developed sarcomere contraction model in a modeling 

framework of the circulation. As a first test, the combined model is applied to 

understand the relationship between cellular level mechanics and organ level 

hemodynamics in a heart with dyssynchronous activation patterns.    

Outline of Thesis 

Experiments have been performed in which cardiac muscle cells are skinned to allow 

control of the Ca
2+

 concentration ([Ca
2+

]) in the intracellular space.  In these 

experiments, [Ca
2+

] is held constant and the steady-state isometric tension is 

measured (2, 3). We utilize these results for comparison to our work in Chapter 2 

where we implement our novel hypothesis of cardiac cooperativity in a computational 

model of the sarcomere called the MechChem model of mechano-chemical 

interactions in the cardiac sarcomere. The MechChem model is tested with the 

conditions of static skinned muscle experiments (6). In addition, we present 

background on sarcomere physiology. 

As a next step, we implement time dependence in the MechChem model. In a 

physiological situation, the free calcium concentration in the cytoplasm rises and falls 

in time. Relaxation begins when calcium concentration in the cytoplasm decreases due 

to extrusion of Ca
2+

 through various channels and pumps. Cardiomyocytes do not 

reach steady state tension because they must relax before the next heartbeat. While 

experiments have shown that greater peak tension in the thin filament results in 
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prolongation of contraction during the isometric twitch (7, 8), the authors of the 

experiments do not offer an underlying mechanism to explain the prolongation of 

contraction. We implement a model of the XB cycle in MechChem and use the model 

to try to explain the mechanism underlying the prolongation of contraction in 

sarcomeres under greater peak tension (Chapter 3). We hypothesize that the 

prolongation of contraction at higher sarcomere lengths is due to higher tension in the 

thin filament because this high tension strengthens the bond between Ca
2+

 and the 

troponin complex, rendering it energetically less favorable for Ca
2+

 to detach. 

As a next step, we implement sarcomere shortening in the MechChem model  as 

cardiac tissue shortens during contraction and re-lengthens during relaxation 

throughout a cardiac cycle. To understand the change in length of the myocardium, 

experiments can be performed on isolated cardiac muscle. In the experiments, the 

initial sarcomere length is constant, and the muscle contracts against various 

afterloads. The intracellular calcium transient rises and falls throughout contraction, 

and the tension generated by the muscle is recorded. These experiments are referred 

to as isotonic twitch experiments. In Chapter 4 we outline the implementation of the 

isotonic twitch in the MechChem model and compare the simulated results to the 

experimental data of Katsnelson et al. (9). 

Understanding clinically relevant problems was the eventual reason for the 

development of the MechChem model. To this end, MechChem was implemented 

within the CircAdapt model of the human heart and closed-loop circulation. As a first 

test, the combined model of MechChem in CircAdapt was utilized to understand the 

relationship between cellular- and organ-level function in failing hearts. In the healthy 

human heart, the ventricular myocardium contracts and relaxes in a well-coordinated, 

synchronous manner, leading to a rather homogeneous distribution of work load 

across the ventricular walls. In patients with heart failure, however, this mechanical 

coordination is often lost due to the conduction disorder left bundle branch block 

(LBBB). LBBB is characterized by heart failure and delayed electrical activation of the 

left ventricular free wall relative to the septum and the right ventricular free wall 
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leading to asynchronous contraction of the ventricular myocardium. A common 

treatment for LBBB is cardiac resynchronization therapy (CRT), which aims at restoring 

synchrony of ventricular activation through pacing of both ventricles. Unfortunately, a 

subset of patients does not respond positively to this treatment. It has been 

hypothesized that positive response to CRT depends on whether the underlying 

substrate is merely electrical or a combination of electrical and mechanical substrates 

(10). In Chapter 5, we tested the combined MechChem-CircAdapt model by simulating 

failing hearts with LBBB and while resynchronized. We compared tissue deformation 

patterns and response to CRT to the clinical data in humans as presented by Leenders 

et al. (11).  

In our concluding chapter (Chapter 6) we present a general discussion where we look 

at the connection between the studies in Chapters 2 – 5 as well as their possible 

implications to the broader field.  
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Chapter 2 

 

Mechano-chemical interactions in cardiac 

sarcomere contraction: A computational 

modeling study 

 

This chapter is based on: 

Lauren J. Dupuis, Joost Lumens, Theo Arts, and Tammo Delhaas (2016). Mechano-

chemical interactions in cardiac sarcomere contraction: A computational modeling 

study. In PLoS Computational Biology. Volume 12, issue 10. 

Abstract 

We developed a model of cardiac sarcomere contraction to study the calcium-tension 

relationship in cardiac muscle. Calcium mediates cardiac contraction through its 

interactions with troponin (Tn) and subsequently tropomyosin molecules. 

Experimental studies have shown that a slight increase in intracellular calcium 

concentration leads to a rapid increase in sarcomeric tension. Though it is widely 

accepted that the rapid increase is not possible without the concept of cooperativity, 

the mechanism is debated. We use the hypothesis that there exists a base level of 

cooperativity intrinsic to the thin filament that is boosted by mechanical tension, i.e. a 

high level of mechanical tension in the thin filament impedes the unbinding of calcium 

from Tn. To test these hypotheses, we developed a computational model in which a 

set of three parameters and inputs of calcium concentration and sarcomere length 
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result in output tension. Tension as simulated appeared in good agreement with 

experimentally measured tension. Our results support the hypothesis that high tension 

in the thin filament impedes Tn deactivation by increasing the energy required to 

detach calcium from the Tn. Given this hypothesis, the model predicted that the areas 

with highest tension, i.e. closest to the Z-disk end of the single overlap region, show 

the largest concentration of active Tn’s.  

Introduction 

It has been widely known since the 1883 work of Ringer [1] that calcium ions (Ca
2+

) 

regulate muscle contraction. Although the mechanism was unknown at the time, 

Ringer found that rat hearts did not contract forcefully unless Ca
2+

 was added to the 

solution perfusing the muscle. Since Ringer’s discovery the relationship between Ca
2+

 

concentration ([Ca
2+

]) and tension in muscle has been widely studied. Experiments 

have shown a steep rise in steady state tension with relatively little increase in 

intracellular [Ca
2+

]. The desire to understand the steepness of the [Ca
2+

] - tension 

relationship has led to the hypothesis that cardiac muscle contraction is highly 

cooperative [2, 3]. Cooperativity implies that a single event encourages subsequent 

similar events. In the case of muscle contraction, a single Ca
2+

 binding invoking the 

generation of tension might enhance additional Ca
2+

 bindings to generate more 

tension [4]. Various hypotheses about the mechanism of cooperativity in cardiac 

muscle have been proposed.  

Before discussing cooperativity, we explain the structures and molecular mechanisms 

involved in cardiac contraction. The cardiac muscle is striated, meaning that it is 

composed of a repeating organization of contractile units known as sarcomeres (Figure 

2.1A). Within the sarcomeres thick and thin filaments can interact with one another to 

generate tension [5, 6].  

The sarcomere is bounded by two opposing Z-disks with the thin filaments protruding 

from each (Figure 2.1A). A thin filament contains a double helical arrangement of 

spherical actin monomers (Figure 2.1B), each with a myosin binding site on its surface 
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facing the outside of the helix [7]. A thin filament is surrounded by thick filaments, 

each having myosin heads protruding every 14.3 nm that can bind to actin to form a 

cross-bridge (XB) that can generate force [8]. The thick and thin filaments range in 

length from ~1.5 to ~1.7 µm and ~1.1 to 1.3 µm, respectively [9]. The distance 

between Z-disks is equal to the sarcomere length (SL). Opposing thin filaments can 

mutually overlap in the so-called double overlap region (Figure 2.1A). The single 

overlap region is the section of the thick filament outside of the double overlap region 

that overlaps with the thin filament. We assume that XB’s can form solely in the single 

overlap region [10]. As SL increases up to about 2.3 µm, the length of the double 

overlap region decreases, thereby lengthening the single overlap region, thus 

providing more opportunities for XB formation and subsequently higher force 

generation (Figure 2.1A). 

Ca
2+

 activates the thin filament, allowing XB’s to form and force to develop (Figure 

2.1B). Seven actin monomers, one tropomyosin (Tm) molecule, and one troponin 

complex (Tn) form a repeating structure called a regulatory unit (RU) along the thin 

filament (Figure 2.2A) [11]. Tm molecules are double helical molecules that follow the 

same helical path as the actin monomers, overlapping one another head to tail under 

the Tn. At rest, the Tm molecule wraps around the actin monomers in a position that 

blocks the myosin binding sites, thereby hindering the formation of XB’s and thus 

contraction. Each Tn is composed of three subunits, the inhibitory subunit (TnI), the 

Tm binding subunit (TnT) that attaches the Tn to Tm, and the Ca
2+

 binding subunit 

(TnC) [12](Figure 2.2B). TnI binds to actin monomers at rest and essentially anchors 

the Tm molecule in place, blocking the binding sites on actin [13]. When the cell 

depolarizes, Ca
2+

 enters and may bind to TnC opening a hydrophobic patch on the N-

terminus of TnC. The COOH terminus of TnI exhibits a strong affinity for the NH2 

terminus opened on TnC and binds strongly to it, and the inhibitory peptide of TnI 

releases actin[14]. The Tm strand moves laterally, thus freeing nearby XB binding sites 

on the thin filament (Figure 2.2C). We refer to the latter movement of Tm as the 

activation of the Tn (Figure 2.2B). It has been shown that, along with Ca
2+

 binding to 
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TnC, the formation of a strong XB is necessary to fully unblock the binding sites on 

actin [15]. During relaxation the [Ca
2+

] in the cell decreases, TnC releases the bound 

Ca
2+

 ions, and TnI rebinds to actin moving the Tm back over the XB-binding sites 

preventing further force generation [16]. 

 

Figure 2.1: Schematic Representation of Sarcomere. (A). Sarcomeres are composed of thick and thin 

filaments that interact to generate force. Sarcomere length (SL) determines the length of single overlap 

region where cross-bridges (XB) can form and generate force. (B) At rest, the binding sites on the spherical 

actin are blocked by a strand of tropomyosin (Tm). Ca binding to Tn (TnCa) activates a troponin complex (Tn) 

resulting in the lateral movement of the Tm strand that unblocks the XB-binding sites. The Tn is composed of 

three subunits, troponin C (TnC), troponin I (TnI), and troponin T (TnT). 
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Commonly the relation between intracellular [Ca
2+

] and muscle tension is described by 

the Hill-relation, having zero active tension at low [Ca
2+

] and approaching a level of 

saturation at high [Ca
2+

]. If a single Ca
2+

 ion would bind to a single Tn complex without 

cooperativity, for a physiological muscle contraction, the required increase in [Ca
2+

] 

would be unphysiologically large. By comparing the relatively small, physiological 

change in [Ca
2+

] with the resulting large change in muscle tension, Ca
2+

 binding to Tn 

requires an increase of cooperativity by the so-called Hill coefficient n. In experiments 

by Dobesh et al. [18] it is found n≈7.  

On the basis of conventional chemical principles, such a high level of cooperativity 

requires full cooperation between a number of binding sites at least equal to the Hill 

coefficient. In cardiac muscle, each Tn contains three binding sites for Ca
2+

. Each of the 

two intertwined actin strands in the thin filament contains a Tn after every sequence 

of seven actin monomers. The Tn’s of both actin strands located at equal lengths form 

repetitive pairs of Tn’s, or in-register Tn’s. Galińska-Rakoczy et al. showed that the C-

terminal section of TnI extends over the actin monomer on the adjacent strand 

reaching to the Tm molecule [17]. Their results suggest that upon Ca
2+

 binding the Tn 

may influence the position of the Tm molecule on the surface of the adjacent actin 

strand as well. Because of this interaction, we consider some degree of cooperativity 

of Ca
2+

 binding to in-register Tn’s. Each Tn complex has 3 binding sites for Ca
2+

, with 

one of them having a substantially lower affinity for Ca
2+

 than the others [19]. So, 

potentially, each pair of in-register Tn complexes contains 6 binding sites, limiting the 

intrinsic Hill coefficient to a maximum value of 6 if each of the binding sites exhibits an 

equal degree of cooperativity. The term ‘intrinsic’ is used to indicate that the binding is 

considered purely chemical, excluding effects of mechanical tension. In experiments 

by Sun et al. [20], in the absence of muscle tension, Ca
2+

 was bound to Tn with a Hill 

coefficient of 3, indicating that the intrinsic cooperativity was about half of the 

abovementioned maximum. Even in the case of full cooperativity between in-register 

Tn’s, i.e. with a intrinsic cooperativity coefficient equaling 6, one more binding site on 

a Tn in the next RU would be necessary to reach a cooperativity represented by the 
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Hill coefficient of 7 in experiments of Dobesh et al. [18]. However, Tn’s are separated 

along the thin filament Tn’s by about 35 nm, a distance too large for conventional 

mechanisms of chemical cooperativity. 

In many current sarcomere models, the trend is to represent cooperativity along the 

thin filament as the interaction between neighboring XB’s and RU’s. Razumova and 

colleagues [21] developed a stiffness-distortion model of the XB and tested three 

different models of nearest neighbor cooperative interactions (RU-RU, XB-XB, XB-RU). 

They found that while none of these interactions were able to completely account for 

the cooperative force development observed in experiments, each mechanism had a 

large impact on the [Ca
2+

]-tension relationship. XB-XB interactions had the highest 

impact on peak force, RU-RU interactions had the greatest impact on the steepness of 

the [Ca
2+

]-tension relationship, and XB-RU interactions had the greatest impact on Ca
2+

 

sensitivity. The model as developed by Rice and colleagues [22] was based on the 

model of Razumova and colleagues [21] including assumed nearest neighbor 

cooperativity. Campbell and colleagues [23] have developed a model of cooperativity 

in which adjacent Tm molecules overlap one another at the Tn, thereby encouraging 

RU activation when the nearest neighbor RU is activated. It is not clear yet on what 

physical principles such RU-RU, RU-XB and XB-XB interactions would work.  

It has further been proposed that at longer SL’s the constant volume of the myofiber 

lattice causes the filaments to squeeze closer together, possibly encouraging binding 

events by moving a myosin head within reach of a binding site on the thin filament 

[24, 25]. Similarly, Daniel et al. propose that the cooperative realignment of binding 

sites occurs when the thin filament is strained by up to 2 nm [26], a lateral movement 

that could possibly move a binding site within reach of a myosin head. Still others 

believe that the end-to-end interactions of the Tm’s along the thin filament are 

responsible for the cooperative activation [27].     
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Figure 2.2: Schematic Representation of Tn activation. (A) A RU is a functional unit of the sarcomere that is 

considered to work together. It is composed of 7 actin monomers, one tropomyosin (Tm) molecule, and one 

troponin complex (Tn). At rest, the C-terminal section of TnI extends over the actin monomer on the 

adjacent strand reaching to the Tm molecule, hindering its movement [17]. That hindrance is removed upon 

the conformational changes resulting from Ca2+ binding to that Tn. Note: Tn’s on adjacent actin strands are 

located in-register with one another, but this is not displayed in the figure. (B) A conformational change in 

the Tn caused by the binding of calcium to TnC effectively removes the Tm from the blocking position. (C) 

The thin filament in (A) is viewed from the longitudinal axis. The movement of Tm from the position blocking 

the XB-binding sites toward the groove reduces the radius (R) from the center of the actin double helix. 

In the present study we introduce a mechanism based on the mechanochemical 

interaction of Ca
2+

 binding to Tn. Binding of Ca
2+

 to Tn results in conformational 

changes in the Tn complex. We postulate that mechanical stretch of the thin filament 

facilitates the change in conformation by reducing the energetic increment required 

for binding of Ca
2+

 to Tn. Thus, mechanical tension in the thin filament will shift the 

equilibrium of Ca
2+

 binding to Tn towards the bound state. The latter shift in 

equilibrium is quantified by the use of the general physical principle that the ratio of 

prevalence of two states depends on the difference in energy between the two states. 
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We think that such a mechanism shows properties of cooperativity even though it 

differs from a pure chemical mechanism. 

On the basis of the abovementioned mechanochemical principle, we designed a 

computational model of cardiac sarcomere mechanics that we call the MechChem 

model. The MechChem model is intended to predict the tension in a thin filament as a 

function of [Ca
2+

] and sarcomere length. We investigated whether the 

mechanochemical mechanism can boost cooperativity from the intrinsic level with a 

Hill coefficient of 3 described by Sun et al. [20] up to the level of 7 shown by Dobesh et 

al. [18] in skinned muscle preparations. The energy to bind Ca
2+

 to Tn is assumed to 

decrease linearly with thin filament tension. Currently we focus on the static behavior, 

implying that thin filament tension was calculated while maintaining constant 

sarcomere length and [Ca
2+

]. Under static conditions we considered the chemical 

reactions involved to be in equilibrium.  

In investigating the static behavior of cardiac muscle contraction, muscle tension as 

simulated with the MechChem model is compared with simulations based on 

conventional chemical binding of Ca
2+

 to Tn with a high degree of cooperativity, 

resulting in the typical S-shaped Hill curve. Experimental results to compare with were 

obtained from skinned muscle preparations, subject to various static levels of [Ca
2+

] 

and sarcomere length as reported by Dobesh et al [18]. When fitting both the 

MechChem model and Hill-type model to experimental findings, a [Ca
2+

]-tension 

relation is found for each sarcomere length, requiring the estimation of 3 parameters. 

Furthermore, it is investigated which parameters values could remain while changing 

sarcomere length. 

Methods 

Model Design 

Formation of XB’s is initiated by the binding of Ca
2+

 to TnC which we will refer to as the 

binding of Ca
2+

 to a in-register pair of Tn, referred to in the equations as Tn2. The 

related chemical equilibrium reaction is represented by 
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𝑇𝑛2 + 𝑛 𝐶𝑎2+ ⇆ 𝑇𝑛2𝐶𝑎𝑛 (2.1) 

Parameter n indicates the coefficient related to the intrinsic cooperativity of Ca
2+

 

binding to Tn2. When Ca
2+ 

binds to Tn, Tm moves away from the position in which it 

blocks the XB-binding sites on the actin monomers. We assume that the unblocking of 

XB-binding sites, or activation of a Tn, automatically implies XB formation in the 

environment of that Tn. After formation, the XB exerts a longitudinal force FXB on the 

thin filament which is guided as tension along the thin filament to the Z-disk (Figure 

2.3). Thus, toward the Z-disk, the longitudinal tension S(x) in the thin filament is 

increasing by a step FXB at each location where a XB has formed. Variable x represents 

the distance from the beginning of the single overlap region moving toward the Z-disk 

(Figure 2.3). The maximum value (xmax) of x represents the location on the thin 

filament where the single overlap region ends. The single overlap length depends on 

SL and the assumed filament lengths as shown in S1 Appendix.   

 

 

Figure 2.3: Build-up of tension in the thin filament. Each cross-bridge (XB) generates an individual force FXB. 

Tension S(x) at location x is the sum of each individual XB force from the start of the single overlap region 

closest to the mid line (x=0) to the position x. So, tension along the thin filament increases with each XB 

exerting force. 
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Looking from the middle of the sarcomere towards the Z-disk, for tension S(xj) just 

distal to XBj at position xj it holds: 

𝑆(𝑥𝑗) =  ∑ 𝐹𝑋𝐵,𝑖

𝑖=𝑗

𝑖=1

  𝑤𝑖𝑡ℎ 1 ≤ 𝑗 ≤ 𝑗𝑚𝑎𝑥  

(2.2) 

The symbol jmax indicates the number of XB’s attached to the thin filament in the single 

overlap region. Equation 2.2 is graphically elucidated in Figure 2.3. Tension S(x) 

increases with each attached XB until distance x exceeds the end of the single overlap 

region where no XB's can be formed. The total tension of the thin filament equals the 

tension acting on the Z-disk from that thin filament. 

Implementation of the MechChem model 

The following assumptions are key to the MechChem model implementation 

presented in this section: 

- Ca
2+

 binding to Tn moves Tm azimuthally on the thin filament, unblocking the 

XB-binding sites on nearby actin monomers. 

- Unblocking of binding sites implies XB binding and force development. 

- XB’s can form solely in the single overlap region. 

- The total tension in the thin filament at the Z-disk is the sum of the individual 

XB force acting on the thin filament. 

- Tension hinders the deactivation of the thin filament. The energy required for 

Tn to release Ca
2+

 increases linearly with the mechanical tension in the thin 

filament. 

- Binding of Ca
2+

 to an in-register Tn pair (Tn2) is intrinsically cooperative, 

characterized by the base cooperativity coefficient n (according to [20]: n=3). 

- When simulating isometric tension development, all XB’s generate equal 

force. 

Referring to Equation 2.2, the principle of the model is explained by the existence of 

discrete locations where XB’s can form. In living muscle at any given time during 
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contraction, there are countless XB’s. Thus, we decided to represent muscular force 

generation by the average of many discrete states, allowing us to describe tensions as 

continuous functions of distance x along the representative thin filament. Focusing on 

the static conditions only, the involved chemical reactions are considered in 

equilibrium. According to Equation 2.1, we consider binding of Ca
2+

 to Tn as a chemical 

binding to an in-register Tn pair, named Tn2. 

Equilibrium concentrations of Ca
2+

, Tn2, and Tn2Can are related by: 

𝐾𝑇𝑛𝐶𝑎
𝑛 =  

[𝑇𝑛2][𝐶𝑎2+]𝑛

[𝑇𝑛2𝐶𝑎𝑛]
 

(2.3) 

The symbol KTnCa represents the equilibrium constant, and n is the base cooperativity 

coefficient representing the intrinsic cooperativity of Ca
2+

 binding to Tn2. We assume 

that when Ca
2+

 binds to the Tn2, the nearby XB-binding sites are unblocked. For the 

proportion of activated Tn’s, P(x), at position x along the thin filament, it holds  

𝑃(𝑥) =  
[𝑇𝑛2𝐶𝑎𝑛](𝑥)

[𝑇𝑛2](𝑥) + [𝑇𝑛2𝐶𝑎𝑛](𝑥)
 

(2.4) 

Solving Equation 2.3 for [Tn2Can] and substituting the result into Equation 2.4 renders 

an expression for P(x) as a function of [Ca
2+

] and KTnCa (Equation 2.5).  

𝑃(𝑥) =  
1

1 +  (
𝐾𝑇𝑛𝐶𝑎(𝑥)

[𝐶𝑎2+]
)

𝑛 
(5) 

Because in the MechChem model binding of Ca
2+

 to Tn2 is assumed to depend on 

mechanical tension in the thin filament, the equilibrium constant KTnCa is considered to 

depend on the position x along the thin filament. The energy required to detach Ca
2+

 

from the Tn is assumed to increase linearly with the tension S(x) in the thin filament. 

Thus, the equilibrium constant is multiplied by the exponential of the product of 

tension S(x) and a constant CS, representing the effect of the added affinity for Ca
2+

 by 

an increase of tension. The latter relation is based on the general physical principle 
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that in equilibrium the ratio of state concentrations is proportional to the exponential 

of a constant multiplied by the energy difference between both states. Analogously, 

the ratio of ion concentrations on both sides of a membrane depends on the voltage 

difference across the membrane. So, we express the dependence of the equilibrium 

concentration constant, KTnCa on tension S(x) by: 

𝐾𝑇𝑛𝐶𝑎(𝑥) =  𝐾𝑇𝑛𝐶𝑎0𝑒−𝐶𝑠𝑆(𝑥) (2.6) 

The symbol KTnCa0 represents the equilibrium constant in the absence of tension in the 

thin filament. The physical dimension of constant CS is the inverse of tension. 

Replacing KTnCa(x) in Equation 2.5 with Equation 2.6 yields the tension-dependent 

expression for P(x) in Equation 2.7. 

𝑃(𝑥) =  
1

1 + 𝑒
𝑛(−𝐶𝑠𝑆(𝑥)−𝑙𝑛(

[𝐶𝑎2+]
𝐾𝑇𝑛𝐶𝑎0

))

 
(2.7) 

We assume that the density of attached XB’s is proportional to P(x). Assuming that all 

attached XB’s exert the same force during steady state isometric contraction, we find 

that the XB–induced force density fXB(x) acting at location x is proportional to P(x) 

(Equation 2.8). 

𝑓𝑋𝐵(𝑥) =  𝐶𝑓𝑃(𝑥) (2.8) 

Constant Cf represents force density with full Tn activation, having the physical 

dimension of force per unit length along the thin filament. After elimination of P(x) by 

substitution of Equation 2.7 into Equation 2.8 and using the property that the 

derivative dS(x)/dx of tension with respect to x equals force density fXB(x), we find the 

following differential equation for S(x) with boundary condition S(0) = 0: 

𝑑𝑆(𝑥)

𝑑𝑥
=  

𝐶𝑓

1 + 𝑒
𝑛(−𝐶𝑠𝑆(𝑥)−𝑙𝑛(

[𝐶𝑎2+]
𝐾𝑇𝑛𝐶𝑎0

))

  
(2.9) 
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Assuming n=3 according to the findings by Sun et al. [20] for the intrinsic thin filament 

cooperativity, Equation 2.9 contains 3 independent parameters, i.e., Cf, Cs and KTnCa0. 

We have fitted the Hill-type model with the experimental data of Dobesh et al. [18] for 

comparison, expressing tension SH as a function of [Ca
2+

]. The three parameters EC50, 

nH, and Smax, represent the [Ca
2+

] at the 50% level of maximum tension, the Hill 

coefficient, and maximum tension, respectively. Thus we used 

𝑆𝐻 =  𝑆𝑚𝑎𝑥

[𝐶𝑎2+]𝑛𝐻

𝐸𝐶50
𝑛𝐻 + [𝐶𝑎2+]𝑛𝐻

  
(2.10) 

Simulation Protocol 

Under normal conditions, cardiac muscle cells are enclosed by membranes that 

regulate the influx of Ca
2+

 ions from the extracellular space through channels and 

pumps [28]. Submersing the muscle in detergent causes perforations in the cellular 

membranes, a procedure known as muscle skinning. Due to these perforations, the 

membrane channels and pumps no longer regulate intracellular ion concentrations. 

Thus, it is assumed that when a skinned muscle cell preparation is submerged in a 

solution containing ions, the intracellular ion concentrations are equal to that of the 

immersing solution. Thus, the intracellular [Ca
2+

] can be manipulated, and the muscle 

will contract and generate tension in response.  

Data points published by Dobesh and colleagues (Figure 2A of the original article) [18] 

provided the experimentally measured tension values (Sexp) at various SL’s and [Ca
2+

]’s. 

We tested our model at a range of [Ca
2+

]’s between 0.001 and 10 µM for five SL’s 

ranging from 1.85 to 2.25 µm. Single overlap length xmax increases with SL according to 

the formulation of Rice et al [22], the equations of which are presented in the S1 

Appendix (Equation 2.A1-2.A3). The parameters Cs, Cf and KCaTn0 were varied so that 

the sum of the squared differences between the experimental data by Dobesh and the 

solution of the differential equation (Equation 2.9) was minimal. The minimization was 

performed on each individual curve. The Hill-type model with parameters EC50, Smax, 
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and nH was fitted to the same experimental data. For the MechChem and Hill-type 

models, the residual errors were assessed to find systematic differences between 

model and measurement. Additionally, the root mean squared error (RMSE) was 

calculated for all individual curves (Equation 2.11). Smodel and SDobesh represent the 

tension generated in the model and the tension measured experimentally by Dobesh 

et al., respectively. Because the tension values reported by Dobesh et al. referred 

solely to the active tension generated, the results of the MechChem model are also 

reported as active tension. Additionally, we calculate the tension solely in the thin 

filament. Hence, the passive tension component contributed by the extracellular 

matrix or titin is viewed as a separate component that would be additional to the 

calculated active tension.  The number of points is represented by j.  

𝑅𝑀𝑆𝐸 =  √
∑ (𝑆𝑚𝑜𝑑𝑒𝑙 − 𝑆𝐷𝑜𝑏𝑒𝑠ℎ)2𝑗

𝑖=1

𝑗
  

(2.11) 

The RMSE compares the results of our model to the data from the experiments of 

Dobesh et al. [18].  

In the MechChem model, tension was obtained by solving Equation 2.9 numerically in 

Matlab (MathWorks, Natick, MA) with the ode23 solver.  

Results 

The experimental data of Dobesh and colleagues in skinned cardiac muscle (Table 2 

and Figure 2A of the original article) [18] is compared to the MechChem (Figure 2.4A) 

and the Hill (Figure 2.4B) model-generated [Ca
2+

]-tension relationships in Figure 2.4. In 

Figure 2.4A best-fit curves are shown, as obtained by the MechChem model after 

proper adjustment of the three parameters KTnCa0, Cf and Cs per curve. Similarly, in 

Figure 2.4B, the curves are best-fit simulations, obtained by the Hill-type model, after 

proper adjustment of parameters EC50, nH and Smax. The lower panels, 4C and 4D, show 

the fitting errors per curve as a function of the [Ca
2+

] for the MechChem and Hill-type 

model, respectively. The black lines indicate the median value of the error. For the 
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MechChem model, there is no clear common pattern, and the error does not 

significantly differ from zero. For the Hill-type model, the error values show a clear 

common pattern, showing a consistent underestimation at the beginning of the 

upslope and the very last data points and a consistent overestimation at the location 

where the curves bend towards the maximum value. Thus, in contrast with the 

MechChem model, the shape of the tension curve, as simulated with the Hill-type 

model, is clearly different from the measured data. The MechChem curves are 

asymmetric with a relatively sharp upward bend for low [Ca
2+

] and a moderate 

bending toward the saturation level. 

 

Figure 2.4: Static [Ca2+]-Tension Relationship in Skinned Muscle. (A). The MechChem model generated 

[Ca2+]-tension relationship with all parameters fitted per curve. The dots on the curve are plotted from the 

data presented in Table 2 and Figure 2A of Dobesh et al. 2002 [18]. (B) Hill model generated [Ca2+]-tension 

curves. The experimental data points from Figure 2.4A were superimposed on the model generated curves. 

The error between the experimental data and both the (C) MechChem model generated [Ca2+]-tension 

curves and (D) the Hill model generated [Ca2+]-tension curves is shown.    
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In Table 2.1, the triplets of parameter values for the simulated curves are shown per 

sarcomere length for both the MechChem model and the fits according to the Hill-type 

model. The best-fit values we obtained for the Hill-type model were similar to those 

obtained by Dobesh et al. [18]. The differences we report are likely a result of either a 

different fitting routine or slight errors when the data were extracted from a published 

figure. On average, the root mean square error RSME for the MechChem model is 

smaller than that for the Hill-type model. The parameter Cf varied by a maximum of 

6.5% at different SL’s, whereas KTnCa0 and Cs decreased by 43.2% and 70.6%, 

respectively. Interestingly, for the MechChem model, parameter values KTnCa0 and Cs 

exhibit strong interdependency. Our analyses showed that for a change in KTnCa0 by a 

factor of a (a>1), Cs changed according to Equation 2.12 while exhibiting little influence 

on the resulting [Ca
2+

]-tension relationship.  

𝑎 ∗ 𝐾𝑇𝑛𝐶𝑎0 ≈ 𝑎3 ∗ 𝐶𝑠 (2.12) 

According to the abovementioned interdependency, it is possible that either KTnCa0 or 

Cs changes with SL. We assume that KTnCa0 is the parameter that changes with SL 

because the necessary increase in KTnCa0 is much less than that in Cs. Additionally, a 

large body of research has shown that the sensitivity of Tn to bind Ca
2+

 changes with 

SL [18, 29, 30]. Therefore, we performed a best fit by varying KTnCa0 while keeping Cf 

and Cs fixed at their average values. The resulting fit is shown in Figure 2.5. As shown 

in Table 2.1, the fit is nearly as good as the fit by variation of all three parameters. For 

the Hill-type model, all parameters vary with sarcomere length, albeit that 

cooperativity only slightly diminishes with sarcomere length.  

In the results, obtained with the MechChem model, cooperativity is apparent from the 

steep upslope of the [Ca
2+

]-tension relationship (Figure 2.4A), i.e. the sharp upward 

bend in the [Ca
2+

]-tension relationship that begins at [Ca
2+

] of about 2.5 µM. With 

increasing SL, there is an increase in both maximum tension development and slope in 

both the model-generated and experimental [Ca
2+

]-tension relationships. 

Furthermore, the [Ca
2+

] required for half maximum tension development (EC50) 
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decreases with longer SL’s indicating the increasing sensitivity of tension development 

in the thin filament to Ca
2+

. The experiments of Dobesh et al. [18] showed a decrease 

in EC50 from 4.28 µM to 3.16 µM with SL increasing from 1.85 µm to 2.25 µm (as 

determined by the Hill fit in our analyses) (Figure 2.4B, Table 2.1). In the MechChem 

simulations covering the same SL range, EC50 decreased from 4.18 µM to 3.17 µM 

when fitting the model to the [Ca
2+

]-tension curves per SL (Figure 2.4A).  

Table 2.1: Parameter values of fit model to experimental data 

Sarcomere length μm 1.85 1.95 2.05 2.15 2.25 

 

MechChem  n=3 

KTnCa0 μM 10.09 9.46 8.63 7.14 5.73 

Cf 106∙m-1S 1.85 1.95 1.97 1.96 1.95 

Cs S-1      1) 9.27 8.66 7.32 4.61 2.73 

RMSE  S       0.017 0.013 0.012 0.017 0.040 

       

MechChem n=3 with fixed: Cf=1.93∙10
6 m-1S, Cs=6.5 S-1 

KTnCa0 μM 9.26 8.56 8.18 7.91 7.48 

RMSE S 0.024 0.012 0.019 0.021 0.053 

       

Hill-type 

Ca 50 μM 4.28 3.9 3.6 3.4 3.16 

nH - 7.3 7.5 7.5 7.2 6.9 

SMax S 0.90 1.04 1.14 1.22 1.32 

RMSE S 0.028 0.037 0.033 0.032 0.033 

1) S = unit of sarcomere tension, used by Dobesh et al. 

 

Figure 2.6A and 2.6B show the MechChem simulation of tension and degree of 

activation along the thin filament in the single overlap zone, respectively, at different 

[Ca
2+

]’s (3, 4, 5 µM with SL = 2.05 µM). These values were chosen to show the results 

in the middle range of the experimental conditions. The MechChem model predicts 

that the density of bound XB’s increases with the position x along the thin filament. 
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The plateaus shown in Figure 2.6B represent the full activation of Tn’s, i.e. all binding 

sites on that section of the thin filament are exposed for XB binding. 

 

Figure 2.5: MechChem generated [Ca2+]-Tension Relationship in Skinned Muscle. The MechChem model 

generated [Ca2+]-tension relationship with KTnCa0 changing with SL, while setting Cf=1.93∙106 m-1S and 

Cs=6.5 S-1. The unit S refers to the unit of tension as shown by Dobesh et al. [18]. The dots on the curve are 

plotted from the data presented in Table 2 and Figure 2A of Dobesh et al. 2002 [18].  

 

Figure 2.6: Tension and the proportion of activated troponin complexes (Tn) P(x) in the thin filament along 

the single overlap region. A sarcomere with length 2.05 µm was modeled with constant calcium 

concentrations ([Ca]). The blue, purple, and magenta lines represent a [Ca] of 3, 4, and 5 µM, respectively. 

(A) The plot shows the non-linear cumulative tension developed at position x along the single overlap 

region. (B) P(x) is displayed. The plateaus reached at [Ca]’s of 4 and 5 µM represent the full activation of 

Tn’s, i.e. all binding sites on that section of the thin filament are exposed for XB binding. 
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Discussion 

The methods presented here provide a novel view of a mechanochemical mechanism 

of cooperativity in cardiac sarcomeres. The intrinsic cooperativity of Ca
2+

 binding to an 

in-register pair of Tn’s, i.e., cooperativity in the absence of mechanical tension,  is 

characterized by a base cooperativity coefficient n=3 according to experimental data 

reported by Sun et al. [20]. In skinned muscle experiments of Dobesh et al. [18], 

cooperativity is considerably higher, as characterized by a Hill coefficient of 7. We 

propose that the latter boost occurs by a mechanism where mechanical tension in the 

thin filament strengthens the chemical binding of Ca
2+

 to Tn. With each XB bound, the 

tension in the thin filament increases toward the Z-disk. This tension increments the 

energy required to deactivate a Tn, thus increasing the affinity of Ca
2+

 for Tn towards 

the Z-disk. The model-simulated [Ca
2+

]-tension relation appeared in good agreement 

(Table 2.1) with the experimental data from Dobesh et al. [18], thus supporting the 

hypothesis that an important contribution to cooperativity in cardiac muscle is 

delivered by the mechanical tension in the thin filament acting over a long range, i.e. 

the entirety of the thin filament.  

Comparing measured [Ca
2+

]-tension relation with MechChem model simulations 

Considering the MechChem simulation with parameters Cf and Cs fixed and KTnCa0 

depending on SL (Figure 2.5, Table 2.1), the model-generated [Ca
2+

]-tension curves 

resembled the experimental data of Dobesh et al. [18]. Typically, the log[Ca
2+

]- tension 

curve is S-shaped from zero tension at low [Ca
2+

] to a saturated value at high [Ca
2+

]. 

The steepness of the slopes in the experimental data of Dobesh et al. [18] indicates 

cooperativity with a Hill coefficient around 7. At low [Ca
2+

], the [Ca
2+

]- tension bends 

up sharply, giving rise to the steepest part of the curve, indicating a high [Ca
2+

] 

sensitivity. With maximum [Ca
2+

] (10 μM) and SL increasing from 1.85 μm to 2.25 μm, 

the simulated peak tension increased by 49% and the measured value by 47%. 

Simulations also produced an increase in Ca
2+

 sensitivity, shown by a decrease of KCaTn0 

from 16.6 down to 11.8 μM, implying a leftward shift of the [Ca
2+

]-tension curves with 

increasing SL. The shape of the MechChem curves (Figure 2.4A, 2.5) covers the 
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experimental data better than the sigmoid Hill-curves (Figure 2.4B), as shown by the 

residuals in Figure 2.4C and 2.4D, especially for the mid and high [Ca
2+

]. It should be 

noted that for low [Ca
2+

] the residuals of the MechChem curves are somewhat larger, 

probably because of the steep gradient of that part of the curve. The discrepancy 

between the results of the MechChem model at low [Ca
2+

] and the experimental 

results may be further explained by assuming some dispersion in sarcomere length 

and in the length of the thin and thick filaments, causing the sharp uprising bend to be 

smeared out, thus moderating the slope in that part of the curve.  

Proposed mechanism of cooperativity in the MechChem model 

Cooperativity is assumed to have two components. The first is the intrinsic 

cooperativity related to binding of Ca
2+

 to Tn in absence of mechanical tension. The 

related intrinsic cooperativity coefficient is set to 3 according to the findings by Sun et 

al. [20]. Secondly, the mechanochemical component boosts the cooperativity from the 

intrinsic coefficient of 3 up to the experimentally measured value of about 7. 

Sun et al. [20] inhibited tension development in trabeculae with blebbistatin and 

found that in the absence of tension the Ca-dependent activation of Tn’s along the 

thin filament remained cooperative with a Hill coefficient nH=3. The Hill coefficient 

indicates the minimum number of binding sites that cooperate. Each Tn contains 3 

binding sites for Ca
2+

 [20], but they do not all have the same affinity and are not likely 

to fully cooperate. Galińska-Rakoczy et al. [17] showed that the C-terminal section of 

TnI touches the Tm on the adjacent actin strand, thus coupling both Tn’s, forming an 

in-register pair Tn2. Consequently, for each Tn2, there are 6 binding sites available for 

inherent cooperation. Apparently, cooperativity is partial, resulting in n ≈3. 

By introduction of the MechChem model of tension-driven cooperativity, we propose 

that mechanical tension in the thin filament results in the strengthening of the binding 

between Ca
2+

 and Tn, thereby hindering deactivation, implying that tension lowers the 

energy associated with Ca
2+

 being bound to Tn. Combining intrinsic cooperativity with 

the mechanochemical mechanism results in the MechChem model, which results 
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display a striking resemblance to the experimentally measured tension as a function of 

[Ca
2+

] in skinned muscle preparations (Figure 2.4, 2.5). Many correlations between 

change of Ca
2+

 binding properties and mechanical events have been reported.  

Rieck et al. [31] showed that even in the absence of tension in the thin filament, the 

formation of strong XB’s stabilized the open conformation of the Tn. Since XB’s can 

only form if a nearby Tn is in the unblocked state, that Tn may help to unblock the in-

register Tn, thus enhancing the formation of additional XB’s attached to the paired 

actin strand. Furthermore, Isambert et al. [32] showed that the rigidity of the thin 

filament decreased when Tm was in the unblocked state as compared to being in the 

blocked state. This finding shows that there is a mechanical coupling between the 

conformational changes of Tn and elastic properties of the thin filament. More 

recently, Desai et al. [33] directly showed that myosin binding was necessary for 

complete activation of the thin filament upon partial activation due to calcium binding.  

The MechChem simulated best-fit [Ca
2+

]-tension curve was determined for intrinsic 

cooperativity coefficients n=1,2,3 and shown in the supplementary material (2.S1 

Figure). The fit is excellent when n=3, while for n=1 or 2, the curves are not as steep as 

in the physiological situation. In the experiments by Sun et al., development of 

mechanical tension was shown not to have an effect on cooperativity, i.e. the Hill 

coefficient remained as low as 3. As they mentioned in their article [20], they could not 

exclude the possibility that the applied fluorescent probes attached to the various 

structures of the Tn complex may change the properties of Tn to some degree. We 

think that these probes may inhibit the mechanochemical enhancement of Ca
2+

 

affinity by tension. 

Cooperativity in the MechChem model vs. the Hill model 

The [Ca
2+

]-tension relation in skinned muscle has generally been characterized by a 

modified Hill curve that takes on a symmetric s-shape [34]. The [Ca
2+

]-tension relation 

simulated by our model is asymmetric (Figure 2.4A, 2.4C); the initial steep rise in 

tension generated with additional Ca
2+

 decreases closer to saturation. Whereas 
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Dobesh et al. fitted symmetric curves, they admitted that the Hill curves consistently 

overestimated the tension developed in the sarcomeres as the curves rounded toward 

saturation (Figure 2.4B, 2.4D). In an attempt to account for the asymmetry, Dobesh et 

al. [18] proposed that the experimental data be fit to 2 Hill coefficients that meet at 

EC50 for each curve. In the Mech Chem model, the [Ca
2+

]-tension relation is already 

asymmetric, so the introduction of an additional parameter is not necessary to 

reshape the curve. 

Both the Hill-type model and the MechChem model require 3 parameters per curve. 

By fitting the models to the experimental data for each sarcomere length separately, 

in the Hill-type model all 3 parameters appeared to depend on SL, albeit that 

dependency of the Hill coefficient nH appeared weak (Table 2.1). In the MechChem 

model, parameters Cf and Cs did not depend clearly on SL, thus hinting us to keep 

these parameter values fixed, while only reestimating the equilibrium constant KCaTn0, 

expressing Ca
2+

 affinity in absence of mechanical tension. The resulting fits were nearly 

as good (Figure 2.5), suggesting that Ca
2+

 affinity apparently depends somehow on SL, 

while the other parameters were general to all SL’s. 

Our model comprises two mechanisms of cooperativity that generate the [Ca
2+

]-

tension relationship, i.e. tension in Tm strengthening the bond between Ca
2+

 and Tn 

and intrinsic cooperative activation of in-register pairs of Tn. The Hill function is based 

on common chemical equilibrium and provides the basis for many current models of 

Ca
2+

-Tn binding. For example, Rice et al. [22] utilize a modified Hill function to model 

the transition between the active and inactive states of Tn. The peak intracellular 

[Ca
2+

] reaches 1.45 µM in the Rice model, a concentration that the Hill function mimics 

well. The Hill model does not provide a physical explanation for the mechanism of 

cooperativity in cardiac muscle, but instead utilizes a coefficient that characterizes the 

steepness of the [Ca
2+

]-tension relation. Additionally, the Hill model was initially 

developed to understand the cooperative binding of oxygen to hemoglobin [34], 

where it makes physical sense that a first chemical binding of oxygen on a hemoglobin 

molecule will facilitate subsequent bindings because oxygen-binding sites on 
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hemoglobin are separated by only 2.5 to 3.5 nm [35]. To reach the high physiologic 

level of cooperativity, several Tn’s must interact. Because Tn’s are separated by about 

35 nm along a single actin strand within the thin filament, it is physically difficult to 

explain that a chemical binding can influence the binding of a different molecule that 

far away by conventional chemical principles.   

It has been shown that the sensitivity of Tn to bind Ca
2+

 changes with SL [18, 29], a 

characteristic implemented in the MechChem model. There is currently no clear 

consensus regarding the mechanism behind length dependent Ca
2+

 sensitivity in 

cardiac muscle (for review, [36]). One proposed mechanism is that the lattice spacing 

decreases with longer SL, moving myosin heads closer to the thin filament and 

rendering the thin filament more sensitive to Ca
2+

 by enhancing binding [37]. However, 

the lattice spacing hypothesis has been questioned after it has been shown that 

muscle length does not necessarily correlate with myofilament spacing [30]. It has also 

been proposed that phosphorylation of sites on TnI by protein kinase A and protein 

kinase C alters the Ca
2+

 sensitivity and could prove significant in the regulation of 

length dependent activation [14]. Conversely, Lee et al. have shown that the increase 

of passive tension in titin leads to increased Ca
2+

 sensitivity [38]. It is possible that the 

change in KTnCa0 in the MechChem model is due to a combination of the 

abovementioned mechanisms.  

The MechChem model vs. nearest neighbor cooperativity models 

As already indicated in the introduction, various models have been developed on the 

basis of nearest neighbor cooperativity, based on RU-RU, XB-XB or XB-RU interactions. 

These models generally result in Hill-type [Ca
2+

]-tension relations that fit accurately to 

experimental data. However, the curves are slightly, but systematically different from 

the MechChem curves (Figure 2.4). It is not clear yet if these differences are 

sufficiently strong to make a choice between the two model types. We predict a clear 

difference to be expected, yet we do not currently have the means to test the model. 

In a tension bearing sarcomere, the MechChem model predicts that the hindrance to 

Tn deactivation imposed by high tension in the thin filament causes a higher 
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concentration of activated Tn’s, bound Ca
2+

, and XB’s toward the Z-disk end of the 

single overlap region where tension is highest (Figure 2.5B). With the nearest neighbor 

hypothesis, no preference is to be expected on the location of activated Tn’s. 

However, although not explicitly noted, the MechChem model does take into account 

some of the nearest neighbor cooperativity mechanisms. The development of tension 

in the thin filament begets more tension development. Thus, XB’s recruit more XB’s. 

Additionally, the tension in the thin filament at position x strongly determines whether 

the Tn is active at point x (XB-RU cooperativity). RU-RU cooperativity is accounted for 

in the MechChem model through the intrinsic cooperativity coefficient n.  

Comparison with long range cooperativity hypotheses 

Most of the models previously discussed have included only local cooperativity 

mechanisms, yet there are also models and hypotheses that incorporate cooperative 

mechanisms acting along the entirety of the thin filament. Brandt and colleagues [39] 

proposed that the mutual overlap of Tm molecules under Tn causes a simultaneous 

unblocking or blocking of all Tm molecules along the filament. Conversely, the 

“cooperative realignment of binding sites”, a model developed by Daniel and 

colleagues [26], ignores the effects of Tm but looks instead at the possible impact of 

strain on the thin filament. Hence, this model can predict cooperativity in tension 

development but not in activation. Still others attribute the cooperative effect to the 

constant volume property of the myofiber matrix. The stretch of sarcomeres causes 

the thick and thin filaments to squeeze closer together increasing the probability of XB 

binding [24]. Like the cooperative realignment of binding sites, the lattice spacing 

hypothesis can account for cooperative tension generation but not activation.     

The model designed by Land & Niederer [40] represented the entire thin filament, a 

compilation of 26 RU’s. They hypothesized that the state (position) of the Tm molecule 

in each RU has a corresponding free energy determined by the state of neighboring 

XB’s and RU’s. The energy term is used to compute the probability of a RU being 

blocked or unblocked. While the simulated results are consistent with available 

experimental data and insight can be gained through the Land & Niederer model, it is 
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composed of a system of 750 ordinary differential equations. The tension-driven 

cooperativity model we present consists of a single ordinary differential equation and 

three key parameters, so we present a highly simplified model that still captures 

behaviors shown in available experimental data. Our model, like the Land & Niederer 

[40] model, includes an energy term in the computations of state P. It is a mechanical 

energy term related to the tension within the thin filament that increases along the 

thin filament from the start of the single overlap region towards the Z-disk. Our model 

is different from others because the mechanics of the thin filament (S(x)) directly 

impact the related chemistry (Ca
2+

 binding to Tn) whereas most of the other models 

view the mechanics and chemistry separately. 

Izakov et al. have hypothesized that the number of strongly bound XB’s along the thin 

filament affects the binding affinity of Ca
2+

 to Tn and have implemented this idea in a 

computational model [41]. Landesberg and Sideman proposed a similar model, but it 

was a loosely coupled model meaning that Ca
2+

 was not required to remain bound for 

the Tn to remain active, but bound XB’s were adequate to do so [42]. Our model 

differs because we propose that the tension in the thin filament contributes to an 

increment energy required to unbind Ca
2+

 from Tn. This energy increases along the 

thin filament toward the Z-disk as tension increases. In the models discussed above, 

the global affinity for Ca
2+

 to bind to Tn will change based on the number of strong 

XB’s. Within our model, however, the affinities increase with tension in the thin 

filament, being explained by a linear increase of binding energy with tension in the 

thin filament.   

Mechanism of relaxation as calcium concentration decreases 

Due to the interaction between mechanics and chemistry within the model, neither 

mechanics nor chemistry fully account for the activation or subsequent deactivation of 

the thin filament. While we propose that high tension in the thin filament hinders 

deactivation, a decrease in intracellular [Ca
2+

] will trigger relaxation. Due to the 

buildup of tension within the thin filament as shown in Figure 2.3, there is always a 

loose end closer to the mid-line in which little tension is developed. The hindrance to 
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deactivation imposed by high tension does not exist in these areas, thus promoting the 

deactivation of the Tn’s closest to the mid-line first. We propose that the areas of 

highest tension (closest to the z-disk) are the latest to deactivate.   

Heterogeneity of cross-bridge density    

Our model has provided a potentially experimentally testable hypothesis. Model 

results suggest directionality in the dispersion of XB’s along the thin filament with a 

higher concentration of XB’s closer to the Z-disk. Desai and colleagues [33] were 

recently able to fluorescently label single myosin heads and observe single bindings to 

the thin filament. They observed that although myosin binding activated the RU, there 

was no directionality in the binding of XB’s. However, tension was not developed in 

this model because the myosin heads were not tethered to the thick filament. 

Additional experimental evidence is needed to test the hypothesis of XB dispersion in 

the loaded thin filament. The difficulty lies in developing an experimental approach 

that enables viewing of each individual XB binding in a skinned muscle under tension.   

Model Limitations 

The model presented here assumes that when an area on the thin filament becomes 

unblocked, XB’s are automatically formed. Thus, the fraction of unblocking is 

proportional to the XB- force developed along the strand. The assumption that XB’s 

form automatically when RU’s are activated is not physiologically accurate. We expect 

this to be corrected upon the explicit incorporation of the different steps of the XB 

cycle. However, the experimentally measured tension in skinned muscle preparations 

is obtained after the steady state has been reached. Hence, the experimental data is 

time-independent.  

The current model results are limited to the [Ca
2+

]- tension relationship. The 

introduction of dynamics such as the XB cycle requires additional assumptions to be 

made and additional unknown parameters added. However, the next logical step for 

the model is the implementation of the XB cycle that will be studied in the isometric 

twitch. The MechChem model is a mean field approximation, so it is highly simplified. 
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Specific spatial details such as individual binding sites are not accounted for, but the 

simplification reduces computational cost considerably.   

Conclusions 

A novel mechanochemical model of tension generation by the sarcomere has been 

developed based on long range cooperativity imposed by mechanical tension in the 

thin filament and intrinsic cooperativity resulting from the interaction between the 

calcium-binding sites on the in-register troponin complexes. Simulated [Ca
2+

]-tension 

curves resembled those obtained in steady state isometric muscle experiments. Thus, 

our results support the hypothesis that high tension in the thin filament impedes 

deactivation by increasing the energy required to detach calcium from the troponin 

complex. Furthermore, we found that the tension in the thin filament was relatively 

low toward the beginning of the single overlap region close to the mid-line of the 

sarcomere but increased steeply in the overlap region closer to the Z-disk. Model 

simulations suggest that the concentration of calcium bindings to the troponin 

complexes and active XB’s are low at the free end of the thin filament and saturated 

closer to the Z-disk. Future experimental studies are needed to test the latter 

property, indicating the validity of our hypothesis on the cooperative effect of tension 

in the thin filament on force generation by the cardiac sarcomere.    
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S1 Appendix 

Overlap length 

Single overlap length xmax of the thin and thick filaments depends on SL and length of 

the thin filament lthin, the myosin filament lthick, and the bare zone lbare in the middle of 

the thick filament according to the formulations of Rice et al (22): 

𝑥𝑚𝑎𝑥 = 𝑥𝑧 − 𝑥𝑐   (2.A1) 

𝑥𝑧 = 𝑚𝑖𝑛 (
𝑙𝑡ℎ𝑖𝑐𝑘

2
,
𝑙𝑠𝑎𝑟𝑐

2
) 

(2.A2) 

𝑥𝑐 = 𝑚𝑎𝑥 (
𝑙𝑠𝑎𝑟𝑐

2
− (𝑙𝑠𝑎𝑟𝑐 − 𝑙𝑡ℎ𝑖𝑛),

𝑙𝑏𝑎𝑟𝑒

2
) 

(2.A3) 

The values of the independent length components utilized in the model are as follows: 

lthin = 1.2 µm, lbare = 0.1 µm, lthick = 1.6 µm (9). 

 

2.S1 Figure: [Ca2+]-Tension relationship alterations in intrinsic cooperativity. The cooperativity constant n is 

altered between values of 1 (blue), 2 (green), and 3 (magenta) at SL = 2.05 µm. The green dots on the plot 

are the experimental data of Dobesh et al, and the best fit of the model to the experimental data of Dobesh 

et al. was found for each n [1, 2, 3]. Cs = [134.90, 24.07, 7.32] (S-1) Cf = [0.00293, 0.00220, 0.00197] (nm-1S) 

KTnCa0 = [618.97, 22.14, 8.63] (µM). 
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Chapter 3 

 

High tension in sarcomeres hinders myocardial 

relaxation: a computational study 

 

This chapter is based on: 

Lauren J. Dupuis, Joost Lumens, Theo Arts, and Tammo Delhaas (2018). High tension in 

sarcomeres hinders myocardial relaxation: A computational study. In PLoS One. 

(Accepted). 

Abstract 

Experiments have shown that the relaxation phase of cardiac sarcomeres during an 

isometric twitch is prolonged in muscles that reached a higher peak tension. However, 

the mechanism is not completely understood. We hypothesize that the binding of 

calcium to troponin is enhanced by the tension in the thin filament, thus contributing 

to the prolongation of contraction upon higher peak tension generation.  To test this 

hypothesis, we developed a computational model of sarcomere mechanics that 

incorporates tension-dependence of calcium binding. The model was used to simulate 

isometric twitch experiments with time dependency in the form of a two-state cross-

bridge cycle model and a transient intracellular calcium concentration. In the 

simulations, peak isometric twitch tension appeared to increase linearly by 51.1 KPa 

with sarcomere length from 1.9 µm to 2.2 µm. Experiments showed an increase of 

47.3 KPa over the same range of sarcomere lengths. The duration of the twitch also 

increased with both sarcomere length and peak intracellular calcium concentration, 

likely to be induced by the inherently coupled increase of the peak tension in the thin 



Chapter 3                                                                                                                                           

40 
 

filament. In the model simulations, the time to 50% relaxation (tR50) increased over the 

range of sarcomere lengths from 1.9 µm to 2.2 µm by 0.11s, comparable to the 

increased duration of 0.12s shown in experiments. Model simulated tR50 increased by 

0.12s over the range of peak intracellular calcium concentrations from 0.87 μM to 1.45 

μM. Our simulation results suggest that the prolongation of contraction at higher 

tension is a result of the tighter binding of Ca
2+

 to troponin in areas under higher 

tension, thus delaying the deactivation of the troponin.  

Introduction  

Cardiac muscle contraction is triggered by the rise in the concentration of intracellular 

calcium (1). It has been shown in skinned muscle preparations that a relatively small 

increase in the free intracellular calcium concentration, i.e. [Ca
2+

], results in 

disproportionately large increases in steady state tension development, a process that 

has been called cooperativity in sarcomere activation and contraction (2, 3). In 

literature, researchers generally use a Hill coefficient (nHill) to quantify cooperativity by 

determining the steepness of the slope in the [Ca
2+

]-tension relationship. Sun et al. 

have found that cooperativity is on the order of nHill = 3 under zero load conditions (4). 

The data of Dobesh et al. has shown that in the presence of mechanical load, nHill 

approaches a value of 7 (2). This increase of cooperativity suggests that tension in the 

thin filaments promotes the cooperative effect during sarcomere contraction.  

Recently with the MechChem model, we introduced the hypothesis that tension in the 

thin filament tightens the binding of Ca
2+

 to the troponin complex (Tn) (5). Model 

simulations showed that high tension boosts the cooperativity from the purely 

chemical cooperativity (Ca
2+

 binding to Tn in the absence of a mechanical load) shown 

by Sun et al. (4) to the cooperativity shown by Dobesh et al. (2) when the thin filament 

is under tension. The agreement between simulations and experimental data (5) 

suggested that the proposed tension-dependence of cooperativity may be responsible 

for the added cooperative activation of Tn’s.  
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Experiments have been conducted to release the afterload during an isometric twitch 

resulting in a quick drop in sarcomere tension (6, 7). The drop in sarcomere tension 

corresponds with an instantaneous increase in the free intracellular calcium 

concentration. The immediate increase in free intracellular calcium concentration with 

a sudden decrease in sarcomere tension shows that the mechanics of the sarcomere 

has a clear influence on the binding of Ca
2+

 to Tn. Hence, it is likely that the tension-

dependent activation of the Tn’s along the thin filament has an effect on the relaxation 

of cardiac muscle. It has been shown by Janssen and Hunter (8) that the duration of 

muscle contraction increases linearly with the developed peak tension. While Janssen 

and Hunter proposed that higher peak tension caused the longer duration of 

contraction, the underlying physical mechanism that explains the experimental results 

was lacking. In the present study, we hypothesize that prolongation of contraction, or 

delay in relaxation, is a result of hindrance to thin filament deactivation imposed by 

high tension locally in the thin filament. In order to test this hypothesis, we extend the 

MechChem model, originally designed to simulate steady state tension, with a two 

state cross-bridge cycle model and a transient intracellular calcium concentration. The 

additions to the model allow us to simulate isometric twitch contractions. We simulate 

an isometric twitch at multiple sarcomere lengths (Lsarc) and compare the model 

results to the experimental data presented by Janssen and Hunter (8). Additionally, we 

simulate an isometric twitch with varying peak intracellular calcium concentrations to 

mimic the experimental conditions of Kassiri et al (9). 

Methods 

The previous version of the MechChem model was developed to describe a steady 

state isometric contraction. In that model, we assumed that Ca
2+

 binding to the Tn 

results in the movement of tropomyosin (Tm) out of the position in which it blocks the 

binding sites on the thin filament. The binding of Ca
2+

 to Tn is cooperative in nature 

with a baseline chemical cooperativity that is increased by mechanical tension in the 

thin filament. Additionally, it has been assumed that unblocking of cross-bridge (XB) 

binding sites implies automatic XB formation and force generation. Furthermore, we 
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assumed that all XB’s form only in the single overlap region and generate equal force. 

Tension in the thin filament increases at each location of XB binding by the 

corresponding XB force. Thus, tension increases step by step from the beginning of the 

single overlap region near the center of the sarcomere towards the ending of this 

region near the z-disk.  

 

Figure 3.1: Schematic of the MechChem Model. (A) The displayed calcium transient derived from Rice et al. 

(10) is used as an input to the model. (B). Activation of the thin filament, moving from the non-permissive 

state (N(x,t)) to the permissive state (P(x,t)) occurs when calcium binds to the Tn. Myosin heads in the 

detached, non-force-generating state (D(x,t)) can only enter the bound, force-generating cross-bridge state 

(A(x,t)) if the XB binding sites are free for binding. Hence, P(x,t) increases the rate of cross-bridge 

attachment (fDA). A(x,t) determines the cross-bridge force density and hence the tension (S(x,t)) in the thin 

filament. The tension suppresses the rate of detachment of Ca2+ from Tn (fNP). Solid arrows represent state 

transition rates while the red dashed arrows indicate effects on state transition rates.  

In this study, we have modified the MechChem model of the cardiac sarcomere to 

mimic isometric twitch conditions. One of the steady state model assumptions 

detailed by Dupuis et al. (5) has changed, and two assumptions have been added. It is 

no longer assumed that unblocking of a binding site automatically implies XB binding 

and force development. Instead, a two state cross-bridge cycle model has been 

implemented where Ca
2+

 binding to Tn unblocks the binding sites, enabling XB 

formation with a given reaction rate (Figure 3.1B).  One new assumption is that the 

intracellular Ca
2+

 concentration varies in time according to the formulation presented 
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by Rice et al. (10) (Figure 3.1A). The second new assumption is that the cross-bridge 

cycle is rate-limiting in comparison with Ca
2+

 kinetics (11). 

At rest, the Tn anchors a Tm molecule in place blocking the XB binding sites on actin 

monomers. The binding of a Ca
2+

 ion to the Tn triggers a cascade of conformational 

changes (12). When the Tn is activated, the Tm strand moves so that the XB binding 

sites on the thin filament are unblocked (13). We assume that the single overlap 

region is the only region on the thin filament where XB’s can bind. Hence, the working 

domain of the model is the single overlap region. The position (x) is defined as the 

position along the single overlap region starting closest to the mid line and ending 

toward the Z-disk. The mathematical formulation of the proportion (P(x,t)) of active 

Tn’s  at time t and position x along the single overlap region is from the previously 

developed MechChem model (Equation 3.1). Parameters CS and KTnCa0 represent the 

tension sensitivity constant of Tn and an equilibrium [Ca
2+

] constant, respectively.   

𝑃(𝑥, 𝑡) =  
1

1 + 𝑒
𝑛(−𝐶𝑠𝑆(𝑥,𝑡)−𝑙𝑛(

[𝐶𝑎2+](𝑡)
𝐾𝑇𝑛𝐶𝑎0

))

  
(3.1) 

Parameter n indicates the Hill coefficient of Ca
2+

 binding to Tn in the absence of thin 

filament tension. We previously found that parameter KTnCa0 changes with Lsarc (5). We 

now assume KTnCa0 to be linearly related to Lsarc (Equation 3.2).  

𝐾𝑇𝑛𝐶𝑎0 =  −𝑎 𝐿𝑠𝑎𝑟𝑐 + 𝑏  (3.2) 

Parameters a and b represent the slope and intercept of the linear relation.  

The XB cycle model utilized in our study is based on the XB cycle model by Landesberg 

and Sideman (14). We simplified the model (Figure 3.1B) to a two state model that 

consisted of a force generating attached state and a non-force generating state being 

quantified by the fractions A(x,t) and D(x,t) = 1 - A(x,t), respectively. The rate of XB 

attachment is assumed to be proportional to the fraction P(x,t) of activated Tn 

complexes. Thus, for the rate of XB increase, the change in A(x,t) with respect to time 

is represented with Equation 3.3. 
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𝜕𝐴(𝑥, 𝑡)

𝜕𝑡
= (1 − 𝐴(𝑥, 𝑡))𝑃(𝑥, 𝑡)𝑓𝐷𝐴 − 𝐴(𝑥, 𝑡)𝑓𝐴𝐷  

(3.3) 

In the original MechChem model developed by Dupuis et al. (5), the tension in the thin 

filament was defined as the sum of all of the XB forces from the start of the single 

overlap region near the mid-line till the end of the single overlap region closest to the 

z-disk. The model represents a population of sarcomeres. Instead of explicit modeling 

of individual XB’s, XB force density is represented as a continuous function of position 

x, proportional with XB fraction A(x,t).   

Thus, the spatial derivative of thin filament tension (∂S(x,t)/ ∂x) is represented by 

Equation 3.4.   

𝜕𝑆(𝑥, 𝑡)

𝜕𝑥
=  𝐶𝑓𝐴𝐹(𝑥, 𝑡) 

with boundary condition: S(0,t) = 0 

(4) 

The constant (Cf) represents the tension per unit length in the thin filament if all XB’s 

are active. The length of the single overlap region depends on Lsarc using the 

formulation of Rice et al. (10) that can be found in the appendix. 

Numerical Implementation 

Equation 3.3 was solved with the following method. A(x,t) was represented by an array 

of samples along the x axis, being used as state variables (Aix) that varied in time. From 

the state variables Aix, their time derivatives are calculated as follows. Tension S(x,t) is 

calculated as Six for each sample Aix, applying Equation 3.4. Thus, the numerical 

integration along the x-direction is carried out by the cumulative summing of Aix. From 

the tension samples Six, Tn-activation Pix is calculated using Equation 3.1. From Tn-

activation Pix, the time derivative of XB density ∂Aix/∂t is calculated using Equation 3.3. 

Having written ∂Aix/∂t as a function of Aix, the related differential equation is solved by 

utilizing the Matlab ode23s solver.  
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Parameter estimation and Simulation Protocol 

Figure 2 from Janssen and Hunter, 1995 (8) was discretized, and data points were 

extracted from each curve at time points spaced every 0.02 seconds. The parameters 

Cs, Cf, a, and b have been estimated by minimizing the error between the model-

generated thin filament tension (Smodel) and the experimental data from Janssen and 

Hunter (Sexperiment). The objective function used to calculate the error is shown in 

Equation 3.5. 

𝑒𝑟𝑟𝑜𝑟 =
∑ (𝑆𝑚𝑜𝑑𝑒𝑙 − 𝑆𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡)

2𝑗
𝑖=1

𝑗
  

(3.5) 

Simulation Protocol 

Simulations were designed to mimic the isometric twitch experiments of Janssen and 

Hunter. Lsarc was held constant given parameter values a, b, Cf, and Cs, while calcium 

concentration changed in time with a peak value of 1.45 μM. The model provided thin 

filament tension as a function of time for 7 values of Lsarc ranging from 1.90 to 2.20 μm. 

Additionally, simulations were performed in which Lsarc was maintained at 2.2 μm 

while calcium gradients were varied as follows: the amplitude of the calcium 

concentration was increased stepwise from 60% to 100% of the peak value used in the 

other simulations while the time constants of rise and decay remained constant.  This 

simulation protocol mimics the experiments of Kassiri et al (9), showing that twitch 

duration increases with peak force independently from sarcomere length. 

Results 

The full set of parameters utilized is displayed in Table 3.1. The parameter values 

resulting from the fitting procedure are a, b, Cf, and Cs. 

The comparison between data points from the experimental isometric twitch tension 

curves of Janssen and Hunter (8) and the model-generated tension curves is shown in 

Figures 3.2A and 3.2B. The ratio of the peak tension at Lsarc 1.9 µm to that measured at 

Lsarc 2.2 µm was 0.48 in experiments and 0.42 in simulations.  
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Table 3.1: MechChem model parameters 

Parameter Value Units Equation Source 

a 1.39 µM µm-1 3.2 model fit 

b 7.76 µM 3.2 model fit 

fDA 40 s-1 3.3 (14) 

Cf 0.283 kPa nm-1 3.4 model fit 

CS 0.127 kPa-1 3.1 model fit 

n 3 unitless 3.1 (4) 

fAD 12 s-1 3.3 (14) 

   

 

Figure 3.2: Tension traces of Sarcomeres in isometric conditions. (A) Experimentally measured tension 

traces at Lsarc ranging from 1.90 to 2.20 µm under isometric conditions. The dots are data points extracted 

from Figure 2 of Janssen and Hunter 1995 (8). (B) Model simulated tension traces mimicking the conditions 

in A are displayed. (C) The experimentally measured tension data in A are each normalized to their own peak 

tension. The arrows in the figure represent the relaxation to 50% of the maximum stress level after the peak 

stress. (D) The model-generated tension traces in B are each normalized to their own peak tension. 
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Figures 3.2C and 3.2D display the tension traces of Figures 3.2A and 3.2B, respectively, 

but each curve is normalized to its own peak tension. From these normalized curves, 

the prolongation of tension generation is obvious at larger Lsarc’s. The time from peak 

tension generation to 50% relaxation (tR50) differs between the largest (Lsarc = 2.2 µm) 

and the smallest (Lsarc = 1.9 µm) Lsarc by 0.12 seconds in experiments and 0.11 seconds 

in simulations. The tR50 for the sarcomere lengths ranging from 1.9 µm to 2.2 µm is 

shown in Figure 3.3. Additionally, the peak tension generated by the model has been 

compared to the experimental values from Janssen and Hunter (8) in Figure 3.3.  

The model predicted proportion of XB’s in the force generating state (A) during an 

isometric twitch as a function of time (t) and position (x) at Lsarc = 2.05 µm is shown in 

Figure 3.4. The Lsarc of 2.05 µm was chosen because it was in the middle of the range of 

Lsarc’s. The model predicts that the highest likelihood of  XB’s to generate force occurs 

for high x-values, i.e. in the single overlap region closest to the z-disk. Tension 

development at position x in the thin filament is prolonged in the single overlap region 

near the z-disk as compared to this region near the center of the sarcomere. At x = 400 

nm, the probability that there will be a strong cross-bridge bound reaches its peak 

value at a time of 0.20 s (marker 1). The probability of a bound cross-bridge drops to 

0.10 by 0.38 s (marker 2). However, at the boundary of the single overlap region near 

the z-disk (x = 625 nm), the probability of cross-bridge formation reaches its peak 

value of 0.77 at 0.31 s (marker 3) and drops to 0.10 at 0.56 s (marker 4). The time 

difference between markers 2 and 4 shows that relaxation of the thin filament is 

delayed in the area under the highest tension, i.e. in the single overlap region near the 

z-disk. 
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Figure 3.3: Comparison of model predicted metrics with experimental results. The peak tension and the 

time at which the muscle has relaxed by 50% (tR50) for each Lsarc are compared between the model prediction 

(red) and the experimental results (blue). 

 

Figure 3.4: Proportion of force-generating cross-bridges (A) throughout an isometric twitch. A is displayed 

for sarcomere with length 2.05 µm under isometric twitch conditions.  The probability of formation of a 

force-generating cross-bridge depends both on time and position (x) along the single overlap region of the 

thin filament. Markers 1 and 2, located at 400 nm from the mid line, show the peak level of activation of 

0.65 and when the activation level reaches 0.10, respectively. Markers 3 and 4, located at 625 nm from the 

mid line closest to the z-disk, show the peak level of activation 0.77 and the subsequent drop to 0.10, 

respectively. 
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Figure 3.5 displays myofiber isometric twitch stress curves (magenta) resulting from 

input calcium transients (blue). The peak intracellular calcium concentration was 

increased from 0.87 μM to 1.45 μM. The tR50 for the lowest peak intracellular calcium 

concentration was 0.10 s, increasing to 0.22 s when the peak intracellular calcium 

concentration was increased to 1.45 μM. With greater peak tension, the duration of 

contraction increased.     

 

Figure 3.5: Isometric twitch stress with increases in peak [Ca2+]. The input calcium transient (blue curves) 

increases its peak value from 0.87 μM to 1.45 μM while maintaining time constants of rise and decay. The 

related isometric twitch stress curves (magenta) are shown for a sarcomere length of 2.2 μm. 

Discussion 

To study the time course of force development and relaxation of cardiac sarcomere 

contraction, we incorporated the dynamics of the cross-bridge cycle in our previously 

developed MechChem model of the mechano-chemical interactions in cardiac 

troponin activation (5). In addition to the assumed tension-dependent calcium-binding 

cooperativity in this model, we implemented time dependence by means of imposed 

calcium transients. We simulated isometric twitches for a range of sarcomere lengths 

and compared our results to the experimental data of Janssen and Hunter and Kassiri 

et al. (8, 9). Our model with only six parameters and two partial differential equations 

could reproduce the isometric twitch behavior as evidenced by strikingly similar values 

for each sarcomere length between model and experiment for peak tension, time of 

50% relaxation, and increases in twitch duration with increased peak intracellular 

calcium concentration. These results not only suggest that the resultant force 

development after binding of calcium to troponin favors new bindings of calcium to 

troponin, but also that hindrance to thin filament deactivation increases with tension 
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in the thin filament. The resultant of both mechanisms is an increase of both peak 

isometric tension and duration of the twitch with sarcomere length and peak 

intracellular calcium concentration. An interesting consequence of our hypothesis on 

tension-dependency of calcium binding to troponin is that contraction duration is 

locally distributed within a sarcomere, with longest duration close to the z-disk where 

tension in the thin filament is highest. 

Intracellular calcium transient 

There are multiple channels, pumps, and buffers that determine the intracellular 

calcium transient in cardiac muscle (1). For simplicity we have utilized the prescribed 

calcium transient formulated by Rice et al. (10) as the input in this study. While 

calcium handling is tightly controlled in cardiac muscle, there are pathological 

situations that cause differences in calcium transient morphology (15). A model of the 

calcium handling system will be necessary when studying a pathological situation, but 

the prescribed transient is suitable for our study in which we investigate the isometric 

twitch in healthy tissue at different sarcomere lengths. While a change in sarcomere 

length has an acute effect on the calcium transient, a recent article (16) has shown 

that intracellular calcium transient morphology does not exhibit significant long term 

changes in rat ventricular myocytes with a change in cell length.    

Rise of tension  

Experiments have shown that the upslope of tension in isometric twitches decreases 

with sarcomere length (8, 17). The MechChem model simulated upslope of tension 

development is independent of sarcomere length. It is possible that addition of a third 

cross-bridge state, a weakly-bound, non-force-generating state, could alter the rate of 

rise of tension in the sarcomere. It is also possible that the assumed calcium transient 

morphology is inconsistent with that in the experiments of Janssen and Hunter (8). 

Unfortunately, the free intracellular calcium concentration was not measured in the 

experiments. Janssen and Hunter altered the extracellular calcium concentration and 

did not measure the intracellular concentrations of calcium. Hence, we assumed a 

calcium transient in the absence of exact measurements.   
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Linear increase of peak tension with sarcomere length 

Experiments have shown that the peak isometric twitch tension developed in the 

sarcomere increases with sarcomere length (8, 18). The results of the MechChem 

model show a similar linear relationship between peak tension and sarcomere length. 

The increase in peak tension with sarcomere length shown in our simulations is a 

result of the increasing length of the single overlap region and the mechanism of 

cooperative activation as described by the MechChem model (5). We are aware that 

there are many proposed mechanisms of cooperative activation in cardiac muscle 

including nearest neighbor interactions (19), myofilament lattice spacing (20), the 

cooperative realignment of binding sites (21), the interaction between mutually 

overlapping Tm’s under Tn’s (22), and the positive feedback between the number of 

cross-bridges and the binding affinity of Ca
2+

 for Tn (23), just to name a few. We 

previously proposed that the affinity of Ca
2+

 binding to Tn is boosted by mechanical 

tension locally in the thin filament. The cooperative mechanism we proposed is 

consistent with the results of previous studies suggesting that Ca
2+

 binding to Tn 

tightens with sarcomere tension (17). Hence, the cooperative activation mechanism 

presented in our previous study (5) was conserved within the current model 

framework. However, parameters Cs and Cf changed values because of the different 

experimental circumstances (3). With the addition of the XB cycle, we have presented 

a model of the cardiac sarcomere that is composed of 2 partial differential equations 

and six parameters that is able to reproduce a range of isometric twitch conditions 

without further change of parameter values.    

Increase of peak tension with peak intracellular calcium concentration 

Increases in peak intracellular calcium concentration result in increases in peak 

myofiber tension in both steady state isometric experiments (2) and isometric twitch 

experiments (9). In the MechChem model, the affinity of Tn to bind Ca
2+

 increases with 

Lsarc. Therefore, some of the increases in twitch duration shown at high Lsarc can be due 

to the increased affinity for Ca
2+

 instead of solely due to the increased peak tension. To 

uncouple the increase in tension generation from increased Ca
2+

 affinity, we have 
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mimicked the experimental conditions of Kassiri et al. by maintaining the Lsarc at 2.2 

μm while altering the peak intracellular calcium concentration. The working range of 

calcium concentrations used by Kassiri et al. in experiments was lower than that used 

in our model, so relative changes were utilized for comparison, and the amplitude of 

the intracellular calcium transient was increased stepwise from 60% to 100% of the 

peak value used in our simulations. With greater peak intracellular calcium 

concentration, tension in the thin filament increased. The twitch duration increased 

with peak tension independent of the Lsarc in these simulations. The additional test of 

the model provides further results supporting our hypothesis that greater tension in 

the thin filament locally hinders relaxation.    

Tension dependent mechanism of relaxation in cardiac muscle 

The experiments of Janssen and Hunter (8) have shown that cardiac myocyte 

relaxation during an isometric twitch is prolonged with greater developed peak 

tension. However, a likely physical mechanism that causes the prolongation of 

contraction is not described yet. A recent review by Biesiadecki et al. (24) highlights 

three possible rates that determine the moment and rate of relaxation: intracellular 

calcium decline, troponin deactivation, and cross-bridge cycling rates. Each of the 

three rates mentioned contribute to relaxation morphology.   

Many computational models have been developed that replicate the prolongation of 

contraction with greater peak tension generated in the cardiac sarcomere. Landesberg 

and Sideman (14) developed a model of the cardiac sarcomere including Tn activation 

and the XB cycle. They propose that the number of strongly bound XB’s increases the 

affinity of Tn to bind Ca
2+

. Similarly, Niederer et al. proposed a thorough mathematical 

description of the cardiac sarcomere to understand relaxation of cardiac muscle (25). 

The tension developed in the sarcomere by the Niederer model decreases the rate of 

detachment of Ca
2+

 from Tn. While both the Niederer and the Landesberg and 

Sideman models propose cooperativity mechanisms dependent on sarcomere tension, 

an underlying physical explanation is lacking. They claim interactions between Tn’s on 

the thin filaments over distances as large as 35 nm but do not provide a firm physical 



                                                     High tension in sarcomeres hinders myocardial relaxation 

 

53 
 

basis for this interaction. With the MechChem model, we propose a physico-chemical 

mechanism that tightens Ca
2+

 binding to Tn by molecular deformation caused by 

mechanical tension in the thin filaments, finally resulting in prolongation of 

contraction at higher peak tension. By incorporating the spatial scale along the thin 

filament, tension in the thin filament changes locally with position x. Greater tension in 

the thin filament renders release of Ca
2+

 from Tn energetically less favorable. 

Consequently, high tension in the thin filament impedes relaxation.  

The model developed by Rice et al. (10) is able to reproduce sarcomere mechanics 

including isometric twitches and isotonic contractions utilizing a system of ordinary 

differential equations (ODE). The prolongation of contraction at higher Lsarc’s is present 

within the results of the Rice model. The latter authors assume a mathematical 

formulation that the parameter governing the rate of transition from the weakly 

bound, non-force-generating XB state to the unbound XB state increases at lower 

Lsarc’s. Consequently, the prolongation of contraction is, at least in part, prescribed by 

the parameter formulation. However, the mechanism behind the increasing rate 

transition rate at lower Lsarc’s is unclear.  

We propose that high tension increases the strength of the binding between Ca
2+

 and 

Tn, thereby hindering relaxation. In our simulations, relaxation begins in areas of the 

single overlap region closer to the midline where tension is lower. Even if tension in 

the thin filament at the z-disk is at its maximum, there is always a relatively loose end 

closest to the sarcomere mid line under no tension. Consequently, as the intracellular 

calcium concentration decreases, relaxation will begin at this loose end first. 

Our model simulations suggest heterogeneity in XB binding along the single overlap 

region caused by the gradient of tension along the thin filament. This directionality in 

XB binding was not found by Desai and colleagues (26), who fluorescently labeled S1 

myosin heads to view individual bindings to an actin monomer on a strand. However, 

the myosin heads in that study were free in solution, so there was no force generated. 

According to our hypothesis that thin filament tension enhances Ca
2+

 binding to Tn, we 
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would not expect directionality to cross-bridge binding when the thin filament is not 

subject to mechanical load. The hypothesis we propose could potentially be tested if 

the experimental setup of Desai could be altered to incorporate force generating 

myosin heads.     

Limitations 

The MechChem model is a relatively simple model that utilizes two partial differential 

equations and six parameters to characterize the isometric twitch contraction of a 

cardiac sarcomere. Due to the simplicity of the MechChem model, some mechanisms 

that impact the cooperative binding of Ca
2+

 to Tn may not be included. Additionally, a 

prescribed calcium transient has been imposed as an input to the model, so force 

feedback on the electrophysiology (27) is currently not included. However, the calcium 

transient is an input that can later be replaced with a model. In the study by Janssen 

and Hunter (8) intracellular [Ca
2+

] was not measured. Hence, we had to make 

assumptions on the calcium transient. Additionally, we have utilized the assumption 

that [Ca
2+

] is uniform throughout the entire sarcomere lattice and the cell. It has been 

shown that in large animals such as pigs, there are intracellular spatial 

inhomogeneities in the Ca
2+

 transient (28). However, mice did not display 

inhomogeneity in [Ca
2+

] probably due to the high density of T-tubules. Hence, the 

assumption of [Ca
2+

] homogeneity is likely relatively accurate when modeling rat 

cardiomyocytes but may be incorrect when modeling a larger animal or human. 

Additionally, the calcium dynamics controlling the activation of the thin filament in the 

MechChem model are currently represented with the steady state calculation of P(x,t). 

The use of steady state calcium binding rather than a dynamic description is 

considered a reasonable assumption because the cross-bridge cycle has been shown 

to be rate limiting. Therefore, the calcium dynamics can be viewed in equilibrium. 

When sarcomere shortening is added to the model, a description of the dynamics of 

calcium binding will be necessary.    

The MechChem XB cycle model is a simplified, two state model. Although the two-

state XB cycle used in our model is a simplified representation of a more complex 
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biological system, the lumping of these states improves the computational expense of 

running such a model while still providing sufficient complexity necessary to test our 

hypothesis.  

Conclusion 

The MechChem model of cardiac sarcomere contraction has been extended with a XB 

cycle model and a calcium transient that changes in time to simulate an isometric 

twitch at multiple sarcomere lengths. The results of the MechChem model showed 

that peak isometric twitch tension and the duration of the twitch increased with 

sarcomere length. The results support our hypothesis that high tension in the thin 

filament locally hinders relaxation. Compared to other models of cardiac sarcomere 

isometric twitch contraction, the MechChem model is simple with few parameters 

while many properties of myocyte contraction are included.  
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Chapter 4 

 

Mechano-chemical interactions in cardiac 

sarcomere shortening 

 

This chapter is based on: 

Lauren J. Dupuis, Joost Lumens, Theo Arts, and Tammo Delhaas (2018). Mechano-

chemical interactions in cardiac sarcomere shortening. In Proceedings of Computing in 

Cardiology.  

Abstract 

Tension development in the cardiac sarcomere is highly cooperative, yet the 

mechanism is not known. We have developed the MechChem model of sarcomere 

mechanics, which incorporates a mechano-chemical interaction-based cooperativity 

mechanism in which the thin filament has an intrinsic chemical cooperativity that is 

boosted by mechanical tension in the thin filament.. In the current study, we extend 

the MechChem model to include the possibility for the sarcomere to change length 

when contracting against different afterloads. The model was tested at various 

afterloads and compared to experimental data. The MechChem model successfully 

reproduced isotonic twitch experiments. 

Introduction 

The most basic functional unit of cardiac contraction, a sarcomere, is composed of 

thick and thin filaments. The binding of a calcium ion (Ca
2+

) to a troponin complex (Tn) 

on the thin filament triggers conformational changes that unblock binding sites (1). 
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Cross-bridges (XB) can form and generate force when myosin heads on thick filaments 

bind to unblocked binding sites on a thin filament. Force generation in the cardiac 

sarcomere is cooperative, meaning that small increases in the intracellular Ca
2+

 

concentration produce disproportionately large increases in force (2). We have 

proposed a novel mechanism of cooperativity in which an intrinsic chemical 

cooperativity in the thin filament is boosted by mechanical tension (3). High tension 

locally along the thin filament impedes the unbinding of Ca
2+

 from the Tn, thereby 

hindering relaxation. Based on this proposed mechanism of cooperativity, we 

developed the MechChem model of mechano-chemical interactions in cardiac 

sarcomere contractions (3) that was validated against experimental data on steady-

state isometric contraction in skinned muscle (2) and isometric twitches in myofibers 

(4, 5). The aim of this study is to extend the MechChem model to mimic isotonic twitch 

experiments where the sarcomere can contract and shorten against different 

afterloads. Model validity will be evaluated by comparison of simulated and measured 

isotonic twitch experiments at various afterloads. 

Methods 

Model Setup 

The setup of the MechChem model is based on several assumptions. First, we assume 

that binding of Ca
2+

 to a Tn results in the movement of tropomyosin (Tm) away from 

its rest position, unblocking the XB binding sites on the thin filament. We assume there 

is an intrinsic chemical cooperativity in the binding of Ca
2+

 to Tn (6) that is boosted by 

mechanical tension in the thin filament. When binding sites are unblocked for XB 

binding, we assume a XB can either be in the attached or detached states. Each bound 

XB is assumed to generate a discrete force on the thin filament that sums up to the 

tension at position x along the single overlap region (SOR) from the start of the mid 

line to the z-disk. The final assumption is that the sarcomere length (Lsarc) changes with 

a Hill-type model (7).  
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At rest, the binding sites for myosin are blocked by Tm molecules that wrap around 

the thin filament. They are anchored in place by Tn complexes. When Ca
2+

 binds to the 

Tn, conformational changes occur that result in the movement of Tm away from the 

position in which it blocks the binding sites on the thin filament. We refer to this as the 

activation of the Tn. The proportion of activated Tn at time t and position x along the 

thin filament, P(x,t), is modeled with the following partial differential equation: 

𝜕𝑃(𝑥, 𝑡)

𝜕𝑡
= (1 − 𝑃(𝑥, 𝑡)) (

[𝐶𝑎2+](𝑡)

𝐾𝐶𝑎(𝑡)
)

𝑛

𝑓𝐶𝑎𝐷𝐴
− 𝑓𝐶𝑎𝐴𝐷

𝑃(𝑥, 𝑡)𝑒−𝑛𝐶𝑠𝑆𝑥(𝑥,𝑡) 
(4.1) 

The calcium concentration ([Ca
2+

]) is assumed to be uniform across the cell and to vary 

in time according to Rice et al. (8). Parameter n = 3 represents the intrinsic 

cooperativity of the binding of Ca
2+

 to Tn in the absence of tension as described in Sun 

et al (6). Cs represents the tension cooperativity constant. The parameter fCaDA
 

represents the rate of attachment of a Ca
2+

 to Tn, and fCaAD
 represents the rate of 

detachment of Ca
2+

 from Tn. KCa is an equilibrium constant that changes linearly with 

Lsarc according to Equation 4.2 where parameters a and b are constants. 

𝐾𝐶𝑎 =  −𝑎 𝐿𝑠𝑎𝑟𝑐 + 𝑏  (4.2) 

Once myosin heads on the thick filaments bind to unblocked sites, XBs can form and 

generate force. This is only possible in the SOR of the sarcomere, defined as the length 

of thin filament that overlaps with one thick filament and no other thin filaments. We 

calculate the length of the SOR as described previously (3).  

The probability of formation of a strong XB is represented by A(x,t) (Equation 4.3). 

𝜕𝐴(𝑥, 𝑡)

𝜕𝑡
= (1 − 𝐴(𝑥, 𝑡))𝑓𝐷𝐴𝑃(𝑥, 𝑡) − 𝐴(𝑥, 𝑡)𝑓𝐴𝐷 

(4.3) 

where the rates of XB attachment and detachment are fDA = 40 s
-1

 and fAD = 12 s
-1

, 

respectively (9).  
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Because the MechChem model represents an average of thousands of sarcomeres, 

A(x,t) can be viewed as a density of XBs. The force density (FXB(x,t)) generated by the 

bound XBs can be represented with Equation 4.4. 

𝐹𝑋𝐵(𝑥, 𝑡) = 𝐹𝑖𝑠𝑜𝐴(𝑥, 𝑡)𝐻(𝑡)  (4.4) 

In Equation 4.4, Fiso represents the maximum force generated by a single XB, and H(t) 

is a normalized sarcomere length Lsarc  determined by Equation 4.5. 

𝐻(𝑡) =  
ℎ𝑠(𝑡) − ℎ𝑖(𝑡)

ℎ𝑆𝐸0

 
(4.5) 

We utilize a Hill-type model to represent the changes in length in the sarcomere. The 

half Lsarc is represented by hs(t), the length of the intrinsic element is hi(t), and the 

length of the series elastic element where maximum force is generated is hSE0. H(t) is a 

proportion of the current length of the series elastic element, defined as ℎ𝑠(𝑡) − ℎ𝑖(𝑡) 

to the length where the series elastic element generates the most tension (hSE0).  

The change in length of the intrinsic element hi is determined with Equation 4.6. 

𝑑ℎ𝑖(𝑡)

𝑑𝑡
= (𝐻(𝑡) − 1)𝑣𝑚𝑎𝑥  

(4.6) 

where parameter vmax refers to the maximum velocity of sarcomere shortening.  

The half sarcomere length ℎ𝑠(𝑡) is determined by Equation 4.7. 

ℎ𝑠(𝑡) = 𝑚𝑖𝑛 {

ℎ𝑖𝑠𝑜

ℎ𝑆𝐸0(𝑆𝑎𝑓𝑡𝑒𝑟𝑙𝑜𝑎𝑑 − 𝑆𝑝𝑎𝑠𝑠𝑖𝑣𝑒(𝑡))

𝐹𝑖𝑠𝑜𝐴𝑋𝑚𝑎𝑥(𝑡)
+ ℎ𝑖(𝑡)

 

(4.7) 

A sarcomere shortens when it develops enough tension at the end of the SOR to 

overcome the afterload (Safterload). The afterload re-stretches the sarcomere when 

there is no longer enough tension developed to overcome it. If the sarcomere does not 

change length, Lsarc is held constant at the same length as the previous step (hiso). AXmax 
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represents the cumulative sum of the XB density at the end of the SOR. Spassive is the 

total passive tension in the sarcomere.  

The output of the MechChem model is the total tension in the thin filament (Sx) at 

location x along the SOR and time t. It is the sum of the total active tension (Sxactive(x,t)) 

and the total passive tension (Spassive(t)) at time t, as shown in Equation 4.8. 

𝑆𝑥(𝑥, 𝑡) = 𝑆𝑥𝑎𝑐𝑡𝑖𝑣𝑒
(𝑥, 𝑡) + 𝑆𝑝𝑎𝑠𝑠𝑖𝑣𝑒(𝑡) (4.8) 

Sxactive
(x,t) is modeled with Equation 4.9. The XB density, FXB, is integrated along the x 

dimension at each time point to calculate the active tension locally in the thin 

filament. 

𝜕𝑆𝑥𝑎𝑐𝑡𝑖𝑣𝑒
(𝑥, 𝑡)

𝜕𝑥
 = 𝐹𝑋𝐵(𝑥, 𝑡) 

(4.9) 

Spassive(t) is modeled by the experimental results of Weiwad et al. 2000 (10) (Equation 

4.10), depending on Lsarc 

𝑆𝑝𝑎𝑠𝑠𝑖𝑣𝑒 = 4.41(𝑒2.87(𝐿𝑠𝑎𝑟𝑐−1.85) − 1) (4.10) 

Parameter fitting procedure 

The parameters Fiso, Cs, a, and b were fitted using a linear least squares analysis to 

minimize the difference between the tension data of Katsnelson et al. (11) (Sexperiment) 

and the tension output by the MechChem model (Smodel). The objective function to be 

minimized is presented in Equation 4.11. The parameter vmax was then fit to the length 

data of Katsnelson et al.  

𝑒𝑟𝑟𝑜𝑟 =
∑ (𝑆𝑚𝑜𝑑𝑒𝑙 − 𝑆𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡)

2𝑗
𝑖=1

𝑗
 

(4.11) 
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Simulation protocol 

Simulations were performed to mimic isotonic twitch experiments. Given the fitted 

parameter values, we evaluated how well the model reproduces length and tension 

data as a function of time in comparison to the isotonic twitch experiments of 

Katsnelson et al (11). The sarcomere was allowed to contract against seven afterloads 

ranging from 17mN to 100mN, as was done in the experiments by Katsnelson et al 

(11). Throughout all simulations, 2.15 μm was the initial and maximum Lsarc. The 

MechChem model outputs the myofiber tension and Lsarc for all steps throughout the 

cycle.  

Results 

Isotonic Twitch 

Figure 4.1 displays the comparison between the experimentally measured isotonic 

twitch data of Katsnelson et al (11) and the MechChem model-generated isotonic 

twitch results given the fitted parameter values in Table 4.1. Figure 4.1A and 4.1B 

display the experimentally measured muscle tension and the MechChem model-

generated myofiber tension at various afterloads, respectively. Figure 4.1C displays the 

experimentally measured muscle length corresponding to the tension curves in Figure 

4.1A, and Figure 4.1D displays the MechChem model-generated Lsarc curves. 

The MechChem model-generated tension curves are qualitatively similar to the 

experimental data of Katsnelson et al. The peak tension generated in the isometric 

contraction (afterload 100 mN) is higher in the experiments. The duration of the 

shortening phase is similar between the experiments and the simulated data. In the 

MechChem model-generated results, the duration of the shortening phase decreased 

from 0.21 seconds at the lowest afterload to 0.095 seconds at an afterload of 79 mN. 

In the experimental data of Katsnelson et al, the duration of shortening showed a 

similar decrease in the duration of shortening from 0.23 seconds to 0.12 seconds for 

the same afterloads. 
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Figure 4.1: Myofiber tension and length in isotonic twitches with seven different maximum afterloads. The 

(A) muscle force generated in the experimental results of Katsnelson et al. (11) are compared to (B) 

MechChem model-generated myofiber tension. (C) experimentally measured muscle length is compared to 

(D) simulated Lsarc.   

 

Table 4.1. Fitted parameter values. 

Parameter  Value Units 

Cs 0.02 kPa-1 

a 3.25 μM μm-1 

b 8.56 μM  

Fiso 0.29 kPa nm-1 

vmax 5.77 μm s-1 
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Discussion and conclusions 

In this study, we have expanded the MechChem model of mechano-chemical 

interactions in cardiac sarcomere contraction to simulate an isotonic twitch. The 

sarcomere was allowed to shorten against various afterloads, and the model-predicted 

myofiber tension and length. The model-generated results were in qualitative 

agreement with the experimental results of Katsnelson et al. (11). 

In the experimental data of Katsnelson et al, the tension traces show that the fully 

isometric twitch requires the longest time to relax. It has been proposed that greater 

tension developed in the sarcomere causes a longer duration of contraction (4). We 

propose that the prolongation of contraction is due to the tension dependent 

mechanism of cooperativity in sarcomere contraction. Greater developed tension in 

the thin filament hinders relaxation. In this study, the maximum tension was limited by 

afterload. In experiments, the only shortening phase to peak out past the isometric 

twitch was that of 79 mN. In our simulations, the contractions with an afterload of 79 

mN and 66 mN peaked out past the isometric tension trace. As maximum tension was 

decreased, the duration of relaxation also decreased.  

A greater single overlap length has been shown to allow greater tension to develop in 

the thin filament (12). Shortening of sarcomeres results in smaller SORs. If the 

afterload is low, the sarcomere shortens to a smaller length, decreasing the length 

where a strongly bound XB can develop. Hence, the overall force density decreases. 

This could help explain the reduced duration of the isotonic twitch at lower afterloads. 

When Ca
2+

 is decreased in the cytosol, low tension in the thin filament, partially due to 

the short SOR, does not have a large hindering effect on relaxation. 

The MechChem model-generated relaxation phase begins quickly following the end of 

the shortening phase. As Lsarc increases, a slower phase of relaxation begins. With a 

longer SOR, there are greater probabilities of strong XBs developing, slowing the 

relaxation phase.  
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We compare the Lsarc generated by the MechChem model to left ventricular papillary 

muscle length output in the experiments of Katsnelson et al (11). While muscle length 

and Lsarc are not directly comparable, the general trends in length change remain 

similar. The shortening phase is slower than the relengthening phase in both 

experimental data and MechChem model results.  

The MechChem model utilizes a prescribed Ca
2+

 transient as input. It has been shown 

that the free intracellular Ca
2+

 transient is affected by the feedback of force on the 

Ca
2+

 handling system (13). However, the Ca
2+

 transient was not measured in the 

experiments of Katsnelson et al (11), so these effects could not be viewed in the 

experimental data. In the future, however, the MechChem model can be coupled to a 

Ca
2+

 handling system to understand changes in the calcium transient due to the 

feedback of mechanics during sarcomere shortening as well as during the relaxation 

phase.  

The addition of the ability for the sarcomere to shorten is a necessary step added to 

the MechChem model. In a whole heart, sarcomeres shorten during systole, and blood 

is ejected from the left ventricle. Hence, for the MechChem model to be utilized within 

the framework of a full heart contraction model, sarcomere shortening must be 

possible. With this development, it is a logical next step to insert the MechChem 

model into the framework of a whole-heart model such as the CircAdapt model of the 

closed-loop circulation.   

The MechChem model has been extended to allow the sarcomere to change length. 

The model-generated tension and Lsarc curves during isotonic twitches at various 

afterloads are in good qualitative agreement with experimental results. This 

development step in the MechChem model will allow its use to couple it with a 

calcium handling system as well as a whole-heart model. 
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Chapter 5 

 

Linking cross-bridge cycling kinetics to 

response to cardiac resynchronization therapy: 

A Multiscale modeling study 

 

This chapter is based on: 

Lauren J. Dupuis, Joost Lumens, Theo Arts, and Tammo Delhaas (2018). Linking cross-

bridge cycling kinetics to response to cardiac resynchronization therapy: A Multiscale 

modeling study. In Europace. (Accepted). 

Abstract 

Aims: Cardiac resynchronization therapy (CRT) is currently the most widely used 

treatment for heart failure patients with left bundle branch block (LBBB). In recent 

years, the presence of septal rebound stretch has been found to be a positive indicator 

for CRT response although the mechanism is unknown. Methods: In an attempt to 

understand the relation between cellular mechanics and global pump function in CRT 

patients, we utilize the CircAdapt closed-loop cardiovascular system model in 

combination with the MechChem model of cardiac sarcomere contraction. LBBB has 

been simulated with increasing delay in left ventricular (LV) free wall and septal wall 

activation. In addition to the electrical dyssynchrony, myocardial mechanical function 

was diminished by decreasing the cross-bridge cycling rate. Results: Our results have 

shown that a decrease in the cross-bridge cycling rate in addition to LBBB resulted in a 

decrease in septal rebound stretch (SRS) with a concomitant decreased response to 
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resynchronization. Conclusions: The results of our multiscale modeling study suggest 

that, while greater SRS during systole clearly indicates electrical dyssynchrony, it also 

predicts mechanical viability and healthy cross-bridge cycling rates in the myocardium. 

Hence, septal rebound stretch positively indicates response to CRT.  

Introduction 

Cardiac resynchronization therapy (CRT) is currently the most widely used treatment 

option for chronic heart failure (HF) patients with left bundle-branch block (LBBB) and 

reduced left ventricular ejection fraction (LVEF) ≤35% (1). However, many patients that 

meet all clinical criteria for CRT do not respond to this treatment for unknown reasons 

(2). It has been hypothesized that some patients with an electrical delay are less 

responsive to electrical resynchronization because they suffer from a mechanical 

deficiency in the myocardial tissue (3).  

It has been shown previously that septal strain patterns can aid in the determination 

of prognosis of HF patients with LBBB (4); a baseline septal strain pattern featuring 

early-systolic shortening followed by rebound stretch during the ejection phase has 

been shown to be a signature of good response to CRT. In contrast, LBBB patients with 

a septal strain pattern showing a late-systolic shortening peak and little or no systolic 

rebound stretch were associated with less favorable response to CRT, in terms of LV 

reverse remodeling. These results have been reproduced by other investigators who 

also showed that patients with little or no septal systolic rebound stretch have a 

significantly worse clinical outcome than patients with septal systolic rebound stretch 

either or not in combination with systolic pre-stretch of the postero-lateral wall (3, 5). 

The worse outcome related to lower septal rebound stretch was attributed to a 

decrease in contractility of the tissue. However, the exact mechanisms underlying on 

the one hand the absence of septal systolic rebound stretch despite a clear 

electrocardiographic LBBB morphology and on the other hand the relation between 

absent systolic rebound stretch and non-response to CRT remain unclear. 
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The sarcomeric cross-bridge cycle is fundamental to the mechanical force 

development in cardiac muscle (6). An experimental study by Alpert et al. (7) 

suggested that the maximum velocity of sarcomere shortening, which is among others 

determined by the cross-bridge cycling rate, decreases with age as well as in heart 

failure. This could be due to either stiffening of tissue or an increase in the time cross-

bridges remain attached. Additionally, ATP is necessary to detach cross-bridges. The 

creatine kinase reaction resynthesizes ATP when the heart is under increased load. It 

has been shown that the creatine kinase reaction decreases in function during heart 

failure (8).  

In this study, we hypothesize that decreased sarcomere shortening velocity can 

explain both the absence of septal systolic rebound stretch in LBBB patients and the 

limited functional improvement they gain from CRT. We utilize the CircAdapt closed-

loop cardiovascular system model (9) in combination with the MechChem model of 

cardiac sarcomere contraction (10) to better understand the relation between cellular 

mechanics and global pump function.  

Methods 

The CircAdapt model of the closed-loop cardiovascular system was used to investigate 

effects of dyssynchronous activation and decreased cross-bridge cycling on 

hemodynamics and septal strain patterns. The CircAdapt model allows real-time beat-

to-beat simulation of cardiac mechanics and circulatory hemodynamics (9). Modules 

that represent sarcomere mechanics, myocardial walls, valves, the pericardium, large 

blood vessels, and peripheral resistances are included in the CircAdapt model. The 

TriSeg model (11) is utilized to mechanically couple the three ventricular walls using 

the concept of conservation of energy. Within each wall, the stress is uniform, so it can 

be calculated as a single muscle fiber (12). Prior to the current study, the CircAdapt 

model utilized a phenomenological model of sarcomere mechanics as described in 

detail by Lumens et al. (11) in which the sarcomere was represented by a three 

element Hill model that prescribes an increase in force development and duration of 

contraction for greater sarcomere lengths. Calcium activation was not explicitly 
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accounted for, but was instead incorporated in a contractility curve formulation. For 

this study, the phenomenological module representing sarcomere mechanics has been 

replaced in the CircAdapt modeling platform by the more physics- and physiology-

based MechChem model (10) describing the mechano-chemical interactions 

underlying cardiac sarcomere contraction. 

The MechChem model, shown schematically in Figure 5.1, takes activation time as 

input and outputs the tension developed in the sarcomere. Sarcomere tension is 

calculated for each time (t) and position along the single overlap region of the thin 

filament (x). The MechChem model utilizes a two-state thin filament activation model: 

the non-permissive state N(x,t) where the binding sites for cross-bridges are blocked, 

and the permissive state P(x,t) where calcium is bound to the troponin complex and 

the binding sites are unblocked for cross-bridges to bind. The cross-bridge cycle model 

consists of a detached, non-force-generating state D(x,t), and an attached, force-

generating state A(x,t). A(x,t) determines a cross-bridge density locally along the thin 

filament, and it determines the tension in the thin filament. High tension in the thin 

filament locally blocks the transition of the thin filament from the permissive state to 

the non-permissive state. The CircAdapt model determines the initial length of the 

sarcomere and the time the tissue is activated, triggering the calcium transient and 

thus sarcomeric force generation. The MechChem model outputs the active myofiber 

stress.     
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Figure 5.1: MechChem model schematic. The MechChem model of mechano-chemical interactions in 

cardiac sarcomere contraction consists of two separate processes, the binding of calcium ions (Ca2+) to 

troponin (Tn) to activate the cardiac muscle, and the cross-bridge cycle. The thin filament is initially at rest, 

so the binding sites for cross-bridges are blocked, thus forming the non-permissive thin filament state 

(N(x,t)). Ca2+ can bind to Tn, triggering conformational changes that result in the unblocking of the cross-

bridge sites, changing the thin filament to the permissive state (P(x,t)). Initially, cross-bridges are not bound 

(D(x,t)). A cross-bridge can bind to the thin filament in the attached, force generating state of the cross-

bridge (A(x,t)). The maximum velocity of shortening (vMax) is determined by the cross-bridge cycling rate. The 

tension in the thin filament determined by the cross-bridges in state A(x,t) blocks the transition of the thin 

filament from state P(x,t) to N(x,t).    

Simulation Protocol 

The following simulations were performed: a reference simulation with synchronous 

activation of the ventricular wall, LBBB simulation with various degrees of asynchrony, 

and LBBB with mechanic dysfunction. During all simulations, mean arterial pressure 

was maintained at 92 mmHg while cardiac output was maintained at 3.8 L/min to 

mimic heart failure (13). To this end we applied homeostatic control, featuring 

alterations of circulating blood volume and systemic vascular resistance. Heart rate 

was assumed constant at 70 bpm in all simulations. An LBBB-like activation pattern 

was simulated by delaying the activation from the right ventricular wall to the LV free 

wall by 25ms to represent a mild LBBB up to 75 ms to represent a severe LBBB. The 
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septal wall was activated at one-third of the delay between the RV free wall and the LV 

free wall. In the CircAdapt model, the delay between LV and RV free wall activation is 

not equivalent to the QRS duration. The activation times refer to the average 

activation time of all of the tissue in the wall. Hence, the delay used in model 

simulations is not equal to the delay between the earliest activated RV tissue and 

latest activated LV tissue but the delay between the average activation time of all of 

the RV and LV tissue. A 50 ms delay in activation from the RV to the LV free walls was 

utilized for all simulations to match an average CRT candidate, based on human 

measurements by Huntjens et al (14), unless otherwise specified. The parameter 

determining the maximum shortening velocity of the sarcomere, vMax, was gradually 

decreased from 100% to 40%. Previous studies have related a late peak septal strain 

pattern in LBBB to the weakening of myocardial tissue (4). In our study, vMax was 

reduced to 40% of its value because it led to the clear late peak septal strain pattern 

that has been described.    

To assess the function of the heart, LV ejection fraction (EF) and end-diastolic pressure 

(EDP) were calculated. To assess the distribution of regional LV tissue load, the work 

performed by the LV free wall tissue and the septal wall tissue were calculated as the 

integral of the simulated myofiber stress-natural strain relationship in those tissues 

multiplied with the wall volume. The estimated onset QRS was determined by the 

average onset of ventricular calcium transients. This point was used as the zero-strain 

reference point. 

Results 

Figure 5.2 shows the effects of increased dyssynchrony on cardiac function. The delay 

in LV free wall activation time increases from left to right. Pressure-volume loops, 

engineering strain, and myofiber stress-strain loops are displayed in Panels A, B, and C, 

respectively. The results in Panel A show the progressive dilation of the LV with end-

diastolic volumes increasing from 100 mL during synchronous contraction to 129 mL 

when the LV free wall activation is delayed by 50 ms. The strain patterns shown in 

Panel B during a synchronous contraction show relatively uniform shortening during 
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ejection and relengthening during filling in all three ventricular walls. With increased 

delay in LV free wall activation, both LV free wall pre-stretch and septal stretch during 

systole increased. Greater septal stretch during systole resulted in less and even 

negative work done by the septum.  

 

Figure 5.2: Effects of increased dyssynchrony on cardiac function in the reference and LBBB simulations. 

Dyssynchrony increases from left to right (0ms, 25ms, 50ms, 75ms). The resulting (A) pressure-volume loops 

in the right ventricle (blue) and left ventricle (red) are displayed. (B) Engineering strain in the right ventricle 

(blue), left ventricle (red), and septum (black) are shown. The vertical dotted lines denote the ejection 

phase.(C) Myofiber stress-strain loops in left ventricular tissue (red), right ventricular tissue (blue), and 

septal tissue (black) are shown. Arrows indicate the direction of the loops. 

Figure 5.3A displays the septal strain pattern resulting from an LBBB with a 50 ms 

delay in LV free wall activation and a 16.7 ms delay in septal wall activation. The 

septum exhibits clear septal rebound stretch (red segments). Figure 5.3B displays the 

decrease in septal rebound stretch with decreasing vMax. The septal rebound stretch 

decreases from 5.6% to 1.3% with decreasing vMax from 100% of its maximal value to 

40% of its maximal value.  
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Figure 5.3: Septal rebound stretch in an LBBB heart with a 50 ms delay in LV free wall activation. (A) The 

septal rebound stretch is illustrated in the red segment of the septal strain pattern. (B) Changes in septal 

rebound stretch with decreasing vMax down to 40% of its maximal value are displayed. 

 

Figure 5.4: Changes in pump function with no dyssynchrony (blue) and 50 ms delay in LV free wall 

activation (magenta) with decreasing vMax. The changes shown are (A) the LV ejection fraction, (B) LV End 

Diastolic Pressure (EDP), (C) LV myofiber work, and (D) the septal myofiber work. Red arrows denote the 

potential for CRT response. 
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Figure 5.4 displays the changes in global pump function with decreasing maximal 

sarcomere shortening velocity (vMax) during synchronous activation (blue dots) and 

with LBBB corresponding to 50 ms delay in LV free wall activation (magenta dots). A 

60% decrease in vMax in a synchronous failing heart resulted in decreased LV ejection 

fraction from 54% to 35%, an increase in LVEDP from 1.2 to 3.0 KPa, a decrease in LV 

myofiber work from 0.53 J to 0. 46 J, and a decrease in septal myofiber work from 0. 

20 J to 0.17 J. The same decrease in vMax in LBBB simulations with a 50ms delay 

resulted in a decrease in LV ejection fraction from 47% to 33%, an increase in LVEDP 

from 1.4 to 2.8 KPa, a decrease in LV myofiber work from 0.94 J to 0.63 J, and an 

increase in septal myofiber work from -0.14 J to 0.04 J. Additionally, the relative 

difference in LVEF between healthy and LBBB hearts decreased with decreasing vMax.   

Figure 5.5 displays the comparison between simulated septal strain patterns (top row) 

and clinically measured septal strain patterns of a healthy volunteer and two patients 

with LBBB (bottom row). The reference simulation is shown in Figure 5.5A, whereas 

LBBB simulations with a 50 ms delay in LV free wall activation is shown in Figure 5.5B. 

Figure 5.5C displays simulated strain patterns in LBBB with 50 ms delay in free wall 

activation time in combination with a 60% decrease in vMax. The normal control is 

shown in Figure 5.5D, an LBBB septal strain pattern with septal rebound stretch is 

shown in Figure 5.5E, and a late peak septal strain patter in LBBB is shown in Figure 

5.5F. Qualitatively, simulations compare well to the experimentally measured data. 

Ejection begins in the dyssynchrony only case (Figure 5.5B and 5.5E) after initial 

shortening of the septal wall, and the septum begins lengthening at the beginning of 

ejection in both cases. When vMax is decreased to 40% of its healthy value, the septum 

is still shortening when the ejection phase begins. There is a similar late peak in septal 

shortening during ejection in both the simulations and the experimentally measured 

data (Figure 5.5F). In both cases, the septal wall begins to relengthen before the end of 

ejection.  
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Figure 5.5: Comparison of simulated and experimentally measured septal strain patterns from Leenders et 

al. (4). Simulated septal myofiber strain patterns are shown on the top (A, B, C), while the bottom row 

displays septal longitudinal strain patterns measured in a healthy volunteer and two heart failure patients 

with LBBB (D, E, F). (A and D) Strain patterns resulting from synchronous contraction are displayed. (B and E) 

A double-peak septal strain pattern is compared to a simulations with solely an electrical substrate, i.e. a LV 

free wall activation delay of 50 ms and a septal wall activation delay of 16.7 ms. (C and F) The late-peak 

septal strain pattern is compared to a simulation with both an electrical (LV free wall activation delay of 50 

ms) and a mechanical (vMax is reduced to 40%) substrate. The dashed lines indicate LV ejection.  

 

 

Figure 5.6: Progression of strain patterns with reduction in vMax. (A) The strain patterns in the LV (red), 

septum (black), and RV (blue) are displayed for the LBBB simulation with the electrical substrate alone (LV 

free wall activation delay of 50 ms). The strain patterns are displayed with a reduction in vMax to (B) 80%, (C) 

60%, and (D) 40% of its healthy value, while the electrical substrate is kept constant. Dotted lines denote LV 

ejection.  
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Figure 5.6 displays the progression of strain patterns in an LBBB heart with gradual 

reductions in vMax from 100% to 40%. As vMax reduces, the degree of septal rebound 

stretch diminishes, and the septal wall no longer relengthens early in the ejection 

phase. In addition to the diminished septal lengthening as vMax decreases, the LV free 

wall shortens less. The relative differences between LV and septal myofiber strain at 

the peaks decrease, making the strain patterns appear more synchronous in the 

different tissue segments.    

Discussion 

For this study, the MechChem model of cardiac sarcomere contraction was integrated 

in the CircAdapt model of the closed circulation. The model was used to understand 

the effects of electrical delay, with or without a decrease in the cross-bridge cycling 

rate, on regional myocardial deformation and on global cardiac pump function. Our 

results underlined our hypothesis that decreases in cross-bridge cycling rate diminish 

septal rebound stretch that, on its turn, signals decreased mechanical viability of the 

myocardium and poor CRT response.  

Relative functional gains from cardiac resynchronization therapy deplete with 

decreased vMax  

We manipulated a mechanical property of cardiac tissue, the maximum velocity of 

sarcomere shortening (vMax), which is depending on the cross-bridge cycling rate. With 

decreases in vMax in both a healthy heart and an LBBB heart, LVEF decreased. 

Additionally, both the absolute and relative difference in LVEF between the healthy 

and LBBB case decreased with decreasing vMax, suggesting that the potential for 

functional improvement by CRT decreases. We predict increases in LVEF with CRT 

treatment of 6.3 and 2.3 %-points with vMax at 100% and 40%, respectively. Mechanical 

function of the tissue is poor when vMax is low, so the 2.3% points gain induced by CRT 

only increases LVEF to 35%. An LVEF of 35% is considered to be a reduced EF (15), so 

treatment with CRT would not return the EF to a normal range. Simulation results 

showed that LVEDP increased with decreasing vMax in both the LBBB simulation and the 

synchronous simulation. Like LVEF, the relative differences between LVEDP of the 
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synchronous and LBBB hearts decreased with decreasing vMax. However, when vMax 

was decreased past 60% of its healthy value, LVEDP was higher in synchronously 

activated hearts than in the ones with LBBB.   

Simulation results showed that as vMax decreases, ventricular strain patterns become 

more uniform during ejection. In LBBB hearts with a decrease in vMax to 40% of its 

maximum value, the ventricular walls appear to contract nearly synchronously. The 

decrease in cross-bridge cycling rate results in less shortening of the tissue in the LV 

free wall. Hence, the LV free wall cannot stretch the septal tissue to the degree it 

would if the cross-bridge cycling rate was higher. Additionally, LV free wall pre-stretch 

decreases with decreasing vMax, resulting in a less forceful contraction of the LV free 

wall. The decreased cross-bridge cycling rate also corresponds to the homogenization 

of ventricular tissue strain rates during ejection. Our results suggest that in the failing 

heart a relatively normal cross-bridge cycling rate is essential for 1) septal systolic 

rebound stretch and pre-stretch of the LV free wall in LBBB patients and also for 2) 

improvement of LV systolic pump function after electrical resynchronization. These 

findings may explain why systolic stretch (i.e. the sum of LV free wall pre-stretch and 

septal systolic rebound stretch) has been shown to identify patients who benefit more 

favorably from CRT, including those with intermediate electrocardiographic criteria 

(i.e., QRS duration of 120–149 ms or non–LBBB), where CRT response is less certain by 

ECG alone (3). 

Myofiber work distribution with decreasing vMax 

In our simulations, vMax appears to have little impact on myofiber work in the LV free 

wall and septum when the heart contracts synchronously. Our results show that a 60% 

decrease in vMax in a synchronous failing heart decreases LV and septal myofiber work 

by 7.1% and 2.4%, respectively. The addition of electrical dyssynchrony, however, 

results in a complete redistribution of work.    

It is documented that the septum performs negative work in severe cases of LBBB due 

to the stretch in septal tissue during systole (16-18). In our simulations, the negative 
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work performed by the septum increases with dyssynchrony. Our results showed that 

a 60% decrease in vMax from its maximum value caused a 33% decrease in LV free wall 

myofiber work and completely diminished the negative work of the septum. It has 

been proposed that negative work in the septum can be saved and turned into 

positive work with CRT (18). Our simulations predict that nearly all of the negative 

septal work can be turned to positive work with CRT when vMax is 100%. In simulations 

where vMax is reduced to 40%, the septum no longer performs negative work because 

the LV free wall is not able to stretch it as much during systole. Hence, the potential 

for an increase in septal work by CRT is less. Our results show that negative septal 

work resulting from septal rebound stretch is a positive indicator for CRT response. 

Besides the presence of an LBBB electrical activation pattern, it indicates that the 

tissue is still mechanically viable. When the strain patterns appear relatively 

synchronous and the septum exhibits the late peak pattern in systole, the tissue has 

worse mechanical deficiency and has less to gain from CRT.   

Limitations 

In this study, we utilize a model with a simplified geometry. The LV, septum, and RV 

are each represented by a single, lumped contraction model (11). Hence, it is not 

possible to represent tissue inhomogeneities within a wall. However, this study was 

chosen to focus on global changes in mechanical parameters, so the lumped models 

were suitable. It is currently impossible to measure vMax in tissue in the human heart in 

vivo, so changes in this parameter cannot be compared to experimental data. 

Additionally, Kirk and Kass (19) summarized their previously published experimental 

data in a recent review and pointed out that heart failure combined with LBBB can 

induce alterations at the sub-cellular level that can impact whole-heart function. The 

alterations include changes to the intracellular calcium transient, the sensitivity of the 

thin filament proteins to calcium, the flow of ions across specific channels, and cellular 

metabolic remodeling, among other possible changes. These possible sub-cellular 

changes, while outside the scope of the current study, present possible future 

research.       
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Conclusions 

A subset of patients with heart failure and left bundle branch block (LBBB) meet all 

current clinical criteria to receive cardiac resynchronization therapy (CRT), yet respond 

negatively to treatment for unknown reasons. Our study has shown that a decreased 

cross-bridge cycling rate in cardiac tissue, in addition to an electrical delay, results in a 

change in septal strain pattern morphology. Ventricular tissues shorten more 

homogeneously during systole in LBBB with decreased cross-bridge cycling rates, 

producing a late peak septal strain pattern that is a predictor of poor CRT response. 

We have shown that the slowed cross-bridge cycling rate reduces possible gains in 

pump function from electrical resynchronization. Conversely, patients exhibiting a 

greater degree of septal rebound stretch during systole tend to positively respond to 

CRT. The results of our study suggest that septal rebound stretch predicts healthy 

mechanical function in cardiac tissue and positive response to CRT.   
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Chapter 6 

General Discussion 

 

Introduction 

In this thesis we have constructed a novel hypothesis to explain the mechanism of 

cooperativity in the cardiac sarcomere. The central hypothesis for this work is that an 

intrinsic chemical cooperativity in the sarcomere is boosted by tension locally along 

the thin filament. Each force-generating cross-bridge increases the tension along the 

thin filament from the mid-line toward the z-disk. We propose that high tension 

tightens the chemical binding of Ca
2+

 to the troponin complex. Hence, in areas of high 

tension, deactivation of the thin filament is energetically unfavorable. We have 

developed the MechChem model of mechano-chemical interactions in cardiac 

sarcomeres around this central hypothesis. This thesis has detailed the step by step 

build-up and validation of the MechChem model from the capability to simulate static 

isometric contractions (Chapter 2) to isometric twitch contractions (Chapter 3) to 

isotonic twitches (Chapter 4). The MechChem model was developed for its eventual 

use in understanding clinically relevant problems in the human heart. To this end, 

MechChem was implemented within the CircAdapt model of the human heart and 

closed-loop circulation. As a first test, the combined model of CircAdapt with 

MechChem was utilized to understand the relationship between cellular- and organ-

level function during heart failure and LBBB with and without CRT (Chapter 5). Overall, 

the latter study suggests that mechanical viability of the tissue is an important 

determinant of acute hemodynamic response to CRT.  

Comparison of previously hypothesized cooperativity mechanisms with MechChem 

The calcium concentration and resulting muscle tension data from static skinned-

muscle cell experiments are typically represented with a Hill-type fit (1, 2). The Hill-
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type fit uses an s-shaped curve with a steep upslope that rounds toward saturation. 

The experimental data presented in the study by Dobesh et al. (1) can be represented 

by a Hill-type curve where the steepness of the upward slope of the experimental 

calcium-tension relationship is well represented by this curve. However, the rounding 

of the top of the Hill-type curve toward saturation consistently overestimates the 

experimental data of Dobesh et al (1). This overestimation may be due to the fact that 

the Hill-type model was originally developed to understand the cooperative binding of 

oxygen to hemoglobin (3). Cooperative binding of oxygen to hemoglobin acts within a 

single molecule, and the interactions are purely chemical. This is not the case in 

cardiac muscle where the working range of the cooperativity mechanism, the length of 

the thin filament, is 1.2 μm long. Aditionally, mechanical tension in the thin filament 

has the potential to strain the molecules. Hence, the physical explanation for the use 

of the Hill model is lacking in cardiac muscle. Therefore, many hypotheses have been 

proposed for the mechanism of cooperativity in cardiac muscle.  

Some have proposed nearest neighbor cooperativity where activation of one troponin 

complex could promote the activation of neighboring troponin complexes, where 

bound XBs could promote activation of neighboring troponin complexes, or where XBs 

could promote the binding of other XBs in close proximity (4). Campbell and colleagues 

have proposed another near-neighbor interaction between tropomyosin molecules 

that mutually overlap under a troponin complex, promoting activation of neighboring 

troponin complexes (5). The aforementioned interactions do not account for 

cooperativity in a long range, so the binding of an XB only promotes the binding of a 

neighboring XB. In the MechChem model, each force-generating XB contributes to the 

tension in the thin filament from the start of the single overlap region closest to the 

mid line toward the z-disk. In this way, tension developed by the XB in the area of the 

single overlap region closest to the mid line contributes to tension all along the single 

overlap region, thus promoting the cooperative mechanism on a long range.  

In addition to nearest-neighbor cooperativity mechanisms, other groups have 

proposed cooperativity mechanisms that are valid over a long range. Brandt et al. 
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suggested an all-or-nothing phenomenon where the mutual overlap of tropomyosin 

molecules under a troponin complex would result in a chain that activated or 

deactivated together (6). However, it is unclear how the mechanism proposed by 

Brandt et al. would explain the increased peak tension with incremental increases in 

calcium concentrations in static isometric experiments. 

In addition to interactions between molecules, strain has been proposed to contribute 

to the cooperativity mechanism in the myocardium. Some groups have proposed that 

strain in the whole cell contribute to the cooperativity mechanism. They propose that 

the lattice of a cell has a fixed volume, so lengthening the cell would result in a thinner 

lattice. Hence, a myosin head would be closer to the thin filament to form an XB (7, 8). 

Others have proposed a cooperativity mechanism dependent on the strain solely 

within the thin filament (9). The theory proposed by Daniel et al. is that the thin 

filament can be stretched by up to 2 nm when under high stress, which could move 

the binding site on the thin filament within the range of a myosin head. However, both 

approaches apply solely to cooperative XB binding and not to activation as they ignore 

tropomyosin.  

In addition to the proposed cooperativity mechanisms regarding strain, others have 

attributed the mechanism of cooperativity to the number of bound XBs. With greater 

XBs, the sensitivity to calcium increases globally (10, 11). The global increase in calcium 

sensitivity leads to the ignorance of local changes in tension in the thin filament, a 

phenomenon that is central to the MechChem model hypothesis. A recent model by 

Land and Niederer (12) proposed that the troponin complex has an associated free 

energy related to its state dependent on the states of neighboring troponin complexes 

and XBs. They hypothesize that the deformation of tropomyosin molecules caused by 

the positions of neighboring tropomyosin molecules as well as bound XBs is the main 

determinant for whether a given troponin complex is activated. However, they do not 

take into account explicit effects of the tension in the thin filament.  
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Contrary to all other proposed cooperativity mechanisms in cardiac tissue, we suggest 

a mechanism where the mechanical tension in the thin filament directly affects the 

chemistry. In the first developmental step of the MechChem model (Chapter 2), we 

simulated time-independent isometric contractions (13) to match the experimental 

conditions of Dobesh et al. (1). The MechChem model-simulated results fit the data of 

Dobesh et al.(1) better than the traditional Hill-type fit. Dobesh and colleagues noted 

the asymmetry in their [Ca
2+

]-tension data points. In an attempt to fit the data better, 

they utilized a modified Hill function with two cooperativity coefficients that met at 

the calcium concentration required for half maximal tension. The disagreement 

between the experimental [Ca
2+

]-tension data and the Hill-type fit could be because of 

the effects of mechanical tension in the thin filament that are not accounted for in the 

Hill model. Since our model with only 3 parameters fits the data better than the 

generally accepted method, it is possible that the mechanism we propose is the main 

mechanism working in the cooperativity of cardiac sarcomeres. Based on the good fit 

of the MechChem model results to experimental data, the novel mechanism of 

cooperativity we proposed could not be disproved. Hence, the motivation was 

provided for subsequent model development steps.   

Modeling sarcomere mechanics with the MechChem model 

In the physiological situation, the intracellular calcium concentration changes in time. 

Hence, an isometric twitch was the next logical step in model development (Chapter 

3). To this end, a dynamic calcium transient, as modeled by Rice et al. (14), was 

introduced for time dependence. Additionally, an XB cycle model was introduced 

because we could no longer assume that XBs formed automatically when the thin 

filament was activated. We utilized a simplified two state XB cycle model to represent 

the detached, non-force-generating, and the attached, force-generating XB states. 

Simulations at various sarcomere lengths fit well with the experimental data of 

Janssen and Hunter (15) and Kassiri et al (16). We used these studies with their 

different methodologies as independent tests for the MechChem model. The ability to 

replicate the general qualitative results of the studies of Janssen and Hunter (15) and 
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Kassiri et al. (16) provided further evidence that the mechanism of cooperativity we 

proposed could be the main one at work within the sarcomere. Whereas Janssen and 

Hunter changed sarcomere length and Kassiri et al. produced differences in peak 

intracellular calcium concentrations, both experimental studies showed increased 

duration of contraction with increased peak tension generated by the sarcomeres.  

The successful test of the MechChem model in Chapter 3 led us to further develop the 

MechChem model to include changes in sarcomere length during contraction and 

relaxation in Chapter 4. To this end, we implemented the possibility of sarcomere 

length change within the MechChem model utilizing a Hill-type relationship (17). In the 

Hill-type model, the sarcomere is represented by three elements, a passive element, a 

contractile element, and a series elastic element. We utilized the extended model to 

mimic the isotonic twitch experiments of Katsnelson et al. (18) where the initial muscle 

length was set, and it would contract against an afterload. We tested the model 

against 7 afterloads, and the resulting isotonic twitch tension curves and sarcomere 

length curves were in good qualitative agreement with the experimental data. After 

this test, the logical next step for the MechChem model was to implement it within the 

framework of a whole heart model. 

MechChem modeling in the whole-heart 

By replacing the previously developed phenomenological model of cardiac sarcomere 

mechanics (19) in CircAdapt with the more physics and physiology-based MechChem 

model, the model could be utilized to further understand the relationship between 

cellular-level function and whole organ function. Upon implementation of the 

MechChem model within the CircAdapt modeling framework, we have conducted a 

first test (Chapter 5) to understand the relationship between cell-level and organ-level 

function in heart failure and LBBB with and without CRT. The results showed that 

electro-mechanical dyssynchrony, represented by septal rebound stretch, was reduced 

when cross-bridge cycling rates were lower. This finding could help us interpret tissue 

strain patterns in heart failure patients with LBBB because the reduced septal rebound 

stretch would mean reduced mechanical viability in the tissue related to lower cross-
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bridge cycling rates. The study presented in Chapter 5 was a first test for the combined 

model. This work paved the way for more multi-scale modeling studies in the future, 

some of which are outlined in the Future Perspectives section.         

Critical appraisal of the MechChem model 

In this thesis, we developed a computational model of cardiac sarcomere contraction 

that centered around a single mechanism of cooperativity. It is likely that we left out 

some mechanisms of cooperativity that may be important in cardiac contraction. 

However, due to the ability of the MechChem model to reproduce results from many 

different experimental setups, it is possible that the mechanism presented in this 

thesis is the main mechanism working in cardiac muscle. 

Further, each development step of the MechChem model has been assessed using 

data recorded in different experimental conditions. All of the experimental data we 

compared to in Chapters 2 – 4 came from rats. The time-independent skinned muscle 

cell experiments by Dobesh et al. (1) were performed on RV cardiac trabeculae at a 

temperature of 15 ᵒC (Chapter 2). The experimental data used for comparison in 

Chapter 3 differed from the study of Dobesh et al. as the muscles were intact instead 

of skinned, and the temperatures of the experiments of Jannsen and Hunter (15) and 

Kassiri et al (16) were 23-24ᵒC and 20-22ᵒC, respectively. In Chapter 4, the 

experimental results of Katsnelson et al. were used for comparison (18). The data were 

collected from LV papillary muscles at 29 ᵒC. It has been shown that changes in 

temperature have a large effect on results in experiments on sarcomeres (20), which 

may explain why the MechChem model needed re-parameterization for comparison to 

each experimental setup. Although re-parameterization was necessary due to 

different experimental conditions for the data we compared to, the underlying 

physical principles governing the equations of the model did not change.  

While the underlying physical principles determining the MechChem model behavior 

did not change between development steps, new components were introduced to the 

MechChem model with each development step. While the MechChem parameters 



                                                                                                                          General Discussion 

 

95 
 

changed throughout each new development step of the model, the underlying 

physical principles remained consistent. The underlying physical principles are 

conserved across species, so the MechChem model that was previously parameterized 

for rat could be parameterized for human tissue. Hence, implementation of the 

MechChem model in the CircAdapt modeling framework of the human closed-loop 

circulation can be viewed as a test for the model. In Chapter 5, the myocardial tissue 

strain patterns calculated by the MechChem model within CircAdapt are comparable 

to human LBBB patients. Hence, we can conclude that the general principles and 

hypothesis of the MechChem model cannot be rejected based on the work presented 

in this thesis.  

Additionally, the studies presented in Chapters 3, 4, and 5 all utilize a prescribed 

calcium transient to represent the dynamic free intracellular calcium concentration. 

Hence, the calcium transient is the same for every beat without the feedback of force 

on the calcium transient. It has also been shown that atrial cells have different calcium 

transients than ventricular cells, mainly due to the lack of t-tubules in atrial cells (21). 

It will be important in future research to utilize calcium transients that are more 

specific to the different cell types. Additionally, the TriSeg model in CircAdapt used in 

this thesis (Chapter 5) utilizes a simplified geometry (19). Each wall is represented as a 

single muscle fiber (22), so tissue properties are not varied throughout a wall. Despite 

this limitation, the simplified geometry still produced results that were comparable to 

clinical measurements of regional myocardial deformation in patients with 

dyssynchronous heart failure.   

Model-generated testable hypotheses 

The MechChem model results have provided potentially testable hypotheses on the 

biophysical working mechanism of sarcomere contraction and relaxation. In the time-

independent skinned isometric contraction results (Chapter 2), it was shown that it 

was more likely that a troponin would be activated in areas of the single overlap 

region closer to the z-disk because those were under the greatest degree of tension. 

The aforementioned hypothesis may be testable with an experimental setup similar to 
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that by Sun et al. (23) where regions of troponin C were labeled with fluorescent 

probes. When the troponin complex was activated, the probes would change 

orientation. However, Sun et al. admitted that the probes they place on the troponin 

complex could alter the effect of tension on calcium binding. If alternative probes 

could be found that would not interfere with calcium binding based on tension, the 

directionality of activation could be viewed under areas of high tension.  

In addition to the predicted heterogeneity in troponin complex activation along the 

thin filament, the MechChem model predicted heterogeneity in XB binding along the 

thin filament. The results of Chapter 3 suggest that XBs are more likely to bind in areas 

of the thin filament under high tension. Additionally, when the calcium concentration 

decreases in the intracellular space, the MechChem model predicts that relaxation 

begins in the single overlap region closer to the mid line where the thin filament is 

under low mechanical tension. Desai et al. have conducted experiments observing the 

binding of a myosin head to the thin filament (24). Their results showed no 

directionality in XB binding. However, the myosin heads were not tethered to a thick 

filament, so they could not generate force. If their experimental setup could be altered 

to utilize tethered myosin heads that could generate force, the setup could provide a 

way to test our hypothesis.     

Future perspectives and applications 

This thesis has detailed the build-up of the model of mechanics of the cardiac 

sarcomere. In the future, it will be important to develop a better understanding of the 

electrics. It has been widely known since the seminal work of Ringer (25) that calcium 

induces muscle contraction. Throughout the years, research was done to better 

understand the dynamics of calcium handling in the myocardium and the relationship 

between calcium and muscle contraction, known as excitation-contraction coupling. In 

the studies in this thesis, a representative calcium transient was utilized beginning in 

Chapter 3 when the MechChem model was extended to mimic an isometric twitch. 

The dynamic calcium transient prescribed in the MechChem model can be replaced 

with a model of calcium handling. This is especially important in view of the feedback 
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of force on the intracellular calcium transient that is apparent in experiments on 

myocardium (26-29) but currently not included in the MechChem model 

representation of the calcium transient.  

With the implementation of a calcium handling model, we can even look another level 

deeper. The calcium concentration in the cytoplasm is determined by the flow of ions 

through multiple channels and pumps. There are many possibilities for genetic 

mutations in any one of those channels or pumps in the heart, possibly resulting in 

changes to the activation of tissue in the whole heart. The implementation of 

MechChem in CircAdapt enables implementation of a calcium handling system model 

as well. When that is complete, we can begin understanding tissue- and organ-level 

consequences of abnormalities at the genetic level.  

In Chapter 5, we introduced a proof of concept study in which the MechChem model 

was implemented within the CircAdapt framework. The implementation of a model of 

calcium handling within this framework will be necessary for future studies. For 

example, the morphology of the calcium transient has been shown to differ between 

healthy and failing hearts (30). The current calcium handling model does not output a 

different calcium transient based on the underlying conditions.   

In the whole heart, the calcium transient is initiated by an action potential. Re-entrant 

waves that depolarize the myocardium can cause problems such as atrial fibrillation. 

The current CircAdapt model determines activation times for each piece of tissue, 

triggering the calcium transient for that section of tissue. In the future, CircAdapt can 

be coupled to an electrophysiology model such as the model developed by Grandi et 

al. (31) to model the human ventricular action potential. In a model of the action 

potential, individual ion currents determine the voltage of the cell. The currents 

activated throughout the action potential eventually trigger calcium release from the 

sarcoplasmic reticulum. The addition of an action potential model may be useful in 

understanding the connection between depolarization in the tissue and the resulting 

calcium transient.     
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Multi-scale modeling provides the possibility to understand interactions between 

spatial scales. So far, the future perspectives have focused on changes in calcium 

transient morphology and the action potential and how the changes scale up to whole-

heart mechanics and hemodynamics. Utilizing the model, it is also possible to focus on 

whole-heart mechanics and scale down to tissue-level mechanics. The Frank-Starling 

law of the heart results in a more forceful contraction when preload is higher. This is 

especially important during ventricular conduction abnormalities such as LBBB, where 

late-activated tissue is pre-stretched by early-activated tissue. We have shown in 

Chapter 3 that the duration of contraction is highly dependent on the peak tension 

developed in the sarcomere. Hence, pre-stretched tissue will contract longer and more 

forcefully. This can contribute to greater levels of dyssynchrony, but only when the 

tissue remains mechanically viable (Chapter 5). It may also be interesting to look at our 

new mechanism in hypertensive conditions where left or right ventricular afterloads 

are chronically heightened. It has been shown by Chirinos and colleagues (32, 33) that 

high afterloads in late systole can cause diastolic dysfunction in humans. A higher 

afterload late in systole would require the tissue to generate more tension to 

overcome the high afterload. High peak tension in the thin filament leads to a 

prolongation of contraction in the muscle (Chapter 3). Hence, the systolic phase may 

last longer due to prolonged contraction of the sarcomeres. In turn, there is less time 

for the diastolic phase of the cardiac cycle. Prolongation of contraction could result in 

altered filling patterns in the ventricles, eventually leading to diastolic heart failure. 

This could be an interesting test for the model in the future.   

General Conclusions 

In this thesis, we aimed to understand the mechanics of cardiac sarcomere 

cooperativity and contraction. We developed a sarcomere contraction model based on 

the novel hypothesis of the mechanism of cooperativity in cardiac sarcomeres. We 

proposed that there is an intrinsic chemical cooperativity in the thin filament that is 

boosted by mechanical tension locally along the thin filament. As a result of the 

proposed mechanism, high tension in the thin filament both promotes activation of 
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the troponin complexes early in contraction and hinders relaxation in the thin 

filament. The MechChem model has successfully reproduced time-independent 

isometric contraction experiments, isometric twitch experiments, and isotonic twitch 

experiments. The model has led to two main predictions. 1) Cross-bridges form 

heterogeneously along the thin filament with increasing probability of a strongly 

bound cross-bridge in areas of high tension closer to the z-disk. 2) High tension locally 

on the thin filament not only increases the probability of strongly bound cross-bridges 

but also increases the strength of the bond of calcium to troponin. Higher developed 

tension in the thin filament is responsible for the prolongation of contraction seen in 

isometric twitch experiments. 

While the MechChem model was developed and validated with experimental data 

from isolated cells, the eventual goal was the use of the model to help understand the 

mechanical function of the whole heart. Hence, MechChem has been implemented 

within the framework of the CircAdapt model of the closed-loop circulation to 

simulate the failing human heart with asynchronous cardiac activation due to left 

bundle branch block in the human heart. Simulations have shown that septal rebound 

stretch is a strong indicator for cardiac resynchronization therapy response. Further, 

we have shown that decreased septal rebound stretch could be due to the decrease in 

mechanical viability of the tissue, represented in our simulations as a reduction in the 

cross-bridge cycling rate. The reduction in cross-bridge cycling rate provides an 

explanation for why cardiac resynchronization therapy would not be successful in 

heart failure patients with left bundle branch block but little septal rebound stretch. 

An electrical treatment such as cardiac resynchronization therapy will not solve this 

mechanical dysfunction. Given these results, the addition of the MechChem model to 

the CircAdapt framework is a promising step forward in multi-scale and multi-physics 

modeling of cardiovascular dynamics. The model will be a powerful tool in the future 

to develop hypotheses with regards to mechanical dysfunction at the cellular level in 

cardiac dysfunction. 
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Summary 

 

The heart is a pump that propels blood throughout the body. This pump function is 

enabled by the rhythmic contraction and relaxation of the cardiac muscle developing 

tension in the cardiac walls. The most basic functional unit of muscle, called the 

sarcomere, is responsible for the active generation of force through biophysical 

interactions between thick and thin filaments. Myosin heads that protrude from the 

thick filaments can attach to myosin binding sites on thin filaments, forming cross-

bridges (XB) that can generate force. At rest, binding sites on the thin filaments are 

blocked. Electrical signals initiate depolarization of myocardial cells, triggering the 

release of calcium into the intracellular space. Muscle is activated when a calcium ion 

(Ca
2+

) binds to a molecule called troponin, triggering conformational changes of the 

thin filament that result in the unblocking of the binding sites.   

It has been shown that slight increases in the intracellular calcium concentration result 

in disproportionately large increases in tension. While it is widely accepted that the 

disproportionate increase in tension is due to cooperativity, the mechanism is 

debated. In this thesis, we propose a novel, physics- and chemistry-based mechanism 

of cooperativity in the cardiac sarcomere and develop a computational model to test 

it. Because the model is made to understand clinically relevant questions, it is built up 

and validated step by step for its eventual implementation within a model of the 

closed-loop circulation.  

Groups have performed experiments in which isolated cardiac muscle cells were 

skinned and placed in a bath containing specific concentrations of ions. The muscle 

cells developed tension while their length was held constant, and the developed 

steady-state tension was recorded. The experiment was conducted multiple times 

with different calcium concentrations resulting in a group of data points that 

characterized the relationship between calcium concentration and tension for a given 



 

 
 

sarcomere length. The calcium-tension relationship from these experiments is typically 

fitted with a sigmoidal curve. The curve generally has a steep upslope in tension with 

small changes in calcium concentration, implying cooperativity. In Chapter 2, we 

present our novel hypothesis for the mechanism of cooperativity in the cardiac 

sarcomere. We hypothesize that high mechanical tension in the thin filament hinders 

the release of calcium from the troponin complex, thus hindering deactivation of the 

muscle. We propose that a baseline level of chemical cooperativity intrinsic to the thin 

filament is boosted by mechanical tension. Based on our hypothesis, we have 

developed a computational model of mechano-chemical interactions in the cardiac 

sarcomere, called MechChem.  We utilized the MechChem model to mimic the 

conditions in the steady-state isometric contraction experiments. The MechChem 

model produced calcium-tension curves that fit experimental data better than the 

typically used sigmoidal curve, so our hypothesis could not be disproved. In addition, 

simulation results provided a potentially testable hypothesis because our model 

predicted the existence of a spatial heterogeneity in XB binding, with more XBs 

forming in areas of the thin filament under greater tension. 

The ability of the MechChem model to successfully reproduce data from skinned 

muscle cell experiments provided the motivation to develop the model further. In a 

physiological situation, the calcium concentration in the intracellular space does not 

remain constant but rises and falls in time. The increase in calcium concentration 

triggers contraction, and the subsequent decrease results in relaxation. In Chapter 3, 

we extended the MechChem model to include transient changes in calcium 

concentration. Additionally, we introduced a model of the cross-bridge cycle in which 

myosin heads can cycle between an attached, force-generating state and a detached, 

non-force-generating state. We utilized the model to mimic isometric twitch 

experiments in which the sarcomere length was held constant while the calcium 

concentration changed in time. Experiments have shown that the duration of the 

relaxation phase of contraction increases with greater developed peak tension during 

a twitch. MechChem simulation results suggest that the prolongation of the relaxation 
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phase at higher tension is a result of the tighter binding of a calcium ion to troponin in 

areas under higher tension, thus delaying the deactivation of troponin. 

In Chapter 4, we extended the MechChem model further to include the ability of the 

sarcomere to shorten. Model simulations were performed where the initial sarcomere 

length was set, and the sarcomere contracted against various afterloads. When the 

sarcomere generated enough tension to overcome the afterload, it would shorten. 

When it no longer developed enough tension, the afterload would cause 

relengthening of the sarcomere, mimicking isotonic twitch experiments. Model-

generated results were strikingly similar to experimental results. This was the final 

developmental step before the model was ready to be integrated within a whole-heart 

model. 

In Chapter 5, the MechChem model was integrated within the CircAdapt model of the 

heart with its closed-loop circulation. The combined model was utilized in an attempt 

to understand the connection between cross-bridge kinetics and whole-heart function 

of heart failure patients with left bundle branch block (LBBB) before and after cardiac 

resynchronization. Our results suggested that while regional ventricular tissue 

deformation patterns appeared more synchronous and uniform in patients with a 

reduced cross-bridge cycling rate, their potential for improved outcome after cardiac 

resynchronization is significantly compromised. In addition, the simulated patterns of 

left ventricular mechanical discoordination in the electrically dyssynchronous heart 

showed the same typical characteristics as observed clinically in patients. These results 

suggest that the integration of the MechChem model within the CircAdapt framework 

is a promising advancement in multi-scale modeling of cardiovascular dynamics. 

Moving forward, the integrated model will be a powerful hypothesis-generating tool 

when understanding cellular level mechanical dysfunction in relation to whole-heart 

hemodynamics.   
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Valorisation 

 

Cardiovascular dysfunction is a leading cause of death in the western world according 

to the World Health Organization. Despite centuries of research, there still remain 

gaps in the current understanding of the cardiovascular system. In order to understand 

the complexities of cardiac function in both healthy and pathological situations, 

computational models have been developed to mimic various biophysical aspects of 

the circulation.  

Of the various aspects of the circulation, this thesis centers on the development of a 

novel computational model of the most basic functional unit of the contractile system, 

called the sarcomere. The computational model presented in this thesis, the 

MechChem model, was built for its eventual use in understanding clinically relevant 

problems in the human heart. The emphasis on clinical translation means that this 

project was specifically designed with valorisation in mind. This chapter will focus on 

the valorisation opportunities originating from the research presented in this thesis. 

Knowledge transfer 

Knowledge gained through research, whether the data is positive or negative, is 

valuable to the scientific community. Distribution of knowledge can save both time 

and money. If knowledge and data are freely available, the number of experiments 

repeated by different research groups could potentially be decreased. Additionally, the 

distribution of knowledge allows others to build on existing ideas and hypotheses. 

Hence, knowledge transfer for further utilization is a key aspect of valorisation. To this 

end, the work described in this thesis has been presented at international conferences 

and workshops. Furthermore, each of the chapters (Chapter 2- 5) detailing the buildup 

of the MechChem model as well as its application have been accepted for publication 
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in scientific journals with the purpose of making the studies available to the scientific 

community.  

In addition to the publication of the central hypotheses and results in this work, the 

source code of the computational models described in this thesis has been made 

openly available online. Chapter 2 details our novel hypothesis of cooperative 

activation in the cardiac sarcomere. The availability of the source code makes it 

possible for other groups to utilize the model that represents the main hypothesis 

underlying MechChem with their own contraction models. Chapter 3 builds on the 

MechChem model by adding a simplified contraction model for which the source code 

is also freely available online. This work can also be utilized by other groups wishing to 

insert a simplified contraction model in a larger model of the heart. Overall, the 

availability of the source code provides possibilities for others to build on the work 

presented in this thesis, thus increasing the possible knowledge gained from this work.  

Prior to the development of the MechChem model, a relatively simple model of the 

closed-loop circulation, called CircAdapt, has been developed at Maastricht University. 

The model is composed of various modules that represent the components of the 

circulation. A user-friendly interface, developed previously for use of the CircAdapt 

model as an educational tool, is freely available on www.circadapt.org. This 

educational tool enables real-time beat-to-beat simulation of various hemodynamic 

signals, and its interface allows easy modification of model parameters. As a result, 

one can learn about cardiac physiology by tweaking different properties of the 

circulation. The educational tool is part of the medical curriculum in Maastricht 

University. In the future, the MechChem model may be included in the educational 

tool. This would allow students to better understand properties of the heart at the 

tissue level and how they determine regional myocardial mechanics, which can be 

measured clinically using echocardiographic deformation (or strain) imaging. Regional 

myocardial strain patterns provide information on regional tissue properties such as 

myocardial stiffness and contractility that can be utilized to pinpoint the underlying 

causes of cardiac dysfunction. Further, this information may provide insight to which 
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treatment option to choose. Hence, the addition of the MechChem model to the 

CircAdapt educational tool, and further the medical curriculum, may help future 

clinicians gain deeper understanding of the cardiac abnormalities they will eventually 

treat. Because the additional knowledge gained through the use of the MechChem 

model benefits clinicians, it will also benefit the patients who will be receiving 

treatments.  

Benefits of a model-based approach 

When integrated in a multi-scale model of the human heart and circulation, such as 

CircAdapt, the well-validated MechChem model provides the ideal environment for in 

silico cardiovascular research. As such, it can be utilized as a hypothesis-generating 

tool. The in silico development of a more targeted hypothesis and study design prior to 

animal experimentation can reduce the number of animals necessary for research. In 

addition to the potential reduction in animals used for experiments due to 

computational modeling, the cost will also be reduced, allowing allocation of financial 

resources to further research projects.  

While computational modeling can potentially decrease the number of experiments 

necessary on animals, it also provides a platform to isolate and change specific 

parameters in a simple and fast way that may not be possible in an animal model. The 

study presented in Chapter 5 of this thesis is an example of the latter. We changed a 

single parameter to allow us to understand the effect of a reduced rate of cross-bridge 

cycling, independent of any other interactions, on mechanical dyssynchrony in 

patients with dyssynchronous heart failure. To perform the same reduction in rate of 

contraction in animals, a certain drug may need to be administered or animals would 

need to be bred to have specific traits. Utilizing a computational model also allows the 

changes to be made in a short period of time, thereby saving time to generate results. 

Reduction in the intervention on animals, in addition to saving time and money, may 

also reduce ethical concerns. A computational model can be pushed to absolute 

extremes without any inhumane actions. While computational modeling cannot 
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replace experiments on animals in the foreseeable future, it can reduce the amount of 

experiments that need to be performed by helping to create a more targeted 

hypothesis for experimentation. 

Clinical applications 

In this thesis (Chapter 5), we have utilized the MechChem model embedded in the 

CircAdapt model of the closed-loop circulation to understand a clinical problem. 

Previous studies have shown that the deformation pattern of tissue in the septal wall 

of the heart can serve as an indication for whether a heart failure patient will respond 

favorably to cardiac resynchronization therapy. In our study in Chapter 5, we tried to 

understand the underlying mechanisms responsible for the different septal 

deformation patterns in a specific cardiac abnormality known as left bundle branch 

block. The results in Chapter 5 are hypothesis-generating and also have potential 

clinical applicability. It may be possible to utilize the model in the future to understand 

septal strain patterns in the individual heart failure patient with the possibility to aid in 

the determination and personalization of therapy. The study presented in Chapter 5 

was a first test of the multi-scale CircAdapt-MechChem model, but the potential 

impact will be broader. As the model is validated and improved, it may be utilized to 

study a wider range of cardiac abnormalities. The model could be made available to 

clinicians to help them make decisions regarding patient prognosis and treatment 

options. The model can be fed personalized information such as ECG-based activation 

times as well as tissue deformation patterns in different segments of the heart. Hence, 

the model has the potential to affect treatment in the clinic by aiding the clinician with 

decision-making, eventually improving the standard of care that patients receive.  
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