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Abstract

Rapid myocardial relaxation is essential in maintaining cardiac output, and impaired relaxation is 

an early indicator of diastolic dysfunction. While the biochemical modifiers of relaxation are well 

known to include calcium handling, thin filament activation, and myosin kinetics, biophysical and 

biomechanical modifiers can also alter relaxation. We have previously shown that the relaxation 

rate is increased by an increasing strain rate, not a reduction in afterload. The slope of the 

relaxation rate to strain rate relationship defines Mechanical Control of Relaxation (MCR). To 

investigate MCR further, we performed in vitro experiments and computational modeling of 

preload-adjustment using intact rat cardiac trabeculae. Trabeculae studies are often performed 

using isometric (fixed-end) muscles at optimal length (Lo, length producing maximal developed 

force). We determined that reducing muscle length from Lo increased MCR by 20%, meaning that 

reducing preload could substantially increase the sensitivity of the relaxation rate to the strain rate. 

We subsequently used computational modeling to predict mechanisms that might underlie this 

preload-dependence. Computational modeling was not able to fully replicate experimental data, 

but suggested that thin-filament properties are not sufficient to explain preload-dependence of 

MCR because the model required the thin-filament to become more activated at reduced preloads. 

The models suggested that myosin kinetics may underlie the increase in MCR at reduced preload, 

an effect that can be enhanced by force-dependence. Relaxation can be modified and enhanced 

by reduced preload. Computational modeling implicates myosin-based targets for treatment of 

diastolic dysfunction, but further model refinements are needed to fully replicate experimental 

data.
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1. Introduction

Impaired cardiac relaxation is considered the first sign of diastolic dysfunction and is 

an important diagnostic feature of heart failure with preserved ejection fraction (HFpEF) 

[1,2]. Biochemically, relaxation is well known to be controlled by calcium removal from 

the cytosol, thin filament deactivation, and myosin-actin crossbridge detachment kinetics 

[3]. Because these processes are simply a reversal of the biochemical processes that drive 

contraction, the same processes likely underlie a well-known contraction-relaxation coupling 

that is dependent primarily on sarcomeric properties [4]. This coupling has been recently 

observed in human myocardium in vitro [5]. One limitation of most in vitro myocardial 

studies is that they typically assess relaxation during fixed-end (muscle length isometric) 

twitches. In contrast, length changes occur during physiologic contraction and relaxation 

in response to the arterial afterload. Indeed, recent results suggest that contraction and 

relaxation can become uncoupled in an in vivo canine model [6].

Afterload, or the pressure against which the heart ejects, has been thought to be a modifier of 

myocardial relaxation [7]. However, it was previously shown that a lengthening myocardial 

strain (sometimes referred to as ‘relaxation loading’) is necessary for afterload-dependence 

to be revealed [8,9]. We have recently shown that the lengthening strain is sufficient to 

mechanically modify relaxation, independent of the afterload, and that the relaxation rate 

is dependent on the strain rate [10]. The slope of the relationship between the relaxation 

rate and the strain rate indicates how sensitive the muscle’s relaxation rate is to stretch, 

and we define this slope as Mechanical Control of Relaxation (MCR). Increasing MCR, 

i.e. increasing this slope, may improve myocardial relaxation without any changes in the 

isoforms of proteins that are typically thought to underlie relaxation. Our prior study focused 

on muscles set to the length where optimal developed force was obtained (Lo). However, 

cardiac muscles typically function at shorter sarcomere lengths in vivo [11,12]. The muscle 

length prior to contraction, which we refer to as preload in this study, is also modified by 

therapeutics such as diuretics which reduce ventricular volume. In the current study, we 

utilized preload reduction in intact cardiac trabeculae and computational modeling to reveal 

mechanisms underlying the MCR.

This study reveals that Mechanical Control of Relaxation is preload-dependent. 

Computational modeling was used to predict the responsible mechanisms by testing 

parameters previously shown to be preload-dependent, such as thin filament overlap, titin 

stiffness, myosin ADP release rate, and troponin calcium sensitivity [13-19]. Physiologic 

changes to the thin filament (i.e. reduced activation at reduced preload) was not consistent 

with an increased MCR. We further evaluated additional model variables, including strain­

rate-dependent myosin detachment to identify potential molecular mechanisms underlying 

Mechanical Control of Relaxation. These data have potential biophysical and clinical 

application.
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2. Methods

2.1. Intact trabeculae mechanical experiments

Animal use was approved by the Institutional Animal Use and Care Committee of Wayne 

State University.

Data reported are derived from 14 intact cardiac muscle strips (trabeculae) isolated from 

individual female Sprague Dawley rats (4.3 ± 1.1 months) as previously described [10]. 

Two strips were from the left ventricle and 12 from the right ventricle; two were right 

ventricular papillary muscles. Briefly, each rat was anesthetized under isoflurane anesthesia 

and euthanized by exsanguination. The heart was quickly rinsed with 4 °C oxygenated 

perfusion solution (in mM: 113 NaCl, 4.7 KCl, 0.6 KH2PO4, 1.2 MgSO4, 12 NaHCO3, 10 

KHCO3, 10 2-[4-2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), 30 Taurine, 

5.5 glucose, 10 2,3-butanedione monoxine (BDM)), cannulated, and briefly Langendorff 

perfused to remove excess blood. Free-standing cardiac trabeculae (or papillary muscles), 

including myocardial segments that allowed the trabeculae to be mounted without damage, 

were used. The myocardial segments of each trabecula were mounted on hooks between 

a length motor and a force transducer in an experimental chamber (801C-1900, Aurora 

Scientific, Aurora ON Canada) and continuously super-fused with oxygenated Tyrode’s 

solution (in mM: 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose) at 25 

°C. The muscle was paced at 0.5Hz (Myopacer, IonOptix West-wood, MA) and stretched 

to optimal length (Lo) where maximal developed force was achieved during muscle length 

isometric (fixed-end) contraction. The pin-to-pin distance, the trabecula length (Fig. 1C), 

and diameter were then measured; the cross-sectional area (CSA) was calculated from the 

average of 4 diameters measurements assuming a cylindrical cross-section. The muscle was 

allowed to equilibrate for 1 h prior to experiment.

SLControl software was used to perform feedback-controlled afterload clamps on the 

cardiac trabeculae and acquire force, length, and pacing/gating information [10,20]. The 

ends of each trabecula were held fixed except when afterload clamps were being performed. 

Afterload clamps were performed at least 6 s apart to prevent history-dependent effects. 

During the afterload clamp trials, the trabeculae were load clamped by shortening the 

muscle at a predetermined force (mimicking afterload). To study the relationship between 

strain rate and relaxation rate, the length motor relengthened the trabecula at varying speeds 

(strain rates) at a specific afterload before they were allowed to relax with the muscle ends 

held fixed. Subsequently, the motor relengthened the muscle back to the resting length, if 

necessary. Afterload clamps were performed at 25% and 50% of the maximum developed 

force. After performing feedback-controlled afterload clamps at Lo as described, the muscle 

length (preload) was adjusted to study the effect of preload on the relationship between 

strain rate and relaxation rate. A micromanipulator was used to shorten the muscle length 

by 5% of the pin-to-pin distance, resulting in a trabecula shortening of 5–12%. The muscle 

was then allowed to equilibrate for 20 min at the reduced preload before data acquisition in 

order to avoid slow force response effects [16,21,22]. Feedback-controlled afterload clamps 

were then performed following the same protocol that was used at Lo. An example of 

fixed-end and load-clamped data for Lo and reduced preload are shown in Fig. 1. Once data 
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acquisition was completed at the lowered preload, the muscle was manually relengthened 

back to Lo. Experiments were terminated if the maximum developed force decreased by 

>20%. Muscles were excluded from analysis if they became arrhythmic during the protocol 

or had a developed force below 10 mN/mm2 at Lo.

Data were analyzed offline using custom scripts written in MATLAB (Mathworks, Natick 

MA) and in Microsoft Excel (Microsoft Corporation, Redmond WA) as previously described 

[10]. Briefly, tension was calculated by dividing the force by the CSA at Lo and both 

tension and length signals were smoothed using a Savitzky-Golay filter before calculating 

the derivative of each signal with respect to time. Strain rate was calculated from the time 

derivative of length divided by the length of the trabecula at Lo. Relaxation rate of tension 

was calculated using the Glantz method [10,23] starting at the minimum time derivative of 

tension. Peak contractile and minimum (end diastolic) tension were calculated for each load 

clamp and for fixed-end beats at each condition; developed tension was calculated as the 

difference between the peak and minimum tension. The lengthening strain rate preceding the 

relaxation was determined for each load clamp.

Mechanical Control of Relaxation, i.e. the slope of the relationship between the relaxation 

rate and peak lengthening strain rate, was determined (example shown in Supplemental 

Figure 1). To minimize variance in the independent axis (strain rate), data was limited to a 

strain rate of ~1.0 s−1, which was achieved by all but one of the samples and is within a 

physiologic strain rate. The minimum strain rate was limited to ~0.12 s−1 due to non-linear 

changes in the minimum time derivative of tension. Linear regression was performed to 

determine the slopes. The absolute and percent changes in slope were calculated.

2.2. Computational modeling

Twitch contractions were simulated using a mathematical model consisting of a single half 

sarcomere connected in series to an elastic spring using MyoSim (version 2.5) [18,24]. 

Experimental data (tension, calcium) were obtained from a single trabecula as previously 

described [10,24]. The calcium transient was determined from a Fura-2AM loaded trabecula. 

Briefly, pacing and Tyrode’s superfusion in the experimental chamber (1.8 mL volume) was 

stopped, and the regular Tyrode’s solution replaced with Fura-2AM supplemented Tyrode’s 

Solution (2 μM Fura-2AM, 0.17% pluronic acid, 17 μL/mL DMSO, 8.3 μL/mL Kolliphor 

EL) using three exchanges of 50% of the chamber volume and incubated at 25 °C for 2 h. 

The chamber was then washed out with 30–50 mL of normal Tyrode’s solution and pacing 

resumed; the muscle was allowed to equilibrate again for approximately 45 min. Calcium 

transients were measured as previously described using a photometer to measure the Fura-2 

fluorescence at 510 nm in response to dual wavelength excitation at 340 and 380 nm at 

250 Hz. The shape of the calcium transient was determined using a bi-exponential function 

[10,25]. Calcium concentrations were taken from previous reports and the diastolic calcium 

was fixed at pCa 6.7, while peak calcium was fixed at pCa 6.10 and 6.26 for Lo and reduced 

preload, respectively [26-28].

Model fits were performed as previously defined [18,24]. Briefly, the above calcium 

transient was defined in each model, and the initial half sarcomere length was defined 

as 1.15 μm. A 200 ms period was used to ensure the model reached a steady-state passive 
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condition prior to initiation of the calcium transient. Modeling began with a two-state 

myosin kinetic system with an attached and detached state. Parameters that defined the 

transition rates between the parameters were defined in the model (kinetic schemes are 

shown in Supplemental Figure 2A). The two states represent attached and detached states 

with transition rates equivalent to the traditional “f” and “g” rates [24,25]. The model was 

first fit to experimental tension traces of fixed-end twitches at two preloads. The passive 

stiffness and series elastic parameters were then fixed, and the model was fit separately at 

each preload to data including both fixed-end and load clamp twitches. All fits were allowed 

to run for more than 100 iterations, until the normalized fit error reached a plateau with 

a value typically below 0.06. For each load-clamp condition included, a fixed-end twitch 

of the same preload was included to ensure that load-clamp conditions were not weighted 

more than the fixed-end conditions. MCR was then calculated from the strain rate and 

relaxation rate of the model fit at each preload. To minimize variance in the independent 

axis (strain rate) and to prevent models from overshooting their resting position, MCR 

was calculated using strain rates up to approximately 0.15 s−1. Subsequently, a three-state 

myosin kinetic scheme, with one detached state, an attached state, and a post-power-stroke 

state (Supplemental Figure 2B) was fit as above. Reverse rates were held to zero because the 

model fit including such a transition resulted in a sudden drop in forces, followed by a slight 

force recovery, where experimental data were otherwise decaying (Supplemental Figure 5). 

The three-state system was also used to evaluate whether non-myosin parameters might 

control preload-dependence of Mechanical Control of Relaxation by manually scaling the 

adjustable parameters. Force-dependence was then added to individual myosin parameters, 

creating new models. (Note that force-dependence here is actually tension dependence, but 

we use this terminology to be consistent with other model descriptions [18].) First, force­

dependence was also added for the transition into a sequestered detached state of a separate 

three-state system with one attached state and two detached states (Supplemental Figure 

2A). The sequestered detached state was previously used to describe the super relaxed state 

(SRX) [18]. In the previous study, the SRX was shown to be required to provide accurate 

fit to fixed-end isometric twitches in muscles. Force-dependence was defined individually 

for each myosin transition rate magnitude and for the strain sensitivity of the detachment 

rate, scaling the transition rate parameter(s) proportionally to the developed force. Models 

with multiple force-dependent parameters were also evaluated. Each model was then fit 

simultaneously to load-clamp data at both preloads and Mechanical Control of Relaxation 

was calculated as described above.

2.3. Statistical analysis

Linear regression was performed in Microsoft Excel. Statistics were performed using paired 

and one-sample t-tests in SPSS (Ver 26, IBM Corporation, Armonk, NY).

3. Results

Baseline muscle parameters are included in Table 1. Experimentally, pin-to-pin length was 

reduced by approximately 5% (4.88 ± 0.11%) while muscle length was reduced by 7.94 ± 

2.09%. This reduction in preload reduced developed tension by 56 ± 12% and increased 

the relaxation rate of fixed-end twitches by 20 ± 23%. Mechanical Control of Relaxation 
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(MCR) was calculated for all 14 muscles at Lo and reduced preload (0.95 relative to the 

pin-to-pin Lo length) (Table 2). On average, MCR was increased by 20 ± 21% (Fig. 2). 

Preload-dependence of MCR was repeatable (Supplemental Fig. 3), and the linearity of 

MCR versus preload was also confirmed (Supplemental Fig. 4). Multiple linear regression 

showed that MCR was not dependent on CSA or muscle length (data not shown). However, 

we identified a reduction in slope for 4 out of the 14 samples (Fig. 2). Upon further 

inspection of the muscles, we identified that the 4 samples were a subset of 6 muscles 

that had possible irregular attachments. The attachments were associated with unusual 

compliance that was visualized as either chordae from a papillary muscle, a mis-placed 

hook near the end of the large muscular region, or holes or tears within the trabeculae. 

Notably, muscles with such compliant attachments did not differ from the other samples in 

their length, CSA, or fixed-end isometric tension parameters except for minimum (diastolic) 

tension (Supplementary Table 1). This finding suggests that the compliant attachment did 

not substantially modify the function of the muscle during the fixed-end isometric twitches, 

only during the dynamic load-clamping twitches.

We then used computational modeling to predict sarcomeric mechanisms that were 

associated with the preload-dependence of MCR utilizing the MyoSim simulation 

environment [24]. The model was driven by a calcium transient and fit to data taken from 

one trabecula. No differences were observed in the ratios nor timing of transients (data 

not shown), so only one fit was performed to determine the time course of the cytosolic 

calcium concentration, and the peak and minimum calcium concentrations estimated based 

on published results [26-28]. After defining the calcium transient, multiple models based 

on two- or three-state myosin kinetic states (Supplemental Figure 2) were fit to the data as 

described in the methods.

The fits for all of the models did not fully replicate either the fixed-end isometric or 

load-clamp experimental data (Fig. 3). The models produced length changes and strain 

rates below that observed in experimental trabeculae. Furthermore, the models resulted in 

relaxation rates that far exceeded those quantified from experimental data at equivalent 

strain rates, resulting in much larger MCR values.

Initial fitting using a simple 2-state model suggested that MCR was reduced at lower 

preload (Table 3), in contrast to the experimental data showing an increase. The fit to 

the shortened preload resulted in a substantially increased cooperativity and faster rates of 

myosin attachment and detachment (Supplemental Table 2).

Because this most simple myosin model was not consistent with experimental data, we next 

fit a 3-state model with two attached states to allow for a power stroke (Supplemental Figure 

2B). The fit again showed limitations and did not fully replicate experimental tension traces 

(Fig. 3), and it again resulted in a reduced MCR at reduced preload, albeit to a smaller 

extent than the 2-state model (Table 3). The improvement in the MCR was coincident with 

an increase in the power-stroke transition by approximately 10% (Supplemental Table 3). 

The 3-state model did not include a reverse rate that would allow a weakly bound myosin 

head to detach before performing the power-stroke. This is because inclusion of such state 

caused a delay in the start of relaxation and a sudden loss of force that did not mimic the 
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experimental condition (Supplemental Figure 5). Fixing thin filament parameters from the 

Lo fit as constants but allowing myosin parameters to be modified resulted in a reduced 

MCR at shorter lengths while further accelerating the power stroke. Setting the thick 

filament parameters from the Lo fit did not substantially improve the MCR and resulted in 

substantial accelerations of the thin filament activation and deactivation rates, along with an 

increase in cooperativity. We also confirmed that the reduced MCR at reduced preload was 

not dependent on the initial half-sarcomere length of the model. Shorter predicted Lo lengths 

did reduce absolute MCR values, but increased the percent reduction (preload dependence) 

of MCR at reduced preload (Supplemental Table 4).

Because these fits did not result in increases in MCR, we manually adjusted thin filament 

and myosin kinetic parameters to further isolate individual contributors to MCR. Parameters 

of the 3-state system that had been fit to the shortened length were adjusted by up to 

70% above and below their original value. For thin filament parameters, decreasing the 

rate that binding sites open or increasing the rate that biding sites close could increase 

MCR (Fig. 4). However, these changes result in a substantial increase in fixed-end isometric 

tension, which are not expected to occur physiologically. Reducing cooperativity would 

increase MCR greater than the change in fixed-end isometric tension (Fig. 4). For myosin 

transition parameters, reducing the power-stroke rate or increasing the detachment rate could 

increase MCR faster than increasing the tension at reduced preloads (Fig. 5). Reducing the 

power-stroke transition rate would also increase MCR, but again, this rate is expected to 

increase at reduced preload.

We additionally evaluated whether force-dependent myosin transitions could explain the 

preload-dependence of Mechanical Control of Relaxation. Force dependence meant that the 

rate parameter would be multiplied by the total force and by a force dependent parameter. 

This variable also allowed both loads to be fit simultaneously. First, we evaluated the fit 

of a model that included a super-relaxed state (SRX) added to a two-state model [18] 

(Supplemental Figure 2C). Reducing preload did increase MCR under these conditions 

(Table 3), but the model fit resulted in an uncontrolled loss of force followed by a 

force recovery (Supplemental Figure 5), which did not happen in the experimental data. 

Furthermore, model fits began their relaxation later than identified in experiments and 

suffered from faster than physiologic relaxation after stretch.

We then declared force-dependence independently in each of the myosin transitions of 

the 3-state model. Force-dependent attachment did not increase MCR at reduced preload. 

Increasing the power-stroke rate and detachment rate parameters all resulted in an increased 

MCR, but less than the increase found in experimental data. Force-dependence on the 

power-stroke also led to a slower, not faster [19], transition at lower preloads. Subsequently, 

we evaluated whether multiple force-dependent parameters could achieve the greater than 

20% increase in MCR as expected (Fig. 6). The three of four models tested with multiple 

force-dependent parameters all showed a greater than 20% increase in MCR at reduced 

preload (Table 3).
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4. Discussion

There is continued interest in the mechanisms that underlie myocardial relaxation, especially 

given the lack of efficacious treatment options for patients suffering from diastolic 

dysfunction and heart failure with preserved ejection fraction [1,2]. Our work has recently 

sought to evaluate how a mechanical intervention, i.e. preload reduction, acts as a modifier 

of the relaxation rate. Previously, we showed that Mechanical Control of Relaxation (MCR) 

was not dependent on afterload because a stretch was both necessary and sufficient to 

induce changes in relaxation rate [10]. While lengthening strains before the end of systole 

sounds surprising, there are clinical reports that suggest the importance of such myocardial 

lengthening events. As noted at least as early as C. J. Wiggers [9,29], normal healthy hearts 

have a lengthening strain before the aortic valve closes [29,30]. The time to peak strain is 

delayed in several conditions that are associated with diastolic dysfunction [31], which may 

explain the dysfunction.

Previously, we used computational modeling to predict that cross-bridge populations fall 

in concert with the force during relaxation [10]. The model indicated that the lengthening 

caused enhanced crossbridge detachment, as was previously speculated by others [7,8]. 

While our initial study indicated that MCR was present in mammalian hearts from mouse to 

man, it was limited in the conditions investigated.

The current study sought to investigate how a preload (muscle length) adjustment modifies 

MCR. We observed in this study that reduced preload increases the sensitivity of strain 

rate to the relaxation rate, i.e. increases MCR. We subsequently used computational 

modeling to address potential mechanisms underlying this relationship and further discuss 

clinical implications of our findings. These data may have substantial clinical relevance as 

preload adjustment are direct and secondary targets of numerous treatments for diastolic 

dysfunction. While preload reduction itself is associated with a shorter contractile period 

and could extend the diastolic duration, the relaxation rate itself is accelerated by stretch. 

Therefore, MCR itself would provide for a more efficient diastolic relaxation and filling.

4.1. Thin filament mechanisms associated with preload adjustment

In addition to altering filament overlap, reducing preload has previously been shown 

to induce numerous biomechanical changes to sarcomeric function. Non-linear passive 

stiffness of titin is a well-known length-dependent property, but thin and thick filament 

properties are also modified with reduced preload [12,17]. Calcium sensitivity is primarily 

governed by troponin’s contribution to thin filament regulation and is generally reported 

to be reduced at reduced preload [13-15]. The effect of preload on cooperative activation 

is less consistent, with the Hill Coefficient being reported to increase, decrease, or 

remained constant [16-19] with reduced preload. Thin filament modifications are reported to 

accelerate the relaxation rate at shorter muscle lengths, but the effect of reduced preload on 

MCR has not previously been investigated.

Our experimental data did show that relaxation rate was greater at reduced preload as 

expected. The initial fits using a 2-state myosin scheme predicted a reduced MCR at reduced 

preload, and was coincident with a slowing of the thin filament activation and deactivation 
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rates. The 3-state schemes produced model fits that again reduced the MCR at reduced 

preload, but led to less substantial alterations in the thin-filament parameters. Manually 

varying the thin filament parameters suggested that a slowing of the activation rate or 

increasing the deactivation rate at lower lengths could increase MCR, but the tensions would 

rise substantially. A reduction in cooperativity could also result in an MCR that increased 

faster than the increase in tension. These computational results do not provide clear evidence 

that thin filament mechanisms account for the increase in MCR at reduced preload.

4.2. Model predictions of the effect of myosin kinetics on Mechanical Control of 
Relaxation

Myosin kinetics are also reported to be modified when preload is reduced. Previously, 

Tanner et al. showed that reducing preload by 15% would nearly double the myosin ADP 

release rate [19]. Simply adding a myosin transition between attachment and detachment 

to mimic a power-stroke (3-state scheme) reduced the model-estimated difference in MCR 

from Lo to a shortened preload. However, the model still did not replicate the increase in 

MCR observed in the experimental data.

Recently, the super-relaxed (SRX) state of myosin was shown to improve the fit to fixed-end 

isometric twitches of rabbit trabeculae when added to a 2-state myosin model [18]. The 

SRX state is thought to be a force-dependent condition that sequesters myosin heads from 

attaching to actin at low force conditions. The sequestered heads are more likely to be 

primed for contraction at high forces, partially explaining the Frank-Starling Mechanism. 

The prior study provided excellent fit of isometric conditions [18]. Because this model 

could more quickly reduce the number of cycling heads (by inhibiting re-attachment and 

cycling through the ATPase process), we evaluated its effect. Indeed, the SRX state did 

lead to a slight increase in MCR at reduced preload, but at the expense of mimicking 

the relaxation rate properly upon re-stretch. Specifically, this model resulted in the tension 

suddenly dropping below the basal (diastolic) tension. This was followed by an increase 

in tension through diastole. Experimental samples did not display this feature. Thus, our 

models suggest that the SRX state might not be the key mechanism underlying the preload­

dependence of MCR.

Model fitting using single force-dependent transitions suggests that myosin kinetics are 

responsible for the increase in MCR at reduced preload. Force-dependence of the power­

stroke and myosin detachment parameters increased MCR at reduced preload. This result 

is not entirely surprising as some previous studies show changes in the rate of force 

redevelopment (ktr) [32,33]. However, force-dependence of the power-stroke transition 

would decrease the power-stroke transition rate at shorter lengths instead of increasing it 

as expected [19]. Furthermore, the strain-dependent power-stroke again caused the tension 

to suddenly drop after stretch. Including multiple-force dependent parameters led to the 

preload-dependent change in MCR to come closer to mimicking the experimental data. 

Importantly, models including the force-dependence of the power-stroke and the strain­

sensitivity of the detachment rate most closely matched the experimental change (although 

they continued to over-estimate the MCR values). These data suggest that the power-stroke 

and detachment rates are strain sensitive.
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While these results provide strong evidence that myosin kinetics modifies MCR, we did not 

conclusively determine which transition(s) between myosin states dominates this effect. For 

one, model fits including both isometric and load-clamped data always fit less well than the 

isometric conditions alone. This is reflected in the often-delayed time to peak shortening 

and prolonged contractions observed in our models. We pursued model fitting with and 

without force-dependence of myosin transition parameters to evaluate the consistency of 

the models. Both methods have benefits. For example, fitting each preload independently 

allows us to investigate changes in all parameters, including those in the thin filament. 

In contrast, the modeling environment we utilized (MyoSim) allows force-dependence of 

myosin parameters which allows us to simultaneously fit two preloads [18]. However, the 

current force-dependent transitions in MyoSim were limited to increasing their value at 

increased force.

It is also possible that our model systems were insufficient to mimic true sarcomere kinetics, 

especially given that most models could not accurately fit the isometric data. While fixed 

calcium transient parameters could have contributed to poor fits, our study focused on 

sarcomeric parameters where we were, for example, unable to apply force-dependence to 

thin filament parameters. We did observe that multiple force-dependent transitions did better 

replicate the experimentally derived dependence of preload on MCR. However, we may be 

missing essential states of myosin cycling. One state that has been previously investigated 

in computational models but not included in the current study is a strain-dependent detached 

myosin-ADP state [24,34,35]. This post-power stroke, pre-ADP release state has been 

included in a MyoSim-based model resulting in excellent reproduction of ktr with the 

inclusion of this state [24]. As this state is both part of the power-stroke and a detached state, 

it is possible that this state and its associated transitions could contribute to the changes 

observed in the 3-state model with multiple force-dependent transitions. A recent modeling 

study by Palmer et al. also speculated about the existence of this transiently detached state, 

even though it was not explicitly included in their model [36]. While there is at least one 

experimental report that may suggest such a transiently detached state exists in muscles 

undergoing a lengthening strain [37], experimental evidence is limited. While improvements 

to our understanding of sarcomeric kinetics and the modeling of the kinetics remain, these 

models and data suggest that the steps of myosin cycling are not yet fully characterized.

4.3. Muscle attachments and Mechanical Control of Relaxation

While MCR generally increases with reduced muscle length, some of our muscles showed 

reduced MCR with reduced preload (Fig. 2). An experimental factor that appears to 

influence preload-dependence of MCR is the quality of the attachment of the trabeculae 

to the force transducer and motor hooks. These attachments provide biophysical series­

elastic links between the force-generating crossbridges and the ends of the muscle [24]. 

In permeabilized muscles, the myocardial fibers dissected are often free of chordae and 

mounted using aluminum clips or tie-downs with very little compliance. In contrast, intact 

muscles have several areas of increased end-compliance. An intact papillary muscle has 

non-contractile compliance (series elasticity) if it is hooked in the valve plane instead of 

the muscle. Both intact trabeculae and papillary muscles might also have a compliant link 

if a ‘basket’ mount is used, where an end of the muscle rests within a metal basket but 
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is not fixed to the transducer or motor [38]. This is because the muscle could slip as it is 

rapidly shortened or lengthened. In the current experiment, we did not use a basket mount. 

Nevertheless, upon post-hoc inspection, we identified 6 trabeculae with gaps and/or chordae 

attachments that may allow for slippage. Four of these 6 muscles showed reduced instead of 

increased MCR upon preload reduction. Notably, the only parameter that differed between 

the groups was the minimum (diastolic) tension, which was reduced in the group with 

potentially impaired attachments. We did not otherwise observe substantial compliance in 

the muscular segments that were observed, but they too could contribute to this compliance. 

The reduced tension would correlate with the changed end-compliance of a damaged or 

basket-mounted muscle. We speculate that slippage and/or change in the series elastic 

elements dominate this change.

These data may serve to be an experimental caution as non-contractile series elements do 

not appear to play a role in the intact heart [39]. This is physiologically reasonable, as 

the myocardium is densely packed and is synchronously contractile. Thus, except cases 

like infarction or desynchrony, the myocardium will typically not interact with unusual 

elastic elements. Physiological differences can occur in intact muscles with non-physiologic 

compliances. For example, Parmley et al. showed that force-calcium curves attenuated 

when compliance increased [40]. While we observe no substantial change in isometric 

behavior based on these compliant regions, when physiologic (or substantial internal) 

shortening does occur, it is likely to alter myocardial forces. Thus, caution may be warranted 

when translating experiments that utilize the basket attachment or papillary muscles when 

physiologic strains are induced [9,10].

4.4. Potential clinical relevance of Mechanical Control of Relaxation

This finding may have important biophysical consequences but may also be of value in 

interpreting clinical studies. Afterload, not preload, is a commonly studied mechanical 

mechanism to modify the relaxation rate [7]. Indeed, several studies using intact hearts and 

in vivo methods have correlated reduced afterload with improved relaxation. Our initial 

study of MCR showed that the lengthening strain was not only necessary but was also 

sufficient to modify the relaxation rate at any afterload [10]. Our prior study also showed 

that reduced afterload would increase the potential magnitude of the lengthening strain, 

again allowing for a substantially increased relaxation rate.

While there has not yet been a clear test of MCR in vivo, several possible mechanisms 

exist to suggest that our findings are relevant in vivo. For example, the use of diuretics 

to reduce afterload also modifies ventricular preload. There is also direct evidence for 

preload-dependent cardiac torsion [41], which supports our hypothesis that MCR is active in 

the in vivo context. Myocardial strain and strain rate have not traditionally been monitored 

in studies investigating relaxation. However, a study in the open chest dog found that 

systolic length was directly correlated with the relaxation rate [42]. These data indicate the 

importance of examining the strain rate as the mechanical modifier of the relaxation rate. 

The accelerated relaxation may be related to the preload-dependence of MCR as improved 

diastolic function appears to be coincident with a reduction in left ventricular volume in 

vivo.
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4.5. Limitations of experimental and computational data

The primary limitation of our cardiac modeling is that some data could not be calculated or 

validated specifically. For example, our model utilized the calcium transient shape derived 

from a trabeculae loaded with Fura-2AM., which suggested the calcium transient was 

relatively constant at different loads and changes in strain. However, the traces did show 

substantial noise, which may lead to over- or under-estimation of the calcium concentration 

at any timepoint. We and others [27] did not observe a preload-dependence in the calcium 

transients with our data, and conflicting data have been reported in previous studies [13,18]. 

The time course and magnitude of our calcium transient was also the same for both 

fixed-end isometric and load-clamp twitches at the same preload. While some studies have 

reported changes in the calcium concentration following a load-clamp [25,27] and due to 

shortening alone [43], we chose to use the same one based on our data because each study 

used different conditions. This allowed for more model parsimony, allowing us to focus 

on the sarcomeric properties underlying the preload-dependence of MCR while minimizing 

overfitting with extraneous calcium transient parameters. It is also possible that a slow 

binding rate of our fluorophore might have led us to predict that the calcium transient did 

not decay fast enough. This could contribute to the inability of our models to relax as early 

as the experimental data. Methodological refinements or the use of alternate fluorophores, 

or the recently reported thin-filament biosensor [44], may provide added precision and 

accuracy for future models.

Furthermore, we experimentally utilized muscle length, which had to be translated to 

sarcomere and series elastic element lengths in the model. We were not able to directly 

measure sarcomere length in this study; therefore, we were not able to validate the 

specific shortening and relenthening of the simulated twitches. However, preliminary 

studies on fixed tissues indicate a range of sarcomere lengths at Lo from 2.15 to 2.4 μm 

(data not shown), within the range of previously reported lengths [13,22,38]. Importantly, 

muscle-level properties are more appropriate for translational application as the sarcomeric 

lengths (and inhomogeneities) are not represented in clinical strain and strain rate imaging 

[7,10,24,45]. Experimentally, both the shortening magnitude and strain rate increased at 

lower preloads. Our computational model also often failed to replicate the changes in 

shortening and strain rate achieved experimentally, severely underestimating the change in 

shortening and predicting a reduced strain at reduced preloads. It is unclear why this is the 

case, but the estimated series elasticity may not have accurately represented the physiology. 

Detailed imaging study may be required to evaluate how the series elements or sarcomeres 

in series might modify this response. Further experimental and modeling studies focusing on 

the series elastic components may be warranted.

5. Conclusions

Impaired myocardial relaxation is an early indicator of diastolic dysfunction. While the 

biochemical kinetic properties of calcium transients, thin filament activation, and the 

myosin ATPase can modify relaxation, the relaxation rate is also mechanically modified by 

lengthening strain rates. This is termed Mechanical Control of Relaxation. The experimental 

data shows that MCR can be enhanced by reducing preload. This mechanism may provide 
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additional insight into in vivo clinical work where treatments for diastolic dysfunction 

remain limited but where volume reduction can improve relaxation. Our computational 

modeling studies provide further insight into molecular mechanisms, suggesting myosin’s 

kinetic and strain dependent properties underlie the preload-dependence of MCR. The 

results also indicate that simple models of myosin kinetics still do not provide perfect 

models of muscle twitches and length changes. Nonetheless, this mixture of biophysical 

experimentation and computational modeling of muscles provides new insights into preload­

dependent modifiers of myocardial relaxation.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Example experimental data. A&B) Tension, Length normalized to Lo, and strain rate for a 

muscle at Lo (Panel A, purple) and a muscle reduced in length (Panel B, green) to 0.96 Lo 

of the trabeculae length (0.975 Lo of pin-to-pin length). An isometric trace (dark solid), a 

load-clamp with no relengthening (solid line), and a load-clamp trace fully relengthened 

(dashed line) are shown. C) Image of the cardiac trabeculae at Lo and schematic of 

mounting. Trabeculae length was used unless otherwise stated. D) Mechanical Control of 

Relaxation (relaxation rate versus strain rate relationship) increases with reduced preload. 

Data from preloads shown in Panels A (purple) and B (green) are shown in solid circles; 

data at further reduced preload (0.92 Lo of the trabeculae length, 0.95 Lo of the muscle 

length) shown as open circles. See Supplementary Fig. 1 for an example of how Panel C was 

derived; linearity of MCR (slope) is shown in Supplementary Fig. 4.
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Fig. 2. 
Relative MCR ratio for each trabecula. MCR was calculated for each muscle at Lo and 

again at reduced preload (0.95 Lo of the muscle length). Light colored shading indicates 

trabeculae with possible compliant attachments. On average, MCR increased by 20% (p < 

0.001, one sample t-test, n = 14).
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Fig. 3. 
Model predicted forces of the 2-state myosin model based on fits to experimental data for 

the muscle at Lo (A, red lines) and reduced preload (B, blue lines). Length was calculated 

relative to trabecula length at Lo. Experimental data (Fig. 1) shown as thin lines (purple and 

green, respectively). The computed MCR data (C) for this model shows slopes greater than 

the experiment and do not replicate the preload dependent increase in MCR.
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Fig. 4. 
Peak fixed-end isometric tension and MCR after manual scaling of thin filament parameters. 

Parameter variation based on the 3-state mode with no force-dependent transitions. Only 

reduced cooperativity increases MCR faster than peak tension.
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Fig. 5. 
Peak fixed-end isometric tension and Mechanical Control of Relaxation after manual scaling 

of myosin transition rate parameters. Parameter variation based on the 3-state mode with no 

force-dependent transitions.
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Fig. 6. 
Model predicted forces of a 3-state model with force dependent detachment rates based on 

fits to experimental data for the muscle at Lo (A, redlines) and reduced preload (B, blue 

lines). Experimental data (Fig. 1) shown as thin lines (purple and green, respectively). Model 

fits continue to result in delayed and/or slowed isometric relaxation and a non-physiologic, 

accelerated relaxation after stretch. However, the computed MCR data (C) for this model 

begin to replicate the preload dependence observed in the experimental data.
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Table 1

Rat body and trabeculae parameters for the 14 samples analyzed in this study. Developed Tensions reported for 

fixed-end twitches. P-values listed are based on paired t-test of values from 0.95 Lo versus Lo conditions.

Rat Body Parameters Mean ± SD Range [Min,
Max]

 Age [months] 4.3 ± 1.1 [3.1, 6.0]

 Body Weight [g] 224 ± 29 [172, 273]

Trabeculae Parameters Mean ± SD Range [Min,
Max]

 Length at optimal force development (Lo) [mm] 2.25 ± 0.43 [1.66, 2.88]

 Cross-sectional area (CSA) [mm2] 0.074 ± 0.082 [0.012, 0.332]

 Minimum (Diastolic) Tension at Lo [mN/mm2] 3.3 ± 2.0 [0.9 ± 6.7]

 Developed Tension at Lo [mN/mm2] 37.9 ± 16.7 [10.3, 72.2]

 Developed Tension at 0.95 Lo [mN/mm2] 20.9 ± 8.9 p < 0.001 [6.7, 40.0]

 Fixed-end relaxation rate at Lo [s−1] 8.9 ± 4.4 [3.1, 20.7]

 Fixed-end relaxation rate at 0.95 Lo [s−1] 10.7 ± 3.4 p = 0.009 [3.7, 17.2]
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Table 2

Experimental MCR values. Six samples had impaired attachment points by inspection, which affected the 

change in slope. P-values listed are based on paired t-test of values from 0.95 Lo versus Lo conditions.

N MCR
at Lo

MCR at
Reduced
Preload (0.95
Lo)

Percent
Change in
MCR

p-value
(Paired T-
test)

All Trabeculae 14 12.7± 3.8 15.2 ± 5.0 21 ± 23 p < 0.001

Trabeculae without impaired attachment points 8 12.5 ± 4.4 16.6 ± 5.7 34 ± 12 p < 0.001

Trabeculae with impaired attachment points 6 13.1 ± 3.5 13.3 ± 3.5 3 ± 23 p = 0.097
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Table 3

Mechanical Control of Relaxation (MCR) predictions for model fits. For models without force-dependence, 

each preload was fit independently. Fixed parameters refer to parameters unchanged from the fit used to 

derive the MCR at Lo. For data with force-dependent states, both preloads were fit simultaneously with 

only one force-dependent parameter. Model-simulated tensions, normalized length, and strain-rates shown in 

Supplemental Figure 5.

Model MCR
at Lo

MCR at Reduced
Preload (0.95 Lo)

Percent
Change in
MCR

Models without force-dependent parameters

2-State 54.4 37.3 −31%

3-State 78.3 71.6 −9%

 3-State, fixed Thin Filament Parameters “ 54.5 −30%

 3-State, fixed Thick Filament Parameters “ 72.1 −8%

Models with force-dependent parameters

2-State with additional Force dependent SRX 42.0 46.7 +11%

3-State, Force-dependent Attachment 69.0 67.6 −2%

3-State, Force-dependent Power-stroke 44.5 49.2 +10%

3-State, Force-dependent Detachment Magnitude 45.5 48.3 +6%

3-State, Force-dependent Detachment Strain Sensitivity 46.1 50.8 +10%

Models with multiple force-dependent parameters

3-State, Force-dependent Detachment Parameters 35.3 43.1 +22%

3-State, Force-dependent Power-stroke and Detachment Parameters 23.5 32.3 +38%

3-State, Force-dependent Power-stroke and Strain-sensitive Detachment Parameters 42.4 47.1 +11%

Force-dependent SRX and 3-State Force-dependent Power-stroke and Detachment Parameters 35.2 42.6 +21%
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