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Abstract

Background—In patients with end-stage heart failure, the primary etiology often originates in 

the left ventricle, and eventually the contractile function of the right ventricle (RV) also becomes 

compromised. RV tissue-level deficits in contractile force and/or kinetics need quantification to 

understand involvement in ischemic and non-ischemic failing human myocardium.

Methods and Results—The human population suffering from heart failure is diverse, requiring 

many subjects to be studied in order to perform an adequately powered statistical analysis. From 

2009-present we assessed live tissue-level contractile force and kinetics in isolated myocardial RV 

trabeculae from 44 non-failing and 41 failing human hearts. At 1 Hz stimulation rate (in vivo 
resting state) the developed active force was not different in non-failing compared to failing 

ischemic nor non-ischemic failing trabeculae. In sharp contrast, the kinetics of relaxation were 

significantly impacted by disease, with 50% relaxation time being significantly shorter in non-

failing vs. non-ischemic failing, while the latter was still significantly shorter than ischemic 

failing. Gender did not significantly impact kinetics. Length-dependent activation was not 

impacted. Although baseline force was not impacted, contractile reserve was critically blunted. 
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The force-frequency relation was positive in non-failing myocardium, but negative in both 

ischemic and non-ischemic myocardium, while the β-adrenergic response to isoproterenol was 

depressed in both pathologies.

Conclusions—Force development at resting heart rate is not impacted by cardiac pathology, but 

kinetics are impaired and the magnitude of the impairment depends on the underlying etiology. 

Focusing on restoration of myocardial kinetics will likely have greater therapeutic potential than 

targeting force of contraction.
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Introduction

End-stage heart failure impact over 6 million people in the US alone, and is a growing and 

very costly problem. End-stage heart failure is typically characterized by contractile 

dysfunction of the ventricles. In vivo, ventricular contractility is impaired resulting in overall 

reduced pump function. Ventricular contraction is mainly determined by two factors: the 

number of myocytes contributing to contraction and the average contractile force they 

produce. In addition to ventricular contraction, the rate (i.e. shortening and re-lengthening 

speed of the tissue) at which this contractile process takes place is critically important for 

function; when the contractile and relaxation speed is insufficient, a component of diastolic 

dysfunction arises and further deteriorates overall pump function.

Investigation of myocardial kinetics of viable human myocardium has been limited[1]. The 

majority of previous studies have focused on contractile strength, thus, contractile kinetics 

were not always assessed or reported. A second factor is that the diversity in the human 

population, especially when compared to inbred laboratory mice, increases the variability in 

assessed parameters. It is thus necessary to investigate a larger number of subjects to achieve 

the same statistical power as studies using animal-based models. Live contracting human 

myocardial tissue is logistically much harder to obtain than tissue from animal models of 

disease, specifically in large numbers required. Thus, most past studies were performed on a 

relatively small patient/sample population, allowing only for large differences to be detected 

as statistically significant. Another complicating factor is that to quantify parameters 

obtained in the failing heart, a comparison with healthy tissue parameters obtained in an 

identical manner to the failing tissue is paramount. Non-failing viable myocardium is often 

even more difficult to obtain than failing tissue, and most past studies, including our own, 

have typically included a very low sample size of non-failing controls, or none at all. Again, 

the vast differences even among healthy humans (due to size, race, age, gender, etc.) result in 

a broad spectrum of quantifiable myocardial contraction and kinetic parameters which 

severely limits statistical power. Although all these past studies[2–16] have made significant 

contributions to further understanding myocardial dysfunction at the tissue level, the low 

numbers of subjects, mixed etiologies, lack of non-failing controls, and gender-indifferent 

studies, have produced conflicting results regarding contractile function and kinetic behavior 

of end-stage failing myocardium. Moreover, although experimental conditions of most 

studies were chosen to be close to in vivo conditions, several studies were performed at non-
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physiological temperatures, or non-physiological pacing rates, possibly further contributing 

to conflicting results.

Consequently, we lack sufficiently-powered quantitative data on force development and 

myocardial kinetics of viable RV tissue, as it relates to end-stage failing hearts of ischemic 

versus non-ischemic etiologies. Moreover, little is known about the impact of gender on 

human myocardial contractility. Therefore, we set out to quantify the kinetics of relaxation 

in failing right ventricular myocardium, wherever possible stratified by non-ischemic and 

ischemic etiology and gender. We performed the study over 7.5 years on a large patient/

sample group (44 non-failing hearts, 41 end-stage failing hearts) to allow for the detection of 

significant, functional differences that would be clinically relevant. Moreover, we 

investigated the impact of disease on contractile force and kinetics encompassing the three 

main mechanisms of contractile regulation[17]: the length-dependent activation[18, 19], 

frequency-dependent activation[20], and β-adrenergic stimulation[21].

Methods

Human Tissue Collection

All explanted hearts were obtained directly in the operating room and immediately flushed 

with cardioplegic solution after removal from donors/patients as described previously[2, 22]. 

The hearts were transferred to the laboratory (within 10–30 minutes) in cold cardioplegic 

solution containing (in mM): 110 NaCl, 16 KCL, 16 MgCl2, 10 NaHCO3, and 0.5 CaCl2. 

All hearts were procured and treated with identical protocols, solutions and timing 

regardless of their source. All human tissues were experimented on with approval from the 

Institutional Review Board (IRB) of The Ohio State University and conform to the 

declaration of Helsinki. Informed consents were acquired from cardiac transplant patients. 

All end-stage failing hearts (n = 41) were acquired from patients in the operating room 

undergoing cardiac transplantation at The Ohio State University Wexner Medical Center. 

Non-transplantable donor hearts (n = 44) were acquired in the operating room in 

collaboration with Lifeline of Ohio Organ Procurement. The biometric characteristics of 

these hearts are provided in Tables 1 and 3. Characteristics of the dimensions of the hearts, 

as well as wall-thickness is given in Tables 2 and 4. The age of the donors was 48 ± 15 (SD) 

years, the patients with failing ischemic hearts were 59 ± 7 years old, and the failing non-

ischemic patients were 53 ± 10 years of age. Body mass index was also similar: 29.6 ± 8.0, 

26.8 ± 4.3, and 29.4 ± 4.3 resp. Heart weight, on average, was 19.7% higher in failing hearts 

compared to the donor hearts, with no significant difference by etiology.

Trabeculae Isolation

The RV of each heart was transferred from the cardioplegic solution to a cold modified 

Krebs-Henseleit solution (K-H) bubbled with 95% O2-5% CO2 containing (in mM): 137 

NaCl, 5 KCl, 0.25 CaCl2, 20 NaHCO3, 1.2 NaH2PO4, 1.2 MgSO4, 10 dextrose, and 20 

BDM (2,3-butanedione monoxime) and pH of 7.4. Linear, small, and free-running 

trabeculae were isolated with the aid of a stereo dissection microscope, and kept in this 

solution at 0–4 °C until the time of the experiment. Thin, free running trabeculae were 

chosen since they contain all cell-types found in the heart, and their mechanical properties 
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very closely match those of the ventricle, including inotropic properties of ejection[23], and 

they have a long experimental life[24], whereas papillary muscles (often used in studies 

using mice and rats), are way too big in humans to ensure a properly oxygenated 

preparation. Muscles were transferred into custom-made setups as previously described for 

animal models[25] and the perfusion solution was changed to another modified K-H without 

BDM. This solution was maintained at 37 °C and continuously bubbled with 95% O2-5% 

CO2 resulting in pH of 7.4. Stimulation was started at baseline frequency of 0.5 Hz while 

CaCl2 concentration of the solution was slowly raised to 2 mM over ~15 minutes. Muscles 

were gradually stretched (over a few minutes) until an increase in developed force was 

exceeded by an increase in resting tension. This length, designated as L100 or Lopt (optimal 

length), roughly corresponds to sarcomere length of ~2.2 μm, which is near or at the in vivo 
sarcomere length at end-diastole[26].

Baseline trabeculae function

Once muscles had stabilized in the set-up, at 1 Hz, baseline contractile force was assessed. 

This frequency reflects a normal resting in vivo heart rate of 60 bpm. After collecting 

contractile and kinetic data at this baseline frequency 5–10 steady state twitches were 

averaged to minimize mechanical noise. Under the stereo microscope, dimensions of the 

trabeculae were assessed (resolution of 10 μm), and all recorded forces were normalized to 

the cross-section area of the trabecula. Average dimensions of all trabeculae (n=85, 1 per 

heart included in baseline analysis) were 441 ± 18 μm in width, 296 ± 12 μm in thickness, 

and 2.9 ± 0.1 mm in length, with an average cross-section area of 0.116 ± 0.010 mm2. There 

were no significant differences between dimensions of muscles from non-failing or failing 

hearts, nor between muscles from males or females, all were selected to be comparable. The 

failing hearts themselves were significantly larger due to hypertrophy and/or dilatation.

Assessment of contractile regulation and contractile reserve

The three most physiologically relevant regulatory systems were investigated in subsets of 

muscles. First, the length-dependent activation mechanism was assessed by measuring 

contractile force and kinetics at 4 different muscle lengths. We assessed the muscle at 

optimal length (Lopt, at 0.5 Hz). Then, the muscle length was reduced to 85% of optimal 

length (L85%), resulting in a length slightly below the in vivo prevailing end-systolic 

sarcomere length [24]. Thereafter, it was assessed at 90% of Lopt (L90%), then at 95% of Lopt 

(L95%), and then measured at Lopt again. The force-frequency relationship was determined at 

Lopt using 6 frequencies ranging from 0.5 Hz to 3 Hz. This range encompasses the entire 

physiological range of a healthy adult human heart. At each frequency, the muscle was 

allowed to stabilize for ~2–5 minutes, and contractile force and kinetics were recorded. 

Lastly, the β-adrenergic response was determined by assessing a concentration-response 

protocol (1 nM – 1 μM) for isoproterenol at Lopt and 0.5 Hz.

Data analysis and statistics

All hearts at time of arrival in the lab received a 6-digit code that served as a de-identifier. At 

the time of measurement and analysis, for almost all cases the pathology/etiology and 

gender/age of the heart was not known to the experimenter. All tension and kinetic 

measurements were collected and analyzed using custom made programs in LabView 
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(National Instruments). Muscle tensions were normalized to the cross-sectional area of the 

muscles and expressed as mN/mm2. Statistical analysis was performed with ANOVA, 

followed by post-Hoc tests where appropriate. Statistical significance was set at two-tailed P 

< 0.05 unless stated otherwise. All data is shown as mean ± S.E.M. unless stated otherwise.

Results

A total of 85 human hearts rendered at least 1 successful experiment in which baseline 

contractile force was assessed. The overall success rate of getting baseline data from an 

individual muscle is >60%, and the overall success rate of getting at least 1 successful 

experiment per heart is >90%. For RV trabeculae, these success rates did not appear to be 

impacted by the disease status of the heart.

Active baseline force development in failing versus non-failing trabeculae

Typical examples of twitch contractions under physiological conditions (1 Hz, 37 °C, and at 

optimal preload) are shown in Figure 1A. Without further stratification of either disease 

etiology or gender, baseline contractile force of all 85 trabeculae is shown in Figure 1B. On 

average, active developed force was not significantly different between muscles from non-

failing and failing hearts (19.97 ± 2.11 vs. 18.62 ± 2.08 mN/mm2, resp., P=0.65). Diastolic 

(resting) tension likewise was not different (6.19 ± 0.44 vs. 6.50 ± 0.50 mN/mm2, resp., 

P=0.65), and there was no correlation between diastolic tension and active developed force 

at optimal length in either group (not shown).

About 77% of end-stage failing patients undergoing cardiac transplantation are male[27]. 

This was closely reflected in our cohort of 41 end-stage failing hearts where 32 (78%) were 

from males and 9 were from females. In addition, most non-failing donor hearts not used for 

transplantation are of female origin: in our data set of 44 non-failing hearts, 25 were female 

and 19 were male. If there were to be a gender-based difference in myocardial force 

development, it could potentially mask an impact of pathology. We thus stratified the data by 

gender, and analyzed whether a potential gender-based difference in active force 

development was present in our data. Two-way ANOVA on gender (male/female) and 

pathology (non-failing/failing) reported that there was no overt gender-based impact 

(P=0.11), nor pathology-based impact (P=0.76), nor an interaction between these two factors 

(P=0.51). Figure 1C shows the averages and standard errors for non-failing and failing males 

and females. Two-way ANOVA testing included two-tailed testing. According to many 

previous studies, it could be expected that males would be stronger, not potentially weaker. 

A one-sided t-test (to test whether males are specifically stronger than females) between 

non-failing females versus non-failing males indeed showed statistical significant higher 

force in males (24.20 ± 3.79 (n=19) vs. 16.76 ± 2.20 mN/mm2 (n=25), P=0.040). The 

difference between males and females was not significant in failing myocardium (P=0.32).

Baseline contraction and relaxation kinetics

Time from electrical stimulation to peak tension (time to peak, TTP, in ms) was not 

statistically different (P=0.11) between non-failing and failing trabeculae (Figure 2A). Time 

from peak tension to 50% relaxation (RT50, Figure 2B) was significantly longer in failing 
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versus non-failing trabeculae (155 ± 4 ms vs. 129 ± 3 ms, P<0.0001). Total twitch time 

(Figure 2C), calculated as time from stimulation to 90% relaxation time (note, 100% 

relaxation time cannot be accurately assessed as force asymptotically approaches resting 

tension), was also significantly longer: 519 ± 12 ms in failing trabeculae vs. 451 ± 9 ms in 

non-failing trabeculae (P<0.0001). Stratification by gender revealed no gender-based effect 

on any of these parameters. For instance, RT50% was 131 ± 5 ms in non-failing males vs. 

128 ± 4 ms in non-failing females (P=0.56), and 158 ± 5 ms in failing males vs. 146 ± 8 ms 

in failing females (P=0.25).

Although gender-stratification did not reveal a gender-based difference in twitch kinetics, the 

underlying etiology of the failing hearts could be a discriminating factor. Based on clinical 

assessment of the patient at time of cardiac transplantation, end-stage failing hearts were 

divided into those with a primary diagnosis of ischemic etiology (n=14), and those with a 

non-ischemic etiology (n=27). We found that trabeculae isolated from ischemic failing 

hearts had a significantly longer TTP (Figure 2D) compared to non-failing trabeculae 

(ANOVA, P<0.05). 50% relaxation time (Figure 2E) was significantly prolonged in both 

etiologies (P<0.001). In addition to being prolonged compared to non-failing trabeculae, 

ischemic-failing trabeculae relaxed significantly slower than non-ischemic failing trabeculae 

(P<0.01). A similar observation was made for total twitch time (Figure 2F): non-failing 

preparations had a significantly shorter twitch time compared to both ischemic and non-

ischemic failing ones (P<0.005), while ischemic- failing trabeculae had a significantly 

longer twitch time than non-ischemic failing trabeculae (P<0.05).

Next, we investigated the impact of etiology on the maximal speed of contraction and 

relaxation. dF/dt, analogous to dP/dt of the ventricle, reflects the maximal speed of force 

development, and was not different (ANOVA P=0.94) between the three groups (Figure 3A). 

Negative dF/dt, the maximal speed of relaxation, was also not different (ANOVA, P=0.67). 

The derivative of force (dF/dt) is however highly dependent on the level of force. In order to 

study pure kinetics of the twitch contraction and relaxation, we divide dF/dt by the active 

developed force, allowing us to obtain a pure kinetic rate (unit: s−1). The maximal kinetic 

rate of contraction (Figure 3B) was also not different between the groups (ANOVA, P=0.15), 

but the maximal kinetic rate of relaxation was significantly slower in both failing etiologies 

(ANOVA, P<0.0001). The kinetic rate of relaxation was not dependent on the level of 

developed force.

Regulation of contraction and kinetics; impact of muscle length

The three main mechanisms that the heart uses to regulate cardiac output are length-

dependent activation, frequency-dependent activation, and β-adrenergic stimulation. First, 

we assessed length-dependent activation in a subset of trabeculae. In Figure 4A, B, and C we 

show trabeculae from all three groups at 4 different muscle lengths, ranging from 85% of 

optimal length to optimal length (L100). On average in Figure 4D we show that forces in all 

groups responded virtually equally to a change in muscle length. Since the absolute forces of 

the stronger muscles dominate this data presentation mode, we also plotted the data in 

Figure 4E related to the individual maximal force of the muscle at optimal length to 

investigate the true length-dependency and weigh all trabeculae equally in the analysis. As 
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can be seen, this relationship is fairly linear, and not different between the three groups. 

Regarding kinetics, we observed a slowing of time to peak tension as muscle length 

increased, in all groups (Figure 4F). Plotted to their individual maximum, Figure 4G show 

that the slowing down of kinetics was both qualitatively and quantitatively similar in all 

groups. Likewise, total twitch time also slowed as length increased (Figure 4H), while the 

difference between non-failing and both failing etiologies was significant. The length-

dependent slowing down of total twitch time was similar in all groups (Figure 4I).

Regulation of contraction and kinetics; impact of frequency

Frequency-dependent activation was assessed to reflect heart rates encompassing the entire 

in vivo range of the adult heart. In Figure 5A, B, and C we show trabeculae from all three 

groups at 6 different frequencies, ranging from 0.5 Hz to 3 Hz, at optimal length. Averages 

from all muscles are shown in Figure 5D. In non-failing myocardium, force increase 

between 0.5 and 2 Hz (positive force-frequency relationship, FFR), while in both failing 

ischemic and failing non-ischemic myocardium force decayed (negative force-frequency 

relationship, FFR). To equally weigh each muscle in the analysis, and to investigate the 

average shape of the FFR curve, data were normalized to those obtained at 0.5 Hz in the 

same muscle (Figure 5E). This analysis shows a positive FFR in non-failing myocardium, 

while in failing ischemic myocardium this FFR is flatter between 0.5 and 2 Hz compared to 

failing non-ischemic myocardium. Diastolic force also changed with frequency (Figure 5F); 

at 1 and 1.5 Hz, diastolic force slightly declined in both non-failing and failing ischemic 

muscles. In all groups, diastolic tension was higher at 3 Hz than baseline of 0.5 Hz. Kinetics 

were also significantly different between non-failing and both failing ischemic and failing 

non-ischemic trabeculae (Figure 5G); the maximal kinetic rate of relaxation was 

significantly faster in non-failing myocardium over the entire frequency range. However, the 

acceleration of this kinetic rate (shape of the curve) was equal in all three groups.

Regulation of contraction and kinetics; impact of β-adrenergic stimulation

Finally, we investigated the response to beta-adrenergic stimulation by treatment with 

increasing concentrations of isoproterenol (1 nM – 1 μM). Because frequency-dependent 

inotropy uses some of the same pathways as β-adrenergic stimulation, such as troponin I and 

myosin light chain-2 phosphorylation [28, 29], the experiments were performed at 0.5 Hz to 

minimize the impact of frequency. In non-failing myocardium, we observed a robust 

increase in force, significantly greater than the increase in both failing groups (Figure 6A). 

Relative to baseline (no isoproterenol), isoproterenol- induced force development was 

similarly depressed in ischemic and non-ischemic myocardium (Figure 6B), with a slight 

rightward-shift of the curve in failing non-ischemic myocardium compared to non-failing 

myocardium (P<0.05). Kinetics accelerated similarly in each group (curve shape is the 

same), as illustrated for TTP in Figure 6C, and for total twitch time in Figure 6D (non-

failing trabeculae had a significantly shorter TTP over the entire concentration range), while 

maximal rate of tension decline (-dF/dt/F) showed a similar result (not shown).

Averaged kinetic profile stratified by primary etiology

To depict the average baseline contractile and kinetic characteristics of our data, we 

generated a plot in which an original twitch tracing was recalibrated in both amplitude and 
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timing kinetics to reflect the average assessed twitch per group. This data is included to be 

used a reference for modeling studies, since original examples of twitches are heavily 

impacted by the large spread in quantifying parameters. In Figure 7, we present twitch data 

calibrated on 5 parameters that reflect the average diastolic force, active developed force, 

TTP, RT50, and total twitch time.

Discussion

The present study, shows several novel findings; in isolated RV myocardium 1) active force 

development at resting heart rate of the viable myocardium is not impaired, nor enhanced in 

heart failure, 2) Healthy male myocardium is stronger than healthy female myocardium, but 

gender does not have a major impact on contraction and relaxation in diseased myocardium, 

3) kinetics of relaxation are impaired in end-stage failing myocardium while impairment is 

greater in myocardium with an ischemic etiology compared to a non-ischemic etiology. In 

addition, our study confirms several findings that previously were only shown in studies 

with significantly lower n-numbers, often preventing a sufficiently powered statistical 

analysis. We showed/statistically confirmed that 6) regulation of contraction via the length-

dependent activation mechanism is not impaired in right ventricular trabeculae, 7) 

frequency-dependent regulation of contraction is significantly impaired, and 8) β-adrenergic 

regulation of contraction is impaired in myocardium from patients with end-stage heart 

failure.

Active force development at resting heart rate is not impaired

We found no significant difference in active force development between non-failing and 

failing human trabeculae. This is in agreement with several previous studies[2, 9, 13, 15], 

but in contrast to several other studies that observed either decreased developed force in 

failing preparations[5, 6, 14], or an increased level of developed force[12, 16]. Analysis of 

our data and past studies shows that there is a very large spread in the forces of isolated 

myocardium. As a result, when a small sample population is used, false-positives are more 

likely to occur. Additional reasons for discrepancies can be partially explained by baseline 

stimulation rate; when isolated myocardium is stimulated at sub-physiological rates, as has 

been done for baseline studies in several of these past studies, force developments may be 

more impacted in non-failing myocardium. Non-failing myocardium has a much more 

robust dependency on inter-beat duration than does failing myocardium, and the further the 

stimulation frequency is removed from the typical in vivo baseline of 60 beats per minute, 

the larger the differences are between non-failing and failing myocardium. Another factor 

that may have caused misinterpretations is that nearly all past studies combined non-

ischemic and ischemic myocardium together as “end-stage failing myocardium”, or 

“myopathic myocardium”, and composition of the failing group may impact the outcome of 

the study. Temperature used during the experiments can also be a confounding factor, as it 

critically affects both the level of force development (typically higher at lower temperature), 

as well as slows down kinetics. Temperature-dependency of these factors can be potentially 

of different magnitude in failing versus non-failing myocardium, possibly adding to 

discrepancies in findings at low temperature compared to physiological temperature. Lastly, 
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previous studies did not stratify between male or female tissue origin, which may have 

under-powered analyses, see below.

Changes in myofilament calcium sensitivity can alter force development capability. We did 

not measure this parameter in this study, as we focused on the twitch force and kinetics. 

However, further investigation into myofilament calcium sensitivity in the future would help 

understanding of the molecular mechanism of heart failure. Specifically, the assessment of 

myofilament calcium sensitivity in combination with intact muscle physiology would be 

needed to more completely understand the dynamic impact of altered myofilament 

responsiveness[30]. In addition, it is important to note that we assessed right ventricular 

trabeculae from left-sided failing hearts. Left-sided heart failure can lead to pressure 

overload on the right side through the pulmonary vasculature. This is seen in the clinic 

where vast majority of left-sided heart failure patients exhibit right-sided heart failure 

symptoms such ascites, jugular vein distension, hepatomegaly, and pitting edema.

Impact of gender on contraction and relaxation

Although we did not find a statistically significant difference in developed force (or any 

other parameter) between male and female myocardium in general (i.e. without disease 

stratification), a more detailed analysis showed a statistically larger force (average ~44%) in 

non-failing males compared to non-failing females. This was significant for 1-sided testing 

of the data, which was based on past studies that reported higher force in males. Thus, this 

sizeable difference in developed force (~44% higher in males) may have contributed to the 

outcome of past studies. Indeed, in our study, and several previous studies, failing 

myocardium was exclusively[11] or predominantly obtained from males[9, 14], with more 

than half of the non-failing groups obtained from females. Moreover, the majority of past 

studies did not disclose gender composition of the tested groups. Thus, findings in previous 

studies of failing myocardium being slightly stronger than non-failing myocardium may 

have been impacted by this potential gender bias. Kinetics, however, were not impacted by 

gender based on our results. Therefore current and past results on myocardial kinetics will 

be much less or more likely not at all impacted by a gender bias between groups. In addition, 

there was virtually no correlation between age of the patient/donor and contractile 

parameters (R=0.14 for developed force (at 1 Hz), and R=0.10 for 50% relaxation time).

Kinetics of relaxation are impaired in end-stage failing myocardium

Kinetics of relaxation were generally significantly slower in failing myocardium, with the 

most profound slowing down of kinetics observed in myocardium from patients with 

ischemic failing myocardium. This kinetic impairment is in close agreement with most 

previous studies, that either found a slowing of kinetics, or a trend in slower kinetics that 

was not statistically significant, the latter again likely due to low n-numbers in these studies. 

Moreover, the larger deficit in kinetics in ischemic myocardium, brought to light by our 

stratification of etiology, may have resulted in different conclusions depending on the 

etiology-composition in previous studies. In past studies in which most failing myocardium 

was of non-ischemic origin it would have been harder to detect statistical differences due to 

a milder kinetic phenotype. Like with gender, several past studies did not disclose or 

describe the etiology of the failing hearts.

Chung et al. Page 9

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



None of the failing hearts used in this study have a primary diagnosed etiology of diastolic 

dysfunction. However, from the data, it can be derived that 13 of 14 failing ischemic hearts 

had kinetics that were slower than the average non-failing heart, while 21 of 27 failing non-

ischemic hearts showed slower kinetics than the average non-failing heart. Thus, in our 

cohort, over 80% of the failing group had kinetics below the average of the non-failing 

group.

As expected in all failing hearts, the left ventricular performance was generally poor, with 

the LV EF in all failing hearts well under 25%. At the myocardial level, at least at resting 

heart rate, the RV myocardium tested in this study did not exhibit a contractile deficit. The 

combination of impaired kinetics with sufficient force development would lead us to 

conclude that improvement of cardiac contractile function may need to be more directed 

towards an improvement of kinetics rather than force per se. The still viable RV myocardium 

of the heart produces adequate force to sustain a cardiac output compatible with life, but 

does so with impaired kinetics. As demand for cardiac output increases with exercise, this 

kinetic impairment, rather than reduction in levels of developed force, may become 

prominent in limiting cardiac output.

Regulation of contraction via the length-dependent activation mechanism is not impaired

One of the main regulatory pathways that impacts cardiac force is volume-dependent 

changes in contractile strength, i.e. the length-dependent activation mechanism. In none of 

the tested parameters was this mechanism impaired in the right ventricular preparations we 

studied. With an increase in muscle length, all groups responded to a similar quantitative and 

qualitative increase in force, and decrease in kinetic rates. The changes in force upon an 

increase in muscle length are virtually instantaneous[31, 32]. Likewise, the changes in 

kinetics are virtually instantaneous[33, 34]. Although the complete underlying mechanism is 

currently still incompletely understood, lack of impact of etiology on this mechanism could 

indicate that future therapeutic interventions may be better directed at other regulatory 

mechanisms. On the other hand, we did not make a direct assessment of this length-

dependent activation in left ventricular myocardium, so assessment of left-ventricular tissue 

as it pertains to length-dependent activation could potentially be a subject for future studies. 

In addition, length-dependent activation has not been studied as a function of β-adrenergic 

stimulation and/or activation frequencies in failing human hearts.

Frequency-dependent regulation of contraction is impaired in end-stage failing 
myocardium

The impaired regulation of frequency-dependent force development is a main hallmark of 

heart failure. Our results are in close agreement with previous studies that showed a similar 

frequency-dependence of force. In addition, we here for the first time detail the kinetic 

impairment in relaxation of failing hearts not shown in past studies. In virtually all past 

studies, relaxation was determined by assessment of RT50. Although this parameter is a 

good measure for relaxation properties at baseline frequencies when the muscle has time to 

fully relax, RT50 is not a reliable parameter to describe relaxation properties at higher 

frequencies when diastolic tension rises. This higher diastolic tension abbreviates the twitch 

contraction, and assessment of a 50% relaxation value is then greatly impacted by the 
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elevated diastolic tension. As a result, RT50, and even more so RT90 are artificially 

abbreviated at high frequency. We analyzed the pure kinetic rate of relaxation, and showed 

that in failing myocardium the slower relaxation offset found at low frequency is maintained 

at high frequency. Despite that failing myocardium accelerates rather similarly to non-failing 

myocardium, its initial deficit in speed is not overcome, and becomes exceedingly impactful 

on relaxation as frequency increases. The failing non-ischemic group displayed a larger 

elevation in diastolic tension when frequency increased. This increase in diastolic tension 

strongly, or even solely, contributing to the more negative force-frequency relationship than 

observed in ischemic failing muscles. As frequency increased, there was an initial drop in 

the low end of the frequency range in diastolic tension in the non-failing and the failing 

ischemic group, possibly related to frequency- induced myofilament calcium 

desensitization[28]. In the non-ischemic failing group, this decrease did not occur, similar to 

animal studies where pressure-overload- induced, non-ischemic heart failure significantly 

impaired the frequency-dependent myofilament calcium desensitization[29].

β-adrenergic regulation of contraction is impaired in end-stage failing myocardium

In close agreement with previous studies[2, 21], the β-adrenergic response was blunted in 

failing myocardium. A significant acceleration of kinetics was observed upon stimulation; 

however, similar to our results in frequency-dependent activation, the baseline deficit in 

relaxation speed persists throughout this concentration-response protocol, thereby 

maintaining the impaired relaxation of failing myocardium. Therefore, the blunting β-

adrenergic response is in large part due to the initial kinetic deficit that is not overcome even 

at the highest dose. It is likely that improvement of baseline kinetics will result in an 

improved β-adrenergic responsiveness as well.

Limitations of the study

Isolated muscle preparations can suffer from core-hypoxia, i.e. when a preparation is very 

think, oxygen diffusion to the center of the preparation is lower than oxygen consumption, 

leading to a hypoxic core. The size limits at which core hypoxia occurs critically highly 

depend on temperature, frequency of stimulation, and species, as investigated in past studies 

by us and others[35, 36]. Although the experiments in this study were performed on 

preparations that were typically half the size of those used in most previous human studies, 

they were still fairly large compared to studies on rats and mice that show core hypoxia can 

occur already at 150–200 μm in diameter[37]. The impact of potential core-hypoxia in this 

study was assessed by correlation analysis between muscle diameter contractile response. 

We observed no correlation between muscle size and contractile performance, including 

frequency response. Only at the very highest stimulation frequency 3 Hz (typically not 

attained in vivo given the patients age), could there have been a significant impact of core 

hypoxia. In addition, the muscle sizes were not different between the 3 groups, and thus 

would have been a factor equally impacting all groups.

We did not assess protein levels and phosphorylation levels in this study. Protein 

phosphorylation is a very rapid process, and can occur in less than a second (i.e. the fight/

flight response is nearly instantaneous), and can subside/return to baseline in 10’s of 

seconds/few minutes, because of the constitutively active phosphatase activity. The 
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phosphorylation status of procured quiescent tissue (in our studies frozen typically within 

10–30 minute post-explantation, in most past studies typically several hours) may thus 

provide, at best, a weak substitute for actual experiments on tissue in contractile 

homeostasis. Although we have collected several muscles at homeostasis, we can 

unfortunately only freeze each muscle in this study under 1 condition at the very end of the 

study (typically in presence of maximal β-adrenergic stimulation). Hence, a correlative study 

on the impact of phosphorylation on force development and regulation needs samples at 

different contractile states (different lengths, frequencies, and beta-stimulation), and is 

currently lacking.

Summary

Under baseline conditions, kinetics (but not force development) are impaired in right 

ventricular myocardium from hearts in end-stage failure, with a more prominent slowing 

down of kinetics in myocardium from hearts with a primary ischemic failing etiology. 

Whereas the length-dependent activation mechanism in all etiologies is completely 

preserved, both in regulation of active force development and regulation of kinetics, 

frequency-dependent as well as β-adrenergic stimulation are markedly impaired. This 

impairment is mainly due to the inability to overcome the slower kinetics present at baseline. 

Since pharmacological treatment of end-stage failing myocardium can only target the 

remaining viable myocardium, improvement in the kinetics of contraction would likely have 

the biggest impact on restoring normal regulatory function in these pathological tissues. 

Therapies targeting improvement of baseline kinetics, perhaps rather than targeting 

improvement in contractile strength, are critically needed.
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Figure 1. 
A: Original twitch contractions of a non-failing (#958987), failing ischemic (#597750), and 

failing non-ischemic (#110624) muscle. B: Active developed force in trabeculae isolated 

from n=44 non-failing and n=41 end-stage failing hearts was not different. C: Stratified by 

gender (34 female, 51 male), active developed force and diastolic force were not different in 

either non-failing or failing trabeculae.
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Figure 2. 
Twitch timing parameters of 85 human hearts stratified between trabeculae from failing 

(n=41) and non-failing (n=44) hearts. A: Time to peak tension was not significantly 

different. B: Time from peak tension to 50% relaxation was significantly (*, P<0.00001) 

prolonged in trabeculae from failing hearts. C: Twitch duration, calculated as time from 

stimulation to 90% relaxation, was significantly (*, P<0.00001) prolonged in trabeculae 

from failing hearts. D: Data from figure 1A relative to active developed force shows the 

impact of etiology on twitch kinetics. E: Stratified by etiology (failing ischemic, n=14, 

failing non-ischemic, n=27), time to peak tension was not significantly different. F: Time 

from peak tension to 50% relaxation was significantly prolonged in both non-ischemic and 

ischemic failing muscles compared to trabeculae from non-failing hearts (*, P<0.0001), 

while this parameter in trabeculae from ischemic failing hearts was significantly slower than 

in trabeculae from non-ischemic failing hearts (**, P<0.001). G: Twitch duration, calculated 

as time from stimulation to 90% relaxation, was significantly prolonged in both non-

ischemic and ischemic failing muscles compared to trabeculae from non-failing hearts (*, 

P<0.005).
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Figure 3. 
A: Maximal speed of contraction and relaxation were not different between any groups. B: 

The maximal kinetic rate (s−1) of contraction (maximal positive dF/dt/Fdev) was not different 

(P=0.15) between the groups, but maximal kinetic rate of relaxation (maximal negative 

dF/dt/Fdev) was significantly slower in both ischemic and non-ischemic failing myocardium 

(ANOVA, P<0.0001), while the difference between the ischemic and non-ischemic groups 

was not significant (P=0.13).
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Figure 4. 
A: Twitch contractions of a trabecula from a non-failing heart (#768159) at 85%, 90%, 95%, 

and 100% of optimal length. B: Twitch contractions of a trabecula from a failing ischemic 

heart (#328163) at 85%, 90%, 95%, and 100% of optimal length. C: Twitch contractions of a 

trabecula from a failing non-ischemic heart (#101230) at 85%, 90%, 95%, and 100% of 

optimal length. D: Length dependent force development was virtually identical in all three 

groups, * indicates P<0.0001 of the impact of length on force. E: Same data as panel D, 

plotted to each muscle’s individual maximum to allow equal weight of each muscle in the 

statistical analysis. * indicates P<0.0001 of the impact of length on force. F: Time to peak 

force increases with muscle length in all groups (*P<0.0001), while in general, this 

parameter was faster shorter in non-failing myocardium (n=20, **P<0.05). G: Normalized 

data from panel F shows a significant interaction between muscle length and time to peak 

tension in all three groups (*P<0.0001). H: Total twitch time increases with muscle length in 

all three groups (*P<0.0001), while this parameter is shorter at all muscle lengths in the non-

failing versus failing ischemic (n=3, $, P<0.01) and failing non-ischemic group (n=8, #, 

P<0.01). I: Normalized data from panel H shows a significant interaction between muscle 

length and total twitch time in all three groups (*P<0.0001).
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Figure 5. 
A: Twitch contractions of a trabecula from a non-failing heart (#118258) at 6 frequencies, 

spanning the in vivo range showing a positive force-frequency relationship. B: Twitch 

contractions of a trabecula from a failing ischemic heart (#100714) at 6 frequencies showing 

a blunted/negative force-frequency relationship. C: Twitch contractions of a trabecula from a 

failing non-ischemic heart (#437918) at 6 frequencies showing a blunted/negative force-

frequency relationship. D: Frequency-dependent regulation of force was different between 

failing and non-failing myocardium. The interaction of force and frequency was 

significantly (P<0.01) more positive in non-failing myocardium (n=33). E: Same data as 

panel A, plotted to each muscle’s force at 0.5 Hz to allow equal weight of each muscle in the 

statistical analysis. At all frequencies, force in non-failing trabeculae exceeded the force at 

the 0.5 Hz baseline. $ P<0.05 vs. non-ischemic failing trabeculae (n=8); * P<0.05 vs. 

ischemic failing trabecular (n=13). F: Relative to diastolic force at 0.5 Hz, diastolic force 

decreases ($, P<0.05) in the non-failing and failing ischemic group. The relative increase in 

diastolic force was significantly higher (*, P<0.05) in the failing non-ischemic group. In all 

groups, at 3 Hz the diastolic force was significantly higher than the 0.5 Hz baseline (#, 

P<0.05). G: The maximal kinetic rate of relaxation was significantly impacted by frequency 
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in all groups (#, P<0.0001) and in addition was significantly faster (*, P<0.05) in non-failing 

trabeculae versus both failing groups.
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Figure 6. 
A: Force of contraction was increased in all groups upon addition of isoproterenol in a 

concentration-dependent manner (P<0.0001). B: Same data as panel A, plotted to each 

muscle’s force at baseline to allow equal weight of each muscle in the statistical analysis. $ 

P<0.05 vs. failing non-ischemic trabeculae (n=6); * P<0.05 vs. failing ischemic trabeculae 

(n=3). C: Time to peak tension was significantly accelerated in all three groups (#, P<0.001), 

while in non-failing trabeculae (n=17) it was shorter compared to both failing groups.
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Figure 7. 
Single twitch contraction reflecting the average values of diastolic force, active developed 

force, time to peak tension, time to 50% relaxation, and total twitch time.
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