
Transmural heterogeneity of cellular level power output is
reduced in human heart failure

Premi Haynes, MS1,2, Kristofer E. Nava, BS1,2, Benjamin A. Lawson, BS1,2, Charles S.
Chung, PhD1,2, Mihail I. Mitov, PhD1,2, Stuart G. Campbell, PhD1,2, Arnold J. Stromberg,
PhD3, Sakthivel Sadayappan, PhD4, Mark R. Bonnell, MD5, Charles W. Hoopes, MD5, and
Kenneth S. Campbell, PhD1,1

1Department of Physiology, University of Kentucky, Lexington, KY

2Center for Muscle Biology, University of Kentucky, Lexington, KY

3Department of Statistics, University of Kentucky, Lexington, KY

4Department of Cell and Molecular Physiology, Stritch School of Medicine, Loyola University,
Chicago

5Division of Cardiothoracic Surgery, University of Kentucky, Lexington, KY

Abstract

Heart failure is associated with pump dysfunction and remodeling but it is not yet known if the

condition affects different transmural regions of the heart in the same way. We tested the

hypotheses that the left ventricles of non-failing human hearts exhibit transmural heterogeneity of

cellular level contractile properties, and that heart failure produces transmural region-specific

changes in contractile function.

Permeabilized samples were prepared from the sub-epicardial, mid-myocardial, and sub-

endocardial regions of the left ventricular free wall of non-failing (n=6) and failing (n=10) human

hearts. Power, an in vitro index of systolic function, was higher in non-failing mid-myocardial

samples (0.59±0.06 μW mg−1) than in samples from the sub-epicardium (p=0.021) and the sub-

endocardium (p=0.015). Non-failing mid-myocardial samples also produced more isometric force

(14.3±1.33 kN m−2) than samples from the sub-epicardium (p=0.008) and the sub-endocardium

(p=0.026). Heart failure reduced power (p=0.009) and force (p=0.042) but affected the mid-
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myocardium more than the other transmural regions. Fibrosis increased with heart failure

(p=0.021) and mid-myocardial tissue from failing hearts contained more collagen than matched

sub-epicardial (p<0.001) and sub-endocardial (p=0.043) samples. Power output was correlated

with the relative content of actin and troponin I, and was also statistically linked to the relative

content and phosphorylation of desmin and myosin light chain- 1. Non-failing human hearts

exhibit transmural heterogeneity of contractile properties. In failing organs, region-specific

fibrosis produces the greatest contractile deficits in the mid-myocardium. Targeting fibrosis and

sarcomeric proteins in the mid-myocardium may be particularly effective therapies for heart

failure.
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Introduction

Clinical studies have shown that transmural variation in the contractile function of human

myocardium may influence clinical end-points [1, 2]. For example, a study by Wachtell et

al. [2] followed 840 patients for 3,914 patient-years and showed that shortening of the

middle transmural region of the left ventricular free wall is a better predictor of

cardiovascular morbidity than the shortening of other regions, or ejection fraction. However,

the mechanisms that underlie these results, which may include transmural variation in

cellular and molecular properties, are not well understood.

Previous studies using human hearts have demonstrated that action potentials and Ca2+

transients vary systematically across the left ventricular free well, and that these effects

probably reflect transmural-region specific expression of ion channels and ionic transporters

[3, 4]. Less is currently known about potential transmural variation in contractile function.

Therefore, the goals of this study were to test the hypotheses that human hearts exhibit

transmural heterogeneity of cellular level contractile properties, and that heart failure

produces transmural region-specific changes in contractile function.

The results showed that cellular level indices of systolic function (power output and

isometric force) exhibit transmural heterogeneity in non-failing human hearts. Specifically,

samples from the mid-myocardium developed more power and more force than samples

from the sub-epicardial and sub-endocardial regions. Heart failure reduced power and force

by ~20% and affected mid-myocardial samples more than tissue from the other regions. As a

result, failing hearts exhibited less transmural heterogeneity. Additional data from

histological and biochemical assays suggested that these contractile changes reflect a region-

specific increase in fibrosis and modifications to the content and phosphorylation status of

sarcomeric proteins including cardiac troponin I (cTnI), desmin and myosin light chain-1

(MLC-1).

Methods

A detailed Materials and Methods section is provided in the online supplement.
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Samples were obtained from patients undergoing heart transplants at the University of

Kentucky and from organ donors who did not have heart failure (Table 1). Hearts were

passed to a researcher as soon as they were excised from the body. All samples used in this

work were obtained from through-wall sections cut from a similar region of the distal

anterior left ventricular free wall approximately 1 inch above the apex. These sections were

then split transmurally into three parts of equal thickness forming the sub-epicardial, mid-

myocardial, and sub-endocardial specimens. The specimens were snap frozen in liquid

nitrogen and stored at −150°C. All procedures were approved by the University of Kentucky

Institutional Review Board and subjects gave informed consent.

2.1. Permeabilized Myocardial Samples and Functional Measurements

Chemically permeabilized myocardial preparations (Figure S1) were attached between a

force transducer and a servo motor as previously described [5, 6]. A total of 141

multicellular preparations from 48 samples (3 transmural regions from each of 6 non-failing

and 10 failing hearts) were analyzed in this work.

2.2. Biochemical Assays and Histology

Biochemical assays were performed using chemically permeabilized myocardial samples.

The content and phosphorylation status of key sarcomeric proteins were evaluated using

SDS-PAGE and western blots. Relative collagen content was evaluated by picrosirius red

staining and bright field imaging [7].

2.3. Statistical Analysis

The experimental data were analyzed in SAS 9.1.3 (SAS Institute, Cary, NC) using linear

mixed effects models incorporating 2 main effects (condition and transmural region) and

their interaction. This approach matches data from different regions of the same hearts and

provides more statistical power than repeated measures ANOVA tests when multiple

samples are analyzed from each region. Compound symmetry was assumed for the

covariance structure and post-hoc analyses were performed using Tukey-Kramer

corrections. Linear regression tests were performed in MATLAB (Mathworks, Natick, MA).

P values less than 0.05 were considered significant. Data are reported as mean±SEM.

Results

3.1. Cellular Level Power Output

Maximum power output, an in vitro index of systolic function, was measured using

multicellular permeabilized preparations. Figure 1A shows force-velocity and force-power

curves measured using preparations obtained from the sub-epicardial, mid-myocardial and

sub-endocardial regions of one non-failing and one failing heart.

Figure 1B shows maximum power output for the 6 non-failing and 10 failing hearts. There

was a significant interaction between region and heart failure condition (p=0.030), which

implies that heart failure status affects the sub-epicardial, mid-myocardial, and sub-

endocardial regions in different ways. The post-hoc tests revealed that, in the non-failing

samples, the maximum power output of the mid-myocardial preparations was greater than
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that of the sub-epicardial (p=0.021) and the sub-endocardial preparations (p=0.015). No

significant transmural differences were observed in the heart failure samples. Heart failure

thus lowered the power output of mid-myocardial samples more than it lowered the power

output of sub-epicardial and sub-endocardial preparations.

3.2. Cellular Level Isometric Force

Figure 2 shows that isometric force also exhibited transmural variation in non-failing hearts

and that the transmural pattern of variation was altered by heart failure (interaction term,

p<0.001). Since power is the product of force and velocity, these data suggest that the

transmural variation in power output primarily reflects changes in force-generating capacity

rather than changes in shortening velocity (which did not exhibit significant differences,

Figure S2). Post-hoc analysis showed that in non-failing hearts, the maximum force

generated by samples from the mid-myocardium (14.3 ± 1.33 kN m −2) was higher than the

force generated by the sub-epicardial (10.96 ± 0.74 kN m−2, p=0.008) and the sub-

endocardial (11.47 ± 0.86 kN m−2, p=0.026) preparations. The samples from the failing

hearts also exhibited heterogeneity, with the mid-myocardial preparations generating the

least amount of force (8.80 ± 0.09 kN m−2). Heart failure thus lowered the force generating

capacity of the mid-myocardial preparations more than that of the sub-epicardial and sub-

endocardial samples.

3.3. Cellular Level Calcium Sensitivity

Figure 3A shows normalized isometric tension plotted as a function of the activating Ca2+

concentration (where pCa = −log [Ca2+ 10 ]) for preparations from the three transmural

regions of non-failing (left panel) and failing (right panel) hearts. In the non-failing samples,

Ca2+ sensitivity (assessed as the Ca2+ concentration required to produce half the maximum

force) was 0.075 pCa units greater in the sub-endocardial samples than in the sub-epicardial

samples (p=0.010, Figure 3). No transmural differences were observed in the failing

samples. The progressive transmural change in calcium sensitivity that occurs in non-failing

hearts is thus disrupted by heart failure (interaction term, p=0.047).

3.4. Collagen Content

Figure 4A shows representative images of myocardial sections that had been stained with

picrosirius red. Quantification showed that there was a significant interaction (p=0.020),

which implied that heart failure affected the regions differentially. Furthermore, post-hoc

tests revealed that, in the failing samples, the collagen to tissue ratio in the mid-myocardial

sections was greater than that in the sub-epicardial (p<0.001) and sub-endocardial (p=0.043)

sections. Additional experiments showed that the collagen to tissue ratio in the stained

sections was negatively correlated with the relative contents of actin and myosin (Figure 4C-

D) in wet tissue samples from the same biospecimens.

3.5. Sarcomeric Proteins

Potential changes in the isoform content and posttranslational status of sarcomeric proteins

were investigated using gel electrophoresis and western blots (Figure 5, Supplementary

Tables S1-S3, Figures S3-S5). The key findings were that heart failure status decreased the
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relative content of cardiac cTnI (p=0.021, Figure 5A, B), increased the content of desmin

protein (p<0.001, Figure 5A, C), reduced desmin’s relative level of phosphorylation

(p=0.006, Figure 5A, D), and increased the relative content of N2BA isoform of titin

(p=0.047, Figures S3A, B).

3.6. Molecular Mechanisms Influencing Contractile Function

Data from human studies normally exhibit more within-group variability than results from

animal-based experiments. For example, in this work, the power output of mid-myocardial

preparations from non-failing hearts ranged from 0.443 to 0.747 μW mg−1, a span of 51%.

Linear regression tests were used to test whether some of the variance in the functional

measurements can be attributed to changes in the content and posttranslational status of

sarcomeric proteins.

Figure 6A shows that power increased with the relative content of cTnI (p=0.042). Figure

6B-C show that power decreased with the relative content of desmin (p=0.041) but increased

with its relative phosphorylation (p=0.046). Finally, Figure 6D-E show that power increased

with the relative content of MLC-1 (p=0.034) but decreased with the molecule’s relative

phosphorylation (p=0.006).

Discussion

Clinicians already recognize the significance of transmural variation in contractile function.

For example, imaging studies have shown that shortening of the middle transmural region is

a better predictor of cardiovascular death than traditional measures of global ventricular

function such as ejection fraction [1, 2]. The American Society of Echocardiography also

notes in its guidelines that “Contraction of muscle fibers in the LV midwall may better

reflect intrinsic contractility than contraction of fibers at the endocardium” [8]. The current

work reveals four new cellular and molecular level results that may help to explain these

clinically-relevant observations [1, 2].

First, non-failing human hearts exhibit transmural heterogeneity of contractile properties

(Figures 1-3). Second, heart failure depresses power and force and has its biggest negative

impact on mid-myocardial tissue. Failing hearts thus exhibit less transmural heterogeneity in

cellular level contraction than non-failing hearts (Figures 1-2). Third, human heart failure

produces more fibrosis in mid-myocardial tissue than it does in sub-epicardial and sub-

endocardial samples (Figure 4). This may explain why heart failure produces the greatest

contractile deficits in the mid-myocardium as the additional connective tissue is likely to

displace functioning myocytes. Fourth, power, force and calcium sensitivity correlate with

the relative content and relative phosphorylation of key sarcomeric proteins (Figure 6, Table

S4). Therefore, therapies targeting these proteins may be particularly effective treatments for

human heart failure.

4.1. Region-Specific Modifications in Systolic Function

During systole, the heart contracts against its afterload to eject blood from the ventricle. This

can be mimicked in vitro by allowing permeabilized myocardial preparations to shorten

against a controlled force [9] (Figure S13). The power output for each load is calculated by
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multiplying the force that the muscle generates by its shortening velocity. Figure 1 shows

that the maximum power output exhibited significant transmural variation in non-failing

hearts and was reduced by ~25% in failing organs (p=0.009). Further analysis suggests that

these effects primarily reflect altered force generation (Figure 2) since maximum shortening

velocity was not influenced by heart failure status or transmural region (Figure S2).

No previous studies have used human samples to assess transmural variation in power

output. However, a few studies have measured the effect of heart failure on isometric force

generation, with potentially conflicting results. For example, separate studies using

epicardial biopsies [10] and samples from unspecified regions of the heart [11] have shown

that isometric force is reduced by ~80% in patients with heart failure. Other works, using

samples from unspecified regions of the left ventricle, suggests that there is no significant

effect of heart failure on maximum isometric force [12-14]. In the present experiments, heart

failure reduced the average force generated by the experimental preparations (Figure 2,

p=0.042). However, post-hoc analysis of the different transmural regions showed that the

effect was only significant for the mid-myocardial samples (p<0.001) and that heart failure

did not significantly reduce the force generated by the sub-epicardial (p=0.935) or the sub-

endocardial (p=0.120) preparations. These results imply that heart failure influences force

generation in a transmural specific manner in humans. Researchers developing future studies

in this area may therefore wish to consider including transmural region as an independent

grouping factor when they design their experiments.

4.2. Failing Hearts have Increased Mid-Myocardial Fibrosis

Increased fibrosis was an important factor in these experiments. Figure 4A-B show that

heart failure increased the relative content of collagen in the myocardial sections, and that

the mid-myocardial samples of the failing hearts contained more collagen than the matching

sub-epicardial (p<0.001) and sub-endocardial (p=0.043) sections. Increased collagen was

also associated with lower relative contents of actin and myosin (Figure 4C-D). Additional

analyses showed that force (p=0.325, Figure S6A) and maximum power p=0.012, Figure

S6B) were correlated with actin content. Together these data support the hypothesis that in

human heart failure, increased fibrosis depresses contractile function by replacing myocytes

with extracellular matrix proteins.

The increased fibrosis might have been expected to raise passive force in the samples from

the failing hearts. However, linear mixed model analyses showed that neither passive force

(Figure S7A) nor passive stiffness (Figure S7B) at a sarcomere length of 2.2 μm were

influenced by heart failure status or transmural region (all main statistical effects > 0.05).

This probably reflects a compensatory effect of titin isoform expression. Consistent with

previous studies [15, 16], samples from failing hearts had a greater relative content of the

large N2BA isoform of titin (p=0.047, Figure S3B). This isoform shift tends to decrease

passive stiffness and seems to counteract the mechanical effect of increased fibrosis in the

samples from the failing hearts.

Titin phosphorylation has also been show to change passive stiffness [17]. Although

phosphorylation of N2BA isoform of titin did not change with heart failure (condition

p=0.825, Figure S3C), the experimental data revealed a novel transmural heterogeneity.
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Sub-endocardial samples from failing hearts had greater levels of phosphorylation than

samples from the other regions (p=0.037 versus mid-myocardium, p=0.006 versus sub-

epicardium, Figure S3C).

4.3. Region-specific Modification in Ca2+ sensitivity

In vivo function may be particularly sensitive to changes in Ca2+ sensitivity (defined as the

free Ca2+ concentration required to generate half-maximum force) since myocytes are not

maximally activated during a normal heart-beat. According to a recent animal study,

transmural variation in Ca2+ sensitivity may also modulate ventricular torsion [18]. In the

present experiments (Figure 3) non-failing samples exhibited a statistically significant

increase in Ca2+ sensitivity (p=0.010, ΔpCa50=0.075) going from the sub-epicardial to the

sub-endocardial preparations. However, samples from failing hearts did not show a

significant transmural trend.

Two previous studies using human myocytes isolated from unspecified ventricular locations

have shown that Ca2+ sensitivity increases with heart failure [19, 20]. Another study [11]

documents no change. Again, similar to the previous discussion relating to isometric force

generation, it is difficult to interpret these data without more information about the

transmural source of the sample [11, 19, 20].

Two additional projects have used animal tissues to assess potential transmural changes in

Ca2+ sensitivity in pigs [21] and rats [22]. Both studies showed that Ca2+ sensitivity

increased from the epicardium to the endocardium in healthy hearts, similar to the present

work. The rodent study also showed that transmural variation in Ca2+ sensitivity was

eliminated [22] 14 weeks after a myocardial infarction which is, again, broadly consistent

with the current data from failing hearts (Figure 3).

Modulation of Ca2+ sensitivity is complex. The current data suggest that one molecular

mechanism that may modulate the transmural variation in pCa50 in non-failing hearts

(Figure 3) is phosphorylation of cMyBP-C. Post-hoc tests showed that Ser302

phosphorylation in non-failing epicardial samples was greater than in non-failing mid-

myocardial tissue (p=0.047, Figure S4A-B). Regression analysis showed that pCa50 values

for the non-failing preparations were negatively correlated with both total cMyBP-C

phosphorylation (p=0.002, Figure S8A) and Ser302 phosphorylation (p=0.045, Figure S8B).

The former finding reinforces data from a previous study using myocardial samples from

unspecified regions of human hearts [14] but the new link between phosphorylation of

cMyBP-C at Ser302 and pCa50 is a novel finding.

Other groups have shown that cTnI phosphorylation can also influence Ca2+ sensitivity [12,

23]. In this study, site-specific cTnI phosphorylation was reduced in heart failure samples at

Ser23/24 (Figure S5, p=0.012) but there was not a significant relationship between this

parameter and pCa50 (r=0.034, p=0.850, data not shown). Total cTnI phosphorylation was

not correlated with pCa50 either (r=−0.011, p=0.942, data not shown). cTnI undergoes many

complex posttranslational modifications – the human cardiac isoform has 14

phosphorylation sites [24]. It is therefore possible that more detailed analysis might have

revealed significant relationships. For example, phosphorylation of cTnI at Ser149 has been
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shown to increase Ca2+ sensitivity [25] but this modification was not investigated in this

study.

Another posttranslational modification that has been linked to changes in myocardial Ca2+

sensitivity is phosphorylation of MLC-2. Davis et al. [26] have reported that MLC-2

phosphorylation is greater in sub-epicardial than in sub-endocardial tissue. Data from rat

trabeculae [27] suggest that this phosphorylation gradient would increase Ca2+ sensitivity in

epicardial tissue. However, the situation is complex, because van der Velden et al. [28] have

shown that increased phosphorylation of MLC-2 decreases pCa50 values. Unfortunately,

MLC-2 phosphorylation was not studied in this work.

4.4. Proteins that Influence Power Output

The transmural heterogeneity of myocardial power output and its modification by heart

failure are the key findings of this study. However, it was not possible to identify a specific

sarcomeric protein that explains the functional changes.

The content of intact cTnI (Figure 5B) was reduced in biospecimens from failing hearts

(p=0.021) but did not exhibit transmural variation (interaction term, p=0.853). Further

analysis of these data showed that cTnI content was lower in patients with ischemic heart

failure than in patients with non ischemic disease (p=0.029, Figure S9). This is consistent

with a study by McDonough et al. which showed that cTnI is degraded in human hearts after

ischemic injury [29]. Degradation of cTnI inhibits contractility in mice [30] and the current

data show that this mechanism probably impacts human myocardial function too. Power

output (Figure 6A) and force (Table S4) both correlated with the relative cTnI content,

indicating that proteolyis of cTnI may be another impact factor in human disease [30].

Desmin, a structural protein that links myofibirils at Z-disks and maybe involved in force

transmission [31], has been proposed as a potential biomarker for heart failure [32, 33].

Pawlak et al. [33] had previously shown that desmin content is increased in endocardial

biopsies from patients with heart failure and this result was confirmed in the present work

(Figure 5C). There was also a decrease in the total phosphorylation of desmin in samples

from failing hearts (Figure 5D) [34]. Although desmin content did not vary with transmural

region (p=0.514), the regression tests summarized in Figure 6B-C show that changes to the

content and phosphorylation of this protein may modulate power output.

Similarly, power increased linearly with MLC-1 content (p=0.034, Figure 6D) and

decreased with MLC-1’s relative phosphorylation (p=0.006, Figure 6E). Since MLC-1 binds

to the lever arm of the myosin head near the convertor domain, it is ideally positioned to

influence force generation and/or kinetics. For example, previous work by Morano et al.

[35] and new data in Table S4 show that MLC-1 phosphorylation decreases Vmax. There are

only a few studies describing MLC-1 phosphorylation but phosphorylation sites

corresponding to the human isoform are known as Thr64 and Ser194/195 [36]. Intriguingly,

phosphorylation of MLC-1 has recently been shown to increase the molecule’s degradation

by matrix metalloproteinase-2 [37-39]. When combined with these previous findings, the

new data presented in this manuscript show that MLC-1 modulates power output in human
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myocardium, and that loss of MLC-1 (perhaps following its phosphorylation) decreases

contractility.

To the authors’ knowledge, this is the first study to identify significant correlations between

the power output of human myocardium and modifications to the content and

phosphorylation status of cTnI, desmin and MLC-1.

4.5. Limitations

Although the logistical difficulty of obtaining the samples meant that it was not possible to

match the ages of the donors and patients (Table 1), regression analyses showed that the key

contractile properties reported in this work did not vary with Age (Figure S10). It is also

possible that ischemic and non ischemic heart failure produce distinct changes in contractile

function (Tables S5-S10 and Figures S9 and S11). Due to the small sample size (n=5 in both

heart failure groups), tests comparing ischemic and non-ischemic samples had limited

statistical power.

4.6. Conclusion

This is the first study to show that (1) the contractile properties of non-failing human hearts

exhibit transmural variation, and that (2) heart failure alters the transmural pattern as well as

depressing overall function. These new results help to explain why in vivo shortening of the

middle transmural region is a better predictor of cardiovascular death than traditional global

measures of ventricular function.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Non-failing human hearts exhibit transmural heterogeneity of contractile

properties.

• Non-failing mid-myocardium develops more power than the sub-epi &

subendocardium.

• The transmural pattern of power is disrupted in failing human hearts.

• Increased fibrosis decreases the power output of failing mid-myocardial tissue.

• cTnI, desmin, and MLC-1 modulate power output in human hearts.
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Figure 1. Transmural heterogeneity of power output is reduced in heart failure
A) Representative force-velocity and force-power curves measured using individual

preparations from the sub-epicardial, mid-myocardial, and sub-endocardial regions of the

left ventricle of one non-failing (NF, left) and one failing (HF, right) heart. B) Symbols

show the mean of the power outputs measured from 2 or 3 preparations from each region for

each heart. In this figure, and in all similar panels, thin lines join data points from the same

heart. Thick bars show the mean data for the region. The text above the plot shows p values

for the main statistical effects. Significant differences between regions, tested separately for

non-failing and failing hearts, are listed in the inset box. Significant differences due to heart

failure, tested separately for each region, are indicated by asterisks (* p<0.05, ** p<0.01,

*** p<0.001).
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Figure 2. Transmural heterogeneity of isometric force is reduced in heart failure
Symbols show the mean of the maximum isometric forces measured from 2 or 3

preparations from each region for each heart.
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Figure 3. Transmural variation in Ca2+ sensitivity is disrupted in heart failure
A) Mean values of normalized isometric tension plotted against pCa (= −log10[Ca2+]) for

preparations from the three transmural regions of non-failing (left) and failing (right) hearts.

Circles, squares, and triangles show data for sub-epicardial, mid-myocardial, and sub-

endocardial preparations respectively. B) Symbols show the mean of the pCa50 values

measured using 2 or 3 preparations from each region for each heart.
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Figure 4. Collagen content is elevated in heart failure and is greatest in mid-myocardial tissue
A) Representative images of myocardial sections from one non-failing and one failing heart

stained with picrosirius red. Red staining indicates collagen. Yellow staining shows non-

fibrotic tissue. B) Symbols show the mean collagen to tissue ratio measured from 1-6

sections from each region for each heart. C) Actin and D) myosin contents (determined by

Lowry protein assays and gel electrophoresis) plotted against the collagen to tissue ratios

from panel B. A.U. stands for arbitrary units. Symbols follow the same shape and color

conventions as in panel B. The plots also show the best-fit straight lines determined by

linear regression and the corresponding p and r values.
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Figure 5. Analysis of selected muscle proteins
A) Two images of a single representative gel stained with Pro-Q Diamond (left) and SYPRO

Ruby (right). The Pro-Q Diamond stain is more sensitive to phosphoproteins while SYPRO

Ruby indicates total protein content. B) Symbols show the relative content of cTnI for each

region for each heart. A.U. stands for arbitrary units. C) As for panel B but showing the

relative content of desmin. D) As for panel B but showing the relative content of

phosphorylated desmin.
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Figure 6. Statistically significant relationships between maximum power and biochemical data
Each panel shows the relationship between maximum power and a selected biochemical

property (for example, cTnI content). The y coordinate of each symbol indicates the mean

value of maximum power measured from 2 or 3 preparations from each region for each

heart. The x coordinate of each symbol shows the result of the biochemical assay performed

using the matching sample. The plots also show the best-fit straight lines determined by

linear regression and the corresponding p and r values. Table S4 provides p and r values for

additional relationships that had p values less than 0.05.
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Table 1
Clinical characteristics

A. Patients with heart failure

Sex Age (y) Cardiomyopathy Medications

F 49 Non ischemic, idiopathic Diuretic, Inotropes, Digoxin

M 65 Ischemic Diuretic, ACE inhibitor/ARB, β-blockers,
Inotropes, Digoxin, Statin, Insulin

M 63 Ischemic Diuretic, ACE inhibitor/ARB, β-blockers, Statin

M 49 Non ischemic, idiopathic Diuretics, Inotropes

M 39 Non ischemic, idiopathic Inotropes, Statin

M 64 Ischemic Diuretics, β-blockers, Inotropes, digoxin

M 61 Ischemic Diuretic, ACE inhibitor/ARB, Inotropes, Statin -

F 23 Non ischemic, postpartum Diuretic, ACE inhibitor/ARB, β-blockers,
Inotropes

M 20 Non ischemic, idiopathic Diuretic, ACE inhibitor/ARB, Digoxin

M 53 Ischemic Diuretic, β-blockers, Inotropes, Digoxin

B. Donors with non-failing hearts

Sex Age (y) Cause of death

F 31 Stroke

M 59 Stroke

F 18 Head Trauma

F 38 Stroke

M 28 Head Trauma

M 33 Head Trauma
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