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Resistance training alters skeletal muscle structure and
function in human heart failure: effects at the tissue,
cellular and molecular levels
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Key points

• Individuals suffering from chronic heart failure are less able to perform everyday tasks.
• This physical disability is explained, in part, by muscle weakness secondary to alterations in

the proteins in muscles that are necessary for muscle contraction (myofilament proteins).
• Weight training exercise increases muscle strength and physical function in heart failure

patients, but the mechanisms of these improvements is uncertain.
• We show that resistance training improves muscle strength through increased function of

myofilament proteins.
• These studies are important because they identify the molecular and cellular mechanisms

whereby this type of training may promote beneficial changes in physical function in elderly
individuals with heart failure.

Abstract Reduced skeletal muscle function in heart failure (HF) patients may be partially
explained by altered myofilament protein content and function. Resistance training increases
muscle function, although whether these improvements are achieved by correction of myo-
filament deficits is not known. To address this question, we examined 10 HF patients and
14 controls prior to and following an 18 week high-intensity resistance training programme.
Evaluations of whole muscle size and strength, single muscle fibre size, ultrastructure and tension
and myosin–actin cross-bridge mechanics and kinetics were performed. Training improved whole
muscle isometric torque in both groups, although there were no alterations in whole muscle size or
single fibre cross-sectional area or isometric tension. Unexpectedly, training reduced the myofibril
fractional area of muscle fibres in both groups. This structural change manifested functionally as
a reduction in the number of strongly bound myosin–actin cross-bridges during Ca2+ activation.
When post-training single fibre tension data were corrected for the loss of myofibril fractional
area, we observed an increase in tension with resistance training. Additionally, training corrected
alterations in cross-bridge kinetics (e.g. myosin attachment time) in HF patients back to levels
observed in untrained controls. Collectively, our results indicate that improvements in myo-
filament function in sedentary elderly with and without HF may contribute to increased whole
muscle function with resistance training. More broadly, these data highlight novel cellular and
molecular adaptations in muscle structure and function that contribute to the resistance-trained
phenotype.
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Introduction

Patients suffering from chronic heart failure (HF) have
high rates of physical disability, evidenced by an inability
to perform activities of daily living (Pinsky et al.
1990). Studies have shown that pathological changes
in the skeletal musculature diminish physical work
capacity and increase morbidity and mortality in these
patients (Strassburg et al. 2005). The majority of these
investigations have focused on muscle oxidative capacity
(Duscha et al. 2008), driven by the fact that the hallmark
symptom of HF – exercise intolerance – is partially
reflective of reduced oxidative capacity. In contrast,
considerably less attention has been paid to skeletal muscle
contractile dysfunction, noted most commonly as muscle
weakness (Harrington et al. 1997; Toth et al. 2010b).
This is somewhat surprising since contractile properties
(e.g. force, velocity and power) have been shown to
be diminished in HF patients (Harrington et al. 1997;
Toth et al. 2010b) and are important determinants of
the capacity to perform daily activities (Posner et al.
1995; Bean et al. 2002; Ploutz-Snyder et al. 2002). Thus,
impairments in skeletal muscle contractile function in HF
patients may contribute to physical disability and lessen
their quality of life.

Skeletal muscle contraction is regulated by a number
of physiological systems, but is ultimately governed by
the functional properties of the myofilament proteins,
which are the end effectors of contraction. Recent work
by our laboratory (Toth et al. 2005; Miller et al. 2009,
2010) and others (Coirault et al. 2007; Van Hees et al.
2007) have uncovered alterations in myofilament protein
content and function in HF which could impair muscle
performance. In animal models (Van Hees et al. 2007)
and in HF patients (Toth et al. 2005, 2006; Miller et al.
2009), there is depletion of the contractile protein myosin,
with relative maintenance of other contractile proteins
and myofilament ultrastructure. In addition to these
quantitative changes, HF alters the functional properties of
the myofilaments by reducing myosin–actin cross-bridge
kinetics (Coirault et al. 2007; Van Hees et al. 2007; Miller
et al. 2010). Collectively, these modifications in myo-
filament protein content and function could diminish
force production and the rate of contraction, thereby
diminishing muscle power output (Toth et al. 2010b) and,
in turn, contributing to physical disability (Savage et al.
2011).

Resistance exercise training represents an ideal inter-
vention to redress these deficits since its effects on skeletal
muscle are thought to be imparted through modulation
of myofilament protein metabolism (Hasten et al. 2000;
Balagopal et al. 2001) and function (Trappe et al. 2000,
2001). In keeping with this notion, studies of progressive
resistance training in HF patients have revealed improved
muscle strength (see for review Spruit et al. 2009) and

reduced physical disability (Savage et al. 2011). The cellular
and molecular mechanisms underlying these beneficial
effects of resistance exercise training in HF patients,
however, have not been studied. In fact, to our knowledge,
no study has evaluated the effects of resistance exercise
training on myosin–actin cross-bridge mechanics and
kinetics in human muscle fibres from healthy or diseased
individuals of any age.

The goal of this study, therefore, was to examine
the effect of resistance exercise training on skeletal
muscle myofilament protein content, function and
ultrastructure in HF patients to evaluate the cellular
and molecular mechanisms underlying its beneficial
effects on whole muscle performance. To accomplish
this objective, we evaluated chemically skinned and
intact single muscle fibres from the vastus lateralis of
chronic HF patients using a combination of biochemical,
mechanical and ultrastructural methods before and after
an 18 week progressive, high-intensity resistance training
programme. Additionally, to determine if HF alters the
anabolic and functional response to resistance training,
we also evaluated the aforementioned measures before and
after training in healthy, non-diseased controls matched
to HF patients for habitual physical activity levels.

Methods

Ethical approval

Written informed consent was obtained from each of the
27 volunteers prior to their participation. The protocol was
approved by the Committees on Human Research at the
University of Vermont and conformed to the Declaration
of Helsinki.

Subjects

Thirteen patients (9 men, 4 women) with
physician-diagnosed HF were recruited and enrolled
and 10 patients (7 men, 3 women; 73.4 ± 2.4 years)
completed the study and were included in the analyses.
The average New York Heart Association function
class of these patients was 2.2 ± 0.63, with one class I
patient, six class II patients and three class III patients.
The aetiology of HF in these 10 patients was ischaemic
in four volunteers and non-ischaemic in six. Four
patients had non-insulin-dependent Type II diabetes
mellitus (NIDDM). All patients were non-smokers, were
clinically stable and had not been hospitalized for at
least 6 months prior to testing. This last criterion was
included to eliminate any acute effect of hospitalization
and its sequelae (e.g. malnutrition, bedrest, medications,
etc.) on muscle structure and function. None had
evidence of hepatic, renal, or peripheral vascular
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disease or an active neoplastic process. Patients
were receiving angiotensin-converting enzyme (ACE)
inhibitors/receptor blockers (n = 10), β-blockers (n = 9),
diuretics (n = 6), HMG CoA reductase inhibitors (n = 4)
and one female patient was receiving levothyroxine. None
were taking sex steroid replacement therapy. Plasma
creatine kinase levels were within the normative range in
all patients, indicating no evidence of muscle damage or
myopathy.

Controls (n = 14; 7 men, 7 women; 71.6 ± 1.7 years)
were recruited who self-reported being sedentary to mini-
mally active (≤2 sessions of ≥30 min of exercise/week)
and not participating in any exercise training or weight
loss programmes. This recruitment criterion was used to
obtain a control group with activity levels that match
the reduced physical activity level of the HF population
(Toth et al. 1997). Accelerometry was performed to
verify similar habitual physical activity levels between
patients and controls, as described (Ades et al. 2003).
Controls were non-smokers, had a stable body weight
(±2 kg during the previous 6 months), no signs or
symptoms of HF or coronary heart disease, normal left
ventricular ejection fraction (>55%), normal routine
blood tests and were not taking sex steroid replacement
therapy. Seven controls had a history of hypertension
and four were treated with diuretics and three with
ACE inhibitors or angiotensin receptor blockers. All
were normotensive at testing and showed no evidence
of left ventricular hypertrophy or atrial enlargement
by echocardiography. Two controls with NIDDM were
included in an attempt to frequency-match the HF
population to control for the potential confounding
effect of diabetes on training-induced changes in muscle
structure/function. To mitigate any effect of statin and
thyroid replacement use in the HF cohort on group
differences in the training response, four controls on stable
doses of HMG CoA reductase inhibitors and one female
on levothyroxine were included. Plasma creatine kinase
levels were within the normative range in all controls.

Data from baseline evaluations in these volunteers and
others examining the effects of HF on whole muscle
and single muscle fibre function, structure and protein
expression have been reported previously (Miller et al.
2009; 2010; Toth et al. 2010b), as have been the effects
of resistance exercise training on body composition
and whole body physical function (Savage et al. 2011).
Accordingly, in the present paper the reporting of data is
restricted to the effects of training on single muscle fibre
myofilament protein content, structure and function.

Experimental protocol

Eligibility was determined during screening visits, at
which time medical history, physical examination, blood

samples, whole muscle strength testing, a treadmill test
and echocardiography were performed. During a second
outpatient visit, eligible volunteers repeated whole muscle
strength measures and whole body physical function was
assessed. Strength data from this assessment were used as
baseline, pre-training values to minimize learning effects.
At least 1 week later, during an in-patient visit, in the
fasted state, muscle tissue was obtained via percutaneous
biopsy of the vastus lateralis and body composition
was assessed. Approximately 1 week following these
assessments, volunteers entered an 18 week resistance
training programme (3 times per week). At the completion
of the training programme, volunteers repeated base-
line measurements. The muscle biopsy procedure was
performed at least 5 days following the last bout of exercise
to remove any residual effects of exercise on single skeletal
muscle fibre structure or function.

Knee extensor muscle function

Knee extensor torque production was measured under
isometric and isokinetic conditions using a multi-joint
dynamometer (HUMAC/NORM, Computer Sports
Medicine Inc., Stoughton, MA, USA), as described (Toth
et al. 2010b). Briefly, peak torque of knee extensor muscles
was measured at various joint angles (90, 70, 50 and 30 deg
knee flexion relative to full knee extension) throughout the
range of motion. Isokinetic measurements were conducted
at 60, 120, 180, 240 and 300 deg s−1 knee extension in a
randomized fashion, with a flexion velocity of 180 deg s−1

to minimize leg muscle fatigue over the testing session. For
all velocities, data were reviewed to ensure that the target
velocity was obtained in at least 3 of the 4 repetitions.
Data for 240 deg s−1 are not reported, as nearly half of
participants were unable to reach the target velocity, nor
for 300 deg s−1, as almost none were able to obtain this
velocity.

Muscle tissue processing

Muscle tissue was placed immediately into cold (4◦C)
dissecting solution for single fibre mechanical and
morphological assessment. Muscle fibres were dissected
into bundles and tied to glass rods at 4◦C, and processed
for single fibre measurements, as described (Miller et al.
2009).

Single muscle fibre morphology

Average cross-sectional area was derived from top and
side diameters taken at 250 μm intervals along the length
of chemically skinned, single fibre segments (∼3 mm in
length; n = 20/subject), as described previously (Miller
et al. 2009), assuming an elliptical cross-section, to account
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for any longitudinal variability in fibre size (Wanagat et al.
2001). Following measurements, single fibres were placed
in gel loading buffer, heated for 2 min at 65◦C and stored at
–80◦C until determination of myosin heavy chain (MHC)
isoform composition by SDS-PAGE to identify fibre type,
as described (Miller et al. 2009). We restricted our analysis
to MHC I and IIA fibres, as the numbers of IIX and hybrid
(I/IIA, IIA/IIX, I/IIA/IIX) fibres were too few to permit
analysis.

Ultrastructural measurements

Electron microscopy (EM) measurements were conducted
on intact skeletal muscle fibre bundles to assess myo-
fibrillar area fraction, thick-to-thin filament ratio and
A-band and sarcomere lengths. Fibre bundles were
processed for EM as described (Miller et al. 2009).
The numbers of thick and thin filaments per unit fibre
cross-sectional areas were assessed at ×60,000 (JEOL
1210 Transmission Electron Microscope; JEOL, Inc.;
Peabody, MA, USA) in eight fibres per patient. Briefly, a
measurement area was manually selected on the myofibril
that contained clearly discernable thick and thin filaments.
Counting frames (1 μm2) were automatically overlaid in
a grid pattern (Sterio Investigator v8.0; MBF Bioscience;
Chicago, IL, USA) and the number of thick and thin
filaments counted using standard rules (Gundersen, 1977).
Data were expressed as the ratio of thick to thin filaments.
The percentage of fibre area occupied by myofibrils (3
images/volunteer, each ∼275 μm2 with no evidence of
muscle damage) was assessed at ×8000, as described
(Miller et al. 2008), using Image J software (version
1.38X, NIH, Bethesda, MD, USA). The muscle bundle
was then cut longitudinally and processed as above for
EM. A-band (50 measurements/volunteer) and sarcomere
length (50 measurements/volunteer) measurements were
performed at ×5000 using NIH Image (Image J).
None of these indices were adjusted for the shrinkage
that occurs during sample processing for EM (Reedy
et al. 1983). Thus, our slightly lower average values
for A-band length (pre-training: 1.42 μm) and higher
values for thick-to-thin filament ratio (pre-training:
0.54) when compared to criterion estimates (A-band:
1.57 and thick-to-thin filament ratio: 0.5 (Sjöström
& Squire 1977; Millman, 1998) may reflect artifacts
due to longitudinal and axial shrinkage of the myo-
filament lattice and lattice components upon fixation
(Reedy et al. 1983). Alternatively, these small deviations
from criterion estimates may reflect physiological and/or
pathophysiological alterations unique to the populations
studied (i.e. sedentary elderly with and without chronic
disease). Whatever the explanation, there is no reason to
believe that this variance differentially affected pre- and
post-training samples.

Single muscle fibre mechanical measurements

Segments (∼2.5 mm) of chemically skinned single fibers
were isolated and their ends fixed with glutaraldehyde, as
described (Miller et al. 2009, 2010). Top and side diameter
measurements were made in relaxing solution (pCa 8)
at three positions to calculate average cross-sectional
area and the fibre was incubated in dissecting solution
containing 1% Triton X-100 (v/v) for 30 min. The
experimental apparatus for mechanical assessments and
solutions used have been described in detail (Miller et al.
2010). Fibres were attached to a piezoelectric motor
and a strain gauge in relaxing solution, the sarcomere
length set to 2.65 μm and fibre length measured. We
chose to perform measurements of single fibre tension
and stiffness under conditions that have historically been
used for the assessment of single fibre mechanics to
allow for comparisons among studies in the literature.
At 15◦C, measurements of isometric tension and dynamic
stiffness (normalized force response to sinusoidal length
perturbation) under pCa 4.5 and rigor conditions were
obtained, as described (Miller et al. 2009). The amplitude
of dynamic stiffness in the rigor state is proportional to the
total number of available myosin heads that can bind actin
and cross-bridge stiffness, assuming all myosin heads bind
to actin in rigor. The ratio of pCa 4.5 to rigor dynamic
stiffness, therefore, provides an estimate of the fraction
of available myosin heads that bind actin during Ca2+

activation.
Following measurements at 15◦C, the temperature was

raised to 25◦C to perform sinusoidal analysis to estimate
myosin–actin cross-bridge mechanics and kinetics, as
described (Miller et al. 2010). The temperature increase
was required to increase cross-bridge kinetics to a level
where oscillatory work was produced, at which point
we were able to resolve the various components of
the cross-bridge cycle. In addition, measurements were
conducted with solutions containing 5 mM inorganic
phosphate (Pi) to improve the stability of the pre-
paration. Importantly, this Pi level was chosen because
it approximates resting levels in human skeletal muscle
(Pathare et al. 2005). To relate data from sinusoidal
analysis to steps in the cross-bridge cycle, a 3-term
mathematical expression (Palmer et al. 2007) was fitted
to the complex moduli by non-linear regression to yield
three characteristic processes, A, B and C:

Y(ω) = A(iω/α)k − Biω/(2πb + iω) + Ciω/(2πc + iω),

(1)

where ω = 2πf in s−1, f is the frequency of the length
perturbations, A, B and C are magnitudes expressed in
kN m−2, 2πb and 2πc are characteristic rates expressed in
s−1, i = −11/2, α = 1 s−1, and k = a unitless exponent.

The nature of these processes has been described in
detail (Miller et al. 2010). Variables are then derived which
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can be related to cross-bridge kinetics (2πb and (2πc)−1)
and myofilament structural properties (A, B, C and k).
The following summarizes our interpretation of these
parameters. The A-process has no kinetic or enzymatic
dependence (Mulieri et al. 2002) and, therefore, reflects
the viscoelastic mechanical properties of the structural
elements of the fibre across the oscillation frequency
range. Under Ca2+-activated conditions, where myosin
heads are attached, the A-process represents the under-
lying stiffness of the lattice structure and the attached
myosin heads in series (Mulieri et al. 2002; Palmer et al.
2004). The parameter A indicates the magnitude of the
viscoelastic modulus and k represents the angle at which
the A-process lies relative to the x-axis, which reflects the
viscous to elastic modulus relationship of the A-process
(k = 0 purely elastic vs. k = 1 purely viscous). Put simply,
the A-process reflects the viscoelastic properties of the
non-enzymatic, passive elements in the myofilaments.
The magnitudes of the B- and C-processes (parameters
B and C) are proportional to the number of myo-
sin heads strongly bound to actin and the cross-bridge
stiffness (Kawai et al. 1993). The frequency portion of
the B-process (2πb) has been historically interpreted as
the apparent rate of myosin force production or, in other
words, the rate of myosin transition between the weakly
and strongly bound states (Kawai et al. 1993; Zhao & Kawai
1993). We have recently put forth the interpretation that
2πb may represent the mechanical rate constant of the
viscoelastic stiffness of the myosin head (Palmer 2010).
Both interpretations point to a Pi-dependent mechanical
characteristic of the myosin lever arm between the pre-
and post-power stroke states. Lastly, (2πc)−1 represents
the average myosin attachment time (ton) to actin (Palmer
et al. 2007). Following mechanical measurements, single
fibres were placed in gel loading buffer, heated for 2 min
at 65◦C and stored at –80◦C until determination of MHC
isoform composition by SDS-PAGE to identify fibre type,
as described (Miller et al. 2009). We restricted our analysis
to MHC I and IIA fibres, as the numbers of IIX and hybrid
(I/IIA, IIA/IIX, I/IIA/IIX) fibres were too few to permit
analysis.

Resistance exercise training programme

The resistance exercise training programme was designed
to improve whole body skeletal muscle strength and
included the following exercises: (1) leg extension; (2)
leg press; (3) leg curls; (4) shoulder press; (5) bench
press; (6) bicep curls; and (7) lat pull-downs. The training
intensity was set to 80% of one repetition maximum
(RM) commensurate with guidelines for improving
muscle strength and inducing hypertrophy (Anonymous,
2009). 1RM was reassessed every 2 weeks to account
for improvements in strength. The progression of the

programme was gradual in both intensity and volume of
exercise to orient the volunteers to the resistance training
stimulus. The intensity of exercise began at 50% 1RM for
1 set of 10 repetitions during the first week. On week 2, the
intensity was increased to 60% for 2 sets of 8 repetitions.
On week 3, the intensity was increased to 70% for 3 sets of
8 repetitions. By week 4, all volunteers were exercising at
80% of 1RM for 3 sets of 8 repetitions. This ensured that
the volunteers were exposed to the 80% 1RM stimulus
for at least a 3 month period. The type of exercises and
progression of exercise volume and intensity and the length
of the programme were derived from our previous studies
in healthy elderly and those with cardiac disease, which
have been shown to improve muscle performance (Ades
et al. 1996, 2003; Brochu et al. 2002).

Statistics

Repeated measures analysis of variance was used, with
group (HF vs. control) as the between-subject factor
and training (pre vs. post) as the within-subject factor,
to evaluate training and group × training interaction
effects for body composition and whole muscle strength
(SPSS version 15; SPSS Inc., Chicago, IL, USA). For those
variables in which multiple observations were performed
within the same individual (e.g. single fibre structural,
morphological and mechanical indices), a general linear
mixed model (SAS Version 9.2; SAS Institute, Cary,
NC, USA) was used. In this model, group and training
effects are included, as detailed above, along with a
random effect to account for the clustering of observations
within individuals. For all repeated measures analyses, if
a significant main effect was noted (group, training or
group × training), post hoc contrasts were performed
to identify pairwise differences. All data are reported as
mean ± SEM.

Results

Patients

Although the original HF cohort consisted of 13 patients,
three (2 men, 1 woman) did not complete the study: one
due to injury from a motor vehicle accident, another
due to acute worsening of HF symptoms and the last
for personal reasons. Of the volunteers that completed
the study, compliance with the training programme was
excellent and was similar between HF and control groups
(91.3% vs. 91.5%, respectively).

Body composition and physical characteristics

Resistance training did not alter body mass or composition
or leg muscle mass (range of P values: 0.30–0.96) and
no group × training effects were found (range of
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Table 1. Body composition before and after resistance exercise training in controls and HF
patients

Control HF

Pre-training Post-training Pre-training Post-training

Body mass (kg) 80.4 ± 5.3 80.0 ± 5.1 95.6 ± 9.4 96.0 ± 9.1
Fat mass (kg) 29.5 ± 2.1 28.8 ± 2.0 35.9 ± 4.7 35.6 ± 4.5
Fat-free mass (kg) 48.2 ± 3.9 48.1 ± 3.9 52.6 ± 5.4 53.2 ± 5.2
Leg fat-free mass (kg) 14.9 ± 1.2 14.8 ± 1.2 15.2 ± 1.6 15.6 ± 1.7
Physical activity level (kcal day−1) 297 ± 39 246 ± 49 270 ± 41 224 ± 36

Data are mean ± SEM. Note that because one HF patient did not complete body composition
assessment, these data reflect n = 14 and n = 9 for controls and HF patients, respectively. Physical
activity level was obtained by accelerometry measured over an average of 7 days. No training or
group × training interaction effects were noted for any variables.

Table 2. Isometric and isokinetic knee extensor torque (N m) before and after
resistance exercise training in controls and HF patients

Control HF

Pre-training Post-training Pre-training Post-training

Isometric
30 deg 116.7 ± 12.1 124.7 ± 13.1 106.6 ± 15.0 114.6 ± 18.7
50 deg 149.7 ± 16.2 162.8 ± 16.4 135.7 ± 19.5 148.7 ± 22.0
70 deg 154.0 ± 17.0 174.0 ± 16.9 135.9 ± 20.1 159.3 ± 22.9∗

90 deg 135.2 ± 15.0 152.2 ± 14.0 132.4 ± 20.2 144.7 ± 21.0∗

Isokinetic
60 deg s−1 118.3 ± 12.1 129.8 ± 12.5 111.1 ± 15.2 120.3 ± 18.7
120 deg s−1 99.8 ± 10.5 109.1 ± 9.7 91.1 ± 12.5 96.3 ± 14.6
180 deg s−1 82.6 ± 9.0 86.9 ± 7.7 76.1 ± 12.3 76.7 ± 12.4

Data are expressed in newton metres (mean ± SEM) and reflect n = 14 and
n = 10 for controls and HF patients. ∗, training effect, P ≤ 0.01. No group ×
training interaction effects were noted for any variables.

P values: 0.22–0.77; Table 1). HF patients and controls
did not differ in habitual physical activity level at baseline
(P = 0.64) and no training or group× training effects were
found (P = 0.18 and 0.93, respectively). Additionally, peak
oxygen consumption (ml kg−1 min−1) was unchanged
with training (P = 0.25) and no group × training effect
was noted (P = 0.39; data not shown).

Whole muscle function

The effects of the resistance training programme on knee
extensor performance are shown in Table 2. Training
increased knee extensor isometric torque at 70 and 90 deg
(P ≤ 0.01 for training effect) and there was a trend
(P ≤ 0.10) towards increased torque at 50 deg (P = 0.09),
whereas differences at 30 deg (P = 0.24) did not reach
significance. Post hoc pairwise comparisons showed that
training effects in isometric torque at 90 deg were driven
primarily by an increase in controls (P < 0.03), whereas
increases in HF patients did not reach significance

(P = 0.14). For isometric torque at 70 deg, however,
increases were significant in HF patients and controls
(P < 0.02 for both). There was no group × training effect
for knee extensor isometric torque at any angle (range
of P values: 0.66–1.0). Although training increased iso-
kinetic knee extensor torque at all speeds, none reached
significance (60 deg s−1: P = 0.14; 120 deg s−1: P = 0.18;
180 deg s−1: P = 0.63) and no group × training effects
were evident (range of P values: 0.70–0.87). Of note, 1RM
values for all exercises increased (range: +24% to +82%;
with knee extensor 1RM: +47%) over the course of the
training programme (all P < 0.001), with no group ×
training effects (data not shown).

Single muscle fibre morphometry

To evaluate the effects of resistance training on muscle fibre
morphometry, average cross-sectional area was derived
from top and side diameter measurements performed
along the length of chemically skinned, single muscle
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Table 3. Single muscle fibre average cross-sectional area (μm2) before and after resistance exercise
training in controls and HF patients

Control HF

Pre-training Post-training Pre-training Post-training

MHC I 6844 ± 552 (129) 6740 ± 557 (100) 7240 ± 664 (74) 7956 ± 671 (91)
MHC IIA 5848 ± 457 (55) 5691 ± 406 (83) 6416 ± 484 (47) 6615 ± 503 (55)

Data are expressed in μm2 (mean ± SEM) and reflect n = 14 and n = 10 for controls and HF
patients. Cross-sectional area measurement reflects the average cross-sectional area from top and
side diameter measurements taken at 250 μm intervals along the length of the fibre segment
(∼3 mm in length). The number of fibres evaluated is provided in parentheses. No training or
group × training interaction effects were noted for any variables.

fibres (Table 3). Training had no effect on the average
cross-sectional area of either MHC I (P = 0.42) or IIA
(P = 0.94) fibres, with no differences in the response
between groups (i.e. no group × training effects; P = 0.29
and P = 0.55, respectively). Thus, there is no evidence for
myofibre hypertrophy with resistance training in either
controls or HF patients. Parenthetically, the absence of
changes in fibre cross-sectional area with training is not
likely to be due to variation in fibre swelling upon skinning
(Godt & Maughan 1977), as the degree of swelling was
similar in pre- vs. post-training samples (pre: 23 ± 4%
vs. post: 23 ± 2%; n = 36 fibres; authors′ unpublished
observations).

Myofibrillar ultrastructure

Resistance training could promote myofilament hyper-
trophy in the absence of overt changes in myofibre
cross-sectional area if myofibril fractional area of the
fibre and/or myofilament number or size were altered.
To address this possibility, we evaluated the effect
of training on myofilament fractional area, thick to
thin filament stoichiometry, and A-band length (Fig. 1).
Training reduced myofibril area fraction (P < 0.001),
with no differential response between groups (i.e. no
group × training effect; P = 0.51). Pairwise contra-
sts showed that both HF patients (P < 0.01) and
controls (P < 0.02) experienced reductions in myofibril
area fraction. Parenthetically, this reduction in myo-
filament area fraction was unlikely to be related to an
increase in non-contractile, subcellular structures since
mitochondrial fractional area, the next most prevalent
organellar component of fibre area (Hoppeler et al.
1973), was not altered with training (authors′ unpublished
observations). No training (P = 0.13) or group × training
(P = 0.93) effects were noted for thick to thin filament
ratio. Neither thick filament (P = 0.31) nor thin filament
numbers per unit area (P = 0.19) were altered by training
and no group × training effects were noted (data not
shown). There was a strong trend (P = 0.07) towards

an effect of training to increase A-band length, with no
group × training effect (P = 0.57). Collectively, although
there is some evidence for increases in myofilament size
with training (e.g. trend in A-band length), the pre-
dominant effect of training was to reduce myofilament
content as a fraction of fibre cross-sectional area. Of
note, the difference in the average sarcomere lengths
between pre- and post-training preparations for each
volunteer did not correlate with changes in their myo-
fibrillar area fraction (P = 0.27), thick-to-thin filament
ratio (P = 0.18) or A-band length (P = 0.68), indicating
that differences in the sarcomere length of the preparation
did not explain the observed structural changes.

Single fibre contractile function

For functional characterizations, our first step was to
evaluate the force-producing capacity of single muscle
fibres per unit cross-sectional area (i.e. tension; MHC I
fibres in Fig. 2 and MHC IIA fibres in Fig. 3). Single muscle
fibre Ca2+-activated tension was not affected by training
in either MHC I (P = 0.65) or IIA (P = 0.97) fibres
and no group × training interaction effects were noted
for either fibre type (P = 0.96 and 0.97, respectively).
We also evaluated dynamic stiffness data under rigor
and maximal Ca2+-activated conditions to estimate the
number of available cross-bridges and their fraction that
are recruited during Ca2+ activation, respectively. In
MHC I fibres (Fig. 2), neither dynamic stiffness under
maximal Ca2+-activated (P = 0.20) or rigor (P = 0.22)
conditions, nor their ratio (P = 0.68), was affected by
training and no group × training effects were found
(range of P values: 0.18–0.96). Similarly, for MHC IIA
fibres (Fig. 3), no training effect was noted for dynamic
stiffness under maximal Ca2+-activated (P = 0.61) or rigor
conditions (P = 0.26), or for their ratio (P = 0.72), and
no group × training effects were noted (range of P values:
0.19–0.97). As an aside, similar to data from fibres used for
morphological analyses (Table 3), there were no training
or group × training effects for average cross-sectional
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Figure 1
Skeletal muscle fibre myofilament ultrastructure in controls (n = 5) and HF patients (n = 4) before (pre) and after
(post) resistance exercise training. Data represent mean ± SEM. ∗P < 0.01 training effect; ∗∗P = 0.07 training
effect. Representative electron micrographs from a control volunteer are shown to depict the change in myofibrillar
fractional area with training. Bar represents 0.5 μm.

Figure 2
Single skeletal muscle fibre Ca2+-activated tension and dynamic stiffness data from MHC I fibres in controls
(n = 10) and HF patients (n = 9) at 15◦C and 0.25 mM Pi before (pre) and after (post) resistance exercise training.
The number of fibres studied is shown at the base of each bar. Data for tension and absolute stiffness are expressed
relative to muscle fibre cross-sectional area.

area for MHC I (P = 0.68 and P = 0.84, respectively) or
IIA (P = 0.91 and P = 0.45, respectively) fibres evaluated
for mechanical properties. Taken together, these findings
suggest that improvements in whole muscle torque are

probably not explained by modifications in single fibre
contractile function.

To further explore the effects of training and HF on
myofilament function at the molecular level, we employed
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sinusoidal analysis to estimate myosin–actin cross-bridge
mechanics and kinetics. For these measurements, the
experimental conditions were altered, with the most
notable changes being an increase in temperature to
25◦C and an increase in Pi level to 5 mM. Under these
conditions, similar to measurements under 15◦C, there
were no training (P = 0.37 and 0.69) or group × training
(P = 0.42 and 0.60) effects for single fibre tension for MHC
I and IIA fibres, respectively. Parenthetically, although
one might expect tension to increase with temperature,
we did not observe such an increase (e.g. data from
Figs 2 and 3 vs. Fig. 4). This is explained by the fact
that Pi levels were increased (from 0.25 mM at 15◦C
to 5 mM) for assessments at 25◦C. It is reasonable to
assume that this magnitude increase in Pi could mitigate
temperature-dependent increases in tension (Bottinelli
et al. 1996; Pathare et al. 2005). These results further
reinforce data from 15◦C that training did not alter single
fibre tension.

Because myofibril fractional area was reduced with
training (Fig. 1 and text above), calculation of single fibre
tension (i.e. force per unit fibre cross-sectional area of
the fibre) will systematically underestimate post-training
values. That is, the fibre cross-sectional area measurement
is not a stable proxy of the area of contractile machinery
(i.e. myofibrils) per fibre. Thus, we adjusted all 25◦C
single fibre functional data that were dependent on
cross-sectional area measurements (tension, A, B and C)
for this drop in myofibril fractional area. We focused on

25◦C data for these adjustments because we had both single
fibre and cross-bridge level measurements of function at
this temperature. We used the average change in myofibril
cross-sectional area with training (83.7% to 74.4%; n = 9;
5 controls and 4 HF patients) to adjust single fibre tension
data for this loss of myofibril fractional area. Following
adjustment, single fibre tension (25◦C) was increased in
MHC I fibres with training (control: pre, 99.2.1 ± 4.3; to
post, 104.4 ± 4.6 kN m−2 vs. HF: pre, 99.1 ± 5.0; to post,
111.1 ± 4.5 kN m−2; P < 0.05) and this effect was similar
in controls and HF patients (i.e. no group × training
interaction; P = 0.38). Similarly, in MHC IIA fibres, there
was an increase in tension with training (control: pre,
130.1 ± 8.0; to post, 145.4 ± 7.0 kN m−2 vs. HF: pre,
130.8 ± 9.2; to post, 155.1 ± 8.7 kN m−2; P < 0.05) that
was equivalent in controls and HF patients (i.e. no group
× training interaction; P = 0.59). Note that fibre numbers
for these analyses are identical to those for data shown in
Fig. 4. Thus, when changes in muscle fibre ultrastructure
are accounted for, improvements in single fiber tension
are observed.

Myosin–actin cross-bridge mechanics and kinetics

Functional adaptations to resistancetraining at the
myosin–actin cross-bridge level were assessed using
sinusoidal analysis. Figures 5 and 7 show the magnitudes
of the three curve fit parameters (A, B and C)

Figure 3
Single skeletal muscle fibre Ca2+-activated tension and dynamic stiffness data from MHC IIA fibres in controls
(n = 9) and HF patients (n = 9) at 15◦C and 0.25 mM Pi before (pre) and after (post) resistance exercise training.
Note that there was one less control volunteer available for MHC IIA fibres vs. MHC I fibres (Fig. 2) because one
control had no MHC IIA fibres during pre- or post-training evaluations. The number of fibres studied is shown at
the base of each bar. Data for tension and absolute stiffness are expressed relative to muscle fibre cross-sectional
area.
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resolved by sinusoidal analysis, expressed relative to
fibre cross-sectional area, for MHC I and IIA fibres,
respectively. The most prominent and consistent effects
were found for B and C. Training reduced B and C in both
MHC I (P < 0.02 for both) and IIA (P < 0.03 and 0.02,
respectively). Examination of pairwise differences showed
that declines in B and C in MHC I fibres were significant
in HF patients (P < 0.03 and P = 0.05, respectively),
but were not significant in controls (P = 0.14 and 0.10,
respectively); whereas, in MHC IIA fibres, non-significant
drops in B in controls and patients (P = 0.08 and 0.11,
respectively) and C in HF patients (P = 0.11) were found,
although a significant reduction in C was apparent in
controls (P < 0.05). No group × training effects were
noted for B or C in MHC I or IIA fibres. In contrast,
A showed no training (P = 0.38 and 0.74, respectively) or
group × training effects for MHC I or IIA fibres (0.16
and 0.30, respectively). Because B and C are proportional
to the number of strongly bound cross-bridges per unit
cross-sectional area during maximal Ca2+ activation,
these results buttress our EM findings of reduced myo-
filament content. Consequently, if these data are adjusted

Figure 4
Ca2+-activated tension data for MHC I (A) and IIA (B) fibres at 25◦C
and 5 mM Pi before (pre) and after (post) resistance exercise training.
Sample sizes for A and B are similar to those designated in Figs 2 and
3, respectively. The number of fibres studied is shown at the base of
each bar. Data for tension are expressed relative to muscle fibre
cross-sectional area.

for training-induced reductions in myofibril fractional
area, as detailed above, reductions in B and C are no
longer significant in either MHC I (P = 0.18 and 0.31,
respectively) or IIA (P = 0.11 and 0.14, respectively) fibres
and no group × training effects are noted (range of
P values: 0.34–0.90). Moreover, training and group ×
training effects for A remain non-significant in MHC I
(P = 0.76 and 0.14, respectively) and IIA (P = 0.10 and
0.30, respectively) following adjustment for changes in
myofibril fractional area.

Sinusoidal model parameters reflective of rates of
myosin–actin cross-bridge kinetics (2πb and ton) and the
viscoelastic ratio of the non-enzymatic, passive elements

Figure 5
Sinusoidal analysis model parameter response for Ca2+-activated
MHC I fibres in controls (n = 9) and HF patients (n = 8), including A,
B and C components, before (pre) and after (post) resistance exercise
training. Each italicized letter represents the magnitude of its
respective process (A, B or C) expressed relative to fibre
cross-sectional area. The number of fibres studied is shown at the
base of each bar. ∗P < 0.02 for training effect.
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in the myofilaments (k) are shown in Figs 6 and 8
for MHC I and IIA fibres, respectively. Of interest was
whether training would correct alterations in cross-bridge
kinetic rates previously noted in HF patients, in particular
the increased ton (Miller et al. 2010). Neither training
(P = 0.83 and 0.10, respectively) nor group × training
(P = 0.10 and P = 0.11, respectively) interaction effects
were significant for either 2πb or ton for MHC I fibres.
In light of the fact that group × training effects were
trending towards significance (P = 0.10) with a reduction
in ton in HF patients, we conducted pairwise comparisons
to evaluate whether training remediated elevated ton in
HF patients. This analysis showed that training reduced
ton in HF patients back to levels observed in controls prior
to training (P = 0.90). In MHC IIA fibres, there were no

Figure 6
Sinusoidal analysis model parameter response for Ca2+-activated
MHC I fibres in controls (n = 9) and HF patients (n = 8), including k,
myosin rate of force production (2πb) and ton ((2πc)−1)
components, before (pre) and after (post) resistance exercise
training. The number of fibres studied is shown at the base of each
bar. ∗∗P = 0.06 for group × training effect.

training effects for 2πb (P = 0.26) or ton (P = 0.47). There
was, however, a significant group × training interaction
effect for ton (P < 0.04), due to a strong trend (P = 0.06)
towards a reduction in ton in HF patients. Similar to MHC I
fibres, this returned ton in HF patients back to levels in
controls (i.e. post-training HF vs. pre-training control:
P = 0.91). 2πb also showed a trend (P = 0.06) towards a
group × training effect. Collectively, our data suggest that
training remediates deficits in cross-bridge kinetics pre-
viously noted in HF patients. As an aside, similar to data

Figure 7
Sinusoidal analysis model parameter response for Ca2+-activated
MHC IIA fibres in controls (n = 8) and HF patients (n = 8), including
A, B and C components, before (pre) and after (post) resistance
exercise training. Each italicized letter represents the magnitude of
its respective process expressed relative to fibre cross-sectional area.
Note that there was one less control volunteer available for MHC IIA
fibres vs. MHC I fibres (Figs 5 and 6) because one control had no
MHC IIA fibres during pre- or post-training evaluations. The number
of fibres studied is shown at the base of each bar. ∗P < 0.05 for
training effect.
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from fibres for morphological analysis (Table 3), there were
no training or group × training effects for the average
cross-sectional area of MHC I (P = 0.60 and P = 0.94,
respectively) or IIA (P = 0.61 and P = 0.86, respectively;
data not shown) fibres. Of note, as these measures (and
k below) are not dependent on fibre cross-sectional area,
they were not adjusted for training-induced changes in
myofibril fractional area.

The value k reflects the viscoelastic ratio of the
A-process. We found no training effect on k for either
MHC I (P = 0.91) or IIA (P = 0.74) fibres. Inter-

Figure 8
Sinusoidal analysis model parameter response for Ca2+-activated
MHC IIA fibres in controls (n = 8) and HF patients (n = 8), including
k, myosin rate of force production (2πb) and ton ((2πc)−1)
components, before (pre) and after (post) resistance exercise
training. Note that there was one less control volunteer available for
MHC IIA fibres vs. MHC I fibres (Figs 4 and 5) because one control
had no MHC IIA fibres during pre- or post-training evaluations. The
number of fibres studied is shown at the base of each bar. ∗P < 0.05
for group × training effect; ∗∗P = 0.06 for group × training effect.

estingly, there was a strong trend towards a group ×
training interaction for k in MHC I fibres (P = 0.06)
and a significant interaction effect for MHC IIA fibres
(P < 0.05). In both cases, the patterns were for increases
in controls and reductions in HF patients, although none
of the pairwise differences reached significance (range of
P values: 0.08–0.27). Collectively, these findings suggest
differing training-induced alterations in the viscoelastic
properties of the passive elements of the myofilament
lattice.

Discussion

Our study examined the hypothesis that 18 weeks of
high-intensity resistance exercise training would improve
whole muscle and single fibre contractile performance in
HF patients, in part, via modifications in myofilament
protein quantity and/or function. The strength of our
work lies in the comprehensive assessment of muscle
structure and function at the tissue, cellular and molecular
levels. Moreover, this is the first report of the effects
of resistance training on myofilament protein content,
structure and function in HF patients and is the first
study in healthy or diseased humans of any age to evaluate
training-induced adaptations in muscle mechanics and
kinetics at the level of the myosin–actin cross-bridge. Our
results show that, although resistance training improved
whole muscle strength, this was not accompanied by
alterations in whole muscle size or single muscle fibre
cross-sectional area or tension in MHC I or IIA fibres.
Interestingly, training reduced the fractional myofibril area
of the fibres, which manifested functionally in skinned
fibres as a reduction in the number of strongly bound
cross-bridges per cross-sectional area during maximal
Ca2+ activation. When single fibre tension data are
corrected for these reductions in myofibril fractional
area, training is associated with an increase in tension.
Although training corrected deficits in some cross-bridge
kinetic parameters in HF patients (Miller et al. 2010)
back to levels observed in untrained controls (e.g. ton

and k), we were unable to identify alterations in the
molecular determinants of myofilament function that
might explain improvements in tension. Our results are
discussed in the context of the effects of resistance training
in general, where training effects were similar between
patients and controls, and in the context of the unique
effects of HF, where the training response differed between
groups.

Resistance training did not alter the cross-sectional area
or maximal Ca2+-activated tension (force production per
fibre cross-sectional area) of MHC I or IIA fibres in
either group (Table 3 and Figs 2, 3 and 4, respectively).
Because chemically skinned single fibres are devoid of
the effects of neural activation and excitation–contraction
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coupling, cross-sectional area and tension measures are
largely assumed to reflect the structural and functional
properties of the underlying myofilaments. If we accept
this notion and consider the single fibre data in iso-
lation, we would conclude that myofilament adaptations
do not contribute to training-induced improvements in
whole muscle performance (Table 2). Accordingly, by
default, whole muscle improvements would be attributed
to enhanced neural activation (Duchateau et al. 2006)
and/or excitation–contraction coupling (Delbono et al.
1995; Ward et al. 2003). Indeed, this is the conclusion
that has been reached by other studies that have found
improved whole muscle function, but no change in single
fibre performance in the elderly in response to similar
duration resistance training programmes (Trappe et al.
2001; Frontera et al. 2003; Slivka et al. 2008). Our data
on subcellular muscle structure, however, suggest that this
conclusion may be incorrect.

EM analysis showed a reduction in myofibril fractional
area with training. This has important implications for
interpretation of tension data because calculation of
tension (force/fibre cross-sectional area) assumes that
the cross-sectional area of the fibre provides a reliable
estimate of the amount of contractile machinery per
unit fibre area. Because of the reduction in myofibril
fractional area with training, calculation of single fibre
tension would systematically underestimate post-training
tension. In fact, using the change in myofibril fractional
area with training to adjust post-training tension data, we
found significant increases in both MHC I and II fibre
tension with resistance training (see Results for details).
We are careful not to draw definitive conclusions from such
estimates, since our calculations involve extrapolating
EM data from a sub-set of the total cohort on whom
single fibre mechanical assessments were made. This
caveat notwithstanding, however, these results support
the notion that resistance training improves single fibre
tension and, in turn, myofilament function in HF patients
and controls.

Although our finding of reduced myofibril fractional
area with resistance training appears to be at odds with
the conventional wisdom that training promotes myofibril
hypertrophy, it is not unprecedented. In fact, most studies
show no change in myofibril fractional area with training
(Macdougall et al. 1979; Wang et al. 1993). Moreover, one
report in healthy controls and renal transplant patients
showed a reduction following 7 weeks of training due to
an expansion of sarcoplasmic space (Horber et al. 1987).
The concordance between our results and those of Horber
et al. (1987) may be explained by the short duration of
their training programme (e.g. 7 weeks in Horber et al.
1987 vs. 5–6 months in Macdougall et al. 1979; and Wang
et al. 1993) and the impaired anabolic responsiveness in
our populations (sedentary elderly with and without HF;
Kumar et al. 2009; Toth et al. 2010a). In other words, in

both studies, myofilament structural remodelling may be
in its early stages, where sarcoplasmic space is increased to
accommodate myofibril hypertrophy.

The physiological explanation for reduced myofibril
fractional area aside, our EM results were buttressed
by reductions in the sinusoidal analysis parameters B
and C, which reflect the number of strongly bound,
myosin–actin cross-bridges per unit fibre cross-sectional
area during Ca2+ activation (Kawai et al. 1993). Although
we acknowledge that a reduction in B and C could
be attributed to alterations in cross-bridge kinetics (e.g.
ton or 2πb) and/or the passive viscoelastic properties
of the myofilament lattice (e.g. A or k), rather than
the aforementioned structural alterations, the pattern of
changes in these parameters with training, specifically
the differential response between patients and controls,
suggests that they would not explain the observed
reductions in B and C. Moreover, adjustment of B
and C data for the training-induced decline in myo-
fibril fractional area eliminated training effects on these
variables (see Results), further reinforcing the conclusion
that the decrease in strongly bound cross-bridges during
Ca2+ activation is largely explained by reduced myofibril
content. The most important point about these data is that
they buttress our EM ultrastructural findings from intact
fibres to show that the reduction in myofibril fractional
area is apparent in chemically skinned fibres as a pre-
dictable drop in functional cross-bridges per unit fibre
cross-sectional area. This further validates our approach
of adjusting post-training tension data for the decline in
myofibril fractional area and reinforces our conclusions
regarding the increase in tension with training.

Another ultrastructural finding that deserves brief
mention in the context of how resistance training affects
myofilament content and function is the strong trend
towards an increase in A-band length with training
(Fig. 1). From a functional standpoint, because we
set fibres to the same sarcomere length prior to all
mechanical assessments, an increase in A-band length
should theoretically provide more myosin heads able to
bind and produce force per half-sarcomere. Accordingly,
a portion of the aforementioned improvements in single
fibre tension with training may be explained, in part, by
increased myosin heads per thick filament, albeit this effect
would be small given the magnitude of the increase in
A-band length (+3.5%). From a structural standpoint,
the increase in A-band length may be an early sign
of myofilament hypertrophy, as myosin is preferentially
added to the ends of the thick filament (Wenderoth
& Eisenberg 1987). These changes, therefore, provide
some evidence for increasing myofilament content with
training. Together with changes in myofibril fractional
area, these findings suggest the need to carefully consider
myofilament adaptations at the ultrastructural level to
obtain an unambiguous picture of how resistance training
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modifies muscle structure and, correspondingly, how
these structural modifications impact estimates of changes
in myofilament function from single fibre measurements.

Accepting our notion that myofilament function is
improved with training, and recognizing that structural
adaptations in the myofilaments/myofibrils would not
account for improved contractile function, the question
becomes: what factors might contribute to improved myo-
filament function (i.e. increased tension)? To address this
question, it is helpful to consider the determinants of
tension. Single fibre isometric tension is directly related
to the total number of myosin heads, the force produced
per myosin head and the total cycle time myosin is
bound to actin, or the myosin duty ratio (ton/(ton + time
detached (toff )) (Huxley 1957; Brenner, 1988). Of these
determinants, we have previously shown that ton is altered
in HF patients compared to controls and may compensate
for reduced myosin protein content to maintain single
fibre tension (Miller et al. 2010). Thus, we postulated that
modifications in ton may contribute to increased myo-
filament function with training.

Resistance training altered ton and this effect differed
between patients and controls. In MHC IIA fibres, there
was a group × training effect for ton, reflecting a reduction
in HF patients. ton was also reduced in MHC I fibres in
HF patients, although the group × training effect did
not reach significance. These reductions are notable, in
part, because they returned the increased ton previously
documented in HF patients (Miller et al. 2010) back to
levels found in untrained controls. However, because the
training response differed between groups, changes in ton

would not explain the augmentation of single fibre tension
with training, which was apparent in both groups. In fact,
a reduction in ton would decrease tension in single fibres
from HF patients, not increase it, by reducing the myosin
duty ratio, assuming that toff was unaffected. Because we
did not measure toff , we cannot confirm this assumption.
It is possible that other mechanisms are operable to
reduce toff , which would minimize the effect of reduced
ton on the myosin duty cycle and, in turn, single fibre
tension.

Building on this last point, although our study
represents the most comprehensive assessment to date
of the effects of resistance training on skeletal muscle
structure and function at the molecular level (summarized
in Table 4), we were unable to explain the observed
cellular phenotypes from these molecular determinants,
particularly the functional properties. In the absence of
alterations in ton explaining improvements in myofilament
function with training, none of the other measured
cross-bridge mechanical or kinetic variables could account
for an increase in myofilament function. Our inability to
identify the exact molecular mechanisms mediating the
functional phenotype is probably due to a combination of
factors. First and foremost, there are numerous variables

that we did not measure (e.g. toff , myosin step size, force
per myosin head, lattice spacing, etc.), which regulate
single fibre tension. We posit that changes in these
unmeasured variables integrate with the alterations we
have observed to yield improved myofilament function.
Second, we can only speculate about how the molecular
determinants are integrated at the single fibre level to
regulate function. We observed numerous changes in
these molecular determinants. How changes in these
determinants inter-relate and, perhaps more importantly,
the relevance of each in determining the functional
phenotype, is not known. Despite considerable work over
the last several decades to refine our knowledge of the
basic mechanisms regulating skeletal muscle contraction
(Gordon et al. 2000), at present, we still have only
a rudimentary understanding of how these molecular
determinants interact to produce a given phenotype at the
single fibre and whole muscle levels. In this context, our
work advances this knowledge base by providing the first
measurements of these molecular determinants in humans
in the context of the physiologically relevant stimulus of
resistance training.

The differential training response in patients and
controls for myosin–actin cross-bridge mechanical and
kinetic parameters deserves comment. In addition to the
effects on ton discussed above, there were differential
responses in k, an index of the viscoelastic properties
of the passive, non-enzymatic elements of the myo-
filament lattice, and a trend towards a differential
response in 2πb in MHC II fibres, which reflects the
sum of the rate constants for the transition of the
myosin–actin cross-bridge from the weakly bound to
the strongly bound force-producing state. In all of
these cases, as well as other cross-bridge mechanical
parameters (e.g. A), the pattern of changes suggests an
effect of training to remediate HF-associated alterations
in cross-bridge mechanical and kinetic parameters (Miller
et al. 2010) towards normal values (i.e. pre-training
control levels). Because training tended to normalize
cross-bridge mechanics and kinetics in HF patients, one
might qualify these changes as beneficial. However, as
described for the reduction in ton, some of these changes
may actually decrease function. Further complicating our
ability to interpret changes in cross-bridge mechanics and
kinetics, training-induced alterations in these parameters
in controls were frequently in the opposite direction to
that of HF patients despite the fact that both groups
experienced similar improvements in whole muscle and
single fibre tension. This may relate to the fact that
patients and controls had different cross-bridge mechanics
and kinetics prior to training (Miller et al. 2010). That
is, the response of cross-bridge mechanics and kinetics
to training may depend on their starting point and/or
the physiological/pathophysiological background of the
individual. Accordingly, the training-induced increase in
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Table 4. Summary of the adaptations in skeletal muscle structure and function to resistance training at the
tissue, cellular and subcellular/molecular levels

Structure Function

Tissue
Leg muscle mass ↔ Knee extensor torque ↑

Cellular
Single fibre cross-sectional area ↔ Single fibre isometric tension ↔

Adjusted single fibre isometric tension # ↑
Subcellular/molecular

Myofibril fractional area ↓ Strongly bound cross-bridges (B and C) ↓
Thick-to-thin filament ratio ↔ Myosin attachment time (ton) ↓∗

A-band length ↑∗∗ Rate of force production (2πb) ↑↓ †
Myofilament stiffness (A and k) ↑↓ ‡

The directionality of change in each variable is denoted by arrows, with horizontal, double-ended arrows
indicating no change. #, single fibre data in which the post-training tension was adjusted for training-induced
reductions in myofibril fractional area; ∗, training effect specific to HF patients in MHC IIA fibres; ∗∗, statistical
trend (P = 0.07) towards training effect; †, statistical trend (P = 0.06) towards group × training interaction
effects in MHC IIA fibres; ‡, statistical trend (MHC I; P = 0.06) or significant (MHC IIA) effect of training for k.

single fibre function might require differential changes in
cross-bridge mechanics and kinetics in the two groups.
Finally, we should note that some of the observed changes
could have beneficial effects on contractile function
beyond single fibre tension. For example, the reduction
in ton would be expected to increase shortening velocity
(Tyska & Warshaw, 2002), which could, in turn, improve
muscle power output. Thus, differential changes in
myosin–actin cross-bridge kinetics may improve whole
muscle function via different mechanisms. Although
we are limited in our ability to assess the molecular
determinants of training-induced improvements in
contractile function, our data nonetheless highlight
the complexity of the adaptations in myofilament
ultrastructure and myosin–actin cross-bridge mechanics
and kinetics with training that would otherwise not be
evident from traditional assessments of single fibre size
and tension.

In summary, our results showed that HF patients and
controls respond similarly to exercise with respect to whole
muscle strength gains, but that these improvements were
not explained in either group by altered single muscle
fibre size or tension. Interestingly, training reduced the
fractional myofibril area of fibres, a finding that was
buttressed by mechanical data in chemically skinned fibres
showing a reduction in the number of strongly bound
cross-bridges per cross-sectional area during maximal
Ca2+ activation. When tension data were adjusted for the
training-induced reductions in myofibril fractional area,
training-induced improvements in single fibre tension
were found. Although training corrected reduced ton in HF
patients back to normal (i.e. levels in untrained controls),
we were unable to identify alterations in myosin–actin
cross-bridge kinetics that explain improvements in single
fibre tension. Collectively, our data reveal novel molecular

adaptations to resistance exercise training and raise
questions about how training-induced adaptations at
the subcellular/molecular level integrate to determine
single fibre structure and function. Practically speaking,
our studies support the notion that adaptations in
myofilament function may contribute to resistance
training-induced improvements in whole muscle function
in sedentary elderly with and without HF.
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