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ABSTRACT
The purpose of this study was to measure muscle oxidative capacity in
people with and without heart failure (HF) using near-infrared spectroscopy (NIRS).
Participants (aged 45-70 years old) with HF (n = 16) were compared with age-matched
controls without HF (n = 20). A subset of participants (HF: n = 7, controls: n = 5)
performed 4 weeks of wrist-flexor exercise training. Oxidative capacity was significantly
lower in the HF group in both dominant (1.31 ± 0.30 min-1 vs. 1.61 ± 0.24 min-1, p <
0.002) and non-dominant arms (1.29 ± 0.24 min-1 vs. 1.47 ± 0.25 min-1, p < 0.039). After
training, the control group exhibited a 51% increase in oxidative capacity, whereas the
HF group failed to improve. The reductions in oxidative capacity seen with HF may
result from impaired cardiac function or complications of standard pharmacotherapy.
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CHAPTER 1
INTRODUCTION
Heart failure (HF) is a widespread and continually growing epidemic (57, 73, 74).
Worldwide, HF is generally present in 1-2% of the adult population, with a much higher
prevalence (>10%) in adults over 70 years of age (73). Data from NHANES 2005-2008
reported approximately 2% (5,700,000 Americans) of the United States population selfreported having HF, and projections for 2030 estimate an additional four million
Americans (3.2% of population) will develop the disease (74). HF has been defined by
functional impairments or structural abnormalities in heart, which limit the heart’s
capacity to supply adequate oxygen to systemic tissue (73). This condition could result
from a number of other health complications. Approximately two-thirds of HF cases
have been attributed to coronary artery disease (73), with hypertension and diabetes
likely contributing as well (73).

Furthermore, HF has been associated with a high

mortality, as one in nine deaths were reportedly associated with HF in 2008 (74).
As a result of the widespread prevalence and high mortality associated with HF, it
has attracted considerable attention from research communities in order to further
understand the pathology of the condition. Reduced exercise capacity has been a central
characteristic of HF that has been extensively investigated (28, 76). Originally, cardiac
and hemodynamic dysfunction was thought to be the primary cause of exercise
intolerance in HF. The effects of chronic HF on the cardiac tissue have been well
documented, and it would be natural to assume that abnormalities in the heart were the
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source of exercise intolerance in HF. Common HF-mediated alterations in the heart
tissue have included left ventricular remodeling (46), decreased ejection fraction, and
systolic dysfunction (73). Moreover, changes on the cellular level have also been present
such as disruptions in calcium handling, sarcomere function, and oxidative metabolic
pathways, which have led to shifts in substrate utilization (53, 117).

Interestingly,

however, research has shown that reduced exercise capacity in HF does not correlate with
cardiac function (31), which suggested that diminished exercise capacity in HF was not
due exclusively to cardiac or hemodynamic dysfunction, as previously thought. In fact,
exercise intolerance has been shown to be more severe than cardiac function would
predict (122), indicating alternative mechanisms might be responsible for the reduction.
Research has shown that abnormalities in the skeletal muscle rather than myocardium are
largely responsible for reduced exercise capacity in HF (21, 23, 76).
Many skeletal muscle alterations have been found in people with HF, including
reduced metabolic oxidative capacity,

(23, 68).

These findings have caused

investigations to focus on skeletal muscle mitochondria. Interestingly, despite multiple
investigations related to this topic, there has been no universal consensus regarding the
role that mitochondria play in the exercise intolerance in HF (76). Some research has
shown that muscular oxidative capacity was impaired due to a HF-induced myopathy
(23), whereas other research found that oxidative capacity was not impaired if muscular
physical activity was experimentally controlled, (75).

Additional investigations are

necessary in order to further elucidate the role of skeletal muscle mitochondria in
exercise intolerance in HF.
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Additionally, while individuals with HF have a low exercise capacity, studies
have shown exercise training in HF results in restorative adaptations marked by
improvements in both peak VO2 (17, 59) and skeletal muscle myopathies, including
impaired muscle oxidative capacity (8, 78).

Few studies, however, have focused

specifically on skeletal muscle mitochondria in HF and evaluated their plasticity in
response to training. Understanding how mitochondria in HF respond to exercise training
may provide more insight into their possible connection reduced exercise capacity.
Previous investigations of skeletal muscle oxidative capacity in HF have been
limited to methodologies such as biopsies and magnetic resonance spectroscopy (MRS).
While, these methodologies have provided useful information regarding the oxidative
health of muscle in HF, extensive use in research is limited. Biopsies are able to provide
an in vitro view of the oxidative properties of the muscle, but its invasive nature often
makes it unsuitable for testing the HF population. Alternatively, MRS is has the ability
to examine the in vivo energetic capacity of muscle, but it is very expensive and often
scarcely at the disposal of researchers.
Near-infrared spectroscopy (NIRS) is a useful technology that has been used to
noninvasively characterize oxygen levels in both brain and muscle tissue. Recently, a
novel application of the NIRS technology has been developed to measure oxidative
capacity in the skeletal muscle (11, 98).

This method’s noninvasive and relatively

inexpensive nature, make it an ideal choice for investigation of skeletal muscle oxidative
capacity in HF. Additionally, this technique has been successfully validated against the
in vivo ‘gold standard’ MRS (101), which further demonstrates that it is a viable
alternative for measuring skeletal muscle oxidative capacity in HF. Development of the
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NIRS method has provided researchers with a feasible and effective way to explore
skeletal muscle mitochondria. Previously, NIRS has been to track changes in oxidative
capacity throughout an endurance training and detraining program in the forearms of
young healthy adults (100).

The application of NIRS in a similar manner could

potentially produce unique valuable insight into the complexities of HF previously
unavailable.
Statement of the Problem
Overall, HF is a widespread problem that is linked with reduced exercise capacity.
The origin of reduced function in individuals with HF is not related to impairments in the
heart, but instead is closely linked to skeletal muscle abnormalities, such as decreased
oxidative capacity. Mitochondria are thought to play a key role in this abnormality, but
their contribution is still not entirely understood. If skeletal muscle mitochondria are
fundamental to the reduction in exercise capacity, then perhaps mitochondria should be a
primary target for HF therapy. NIRS provides an effective and inexpensive means of
investigating skeletal muscle oxidative capacity, and therefore, could be very useful in
exploring these problems. A study designed to specifically investigate oxidative capacity
in HF using NIRS is necessary, as it would provide valuable information concerning the
pathophysiology of the disease.
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Specific Aims
Specific Aim 1: To measure the baseline skeletal muscle oxidative capacity in people
with and without HF.
Specific Aim 2: To compare the magnitude of adaptation of skeletal muscle oxidative
capacity in people with and without HF in response to 4 weeks of endurance
training.
Specific Aim 3: To explore the relationship between oxidative capacity and physical
activity level in people with and without HF.

Hypotheses
I. Oxidative capacity will be reduced in participants with HF compared to participants
without HF.
II. The magnitude (% improvement) of training adaptation will be lower in individuals
with HF than those without HF.
III. Reduced oxidative capacity will not be associated with reduced physical activity.

Significance of the Study
HF is a widespread condition, frequently associated with impaired skeletal muscle
function in addition to impaired cardiac dysfunction. Understanding the relationship
between skeletal muscle mitochondria and HF is important in designing specific
therapeutic approaches to increase the quality of life of those living with HF. NIRS is a
new noninvasive approach that offers a unique view of the mitochondrial quality of
skeletal muscle. This study will be the first to make direct comparisons regarding
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mitochondria capacity between people with and without HF using NIRS.

The

information obtained from this study will potentially lead to better clinical treatments and
improvements in the quality of life of people who have HF.
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CHAPTER 2
REVIEW OF THE RELATED LITERATURE
Prevalence and Epidemiology of Heart Failure
Heart failure is a complex clinical syndrome comprised of signs and symptoms
related to inadequate oxygenated blood delivery to the organs of the body (74, 81). The
most common form of HF is known as diastolic HF or preserved left ventricular ejection
fraction. In this form of HF, left ventricular function is maintained, while diastolic filling
is limited resulting in reduced cardiac output. Left ventricular systolic dysfunction or
reduced left ventricular ejection fraction is a less common form of HF, where functional
and structural alterations in the myocardium result in diminished left ventricular function.
Coronary artery disease (CAD) is presumed to be responsible for approximately twothirds of all HF cases, but hypertension, diabetes and possibly other structural or
rhythmic abnormalities in the heart could contribute as well (74).
This condition is a growing concern world-wide, as approximately 1-2% of the
adult population in the western world have been diagnosed with HF (81). Affecting over
6 million individuals in the US alone, with 825,000 new diagnoses occurring every year,
this condition has generated a massive economic burden amassing over $30.7 billion in
HF-related expenses in 2012 (35). Moreover, prevalence of HF rapidly escalades with
age, increasing from 0.7% at 45 years of age to 8.4% in individuals over the age of 75
(95). Recent reports indicate that HF is also the leading cause of hospital discharge in
persons over the age of 65 (37).
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A critical yet challenging aspect of HF is diagnosis.

Signs and symptoms

associated with HF are often used to diagnose patients with HF. Some signs of HF
include edema, tachycardia, heart murmurs, displaced apex beat, and cachexia. Common
symptoms, on the other hand, may include orthopnea, nocturnal cough, dyspnea, reduced
exercise tolerance, and fatigue. In conjunction with a patient’s signs and symptoms, each
patients can be assigned a HF class reflective of their disease severity. The New York
Heart Association (NYHA) defined a functional classification system formulated from
severity of HF symptoms and physical activity (74). The NYHA classes of HF are
outlined below:
•

Class I – No limitation of physical activity. Ordinary physical activity does
not cause undue breathlessness, fatigue, or palpitations.

•

Class II – Slight limitation of physical activity. Comfortable at rest, but
ordinary physical activity results in undue breathlessness, fatigue, or
palpitations.

•

Class III – Marked limitation of physical activity. Comfortable at rest, but
less than ordinary physical activity results in undue breathlessness, fatigue, or
palpitations

•

Class IV – Unable to carry on any physical activity without discomfort.
Symptoms at rest can be present. If any physical activity is undertaken,
discomfort is increased.

Overall, it is clear that HF is a complex clinical condition affecting many people
worldwide. Furthermore, HF has many detrimental effects on an individual’s health, and
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as discussed in the following sections, the effects of this condition extend far beyond the
functional impairments in the heart.

Quality of Life of People with Heart Failure
It has been consistently demonstrated that people with HF have reduced quality of
life (QOL) (25). Both Hoekstra et al. (48) and Dracup et al. (20) reported reduced QOL
in people with HF. Juenger et al. used the SF-36 survey to compare the QOL of healthy
individuals to those living with HF (58). The authors found that individuals living with
HF were significantly lower than controls in all aspects of QOL. Not surprisingly, the
reductions in QOL were greater with worsening disease symptoms (i.e. higher NYHA HF
classes). Furthermore, the authors found two important factors that may interact with or
contribute to lower QOL in HF: reduced functional capacity and reduced exertional
capacity.
Many previous studies have reported diminished functional capacity in HF.
Sparrow et al. performed a study in which patients with HF performed a 9-minute
walking test followed by a VO2 max test (110). The authors reported that the walking
distance in HF, for all disease severity levels, were lower than healthy controls, clearly
illustrating a deficit in functional capacity. These findings are consistent with previous
studies that have linked HF with reduced functional capacity (10, 20, 48, 56).
Concurrent with decreased functional capacity, people with HF also have reduced
exertional or exercise capacity. Lower peak VO2 values, decreased walking distance, and
early onset of fatigue during exercise have been consistently reported throughout the
literature (15, 45, 119, 120). In a study performed by Weber et al., VO2, stroke volume,
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and cardiac output were assessed in HF patients (119). The authors found that increasing
severity of HF corresponded with greater exercise intolerance, which was indicated by
reduced exercise time, peak VO2, cardiac output, and stroke volume. Clark et al. reported
that fatigue and dyspnea during exercise are primary symptoms of and contributors to
exercise intolerance in people with HF (15). Using a standard Bruce protocol to assess
peak VO2, Harrington et al. found significant reductions in peak VO2 in patients with HF
(45). Additionally, they also found greater muscle fatigue and weakness in HF compared
to healthy controls.

Exercise Intolerance Unrelated to Cardiac Function in Heart Failure
Interestingly, there is a discrepancy between the severity of exertional intolerance
and the extent of cardiovascular impairments in people with HF.

Conventional

hypotheses proposed that exercise intolerance in HF was purely the result of
underperfusion in the skeletal muscle due to decreased cardiac output.

A study

performed by Wilson et al., measured leg blood flow and oxygen extraction in patients
with HF while performing exercising on a cycle ergometer (122). The authors concluded
that impaired blood flow to the working muscle was the primary contributor to exercise
intolerance in HF.
However, further research has demonstrated that reduced cardiac output and
impaired hemodynamics during exercise do not entirely account for the exertional
intolerances found in HF. Francosa et al. found that exercise intolerance in people with
HF did not correlate with functional cardiac outcome measures (31). Using 31P magnetic
resonance spectroscopy to evaluate muscle metabolism during aerobic and ischemic
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exercise, Massie et al. found that muscle metabolism was impaired (72). The authors
concluded that the irregular skeletal muscle metabolism could not be explained by
diminished blood flow alone.

Similarly, Wilson et al. performed a study and reported

that 26% of the HF patients had significant reductions in exercise capacity despite normal
blood flow (121). The authors of this study concluded that exercise intolerance in these
patients could not be completely explained by underperfusion of the working muscle.
Instead, the authors proposed that impaired skeletal muscle is an important contributor to
exercise intolerance in HF.
Altogether, HF-induced reductions in exercise capacity seem to be linked with
extreme deconditioning of the skeletal muscle rather than cardiovascular dysfunction. A
review published by Coats et al. proposed that the functional and exertional intolerances
seen in HF originate in the skeletal muscle (18). Additionally, Drexler and colleagues
several years later published an extensive review, which attributed skeletal muscle
dysfunction to be the primary cause of exercise intolerance in people with HF (22). The
authors discussed vascular and metabolic impairments in skeletal muscle, while
disparaging the conventional cause of fatigue in HF, namely cardiac and hemodynamic
dysfunction. In a more recent review, Nilsson et al. proposed the term “hemodynamic
paradox” to explain how alterations in skeletal muscle rather than compromised
myocardium or hemodynamics contribute to function-limiting symptoms (83). Similarly,
Maurer et al. published a review in 2012, aiming to bring the focus of research to from
the heart to the skeletal muscle (73).
Reduced exercise capacity presents a conundrum for people with HF, as exercise
is very strenuous for patients with HF, but it is essential to reverse the detrimental effects
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of physical inactivity and HF on the skeletal muscle. Thus, research has focused on
investigating the mechanism driving the impairments found in HF. Originally, exertional
intolerances were hypothesized to be the result of cardiac dysfunction, reducing blood
flow to the working muscle. However, further research has shifted the focus from the
heart to alterations in skeletal muscle as the primary contributors to exercise intolerance
in HF.

Skeletal Muscle Abnormalities in Heart Failure
There is a considerable volume of research that has investigated the role of
skeletal muscle in functional and exercise intolerance in people with HF. Collectively,
this research has discovered a number of alterations that occur in the skeletal muscle of
people with HF, including skeletal muscle atrophy, change in fiber type, reduced blood
flow, reduced capillary density, and reduced muscle metabolism. Each alteration is
briefly discussed in the following sections.
One possible symptom HF is muscle wasting, which has been termed cardiac
cachexia (4, 5, 33, 69). In an early study, using magnetic resonance imaging, Mancini et
al. found ~68% of the participants with HF had reduced skeletal muscle mass compared
to normal individuals (69). Furthermore, Anker et al. established that cardiac cachexia in
HF is a strong independent risk factor of mortality in HF (4). More recently, in a study of
200 participants with HF, Fulster et al. found that ~20% met the criteria for muscle
wasting (33). These patients were found to have lower body weight, BMI, handgrip
strength, and quadriceps strength compared to patients not in a cachectic state.
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In addition to muscle atrophy, skeletal muscle in people with HF has been shown
undergo a shift in fiber type from type I to type IIb. Mancini found evidence of increased
percentage of type IIb and atrophy of type IIa fibers in the calf muscle (68). Similarly,
Drexler et al. obtained biopsies of the vastus lateralis and found that the fiber type ratio in
normal participants was ~55% Type I to 45% Type II, whereas in HF, the distribution
was ~40% Type I to 60% Type II (23). These findings are consistent with other similar
studies (26, 104, 112).
Research has also found that peripheral skeletal muscle blood flow is reduced in
people with HF. Zelis et al. found a ~43% reduction in resting blood flow in the
forearms of people with HF (126). Sullivan et al. reported similar results in the legs of
people with HF (113). In addition to group differences in blood flow at rest, both studies
(113, 126) found that during exercise differences between groups were heightened as
exercise intensity progressed.

Several similar studies have reported diminished

peripheral blood flow during exercise as well (62, 64). It should be noted that some
studies did not find any differences in blood flow at rest (62, 116) or during exercise (71).
This is not surprising, however, as blood flow can be influenced by many factors such as
skin and room temperature, breathing rate, peripheral resistance, etc.…
Skeletal muscle capillary beds are critical junctures in the delivery of oxygen to
the working muscle.

A reduction in microvasculature density could limit oxygen

delivery to the muscle during exercise. Duscha et al. showed ~21% reduction in the
number of endothelial cells per muscle fiber in skeletal muscle of people with HF (26).
Similar results have been found in animal models of HF (85). Interestingly, a link may
exist between the level of severity of HF and the amount of microvascular rarefaction in
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the muscle (52). Houben et al. (52) discovered that severe HF (i.e. NYHA III-IV) had
significantly greater microvascular rarefaction of the eye and skin nailfold than mild HF.
This alteration could be a key factor involved with exercise intolerance in people with
HF.
A critical alteration found in the skeletal muscle of HF is reduced muscle
metabolism. Research has consistently found evidence pointing to a reduction in the
muscle’s capacity for oxidative energy production. Several in vivo studies of people with
HF have found greater phosphocreatine depletion and early acidification during all levels
of exercise when compared to healthy controls (70, 71). Using magnetic resonance
spectroscopy, Massie et al. found an imbalance between energy usage and energy
production within the skeletal muscle, as evidenced by higher Pi/PCr levels during
exercise (70). Recovery of phosphocreatine (PCr) after exercise is directly proportional
to oxidative capacity of the muscle, and Mancini et al. reported that PCr recovery kinetics
in HF was ~68% slower than healthy controls, indicating impaired skeletal muscle
oxidative capacity (69).
In vitro studies have also found evidence of reduced oxidative capacity in the
skeletal muscle of people with HF. Research has shown that activity of oxidative enzyme
was diminished in HF (23, 76, 104, 112). Drexler et al. clearly showed that volume
density of mitochondria in the skeletal muscle of HF was abated compared to sedentary
controls (23). Furthermore, these authors also found that the mitochondrial density was
positively correlated with peak VO2 in HF. Taken together, this research points to
impairment in mitochondrial function in skeletal muscle of HF.
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All the factors mentioned in this section are important contributors to skeletal
muscle complications in HF. Not surprisingly, each alteration has been correlated with
diminished exercise capacity in HF. Therefore, it is likely that the combination of these
factors creates the skeletal muscle myopathy associated with HF, thereby reducing
exercise capacity in HF.

Controversial Role of Muscle Oxidative Capacity in Heart Failure
It is clear from previous literature that skeletal muscle metabolism is reduced in
HF and most likely contributes to exercise intolerance in HF. A plausible mechanism for
this reduction is diminished oxidative capacity in the skeletal muscle. Both Drexler et al.
and Mettauer et al. demonstrated that muscle oxidative capacity was correlated with peak
VO2. Furthermore, as previously discussed, several studies have shown reductions in
skeletal muscle oxidative metabolism. However, despite these findings, there is not
universal agreement in the literature concerning the extent to which muscle oxidative
systems may actually contribute to reduced exercise tolerance in HF. Mettauer et al.
discovered that while peak VO2 and skeletal muscle mitochondrial enzymes were
reduced in HF, the intrinsic function of the mitochondria was no different than sedentary
controls (76).

Toth et al. reported similar results (115).

When HF patients were

compared to physical activity matched controls, no differences between HF and controls
in expression of mitochondrial transcription regulators, cytochrome oxidase subunits, or
activity of mitochondrial and cystolic enzymes were found. Results by Chati et al.
further support this hypothesis (14). The authors found PCr depletion was not different
between sedentary controls and HF implying that physical deconditioning could a
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primary contributor to decreased oxidative capacity in HF. Collectively, these results
suggest that mitochondrial disruption in the skeletal muscle of HF does not directly cause
exercise intolerance in HF, but rather is a byproduct of muscular inactivity and
deconditioning. Nevertheless, further research is needed in this area to better understand
the relationship between muscle oxidative capacity and exercise intolerance in HF.

Exercise Training in Heart Failure
Until the late 1980’s, exercise training in HF was not universally considered to be
a safe or beneficial treatment for people with HF. However, in recent decades, exercise
training in HF has been shown to be an effective and feasible approach to aid in treating
HF patients (8, 16, 17, 59, 90). Studies have found that exercise training in HF is
beneficial for the myocardium and left ventricular function (24, 34, 42), capable of
reversing metabolic and vascular abnormalities in skeletal muscle (2, 40, 50, 79), and can
potentially improve QOL and reduce mortality in HF (8, 86).
A meta-analysis of exercise training in HF (ExTraMATCH) found that exercise
training was safe and effective means of reducing mortality in HF (90). Similarly, in a
more recent controlled trial (HF-ACTION), the effects of exercise training were
evaluated in 2331 medically stable HF patients (86).

This study found that an

intervention of 36 supervised training sessions followed by ~30 months additional homebased training resulted in a modest reduction in all-cause mortality in people with HF.
QOL and functional capacity can also be significantly improved through exercise
training, as demonstrated by Belardinellie et al., through a 14-month training program in
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99 HF patients (8). Overall, contrary to historic recommendations, exercise training is
safe and can reduce the risk of adverse clinical events.
While exercise training in HF may only lead to modest reductions in mortality,
research has shown it to be beneficial in reversing many cardiovascular and skeletal
muscle abnormalities. Improvements in peak VO2 after exercise training have been
consistently observed (59). A meta-analysis published by Rees et al. showed an overall
improvement in peak VO2 of 2.16 ml/kg/min after exercise training in HF, with more
intense exercise bouts leading to greater improvements in peak VO2 (96). These results
are consistent with a meta-analysis published by Hwang and Marwick who found an
increase of 2.86 ml/kg/min in peak VO2 (54).
Significant ultrastructural and histological changes accompanied with muscle
wasting are common in HF, reducing the strength and functionality of the skeletal
muscle. However, exercise training has been shown to be effective in reversing HF
induced skeletal muscle functional and morphometric alterations.

In a study by

Magnusson et al., two groups of HF patients were randomized into either a unilateral
endurance or a unilateral strength-training program (65). The strength-trained group was
found to have increased cross-sectional area, and higher maximal dynamic and isometric
strength, whereas the endurance trained group was found to have increased oxidative
enzyme activity and increased capillary density per muscle fiber.

Interestingly, no

changes were detected in peak VO2 after training in either group, demonstrating
improvements in exercise capacity independent of central adaptations. Gordon et al.
performed a similar study, and found that overall endurance as well as oxidative enzyme

17	
  

activity increased independent of peak VO2 after 8 weeks of strength training (36). The
more recent work of Pu et al. has confirmed these results (91).
Furthermore, in conjunction with functional and central adaptations, exercise
training has also been responsible for correcting many metabolic and hemodynamic
alterations within the skeletal muscle. Hornig et al. has shown that 4 weeks of handgrip
training can restore endothelial function, as evidenced by a dramatic improvement in
endothelial-mediated, flow-dependent dilation (50).

Hambrecht et al. found similar

results in the thigh after a six-month home-based training program (40). After training,
endothelium-dependent vasodilation of femoral artery blood flow was significantly
improved from baseline, confirming a restorative effect of exercise training on skeletal
muscle endothelial function in HF.
Metabolic dysfunction in the skeletal muscle of HF is a paramount characteristic
of HF and perhaps a key to improvements in exercise capacity following exercise
training. Adaptations to exercise training in muscle metabolic capacity have been well
documented from both in vivo and in vitro methodologies.

Using magnetic resonance

spectroscopy, Adamopoulos et al. found that 8 weeks of cycling training can improve
skeletal muscle metabolism in HF (2).

After training, the authors found less PCr

depletion, less ADP accumulation, and smaller changes in pH during exercise compared
to untrained controls, indicating clear metabolic adaptations.

In another study, HF

patients underwent four weeks of forearm exercise, which resulted in significant
improvements in muscle metabolism as indicated by reduced PCr depletion during
exercise (79). Several in vitro studies have shown comparable improvements in response
to endurance training in people with HF. Hambreich et al. published multiple studies
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demonstrating the positive effects of exercise training on skeletal muscle mitochondria
(41, 43). The first study (43) found a 19% increase in the total volume density of
mitochondria and a 41% increase in cytochrome c oxidase after six months of cycling
training. The second study (41) yielded a 41% increase in cytochrome c oxidase, 43%
increase in surface density of mitochondrial cristae, and a 92% increase in mitochondrial
inner border membrane. Similarly, Belardinelli et al. found a 22% increase in in the
volume density of mitochondria after two months of low intensity cycling training (8).
Taken collectively, these findings indicate that skeletal muscle metabolism is capable of
adapting to local or whole body exercise training.

Pharmacotherapies and Muscle Oxidative Capacity
People with heart failure are often prescribed a vast array of medications to help
treat their various conditions (61). Interestingly, some of these medications, including
statins and metformin, have been associated with oxidative disruption in skeletal muscle.
Statins in particular have been linked with multiple muscle abnormalities, including
impaired muscular oxidative capacity (88, 89, 106).

Less has been reported about

metformin, but some evidence has suggested that it may also alter muscle metabolism.
Beta-adrenergic receptor antagonists (β-Blockers) are a class of drugs commonly
prescribed for treatment of cardiovascular conditions. These drugs serve as antagonists
to circulating catecholemines by blocking β-adrenergic receptor stimulation in the heart,
blood vessels, and lungs (32). β-Blockers have been one of the recommended primary
prevention drugs to control and treat hypertension (67). In addition, β-Blockers have
been shown to be beneficial for individuals with HF, by providing secondary prevention
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of additional myocardial infarctions and reducing mortality (47, 105). Although βBlockers have been widely recommended for both primary and secondary prevention of
cardiovascular events, recent evidence has questioned their effectiveness regarding
prevention and mortality (6, 128). In addition, some research has suggested that betablockers could be toxic to skeletal muscle and may be associated with myopathies,
including impaired skeletal muscle oxidative capacity and mitochondrial biogenesis.
Wolfel et al. investigated the effects of β-Blockers on six weeks of aerobic training and
found that VO2 peak and oxidative enzyme activity was significantly attenuated in
individuals on β-Blocker therapy compared to controls (125). Interestingly, Miura et al.
found that when β-Blockers were administered to mice prior to exercise, proliferatoractivated receptor-γ coactivatior-1α (PGC-1α) expression was diminished following
exercise (80). This data suggested that PGC-1a expression was adversely affected by βBlocker treatment.

Taken together, this evidence has suggested that mitochondrial

biogenesis could be detrimentally affected by administration of β-Blockers.
HMG-CoA reductase inhibitors or statins are a class of drugs used to treat high
cholesterol, which has been associated with increased risk of cardiovascular disease.
Statins target and inhibit the enzyme 3-hydroxy-3methyl-glutaryl-coenzyme A reductase,
which a key enzyme in the cholesterol production pathway in the liver (55, 111). Statins
have been shown to be beneficial in people with HF, as statin use was associated with a
reduction in mortality (49, 51, 82, 94), as well as other important outcomes (107, 108,
116, 127). Statin use in the United States has been surging over the past several decades,
increasing from 2.4% of the population in the years 1988-1994 to 25% in the years 20052008 (1). Therefore, not surprisingly, prevalence of statin therapy in HF has also been
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increasing (93). While statins have multiple beneficial effects and are generally well
tolerated, evidence has shown that they were associated with adverse effects on muscle
health in some users. Several studies reported reduced muscle strength and altered
muscle oxidative capacity in statin users (88, 89, 106). Paiva et al. (88) found that eight
weeks of high dose statin treatment reduced activity of respiratory complexes II-IV as
well as citrate synthase activity in skeletal muscle. The authors note that no difference
from baseline was found if complex activity was normalized to citrate synthase activity.
The authors concluded that mitochondrial function was unaltered, and instead proposed
that statins reduced muscle mitochondrial number or volume. In a detailed review,
Robinson et al. (97) discussed how statin therapy was linked to mitochondrial-induced
cellular apoptosis (9), reductions in mitochondrial content (88), and muscle fiber atrophy
(44). Furthermore, in a recent investigation, Mikus et al. showed that statin use impaired
adaptations to exercise in overweight and sedentary subjects (78). After 12-weeks of
treadmill walking/jogging, individuals on statins exhibited impaired adaptations in both
peak VO2 and citrate synthase activity.

The authors concluded that statins were

responsible for attenuating muscle oxidative capacity and cardiorespiratory fitness.
Overall, statins therapy could be cause detrimental to the muscle, resulting in muscle
weakness, atrophy, and oxidative disruption through diminished mitochondrial number or
volume.
Other medications such as non-steroidal anti-inflammatory drugs (NSAIDs) and
metformin have the potential to interfere with skeletal muscle oxidative capacity as well.
NSAIDs are a class of drugs commonly used to reduce pain and inflammation. The
efficacy of these drugs in people with cardiovascular disease has been challenged, as
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some data has suggested the NSAIDs can actually augment an individual’s risk for
myocardial infarction or stroke (114). Furthermore, these drugs have been linked with
muscle myopathies, including increased mitochondrial-induced apoptosis, uncoupled
oxidative

phosphorylation,

and

reduced

post-exercise

protein

synthesis

(97).

Investigations that have, and adverse effects may only be associated with unnaturally
high doses of NSAIDs. Further investigations are needed to confirm the role of NSAIDs
in human myopathies, as the majority of studies focusing on the effects of NSAIDS are
limited to animal models.
Metformin is a medication commonly prescribed in order to help treat Type II
diabetes, through increased insulin sensitization and blood-glucose control (60).
Metformin use in HF has been controversial in the past, as the medication was
contraindicated for individuals with HF. However, more recent evidence has reversed
this determination and found positive outcomes individuals who concurrently have
diabetes and HF (3, 29). Little research has focused on adverse musculoskeletal effects
from metformin, but evidence has suggested that it could impair muscle oxidative
capacity.

For example, metformin therapy was shown to inhibit complex I of the

oxidative respiratory chain (87), as well as potentially impair oxidative capacity in
response to exercise (63). Further research is needed to better understand how metformin
may interfere with muscle oxidative function.

Measuring Skeletal Muscle Oxidative Capacity with Near Infrared Spectroscopy
Near infrared spectroscopy (NIRS) is an evolving technology that has been used
to measure oxygen levels in both the brain and muscle (39, 124). Near infrared light can
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be sent into the tissue at wavelengths specific to the absorption properties of two
chromophores: hemoglobin and myoglobin. Once inside the tissue, the light is scattered
and absorbed. Light not absorbed by the hemogloblin and myoglobin is reflected out of
the tissue and detected by the NIRS device. Changes in this signal represent relative
changes in oxygen content within the tissue. NIRS has been used to measure many
physiological aspects of skeletal muscle including, skeletal muscle blood flow (19, 84,
109), skeletal muscle oxygen consumption (19, 38, 66, 103, 117), oxidative capacity (13,
39, 99), and flow kinetics of reactive hyperemia (7, 30, 92).
More recently, NIRS has been used to investigate the oxidative capacity of
skeletal muscle (99). Using repeated arterial occlusions after a brief bout of exercise,
NIRS is able to measure the exponential recovery of mitochondrial oxygen consumption.
The recovery data can be fit to a monoexponential curve to produce a rate constant,
which is directly proportional to the oxidative capacity of the muscle.
This novel method of investigating oxidative capacity in skeletal muscle has
demonstrated excellent reproducibility (99, 109) and has been validated against the ‘gold
standard’, magnetic resonance spectroscopy PCr recovery (102). In a recent study, Ryan
et al. demonstrated that the NIRS method was sensitive to change, as adaptations in
oxidative capacity were successfully tracked over the course of a four-week endurance
training program (100). The method has been shown to effectively measure oxidative
capacity in several muscle groups, including the gastrocnemius, vastus lateralis, and
forearm (12, 27, 100, 102, 109). The noninvasive nature of this approach provides an
excellent advantage to research studies, affording an easy and painless way to measure
oxdidative capacity. Moreover, this method provides a unique comprehensive in vivo
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view of muscle metabolism that is not possible with in vitro methods, and is far less
expensive than other in vivo techniques.
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CHAPTER 3
REDUCED SKELETAL MUSCLE OXIDATIVE CAPACITY AND IMPAIRED
TRAINING ADAPTATIONS IN PEOPLE WITH HEART FAILURE1

1

Southern, W.M., Ryan, T.E., Nilsson, K.R., Murrow, J.R., and McCully, K.K. To be
submitted to American Journal of Physiology – Heart and Circulatory Physiology
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Abstract
Heart failure (HF) has been associated with exercise intolerance attributed in part
to skeletal muscle dysfunction that is not fully accounted for by reduced cardiac output.
The purpose of this study was to compare skeletal muscle oxidative capacity and
mitochondrial training adaptations in people with and without HF using near-infrared
spectroscopy (NIRS). Participants (aged 45-70 years old) with HF and implanted
cardioverter-defibrillators (ICDs) (n = 16) were compared with age-match controls
without HF (n = 20). A subset of participants (HF: n = 7, controls: n = 5) performed 4
weeks of wrist-flexor exercise training. Oxidative capacity was measured by performing
repeated arterial occlusions to measure recovery kinetics of mVO2 following a brief bout
of wrist-flexor exercise using NIRS. Oxidative capacity was significantly lower in the
HF group in both dominant (1.31 ± 0.30 min-1 vs. 1.61 ± 0.24 min-1, p = 0.002) and
nondominant arms (1.29 ± 0.24 min-1 vs. 1.47 ± 0.25 min-1, p = 0.039). After four
weeks of endurance training, controls showed a 51% improvement in oxidative capacity
with training. Patients with HF did not show improvements in oxidative capacity with
endurance exercise training, suggesting impairments in mitochondrial biogenesis. Further
studies should investigate whether the blunted exercise adaptations are associated
primarily with heart failure, or a complication of statin use.
KEYWORDS: oxidative capacity, endurance training, near infrared spectroscopy
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Introduction
Heart failure (HF) is a complex clinical condition characterized by functional or
structural alterations within the heart that lead to an inadequate supply of blood to the
body’s organs. This condition is widespread in the United States, affecting over six
million individuals (38), and is also the leading hospital discharge diagnosis for
individuals over the age of 65 (16). A well-known characteristic of HF is exercise
intolerance, which interestingly does not correlate with cardiac function (12). Alterations
in the skeletal muscle are frequently seen in HF (9, 40) suggesting that peripheral
abnormalities in addition to central hemodynamic parameters contribute to reduced
exercise capacity in HF. Examples of muscle alterations seen in people with HF include,
muscle fiber atrophy (19, 30), shift in fiber type from type I to type IIb (29, 51, 53),
reduced muscle metabolism (31-34), and reduced oxidative capacity (9, 30). Originally,
muscle oxidative capacity was considered to be a primary contributor to reduced exercise
capacity in HF. However, more recent research has challenged the role of mitochondria
in exercise intolerance in people with HF (9, 39). Further investigations are needed to
confirm the role of skeletal muscle mitochondria in exercise intolerance in HF, as this
link could have important implications regarding recommendations of exercise
rehabilitation in HF.
In addition to determining how mitochondria are involved in exercise intolerance
in HF, it is important to also understand how mitochondria in HF might respond to
exercise training. Mitochondrial biogenesis is a complex process that can be activated
through multiple intracellular pathways. Repeated bouts of exercise induce cellular stress
and ultimately result in up-regulation of mitochondrial transcription factors that promote
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mitochondrial protein synthesis as well as increased activity and concentrations of
mitochondrial enzymes (21, 59). While exercise has been shown to yield muscular
oxidative improvements (1, 42), the capacity of improvement in people with HF has not
been assessed. In fact, to our knowledge, no study has directly compared the magnitude
of mitochondrial adaptations to endurance exercise training between people with and
without HF. Exercise training has been recommended in people with HF as a safe and
beneficial means of improving clinical, functional, and physiological outcomes (46).
Therefore, it is important to understand how muscle mitochondria in people with HF may
respond to exercise training, as deficits in the exercise response could reshape guidelines
for exercise rehabilitation in people with HF.
Recently, near infrared spectroscopy (NIRS) has been used to measure skeletal
muscle oxidative capacity (48, 50).

NIRS has the ability to detect differences in

oxidative capacity between groups (4, 49), and could be a useful tool to provide new and
unique insight concerning mitochondrial dysfunction in people with HF. The primary
aim of this study was to measure and compare baseline skeletal muscle oxidative capacity
of people with and without HF. The second aim of this study was to measure the
differences in the magnitude of oxidative adaptations to endurance exercise in people
with and without HF. If reductions in oxidative capacity are linked to functional and
exertional impairments in people with HF, mitochondria could be an important target for
exercise and pharmaceutical therapies.
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Methods
Participants
Sixteen patients with HF (13 male, 3 female), aged 45-70 years were recruited
from a local cardiology clinic. Twenty healthy controls (3 male, 17 female), aged 52-67
years were recruited from the surrounding community.

A subset of participants

volunteered to participate in an eight-week long training program. One HF participant
only completed the first five weeks of the program. Six controls completed the entire
eight weeks of the training program, and one completed seven of the eight weeks of the
program.
Individuals with HF were excluded from participation in the study if they had stable HF
for less than three months, their initial ejection fraction was above 35%, and if they were
considered New York Heart Association Functional Class I or IV. General excluding
criteria for both groups included uncontrolled Type I or Type II diabetes, individuals who
currently smoke, and those currently engaging in wrist-flexor training. Table 1 contains
the participant characteristics for both the cross-sectional and training cohorts. This
study was conducted with the approval of the Institutional Review Board at the
University of Georgia (Athens, GA). All participants gave written, informed consent
before being enrolled in the study.
Experimental Design
This study included both a cross-sectional and an intervention component. A subset of
cross-sectional participants volunteered to participate in an eight-week exercise training
study. NIRS measurements were performed on the wrist-flexor muscles of both the
dominant (DOM) and non-dominant (nDOM) arms of all individuals (one HF participant
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was under a time constraint and only one arm was measured). The wrist-flexor muscles
were selected because they are not involved in locomotion, and, in contrast to other
musculature of the body such as the calf or thigh, should be untrained and independent of
physical activity levels. Participants enrolled in the cross-sectional study were required
to only come in for one testing session. Participants enrolled in the longitudinal training
study performed four weeks of wrist-flexor endurance training, followed by four weeks
of detraining. The training was performed on the nDOM arm, which was considered to be
the least active of the two arms, while the dominant (DOM) arm served as the control.
NIRS measurements were performed every 7-8 days on both the nDOM and the
dominant DOM wrist-flexors of all participants.

Participants performed maximal

voluntary isometric contractions (MVIC) every week to track changes in strength. Each
individual was prescribed a training weight of ~15% of their MVIC.
Experimental Procedures
Participants were asked to lie supine on a padded table, with the arm to be tested
extended 90 degrees from their body. The wrist-flexors (i.e. palmaris longus, flexor carpi
ulnaris, and flexor carpi radialis) were located by palpation approximately 5-7 cm from
the medial epicondyle of the humerus, and the NIRS device was placed directly over the
musculature.

For individuals in the training study, measurements from the medial

epicondyle were made every testing session to aid in accurate device positioning from
week to week. A blood pressure cuff (Hokanson SC5, Bellevue, WA) was placed on the
upper arm, proximal to the elbow joint. The blood pressure cuff was attached to a rapid
cuff inflating system (Hokanson E20 cuff inflator, Bellevue, WA) powered by a 30-
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gallon commercial air compressor (Husky VT6315, Kenosha, WI). The NIRS testing
sessions lasted for 20-25 minutes for each arm.

Exercise Training
The wrist-flexor training consisted of 16 total training sessions (four days/week
for four weeks) on the nDOM arm only.

Participants performed 30 minutes of

continuous wrist-flexor exercise. During the first training session, a tolerable training
frequency was determined for each individual.

Every week, the training frequency

increased as was tolerated by each individual. One supervised training session was
performed each week following the NIRS testing session. During this session the new
training frequency was determined. Each individual was then equipped with a fixed
metronome and hand-weight in order to perform the remaining three training sessions at
their home. After completing each home-based training session, each individual was
required to call or email a report of the training to the study supervisor. After the 16
training sessions were completed, the participants were not allowed to engage in any
wrist-flexor training for the remainder of the study.
NIRS Measurements
NIRS signals were obtained using a continuous wave NIRS device (Oxymon MK
III, Artinis Medical Systems, The Netherlands).

The device provides signals

corresponding to the absorption wavelengths of oxyhemoglobin (O2Hb) and
deoxyhemoglobin (HHb).
Resting blood flow measurements were made as previously described (57). Three
venous occlusions (~65-70 mmHg) were performed for 10 seconds. Each occlusion was
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separated by 10 seconds. Simple linear regression was used to calculate the slope of tHB
during 7 seconds of venous occlusion (70 data points). The slope was used in the
following equation to calculate absolute blood flow according the NIRS manufacturer
recommendations:
𝐵𝐹 = (((Δ𝑡𝐻𝑏  ×  60)/(([𝐻𝑏]×1000)/4))×1000)/10

(Equation 1)

In this equation, [Hb] was assumed for both males and females to be 15 g/100 ml, which
was based on average hemoglobin concentrations of healthy individuals reported
previously (2, 58). For the final analysis, the values from the three occlusions were
averaged. Resting muscle oxygen consumption (resting mVO2) was measured as the rate
of decrease in Hbdifference during an arterial occlusion (~250-275 mmHg) as previously
described (48). Two 30-second occlusions with a 30-second rest between each were
performed. Simple linear regression was used to calculate the slope using the first 20-25
seconds (200-250 data points). For the final analysis, the values from the two occlusions
were averaged.
To normalize the NIRS signals, an ischemic/hyperemia calibration was performed
as previously described (37, 52). The calibration included a brief bout of exercise (~3-5
seconds), followed by a ~3-5 minute arterial occlusion.

Once the NIRS signals

plateaued, the cuff was released and a ~1-3 minute period of hyperemia occurred. A
‘physiological’ range was calculated as the difference between the minimum (0% tissue
oxygenation) and maximum (100% tissue oxygenation) NIRS values during the
ischemia/hyperemia calibration. All NIRS signals were expressed as a percentage of this
calibration range.
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A measure of maximal oxygen reperfusion capacity was calculated from the
hyperemia following the ischemic calibration occlusion. The elapsed time was calculated
from when the occlusion was released to when the percent of O2 saturation reached half
of the peak hyperemic response. The time to half recovery was inversely related to the
muscle’s maximal reperfusion capacity. This measurement has been shown to correlate
with other measures of reperfusion capacity as well as used as an index of vascular health
in patients with peripheral vascular disease (6, 25).
To measure the oxidative capacity, a short duration exercise was used increase
skeletal muscle oxygen consumption followed by repeated arterial occlusions to measure
the rate of recovery of mVO2, as previously described (5, 17, 44, 48). The series of
arterial occlusions were performed in the following manner: occlusions 1-5 (3-5 seconds
on/3-5 seconds off), occlusions 5-10 (7 seconds on/7 seconds off), occlusions 10-15 (10
seconds on/10 seconds off), and occlusions 15- (10 seconds on/20 seconds off). The
occlusion protocol was designed to maximize our ability to characterize the kinetic
changes in mVO2, while minimizing any discomfort to the participants.
The post-exercise mVO2 measurements, calculated as the slope of change in the
HbDifference signal during the post-exercise arterial occlusions, were fit to a monoexponential curve according to the formula below:
𝑦 = 𝐸𝑛𝑑 − 𝐷𝑒𝑙𝑡𝑎  ×  𝑒 !!∙!

(Equation 2)

In this equation, the y represents relative mVO2 during the occlusion, End is the mVO2
immediately after the cessation of exercise, Delta is the change in mVO2 from rest to end
exercise, t is time, and k is the fitting rate constant. The rate constant (k) for the recovery
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of mVO2 is directly related to the muscle’s maximal oxidative capacity, while the time
constant (Tc = 1/k) is inversely related to the muscle’s maximal oxidative capacity (50).
Strength Testing
To determine each participant’s wrist flexor training weight and to track any
changes in wrist-flexor strength during the training protocol, MVICs were performed
each week. Participants were seated upright, arms at 90 degrees and resting on the arms
of the chair. Participants were given a calibrated hand dynamometer and instructed to
perform three consecutive MVICs. Participants were allowed to rest for 20 seconds
between each contraction.
Measurement of Physical Activity
Physical activity was assessed in each group using the International Physical
Activity Questionnaire (IPAQ) long form. The total amount of activity per week was
calculated and used for analysis.

This questionnaire has been validated in similar

populations (7, 55).
Statistical Analysis
Data are presented as means ± SD. Statistical analyses were performed using
SPSS 19.0 (IBM®, Armonk, NY). T-tests were used to compare between groups for
resting O2 consumption, O2 reperfusion, and baseline oxidative capacity. The analysis of
the training data consisted of a two-way (time*group) mixed model repeated measures
ANOVA with a within subjects factor of time and a between subject factors of group.
Oxidative capacity was different between HF and control groups at baseline (1.27 ± 0.25
min-1 vs. 1.32 ± 0.15 min-1, p = 0.69), and between DOM and nDOM arms in both HF
and control groups.

Therefore, percent change from baseline was used to quantify
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relative changes in oxidative capacity in each group. The ANOVA model was applied to
the percent change data, where the time factor was baseline through week four of wristflexor training and the group factor was HF and control. Between arm analyses within
each group were performed on the percent change data with the same statistical model,
where the time factor was baseline through week four of wrist-flexor training and the
group factor was the DOM and nDOM arms. The ANOVA model was also applied to
the exercise training progression and strength measurements data.

If a significant

interaction was found, post hoc analysis with a Bonferroni correction was performed on
the main effect. Significance was accepted at p < 0.05.
Results
All participants with the exception of one were able to complete the study with no
adverse events. One participant in the HF cohort could not complete the 4 weeks of
training due to inflammation and arthritis in the hand. Table 3.1 displays the participant
characteristics for both the cross-sectional and training studies.
Exercise Training
Adherence to the home-based training was very high in both groups. In both
groups, all participants reported training for the entire 30 minutes for all 16 sessions, with
the exception of two participants in the control group who reported completing only 20 of
the 30 minutes for one training session each. All participants increased the training
contraction frequency each week. The weekly average number of contractions performed
during each training session was calculated for each participant in both HF and control
groups. The ANOVA revealed the factor of time was significant (p < 0.001) indicating
an effect of training progression in both groups. The group*time interaction was not
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significant indicating no difference in the training progression between HF and controls
(p = 0.125). Both HF and control groups significantly increased, from week 1, the
number of contractions performed every week (p < 0.001) (Figure 3.1).
Resting Measurements
No difference in resting mVO2 was found between HF and controls (0.31 ± 0.09
vs. 0.34 ± 0.11 %/sec, for HF and control respectively, p = 0.23) (Figure 3.2A). Resting
blood flow was not different between HF (5.1 ± 2.9 ml/min/100 ml) and controls (4.8 ±
3.3 ml/min/100 ml, p = 0.63) (Figure 3.2B). The time course of maximal oxygen
reperfusion capacity was significantly slower in people with HF (22.5 ± 4.8 seconds)
compared with controls (18.0 ± 7.2 seconds), p < 0.01 (Figure 3.2C).
NIRS Measurements of Oxidative Capacity
Oxidative capacity in the DOM arm was significantly reduced in HF compared to
controls (1.31 ± 0.30 min-1 vs. 1.61 ± 0.24 min-1, p = 0.002). Oxidative capacity was also
significantly reduced in the nDOM arm in HF compared to controls (1.29 ± 0.24 min-1 vs.
1.47 ± 0.25 min-1, p = 0.039). There was no difference between the DOM and nDOM in
the HF group (1.33 ± 0.30 min-1 vs. 1.29 ± 0.24 min-1, p = 0.40). However, in the control
group, the DOM arm had higher oxidative capacity than the nDOM arm (1.61 ± 0.24 min1

vs. 1.47 ± 0.25 min-1, p = 0.03). The oxidative capacity data for each arm and each

group are displayed in Figures 3.3.
Among the training cohorts, analysis revealed a significant interaction of
time*group F(4,36) = 6.15, p < 0.01, indicating a difference in the training magnitude
between HF and control.

Post hoc comparisons revealed a 53.27% increase from

baseline in the control group compared to the -1.20% decrease in the HF group after 4
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weeks for training (p < 0.005). Tests three, four, and five of the control group were
significantly different from the HF group (p < 0.05). Further comparisons showed that
tests two through five in HF group did not change from baseline (p > 0.05). However, in
the control group, tests three through five were significantly different from the baseline (p
< 0.05). During detraining, the oxidative capacity decreased and was not different from
baseline at the last test point. Figure 3.4 displays the actual change in oxidative capacity
(expressed as rate constants) throughout the training and detraining portions of the study.
Between arm analysis in the control group revealed a significant interaction of
time*group, indicating a significant difference between arms over time [F(4,32) = 4.47, p
< 0.01]. Further comparisons revealed that oxidative capacity of the training arm was
significantly higher than the control arm at tests two, four, and five (p < 0.05), confirming
a training effect in the nDOM arm of the control group.

The same analysis was

performed in the HF group, but the time*group interaction was not significant [F(4,48) =
0.76, p = 0.56], confirming that no training effect was found in the nDOM arm of the HF
group.
Strength Measurements
The statistical analysis of the strength measurements revealed that the interaction
(group*time) was not significant in either the DOM [F(4,36) = 0.20, p = 0.94] or the
nDOM [F(4,36) = 0.99, p = 0.43] arms. This indicated that strength was not different
between HF and controls, and did not change during the course of the training
intervention.
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Physical Activity
Physical activity was collected on 14 of the 15 HF participants and 24 of the 26
controls. Physical activity was higher in the control group than HF (3360 ± 3034 metminutes/week vs. 1804 ± 1944 met-minutes/week, p = 0.07). No correlation was found
between self-reported physical activity and oxidative capacity in either HF or control
groups (HF: r = 0.17 p = 0.55; Control: r = 0.025, p = 0.91). No difference was found
between control and HF among the participants enrolled in the training study (1896 ±
2155 met-minutes/week vs. 1490 ± 2363 met-minutes/week, p = 0.76).
Discussion
One of the primary findings of this study was that skeletal muscle oxidative
capacity was reduced in both the DOM and nDOM arms of people with HF. In addition,
this study found that oxidative capacity in the wrist-flexors of people with HF did not
respond to four weeks of exercise training. In contrast, the control group demonstrated a
linear increase in oxidative capacity, resulting in a ~53% improvement in oxidative
capacity by the end of training. The improvements elicited in the control group have
been supported by numerous in vivo and in vitro studies that have documented similar
training adaptations in oxidative capacity using in vivo and in vitro methodologies (11,
15, 20, 36, 37). Furthermore, a NIRS study using a similar design, Ryan et al. reported a
~64% linear oxidative adaptation to endurance exercise in a young healthy population
(49).
Unlike the control group, and contrary to previous research (1, 42), this study
found a lack of adaptation to endurance training in oxidative capacity in people with HF.
No significant fluctuations from baseline were observed at any point during the training,
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with the end-training result being a -1% change from baseline. These results do not agree
with previous findings. Comparable to the current study, Minotti et al. investigated the
influence of a 28-day wrist-flexor training program on the oxidative capacity of skeletal
muscle in people with HF (42). Following the training, the authors found a reduction in
the rate of PCr depletion during exercise, reflecting an improvement (~40% and ~56% in
the dominant and nondominant arms respectively) in the oxidative capacity of the
muscle. Adamopoulos et al. also found that eight weeks of exercise training reversed
impairments (~45% improvement) in oxidative capacity in the skeletal muscle in people
with HF (1). In vitro studies have also shown improvements in response to endurance
training in people with HF. Hambreich et al. (18) found a 19% increase in the total
volume density of mitochondria after six months of cycling training.

Similarly,

Belardinelli et al. found a 22% increase in in the volume density of mitochondria after
two months of low intensity cycling training (3).

Therefore, our results clearly

demonstrate a difference in magnitude of oxidative training response in people with HF
compared to controls.
The lack of mitochondrial plasticity seen in the HF group was unexpected, but
several potential explanations could be offered as to the reason of this response.
Previously, it has been purported that HF could have detrimental effects on mitochondrial
biogenesis in people with HF, and thus could impair oxidative adaptations to exercise
training (47). Animal models of HF have supported this idea, as an several studies
showed HF was associated with downregulation of all main mitochondrial transcription
factors in both cardiac and skeletal muscle tissue (13). However, these results have not
been found in human muscle, as Garnier et al. found that mitochondrial transcription
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factors were not reduced in humans (14). Additionally, the lack of training response
could be due to factors outside of HF, such as pharmacological therapies. In this study,
the control group were not taking medications known to interfere with mitochondrial
biogenesis, but in the HF group, all participants were on a combination of statin, βblockers, or metformin therapies.

Recently, statins, a class of drugs used to lower

cholesterol, were shown to attenuate oxidative adaptations in overweight and sedentary
subjects on statin therapy following 12-weeks of treadmill walking/jogging (41). In
animal models, β-blockers have been shown to interfere with a key mitochondrial
transcription factor, PGC-1α, suggesting that β-blockers could also impede oxidative
adaptations to exercise (43). Furthermore, metformin has been prescribed to help insulin
resistance in diabetes. Little focus has been put on the interaction between metformin
and mitochondria, but a recent study found that metformin impairs oxidative adaptations
to exercise in rats (28). Overall, we were not able to distinguish between and the
influence of HF from the possible influence of pharmacotherapy on the blocked oxidative
adaptations. Unfortunately, this might be a difficult task for future studies, as many
people with HF have addition conditions, such as hypercholesterolemia, hypertension,
and diabetes, which are commonly treated with pharmacotherapy.
This study found that oxidative capacity was reduced (~21% and ~13% in DOM
and nDOM arms respectively) in the skeletal muscle of people with HF compared to
controls. Interestingly, there has not been universal consensus in the literature regarding
the contribution of skeletal muscle oxidative capacity to exercise intolerance in HF.
Several studies have reported diminished markers of oxidative capacity in HF and
concluded that it was a primary contributor to exercise intolerance. Sullivan et al. (53)
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and Schaufelberger et al. (51) reported reductions in oxidative enzyme activity, and
Drexler et al. (9) reported reductions in volume density of mitochondria and surface
density of cristae. However, more recent research has shown that oxidative capacity in
HF was not reduced if muscle physical activity was experimentally controlled. Mettauer
et al. recruited controls that were unfit and physically inactive (peak VO2 ~30
ml/kg/min). In this study, the authors found mitochondrial function, as assessed by in
situ measurements of maximal ADP-stimulated respiration rates, was not different
between HF and controls. More recently, Toth et al. matched and monitored physical
activity between HF and controls using accelerometry.

The authors reported no

difference in oxidative enzymes between the groups, but did find a trend toward fewer
mitochondria per muscle fiber.

This new evidence has brought into question the

conventional understanding of the link between oxidative capacity and exercise
intolerance in HF. These new findings have suggested that previous results of reduced
oxidative capacity may have been due to deconditioning rather than HF. For example,
Sullivan et al. (53) reported that over half of the control group was active and engaging in
regular exercise, and Schaufelberger et al. (51) did not report physical activity or fitness
level of controls. In this study, the physical activity of the controls was not matched to
the HF group, these results were from the wrist flexor muscles, which are not involved in
locomotor activity and thus should represent a relatively untrained state in both groups,
independent of habitual physical activity levels. This assumption has been made in
previous studies (45, 49). Overall, the results of our in vivo assessment showed a
reduction in oxidative capacity independent of physical activity, suggesting the presence
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of a small but significant HF myopathy on skeletal muscle oxidative capacity. (13, 14, 24,
28, 43, 46, 47)
No difference in the resting blood flow was found between HF and control in this
study. This is in agreement with previous research (27, 56). Using plethysmography to
measure forearm blood flow, Tousoulis et al. (56) found similar values and no difference
in the blood flow at rest between HF and control. Massie et al. found no difference in
resting flow or flow during exercise (32). In contrast, Zelis et al. found forearm blood
flow at rest was reduced by ~43% in people with HF (60). Similarly, Sullivan et al.
reported a small reduction in single leg blood flow in people with HF at rest (54). It is
possible that high variability in the blood flow measurements in this study hindered our
ability to detect a difference between groups.
While no difference was found between HF and controls in resting blood flow, we
found a difference between groups in the maximal reperfusion capacity. A ~21% slower
time to half recovery after ischemia was detected in the HF group, which indicated
possible vascular dysfunction. Previous studies have used plethysmography to measure
blood flow after ischemia and characterize reactive hyperemia in people with HF (22). In
agreement with our results, Hornig et al. (22) found a ~23% reduction in the magnitude
of hyperemic response in forearms of people with HF. Similarly, Zelis et al. found a
~78% difference between HF and controls in peak hyperemic blood flow response
following five minutes of ischemia (61). Previous studies have suggested endothelial
dysfunction as a possible explanation for the slower reactive hyperemic kinetics in HF (8,
10, 26). Our results were consistent with previous research, which demonstrated a

42	
  

possible impairment in endothelial function, and thus supported the need for further
research to be conducted in this area.
Limitations
Reductions in skeletal muscle oxidative capacity could be attributed to two
primary alterations, 1) reduction in mitochondrial number and 2) reduction in intrinsic
mitochondrial function. The strength of the NIRS method was that it measured in vivo
oxidative capacity of the muscle, but this might be considered a limitation, as it could not
distinguish between mitochondrial number and function. Therefore, while we could
detect a reduction in oxidative capacity, we could not attribute the reduction to
diminished intramuscular mitochondrial density or function.
Unfortunately, due to limited funding and resources, this study was not able to
recruit a control group to match the sex of the HF group, as the HF group had 80% males
and the control group had just 15% males.

While this could have introduced a

confounding variable into the study design, it should not have influenced the
interpretation of our main outcomes. All the females enrolled in this study were postmenopausal, which eliminated potential estrogen mediated differences between groups in
oxidative capacity.

Furthermore, previous research has suggested there are no

differences in oxidative capacity between males and females (23, 34, 54).
Further limitations might include the small sample size in the training study.
Despite the clear difference between the two groups in the training response, further
research should be performed to replicate this data. Also, the training program was
home-based, which, due to the unsupervised sessions, could lead to inconsistencies in the
training stimulus, potentially having an effect on the training response in the HF group.
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This is unlikely, however, as both groups were unsupervised and given the same training
instructions. Furthermore, each group was able to successfully increase the contraction
frequency each week, a task that would be difficult without previous training.
Conclusions
This study found reduced skeletal muscle oxidative capacity in a deconditioned
muscle in people with HF. This finding indicates that deconditioning may not be entirely
responsible for reductions in oxidative muscle metabolism in HF. This study also found
evidence suggesting that HF may interfere with skeletal muscle oxidative adaptations to
endurance exercise training.

These results could be significant regarding exercise

training guidelines and therefore, future studies should be performed to understand the
mechanism behind the impaired training response. Together, these results support many
previous studies that have outlined the extensive alterations in the skeletal muscle of
people with HF. NIRS can be an effective tool in evaluating several aspects of skeletal
muscle health in HF, and should be used in future studies to further investigate the
complexities of HF and skeletal muscle.
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Figure Legends
Figure	
  3.1: Progression	
  of	
  wrist-‐flexor	
  contractions	
  performed	
  during	
  each	
  training	
  
session	
   for	
   both	
   heart	
   failure	
   (open	
   circles)	
   and	
   control	
   groups	
   (solid	
  
squares).	
   *	
   p	
   <	
   0.001	
   for	
   weekly	
   average	
   of	
   each	
   group	
   different	
   from	
  
baseline.	
   	
   No	
   differences	
   were	
   found	
   between	
   groups	
   at	
   any	
   training	
  
level	
  (p	
  =	
  0.13).	
  	
  Data	
  are	
  presented	
  as	
  mean	
  ±	
  SD.	
  
Figure	
  3.2: (A)	
  Resting	
  muscle	
  oxygen	
  consumption	
  (mVO2)	
  in	
  wrist-‐flexors	
  of	
  HF	
  
and	
   control	
   groups.	
   (B)	
   Resting	
   blood	
   flow	
   in	
   wrist-‐flexors	
   of	
   HF	
   and	
  
control	
   groups.	
   	
   (C)	
   Maximal	
   reperfusion	
   capacity	
   following	
   ischemic	
  
occlusion	
   in	
   wrist-‐flexors	
   of	
   HF	
   and	
   control	
   groups.	
   Each	
   dataset	
  
represents	
   the	
   combined	
   mean	
   from	
   both	
   arms.	
   *	
   p	
   <	
   0.005	
   for	
  
difference	
  between	
  HF	
  and	
  control.	
  
Figure	
  3.3: Oxidative	
   capacity	
   of	
   both	
   heart	
   failure	
   and	
   control	
   groups	
   for	
   non-‐
dominant	
   arm	
   (nDOM)	
   at	
   baseline,	
   dominant	
   (DOM)	
   arm	
   at	
   baseline,	
  
and	
  non-‐dominant	
  arm	
  after	
  4	
  weeks	
  of	
  wrist-‐flexor	
  training.	
  	
  Data	
  are	
  
expressed	
   as	
   rate	
   constants	
   of	
   mVO2	
   recovery	
   and	
   presented	
   as	
   mean	
   ±	
  
SD.	
  
Figure	
  3.4: Change	
   in	
   oxidative	
   capacity	
   expressed	
   as	
   rate	
   constants	
   of	
   mVO2	
  
recovery	
   for	
   heart	
   failure	
   (circles)	
   and	
   controls	
   (squares)	
   during	
   four	
  
weeks	
   of	
   wrist-‐flexor	
   exercise	
   training	
   (solid	
   markers)	
   and	
   detraining	
  
(open	
  markers).	
  	
  Data	
  presented	
  as	
  mean	
  ±	
  SD.	
  	
  **	
  p	
  <	
  0.002,	
  *	
  p	
  <	
  0.05	
  
for	
   difference	
   from	
   baseline.	
   	
   ##	
   p	
   <	
   0.005,	
   #	
   p	
   <	
   0.05	
   for	
   difference	
  
between	
  HF	
  and	
  control.	
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Table 3.1 - Participant Characteristics
All Participants
Age (years)
Sex (male/female)
Height (cm)
Weight (kg)
DOM ATT (cm)
nDOM ATT (cm)
Length of HF (years)
Ejection fraction (%)
Beta-blockers
ACE inhibitors
Digoxin
Statins
Metformin
Training Participants

HF (n = 16)

Control (n = 20)

64.5 ± 6.6
13/3
180.7 ± 8.5
98.0 ± 13.1
0.67 ± 0.3
0.68 ± 0.2
10.6 ± 10.6
28.5 ± 11.5
13
10
5
14
5

60.8 ± 5.0
3/17
167.8 ± 8.3*
76.6 ± 20.8*
0.81 ± 0.4
0.84 ± 0.4
-

(n = 7)

(n = 5)

65.7 ± 4.1
60.8 ± 5.5
6/1
2/3
184.0 ± 3.6
172.2 ± 12.2
101.8 ± 10.6
76.7 ± 20.9
0.60 ± 0.3
0.66 ± 0.3
0.71 ± 0.3
0.61 ± 0.2
5
5
2
Note: Data are presented at mean ± SD; DOM = dominant arm;
nDOM = non-dominant arm; ATT = adipose tissue thickness;
ACE = angiotensin converting enzyme; * indicates significance at
p < 0.05.
Age (years)
Sex (male/female)
Height (cm)
Weight (kg)
DOM ATT (cm)
nDOM ATT (cm)
Beta-blockers
Statins
Metformin

57	
  

Figure 3.1

58	
  

Figure 3.2
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CHAPTER 4
SUMMARY AND CONCLUSION
Major Findings
The primary finding of this study was that skeletal muscle oxidative capacity was
reduced at baseline and did not improve with four weeks of exercise training in people
with HF. Importantly, these results were found independent of physical activity, as the
measurements were performed in deconditioned muscles not involved with locomotion.
The clear lack of training response in HF was an unexpected but intriguing result. This
finding did not agree with previous exercise training research in HF, suggesting an
alternate mechanism outside of the pathology of HF could be responsible for this unique
response.

Further studies should be performed to examine the interaction of HF,

pharmacological therapies, and exercise training.

Reduced Oxidative Capacity in Heart Failure
In this study, individuals with HF had a ~21% reduction in oxidative capacity in
the DOM arm as well as a ~13% reduction in the nDOM arm. These findings agreed with
previous research that showed oxidative capacity in skeletal muscle of HF was impaired
(23, 112). Interestingly, several recent studies (76, 115) have disparaged prior findings,
claiming that muscle oxidative capacity in HF was normal as long as physical activity
was experimentally controlled. These studies concluded that previous findings were the
result of differences in physical activity, and therefore, reflective of muscle
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deconditioning rather than a myopathy of HF. In this study, however, oxidative capacity
was measured in the wrist flexor muscles, which are relatively inactive and
deconditioned. Importantly, our results revealed that oxidative capacity was lower in
both the DOM and nDOM arms of HF compared to controls.
Interestingly, no difference was found between the DOM and nDOM arms in HF,
while a small but significant 9% difference was found between arms in the control group.
The slightly higher oxidative capacity in the DOM arm of the control group was expected
given that the DOM arm is generally recruited for more tasks and could be considered a
slightly more active muscle. Therefore, the nDOM arm was the more inactive of the two
muscles and perhaps was the most suitable muscle for an activity-independent
comparison of oxidative capacity between HF and controls.

As stated earlier, a

significant difference was still found in this group, which suggested that oxidative
capacity might actually be reduced in HF irrespective of physical activity levels.
The lack of difference between arms in the HF group is also a significant finding.
It appeared from the results of this study, that muscle physical activity levels mediated
the difference in oxidative capacity between HF and controls. The difference between
HF and controls was minimal unless the muscle was more active, in which case the
difference was amplified. These results demonstrate a lack of oxidative plasticity in
response to a physical activity stimulus.
In this study, we could only speculate as to the mechanism that could have caused
reduced oxidative capacity in HF, as this topic is not well understood in humans. Animal
research has demonstrated that cardiac and skeletal muscle oxidative capacity was
compromised in models of HF (98). However, these results have not been duplicated in
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human studies, warranting the need for more research in this area. Moreover, some
research suggests that the intrinsic function of the mitochondria in people with HF was
completely normal when compared to sedentary individuals (76, 115). These findings
have suggested that deconditioning rather than the failing heart was responsible for
oxidative impairments in HF. In addition, the NIRS technology allows the user to
measure the entire oxidative capacity of the muscle of interest. However, the downside
of this measurement is that it cannot separately evaluate the health and function of the
components that constitute the oxidative system.

Therefore, while we detected a

reduction in oxidative capacity, we cannot attribute the reduction to mitochondrial
dysfunction, diminished mitochondrial density, or any other link in the oxidative chain.
In the end, our study confirmed a difference in oxidative capacity between HF and
control, but was not able to identify the cause. Future studies should be conducted to
elucidate the mechanism resulting in oxidative complications in HF.

Blocked Training Adaptations in Heart Failure
In this study, wrist-flexor oxidative capacity was tracked over the course of an
exercise training program, in people with and without HF. Unexpectedly, individuals
with HF showed no improvement in oxidative capacity from the exercise training, while
the participants without HF increased ~53% from baseline. Following the four weeks of
exercise training, oxidative capacity in the control group returned to baseline levels,
confirming the oxidative adaptations to exercise. Interestingly, the lack of oxidative
plasticity in the HF group was not consistent with previous research, as several studies
have documented substantial adaptations in oxidative capacity in people with HF (2, 40,
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41, 79). Thus, the results of this study have raised an important question regarding what
mechanism, if not of HF, could have been responsible for attenuating the oxidative
adaptations.
Further analysis of the participants who performed the training study revealed
another noteworthy difference between the HF and control groups. Unfortunately, all of
the participants in the HF group were taking medications known to interfere with
adaptations to endurance exercise, while none of the individuals in the control group were
on said medications. Six of the seven HF participants in the training cohort were taking
statins. Previously, statins been shown to cause adverse effects on the skeletal muscle,
including blunted oxidative adaptations to endurance exercise (78). In addition to statin
therapy, five of the seven HF participants were known to have been taking β-Blockers.
β-Blockers have been associated with attenuations in peak VO2 adaptations (125) as well
as down-regulation of the mitochondrial transcription factor PGC-1 following endurance
exercise (80). Furthermore, two out of the seven HF participants were taking metformin,
a drug commonly used to control blood sugar levels in Type II diabetics. Less is known
about metformin and how it may interact with skeletal muscle mitochondria. However,
some evidence has shown that metformin directly inhibits the oxidative respiratory chain
complex I (87), and possibly interferes with oxidative adaptations to exercise training
(63).
While this was a significant oversight in the experimental design of this study,
several important conclusions can still be extracted from the data. First, our results
demonstrated that the combined effect of HF, exercise, and statins and/or metformin
impaired oxidative adaptations to exercise training.
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Unfortunately, we could not

determine whether the impairment was the result of the medications or a systemic effect
of HF. Regardless, this finding was still of value considering that the combination of HF
and these particular drugs is not uncommon. As HF and pharmacological therapies
gradually grow more inseparable, research involving individuals who have HF and take
these drugs will become more valuable. Overall, this evidence suggested that patient’s
pharmacological regimens should be taken into consideration before recommending
exercise training as a rehabilitative therapy for people with HF.

Oxidative Capacity and Physical Activity
We found no relationship between the oxidative capacity and the self-reported
physical activity, which confirmed our assumption that the oxidative capacity of wristflexor muscles was independent of physical activity levels. Although the HF participants
had lower self-reported activity values than the controls, the values varied considerably
within each group, which made detecting relationships or differences between groups
difficult. Future studies should consider employing accelerometers to more accurately
measure the physical activity levels.

Evaluation of Individuals on Statin Therapy
In this study, we did not anticipate the complication of myotoxic pharmacological
therapies. In the end, seven participants including two from the training study were
excluded from the final analysis due to statin and/or metformin use. An a priori power
analysis estimated adequate power to detect a 20% difference between the controls taking
myotoxic mediations (med) (n = 7) and controls not taking myotoxic medications
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(nonmed) (n = 20). Importantly, there was no difference between groups in either the
DOM or nDOM arms (p = 0.43 vs. p = 0.21). Also, the participants in the med group had
a ~13% higher oxidative capacity in the DOM arm compared to the nDOM arm.
Although underpowered to detect a statistical significance (p = 0.11), this finding
demonstrates a similar effect of muscle activity in the DOM arm in the med group as was
found in the nonmed group. This result indicated that statin and/or pharmacotherapy was
not the cause of the tantamount oxidative capacity between the DOM and nDOM arms in
the HF group. Interestingly, it would appear that an alternative mechanism, possibly
linked with the pathology of HF, was the source of the effect.
Two participants from the training study were also excluded from the data
analysis. One participant was on statin therapy and the other was on metformin therapy.
Interestingly, neither participant showed an increase in oxidative capacity over the course
of the wrist-flexor training program. While it was statistically impractical to form any
solid conclusions, this evidence does lend credibility to the hypothesis that statins or
metformin, rather than HF, were the cause of the impaired training response in the HF
group. A figure comparing the training response in the nonmed group to each excluded
participant is included in Appendix A.

NIRS Testing in Heart Failure
The NIRS methodology proved to be a simple and yet effective way to obtain a
measurement of oxidative capacity in individuals with HF. Successful results from the
NIRS method are often dependent on subcutaneous adipose tissue thickness (ATT).
However, despite higher adiposity in other regions of the body, the forearm generally had
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lower ATT values, which made it an ideal testing site. Overall, the NIRS testing success
rate in both HF and controls was high. In addition, both HF and controls responded well
to the testing, with no adverse events occurring during the testing sessions. A majority of
participants were even able to fall asleep during the test. Therefore, NIRS is an ideal
methodology to measure in oxidative capacity in both HF and healthy individuals, as it
provides an inexpensive and noninvasive alternative to other assessments of oxidative
capacity.

Wrist-Flexor Exercise Training Program
The wrist-flexor exercise training program employed in this study was adapted
from Ryan et al. (100). Unique to this study, however, the majority of training sessions
were performed at home, with only one supervised session per week. Immediately
following each home-based training session, the participants were required to contact and
report the details of the training session to the study coordinator. Initial concerns with
using the home-based exercise training model were alleviated as the adherence to the
training protocol was very successful, and the control group successfully demonstrated a
training response. Therefore, the home-based model of wrist-flexor exercise training
proved to be an effective means to increase oxidative capacity in the wrist-flexor
muscles.

Future Directions
This study demonstrated that muscle oxidative capacity in HF, as assessed by
NIRS, was reduced in the wrist-flexor muscles.
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NIRS cannot assess individual

components of oxidative capacity such as mitochondrial function and number, or
oxidative enzyme activity and concentration. Therefore, future investigations should
combine NIRS with in vitro methodologies to elucidate the mechanism causing reduced
oxidative capacity in HF. Furthermore, future NIRS investigations could measure other
muscles in people with HF such as the gastrocnemius and quadriceps.

These

measurements could provide additional insight into the role of skeletal muscle oxidative
capacity in exercise intolerance in people with HF.
The results of the training portion of this study have raised many critical questions
regarding oxidative adaptations to exercise training in people with HF. In the current
study, we did not anticipate an impaired training response, therefore the control group
was inadequate to evaluate whether HF or medications were responsible for the lack of
training.

Furthermore, two participants that were excluded from the final analysis

provided evidence that statins and metformin could cause the impaired adaptations.
Therefore, future investigations could improve upon this study by incorporating the
appropriate control group, designed to isolate the mechanism causing the impaired
training response. These investigations could use an experimental design similar to this
study to evaluate the effects of statin or metformin therapy on local muscle oxidative
capacity in either healthy or HF. In addition, future research could investigate the effects
of myotoxic drugs on whole-body exercise, both resistance and endurance, in people with
HF.
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Overall Conclusion
This study was conducted using a novel methodology to measure oxidative
capacity in people with heart failure. Before the exercise intervention, oxidative capacity
was reduced in both arms of individuals with HF. Moreover, after four weeks of wristflexor exercise training, the oxidative capacity did not improve in individuals with HF.
Overall, oxidative capacity was reduced in the inactive and deconditioned wrist-flexor
muscles of people with HF and therefore was considered independent of whole-body
physical activity. We concluded that an alternate mechanism, possibly linked to the
pathology of HF, was responsible for the reduced oxidative capacity. Furthermore, the
lack of training response exhibited by the HF group could also have been an effect of HF,
but prior research and preliminary evidence from this study suggested that
pharmacological therapies instead might be to blame. In the end, this study was an
important first step toward filling a gap in the literature regarding the relationship
between physical activity, oxidative capacity, and HF. In addition this study has drawn
attention to a potentially critical conflict between pharmacological and exercise therapies
in HF. Currently, however, little research has focused on this topic. On the one hand,
exercise training has been shown to be effective in reversing detrimental effects of HF.
However, if drugs are administered that counterbalance the oxidative effects of the
exercise, then the time and energy of a patient with HF may be better spent elsewhere.
Future studies should build upon the findings of this study and strive to more fully
understand these interactions.
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APPENDIX A
ADDITIONAL FIGURES
This section presents additional figures that were nonessential in the final form of
Chapter 3.

Figure A.1 Baseline oxidative capacity of dominant (squares) and non-dominant (circles)
arms for both heart failure (HF) and control groups. Data are expressed as rate constants
of mVO2 recovery and presented as mean ± SD. ** p = 0.002, * p = 0.04 for difference
between HF and control.
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Figure A.2 Oxidative capacity between the DOM and nDOM arms of control
participants on and not on statin therapy. Participants on statin therapy were excluded
from the final analysis. * p = 0.03 for difference between nonStatin DOM and nonStatin
nDOM arms.
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Figure A.3 Percent change in oxidative capacity for heart failure (circles) and controls
(squares) during four weeks of wrist-flexor exercise training (solid markers) and
detraining (open markers). Data presented as mean ± SD. ** p < 0.002, * p < 0.05 for
difference from baseline. ## p < 0.002, # p < 0.05 for difference between HF and
control.
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Figure A.4 Individual self-reported physical activity for all participants in both heart
failure and control groups. Data expressed as total MET-minutes per week. Data are
presented with mean ± SD.
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Figure A.5 Relationship between self-reported physical activity and oxidative capacity
for heart failure and control groups.
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