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ABSTRACT 

The purpose of this investigation was to examine the potential differences in 

autonomic nervous system adaptations, as assessed by heart rate variability techniques, 

between a group of stabilized CHF patients randomized to either a training group 

(aerobic+resistance) or a control group (usual care). In a single-blind, randomized controlled 

trial of 3-months of supervised exercise training and a further 3-months of home-based 

exercise, 28 stabilized CHF patients (NYHA 1-111) were randomized to either a training 

(AERWT) (n=16;11M,5F; age, 64.9±2.3; LVEF, 29.4±1.7%) or usual care (UC) (n=12; 

10M,2F; age, 58.0±2.8; LVEF, 24.4±2.0%) group. Upon completion ofthe supervised 

•exercise program, the AERWT group increased peak oxygen uptake (V02) (13.2±0.5 to 

15.5±0.84 ml/kglmin, p<0.05), and single-arm curl scores (16.2±2.8 to 19.2±3.3 kg, p<0.05) 

significantly compared to the UC group, without any deleterious effect upon clinical status 

or left-ventricular function (LVEF: 31.3±1.7 to 33.2±1.9%, p=0.99). Physical training 

reduced expired ventilation and carbon dioxide based on successive workloads during 

symptom-limited incremental cycle ergometry in the AERWT group; however, this was found 

to be non-significant, in addition to changes in resting heart rate, anaerobic threshold, 

maximal exercise duration, maximal power output, and double product following training. 

Supine, resting power spectral indices remained unchanged from baseline to 6-months 

in both groups, as did the recovery of power spectral indices during supine rest following a 
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symptom-limited incremental cycle ergometry test. A qualitative comparison of the power 

spectral changes from supine to standing revealed no significant differences between groups 

with respect to improvements in the baroreceptor response to orthostatic stress. Time 

domain parameters, derived from 24-hour ambulatory bolter monitoring, were also obtained 

at baseline, 3-months, and 6-months. The indices believed to be largely representative of 

vagal modulation, SDNN-Index, r-MSSD, and pNN50, tended to increase in the AERWT 

group with increased participation in the training program; however, the results did not obtain 

statistical significance (p=0.07). In addition, there were no significant changes in mean 24­

hour heart rate or NN-interval, SDNN, or SDANN in the AERWT group (p=0.21). 

The present investigation revealed some evidence to suggest that exercise training in 

selected populations of CHF patients results in favourable changes in vagal modulation and 

baroreceptor sensitivity; however, unlike Coats et al. (1992), the present investigation failed 

to note any significant alterations in HRV frequency domain indices as a result of exercise 

•training despite identical improvements in peak V02. The lack of significant findings in both 

the frequency and time domain HRV data could indicate that the autonomic dysfunction is 

so widespread and rampant in CHF that we cannot induce alterations through training as 

would be demonstrated in normal, healthy controls. In effect, these findings reinforce the 

hypothesis that in CHF the heart is the 'slave' of the periphery, and that due to the 

progressive lack of neural control of both the heart and circulation, in addition to an 

impairment in pump function, that the only effective means of improving physiological 

variables is through changes at the peripheral level. 
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1.0 REVIEW OF LITERATURE 

1.1 Introduction 

Congestive heart failure is defined by Braunwald (1992) as a "pathophysiological state 

in which an abnormality ofcardiac function is responsible for the failure of the heart to pump 

blood at a rate commensurate with the requirements of the metabolizing tissues and/or to be 

able to do so only from an elevated filling pressure." Congestive heart failure occurs as a final 

common pathway in a number of cardiac disorders (Deedwania, 1994; Braunwald, 1992), and 

has been described as "the most important public health problem in cardiovascular medicine" 

(Garget al., 1993). From an epidemiologic perspective, congestive heart failure has been 

reported to affect an estimated 250 000 individuals in Canada, and accounts for an estimated 

100 000 hospitalizations each year (Brophy, 1989). The statistics from the United States are 

proportionately similar, with approximately 2.3 million people suffering from CHF, and 

between 400 000 and 500 000 new cases being reported each year (Smith, 1985). The 

prognosis for patients afflicted by CHF has been reported to be between 4 and 5 years 

(Kannel et al., 1988); however, evidence from the Framingham Study demonstrated a 62% 

and 42% mortality rate for males and females respectively within five years following the 

development ofCHF, and a cumulative mortality rate of75% by nine years ofCHF diagnosis 

(McKee et al., 1971). Despite a 3 1% decline in age-adjusted mortality rates from ischemic 

heart disease, the incidence and prevalence ofCHF has been on the rise (Kannel et al., 1991): 

1 
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a decrease in mortality following acute myocardial infarction results in more patients 

developing CHF; improved management ofhypertension postpones, but does not prevent the 

development of CHF; and, the aging of the population inflates the incidence of CHF 

(Deedwania., 1994). The prevalence ofCHF has been found to increase with advancing age; 

and has been reported to be 0.8% and 9.1% for individuals between the ages of 50 and 59 

years, and between 80 and 89 years respectively (Kannel et al., 1991). 

Both systolic and diastolic dysfunction are hallmarks of congestive heart failure, 

although the former is more common; however, in many patients both conditions are found 

to coexist (Braunwald, 1992). Systolic dysfunction is highlighted by the inability of the 

ventricle to expel its contents due to a reduced inotropic state, whereas diastolic dysfunction 

is an impairment in ventricular filling due to an accumulation ofnon-distensible fibrous scar 

tissue. Individuals with congestive heart failure, depending upon severity, demonstrate the 

characteristic symptoms ofmuscle fatigue, systemic edema, dyspnea, and exercise intolerance, 

along with poor subjective reports ofquality-of-life (Hanson, 1994; Braunwald, 1992; Minotti 

et al., 1992; Rossi, 1992; Uren et al., 1992). The etiology ofthe underlying cardiac failure 

can be due to a number of mechanisms: hypertensive, ischemic, viral, or idiopathic 

(Braunwald, 1992). Clinical manifestations of heart failure have been found to vary 

enormously across individuals, and are dependent upon a number of factors including the age 

of the patient, the extent and rate at which cardiac performance becomes impaired, the 

etiology of heart disease, the precipitating cause of failure, and the specific ventricle involved 

in the disease process (Guyton & Hall, 1996; Braunwald, 1992). Thus, this clinical syndrome 
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proceeds on somewhat of a continuum. A number of physiological limitations have been 

identified in congestive heart failure and are classified according to central, peripheral, or 

ventilatory factors (McKelvie et al., 1995; Myers et al., 1991 ); among these include elevated 

catecholamine levels, increased resting heart rate, systemic vasoconstriction, decreased 

parasympathetic modulation of heart rate, selective atrophy of Type I muscle fibers, altered 

skeletal muscle oxidative metabolism, and increased pulmonary capillary wedge pressures. 

It has been observed that congestive heart failure represents a clinical syndrome in 

which there is significant derangement in one or both limbs of the autonomic nervous system 

(Ferguson et al., 1990; Porter et al., 1990; Francis et al., 1985; Levine et al., 1982; Goldstein 

et al., 1975; Eckberg et al., 1971). Examples ofautonomic dysfunction include a deregulation 

ofthe SA node and subsequent loss ofautomaticity, an impairment in baroreceptor sensitivity, 

a reduction in myocardial norepinephrine stores, and marked neurohormonal activation. 

Recently, heart rate variability (HR V) techniques have been developed as a non-invasive 

means by which to assess underlying neurocardiac function through changes in sympathovagal 

balance (Kamath et al., 1993; Saul, 1990; Fallen et al., 1988; Akselrod et al., 1985, 1981 ). 

Both time domain statistics and frequency domain indices are derived from a heart rate 

tachogram which is based upon the differences between successive RR-intervals in the 

electrocardiographic signal (Kamath et al., 1993; Kleiger et al., 1992; Ori et al., 1992). A 

significant reduction in heart rate variability, as is observed following acute myocardial 

infarction, has been associated with an increased risk of sudden cardiac death and increased 

morbidity and mortality (Kleiger et al., 1987). Significant reductions in heart rate variability 
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(Gang et al., 1993; Casolo et al., 1991, 1989) and increased incidence of sudden cardiac death 

(Packer, 1985) have also been reported in patients suffering from CHF; results from the 

Framingham study reported that 25% and 13% of males and females with CHF, respectively, 

died ofsudden cardiac death (Deedwania, 1994). However, Packer (1985) reported that 50% 

of patients with myocardial failure die of lethal arrhythmias. This is largely attributable to 

the reduction in vagal modulation ofheart rate which has been identified in CHF patients and 

in early post-infarction patients, and has been implicated in lowering of the fibrillation 

threshold (Bigger et al., 1988). Clinical investigations of CHF patients have also reported 

reductions in baroreceptor sensitivity (BRS) in response to orthostatic stress (Fallen et al., 

1996; Grassi et al., 1993; Binkley et al., 1991; Goldstein et al., 1975), as well as pronounced 

neurohormonal activation (Packer, 1988; Francis et al., 1984) including the renin-angiotensin­

aldosterone axis. 

The improvements in CHF patient management can largely be attributed to the 

development of effective pharmacological interventions, such as angiotensin converting 

enzyme inhibitors which have been commercially available since 1983 (Deedwania, 1994). 

However, in contrast to normal cardiac patients, congestive heart failure has been described 

as an absolute contraindication to participation in cardiac rehabilitation (American College 

of Sports Medicine, 1993; Braunwald, 1992). Historically, the recommended course of 

treatment for these individuals has been to refrain from physical activity and overexertion for 

fear offurther compromising left ventricular function and increasing symptoms (Arvan, 1988; 

Conn et al., 1982; Klassen et al., 1972; Burch et al., 1966). However, congestive heart 
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failure, with the interpolated effects of physical deconditioning, could precipitate further 

disability and complications in clinical status. Recently, a number of studies in the literature 

have explored the safety, efficacy, and outcome ofexercise training in congestive heart failure 

(Bellardinelli et al., 1995; Hambrecht et al., 1995; McKelvie et al., 1995; Adamopoulos et al., 

1992; Baigrie et al., 1992; Coats et al., 1992, 1990; Jette et al., 1991; Arvan, 1988; Jugdutt 

et al., 1988; Sullivan et al., 1988; Conn et al., 1982; Lee et al., 1979). The consensus from 

these investigations is that patients can achieve significant training effects without any 

deleterious effects upon cardiac function and subjective reports of symptoms. However, 

some findings are subject to speculation due to lack of randomized controlled designs, 

questionable statistical analysis, and heterogeneous follow-up and training periods. 

Nonetheless, the improvements noted in exercise capacity have been hypothesized to be a 

result of changes in the periphery, highlighted by positive alterations in skeletal muscle 

metabolism and blood flow. Improvements in muscle strength have been demonstrated in 

training studies with selected cardiac patients (McCartney et al., 1993, 1991; McKelvie et al., 

1990; Haslam et al., 1988) and the elderly(Benn et al., 1996; McCartney et al., 1995; Brown 

et al., 1990); however, no study of its kind has been reported in congestive heart failure. 

Recently, the safety of resistance training in congestive heart failure patients has been 

documented (McKelvie et al., 1995) and may represent a viable means by which to improve 

the symptoms of skeletal muscle fatigue in these individuals. Improvements in muscular 

strength have the potential to facilitate the performance of activities-of-daily living (ADL) 

which were previously taxing. Exercise training consisting of both aerobic and resistance 
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training, therefore, represents a possible medium by which to improve patient autonomy, 

psychological well-being, and clinical status in patients with CHF. 

Thus, congestive heart failure represents an enormous burden not only upon the 

patient, but also the health care system. If there existed a viable means by which further 

patient encounters could be reduced and improvements in symptoms, quality-of-life, and 

functional capacity could be attained, this would have a marked impact from both a patient 

and health-care economics perspective. Exercise training consisting of both aerobic and 

resistive exercise may represent an approach to help attain the above goals. One such 

investigation in the literature reported an increase in both maximal oxygen uptake and 

anaerobic threshold, an increase in leg arteriovenous oxygen difference, leg blood flow, and 

a reduction in systemic vascular resistance as a result of an 8-week home cycling program; 

this was coupled with a significant reduction in sympathetic overexcitation and a marked 

return ofvagal modulation of heart rate (Coats et al., 1992). A return ofvagal modulation, 

and subsequent increase in heart rate variability, has been reported to be associated with a 

decrease in the risk of sudden cardiac death, via an increase in the fibrillation threshold, and 

a re-organization of sympathovagal balance may induce a cardioprotective effect via a 

decrease in the chronic sympathetic overexcitation which is typical of this disorder. Chronic 

sympathetic stimulation, as a result of compensatory mechanisms, has been attributed to 

deleterious consequences found in end-stage CHF such as reduced baroreceptor sensitivity 

and marked neurohormonal activation (Braunwald, 1992; Packer, 1992). Heart rate 

variability represents one strategy with which the underlying sympathovagal balance of the 
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autonomic nervous system may be observed, as the various HRV indices, in both the time and 

frequency domain, represent sympathetic and vagal activity occurring at physiological levels 

at which they can respond to regulatory mechanisms (Malik et al., 1993 ). These indicators, 

in turn, can be monitored for further follow-up investigations in order to assess the 

progression of the underlying failure, in addition to the effects of a therapeutic intervention 

such as exercise training. 

The following review will discuss the relevant literature concerning the above topics. 

In addition, the review will address some of the inadequacies and methodological errors of 

previous reports in the literature concerned with exercise training of congestive heart failure 

patients, as well as heart rate variability assessment, in an effort to provide a rationale for the 

methodology of the current investigation. 

1.2 EXERCISE TRAINING IN CONGESTIVE HEART FAILURE 

1.2.1 Limitations to Exercise Performance in Congestive Heart Failure 

Congestive heart failure represents a clinical syndrome in which the characteristic 

symptoms ofdyspnea, and both muscle weakness and fatigue limit patient activity (Hanson, 

1994; Braunwald, 1992; Minotti et al., 1992; Rossi, 1992; Uren et al., 1992). While an 

individual may appear to be asymptomatic at rest, upon mild exertion, the previously dormant 

symptoms may become exacerbated (Guyton & Hall, 1996). It has been suggested in the 

literature that the impaired exercise tolerance of CHF patients can be explained in terms of 

central, peripheral, and ventilatory limitations (McKelvie et al., 1995; Myers et al., 1991). 



8 

Both systolic and diastolic dysfunction are hallmarks of congestive heart failure and 

may occur either alone, or in combination; although the former is more common (Braunwald, 

1992). As a result ofCHF due to a large anterior infarction, the left ventricle during systole 

is characterized by systolic stretch which impairs the ability of the ventricle to eject its entire 

contents. In addition, regional hypokinesis of the infarcted area and surroundings limit the 

ability of the ventricular musculature to forcefully eject its contents. The impairment in 

contractility, therefore, is a key determinant of the level of systolic function (Braunwald, 

1992). With diastolic dysfunction there are a number of architectural modifications to the 

venticular wall including: increased ventricular stiffness as a result of an increase in non­

distensible fibrous tissue; impaired relaxation; and, an impaired contribution of the atria to late 

diastolic filling due to a change in the V1 fast atrial isoform to the V3 slow isoform (Bonow 

et al., 1992; Braunwald, 1992). In addition, the increase in intraventricular pressure 

precipitates eccentric hypertrophy and subsequent thinning of the ventricular wall which 

increases myocardial oxygen demand (Braunwald, 1992). The typical reduction in left 

ventricular ejection fraction (L VEF) noted in CHF patients, however, has not been found to 

correlate with exercise tolerance either at rest (Massie et al., 1988; Szlachcic et al., 1985~" 

Higginbotham et al., 1983; Weber et al., 1982; Franciosa et al., 1979) or during maximal 

exercise (Higginbotham et al., 1983; Port et al., 1981). Central abnormalities which are 

noted, in conjunction with a reduction in maximal cardiac output, and hence cardiac reserve 

include: increased sympathetic activity as indicated by increased plasma norepinephrine 

spillover (Ferguson et al., 1990; Packer, 1988; Pierpoint et al., 1987; Cohn et al., 1984; 
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Levine et al., 1982); reduced myocardial norepinephrine uptake (Bohm et al., 1995); organ 

malperfusion (Guyton & Hall, 1996; Braunwald, 1992); decreased venous return as a result 

of an edematous periphery (Guyton & Hall, 1996; Braunwald, 1992); alterations in 

intracardiac calcium homeostasis (Braunwald, 1992); decreased parasympathetic activity 

(Nolan et al., 1992; Porter et al., 1990; Eckberg et al., 1971); an impaired chronotropic 

response to physical activity (Francis et al., 1985); activation of the renal angiotensin 

aldosterone axis (Packer, 1988; Francis et al., 1984); reduced baroreceptor sensitivity (BRS) 

(Fallen et al., 1996; Grassi et al., 1993; Binkley et al., 1991; Goldstein et al., 1975); and 

marked reductions in heart rate variability (Gang et al., 1993; Casola et al., 1991, 1989). 

An enormous amount of work in the literature has focused its attention upon 

abnormalities at the skeletal muscle level in CHF patients. Indeed there are several 

mechanisms by which abnormalities in skeletal muscle morphology and metabolism may in 

fact explain the exercise intolerance experienced by this population. Much of the impaired 

exercise tolerance in congestive heart failure is believed to be due to adverse changes in the 

periphery, and may in fact be due to adaptations as a result of decreased cardiac reserve and 

the impaired delivery of blood to skeletal muscle. For instance, it is noted that in CHF 

patients that there is an impaired vasodilatory capacity in skeletal muscle due to decreases in 

endothelial-derived relaxing factor (EDRF) (Nakamura et al., 1994), as well as increases in 

endothelin levels and sympathetic mediated vasoconstriction (Wei et al., 1994; Katz et al., 

1993). A selective muscle atrophy of Type I slow-oxidative fibers has also been observed 

(Sullivan et al., 1990; Lipkin et al., 1988), although deconditioning due to inactivity has been 
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implicated in causing this abnormality (Minotti et al., 1992). Abnormalities of skeletal muscle 

metabolism include an impaired oxidative metabolism via altered mitochondrial density and 

Vmax (Drexler et al., 1992), and an early depletion of high energy phosphate stores, as 

evidenced by a greater Pi/PCr ratio and lower muscle pH (Sullivan et al., 1991, 1990; Massie 

et al., 1987) and early lactate accumulation (Weber et al., 198 5) at the onset of physical 

activity. In addition, skeletal muscle afferents, via Type III and Type IV fibers, have been 

reported to evoke an exaggerated response in CHF patients (Piepoli et al., 1996). The 

reported overactivation of this ergoreflex has been implicated as the 'missing link' in the 

heightened ventilatory response, diastolic pressure, leg vascular resistance, and sympathetic 

activation observed in this population as a result ofmoderate activity (Piepoli et al., 1996). 

The reported increases in insulin-like growth factors (IGFs) and tumor necrosis factor (TNF) 

in the skeletal muscle of CHF patients has led to speculation whether CHF, coupled with 

inactivity, result in a net catabolic state (Hurst, 1994). 

There is some disagreement in the literature that additional limitations to exercise 

tolerance in CHF may be linked to certain respiratory variables. Increased pulmonary 

capillary wedge pressures (PWP) (Braunwald, 1992; Sullivan et al., 1988), a heightened. 

ventilatory drive (VENCO:J (Buller et al., 1990; Sullivan et al., 1988; Fink et al., 1986), and 

an increase in ventilatory dead space to tidal volume ratio (Vn/VT) (Sullivan et al., 1988; 

Weber et al., 1982) have been observed in CHF; however, it has been found that CHF patients 

are able to maintain normal levels ofarterial oxygen saturation during progressive incremental 

exercise testing despite these noted abnormalities (Franciosa et al., 1988; Sullivan et al., 
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1988). As such, it is argued by investigators in the literature that these ventilatory variables 

do not represent limiting factors ofexercise performance. 

Although a number of potential limiting factors to exercise performance have been 

identified in the literature, researchers have nonetheless explored the safety, efficacy, and 

tolerance of physical activity in CHF populations. These investigations have challenged 

current dogma which do not advocate exercise training in CHF patients due to concerns with 

eliciting a further impairment in ventricular function and increasing symptoms. The results 

of these investigations are summarized in the following section. 

1.2.2 Historical Perspectives 

Historically, exercise training of the congestive heart failure patient has not been 

advocated due to concerns with eliciting a further impairment in left ventricular function and 

clinical status (Arvan, 1988; Conn et al., 1982; Klassen et al., 1972; Burch et al., 1966). 

Major textbooks ofcardiovascular medicine, as well as the ACSM position stand on exercise 

training of the coronary patient, list congestive heart failure as an absolute contraindication 

to participation in exercise training (American College of Sports Medicine, 1993; Braunwald, 

1992). The lives of these individuals can be mildly or severely limited by the symptoms of 

breathlessness and skeletal muscle fatigue. Undoubtedly, if there existed a viable way with 

which to improve their clinical status, this would impact their quality-of-life enormously. 

Until recently, there have only been a small number of studies in the literature which focused 

specifically on exercise training of the congestive heart failure patient and those with severe 

left ventricular dysfunction. Out of the 12 studies in this area, only 5 investigations 
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(Hambrecht et al., 1995; Adamopoulos et al., 1992; Coats et al., 1992, 1990; Jette et al., 

1991) have used randomized controlled designs. Although the remaining 7 studies 

(Belardinelli et al., 1995; Baigrie et al., 1992; Arvan, 1988; Jugdutt et al., 1988; Sullivan et 

al., 1988; Conn et al., 1982; Lee et al., 1979) reported significant gains in functional capacity 

and other physiological measures, the lack of randomization and control groups, insufficient 

stratification ofmedication use, as well as unequal periods of training and follow-up in these 

investigations limit the external validity of their findings. In addition, the majority of the 

studies conducted have used a population in which the congestive heart failure, or left 

ventricular dysfunction was due entirely to an ischemic etiology. This may not reflect the 

typical population ofCHF patients, as it has been demonstrated that this disorder can also be 

due to idiopathic, viral, or hypertensive origins (Braunwald, 1992). Of additional concern in 

these investigations has been the heterogeneity of the intensity, duration, frequency, and type 

of exercise stimuli used during the respective training periods. While some investigations 

have utilized an intensity based upon a percentage of maximal heart rate (MHR.) achieved 

during a baseline exercise test, others have used a percentage of peak oxygen uptake (V02 

peak); in addition, some of the studies in the literature have been supervised training. 

programs, whereas others have been exclusively home-based exercise programs. These 

findings make it difficult to compare and contrast between studies in the literature. 

The intensity of the aerobic training stimulus used in CHF studies in the literature has 

ranged between 40% to 85% peak vo2• and 70% to 80% MHR., and patients have trained for 

between 4- weeks and 42-months. However, regardless of randomization, intensity, or 
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duration of training, the investigations concerning exercise training of the CHF and LV­

•dysfunction patient have reported improvements in peak V02 in the range of9% to 44%. It 

is believed that these improvements in oxygen uptake have been a direct result of adaptations 

taking place in the periphery, as the central hemodynamics, as well as left ventricular function 

and architecture are not altered appreciatively as a result of exercise training in this 

population. Although not every study in the literature has assessed left-ventricular function 

following exercise training, those investigations which have, have reported that these 

improvements in functional capacity have occurred without any adverse changes in L VEF. 

One report in the literature, however, did report that in a group of patients with LV-

dysfunction participating in 12-weeks ofexercise training, when patients were subdivided into 

those with >18% asynergy compared to those with < 18% asynergy of the left ventricle, 

patients with > 18% asynergy experienced a further increase in asynergy from 32.2% to 40%, 

a decline in L VEF from 43% to 30%, and a deterioration in their functional class score 

(Jugdutt et al., 1988). An additional study by Jette et al. ( 1991) also reported that in a group 

ofpatients with L VEF <30%, following 4-weeks ofcycling training at an intensity of 70-80% 

MHR, there were significant increases in exercise capacity compared to controls at the 

expense of elevations in pulmonary wedge pressures. In addition, the L VEF<30% training 

and control groups realized significant increases in L VEF following training; however, this 

was believed to be a result of spontaneous recovery of ventricular function due to the time 

elapsed (10-weeks) since their large anterior myocardial infarction. 

Studies in the literature have also reported significant improvements in exercise 
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duration, maximal workload achieved, ventilatory threshold, oxygen pulse, systemic and 

peripheral arterial-venous oxygen difference, leg blood flow, and volume density of 

mitochondria and cytochrome-c in CHF IL V -dysfunction patients. In addition, the literature 

has also reported reductions in phosphocreatine half-life, ADP-formation during exercise, 

systemic vascular resistance, resting and submaximal heart rates during incremental exercise, 

and ergoreflex overactivation following a regimen of physical activity. Thus, it is clear that 

CHF patients can demonstrate positive adaptations as a result of following a course of 

physical activity. These improvements, which are believed to be largely due to peripheral 

adaptations, would noticeably impact patient autonomy and quality-of-life (QOL) by 

increasing their functional capacity and tolerance for activities-of-daily living (ADL). 

1.2.3 	 Uncontrolled or Non-Randomized Trials ofExercise Training in Congestive Heart 
Failure 

Lee et al. (1979) provided the first study in the literature of the effects of physical 

training in coronary patients with impaired ventricular function. A total of 18 patients with 

LV-dysfunction (LVEF<40%) ofischemic etiology participated in the study. Exercise testing 

and cardiac catheterization were performed at baseline and during a 12-42 month (x=18.5 

months) follow-up period during which patients performed walking, jogging, or stationary 

cycling at an intensity of 70-85% MHR, 2-6 times/week, for 20-45 minutes/session. 

Following the supervised 8-weeks of training, patients were given a home exercise program 

and returned for exercise supervision only once a week. The authors discovered that there 

was no deterioration in ventricular function as a result of the training period, and there were 
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no changes in ejection fraction, stroke index, cardiac index, pulmonary artery pressure, and 

left-ventricular end-diastolic pressure (L VEDP) or volume (L VEDV). There was, however, 

a significant increase in exercise test duration, a decrease from 32.1% to 23.4% in the 

functional aerobic impairment of the CHF patients, in addition to a reduction in resting and 

submaximal heart rates during maximal, symptom-limited exercise testing. This investigation 

can be criticized, however, due to lack of a control group, in addition to lack of a 

standardized period of training and follow-up. 

A study by Conn et al. (1982) investigated the response of 10 patients with severe left 

ventricular dysfunction (L VEF<27%, x=20) of ischemic origin to a 4-37 month (x=12.7 

months) period of physical conditioning. Patients performed stationary cycling ( 5-15min), 

as well as walking and/or jogging (30min) 3-5 days/week at an intensity of 70-80% MHR. 

At the time ofthe follow-up investigation, it was found that patients increased their 0 2 pulse 

by 22.7% (12.8 to 15.7 ml/beat); in addition, patients increased their maximum METS by 

21.4% (7.0 to 8.5 METS). The authors found that there was no correlation between resting 

left ventricular function and exercise capacity in this group of patients. A follow-up 

radionuclide ventriculography test was not perfomed in this investigation and precludes any 

statement on the effects of training on LV -function in this group of patients. There was no 

indication as to the NYHA functional class in this group of patients, although 6 of 10 patients 

reported symptoms ofCHF; the initial average exercise capacity of7 METS seems reasonably 

high, and could represent higher functioning patients. Once again, the absence of a control 

group, and lack of a defined follow-up and training period jeopardizes the external validity 
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of these findings. 

Jugdutt et al. (1988) investigated the effects of 12-weeks of exercise training in a 

group of 37 patients (NYHA I-II) an average of 15-weeks following an anterior Q-wave 

infarction. The 3 7 patients were subdivided into 24 controls, and the 13 training patients 

were further classified into those with <18% (n=7, GP 1), and those with >18% (n=6, GP 2) 

asynergy ofthe left ventricle. The training stimulus included the RCAF 5BXIXBX program, 

consisting of calisthenics and a stationary run for 11-minutes/day. The frequency of each 

exercise was increased accordingly as patients progressed throughout the training period, and 

patient supervision was attenuated following the initial2-weeks of training. Following the 

12-weeks oftraining, GP2 patients experienced a significant further increase in asynergy and 

functional class score, coupled with a decrease in L VEF; this was also accompanied by 

increased stretching and thinning of the infarcted zone. Caution should be exercised in the 

extrapolation of these results to patients with CHF, as the average LVEF for GP1 and GP2 

were 59± 4% and 43 ± 7% respectively, and do not reflect patients with severe limitations 

in left ventricular function. This investigation failed to report any objective measure of 

increased exercise capacity (i.e. peak V02), although both groups improved their total work 

during exercise by 350 W; in addition, there were no observed improvements in any ofthe 

hemodynamic indices. Additional concerns with this investigation include the failure to 

randomize patients to the respective training and control groups, and the use of an exercise 

stimulus without a defined exercise intensity. The hemodynamic and metabolic effects of 4 

to 6-months ofexercise training in a group of 12 CHF patients (NYHA I-III; L VEF x=24 ± 
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10%) ofboth ischemic and idiopathic etiology was investigated by Sullivan et al. (1988). The 

supervised exercise sessions included activities such as cycling, walking, jogging, and stair 

•
climbing at an intensity of75% peak vo2 for one hour, at a frequency of3-5 times/week . 

•This detailed study demonstrated a 23% increase in peak V02, an increase in systemic and leg 

arteriovenous oxygen difference of 1.6 ml/dl, and an improvement in peak exercise leg blood 

flow of 0. 5 Llmin. In addition, patients realized significant reductions in both arterial and 

femoral venous lactate levels during submaximal exertion, along with reductions in resting and 

submaximal heart rates during the exercise test. Once again, these investigators reported no 

alterations in ventricular function as a result of the exercise training: L VEDV, L VESV, right 

atrial pressure (RAP), pulmonary arterial pressure (PAP), pulmonary capillary wedge 

pressures (PCWP), and systemic arterial pressures remained unchanged. Although this 

investigation demonstrated impressive hemodynamic and metabolic adaptations to training 

in CHF patients, it is subject to some methodological criticism. Once again, a control group 

was absent from this investigation, and there was not a defined training or follow-up period. 

Arvan (1988) investigated the effects of 12-weeks of exercise training in patients with 

a history of recent acute myocardial infarction (AMI). A total of65 patients (NYHA I-III) 

within 12-weeks of their AMI were subdivided into two groups: Group 1­

LVEF>40%(x=56%) (n=40); and, Group 2- LVEF<40% (x=28%) (n=25). These groups 

were subdivided further into those with (B) and without (A) exercise test evidence of 

myocardial ischemia: Group 1A (n=22), Group 1B (n=18), Group 2A (n=14), and Group 2B 

(n=11). The supervised training program included activities such as stationary cycling, 
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treadmill walking, or arm cycling for a duration of 30 to 45-minutes an average of 3­

days/week. The training intensity was 50-75% of peak vo2 for the first 2-weeks of training, 

and was increased to 75-85% ofpeak V02 for the remainder of the study. At the conclusion 

ofthe study, groups 1A, 1B, and 2A demonstrated similar improvements in exercise duration 

and peak VOv as well as reductions in submaximal heart rates during exercise testing. As a 

•group, the subjects in group 2 (L VEF<40%) increased their peak V02 by 31.8%, and exercise 

duration by 60%; however, the subgroup without evidence of exercise induced ischemia (2A) 

demonstrated improvements of 44% and 66.7% respectively. The group 2B patients, 

however, were unable to achieve a significant training effect during the 12-week phase II 

cardiac rehabilitation program. These investigators suggested that patients with both left 

ventricular dysfunction and myocardial ischemia could not achieve a significant training effect 

due to chronotropic incompetence. The findings in this investigation are subject to scrutiny 

due to the lack of a control group, and the questionable sensitivity of ST -segment changes 

on treadmill testing to identify CHF patients with exercise induced ischemia, as well as the 

possiblility of spontaneous improvement in ventricular function following acute myocardial 

infarction. 

The effects of a 16-week supervised walking program in 17 CHF patients (L VEF 

21 ± 2%) was conducted by Baigrie et al. (1992). The etiology ofCHF and functional class 

of the patients were not reported, nor was the distance travelled, frequency, intensity, or 

duration ofthe walking program. Following the training regimen, the investigators reported 

• a 9% increase in peak V02, an 11.6% increase in peak workload, a 10.9% increase in 
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ventilatory threshold, and an 11.3% increase in 0 2 pulse. In addition, the CHF patients 

realized a significant 7.6% reduction in resting heart rate, and an 8.4% reduction in double 

product at a workload of200 kprnlmin. This investigation also reported a 17.6% increase in 

distance travelled during the 6-Minute Walk test, and significant improvements in quality-of­

life scores as assessed by the Standard Gamble questionaire. The findings of this investigation 

are difficult to interpret based upon the lack of a control group, and the insufficient 

information concerning the exercise stimulus and patient demographics. 

Belardinelli et al. ( 1995) investigated the effects of an 8-week low intensity exercise 

training program upon 27 CHF patients (NYHA II-III; LVEF 19%-38%) of either ischemic 

or idiopathic origin. The patients were matched according to clinical and functional 

characteristics and were then allocated to a training (n=18) or control group (n=9). The 

•supervised training sessions consisted of stationary cycling at an intensity of40% peak V02 

for 30-minutes at a frequency of 3 days/week. At the conclusion of the 8-week training 

period, the trained patients had increased their peak vo2 by 17%, their ventilatory threshold 

by 20%, and the peak workload achieved by 21%; however, in accordance with other studies 

in the literature, there were no differences in cardiac output or stroke volume. Skeletal 

muscle biopsies ofvastus lateralis revealed an increase in the volume density of mitochondria 

in the trained group versus the control group upon completion of training, as well as an 

increase in size ofboth type I and II skeletal muscle fibers. This investigation can be criticized 

due to its lack ofrandomization ofpatients to groups. In addition, if patients were apparently 

matched between groups, why was there such a marked difference in group size? The 
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matching process was obviously not based upon etiology ofCHF, for the ischemic etiology 

of the control group was 55.5%, whereas in the exercise group it was 72%. 

1.2.4 Randomized Controlled Trials ofExercise Training in Congestive Heart Failure 

The first randomized trial of exercise training in congestive heart failure was 

performed by Coats et al. (1990). Their design consisted of a physician-blind, random-order, 

crossover trial of 8-weeks of home-based stationary cycling and 8-weeks of activity 

restriction. A total of 11 CHF patients (NYHA II-III; L VEF 19 ± 8%) of ischemic etiology 

participated in the training study. The CHF patients performed 20-minutes of cycle 

ergometry at an intensity of 70-80% MHR with a frequency of 5 days/week. Upon 

conclusion of the study, the CHF patients demonstrated an increase of 18.7% in peak V02, 

as well as an increase in exercise duration of 18.2%. In addition, submaximal heart rates and 

double product values were significantly reduced along with patient symptom scores. 

Identical results were also reported in a slightly larger group of CHF patients by Coats et al. 

(1992) (n=17) and Adamopoulos et al. (1992) (n=25); however, they also found significant 

reductions in systemic vascular resistance (SVR), as well as ventilatory drive as indicated by 

a reduced slope in the ratio of ventilation (VE) to carbon dioxide production (VC02). 

Cardiac output at submaximal and maximal levels was enhanced post-training as a result of 

an increase in peak exercise heart rate. In addition to the hemodynamic and ventilatory 

indices, there were also improvements in autonomic function as assessed by whole body 

radiolabeled norepinephrine (NE) spillover and heart rate variability (HRV) techniques. 

Despite the impressive design and results of these investigations, there are a few 
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methodological concerns. The frequency, intensity, and duration of the stimulus is of 

concern, for it could have produced a significant volume load on an already enlarged left 

ventricle and could have produced deleterious effects. Echocardiographic measures of left 

ventricular function were performed only at baseline, and as a result, no inference can be 

made as to the safety of the particular stimulus. Although a cross-over study controls for 

order oftreatment and carry-over effects, there may be some ethical difficulties in using such 

a design in an exercise study of this type. The CHF subjects who exercised first may have 

been reluctant to undergo an 8-week period of total activity restriction ifthey felt that they 

had improved their function, and as such could have influenced the results of the study. Also, 

from a historical perspective, there has been greater compliance with supervised exercise 

training programs compared to home-based programs (Hamm et al., 1992); however, 

compliance with the home cycling program was reported to be 75% (range 26-110%), as 

assessed by the expected number ofbicycle wheel revolutions for the duration of the training 

period. Perhaps the results could have been even more impressive if the training had been 

performed in a supervised setting. 

Jette et al. (1991) conducted a randomized 4-week exercise trial in patients with 

impaired left ventricular function (NYHA 1-111). All of the 39 male patients' ventricular 

dysfunction was due to a large anterior myocardial infarction that was less than 1 0-weeks old. 

Subjects were randomly assigned to either one of two training or control groups based upon 

their resting L VEF: 1) training-L VEF<30% (n=7), contrai-L VEF<30% (n=8), and 2) 

training-L VEF 31-50% (n=ll), control- LVEF 31-50% (n=IO). The morning exercise 
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training sessions consisted of jogging (5-minutes), calisthenics (30-minutes), relaxation 

training (20-minutes), and stationary cycling (IS-minutes), whereas the afternoon sessions 

consisted of30-60 minutes ofwalking. Patients performed the above activities 5-days/week, 

and the intensity of the jogging and cycling was designed to elicit 70-80% of the MHR 

achieved during their previous stress test. There were no changes in any of the resting, 

sub maximal, or maximal hemodynamic indices in any of the groups upon the post-training 

•follow-up, nor were there any changes in the mean work capacity and peak V02 in the 

training-L VEF 31-50% group. The training-L VEF<30% group realized a 22% increase in 

peak "V'02 and a 17% increase in work capacity as a result of the training regimen; however, 

these improvements were accompanied by an increase in mean pulmonary wedge pressure. 

The echocardiographic indices remained unchanged in all groups, and suggested that there 

were no deteriorations in ventricular function as a result of the physical training. However, 

in both the training-L VEF <30% and control-L VEF<30% groups there was an improvement 

in L VEF, but this was believed to be due to spontaneous recovery ofventricular function due 

to the relatively short time since the initial infarction. 

Hambrecht and colleagues (1995) examined the effects of a 6-month cycling program 

in CHF patients (NYHA II-III) randomized to either a training group (n=l2) (LVEF 26 ± 

9%) or control group (n=10) (L VEF 27 ± 10%). The origin of CHF was dilated 

cardiomyopathy and ischemic heart disease. The cycling program was supervised for the first 

3-weeks and then patients were given a home-based cycling program. During the first 3­

•weeks, the patients cycled six times daily for 1 0-minutes at an intensity of 70% peak V02; 



23 

then, upon beginning the home program, the patients cycled twice daily for a minimum of 40­

minutes total at the same exercise intensity. In addition, patients were also required to 

participate twice a week in supervised 60-minute group exercise sessions consisting of 

walking, calisthenics, and ball games. At the conclusion of the 6-month training period, the 

trained group had increased their peak V02, ventilatory threshold, and peak leg oxygen 

consumption by 31%, 23%, and 45% respectively; biopsies ofthe vastus lateralis revealed 

that the trained group had increased the volume density ofmitochondria by 19%, as well as 

the volume density ofcytochrome-c by 41%. All of these adaptations occurred without any 

changes in cardiac output at rest or submaximal activity. Of particular interest in this 

investigation was its lack of information concerning compliance with the training regimen. 

Perhaps if the supervised sessions had been of a longer duration, rather than only 3-weeks, 

patients would have performed even better. 

1.2.5 Recent Advances in Exercise Training ofCongestive Heart Failure Patients 

Peripheral muscle weakness is a common complaint of CHF patients, and recently 

McKelvie et al. (1995) explored the safety and efficacy of resistance training as an adjunct to 

aerobic training in CHF patients. Previous reports by this group of investigators have 

demonstrated the applicability and suitability of resistance training among cardiac patients 

without CHF symptoms (McCartney et al., 1993, 1991; McKelvie et al., 1990; Haslam et al., 

1988), and in healthy elderly subjects (Bennet al., 1996; McCartney et al., 1995; Brown et 

al., 1990). In their most recent report, they compared the hemodynamic responses of 5­

minutes of cycling at 70% of peak power output, and 2 sets of 10 repetitions of single leg 
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press at 70% lRM in a group of 10 male CHF patients (NYHA I -Ill; L VEF 27 ± 2%). There 

were no differences in maximal systolic blood pressure or cardiac volumes during the cycling 

and resistance exercise; however, the resistance exercise elicited a greater diastolic blood 

pressure, and a lower maximal heart rate and rate-pressure product compared to cycling. 

These results suggested that resistance exercise in this group of patients created a situation 

in which there was better myocardial perfusion, coupled with less of a myocardial oxygen 

demand. All of the reports in the literature which have examined the effects of exercise 

training in CHF patients have included aerobic exercise exclusively. There are no reports in 

the literature which examine the effectiveness of resistance training in this population. From 

a simplistic point-of-view, ifCHF patients could increase peripheral muscle strength, perhaps 

this would allow patients to increase their tolerance in strength-related activities-of-daily 

living. 

1.2.6 Summary 

The majority of exercise trials in populations of CHF patients have reported positive 

physiological adaptations as a result of aerobic training without any further complications in 

ventricular function and clinical symptoms. It is believed that these improvements are a result, 

ofperipheral, rather than central adaptations. These findings have challenged current dogma 

concerning the rehabilitation of the CHF patient; where inactivity and pharmacological 

management prevailed in recent years, more evidence in the literature has suggested that 

exercise rehabilitation, using aerobic exercise, represents a safe and effective means by which 

CHF patients can increase their functional capacity and tolerance of ADL tasks. However, 
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some ofthe studies in the literature can be criticized due to certain methodological problems 

such as inconsistent periods of training, non-randomization to groups, lack of suitable follow­

up procedures, and use ofpatients that do not represent a normal population of CHF patients 

with respect to etiology of failure, medication use, and NYHA functional class. These 

observations, in addition to the heterogeneity of training stimuli, jeopardize the external 

validity of their findings to the CHF population at large. Recently, resistance exercise has 

been shown to exert less of a myocardial oxygen demand and greater myocardial perfusion 

than aerobic exercise in a group of CHF patients. Resistance exercise may represent a 

medium with which to combat the symptoms of skeletal muscle weakness reported by this 

population. One way to evaluate the effectiveness of a therapeutic intervention includes the 

use of heart rate variability techniques. Heart rate variability has been used in a number of 

studies in the literature in both clinical and normal populations; it represents a reliable, non­

invasive means in which the underlying sympathovagal balance of an individual can be 

assessed in order to evaluate the impact ofa particular intervention, such as exercise training, 

upon the autonomic nervous system. 

1.3 HEART RATE VARIABILITY 

1.3.1 Historical Perspectives 

Heart rate variability (HR V) has struggled to gain acceptance as a viable prognostic 

indicator and diagnostic tool within mainstream cardiology and neurology. The use of heart 

rate variability as a measurement tool is rooted in the early observations ofHon et al. (1965) 

in obstetrics during the monitoring of fetal heart rate; it was demonstrated that birth 
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complications and fetal distress parallelled the loss ofvariability in the fetal heart rate signal. 

The early observation by Hales (1733) of 'beat-to-beat' changes in heart rate as a result of 

changing respiratory inputs, has also led to the current movement in the literature to 

characterize autonomic control of the heart (Akselrod et al., 1981). Since then, it has been 

confirmed that heart rate, in addition to arterial blood pressure, stroke volume, and the 

morphology ofthe ECG signal, all demonstrate 'beat-to-beat' fluctuations (Malik et al., 1993; 

Saul, 1990; Appel et al., 1989; Akselrod et al., 1985). The variability of these cardiovascular 

signals is believed to reflect a 'homeodynamic' interplay between both exogenous and 

endogenous perturbations to cardiovascular function and cardiovascular regulatory 

mechanisms (Appel et al., 1989). Heart rate variability, in recent years, has demonstrated to 

be a viable, non-invasive measurement tool able to assess underlying neurocardiac function 

through changes in sympathovagal balance (Task Force of the European Society of 

Cardiology and NASPE, 1996; Kamath et al., 1993; Fallen et al., 1988). Heart rate variability 

has been used to study autonomic dysfunction in conditions such as congestive heart failure 

(Geng et al., 1993; Mortara et al., 1993; Stefenelli et al., 1992; Casolo et al., 1991, 1989), 

diabetic autonomic neuropathy (Bellavere et al., 1992; Ewing et al., 1991), myocardial 

ischemia (Kamath et al., 1996; vanBoven et al., 1995; Goseki et al., 1994; Marchant et al., 

1994), and acute myocardial infarction (Bigger et al., 1992, 1991, 1988; Cripps et al., 1991; 

Ewing et al., 1991; Kamath et al., 1991; Pipilis et al., 1991; Malik et al., 1990; Kleiger et al., 

1987). In addition, HRV has been used to assess the effects of pharmacological (Pomeranz 

et al., 1985) and exercise interventions (Furlan et al., 1993; Coats et al., 1992, 1990; Dixon 
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et al., 1992; LaRovere et al., 1992; Rimoldi et al., 1992; Kamath et al., 1991; Arai et al., 

1989; Seals et al., 1989), as well as physiologic manoeuvres such as tilt (Kamath et al., 1993; 

LaRovere et al., 1992; Fallen et al., 1988) and lower-body negative pressure (LBNP) (Seals 

et al., 1989). 

Both microneurographic recordings and denervation studies have confirmed that the 

efferent divisions of the autonomic nervous system are continually active (Kulbertus & 

Franck, 1988) . These basal rates of activity are referred to as sympathetic and 

parasympathetic 'tone' respectively. The value of tone is thought to allow a single nervous 

system to increase or decrease the activity of a stimulated organ (Braunwald, 1992). The 

overall tone of the sympathetic nervous system is the result of two complementary 

mechanisms: both the tone from the direct stimulation of sympathetic efferents, in addition 

to the tone exerted by the basal secretion of both epinephrine (0.2ug/kg/min) and 

norepinephrine (O.OSug/kglmin) (Braunwald, 1992; Guyton & Hall, 1996). Alternatively, the 

tone exerted by the parasympathetic efferents is only under phasic control, and is without 

humoral regulation by circulating catecholamines (Guyton & Hall, 1996). It should be noted, 

that heart rate variability techniques are used to identify the ability and integrity of the 

autonomic limbs to modulate cardiovascular regulatory mechanisms, rather than providing 

specific information regarding the inherent tone of either division (Malik et al., 1993). 

1.3.2 Frequency Domain Analysis ofHeart Rate Variability 

It is impossible to estimate the state of sympathovagal balance and autonomic tone 

solely on the basis of mean heart rate, for there are far too many control mechanisms and 
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underlying pathophysiologic phenomena at work (Malik et al., 1995, 1993; Kamath et al., 

1993; Saul, 1990; Akselrod et al., 1985). Instead, the use of spectral analysis to examine 

heart rate variability, in the frequency domain, involves the decomposition of the heart rate 

RR-interval tachogram into the sum of its component sine waves ofvarying amplitudes and 

frequencies during a given recording period. This is performed using either a fast-Fourier 

transform or autoregressive modelling procedure upon the raw ECG signal (Task Force, 

1996; Cerutti et al., 1995; Kamath et al., 1993). The resultant power spectrum displays the 

squared amplitude of the sine waves as a function of frequency captured during a fixed 

recording period of2.2 minutes (Kamath et al., 1993). Figure 1 demonstrates a simplistic 

illustration of heart rate variability assessment in both the frequency and time domain. In 

order to ensure optimal reliability and reproducibility within a frequency domain recording 

period, it is essential that the heart rate signal meets certain criteria: the signal must be 

random, and insists upon the inability of a mathematical expression to define the heart rate 

sequence; the signal must also be stationary, whereby the probability function of the signal 

remains constant over time; and finally, a sufficiently long sampling period must be used in 

order to obtain a consistent collection of power spectra (Task Force, 1996; Cerutti et aL, 

1995; Kamath et al., 1993). In addition, the ECG beat data must be as ectopic-free as 

possible in order to discount the effects of a compensatory pause as an increase in vagal 

modulation, and its subsequent contribution to an increase in high-frequency (HF) power 

(Kamath et al., 1995, 1993; Ori et al., 1992). 
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Figure 1: 	 Neuroregulatory influences on sinus rate and rhythm, heart rate variability 
(HRV), and differences between time and frequency domain analysis ofHRV 
(from Ori et al., 1992). 

Akselrod et al. (1981 ), in a classic study, revealed the existence of three distinct 

spectral peaks in the frequency domain ranging from 0 to 1Hz. A high frequency (HF) peak 

occurred between 0.20Hz and 0.35Hz which was shown to be a result of both vagal 

modulation and the respiratory sinus arrhythmia. A low frequency (LF) peak was observed 

at approximately O.lHz, and was believed to be under both sympathetic and parasympathetic 

control in the modulation of the baroreceptor reflex. A very low frequency (VLF) peak at 

0.02Hz-0.05Hz, although not always evident, was thought to reflect thermoregulatory activity 
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and activity of the renin-angiotensin-aldosterone system; however, the DC frequency band 

lies within this very low frequency range, and it is typically filtered out to avoid contamination 

ofthe signal due to a low signal to noise ratio (Task Force, 1996; Cerutti et al., 1995; Kamath 

et al., 1993; Ori et al., 1992). More recently, however, the spectral band of interest used in 

most investigations of HRV is in the range of 0.05Hz-0.5Hz. The co-existence of both 

sympathetic and parasympathetic inputs within the LF-peak was confirmed by Pomeranz et 

al. (1985), who demonstrated a decrease in the low frequency peak ofthe power spectrum 

during supine recordings in normal patients undergoing cholinergic blockade. These findings 

were later confirmed by Akselrod et al. (1985) and Kamath et al. (1993). 

A number ofvariables appear to influence the resultant signal of the power spectrum. 

Increasing age has been found to decrease both the absolute LF and HF-power, however, the 

LF:HF ratio appears to be maintained, resembling that of younger, healthy controls 

(Odemuyiwa, 1995; Pagani et al., 1986). A supine, semi-recumbent posture in healthy 

subjects is characterized by a predominance of the HF component, whereas upon standing 

there is a resultant decrease of the HF- peak, followed by a sharp increase in the LF-peak 

(Malik et al., 1995; Kamath et al., 1993; Fallen et al., 1988); in addition, investigators in the. 

literature have demonstrated a leftward shift of the LF -central frequency ( cf) upon standing, 

and have validated this phenomenon using atropine to prevent the shift. These observations 

confirmed that there was modulation by both limbs of the ANS in the LF region. The 

circadian rhythm ofheart rate variability may also influence data collection; in normal controls 

a bimodal peak in heart rate variability exists during REM sleep and in the waking hours 
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(Fallen et al., 1995; Kleiger et al., 1992). Training status may also influence the spectral 

pattern; it was demonstrated by Furlan et al. (1993), in a group of Olympic swimmers in their 

peak season, that supine semi-recumbent spectral recordings were characterized by an 

increased LF-peak at rest, in addition to a lower HF-peak and concurrent training 

bradycardia. When recordings were performed during the off-season, the detrained subjects 

also had a training bradycardia and their spectral profile revealed a predominant HF-peak 

along with a lower LF-peak. The fmdings in the former group of athletes were in contrast to 

Dixon et al. (1992) who identified that endurance trained athletes had a significantly lower 

LF:HF ratio compared to sedentary controls when subjects were observed in the supine state. 

There appears to be some disagreement in the literature as to the physiologic origin 

of the various spectral components. Some investigators have inferred that the spectral 

patterns demonstrated by studies in the frequency domain reflect the prevailing tone ofboth 

the sympathetic and parasympathetic autonomic divisions. Caution should be used in the 

interpretation of spectral patterns, however, for as described by Malik et al. ( 1993 ), there is 

no solid basis for the relationship between tone and both the LF and HF spectral components; 

the impulses and effects of parasympathetic tone are very short and discrete, and are much 

faster than the HF components ofthe power spectra (Task Force, 1996; Malik et al., 1993; 

Kamath et al., 1993). Therefore, it has been suggested by Malik et al. (1993), that the 

presence of both LF and HF spectral components are to be interpreted as sympathetic and 

vagal activity occurring at physiological levels at which they can respond to regulatory 

mechanisms. Therefore, the LF:HF ratio has been used as a reliable indicator of 
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sympathovagal balance, rather than treating either one of the individual components as 

mutually exclusive. 

The loss of HR.V, as assessed by both decreased LF and HF power in the power 

spectra, or predominance ofLF power, has been linked to increasing morbidity and mortality 

(Odemuyiwa et al., 1991; Kleiger et al., 1987). Excluding pathology, modulated vagal and 

sympathetic activity have been demonstrated to decrease in two situations: 1) either vagal or 

sympathetic blockade, and 2) saturating overstimulation of the respective autonomic division 

(Malik et al., 1993). Saturating overstimulation leading to decreased HF power, for example, 

could be due to chronic stimulation of the baroreceptors using phenylephrine infusion, 

whereas saturating overstimulation leading to a decrease in LF power could be due to the 

effects ofmaximal exercise on adrenergic stimulation. At maximum exercise it has been noted 

by certain investigators (Kamath et al., 1991; Arai et al., 1989) that there is an overall loss of 

power in the HR.V spectra, and the sustained levels of increased catecholamines, which 

possess a greater temporal latency, are modulating heart rate more so than direct sympathetic 

stimulation (Furlan et al., 1993). 

1.3.3 Time Domain Analysis ofHRV 

The analysis ofHR.V in the time domain is assessed primarily through collection of 

heart rate data using 24-hour ambulatory holter monitoring (Task Force, 1996; Kleiger et al., 

1995, 1992); it is within these longer recording periods where the most reliable variables are 

found which predict mortality following myocardial infarction (Kleiger et al., 1987). The 

human heart beats approximately 100 000 times during a 24-hr period, and it is from the raw 
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ECG holter data, a time point series, which a number of useful descriptive statistics can be 

calculated (Kleiger et al., 1995, 1987; Kamath et al., 1993). The holter recordings are 

scanned using commercially available software for the occurrence of QRS intervals; 

movement artifact, ectopic beats, and normal RR-intervals are then annotated and recorded 

(Kleiger et al., 1995; Kamath et al., 1993). The algorithm used to calculate the time domain 

indices is designed to exclude non-normal intervals such as premature ventricular beats, as the 

compensatory pause typical ofthese beats increases the RR-interval and appears to resemble 

vagal modulation (Kamath et al., 1993). 

The time domain descriptive statistics which are obtained from the holter data can be 

classified into two distinct categories: 1) those variables which are derived directly from the 

intervals themselves, such as the mean HR, mean RR-interval, SDNN, and SDANN, and 2) 

those variables which reflect differences between adjacent cycles, such as the SDNN-index, 

r-MSSD, and pNN50 (Kleiger et al., 1995, 1992). The variables derived directly from the 

intervals are thought to reflect more broadly based measures ofHRV, whereas those derived 

from differences between adjacent cycles reflect very short-term HR.V measured over a much 

longer period of time and are believed to be almost entirely mediated by parasympathetic 

activity (Kleiger et al., 1995, 1992). For an explanation of the above time domain statistics, 

refer to Table 1 below. 

Kleiger et al. ( 1991) attempted to correlate time domain statistics with frequency 

domain indices and found that the differencing methods such as the pNN50 and the r-MSSD, 

observed to be largely representative of short-term vagal modulation, were highly correlated 
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Table 1: Definitions of Time Domain Variables 

SDNN (msec) Standard deviation of normal RR-intervals during the 
entire 24-hour recording. 

SDANN (msec) Standard deviation of the mean of adjacent normal RR­
intervals for each 5 minute period ofthe entire 24-hour 
recording. 

SDNN-Index (msec) Mean of the standard deviations of all normal RR­
intervals for all 5 minute segments over the entire 24­
hour recording. 

r-MSSD (msec) Root mean square of successive differences: the square 
root of the mean of the sum of the squared differences 
between adjacent normal RR-intervals over the entire 
24-hr recording. 

pNN50 (%) The percent difference between adjacent normal RR­
intervals which are greater than 50msec, computed over 
the entire 24-hr 

(r=0.98, r=0.92 respectively) with the HF-power in the frequency domain. In addition, the 

pNN50 and the r-MSSD were found to be highly correlated with each other (r=0.90). It was 

noted by these investigators, however, that it was impossible for time domain indices to 

separate the autonomic input signals which influence the sinoatrial node despite significant 

correlations with frequency domain variables. 

Additional time domain statistics derived from the 24-hour bolter data include a plot 

ofcircadian variation in both mean and standard deviation of heart rate, as well as a frequency 

distribution or histogram of the occurrence of specific RR-interval durations (Task Force, 

1996; Fallen et al., 1995; Malik et al., 1995); armed with this information, it is possible to 
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observe the response ofthe heart rate during ambulation and activities-of-daily living, which 

is a better representation of actual neurocardiac control compared to the artificial conditions 

created during short-term stationary laboratory recordings of frequency domain indices. 

Although time domain recordings have proven to be reproducible (Kautzner, 1995; 

V anHoogenhuyze et al., 1991), and advantageous for both the recording of circadian 

variations and long term follow-up effects of therapeutic interventions, they are subject to 

some methodological controversy (Kleiger et al., 1995, 1992; Kamath et al., 1993). There 

is question as to the lack ofcontrol ofthe patient's dynamic state during the recording period, 

and its subsequent bias upon the time domain statistics (Kamath et al., 1993). For an 

illustration of the various approaches to HRV signal processing and their respective uses, 

please refer to Figure 2. 

1.3.4 Impact ofRespiratory Sinus A"hythmia Upon HRV 

At rest, the average respiratory rate of the human is between 10 and 20 breaths/min 

(Astrand & Rodahl, 1986), which corresponds to a frequency range of0.17 to 0.33Hz. The 

effect ofthe resulting respiratory cycle on cardiovascular variables has been well documented 

in the literature (Novak et al., 1993; Seals et al., 1990; Eckberg et al., 1983, 1985; Hirsch et 

al., 1981 ). The fluctuations noted between consecutive QRS complexes, as a result of 

respiration, are called the respiratory sinus arrhythmia, and are generated by the intimate 

communication between both the respiratory and cardiac centres within the medulla (Berne 

& Levy, 1992). In addition, the effects of respiration on heart rate are mediated by 

pulmonary reflexes, the Bainbridge reflex, and baroreceptor reflexes (Novak et al., 1993; 
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Figure 2: 	 Approaches to Heart Rate Variability Signal Processing at McMaster 
University and Their Respective Roles 

Berne & Levy, 1992; Akselrod et al., 1985; Hirsch et al., 1981). With each inspiration there 

is a resulting increase in heart rate and blood pressure due to a decreased intrathoracic 

pressure which leads to an accelerated venous return to the right atrium. The resulting 

increase in right atrial pressure stimulates atrial receptors located at the venoatrial junctions, 

and is manifested by the Bainbridge reflex which increases heart rate (Berne & Levy, 1992). 

Paradoxically, there is a simultaneous cardioinhibitory effect exerted by the baroreceptor 

reflex due to the increase in arterial pressure. Upon expiration, there is a corresponding 

decrease in heart rate as the atria are unloaded, and arterial pressure is decreased (Novak et 
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al., 1993; Berne & Levy, 1992). 

Katona et al. (1970) explored the effects of cardiac vagal efferent (CVE) activity and 

heart period in the carotid sinus reflex in anaesthetized dogs under a variety of conditions. 

During the inspiratory phase of spontaneous respiration, it was found that the activity of CVE 

fibres always stopped or greatly decreased regardless of the blood pressure level. When 

blood pressure was increased, their data revealed a delay of 55-140msec between the 

beginning ofthe systolic pressure rise and the onset of increased firing in the cervical vagus. 

These results are similar to those ofKollai et al. (1979), who demonstrated in anaesthetized 

dogs the temporal similarity in nerve discharges between cardiac sympathetic efferents and 

the phrenic nerve which initiates diaphragmatic contraction; alternatively, the cardiac vagal 

efferent nerve traffic occurred between the phrenic nerve discharges. The differences in 

neurotransmitter latency periods between acetylcholine and norepinephrine are believed to be 

responsible for the rhythmic oscillations exerted upon the heart rate; the delayed re-uptake 

of norepinephrine precludes sympathetic activity from exerting rhythmic changes on heart 

rate, and it is widely supported that 'beat-to-beat' modulation of heart rate is mediated almost 

entirely by vagal activity (Murakawa et al., 1993; Saul, 1990; Eckberg et al., 1983, 1985; 

Kollai et al., 1979). 

Brown et al. (1993) demonstrated that the amplitude of the RR-interval tachogram 

at respiratory (0.17-0.33) and low (0.06-0.14Hz) frequencies decreased significantly as 

breathing frequency increased to 24 breaths/min (0.4Hz). Power spectral analysis ofHRV 

revealed that, for a given frequency of respiration, the RR-interval spectral power was higher 

http:0.17-0.33


38 

at a larger tidal volume, although neither breathing frequency nor tidal volume influenced 

average RR-intervals significantly. Similarly, using time-frequency analysis ofHRV, Novak 

et al. (1993) demonstrated a reduction in the high frequency respiratory component with 

increasing frequency of respiration. In addition, Eckberg et al. ( 1983 ), using controlled 

respiration, identified that the amplitudes ofRR-fluctuations were proportional to the tidal 

volume, and for a given tidal volume, the RR-interval fluctuations increased as breathing 

frequency decreased. 

Hirsch et al. (1981) quantified the effects of breathing frequency and tidal volume on 

the magnitude of the respiratory sinus arrhythmia. They found that there was a direct 

relationship between tidal volume and respiratory sinus arrhythmia; in terms of breathing 

frequency, it was observed that for a given tidal volume, increases in breathing frequency up 

to 7 breaths/min exerted an increase in the magnitude of the RSA (beats/min); however, past 

this critical frequency the RSA decreased in magnitude. The observed relationship between 

tidal volume and RSA magnitude is explained with respect to pulmonary mechanoreceptors; 

with increasing expansion of the chest wall there would be a correspondingly larger stretch 

stimulus, which would then provide greater afferent feedback to the respiratory centres in the 

medulla resulting in an increase in sympathetic activation (Seals et al., 1990). In addition, 

respiratory rates of less than 7 breaths/min have been implicated in causing entrainment, or 

fusion ofthe high and low frequency peaks ofthe spectral signal into one powerful oscillation, 

as the respiratory frequency impinges upon the Mayer wave (0.1Hz) and low frequency 

bandwidth (Malliani et al., 1991). In this situation it is difficult to tease out the power in the 
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HF bandwidth and the subsequent vagal modulation upon heart rate. 

In a more lucrative study, Saul et al. (1989) investigated the transfer function between 

respiration and heart rate. It was demonstrated that at breathing frequencies greater than 

0.15Hz, there was an immediate increase in heart rate upon inspiration; however, at breathing 

frequencies less than 0. 15Hz, the increase in heart rate took place only slightly before the 

onset of inspiration. 

In summary, the previous investigations demonstrate the importance of accounting 

for the contribution ofthe respiratory sinus arrythmia when performing any recording ofheart 

rate variability. It was documented by Brown et al. (1993) that breathing rate is probably 

more important than tidal volume in the contribution to the power spectra, as breathing 

frequencies at the upper limit of the physiological range (i.e. tachypnea) result in a decrease 

in the HF autospectral power, and can be implicated in the lack of vagal modulation of 

neurocardiac control. The rationale for conducting these studies was due to the increased use 

of spectral indices in the clinical setting, and the lack of respiration recordings in some HRV 

studies in the literature. If the information from the power spectrum is to be interpreted 

accurately, the influence of respiratory inputs upon the resulting signal must be addressed. 

1.4 	 HEART RATE VARIABILITY IN CONGESTIVE HEART FAILURE 

1.4.1 	 Relationship with Etiology ofFailure, Left Ventricular Function, and Severity of 
Disease 

Congestive heart failure is characterized by a derangement ofone or both limbs of the 

autonomic nervous system (Ferguson et al., 1990; Porter et al., 1990; Francis et al., 1985; 
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Levine et al., 1982; Goldstein et al., 1975; Eckberg et al., 1971). Typically, it is has been 

reported that CHF patients have an absence of parasympathetic modulation of heart rate 

which is concurrent with an augmented sympathetic drive; a result of compensatory 

mechanisms attempting to preserve cardiac function in spite of the underlying failure 

(Braunwald, 1992). A number ofabnormalities ofadrenergic control exist in congestive heart 

failure. It has been demonstrated that there is a marked reduction in the chronotropic 

response to orthostatic stress (Fallen et al., 1996; Grassi et al., 1993; Binkley et al., 1991; 

Goldstein et al., 1975), as well as during exercise (Francis et al., 1985; Goldstein et al., 1975); 

it is believed that this may in fact be due to post-synaptic down-regulation of beta-receptors 

in the SA-node. A reduction in beta-receptor density has also been noted in ventricular 

myocardium (Pierpoint et al., 1987; Bristow et al., 1986), in addition to decreases in 

contractility and adenylate cyclase activity. This down-regulation ofbeta-receptors may have 

a deleterious effect upon cyclic-AMP concentrations indirectly through increases in the Gi­

protein subunit (Vatner et al., 1985). In addition, both atrial and ventricular norepinephrine 

stores have been found to be reduced (Pierpoint et al., 1987). Similarly, dysfunction ofthe 

parasympathetic nervous system has also been observed in congestive heart failure. A 

decrease in the sensitivity ofthe arterial baroreflex, in addition to a reduction in vagal restraint 

of SA-node automaticity have been found to be related to a decrease in the density of high­

affinity muscarinic receptors in the heart (Wells et al., 1981). 

The above findings have fostered the current research direction using heart rate 

variability techniques in order to investigate the changes in sympathovagal balance in patients 
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with congestive heart failure. It has been found consistently in the literature that both time 

and frequency domain indices of HRV are significantly lower than those of normal, age­

matched controls. In addition, impaired physiological reactions have been observed in 

response to orthostatic stress, lower-body negative pressure, and both phenylephrine and 

nitroprusside blood pressure challenges. The reported decrease in baroreceptor sensitivity 

(BRS), and loss of SA-node modulation in these patients results in an attenuated response of 

the heart rate to the above challenges. Patients with CHF demonstrate a markedly reduced 

24-hour standard deviation of the RR-interval, an altered circadian profile, less diurnal 

variation of heart rate, a higher resting heart rate, and an altered morphology of the RR­

interval histogram compared to age-matched controls. An attempt has been made by some 

investigators in the literature to correlate heart rate variability indices with CHF disease 

severity, etiology of failure, left ventricular function, muscle sympathetic nerve activity, 

neurohormonal status, and exercise capacity; the results ofwhich will be highlighted herein. 

The reproducibility ofHRV time domain indices, and their relation to mean heart rate, 

was investigated by V anHoogenhuyze et al. ( 1991) in a group of22 CHF patients (NYHA 

II-III) of ischemic origin taking both diuretics and digoxin, and a group of 33 non-age or 

gender matched normal controls. It was reported that CHF patients had a higher mean heart 

rate and a lower HRV than the control subjects. The mean group values for heart rate and 

HRV for the controls and CHF patients respectively, demonstrated the following correlations 

between days 1 and 2: 1) mean RR-interval, r=0.89, 0.97; 2) SDANN, r=0.87, r=0.87; 3) 

SDNN-index, 0.93, 0.97; and, 4) CV, r=0.95, 0.97. A similar amount of individual day-to­
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day variation occurred in both groups (0 to 51%), but low HRV values were found to be 

more reproducible and resulted in less day-to-day variation compared to subjects with high 

HRV values. Therefore, it was concluded that time domain HRV indices were more likely 

to be reproducible in CHF patients versus normal control subjects with high HRV indices; 

however, there was no mention as to the reproducibility of frequency domain indices. 

Stefenelli et al. (1992) examined the heart rate behaviour at different stages ofCHF 

in a group of21 patients (NYHA II-IV; L VEF 18 ± 11%) at baseline and after 6-months of 

oral therapy. Their results demonstrated marked differences in the morphology of the RR­

histogram between NYHA functional classes: NYHA-II was characterized by a bimodal, 

broad based pattern; the NYHA-III histogram was unimodal and narrow based; and, the 

histogram for NYHA-IV had an attenuated amplitude, compared to the other classes, and was 

unimodal and narrow based. It was also found that the higher the NYHA functional class, 

the smaller was the RR-interval variability and standard deviation of RR-intervals. 

Completion of the oral treatment regimen at 6-months yielded interesting results. Those 

patients who remained stable or improved their clinical status did so without any changes in 

heart rate variability indices, whereas those with a deterioration in clinical status demonstrated 

a further shortening of the mean RR-interval variability. 

Kienzle and colleagues (1992) examined clinical, hemodynamic, and sympathetic 

neural correlates ofHRV in a group of23 CHF patients (NYHA II-IV; LVEF 21 ± 7%), 

mainly ofidiopathic origin, without their cardiac medications. Both time (mean RR-interval, 

SDNN) and frequency domain (LF, HF-power) HRV indices were obtained from 24-hour 
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holter monitoring; in addition, the protocol involved radionuclide ventriculography, right-

sided heart catheterization, peroneal microneurography, and plasma norepinephrine 

determination. The investigators found that there were no relationships between HR.V indices 

and age, L VEF, cardiac output, or NYHA functional class. However, modestly strong 

negative correlations were found between the spectral and non-spectral HR.V indices and 

muscle sympathetic nerve activity, as well as plasma norepinephrine levels. Therefore, the 

authors concluded that the spectral and non-spectral measures ofHR.V were not indicative 

of the severity of disease, rather, they were indicators of sympathoexcitation. 

Mortara et al. (1993) also examined the ability of power spectral analysis to identify 

CHF patients with more pronounced neurohormonal activation. Among the group of 72 CHF 

patients (NYHA II-IV; L VEF 22 ± 1%) of ischemic (n=41) and idiopathic (n=31) etiology, 

two distinct patterns ofHR.V were revealed during supine rest: 1) an absence ofLF-power 

with the total power concentrated in the HF-band (30 msec2
, 61nu) (n=20); and, 2) an 

increased LF-power and reduced HF-power (n=52) compared to a group of 15 age-matched 

controls. In those patients found to have an undetectable LF-power, they also had a 

significantly lower mean RR-interval (745 ± 25 vs. 864 ± 36msec) and total power (126 ± 12 

vs. 975 ± 7lmsec2
), in addition to elevated plasma NE levels (635 ± 75 vs. 329 ± 54pg/ml) 

compared to other patients with preseved LF-power. The investigators concluded that in 

patients with advanced heart failure, the marked neurohormonal activation was accompanied 

by a reduction in the neural modulation ofheart rate; however, the presence of the HF-power 

was described as a phenomenon due to the mechanical effects ofventilation. 
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A similar study was preformed by Gibelin et al. ( 1993) which included 63 CHF 

patients (NYHA II-IV) of ischemic (n=37) and idiopathic (n=25) etiology; however, these 

investigators derived their power spectral measures from 24-hour holter monitors. Their 

results identified a correlation between the degree of heart rate variability, both spectral and 

non-spectral, and the NYHA functional class, as well as between HRV and plasma 

norepinephrine levels (r=0.85, p<O.Ol). Therefore, those patients with more severe heart 

failure were found to have a lower LF-power, SDNN, and L VEF along with an elevation in 

plasma NE levels. 

Recently, Fallen and colleagues (1996) discovered three different spectral patterns in 

a group of26 CHF patients (NYHA II-ill) in response to orthostatic stress, and related them 

to the patients' neurohormonal status (NE, ANP) and left ventricular ejection fraction. Upon 

assuming an upright posture following 20-minutes of supine rest, comparisons of supine and 

standing heart rate auto spectrum yielded the following three patterns: 1) a normal increase 

in the LF-power from supine to standing; 2) a decrease in the LF-power on standing; and 3) 

a flat power spectrum, highlighted by an absence of both LF and HF-power. The CHF 

patients with the lowest LVEFs (18.2 ± 3.4%) and greatest ANP levels (51.5 ± 6.7 pg/rnl) 

comprised the group with the flattened autospectral profile; however, the other two groups 

were not significantly different from each other with respect to left ventricular function and 

both NE and ANP concentrations. Their results suggested that neurohormonal activation in 

CHF patients may not be elicited despite a depressed baroreceptor gain as interpreted by 

changes in the heart rate autospectrum in response to orthostatic stress. Rather, the 
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progression of CHF is believed to exist upon a temporal continuum in which decreased 

baroreceptor activity precedes the onset of catecholamine overstimulation, which precedes 

the reduction in HRV indices and subsequent changes to the ANS. These results can 

probably be explained as a result ofdifferent levels of compensatory measures across patients 

as noted by other investigators in the literature (Casolo, 1995; Odemuyiwa, 1995). 

Geng et al. (1993) investigated the ability ofboth time and frequency domain indices 

ofHRV derived from 24-hour bolter monitoring to identifY CHF patients based upon age and 

etiology offailure. The 73 CHF patients (n=38 ischemic, n=35 idiopathic), as a group, had 

significantly lower HR.V in all indices compared to a group of24 non-age matched, normal 

controls; however, there were no observable differences between CHF patients of different 

etiology offailure, and HR.V indices were found to be independent of age in this population, 

in accordance with the earlier findings of Kienzle et al. ( 1992). Of additional note in this 

investigation was the absence ofCHF patient demographics such as LV function and NYHA 

functional class. Perhaps this additional information could have improved the results from 

their stepwise regression analysis which revealed, that in CHF patients, HR.V was influenced 

by left ventricular systolic function (shortening fraction) and maximal oxygen consumption. 

Their results are confusing, for the authors reported that there were significant differences in 

the time domain indices SDNN and SDANN between the CHF-ischemia group and the CHF­

idiopathic group; however, in their conclusions they stated that there were no differences in 

HR.V observed between groups when using analysis of covariance. 

Casolo et al. ( 1989) identified differences in HR.V indices between 20 CHF patients 
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(NYHA II-IV; LVEF 25 ± 5%) and 20 age-matched controls. The control subjects 

demonstrated significantly higher heart rate variability at all hours of the day versus the CHF 

patients as indicated by the standard deviation of the 24-hour heart rate. In addition, the 

control subjects had a significantly greater mean hourly standard deviation of the RR-interval 

(232 ms vs. 97.5ms), a lower 24-hour heart rate (73.1 b/min vs. 84.2 b/min), and a lower 

night-day heart rate ratio (0.77 vs. 0.91) versus the CHF patients. A significant difference 

was also found between groups in the shape of the 24-hour RR-interval histogram. In a 

similar investigation, Casola et al. ( 1991) reproduced their earlier findings and provided 

information on spectral indices ofheart rate variability. The CHF patients were found to have 

a significant reduction in both absolute LF and HF-power, as well as a reduced fractional HF­

power; however, there were no significant differences in LF-fractional power between groups. 

The finding ofa reduced HF absolute and fractional power served to confirm earlier reports 

of an impairment in parasympathetic function in CHF patients. 

Saul et al. ( 1988) investigated both time domain and frequency domain indices, 

derived from 24-hour halter monitoring, in a group of25 CHF patients (NYHA III-IV; L VEF 

29 ± 16%) ofvarious etiologies (n=16 ischemic; n=8 idiopathic; n=1 viral) and a group of21 

normal, age-matched controls. In accordance with other investigations in the literature 

(vanHoogenhuyze et al., 1991), it was found that CHF patients demonstrated an increased 

mean heart rate and respiratory rate, as well as a markedly reduced standard deviation of heart 

rate, mean RR-interval, and standard deviation ofRR-intervals. In addition, the CHF patients 

had lower heart rate power in all frequency bands versus their control counterparts. 
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However, contrary to Casolo et al. ( 1991 ), there were no significant differences in fractional 

LF or HF-power between the CHF patients and the controls. Significant negative correlations 

were reported between age and HR.V indices in the control group, the highest ofwhich was 

between age and HF-power (r=-0.783, p<0.0001); however, there were no significant 

correlations between spectral data and age or survival in the CHF patients. 

Panina et al. ( 1995) assessed sympathovagal balance, using both time and frequency 

domain indices, over a 24-hour period in a group of20 CHF patients (NYHA II-III; LVEF 

9%-32%). The group consisted of5 patients with ischemic cardiomyopathy and 15 patients 

with dilated cardiomyopathy. When the HR.V indices were calculated from 24-hour bolter 

monitoring, the results revealed a preservation of the normal heart rate circadian pattern; 

however, HR.V indices remained unchanged over the 24-hour period. Further analysis of their 

results demonstrated no significant correlations between heart rate and frequency domain 

indices. Therefore, the authors concluded that the relative independence of heart rate and 

HR.V implied that these two measures were governed by different mechanisms which remain 

at large. 

Circadian variations of heart rate variability in congestive heart failure were also 

investigated by Tani et al. ( 1991 ). They compared a group of 11 CHF patients (LVEF 3 7 ± 

6%) with dilated cardiomyopathy to 12 normal, age-matched controls using spectral analysis 

of HRV derived from 24-hour bolter recordings. The CHF patients demonstrated a 

significant reduction in both LF and HF power over the entire 24-hour period compared to 

the control subjects. In addition, the CHF patients' LF-power demonstrated an absence of 
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circadian variation, whereas the HF-power, although reduced, displayed relative preservation 

of the diurnal variation. These results are in contrast to those of Casola et al. ( 1991) and 

Panina et al. ( 1995), who found an absence of circadian variation in both LF and HF -power 

in their group of 15 and 20 CHF patients respectively. Of note, however, is that Tani et al. 

( 1991) failed to report the functional classes of their CHF patients; as well, the mean L VEF 

appears quite high, compared to the patients in the aforementioned investigations with 

LVEF<30%. 

Nolan and colleagues (1992) investigated cardiac parasympathetic activity and its 

relation to left ventricular function in a group of 43 CHF patients (NYHA II-III; x 

LVEF=17.8%). The etiology offailure was ischemic cardiomyopathy in all CHF patients, and 

the only medications being taken during the investigation period were diuretics. From the 24­

hour halter monitor data, the investigators counted the number of times that each RR-interval 

exceeded the preceding RR-interval by more than 50 ms (i.e. pNN50). The authors reported 

that the 'counts' for the CHF patients were significantly lower than a group of normal, age­

matched controls investigated previously, and a significant correlation was found between the 

number of 'counts' and L VEF. The latter finding is subject to criticism, for the reported 

correlation coefficient was r=0.49 (p<0.05); although significant statistically, the number of 

'counts' in 24-hours explains approximately 25% ofthe variance in LVEF. This group of 

investigators should have been a little more cautions in making the conclusion that the degree 

of parasympathetic dysfunction was related to the severity of left ventricular dysfunction. 

Adamopoulos et al. ( 1992) compared different methods of assessing sympathovagal 
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balance in a group of 25 CHF patients (NYHA II-III; LVEF 21.6 ± 2%) secondary to 

coronary artery disease. They examined the possible relationships between time domain 

(SDNN), frequency domain (LF,HF,LF:HF), 24-hour day/night heart rate, submaximal heart 

rate during upright cycle ergometry, and radiolabelled norepinephrine spillover measures. 

There were no significant correlations found between any of the above variables, and none 

ofthe measures were found to correlate with L VEF, maximal oxygen uptake, or duration of 

the exercise test. In addition, there were no significant correlations between plasma 

norepinephrine levels and either of absolute or relative LF-power. The conclusions offerred 

by this group of investigators was that in patients with CHF, the individual parameters of 

autonomic control refect different aspects of circulatory control. 

1.4.2 Summary 

In summary, the aforementioned investigations have demonstrated that no consistent 

relationship has been found between HRV indices and left ventricular function. This proves 

to be somewhat ofa paradox, as it was demonstrated by Kleiger et al. ( 198 7) that in the early 

stages following myocardial infarction, HRV measures and left ventricular function have 

shown a modest relationship. In contrast, Casolo et al. (1995) reported that given the same 

level of left ventricular dysfunction, two patients can have two markedly different exercise 

capacities due to differences in the expressions of compensatory mechanisms, previous level 

of function, as well as their temporal onset. Similarly, Odemuyiwa (1995) added that 

hemodynamic variables and neurohormonal activity vary widely in patients with the same left­

ventricular ejection fraction as a result of different compensatory mechanisms. As for 
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possible associations between HRV and etiology of congestive heart failure, the consensus 

ofthe limited number of investigations in the literature is that there is no relationship between 

the HRV indices and the actual precipitating cause of failure (i.e. idiopathic, ischemic 

cardiomyopathy). Therefore, the degree ofimpairment ofHRV measures that has been found 

in patients following acute myocardial infarction is most likely to approximate those of 

patients of idiopathic, viral, or hypertensive origin ofventricular failure. It has, however, been 

demonstrated by studies in the literature that both spectral and non-spepctral HRV indices 

decrease progressively with increasing severity of symptoms, as indicated by the NYHA 

functional class. The results of some previous investigations in the literature, however, are 

subject to some methodological criticism and limits the external validity of their finding due 

to the use of 24-hour holter data to derive frequency domain indices, lack of controlled 

variables, as well as a lack of randomized controlled designs. 

Heart rate variability techniques have been utilized in order to examine the effects of 

steady-state exercise and training interventions on the spectral profiles of selected clinical 

populations and normal controls. To date, there is only one study in the literature which has 

investigated the effects of exercise training on HRV indices in CHF patients (Coats et al., 

1992). The results of the former, as well as other investigations concerning exercise and 

HRV will be summarized in the following section. 

1.5 	 EXERCISE, THE AUTONOMIC NERVOUS SYSTEM, AND HEART RATE 
VARIABILITY 

1. 5.1 	 Historical Perspectives 
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An exercise stimulus imparts a unique challenge upon the autonomic nervous system 

and has been the subject of a considerable number of investigations in the literature (Furlan 

et al., 1993; Kamath et al., 1993; Nakamura et al., 1993; Adamopoulos et al., 1992; Coats 

et al., 1992, 1990; Dixon et al., 1992; LaRovere et al., 1992; Rimoldi et al., 1992; Somerset 

al., 1991; Yamamoto et al., 1991; Bernardi et al., 1990; Meredith et al., 1990; Arai et al., 

1989; Seals et al., 1989; Pagani et al., 1988; Victor et al., 1987; Maciel et al., 1986; Stone et 

al., 1985; Savin et al., 1982; Fagraeus et al., 1976; Robinson et al., 1966); the phenomenon 

ofathlete/training bradycardia has received additional attention as well (Katona et al., 1982; 

Ekblom et al., 1973). The premise of these studies has been to identify the contributions 

made by both the sympathetic and parasympathetic divisions ofthe ANS to cardioacceleration 

at the onset of physical activity, autonomic modulation and vasomotor control during 

exercise, and cardiodeceleration during post-exercise recovery. The earliest studies in the 

literature utilized pharmacological blockade of the respective autonomic limbs in order to 

identify their individual roles (Maciel et al., 1986; Katona et al., 1982; Savin et al., 1982; 

Fagraeus et al., 1976; Ekblom et al., 1973; Robinson et al., 1966). Attempts to elucidate the 

individual contributions have produced conflicting results. For example, a consensus remains 

elusive as to the exact contributions of each ANS division during the onset of physical 

activity. Some investigators ascribe to a monophasic response in which rapid vagal 

withdrawal is the sole mechanism of cardioacceleration (Victor et al., 1987); a biphasic 

mechanism at the onset ofexercise in which there is a rapid vagal withdrawal followed by an 

increase in sympathetic discharge (Maciel et al., 1986); and a triphasic response in which there 
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is a rapid vagal withdrawal, an increase in sympathetic drive, followed by a subsequent brief 

surge ofvagal activity (Fagraeus et al., 1976). One of the problems with investigations using 

pharmacological blockade, however, is whether or not it is indeed possible to effectively block 

all receptor sites. Additional substances such as neuropeptide-Y, which is co-secreted with 

norepinephrine at the synaptic level, could invariably lead to an increased chronotropic 

response despite adequate blockade of adrenergic beta receptors. 

Investigations in the literature which have attempted to elucidate the origin of training 

bradycardia have suggested four potential mechanisms to explain this phenomenon: 1) an 

increase in vagal modulation; 2) a decrease in sympathetic activity concurrent with a down­

regulation ofbeta-receptor sites; 3) a resetting of arterial baroreceptors; and, 4) a decrease 

in the intrinsic heart rate of the individual. However, there is much disagreement and 

speculation in the literature whether these mechanisms occur concurrently, or act 

independently. A number of investigations in the literature have utilized HR.V techniques to 

examine changes in the respective ANS divisions at the onset of physical activity, during 

dynamic exercise, and also during post-exercise recovery in normals and in selected clinical 

populations. In addition, some studies in the literature have used HRV techniques to 

investigate the cumulative effects of a prolonged training regimen upon underlying 

sympathovagal balance. The findings of these investigations will be summarized herein. 

1.5.2 Exercise and Heart Rate Variability 

The differences between the neural regulation of heart rate variability in endurance 

athletes (long distance runners) and sedentary controls at rest, during standing, and during 15­
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minutes ofsteady-state exercise at 50% of maximum workload was investigated by Dixon et 

al. (1992). Their results identified two very contrasting spectral profiles between athletes and 

controls during supine rest. The athletes demonstrated a greater HF-peak and lower LF-peak 

versus their control counterparts, along with a significant supine resting bradycardia (52± 4.9 

b/min vs. 67 ± 8.7 b/min). Of particular interest, was that during standing and steady-state 

exercise there were no observable differences in spectral indices between the groups; 

however, supine recovery values following the exercise bout revealed that the athletes' LF:HF 

ratio had returned to their pre-exercise supine values within 5-minutes, whereas the control 

subjects' LF:HF ratio remained elevated following IS-minutes of post-exercise recording. 

The differences between the groups during recovery were explained in terms of circulating 

catecholamines. It was believed that the trained group had less spillover of catecholamines 

as a result ofthe exercise stress compared to the control group; this hypothesis would explain 

the sustained tachycardia of exercise and elevation of the LF:HF ratio observed in the latter 

group. 

Furlan et al. (1993) studied 29 healthy controls, 15 detrained athletes, and 21 trained 

athletes at rest, during tilt, and during graded treadmill exercise using power spectral analysis 

of heart rate variability. Their results were in contrast to Dixon et al. (1992), and 

demonstrated two markedly different spectral profiles between the groups of athletes during 

the resting supine recordings despite both having a concurrent training bradycardia. The 

detrained athletes had a prevailing HF component and the trained athletes had a high LF 

component at rest. It was also found that both groups of athletes responded more favourably 



54 

to the orthostatic stress induced by tilting compared to the controls; in addition, the controls 

demonstrated an elevated LF component for 24-hours following the exercise bout. Other 

researchers attempted to explain the apparent disparity between the resting spectral profiles 

of both groups of athletes as an effect of overtraining by the trained group (Piepoli et al., 

1993), and the effects ofaccumulated muscle fatigue inducing an increase in the central drive 

to the musculature ofthe body via type III and IV skeletal muscle afferents (Fallen, 1993). 

Piepoli et al. (1994) also speculated that the supposed selective location of type III-IV 

afferents to fast twitch muscle fibres could also explain the results ofFurlan et al. (1993). 

Due to the inherent stimulation of slow twitch fibres by endurance training, this would 

account for the decreased LF component in detrained endurance athletes and endurance 

athletes who were not overtraining. 

Yamamoto et al. (1991) examined the autonomic control ofheart rate during exercise 

in 8 healthy subjects using power spectral analysis. Subjects performed six 17-minute bicycle 

tests at intensities corresponding to 20 W, as well as 30, 60, 90, 100, and 110% of their 

predetermined ventilatory threshold (VT). Their results demonstrated that HF power 

decreased progressively from rest to 60% VT and that LF power increased only when the 

intensity exceeded 100% VT. The LF:HF ratio remained unchanged up to 100% VT, but 

increased markedly when greater than 100%. 

In contrast, Kamath et al. (1991) examined the effects of steady-state exercise on the 

power spectrum ofHRV in 19 healthy subjects. Subjects were observed during 15-minutes 

of supine rest, 1 0-minutes of standing, 1 0-minutes of steady-state exercise at 50% of the 
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predetermined maximal power output during cycle ergometry, and 15-minutes of post­

exercise supine recovery. Steady-state exercise was found to suppress both the LF and HF 

components, and there was a leftward shift in the LF-central frequency (ct) which was 

interpreted as a withdrawal ofvagal modulation ofthe LF-peak. During the 15-minute post­

exercise recovery period, the LF-peak remained elevated for 15-minutes post-exercise and 

there was a rightward shift in the LF -cf which suggested a return of vagal modulation of the 

LF-peak. In addition, the HF-power was attenuated for up to 1 0-minutes of recovery, despite 

a return of heart rate to pre-exercise supine levels. 

Cardiac autonomic activity during and immediately after exercise was compared 

between a group of 43 healthy subjects, 8 CHF (NYHA III(n=4), IV(n=4)) patients, and 6 

heart transplant patients by Arai et al. (1989) using power spectral analysis ofHR.V. They 

found that prior to exercise, during a supine rest recording, both the LF and HF power were 

greater in normals versus both groups ofpatients, with no detectable differences between the 

groups of patients. However, similar to Kamath et al. (1991), they noted a progressive 

decrease in spectral power during the exercise recordings in the normal subjects, and 

interestingly, there were no differences in the exercise spectral profiles between normals and 

patients at peak exercise. 

LaRovere et al. (1992) examined the adaptations of the autonomic nervous system to 

short-term exercise training in a group of 22 male patients with a first or recent myocardial 

infarction. Subjects randomized to the exercise group completed 4-weeks of in-hospital 

training, 4 to 8-weeks following the event, using light calisthenics and cycle ergometry at an 
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intensity of 75% of patients' ventilatory threshold (VT). In later weeks, the intensity was 

increased to 85% and 95% of VT; however, there was no mention of the duration and 

frequency of the exercise sessions. Upon completion of the training, the exercise group 

demonstrated a significant increase in exercise duration from 13.7 to 17.1-minutes, as well 

as an increase in the anaerobic threshold from 9.5 to 12.0-minutes; however, there were no 

significant changes in resting spectral components and heart rate between groups. 

Alternatively, the post-training autonomic response to 70-degrees of head-up tilt in the 

exercise group produced an increase in LF and decrease in HF power compared to controls, 

in addition to greater increases in the LF:HF ratio following the response to this orthostatic 

stress. It was hypothesized that the unaltered response to tilt in the untrained group was a 

result of maximum LF activation due to the underlying infarction; however, due to the 

relatively short period since the infarction, their results may be biased due to spontaneous 

recovery of autonomic indices. 

In a group of patients with uncomplicated mild hypertension without target organ 

damage, Pagani et al. (1988) investigated the effects of a 6-month training program on 

autonomic regulation. The supervised training sessions included 22-minutes of calisthenics 

followed by 20-minutes ofjogging at least five times per week. Physical training was found 

to reduce mean arterial pressure, increase average heart period, and result in a reduction in 

LF power and increased HF power at rest. In addition, using cross spectral analysis, it was 

found that the gain ofthe relationship between heart period and systolic arterial pressure was 

improved as a result of the training regimen. These authors concluded that, as a result of 
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physical training, there was a readjustment of sympathovagal balance at rest which included 

an increase in the gain of the baroreflex and enhanced vagal modulation. 

The effects of endurance training on autonomic measures in 16 borderline 

hypertensives (140/90) was investigated by Somerset al. (1991). Both RR-variability and 

blood pressure variability (BPV) were measured in these patients before and after a 6-month 

training program consisting of the RCAF 5BX/XBX program performed twice daily, and 

jogging for 20-rninutes 3-4 times per week. The investigators inferred increased fitness as a 

result of a lower resting heart rate and blood pressure, although no objective measure of 

increased fitness was performed following the training program. Baroreflex sensitivity (BRS), 

assessed using phenylephrine injection, was shown to increase following the training period; 

however, BPV changed very little, and RR-variability was shown to be higher with increased 

fitness. The authors found that there was no correlation between changes in BRS and 

changes in RR-variability, or between either of these measures and the observed reductions 

in blood pressure. These results suggested that BRS and BPV are independent entities, 

similar to the relationship observed between heart rate and HRV. 

Seals et al. (1989) examined the influence of 14-weeks of physical training on heart 

rate variability and baroreflex circulatory control in a group of 19 normotensive, healthy 

males. A total of 11 subjects volunteered to participate in the exercise group, whereas the 

remaining 8 volunteered for the control group. Their training stimulus consisted of walking 

or jogging 3 to 4 days/week, for 30 to 40 minutes/day, at an intensity of70 to 80% of heart 

rate reserve (HRR). Heart rate variability was recorded in the supine position and was 
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defined as the standard deviation (SD) of RR-intervals over a 5-minute period. The 

chronotropic response as a result ofbaroreflex stimulation was assessed via neck suction, and 

the forearm vasoconstriction response was investigated using 3 levels oflower-body negative 

pressure (LBNP@-1 0, -20, -30 mmHg). The exercise group improved their exercise capacity 

following training, and had a small decrease in resting heart rate. In addition, HRV at rest was 

found to be greater, and the magnitude of the increase in forearm vasoconstriction in response 

to LBNP was attenuated post-training. However, the chronotropic response to baroreflex 

stimulation via neck suction was unchanged following the training period. The results of this 

study could be biased due to the lack of randomization of subjects to groups. It could very 

well be that there was an inception cohort in terms of activity pattern; where those subjects 

who were more active would have a tendency to exercise more than those subjects who were 

typically sedentary. In addition, using a time-domain statistic such as the standard deviation 

of RR-intervals over a 5-rninute period to express HRV may not reflect the true state of 

sympathovagal balance and has questionable reproducibility. Short-term recording periods 

are typically represented using frequency domain parameters such as the LF and HF peaks, 

LF and HF fractional power, or the LF:HF ratio. 

The autonomic control of heart rate and fractal dimension of heart rate variability 

during physical exercise was examined in 10 healthy subjects by Nakamura et al. (1993). The 

non-harmonic, or fractal component (i.e. < 0.05Hz), was assessed using the parameter Dr 

which is believed to be representative ofthe complexity ofa time series, and more specifically, 

the number of independent oscillators responsible for the generation of a time series. The 
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harmonic component of HRV, on the other hand, in the range of 0.05Hz to 0.5Hz, was 

examined using frequency domain parameters. The exercise stimulus used in this 

investigation was not steady state, and HRV monitoring was continuous as the subjects 

performed progressive cycle ergometry to exhaustion. The HF power significantly decreased 

at intensities greater than 50% of peak V02, and the LF power increased between 50% and 

60% peak V02o with a further increase at intensities greater than 60%. These findings are in 

opposition with those investigations noting a supression of auto spectral power during steady­

state physical exercise (Kamath et al., 1991; Arai et al., 1989). The parameter De, was found 

to approximate 3 during mild exercise, whereas moderate to high intensity exercise resulted 

in a De approaching unity. Therefore, ifDe reflects the number of dominant ANS inputs and 

their subsequent interactions, moderate to high physical activity (De - 1) could represent a 

situation in which the ANS is overtaken by humoral regulation of the circulation during 

exercise. Alternatively, mild exercise (De- 3) may be a situation in which autonomic control 

of HRV is preserved in both divisions, in addition to the contribution made as a result of 

humoral regulation ofthe circulation. However, caution should be used in the interpretation 

ofthese results, as the non-harmonic or fractal component has been criticized for having a low 

signal-to-noise ratio (Kamath et al., 1993). 

Bernardi et al. (1990) compared HRV between the transplanted and intact heart 

during submaximal exercise. Three groups of subjects participated in this study: 9 sedentary 

healthy males aged 21-28; 6 semi-pro cyclists aged 16-23; and 6 heart transplant patients aged 

40-62, between 6 and 18-months post-transplant. Frequency domain indices ofLF and HF­



60 

power were recorded at rest during 20-minutes of sitting on the cycle ergometer, then during 

each stage of graded exercise to exhaustion. Recording periods occurred during 4 to 5­

minutes of steady state exercise achieved between successive increments in workload. 

Following the exercise test, subjects were observed for a period of 15-minutes of recovery. 

In both the sedentary and athlete groups during peak exercise, the LF-power was found to 

be significantly decreased, whereas the HF-power had increased compared to pre-exercise 

values. In the transplant patients during peak exercise, the variance and HF power increased 

from the beginning of exercise and directly correlated with ventilatory variables; however, 

there was no measureable LF-power in these patients. The results from the 15-minute 

recovery period demonstrated an increase in the LF-power with decreased HF-power in both 

the sedentary and athletic groups, whereas the spectral profile of the transplant patients had 

a reduction in HF-power. In both the sedentary and patient groups, the recovery values were 

significantly different from baseline; however, the athletic subjects' power spectral indices had 

returned to their resting values following the recovery period in accordance with other 

investigations (e.g. Dixon et al., 1992). In the normal subjects, the LF and HF spectral 

indices were presumed to represent the sympathetic and parasympathetic ANS limbs 

respectively, whereas the HF-power identified during peak exercise in the transplant patients 

was believed to be due to the respiratory modulation of the intrinsic heart rate. The authors 

proposed an intrinsic, non-autonomic mechanism to explain this phenomenon in the 

denervated heart. This mechanism was proposed to be responsible for heart rate fluctuations 

in synchrony with ventilation in both the intact and denervated heart. This non-autonomic 
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component was believed to occur as a result of increased stretch of the atrial wall concurrent 

with increased changes in intrathoracic pressure and venous return during exercise. Although 

it was not mentioned, the athletes in this study demonstrated a predominant LF-peak at rest 

which was similar to the results of Furlan et al. (1993) in their group of trained athletes. 

Rimoldi et al. (1992) also investigated the contribution of neural mechanisms 

accompanying different intensities of dynamic exercise in a group of 12 champion swimmers 

aged 14 to 18-years, and 8 conscious dogs. In the group of athletes, moderate levels of 

exercise and the early stages of recovery were accompanied by an increased LF-power, 

whereas at peak exercise the LF-power was reduced from control levels. The investigators 

used a modified Bruce protocol with 5-minute stages in order to reach a steady-state level 

during each workload. These findings are concurrent with other reports in the literature 

concerning exercise recovery and the prevailing LF component which outlasts the exercise 

stimulus (e.g. Kamath et al., 1993; Dixon et al., 1992). In the group of dogs, the LF power 

ofthe RR-interval and systolic BPV increased significantly during the treadmill run; however, 

when the protocol was repeated following intravenous administration of prazosin, an alpha­

adrenergic antagonist, the LF of the RR-interval was maintained and the LF of BPV was 

reduced. The dogs' systolic blood pressure at rest and during the treadmill run was also 

significantly reduced. The authors concluded that peripheral vasodilation and metabolic 

changes which occur during dynamic exercise could interfere with sympathetic vasomotor 

control. The changes noted in the spectral profiles during steady-state dynamic exercise are 

in contrast to the flattened spectral profiles observed during exercise by Kamath et al. (1993) 
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and Arai et al. (1989). 

In the only study of its kind, Coats et al. (1992) used a controlled crossover design 

to evaluate changes in autonomic function as a result of an 8-week home exercise program 

in 17 patients with congestive heart failure (NYHA II-III; L VEF 19.6 ± 2.3%). Patients 

performed cycle ergometry at an intensity of 50 RPM at 60-80% oftheir maximum heart rate 

(MHR) for a duration of 20-minutes at a frequency of 5-days per week. Following the 

exercise program, the trained patients had significantly increased their exercise tolerance from 

13.9 to 16.5 minutes, their peak vo2• from 13.2 to 15.6 ml/kg/rnin, and their cardiac output 

at submaximal and maximal exercise. In addition, the trained patients demonstrated a 

decrease in systemic vascular resistance (SVR), and a reduction in the slope of relationship 

I I 

between ventilation (VE) and carbon dioxide production (VC02) upon follow-up 

examination. In terms ofautonomic measures, resting spectral profiles ofHRV demonstrated 

a reduction in LF power of21.2%, an increase in HF power of51.3%, as well as increased 

RR-variability of 19.2%. Similar results were also reported in a related study using a group 

of25 CHF patients (NYHA II-III; LVEF 21.6 ± 2%) by Adamopoulos et al. (1992), although 

time domain statistics were also provided. They reported increases in SDNN and HF-power 

of21% and 41% respectively, in addition to significant reductions in LF-power, LF:HF ratio, 

and radiolabelled norepinephrine spillover by 19%, 48%, and 28.9% respectively. These 

investigations failed to examine the effects of the exercise training on the baroreceptor 

response to an orthostatic stress, as well as the spectral profiles of patients during post­

exerctse recovery. 
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1.5.3 Summary 

In summary, the autonomic control of heart rate during dynamic exercise, and 

following a regimen of physical activity have been investigated in both normal and clinical 

populations. Essentially, those individuals who are highly trained exhibit a typical supine 

resting spectral pattern of increased HF-power and decreased LF-power with a concurrent 

training bradycardia. However, it has also been observed that in those individuals believed 

to be overtrained, there is a training bradycardia together with a heightened LF -power and 

moderate HF-power. As for clinical populations, the results have been less conclusive; this 

is probably dependent upon target organ damage, time since the primary event, and duration 

of pathology. Nonetheless, clinical populations have demonstrated improvements in HR.V 

indices both at rest and in response to physiological manoeuvers, although results from some 

investigations in the literature are subject to criticism due to questionable statistical analysis 

oftheir data. Heart rate variability techniques have been used during dynamic exercise, and 

several investigators have reported a suppression ofboth the HF and LF components resulting 

in a flattened spectral profile, whereas others have identified either or both HF and LF -peaks 

during the recording period. What is ofkey importance is the nature of the exercise stimulus 

in terms of intensity, duration, and stationarity. One of the key assumptions underlying the 

use ofheart rate variability techniques, specifically in the frequency domain, is the stationarity 

ofthe recording period (Kamath et al., 1993). While investigators attempt to utilize a steady­

state exercise stimulus, the progressive and cumulative humoral, metabolic, and 

thermoregulatory effects associated with sustained exercise may violate the stationarity 
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principle. 

At the present time, only two studies in the literature have reported changes in 

autospectral profiles in CHF patients as a result ofa physical training regimen. There remains 

no study in the literature which has examined in detail both frequency and time domain HRV 

indices in a population ofCHF patients in response to participation in an exercise intervention 

including both aerobic and resistive exercise. In addition, there have been no investigations 

in this clinical population which have examined the effects ofphysical training on baroreceptor 

sensitivity, as observed through changes in HRV in response to an orthostatic stress. 

1.6 STATEMENTOFPURPOSE 

The purpose of this thesis investigation was to examine potential differences in 

autonomic nervous system adaptations, as assessed by heart rate variability techniques, 

between a group of stabilized CHF patients randomized to a training program (AERWT) 

consisting ofaerobic and resistance exercise, and another group of CHF patients randomized 

to a 'usual care' (UC) control group. The substantive hypothesis is that the autonomic 

response to the training protocol will induce: 1) an increase in vagal modulation ofheart rate; 

2) an improvement in baroreceptor sensitivity, as assessed by the changes in power spectral 

profiles from supine to standing; and, 3) an improvement in the recovery of post-exercise 

spectral indices versus the control subjects. Additional secondary hypotheses include: 1) that 

•CHF patients will demonstrate positive adaptations in peak V02, anaerobic threshold, 

dynamic muscle strength, and Six-Minute Walk distance versus their UC counterparts; 2) 

these increases in exercise performance will occur without any adverse changes in cardiac 
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size, L VEF, or clinical status; and, 3) the increases in exercise performance will occur as a 

result ofperipheral adaptations in skeletal muscle metabolism and blood flow, and will not be 

a result of changes in central hemodynamics. 



2.0 METHODS 

2.1 Subjects 

2.1.1 Patient Demographics 

A total of 28 stabilized CHF patients were recruited for participation in the current 

investigation. Following a 2-week period of drug stabilization and baseline assessments, 

patients meeting eligibility criteria were randomly assigned to either a usual care (UC) or 

aerobic-resistance training (AERWT) group. The randomization process resulted in 12 

patients (10 male:2 female) aged 58± 2.8 (X± SEM) years being assigned to the UC group, 

whereas 16 patients (11 male: 5 female) aged 64.9 ± 2.3 years served as subjects in the 

AERWT group. At the initial screening visit, the purpose, procedures, and risks were 

described in detail and informed consent (Appendix 1) was freely obtained by those patients 

meeting eligibility criteria. This study was approved by the Hamilton General Hospital's 

ethics committee. The reader is referred to Table 3 in the Results section for further 

information concerning patient demographics. 

2.1.2 Inclusion Criteria 

Patients with documented clinical evidence of CHF and left-ventricular dysfunction 

(i.e.LVEF<0.40), based upon radionuclide ventriculography (RNV) or echocardiographic 

assessment, were screened as potential candidates for the present study. Additional inclusion 

criteria included stable pharmaceutical management ofCHF using one or more of the usual 
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"triple-therapy;" an ACE inhibitor, diuretic, and digoxin. A NYHA functional class ofl-III, 

and a screening Six Minute Walk (SMW) test distance ofless than 500 metres were also 

necessary for inclusion in the present investigation. 

2.1.3 Exclusion Criteria 

The inability to attend regular training sessions, an exercise test limited by angina or 

leg claudication, or an abnormal blood pressure response to exercise testing (decrease in SBP 

below resting level during exercise; or, a decrease in SBP greater than 20mmHg after the 

normal increase during exercise; or, a rise in DBP of greater than 15mmHg; or, a maximal 

SBP greater than 250mmHg: American College ofSports Medicine, 1993) precluded patients 

from participation in the study. In addition, any cerebrovascular or musculoskeletal disease 

which limited the patient's ability to partake in formal exercise testing or training, or the 

presence of any respiratory limitation (FEV1 and/or VC less than 60% predicted) served as 

exclusion criteria. Poorly controlled cardiac arrhythmias (i.e. multifocal or runs ofPVCs, 

runs of SVT, and AFID), and any other non-cardiac disorder that would contraindicate 

participation in exercise training, or result in an increase in morbidity/mortality were grounds 

for exclusion. 

2.1. 4 Recruitment ofSubjects 

Patients were recruited from hospitals in Hamilton and the surrounding Hamilton­

Wentworth health region. Cardiologists and internists in this region were contacted through 

correspondence notifying them of the purpose and inclusion/exclusion criteria of the present 

study, and were asked to contact the research office with the names of potential candidates. 



68 

The log book and patient files ofHamilton General Hospital's Nuclear Medicine and Medical 

Diagnostic departments were screened for potential candidates based upon the ejection 

fraction noted after RNV or echocardiographic testing. In addition, hospital in-patient 

discharge summaries from both the Henderson and Hamilton General were reviewed over the 

course of the preceding year for those patients with a discharge diagnosis of CHF. All 

potentially eligible patients were contacted for a screening visit only after obtaining approval 

from their family physician. 

2.2 Design and Intervention 

2.2.1 Screening Visit 

The purpose ofthe screening visit was to allow a more detailed disclosure of the study 

protocol, purpose, and time committment to potential patients; in addition to providing an 

opportunity to confirm inclusion/exclusion criteria. The initial screening SMW test was 

administered at this time. Upon confirmation of eligibility, patients agreeing to participate 

provided informed consent. It was made clear to patients that participation in the study did 

not preclude them from being followed by their regular cardiologist; however, it did provide 

an opportunity for their condition to be monitored more frequently in addition to their regular 

care. Patients were not coerced to participate in any way. 

2.2.2 Experimental Design 

The design ofthe present investigation was a single-blind, randomized-control group 

design with repeated measures on several factors. Following both the two-week drug 

stabilization period and the pre-randomization evaluation of dynamic muscle strength (single 
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arm curl (SAC), single-leg press (SLP), single-leg knee extension (SKE)), Six Minute Walk 

(SMW), RNV, and symptom-limited incremental exercise test, patients were randomly 

assigned to either the UC or AERWT group. Follow-up observations were performed at 

three and six-months in order to evaluate changes in heart rate variability (HRV) time and 

frequency domain indices, as well as functional capacity by way of patients' performance on 

the SMW test. The three-month follow up ofdynamic muscle strength (SAC, SLP, SK.E) and 

symptom-limited incremental exercise test provided additional information as to potential 

physiological adaptations as a result of the exercise training regimen. 

2.2.3 Intervention 

A detailed outline of the testing protocol is documented in Table 2. The supervised 

exercise training sessions for the AER WT group were held in the gym of the Cardiac Care 

Clinic at Hamilton General Hospital twice-a-week for a period of three-months. Following 

the supervised exercise training, the patients in the AERWT group were prescribed a home 

exercise training program with which to continue training for a period ofone year. Patients 

continued their aerobic portion with the cycle ergometer provided, in addition to arm and leg 

weights to continue strength training on their own. The exercise regimen for the strength 

training portion was modified at this time and included: 1) biceps curls, 2) triceps extensions, 

3) arm raises, 4) pull ups, 5) side bending, 6) lying side leg raises, 7) leg extensions, 8) 

hamstring curls, and 9) calf raises. The proper use ofthis equipment and training technique 

were demonstrated to the patient in their home, and they were encouraged to continue with 

their exercise prescription at their prescribed exercise intensity. 



70 

The aerobic element of the supervised training program consisted of leg and cycle 

ergometry, and treadmill walking. The training intensity for the exercise prescription was 

based upon patients' initial performance on their symptom-limited incremental exercise test. 

The initial intensity for the aerobic component was 40% of their maximal power output; this 

was maintained for the first week of training and was increased to 70% over three to four 

weeks depending upon tolerance for these activities. Patients were taught how to monitor 

their heart rate, through palpation ofeither radial or carotid pulse, in order to stay within their 

prescribed target heart rate zone. The initial intensity for the weight-training component was 

based upon patients' pre-randomization IRM performance on each of the single-arm curl 

(SAC), single-leg press (SLP), and single-knee extension (SKE); one set of 40% IRM for 

each exercise, with a progression to 3 sets of 60-80% IRM over a period of four weeks. 

When the desired training loads were achieved, patients were reassessed every four weeks in 

order to ensure that they remained in the prescribed intensity range. Following the supervised 

exercise rehabilitation program, patients were reassessed during their home-based program 

every three months in order to evaluate exercise intensity, and to monitor exercise tolerance 

and compliance with the training regimen. It should be noted that the use of 70% as the 

intensity in the current investigation parallels other investigations in the literature, and thereby 

permits comparisons with other studies. In addition, the rationale for employing single limb 

activity follows the observation that studies examining the cardiovascular response of cardiac 

patients to weightlifting and isometric exercise have typically used single-limb exercises 

(Haslam et al., 1988), and it has been recommended that weight training protocols of cardiac 
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rehabilitation programs include only single limb exercises (McKelvie et al., 1990). 

Table 2: Protocol Flow Chart 

Identification ofEligible Patients 

(LVEF<40%, NYHA 1-111, SMW<500m, Informed Consent) 


Drug Stabilization (2 weeks) 


Baseline Assessments (2 weeks) 

(RNV, SMW (2), GXT, DMS, PSHRV-Supine, Standing, Post-Ex, 24-HR Holter) 


RANDOMIZATION 

Usual Care (n=12) AERWT (n=16) 
Supervised Training (3 months) 

3-Month Follow-Up 

(RNV, SMW (2), GXT, DMS, PSHRV-Supine, Standing, Post-Ex, 24-HRHolter) 


Home Based Training (3-months) 

6-Month Follow-Up 

(SMW (1), PSHRV-Supine, Standing, 24-HRHolter) 


2.3 Testing Protocol 

2.3.1 Symptom-Limited Incremental Cycle Ergometer Test .. 
The determination of both groups' peak exercise oxygen uptake (peak V02) was 

performed using a symptom-limited incremental upright cycle ergometry test. Tests were 

performed in the Medical Diagnostics Unit of Hamilton General Hospital both at pre­

randomization and at the three-month follow-up assessment. The protocol for the cycle test 
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began with an initial workload of 100 kpm/min, and was increased by 1 00 kprnlmin every two 

minutes in order to allow patients to achieve a steady-state level with each increment in 

workload. Patients' heart rate and ECG were monitored using a standard 12-lead electrode 

placement, and blood pressure was monitored using auscultation during the last minute of 

each stage. Expired gas was monitored using a Sensor Medics 2900 metabolic cart, which 

permitted the evaluation of respiratory rate (RR), peak V02 (relative/absolute), expired 

ventilation (VE), expired carbon dioxide (VC02), and respiratory exchange ratio (RER). 

From this metabolic information, the anaerobic threshold (ANT) for each patient was 

determined, defined as the inflection point at which a rise in oxygen uptake was accompanied 

by a marked increase in expired ventilation; this was confirmed by inspection of expired 

carbon dioxide for abrupt increases, as well as the respiratory exchange ratio (RER) for 

values approaching unity. Dependent measures ofthe exercise test included: 1) total exercise 

time (TEX), 2) maximum heart rate (MHR.), 3) maximum blood pressure (MBP), 4) 

•maximum workload achieved (MWL), 5) anaerobic threshold (ANT [%V02; mllmin]), 6) 

rate-pressure product (RPP) at stages 1 & 2, of the modified Bruce protocol, and 7) the 

expired ventilation CVE) to expired carbon dioxide CVC02) ratio per workload, an indicator 

ofventilatory drive. 

2.3.2 Dynamic Muscle Strength 

The measurement of dynamic muscle strength (DMS) was performed at the Cardiac 

Care Clinic at Hamilton General Hospital. Assessments of DMS were performed by all 

patients twice at pre-randomization to ensure reproducibility of testing, and once again at 
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three-months. The exercises used for the determination of dynamic muscle strength included 

single-arm curl (SAC), single-leg press (SLP), and the single-knee extension (SKE) using 

universal-type, global gym multi-station training equipment. The objective measure of 

dynamic muscle strength in this context is the patient's one repetition maximum, or 1RM~ this 

is defined as the maximal amount ofweight which can be lifted once through the entire range 

about a particular joint (Astrand & Rodahl, 1986). The 1RM evaluation has been 

demonstrated previously to be a simple, valid, and reproducible (±10%) index of dynamic 

muscle strength (Sale, 1991). Following appropriate demonstration of the exercise task, and 

adequate warm-up with three-to-five repetitions of minimal weight, patients performed 

unilateral single repetitions with progressively heavier weights. Patients rested for two to 

three minutes following each repetition in order to prevent the onset of fatigue, and to let the 

heart rate return toward resting levels. The order of exercises was SAC, SKE, and SLP~ this 

prevented accumulated symptoms offatigue by performing the larger muscle group exercises 

towards the end. The dependent measures from the dynamic muscle strength assessment 

included: 1) the greatest of the unilateral scores combined as a total score for each exercise 

task at pre-randomization, and 2) the unilateral scores combined as a total score for each 

exercise task at three-months. 

2.3.3 Six-Minute Walk Test 

The Six Minute Walk (SMW) test served as an objective measure of functional 

capacity, as it has been demonstrated in CHF patients to be highly predictive ofmortality and 

hospitalizations, in addition to relating more closely to quality-of-life (QOL) and acitivities-of­
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daily-living (ADL) than standard parameters of peak exercise performance (Bittner et al., 

1993; Guyatt et al., 1985). The SMW test was performed at the screening visit, two 

additional times prior to randomization, twice at 3-months, and once at six months. A long, 

quiet corridor in the basement of the Hamilton General Hospital served as the venue for the 

SMW test. Two chairs were placed 3 3 m apart to mark the distance of the test, and 1.5 m 

sections were indicated on the ceiling using red markers. Patients sat on a chair prior to their 

performance of the SMW and received standardized instructions. They were instructed to 

walk from one chair to the other as many times as they could in a six-minute period. If 

symptoms necessitiated that they take rests throughout the test, they were encouraged to do 

so, and they were allowed to proceed when they were able to continue. Patients were given 

standardized encouragement throughout the test, and were told the time remaining after two 

and four-minutes had elapsed. At the end of the test, subjective reports of patients' maximal 

breathing effort, chest pain, and leg fatigue were recorded using a 1 0-point BORG rating of 

perceived exertion (RPE) scale. The total distance travelled served as the only dependent 

measure in the current investigation. 

2.3.4 Resting Radionuclide Ventriculography 

The radionuclide ventriculography (RNV) testing was performed in the Nuclear 

Medicine department of the Hamilton General Hospital. Patients underwent this procedure 

both at baseline and 3-months in order to assess end-diastolic and end-systolic volumes, 

ejection fractions, and wall motion abnormalities. The procedure was performed in a 

standardized fashion, using an invitro method for the labelling of red blood cells. The red 
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cells were pretreated with stannous pyrophosphate, and labelled using 1 Gbq of TC99m 

pertechnitate. A camera with a small field of view was then positioned in order to maximize 

the resolution of the LV blood pool images. Images were then formatted to correspond to 

cardiac cycles of 32 frames/cycle, as determined by ECG morphology and RR-interval. A 

non-geometric count based method was then employed for volumetric analysis of the heart. 

Images were recorded on computer diskettes and were analyzed by a trained technician at 

the Hamilton General Hospital. The RNV reports were then forwarded to the research office 

for further review. The left ventricular ejection fraction (L VEF) served as the only dependent 

measure from this analysis. The coefficient ofvariation of this technique has been found to 

be±10%. 

2.4 Heart Rate Variability Techniques 

2.4.1 Frequency Domain Analysis ofHRV 

2.4.1.1 Protocol and Signal Processing 

The power spectral analysis of HR.V was performed in an examination room in the 

Medical Diagnostics Unit ofHamilton General Hospital. During both the baseline and 3­

month power spectrum visits, all patients were monitored in three conditions: 1) during 20­

minutes of supine rest; 2) during 1 0-minutes of standing; and, 3) during 20-minutes of supine 

rest following a symptom-limited incremental cycle ergometer test. The six-month visits, 

however, were restricted to only the supine and standing conditions. Comparison of the 

supine and standing conditions allowed the response ofHR.V to an orthostatic stress to be 

observed (Kamath et al., 1993; Pomeranz et al., 1985), in addition to providing information 
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as to resting values of sympathovagal balance. The purpose of the post-exercise recordings 

was to observe the recovery of power spectrum indices towards supine values following a 

bout ofphysical activity. The recordings all took place between the hours of09:00 and 12:00 

in order to discount influences of circadian variation on HRV. Power spectral analysis of 

HRV in these acute studies permitted exploration of sympathovagal modulation of 

neurocardiac control in the frequency domain. 

Prior to the onset ofpower spectrum monitoring, patients were given a hospital gown 

and were instructed to remove upper body garments in order to apply the monitoring 

electrodes. The examination room was quiet, in semi-darkness, and maintained at a constant 

temperature of 18 to 20°C in order to maximize the comfort of patients during the 

monitoring. Patients then assumed a semi-recumbent position on a hospital bed and were 

encouraged to remain awake and relaxed during the recording period. The skin was prepared 

in the appropriate areas by abrading the skin surface, followed by cleansing of the surface 

epidermis and skin oils with an alcohol preparation. The lead placement for all three 

conditions was identical, and consisted of a bipolar lead II arrangement, with the ground 

electrode positioned inferior to the proximal end of the left clavicle; care was taken to avoid 

DC interference and to ensure adequate R-wave signals for data processing. The electrode 

arrangement also permitted monitoring of the respiratory signal through impedence 

plethysmography; a 1kHz signal was passed between reference electrodes and responded to 

the rise and fall of the chest during inspiration and expiration. The recording of HRV 

necessitates that the respiration frequency is monitored, as well as heart rate, due to the 
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observed effects ofthe respiratory sinus arrhythmia (RSA) on HRV (Brown et al., 1993; 

Malliani et al., 1991; Saul et al., 1989). 

Both the ECG and the respiratory signals were input into their respective analog 

recorders, were amplified using an HP 7087C amplifier, digitized using a 12 bit analog to 

digital converter at 1kHz, and processed using an IBM pentium computer (Gateway 2000). 

The resulting signals were displayed continuously on a computer monitor using CODAS 

commercial data acquisition software. The gain and morphology of the ECG signal were 

adjusted accordingly prior to recording the data in order to maximize the resolution of 

successive RR-intervals; a robust R-wave facilitates detection by the HRV algorithms when 

computing HRV data (Kamath et al., 1993). The two-channels were displayed simultaneously 

using CODAS data acquisition software, and were each recorded at a sampling frequency of 

500-samples/sec. The file size for both the supine and post-exercise recordings was 2400kB, 

and 1440kB for the standing condition. 

Supine Condition 

Prior to the onset of recording the data, patients were asked to relax as much as 

possible during the recording period and to keep talking and movement to a minimum; these 

instructions were important in order to prevent movement artifact upon the ECG si~nal and 

to minimize RSA effects due to talking. Blood pressure via auscultation, in addition to heart 

rate were measured both pre- and post-recording in the semi-recumbent position. 

Standing Condition 

Following the supine condition, patients were asked to sit up slowly and hang their 
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legs over the side ofthe hospital bed prior to standing up; this protected against syncope that 

may have occurred due to sudden changes in orthostatic stress. Once the patient was ready, 

they were asked to stand and assume a relaxed stance and were encouraged to shift their 

weight from side-to-side as necessary. At one-minute post-standing, both blood pressure and 

heart rate were recorded, at which time the 1 0-minutes of data acquistion began. Patients 

were allowed to talk freely during this period, as RSA effects due to talking are assumed to 

be negligible during standing. At the end of the recording period, the patient was 

disconnected from the monitoring devices and either proceeded to the exercise lab for their 

symptom-limited, incremental exercise test (baseline and 3-month visits), or was outfitted 

with a 24-hour ambulatory ECG monitor and permitted to leave (6-month visit). 

Post-Exercise Condition 

In the early stages of recovery (i.e. 6-8 minutes), following the symptom-limited, 

incremental exercise test (baseline, 3-month visits), patients were transferred as quickly as 

possible to a semi-recumbent hospital bed waiting directly outside the exercise test laboratory. 

Patients were then returned to the original examination room in the Medical Diagnostics Unit 

for a further 20-minutes of post-exercise recording. Following the 20-minute recording 

session, patients were outfitted with a 24-hour ambulatory ECG monitor and were permitted 

to leave (baseline, 3-month visits). 

2.4.1.2 Power Spectral Analysis 

The raw data patient files from the CODAS subdirectory on the 486-pentium 

computer at Hamilton General Hospital were downloaded to digital tape using Colorado 
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Backup software, and were transferred to the Clinical Neurocardiology Laboratory at MUMC 

for power spectral analysis of HRV . Files from the digital tape were uploaded to the 

CODAS subdirectory on the hard drive of an IBM 80486-33 computer using Colorado 

Backup software. Individual raw data files were analyzed in DOS in order separate the ECG 

and respiration data for individual analyses. 

Using a QRS detection algorithm, an RR-interval series was formed from the 

continuous ECG data. Prior to spectral analysis, the RR-interval tachogram was inspected 

for evidence of ectopic beats. Ectopics were corrected using the algorithms found within 

the autoregressive modelling program in order to discount the compensatory pause 

characteristic to ectopic beats as an increase in vagal modulation and subsequent increase 

in HF power (Kamath et al., 1995). In situations where data files were contaminated by 

a great deal of ectopics, an attempt was made to manually extract a portion of the data file 

that was ectopic free in order to subject to spectral analysis. Patient files which were 

unable to be salvaged were excluded from statistical analysis. A beat-to-beat heart rate 

variability signal was computed from the ectopic-corrected tachogram, which was resam­

pled at 2Hz using linear interpolation to obtain an equally sampled time series. A record 

length of 256 points from the resampled signal (128 seconds) was selected for power 

spectral analysis. The mean value of the signal was subtracted and the equally sampled 

HRV signals were fed through a second order high pass Butterworth filter with a cut-off 

of 0.02 Hz. A 9th order autoregressive model was then applied to the demeaned, filtered 
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heart rate variability data (Kay et al., 1981). In the autoregressive (AR) approach, the 

signal x[n], at any instant 'n', is described as an output sequence from a black-box in 

response to an input driving white noise sequence u[n], 

p 

x[n] = - I: a[k] x[n-k] + u[n] ... (1) 


k=1 


where k={1,2..p} are the autoregressive parameters used to describe the signal. These 

parameters are then used to compute the AR power spectrum: 

pAR(t) = ------ .. (2) 
p 

[1 + I: a[k] exp(-j21tfk..1t)]2 

k=1 

where a2 is the variance of the input noise sequence and Llt is the sampling interval. The 

computational details of the algorithm for estimating the AR parameters have been 

previously described in the literature (Kay et al., 1981). 

The following dependent measures are computed in order to characterize the 

information contained in the power spectrum: the maximum value of the peak power in 

the both the low (0.02-0.15 Hz) and high frequency bands (0.15-0.5 Hz); the central 

frequency (ct) at which the peak power occurred within both bandwidths; the total area in 

each band, computed by numerically integrating the power under each frequency band; a 

percentage measure of the area under each peak, and therefore the frequency band, was 

obtained by dividing the power under each band by the total power contained in the whole 

http:0.02-0.15
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spectrum (i.e. fractional power); and finally, a ratio of the percentage power contained in 

the low frequency band to that in the high frequency band (LF: HF area ratio), as well as 

a ratio of the low frequency peak to that of the high frequency peak (LF:HF peak ratio). 

2.4.2 Time Domain Analysis ofHRV 

At the conclusion of each of the power spectral analysis visits at baseline, three­

months, and six-months, patients were asked to wear an ambulatory electrocardiographic 

(ECG) "bolter" monitor for a 24-hour period (Medilog 4500, Oxford Medical Ltd., Oxon, 

UK). The beat data from the bolter monitor permitted heart rate variability to be explored 

in the time domain. The lead placement for the bolter consisted of a two-lead (V1,V5) 

precordial arrangement, with the ground electrode positioned in the lower right abdominal 

region approximating the suprailliac region, and two reference electrodes in the regular limb 

lead placement, inferior to the proximal portion of both claviculae. The skin in these regions 

abraded appropriately with a small coarse pad, followed by cleaning of the skin with an 

alcohol pad in order to remove surface epidermis and skin oils. After connecting the patient 

and turning the bolter on, the bolter required confirmation of the date and time, and patient 

status; when confirmation was given, the bolter began an ECG signal test prior to calibrating 

the instrument. The sampling rate of the bolter was 125/second. Following the c~ibration 

period, the electrodes were then taped in position in order to minimize movement artefact, 

and to prevent disconnection of the leads. Patients were instructed to dispose of the 

electrodes and tape following the recording period and to return the monitor at their earliest 

convemence. 
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The 24-hour holter tapes were collected and analyzed using the commercial software 

ofthe holter scanner in the Cardiorespiratory Department ofMUMC (Medilog Excel, Oxford 

Medical Ltd., Oxon, UK). Upon confirmation of the tape calibration, as well as the time and 

date ofrecording, the tapes were analyzed using the automatic mode. The software digitised 

and recorrelated the raw beat data, and subjected the data to arrhythmia analysis. Full 

printouts ofholter reports were obtained, and the beat data was exported to 3 1/2" diskette 

for further analysis of HR.V time domain indices using software in the Clinical 

Neurocardiology Laboratory at MUMC. 

The time domain indices derived from the 24-hour holter data included a plot of 

circadian variation of both the mean and standard deviation of heart rate, in addition to 

several statistics based upon the individual intervals. Dependent measures derived directly 

from the intervals themselves over the 24-hours include the mean HR., mean RR-interval, 

SDNN, and SDANN; in addition, the r-MSSD, pNNSO, and SDNN-index are derived from 

differences between adjacent cycles over the 24-hour period. 

2. 5 Data Analysis 

2. 5.1 Supine Power Spectral Profiles 

In order to assess the effect ofexercise training upon resting supine spectral profiles, 

a quantitative assessment was made between groups using the baseline, 3-month, and 6-month 

supine recordings. The following frequency domain indices were carefully observed: 1) the 

HF-central frequency (cf) for changes in respiratory frequency; 2) the LF-cffor shifts in vagal 

modulation of the LF peak; 3) the LF:HF area ratio, indicating changes in resting 
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sympathovagal balance; and 4) the resting HR. for indications of a training bradycardia. 

2. 5. 2 Response to Orthostatic Stress 

In order to assess the effect of exercise training upon baroreceptor sensitivity, a 

qualitative inspection ofthe response to orthostatic stress in both the AERWT and UC groups 

was performed at baseline. Patients were stratified according to the responses (i.e. normal, 

abnormal) oftheir respective spectral profiles. An improvement in the response to orthostatic 

stress was defined as: 1) an accentuated increase in LF-power upon standing where there was 

a normal response previously; 2) an increase in LF-power upon standing where there was 

attenuated response or no change at baseline; and, 3) an increase in LF-power where there 

was a flattened spectral profile previously. These changes were assessed through comparison 

of only the baseline and 3-month data in order to directly assess the effects of the 3-month 

supervised training intervention. 

2.5.3 Post-Exercise Recovery ofPower Spectral Profiles 

In order to investigate the effect of exercise training upon post-exercise recovery, the 

post-exercise recording session was compared with the previous supine recording in order to 

quantitatively assess whether spectral profiles had returned to supine resting values following 

the exercise stimulus. The specific indices compared between the two conditions included: 

1) the HF-central frequency ( cf) for changes in respiratory frequency; 2) the LF-cf for shifts 

in vagal modulation ofthe LF peak; 3) the LF:HF area ratio, indicating differences in resting 

sympathovagal balance; and 4) the mean HR. 
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2. 5.4 Time Domain Indices 

All time domain parameters were compared between the baseline, 3-month, and 6­

month visits in order to track the changes made in these indices as a result of the training 

intervention. Change scores were calculated for each parameter between baseline and the 3­

month and 6-month assessments respectively. 

2. 6 Statistical Analysis 

All data are presented as means and standard errors (X± S.E.M) unless otherwise 

indicated. Comparisons of baseline patient demographics and successive observations of 

exercise indices, left ventricular function, dynamic muscle strength, and Six-Minute Walk data 

within and between groups were performed using one-, two-, or three-way fixed effects, 

repeated measures multivariate analyses ofvariance (MANOVA). Post-hoc analysis of main 

effects or interactions were performed on individual dependent variables using two-, or three­

way fixed effects ANOV As; a Tukey HSD test was then used in order to assess differences 

in group means where significance was found. Where baseline variation precluded analysis 

using ANOV A, comparisons of successive observations were made within and between 

groups using either two- or three-way repeated measures analysis of covariance (ANCOV A). 

Qualitative assessment of patient demographics and improvements in orthostatic responses 

necessitated the use of a Chi-Square (X2
) non-parametric test with Yates correction factor. 

Statistical significance was identified at p<O.OS. 



3.0 RESULTS 

3.1 Subject Characteristics 

A one-way fixed effects MANOV A revealed that the patients in both the AERWT and 

UC groups were comparable with respect to age, left-ventricular ejection fraction (LVEF), 

height, weight, BMI, and duration of CHF (Rao R=1.48 (6,21); p=0.234). Chi-square 

analysis of group gender, using Yates's correction factor, failed to detect any significant 

differences among the AERWT and UC groups (X2::0.19, df=1; p=0.659). Individual non­

parametric assessments of both NYHA class and etiology of CHF were performed using a 

Chi-square observed-expected contingency table; this analysis indicated that the groups were 

comparable, with x2=0. 781 (df=5; p=0.978), and x=4.95 (df=7; p=0.666) respectively. 

Inspection of patients' previous medical history and medication use also appeared to be 

similar. Please refer to Table 3 for further details concerning patient demographics. None 

of the patients in the AERWT group developed any significant symptoms as a result ofthe 

training regimen which precluded them from further participation in the current investigation. 

One of the patients in the UC group voluntarily withdrew from the study following his 3­

month follow-up examination, and another in order to assess his candidacy for cardiac 

transplantation. Compliance with the training regimen was defined as the successful 

completion of 11 out ofthe 24 sessions during the 12-week supervised training period. The 

data from subjects who did not fulfil this criterion were excluded from group analysis. Two 
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male patients and one female patient in the training group were thereby termed non-

compliant. Student's t-tests for independent samples were performed on the baseline data of 

the respective groups in order to assess homogeneity of the sample, and to provide direction 

for statistical analysis. 

Table 3: Patient Demographics for AERWT and UC Groups 

DEMOGRAPIDC AERWT(n=16) UC(n=12) 

AGE (yrs) 64.9 ± 2.3 58± 2.8 

GENDER 11 male, 5 female 10 male, 2 female 

HEIGHT(cm) 167 ± 2.3 168 ± 2.3 

WEIGHT(kg) 79.3 ± 5.2 86 ± 5.0 

BMI 28.3 ± 1.6 30.6 ± 1.7 

LVEF(%) 29.4 ± 1.7 24.4 ± 2.0 

NYHACLASS 
-I 
-II 
-m 

n=1 (6%) 
n=9 (56%) 
n=6 (38%) 

n=O (0%) 
n=7 (58%) 
n=5 (42%) 

ETIOLOGY OF FAILURE 
-Ischemic 
-Idiopathic 
-Hypertensive 
-Viral 

n=12 (75%) 
n=1 (6%) 

n=3 (19%) 
n=O (0%) 

n=9 (75%) 
n=1 (8%) 
n=O (0%) 

n=2 (17%) 

CHF DURATION (mos.) 36.6 ± 9.7 16.1 ± 5.2 

PREVIOUS HISTORY 
-ANGINA 
-DIABETES 
-HYPERTENSION 
-INFARCTION 
-CABG 

n=4 (25%) 
n=4 (25%) 
n=7 (44%) 
n=13 (81%) 
n=4 (25%) 

n=4 (33%) 
n=3 (25%) 
n=3 (25%) 
n=8 (67%) 
n=2 (17%) 
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DEMOGRAPIDC AERWT (n=16) UC(n=12) 

MEDICATION USE 
-ACE INHIDITOR 
-DIURETIC 
-DIGOXIN 
-"TRIPLE THERAPY" 
-NITRATES 
-ANTI-COAGULANTS 
-ASA 
-ANTI-ARRHYTHMICS 
-BETA-BLOCKER 

n=14 (88%) 
n=13 (81%) 
n=10 (63%) 
n=6 (38%) 
n=10 (63%) 
n=6 (38%) 
n=9 (56%) 
n=6 (38%) 
n=O (0%) 

n=ll (92%) 
n=9 (75%) 
n=6 (50%) 
n=4 (33%) 
n=6 (50%) 
n=7 (58%) 
n=4 (33%) 
n=1 (8%) 

n=2 (17%) 

3.2 Effects ofExercise Training Regimen 

3.2.1 Symptom Limited Incremental Cycle Ergometer Test 

A symptom-limited incremental cycle ergometer test was performed by all patients at 

the baseline and 3-month evaluations in order to assess possible physiological adaptations and 

changes in maximal power output as a result of the training intervention. A two-way fixed 

effects MANOV A was performed and revealed a significant GROUP X TIME interaction, 

Rao R (10, 13)=4.00; p<O.Oll. Post-hoc analysis of the following dependent variables were 

performed using two-way ANOV As, followed by Tukey HSD tests in order to assess 

differences in group means where significance was found: 1) peak relative -¢'02 (mllkg/min); 

2) peak absolute V02 (Limin); 3) maximum exercise duration (MED; min); 4) maximum 

•power output (MPO; Watts); 5) anaerobic threshold (%V02); and, 6) anaerobic threshold 

(ml/min). 

As demonstrated in Figure 3, the AERWT group significantly increased their peak 

relative vo2• by 19.2 ± 7.7% (13.2 ± 0.5 to 15.5 ± 0.84 mllkg/min, p<0.05), compared to a 

http:13)=4.00
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0.30 ± 5.1% decrease (13.9 ± 0.7 to 13.5 ± 0.9 ml/kglmin, N.S.) in the UC group. In peak 

absolute '"tro:z, however, both groups demonstrated non-significant gains of 11.7 ± 4. 5% ( 1. 11 

± 0.096 to 1.23 ± 0.094 L/min, N.S.) and 2.9 ± 2.8% (1.14 ± 0.066 to 1.20 ± 0.087 L/min, 

N.S.) in the AERWT and UC groups respectively. With respect to maximum exercise 

duration (MED), the AERWT group demonstrated a 20.6 ± 5.9% increase in MED (6.18 ± 

0.51 to 7.23 ± 0.37 min, N.S.) compared to an increase of only 5.2 ± 6.1% (5.92 ± 0.26 to 

6.31 ± 0.50 min, N.S.) by the UC group (see Figure 3). As displayed in Figure 3, the maximal 

power output (MPO) achieved during the exercise test increased by 25.4 ± 5.5% (60.2 ± 8.2 

to 73.4 ± 7.5 W, N.S.) in the AERWT group, and 8.79 ± 5.8% (64.6 ± 7.5 to 70.4 ± 8.9 

W, N.S.) in the UC group. 

Anaerobic threshold was calculated and expressed in both absolute terms (ml/min) and 

as a percentage of the predicted maximal ~02 based on a healthy population. Both the 

AERWT and UC groups realized similar increases in anaerobic threshold of4.9 ± 3.7% (55.2 

± 2.9 to 57.7 ± 3.4 %V02 , N.S.) and 5.8 ± 5.1% (47.4 ± 2.7 to 49.2 ± 2.9%VQ, N.S.) 

respectively (see Figure 3). Alternatively, when expressed in absolute terms, the AERWT 

group increased their anaerobic threshold by 10 ± 3.7% (926.9 ± 64.5 to 1014 ± 73.3 ml/min, 

N.S.) versus a 6.0 ± 5.2% increase (937.6 ± 50.3 to 1003 ± 78.7 ml/min, N.S.) by the UC 

group. 

Expired ventilation (VE), expired carbon dioxide (VC02), and the VE: VC~ ratio 

were calculated for the three initial workloads (WLI, WL2, WL3) of the symptom limited 

incremental cycle ergometer test. A three-way, fixed effects MANOV A was performed on 
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the ventilation data from both the baseline and 3-month assessments. The analysis revealed 

a main effect for WORKLOAD (Rao R(6,14)=78.7, p<0.001), and a significant WORK X 

TIME interaction (Rao R(6,14)=2.97, p=0.044). The GROUP X WORKLOAD X TIME 

interaction, however, only approached statistical significance (Rao R(6,14)=2.48, p=0.075). 

Post-hoc analysis of the WORKLOAD main effect, using three-way ANOV As, was 

significant for VE (p<0.001), VC02 (p<0.001), and VE:VCQ (p<0.001); however, the 

•WORKLOAD X TIME interaction was only significant for VC02 (p<0.05). As demonstrated 

• 
in Figure 4, although statistically non-significant, the AERWT group decreased their WL2 VE 

by an average of 5.12 ± 4.64% (26.2 ± 1.31 to 24.4 ± 0.93 Llmin, N.S), and their WL3 VE 

by an average of 12.8 ± 2.92% (36.3 ± 1.72 to 31.4 ± 1.25 Llmin, N.S.). Alternatively, the 

•UC group increased their VE for the corresponding workloads by 3.50 ± 6.18% (26.0 ± 1.45 

to 26.6 ± 1.73L/min, N.S.) and 5.92 ± 8.05% (34.0 ± 2.37 to 35.3 ± 3.07L/min, N.S.). The 

•
VC02 levels ofthe AERWT group demonstrated a reduction of8.36 ± 4.73% (816.7 ± 41.7 

•
to 740.7 ± 34.4 ml/min, N.S.) during WL2, and a 10.7 ± 2.84% reduction in VC02 during 

WL3 (1110 ± 52.9 to 989.5 ± 35.7 ml/min, N.S.). In contrast, the UC group increased their 

•
VC02 levels by 1.40±4.28% (718.3 ± 40.1 to 720.6 ± 32.9ml/min, N.S.) and 1.52 ± 5.74% 

(943.8 ± 46.5 to 948.5 ± 52.8ml/min, N.S.) for WL2 and WL3 respectively (see Figure 4). 

As for changes in the VE:VC02 ratio, the AERWT group increased from 3.19 ± 0.08 to 3.31 

± 0.09 (N.S.) at WL2, and decreased their ratio from 3.31 ± 0.08 to 3.21 ± 0.09 (N.S.) at 

WL3. The UC group, however, increased their ratios at the corresponding workloads from 

3.66 ± 0.21 to 3.71 ± 0.21 (N.S.), and from 3.61 ± 0.22 to 3.74 ± 0.26 (N.S.) respectively. 

http:1.40�4.28
http:VC02(p<0.05
http:R(6,14)=2.48
http:R(6,14)=2.97
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The double products (RPP=(HR x SBP) from stages 1 and 2 of the modified Bruce 

protocol were derived from the symptom-limited incremental cycle ergometry data in order 

to investigate possible changes in myocardial oxygen demand as a result of the training 

intervention. A three-way fixed effects MANOVA was performed on the heart rate, systolic 

blood pressure, and double product data; the analysis only revealed a main effect for STAGE 

(Rao R(3,20)=73.03; p<0.001). This main effect was significant for all dependent variables. 

The GROUP X STAGE X TIME interaction reached a value ofRao R(3,20)=1.63 (p=0.214). 

Therefore, neither the heart rate, systolic pressure, nor double product at each respective 

stage were found to be different at the 3-month follow-up investigation. On an individual 

basis, the AERWT group increased their WL1-RPP by 0.102 ± 3.35% (134.2 ± 9.12 to 134.2 

± 10.5 b/min *mmHg*102
, N.S.) and decreased their WL2-RPP by 6.90 ± 2.78% (170.6 ± 

13.0 to 158.0 ± 12.1 b/min*mmHg*102
, N.S.) following the training intervention, whereas 

the UC group reduced their WL1 and WL2 double products by 3.09 ± 2.76% (145.4 ± 7.75 

to 140.0 ± 6.83 b/min*mmHg*102, N.S.) and 2.40 ± 3.63% (175.1 ± 11.2 to 168.7 ± 9.04 

b/min*mmHg*l02
, N.S.) respectively (see Figure 5). 

3. 2.2 Dynamic Muscle Strength 

The one-repetition maximum (1RM) strength test was performed by all patients twice 

at baseline, and during the 3-month follow-up evaluation in each ofthe single-arm curl (SAC), 

single-leg press (SLP), and single-knee extension (SKE) exercises. The tests were performed 

bilaterally, and the 1RM scores for each limb were combined for a total score on each task. 

The average increase in 1RM test scores in the AERWT group for the SAC, SLP, and SKE 

http:R(3,20)=1.63
http:R(3,20)=73.03
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was 9.5%, compared to an average increase of 5.2% in the UC group. A two-way fixed 

effects MANOV A revealed a significant GROUP X TIME interaction for the dependent 

variables investigated (Rao R (10, 13)=4.00; p<0.001). Post-hoc analysis using individual 

two-way ANOV As for the dependent variables SAC, SLP, and SKE demonstrated a 

significant 19.6 ± 6% increase in SAC (16.2 ± 2.75 to 19.2 ± 3.29 kg, p<0.05) in the AERWT 

group, compared to a non-significant 12.0 ± 9.4% increase in SAC strength (17.0 ± 2. 75 kg 

to 17.2 ± 2.58 kg, N.S.) by the UC group; there were also non-significant increases by the 

AERWT group in both SLP and SKE of0.78 ± 2.2% (146.9 ± 14.9 to 148.5 ± 15.9 kg, N.S.) 

and 8.1 ± 5.0% (39.8 ± 4.96 to 43.2 ±5.29 kg, N.S.) respectively, compared to a non­

significant gains of3.8 ± 2.2% (153.2 ± 10.6 to 160.0 ± 11.7 kg, N.S.) and decrease of0.85 

± 2.5% (46.0 ±5.0 to 45.7 ± 5.2 kg, N.S.) by the UC group respectively (see Figure 6). 

3.2.3 Six-Minute Walk Test 

The Six-Minute Walk (SMW) test was administered twice at both the baseline and 3­

month assessments, in order to control for reproducibility, and once at the 6-month 

assessment. A two-way, fixed effects MANOV A was performed on the SMW distance, 

SMW work, and body weight data for all patients at baseline, 3-months, and 6-months. The 

analysis did not reveal any significant main effects or interactions; the GROUP X TIME 

interaction resulted in Rao R ( 6, 14)=0. 9405; p=O.497. The AERWT group increased their 

SMW distance 3.95 ± 1.94% (459.2 ± 12.5 to 478.0 ± 18.1m, N.S.) from baseline to 3­

months; however, there was a 0.18 ± 3.31% decrease (459.2 ± 12.5 to 459.7 ± 23.1m, N.S.) 

in SMW distance from baseline to 6-months. The UC group demonstrated a 0.32 ± 4.02% 

http:13)=4.00
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(471.7 ± 24.2 to 471.1 ± 31.8m, N.S.) and 1.10 ± 5.49% decrease (471.7 ± 24.2 to 469.2 ± 

37.3m, N.S.) between the baseline/3-month and baseline/6-month assessments respectively. 

As for SMWwalk-work, calculated by the formula WW(J)=SMW(m) * mass(kg) * 9.81 m/s2
, 

the AERWT group increased WW by an average of3.60 ± 2.11% (375.4 ± 23.4 to 387.1 

±22.4 kJ, N.S.) from baseline to 3-months, followed by a 0.54 ± 3.37% decrease (375.4 ± 

23.4 to 371.4 ± 24.2 kJ, N.S.) in WW from baseline to 6-months. The UC group, however, 

increased WW by 1.29 ± 4.18% (385.0 ± 30.0 to 388.7 ± 31.9 kJ, N.S.) and 0.25 ± 5.60% 

(385.0 ± 30.0 to 387.4 ± 37.6 kJ, N.S.) during the baseline/3-month and baseline/6-month 

periods respectively. The body weight of the patients in the AERWT group demonstrated 

little change from baseline to 3-months (84.3 ± 5.86 to 84.1 ± 6.02kg, N.S) and from baseline 

to 6-months (84.3 ± 5.86 to 84.1 ± 6.05kg, N.S.). In contrast, the body weight of the UC 

group changed modestlly during the baseline/3-month (83.6 ± 5.41 to 85.1 ± 5.82kg, N.S.) 

and baseline/6-month (83.6 ± 5.41 to 84.9 ± 5.80kg, N.S.) follow-up periods. 

3.2.4 Resting Radionuclide Ventriculography 

The RNV examinations were performed at baseline and at 3-months in order to assess 

potential alterations in left ventricular ejection fraction as a result of the training regimen. A 

Student's t-test for independent samples was performed on the baseline data of the respective 

groups following the exclusion of the three subjects in the AERWT group due to non­

compliance with the training regimen. The test revealed a significant baseline difference in 

LVEF (t=2.60 (0.05, 23), p=0.016) between groups. Therefore, the data from the baseline 

and 3-month follow-up examinations were subjected to a one-way ANCOVA to control for 
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this baseline variation. The AERWT group demonstrated a non-significant 6.3 ± 3.0% 

increase in LVEF (31.3 ± 1.73% to 33.2 ± 1.90%, N.S.) following the training program, and 

the UC group realized a 10.1 ± 4.9% increase in L VEF (25. 1 ±2.02% to 27.5 ± 2.23%, N.S.) 

(see Figure 8). 

3.3 Heart Rate Variability Indices 

3.3.1 Frequency Domain-Acute Studies 

As mentioned previously, the power spectrum ofHR.V insists that the heart rate signal 

is as ectopic-free as possible in order to discount the effects of a compensatory pause as an 

increase in vagal modulation, and its subsequent contribution to an increase in HF-power. 

Each patient recording was reviewed for the presence of excess ectopic beats, and those 

recordings which were contaminated by numerous ectopics were excluded from group 

analysis. A total of 4 patients in the AERWT group and 5 patients in the UC group were 

excluded from statistical analysis. In the AERWT group, exclusion of patient recordings were 

due to excess ectopics in two individuals, atrial fibrillation in one patient, and lack of a 6­

month recording in one patient due to hospitalization. In the UC group, there were three 

individuals with poor data due to contamination by ectopics, and two patients did not 

participate in the 6-month follow-up due to dropout and assessment for cardiac 

transplantation respectively. 

At baseline, 3-months, and 6-months, the response of the CHF patients to an 

orthostatic stress was assessed through changes in the power spectral indices from the 20­

minute supine condition to the 1 0-minute standing condition. Upon inspection of the baseline 
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responses of all patients to orthostatic stress, three distinct patterns emerged in the power 

spectral profiles. In some of the patients there was a normal increase in the LF-power from 

supine to standing; however, in another group, the LF-power remained unchanged or was 

attenuated upon standing, and in yet another group there was a flattened spectral profile upon 

standing. These patterns ofpatient responses to orthostatic stress are demonstrated in Figure 

9. These baseline differences precluded accurate quantitative analysis of the power spectral 

dependent variables for these two conditions, and instead, a qualitative analysis which 

assessed improvements in orthostatic response was undertaken by two independent, blinded 

evaluators. An improvement in the response to orthostatic stress was defined as: 1) an 

accentuated increase in LF -power upon standing where there was a normal response 

previously; 2) an increase in LF-power upon standing where there was attenuated response 

or no change at baseline; and, 3) an increase in autospectral power where there was a 

flattened spectral profile previously during the supine or standing conditions. These changes 

were assessed through comparison of only the baseline and 3-month data in order to directly 

assess the effects of the 3-month supervised training intervention. The qualitative analysis 

performed by one evaluator (T.C.B.) found that 6 patients in the AERWT group and 2 in the 

UC had improved their response to orthostatic stress, whereas another evaluator (E.L.F.) 

identified 7 AERWT patients and 2 UC patients with improvements in the response to 

orthostatic stress. Chi-square analysis, using Yates correction factor, resulted in x2 =1.39 

(df=l; p=0.239) and )(2=2.49 (df=l; p=0.115) for the two independent evaluations 

respectively. In order to calculate the coherence between the independent evaluations of 
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improvements in the response to orthostatic stress, the phi coefficient was calculated for these 

nominal data and resulted in <P =0. 71. 

The 20-minute supine power spectral recordings were compared with the 20-minute 

post-exercise supine recordings at baseline and 3-months in order to assess how participation 

in physical training might affect the recovery of the power spectral indices following the 

symptom-limited incremental cycle ergometer test. A total of 11 dependent variables were 

obtained from each spectral profile, and included: 1) average heart rate (HR.); 2) low­

frequency peak power (LP); 3) low-frequency area (LA); 4) low-frequency fractional power 

(PL); 5) low-frequency power central frequency (LC); 6) high-frequency peak power (HP); 

7) high-frequency area (HA); 8) high-frequency fractional power (PH); 9) high-frequency 

power central frequency (HC); 10) LF:HF peak ratio (RP); and, 11) LF:HF area ratio (RA). 

The size of the subsequent design necessitated the use of two separate MANOVAs for 

statistical analysis; therefore, a three-way fixed effects MANOVA (GROUP X CONDITION 

X TIME) was used for the analysis ofthe HR, LP, LA, PL, and LC dependent variables, and 

another for the HP, HA, PH, HC, RP, and RA dependent variables. The first MANOVA 

revealed a main effect for CONDITION (RaoR(5,13)=7.40; p<0.01); however, post-hoc 

analysis of this main effect using a three-way ANOV A was significant for only the HR 

(p<O.OOI) and PL (p<O.Ol) variables. There were no further main effects or interactions for 

the HR, LP, LA, PL, and LC data; the GROUP X CONDITION X TIME interaction was 

non-significant at Rao R(5,13)=0.131; p=0.982. The second MANOVA used to identify 

differences in the HP, HA, PH, HC, RP, and RA variables, however, did not reveal any 

http:RaoR(5,13)=7.40
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significant main effects or interactions; the GROUP X CONDITION X TIME interaction for 

these dependent variables was non-significant at Rao R(6,12)=0.651; p=0.689. 

3.3.2 Time Domain 24-hour Ambulatory Holter Monitoring 

Ambulatory ECG monitoring was performed at baseline, 3-months, and 6-months in 

order to assess time domain parameters of HR.V. As described previously, time domain 

statistics ofHR.V derived from an ambulatory ECG monitor can be classified into two distinct 

categories: 1) those which are derived from the differences between adjacent RR-intervals 

such as the SDNN-index, pNNSO, and r-MSSD; and, 2) those derived directly from the 

intervals themselves such as the mean 24-hour heart rate and NN-interval, as well as the 

SDNN and SDANN. In the AERWT group, 24-hour holter monitoring was not performed 

at 3-months and 6-months in one patient due to hospitalization. In the UC group, one patient 

refused 24-hour holter monitoring on each occasion, and three patients did not participate at 

6-months due to hospitalization, dropout, and assessment for cardiac transplantation 

respectively. 

A two-way, fixed effects MANOVA was performed on the SDNN-index, pNNSO, and 

r-MSSD change scores from baseline to 3-months, and from baseline to 6-months; the 

analysis revealed no significant main effects or interactions, although the GROUP X TIME 

interaction for this group of dependent measures approached statistical significance, Rao R 

(3, 16)=2. 79, p=O.074. These dependent measures are presented graphically in Figure 1 0. On 

an individual basis, the SDNN-index increased 22.9 ± 10% from baseline to 3-months (49.3 

± 4.31 to 58.3 ± 4.96 ms, N.S.), and 42.1 ± 23.4% from baseline to 6-months (49.3 ± 4.31 
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to 65.8 ± 9.33 ms, N.S.) in the AERWT group, compared to a 20.7 ± 13.1% increase (41.5 

± 3.75 to 50.2± 7.25ms, N.S.) and a 3.43 ± 5.03% decrease (41.5 ± 3.75 to 39.9 ± 3.87ms, 

N.S.) during the same time periods respectively in the UC group. In the AERWT group, the 

pNN50 increased by 44.4 ± 28.2% (9.27 ± 1.78 to 10.2 ± 2.56%, N.S.) between baseline and 

3-months, and by 71.2 ± 50.3% (9.27 ± 1.71 to 14.6 ± 4.14%, N.S.) between baseline and 

6-months. Alternatively, the UC group pNN50 values for the corresponding time periods 

revealed a 6.37 ± 17.6% increase (8.33 ± 1.87 to 8.94 ± 2.96%, N.S.) and 1.59 ± 17.1% 

increase (8.33 ± 1.87 to 6.51 ± 1.10%, N.S.) respectively. The r-MSSD increased 23.4 ± 

13.8% (37.6 ± 3.56 to 46.5 ± 7.63ms, N.S.) and 35.9 ± 24.8% (37.6 ± 3.56 to 52.6 ± 11.9 

ms, N.S.) in the AERWT group between the baseline/3-month, and baseline/6-month 

assessments respectively, contrasted to the UC group which demonstrated a 4.02 ± 9.1% 

increase (35.0 ± 4.54 to 37.6 ± 7.60ms, N.S.) and 2.73 ± 8.0% decrease (35.0 ± 4.54 to 32.6 

± 3.53ms, N.S.) during the same time periods. 

A two-way fixed effects MANOV A was performed on the 24-hour mean HR, 24-hour 

mean NN-interval, SDNN, and SDANN change scores between baseline and 3-months, and 

between baseline and 6-months. The analysis revealed no significant main effects or 

interactions; the GROUP X TIME interaction was Rao R(4,15)=1.67, p=0.210. These 

dependent measures are presented in Figure 11. The 24-hour mean heart rate in the AERWT 

group increased 1.30 ± 1.98% (72.6 ± 3.02 to 73.3 ± 2.96 b/min, N.S.) between baseline and 

3-months, and increased 0.79 ± 2.81% (72.6 ± 3.02 to 72.7 ± 2.6Ib/min, N.S) between 

baseline and 6-months. In the UC group, there was a I. 79 ± 1.01% decrease (84.2 ± 2.55 to 

http:R(4,15)=1.67
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82.3 ± 2.69b/min, N.S.) in 24-hour mean heart rate from baseline to 3-months, and a 0.69 ± 

3.58% increase (84.2 ± 2.55 to 84.8 ± 3.90b/min, N.S.) from baseline to 6-months. The 

AERWT group demonstrated a 0.87 ± 1.94% (844.1 ± 38.4 to 835.3 ± 39.3ms, N.S.) and a 

0.011 ± 2.55% decrease (844.1 ± 38.4 to 838.8 ± 33.6ms, N.S.) in mean 24-hour NN-interval 

during the baseline/3-month and baseline/6-month assessments respectively. In contrast, the 

UC group realized a 1.90 ± 1.04% increase (717.4 ± 21.5 to 731.1 ± 23.4ms, N.S.) and a 

0.23 ± 3.76% increase (717.4 ± 21.5 to 720.0 ± 39.0ms, N.S.) in mean 24-hour NN-interval 

during the baseline/3-month and baseline/6-month follow-up investigations. The SDNN of 

the AERWT group increased 0.59 ± 6.54% (138.6 ± 10.0 to 133.8 ± 6.35ms, N.S.) from 

baseline to 3-months, and 3.12 ± 10.5% (138.6 ± 10.0 to 135.6 ± 10.4, N.S.) from baseline 

to 6-months. This is contrasted to an 11.5 ± 11.5% increase (103.1 ± 11.3 to 111.8 ± 

12.2ms, N.S.) in the UC group from baseline to 3-months, and a 6.93 ± 10.4% decrease 

(103.1 ± 11.3 to 95.8 ± 14.2ms, N.S.) in SDNN from baseline to 6-months. In the AERWT 

group, the SDANN decreased 3.50 ± 7.500/o (128.9 ± 9.97 to 119.2 ± 8.38ms, N.S.) and 5.20 

± 9.30% (128.9 ± 9.97 to 116.0 ± 9.62ms, N.S.) between the baseline/3-month and 

baseline/6-month assessments respectively. Alternatively, in the UC group, there was a 10.6 

± 11.5% increase (93.8 ± 12.5 to 100.0 ± 12.4ms, N.S.) in SDANN from baseline to 3­

months, and a 7.69 ± 11.4% reduction (93.8 ± 12.5 to 85.9 ± 14.5ms, N.S.) in SDANN from 

baseline to 6-months. 
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4.0 DISCUSSION 

4.1 Introduction 

Congestive heart failure represents a clinical syndrome of staggering epidemiologic 

prevalence in the western world. Traditionally, the use of physical training as a means of 

improving functional status in populations of CHF patients has been contraindicated, but in 

recent years has received increasing attention (Bellardinelli et al., 1995; Hambrecht et al., 

1995; McKelvie et al., 1995; Adamopoulos et al., 1992; Baigrie et al., 1992; Coats et al., 

1992, 1990; Jette et al., 1991; Arvan, 1988; Jugdutt et al., 1988; Sullivan et al., 1988; Conn 

et al., 1982; Lee et al., 1979). The rationale behind these investigations is that CHF, with the 

interpolated effects of physical deconditioning, could precipitate further disability and 

complications in clinical status. The consensus from both randomized and non-randomized 

studies in the literature is that patients can realize significant training effects without any 

deleterious effects upon cardiac function and subjective reports of symptoms. However, 

some findings are subect to speculation due to lack of randomized controlled designs, 

questionable statistical analysis, suitable follow-up procedures, and defined training periods. 

It has been observed that congestive heart failure represents a clinical syndrome in 

which there is significant derangement in one or both limbs of the autonomic nervous system 

(Ferguson et al., 1990; Porter et al., 1990; Francis et al., 1985; Levine et al., 1982; Goldstein 

et al., 1975; Eckberg et al., 1971). Clinical evaluations of CHF patients have reported 
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reductions in baroreceptor sensitivity (BRS) in response to orthostatic stress, pronounced 

neurohumoral activation, and marked reductions in heart rate variability (HRV). A significant 

reduction in HR.V, as is observed following acute myocardial infarction, has been associated 

with an increased risk ofsudden cardiac death and increased morbidity and mortality (Kleiger 

et al., 1987). A return of vagal modulation, and subsequent increase in HRV, has been 

associated with a decrease of sudden cardiac death, via an increase in the fibrillation threshold 

(Bigger et al., 1988), and a re-organization of sympathovagal balance may indeed induce a 

cardioprotective effect by initiating a reduction in the sympathetic overexcitation which is 

typical of this disorder. 

It has been demonstrated in the literature in normal healthy controls, and selected 

clinical populations, that physical training involving aerobic exercise represents an 

intervention which elicits favourable changes in sympathovagal balance via an increase in 

vagal modulation (Furlan et al., 1993; Coats et al., 1992; Dixon et al., 1992; Seals et al., 

1989; Pagani et al., 1988). Despite these findings, the study by Coats et al. (1992) remains 

to be the only investigation in the literature to have observed aerobic training in CHF and its 

subsequent effects upon HRV indices. They found that participation in an 8-week home 

based cycling program induced a 19.2% and 51.3% increase in RR-variation and high­

frequency power respectively, in addition to reducing low-frequency power by 21.2% and 

norepinephrine spillover by 16%. Although impressive results, there are some methodological 

concerns with this investigation which will be highlighted in an upcoming section. 

Improvements in physiological variables, in addition to HRV indices, have the 
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potential to exert an enormous impact upon the life of the CHF patient. Increases in both 

functional capacity and muscular strength have the potential to increase their tolerance for 

strength-related ADL taks which previously were taxing, and translates into greater patient 

autonomy and quality-of-life. From the perspective of the autonomic nervous system, a 

return of vagal modulation in these patients has the potential to decrease morbidity and 

mortality. 

4.2 Purpose 

The purpose of this investigation was to examine the potential differences in 

autonomic nervous system adaptations, as assessed by heart rate variability techniques, 

between a group of stabilized CHF patients randomized to either a training group 

(aerobic+resistance) or a control group (usual care). In addition, the present investigation 

was undertaken in order to supplement the limited amount of literature in this area, and to 

improve upon methodological concerns inherent in their respective designs. 

4.3 Symptom-Limited Incremental Cycle Ergometry Tests 

4.3.1 Peak Relative Oxygen Uptake 

The significant 19.2% increase in peak V02 (mllkg/min) demonstrated by the 

AERWT group is curiously similar to the improvements reported by the related investigations 

of Coats et al. ( 1990; 1992) and Adamopoulos et al. ( 1992). Their patients increased peak 

oxygen uptake from 13.2 ± 0.9 to 15.6 ± 1.0 ml/kg/min (p<O. 001 ), whereas the training group 

in the current investigation improved from 13.2 ± 0.5 to 15.5 ± 0.84 ml/kg/min (p<0.05). The 

increase of 19.2%, in comparison to other randomized investigations in the literature, is lower 
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than both the 22% and 31% increase in peak oxygen uptake by the patients of Jette et al. 

(1991), and Hambrecht et al. (1995) respectively; however, as mentioned previously, the 

improvements noted in the 4-week trial of Jette et al. (1991) could have been due to 

spontaneous recovery ofventricular function , and the results ofHambrecht and colleagues 

were reported after 6-months ofphysical training. Although there were no measurements of 

cardiac output, systemic vascular resistance, or peripheral blood flow, it is believed that the 

improvements made in peak oxygen uptake are a result of peripheral mechanisms; more 

definitive proof, however, is warranted in order to substantiate this claim and represents a 

further research direction .. 

4.3.2 Maximal Exercise Duration and Maximal Power Output 

The significant increases in peak oxygen uptake realized by the AER WT group were 

coupled with non-significant gains of20.6 ± 5.9% (N.S.) and 25.4 ± 5.5% (N.S.) in exercise 

test duration and maximal power output respectively, compared to corresponding increases 

of 5.2 ± 6.1% (N.S.) and 8. 79 ± 5.8% (N.S.) respectively by the UC group. The increases 

noted in the AERWT group, although non-significant, are in accordance with results from 

other investigations in the literature which have reported improvements in exercise duration 

between 18.5% and 26% (Hambrecht et al., 1995; Coats et al., 1990; 1992), and 

improvements ofbetween 11.6 and 21% in maximal power output (Belardinelli et al., 1995; 

Baigrie et al., 1992; Jette et al., 1991). Interestingly, in comparison to other studies in the 

literature involving populations ofnormal cardiac patients, the baseline maximal power output 

demonstrated by the CHF patients in the present investigation is only 34% of the maximal 
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power output demonstrated by the cardiac patients ofMcCartney et al. ( 1991) ( 62 Watts vs. 

180 Watts); however, it is likely that this discrepancy is due to the fact that the training group 

in the latter investigation was comprised exclusively of male subjects. 

4.3.3 Anaerobic Threshold 

Perhaps the most surprising result was the lack ofimprovement in anaerobic threshold 

in the training group. It was hypothesized that the training stimulus used in this investigation 

would approximate that ofinterval training, and would therefore be more ADL specific where 

short bouts ofactivity were required. Nonetheless, the training group realized non-significant 

•gains of 4.9 ± 3.7% (55.2 ± 2.9 to 57.7 ± 3.4%V02, N.S), as did the control group with an 

increase of5.8 ± 5.1% (47.4 ± 2.7 to 49.2 ± 2.9%V02). In comparison to other studies in 

the literature, the CHF patients in the randomized study of Hambrecht et al. (1995) 

demonstrated a 23% increase in anaerobic threshold following 6-months participation in a 

cycling program; in addition, the non-randomized training studies ofboth Baigrie et al. (1992) 

and Belardinelli et al. (1995) demonstrated increases of 10.9% and 20% respectively in their 

groups ofCHF patients. It is unclear why similar, but non-significant increases in anaerobic 

threshold were noted in both groups in the present investigation. 

4.3.4 Expired Ventilation, Expired Carbon Dioxide, and VE: VC02 Ratio 

The ventilatory indices of expired ventilation, expired carbon dioxide, and the ratio 

ofVE:VC02 were assessed in order to track improvements as a result of participation in the 

physical training regimen. The reductions noted in these ventilatory indices by the training 

group, however, only approached statistical significance (p=0.075). Although non-significant, 
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the training group demonstrated reductions in both expired ventilation and expired carbon 

dioxide at submaximal and maximal workloads during symptom-limited incremental cycle 

ergometry, whereas the control group either remained unchanged, or realized slight increases 

in these ventilatory indices. The reductions in expired ventilation of 5.12 ± 4.64% (N.S.) and 

12.8 ± 2.92% (N.S.) during WL2 and WL3 respectively in the AERWT group, can be 

compared to the 10.5% reduction in maximal expired ventilation realized by the CHF subjects 

of Coats et al. (1992). Interestingly, in the current investigation, the reductions in expired 

carbon dioxide paralleled those of expired ventilation, with reductions of 8.3 6 ± 4.73% and 

10.7 ± 2.84% for WL2 and WL3 respectively. The trend in these indices, although 

statistically non-significant, has practical implications for the CHF patient. A reduction in the 

perceived ventilatory stress of a particular workload has the potential to translate into a 

greater tolerance for an activity of similar intensity. 

4.3.5 Double Product During Progressive Stages ofModified Bruce Protocol 

The results from the present investigation failed to demonstrate any statistically 

significant alterations in heart rate, systolic pressure, or double product as a result of 

participation in the training intervention. The lack of changes in these indices would suggest 

that the adaptations noted in the AERWT group were likely due to changes taking place at 

the peripheral level. There have been conflicting reports in the literature with respect to 

changes in double product following exercise training in CHF patients. Both Belardinelli et 

al. (1995) and Jette et al. (1991) found that following their respective training periods that the 

double products during both submaximal and maximal workloads remained unchanged. In 
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contrast, the results ofBaigrie et al. (1992) and Coats et al. (1990) demonstrated that the 

double products during maximal and submaximal workloads respectively, were significantly 

reduced following their training regimens. 

4.4 Dynamic Muscle Strength 

In comparison to other studies in the literature concerned with resistance training in 

populations of normal cardiac patients, the current investigation provides some interesting 

contrasts. An investigation conducted by McCartney et al. (1991) closely approximates the 

testing protocol ofthe present study. They randomized 1 0 patients to a combined aerobic and 

resistance training regimen, and another 8 patients to an aerobic training only group. 

Although their results could be somewhat inflated due to the fact that the patients were all 

males, the baseline strength measure ofthe patients in the current investigation approximated 

47%, 74%, and 76% ofthe baseline results ofMcCartney et al. (1991) for the SAC, SKE, and 

SLP respectively. In terms of improvements in dynamic muscle strength noted by the 

combined training group ofMcCartney et al. (1991), they increased SAC, SKE, and SLP by 

42%, 25%, and 21% respectively. 

In the present investigation, the training group realized a significant 19.6 ± 6% 

increase in single-arm curl following the 3-month supervised training period; this finding is 

the first reported increase in muscle strength demonstrated by this population as a result of 

a resistance training program. The implications of this finding are equally as important, as it 

has been demonstrated that CHF patients can increase peripheral muscle strength without any 

increases in symptoms or deleterious effects in left-ventricular function. Of major 
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disappointment were the results from both the single-leg press and single-knee extension 

exercises. It was hypothesized that the leg press would be a more useful indicator of 

improvement since it is a closed-chain kinetic exercise and more closely resembles functional 

activity (i.e. stair climbing). The inability of SLP to demonstrate significance could be due to 

two reasons: 1) the fact that the original testing apparatus had to be replaced due to damage, 

and follow-up assessments would be affected due to the new testing device; and, 2) improper 

control of seat distance and knee joint angle, thereby giving a more mechanically 

advantageous lever position to some moreso than others. Perhaps another reason why the 

SLP failed to attain significance is the failure to stratify patients according to their baseline 

strength measures; those with high pre-test values, therefore, would have less to gain than 

individuals with lower pre-test measures. The SKE scores of the AERWT group did increase 

by 8.1 ± 5.0% (39.8 ± 4.96 to 43.2 ± 5.29 kg, N.S); although this did not achieve statistical 

significance, it appears to be clinically significant when compared to the decrease of0.85 ± 

2.5% (46.0 ± 5.0 to 45.7 ± 5.2 kg, N.S.) demonstrated by the UC group. 

4.5 Six-Minute Walk Test 

The baseline, 3-month, and 6-month evaluations of Six-Minute Walk distance and 

walk work, although non-significant, demonstrated an interesting pattern. These indices 

remained relatively unchanged between baseline and 6-months in the UC group; however, the 

AERWT group realized an initial improvement in both maximal distance and walk-work at 

the conclusion of the 3-month supervised training period, whereas the 6-month values had 

returned to baseline levels. This pattern may be due to lack of compliance with the desired 
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training intensity of the home-exercise training program, and lends support to evidence that 

supervised training programs demonstrate larger gains in physiological indices. The only 

investigation in the literature to use the Six-Minute Walk test to assess the efficacy of physical 

training in CHF was performed by Baigrie et al. ( 1992); although they reported a 17.6% 

increase in walk distance following 16-weeks ofa supervised walking program, it was unclear 

from the report whether this result reached statistical significance, and the intensity, 

frequency, and duration of the training stimulus was not mentioned. 

4. 6 Radio nuclide Ventriculography Assessment 

The results from the resting radionuclide ventriculography assessements are 

inconclusive, and do not provide much information regarding changes in central function. It 

was not anticipated that there would be any changes in L VEF, however, both the AERWT 

and UC groups realized similar increases in LVEF of 6.3 ± 3.0% and 10.1 ± 4.9% 

respectively. What is ofparticular concern is the coefficient ofvariation of the measurement 

tool(± 10%) which probably influenced the results ofthis dependent variable. Despite the 

baseline variation in L VEF between the AERWT and UC groups, it was hypothesized that 

these indices would remain unchanged, or show modest increases in the intervention group 

rather than demonstrating spontaneous improvement in the group of controls. 

4. 7 Heart Rate Variability Indices 

4. 7.1 Frequency Domain 

The evaluation of HR.V using power spectral analysis in acute studies of supine, 

standing, and post-exercise conditions failed to demonstrate any conclusive evidence that, 
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similar to healthy normal controls, there is an increase in vagal modulation of the HR.V power 

spectrum, and improvements in baroreceptor sensitivity (BRS) following a regimen of 

physical training undertaken by CHF patients. The results from the orthostatic evaluations 

were interesting, as baroreceptor sensitivity appeared to be improved in several patients in the 

AERWT group upon qualitative evaluation by two independent investigators; however, these 

results were not statistically significant. In contrast, there were only two individuals (N. S.) 

in the UC group that demonstrated improvements in their response to orthostatic stress. 

In the current investigation, comparisons ofthe power spectra from supine to standing 

were performed in order to identifY the baroreceptor response to an orthostatic stress. While 

blood pressure was recorded via auscultation, it really did not provide any useful information 

concerning the status of the baroreceptor probably as a result of chronic dehydration due to 

medication use. Of particular concern, of course, was the small sample size used in these 

evaluations; rhythm disturbances plagued the data of some individuals and prevented them 

from being assessed statistically. In addition, the different patterns which emerged at baseline 

between the supine and standing spectral profiles proved costly in terms ofaccurate analysis 

using parametric statistics. These observations are, undoubtedly, a phenomenon of working 

with this particular population. In some individuals there was a relatively normal power 

spectral response to standing, whereas in others there were abnormal responses of the LF­

power to orthostasis and even a flattening of the autospectrum in yet another smaller group. 

It was interesting to note there were some individuals with a flattened power spectrum 

during the resting supine condition. The question remains, however, as to the etiology of this 
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observation. Could this phenomenon be a factor of the heart operating on the descending 

limb of the Starling curve and that the inotropic state of the heart is being supported by 

circulating catecholamines due to the loss of neural control? The HR.V spectral profile of 

patients with severe CHF have been found by some investigators to be similar to those of 

patients with diabetic autonomic neuropathy (DAN) and heart transplantation; a progressive 

autonomic denervation has been suggested by these authors to explain the reductions in HR. V 

observed in CHF patients. The flattened auto spectral profiles observed in some of the patients 

during the resting supine conditions are also similar to those observed during steady-state 

exercise in both normal healthy individuals, and in various clinical populations; it has been 

forwarded by some investigators that this phenomenon is due to the support ofthe heart and 

circulation by circulating catecholamines during physical activity (Dixon et al., 1992). In 

addition, this attenuated spectral profile could be due to a small signal to noise ratio, as a 

barely detectable efferent signal could be driving the heart. Also, the advancing age of the 

patients, coupled with a progressive underlying autonomic neuropathy could be affecting the 

quality ofthe data. Nonetheless, the differences found in the resting supine power spectra, 

and the response to orthostatic stress, reinforce the fact that CHF is a complex clinical 

syndrome which proceeds on somewhat of a continuum. The observation of these abnormal 

responses would be interpreted by Fallen et al. (1996) to represent those individuals with the 

greatest decrement in ventricular function and more pronounced neurohumoral activation. 

As for the comparison ofHR.V frequency domain indices' between the resting supine 

and post-exercise supine conditions, there was no evidence to suggest that there were 
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improvements in the recovery of these indices as a result of training, which has been 

demonstrated previously in other investigations involving normal healthy controls (Dixon et 

al., 1992). None ofthe 11 dependent variables from the power spectra demonstrated any 

significant differences between the baseline and 3-month assessments for either group. It was 

hypothesized that the high-frequency indices would return to their pre-exercise supine levels 

within a shorter duration of time as a result of participation in the exercise training regimen; 

it was also expected that there would be corresponding changes in the low-frequency indices 

as a result of the combined modulation of this region. In addition, it was believed that 

significant alterations in the exercise test ventilation indices would be able to be detected by 

changes in the high-frequency variables of the resting supine condition via alterations in the 

contribution ofthe respiratory sinus arrhythmia to the power spectrum. The results from the 

ventilation indices suggested a reduction in ventilatory drive for the same relative workload 

in the AERWT group, although this was not reflected at resting levels in the spectral profiles, 

as the HF-power central frequency remained relatively constant. 

4. 7. 2 Time Domain 

None ofthe time domain HRV indices in the AERWT group demonstrated significant 

changes from baseline to 6-months; although the indices derived from differences between 

intervals (i.e. SDNN-Index, pNNSO, and r-MSSD) displayed a progressively increasing trend 

which approached statistical significance (p=0.074), whereas the indices derived from the 

intervals themselves (24-hr HR, 24-hr NN-interval, SDNN, and SDANN) remained relatively 

fixed for the duration of the present investigation. It is this similar increasing trend of the 
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former indices which is ofparticular interest. The SDNN-index, pNN50, and r-MSSD reflect 

vagal modulation ofthe heart rate and are highly correlated with HF- power. The SDNN, an 

indicator oftotal power, however, manages to stay relatively fixed throughout the follow-up 

period in both groups. Therefore, while vagal modulation may gradually be returning, 

sympathetic activity may remain unchanged. This may have certain application to the 

'saturating overstimulation' hypothesis offerred by Malik et al. (1993); despite a return of 

vagal modulation, as suggested by the increases in SDNN-index, pNN50, and r-MSSD, the 

underlying 'sympathetic binge' ofCHF prevented the manifestation ofvagal effects. Perhaps 

the conclusions of Malik et al. (1993) could be applicable to the reduced HR.V observed in 

CHF; the 'saturating' chronic stimulation of the sympathetic branch could lead to a 

progressive loss in heart rate and baroreceptor modulation, and would explain the sympathetic 

derangement characteristic to CHF, and the inability to be effectively modulated through 

various therapeutic interventions. 

In effect, what is being demonstrated in the results of the present investigation is a 

contrast oftwo specific theories; the 'saturating overstimulation' hypothesis offered by Malik 

et al. (1993),juxtaposed with the 'accentuated antagonism' hypothesis ofLevy et al. (1969). 

The 'accentuated antagonism' hypothesis would suggest that any amount ofvagal stimulation 

elicited in the midst of a predominant sympathetic signal would result in marked reductions 

in heart rate. However, the inability to demonstrate a training bradycardia in the AERWT 

group lends support to the notion that perhaps not enough of the vagal signal was allowed 

to be expressed due to the degree of background sympathetic stimulation in this population. 
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The lack oftraining bradycardia was surprising, as certain investigations in the literature have 

identified significant reductions in resting heart rate following exercise training in groups of 

CHF patients (Belardinelli et al., 1995; Hambrecht et al., 1995; Baigrie et al., 1992; Sullivan 

et al., 1988; Lee et al., 1979). 

4.8 Proposed Mechanisms for Reduced HRV in CHF 

As mentioned previously, investigations in the literature which have addressed HR.V 

measures, autonomic function, neurohormonal status, and baroreceptor sensitivity, all agree 

that there is both parasympathetic and sympathetic derangement in congestive heart failure. 

However, the mechanism(s) by which this cascade of autonomic dysfunction proceeds is 

speculative at best. There are, however, several proposed mechanisms for the chronology of 

events on the heart failure continuum. To implicate a central, neurohormonal, or neural 

mechanism in isolation is probably simplistic, for this complex clinical syndrome is most likely 

multifactorial in origin. The augmented sympathetic drive, which is elicited as a result of 

compensatory mechanisms in the acute stages of heart failure, serves to support the inotropic 

state ofthe heart, as well as the circulation. However, this chronic adrenergic stimulation has 

been suggested to exert deleterious effects upon long-term neural control of the heart; it has 

been demonstrated that the neural drive to the SA-node is greatly reduced and potentially lost, 

which would result in the heart behaving like somewhat of a metronome. Therefore, the 

inhibition of vagal modulation of heart rate due to increased sympathetic stimulation, in 

addition to a progressive loss in neural drive to the SA-node, has the potential to reduce HR.V 

substantially. In addition, it has been suggested that the reduction in myocardial 
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norepinephrine content in CHF is associated with a decrease in sympathetic neural endings, 

coupled with an impaired reuptake of norepinephrine by synaptic endings. A chronic increase 

in norepinephrine spillover, therefore, has been implicated in causing primary organ damage. 

The fact that some investigators have identified similarities between the spectral 

profiles of patients with diabetic autonomic neuropathy, heart transplantation, and severe 

CHF have led these investigators to implicate a progressive autonomic denervation to explain 

the reduction in HRV observed in CHF patients. It has been proposed that with the loss of 

neural control of the heart that circulating catecholamines support the heart and circulation. 

Fallen (1996) (personal communication) hypothesizes that the progression of diminished HRV 

in CHF is a function ofthree distinct events: 1) a loss of baroreceptor sensitivity precipitates; 

2) an increase in circulating catecholamines; which, 3) results in changes to the autonomic 

nervous system as expressed by a reduction in HRV indices. Simplistically, the theory 

offerred by Fallen (1996) has been incorporated into the rationale of the present investigation, 

although working in reverse. It was hypothesized that by trying to induce autonomic changes, 

using a physical training stimulus, that the amount of circulating catecholamines would be 

altered and there would be improvements in baroreceptor sensitivity. 

Another theory to explain the reduced HRV in CHF concerns the actual architecture 

and orientation ofthe vagal inputs to SA-node, and the nodal region itself. It is proposed by 

this investigator that the chronic increases in right-atrial pressure characteristic to CHF could 

be responsible for the desensitization of vagal inputs, since the vagal autonomic inputs are 

localized to this region; it could very well be that chronic pressure overload of the right atrium 
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leads to a permanent deformation of the nodal region which is unable to be reversed. This 

hypothesis, however, remains to be investigated and represents a further area of research. 

4.9 Present Investigation vs. Coats et al (1992) 

The relative intensity ofthe aerobic exercise stimulus used in the current investigation 

is in accordance with other investigations in the literature involving CHF patients; however, 

the addition ofa resistance training component and its subsequent effects upon sympathovagal 

balance represents a new direction in the rehabilitation of the CHF patient. The only 

investigations ofexercise training in CHF to measure changes in sympathovagal balance have 

been the related works ofCoats et al. (1992) and Adamopoulos et al. (1992). In comparison, 

the present investigation has demonstrated identical significant gains in peak oxygen uptake 

as the patients of Coats et al. (1992), and improvements in exercise duration of similar 

magnitude, despite being non-significant. The ventilation indices in the current study 

suggested a decrease in relative ventilatory effort per workload in accordance with the results 

ofCoats et al. (1992); however, the results only approached statistical significance (p=0.075). 

In addition, the present investigation failed to demonstrate significant changes in double 

product during progressive cycle ergometry, whereas the patients of Coats et al. (1992) 

realized significant reductions in submaximal double products during similar activity. Some 

apparent differences between this investigation and that of Coats et al. (I 992) and 

Adamopoulos et al. (1992) include: 1) their program consisted of 8-weeks of home based 

training; 2) their design was a controlled-crossover design; 3) they did not measure left­

ventricular function post-training to evaluate the safety of the training stimulus, despite a high 
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volume of training; 4) there was no assessment of changes in baroreceptor sensitivity in 

response to orthostatic stress as a result of training; 5) the LF and HF frequency domain 

indices were derived from approximately 8-minutes of supine recording; and, 6) although 24­

hour holter monitoring was performed by Coats et al. (1992), they did not report any time 

domain statistics; however, the related study by Adamopoulos et al. (1992) revealed a 21% 

increase in SDNN following participation in the exercise training program. The investigation 

conducted by Coats et al. ( 1992) did, however, measure norepinephrine spillover kinetics in 

order to supplement the information provide by the HRV indices, as well as both cardiac 

output and peripheral vascular resistance in order to distinguish between central and 

peripheral adaptations to physical training. Of particular interest is the fact that despite the 

significant shifts away from sympathetic predominance toward enhanced vagal activity after 

training in these investigations, that the resting heart rate of patients remained unchanged. 

Although similar increases in peak oxygen uptake were realized between the current 

investigation and that of Coats et al. (1990; 1992) and Adamopoulos et al. (1992), there is 

some question as to whether the combined training stimulus of aerobic and resistance training 

had any deleterious outcome on the HR.V parameters. It has been suggested that both Type­

III and Type-IV muscle afferents are preferentially localized to fast-twitch mucle fibres 

(Piepoli et al., 1996; 1994). Due to the combined aerobic and resistance stimuli in the present 

investigation, we are stimulating changes in the areas of both fast-twitch (resistance) and 

slow-twitch (aerobic) fibres. Therefore, it could be that the increase in FT fibre area, as a 

result of resistance training, potentiates sympathetic feedback and hence contributes to the 
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modulation ofLF-power; whereas aerobically trained normals and the CHF patients of Coats 

et al. ( 1990; 1992) and Adamopoulos et al. ( 1992 ), increase the area of slow-twitch fibres, 

increase HF-power, and reduce LF-power. Did the addition of resistance training in the 

present investigation take away from the potential increases in vagal modulation as a result 

of this selective localization of muscle afferents? While increases in muscle cross-sectional 

area, as a result of resistance training, provide increases in skeletal muscle blood-flow, 

reductions in peripheral resistance, and increased contribution of the muscle pump to venous 

return, this could have had deleterious consequences upon HR.V via a potentiation of the 

ergoreflex via Type III and IV muscle afferents; this hypothesis, however, remains to be 

investigated. 

4.10 Possible Influence ofMedications on HRV Indices 

A potential confounding variable of the studies which have attempted to relate HR.V 

measures to the level of autonomic activity in CHF has been the use of medications by these 

patients. Investigations in the literature have attempted to control for study medications by 

either a wash-out period prior to the investigation, or controlling for the effects of a single 

medication across subjects. The pharmacological management of CHF typically includes an 

angiotensin-converting enzyme inhibitor (ACE-I), digoxin, and a diuretic either alone or in 

combination. Unfortunately, these medications have been found to impart significant effects 

upon the autonomic nervous system, and have been found to favourably influence heart rate 

variability (Brouwer et al., 1995; Krum et al., 1995; Binkley et al., 1993; Flapan et al., 1992). 

However, witholding necessary medications, despite being in a controlled environment, raises 
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ethical concerns. 



5.0 SUMMARY AND RECOMMENDATIONS 

5.1 Summary 

Historically, exercise rehabilitation of the CHF patient has been contraindicated due 

to concerns with eliciting an increase in symptoms and adverse effects in ventricular function. 

Recently, there have been a number of investigations which have challenged current dogma 

and have reported increases in physiological variables without any deleterious effects. The 

rationale behind these investigations is that inactivity, coupled with deconditioning could 

potentiate both morbidity and mortality in this population. 

The effects of exercise training upon the autonomic nervous system, and more 

specifically, heart rate variability indices have been well documented in populations of normal 

healthy individuals. Only two related studies, however, have examined the effects of exercise 

training upon the heart rate variability indices ofCHF patients. Therefore, it was the purpose 

ofthis investigation to further the information in this area, and to improve upon some of the 

methodological concerns of other studies in the literature. 

Selected heart failure patients are able to achieve significant improvements in both 

peak oxygen uptake and muscle strength without any untoward changes in ventricular 

function, symptoms, or heart rate variability indices. The present investigation is the first of 

its kind to demonstrate that CHF patients can increase peripheral muscle strength as a result 

ofan exercise training regimen consisting ofboth aerobic and resistive exercise, and is likely 
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to have beneficial effects upon the performance of strength-related ADL tasks. The 

ventilation indices of the training group demonstrated powerful trends, however, the 

reductions noted in this group were non-significant. The implications of a reduction in 

ventilatory drive and therefore perceived effort, allow CHF patients to tolerate activities 

previously found to be taxing. 

The present investigation revealed some evidence to suggest that exercise training in 

selected populations of CHF patients results in favourable changes in vagal modulation and 

baroreceptor sensitivity; however, unike previous studies in the literature using normal healthy 

populations and CHF populations, the present investigation failed to note any significant 

alterations in HR.V as a result ofexercise training. The lack of significant findings in both the 

frequency and time domain HRV data could indicate that perhaps the autonomic dysfunction 

is so widespread and rampant in CHF that we cannot induce alterations through training as 

would be demonstrated in normal, healthy controls; however, it could also mean that the 

investigation was underpowered. In effect, these findings reinforce the hypothesis that the 

heart is the 'slave' of the periphery, and that due to the progressive lack ofneural control of 

both the heart and circulation, in addition to an impairment in pump function, that the only 

effective means of improving physiological variables is through changes at the peripheral 

level. 

The results ofthe current investigation have brought forth a number of questions: 1) 

was the intensity of the exercise stimulus indeed sufficient to induce the anticipated changes 

in sympathovagal balance?; 2) did the addition of the resistance training component take 
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anything away from the autonomic adaptations demonstrated in other investigations 

consisting of only aerobic exercise?; and, 3) was the supervised training period of sufficient 

duration in order to elicit the required stimulus? 

5. 2 Recommendations 

A number of things could be done to improve future investigations of this nature. 

First of all, a power analysis may reveal that an additional number of patients would be 

required in order to demonstrate significant findings in the HRV and physiological variables. 

In terms of the assessment of dynamic muscle strength in this population, follow-up 

assessments of dynamic muscle strength should include the performance of successive 

repetitions to failure using baseline 1-RMs for each of the SAC, SLP, and SKEin order to 

observe improvements in muscular endurance. Although it has never been done in any 

previous investigation involving this population, perhaps CHF patients can be matched 

according to a time domain HR.V variable such as SDNN or r-MSSD prior to randomization 

in order to control for homogeneity of groups. In addition, the use of a 'gold standard' in 

terms ofautonomic testing such as neck suction, muscle sympathetic nerve activity (MSNA), 

or a phenylephrine blood pressure challenge could be used in order to quantify the autonomic 

response ofthe patients and substantiate the HR.V findings. The inference of improvements 

in baroreceptor sensitivity to orthostatic stress using HR.V was interesting; however, if the 

HR.V indices were coupled with blood-pressure variability (BPV) measures via 'cross spectral 

analysis,' the sympathovagal interactions in these patients could be more accurately observed 

and assessed and could be monitored upon follow-up investigations. Finally, in order to 
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substantiate the central versus peripheral hypotheses explaining adaptations to physical 

training in CHF, both central and peripheral hemodynamic variables should be measured in 

order to elucidate the origin of these changes. 
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EXERT Substudy 

Power Spectrum Analysis 


You are particpating in the EXERT study which evaluates the 
effects of exercise on functi ona1 status, qua1ity of 1ife and 
safety in patients with congestive heart failure. In this context, 
we wish to find out more about how exercise affects changes in the 
1eve1 s of neurohormones (natura11 y occurring body chemica1s) in 
people who have congestive heart failure. 

In order to obtain this information you will have your heart 
rate monitored for 35 minutes prior to the exercise test, and 20 
minutes after the exercise test. You will then wear an ambulatory 
heart monitor home for 24 hours after the test. This will occur at 
the time your regularly scheduled exercise tests are performed for 
the EXERT study. In addition to the exercise tests required for 
the EXERT study you will be asked to come in for an exercise test 
6 months following entrance into the study. 

Your participation in this study is voluntary. Refusal to 
participate or withdrawal from the study will result in no penalty 
or loss of benefits to which you would otherwise be entitled. All 
information obtained in this study will be confidential and only 
used for research purposes. 

I agree to participate in the EXERT substudy which evaluates how 
exercise affects neurohormone levels and I have been given a copy
of this form. 

Patient's Signature Date 

Witness' Signature Date 
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A RANDOMIZED CONI'ROLLED TRIAL OF EXERCISE TRAINING IN 

PATIENI'S WITII CONGESTIVE HEART FAILURE 

CONSENTFORM 1 

Orientation Period: 	 Baseline Drug Stabilization, Pre-Randomization and Baseline Assessment ( 6 
min walk test, Quality of life Questionnaire, Muscle Strength Assessment), 
Peak Exercise V02, RNV 

You have been found to have heart failure which means that the heart does not pump 
blood adequately. The symptoms of heart failure include fatigue, shortness of breath and a decrease 
in exercise capacity. Some preliminary studies suggest that regular exercise may improve these 
symptoms, but this has not been conclusively proven. McMaster University and the University of 
Alberta are conducting a research study in Canada to clarify this. The aim of the study is to find out 
whether or not regular exercise reduces the symptoms associated with heart failure, improves your 
ability to carry out your usual activities and your sense of well being. _ 

For this first phase of the study you will be seen by one of the physicians (Dr. 
Yusuf/Montague) involved in the study to have the doses of the medications that you are receiving 
optimized. During this time you will perform the 6 minute walk test (involves walking in a corridor 
for 6 minutes) twice on two separate days, have your muscle strength assessed and complete a quality 
of life questionnaire. There is an extremely small risk of having a heart attack or collapsing while 
performing the 6 minute walk test or muscle strength assessment. However, this test will be 
~erformed under supervision in hospital, and emergency equipment will be available at all times. If 
JOU experience any untoward symptom ( eg. chest pain, shortness of breath, fatigue or dizziness) the 
tests may be stopped. 

You will be assessed with a radionuclide ventriculogram, to determine the ability of the 
heart to pump blood, before the study starts and after being in the study for 3 months. There is no 
risk associated with this test. You will perform an exercise test on a cycle ergometer before the study· 
starts; and 3 months and 12 months later. There is a 1 in 10,000 risk of having a heart attack or dying 
during this test. However, this risk is no higher than it would be for anyone else who has heart 
disease. The tests will be supervised by a physician trained in exercise testing. Your heart rate, 
blood pressure, electrocardiogram and symptoms will be continuously monitored throughout the 
exercise test. The 6 minute walk test will be done at 3 months and every 6 months to the end of the 
study, muscle strength assessment at 3 months and 12 months, and quality of life questionnaires will 
be performed at 3 months, 12 months and at the end of the study, There is a small risk of having a 
heart attack or collapsingwhile performing the 6 minute walk test or muscle strength assessment, but 
this risk is very small. Emergency equipment is available at all times in the laboratory and a study 
physicianwill always be present should such an event occur. 

You will be carefully followed in the Heart Function Oinic every month. H your clinical 
condition changes, a study physician will re-assess your treatment. There will also be regular 
communication with the physiciari. that normally is responsible for taking care of your heart failure 
condition. You will always be offered any treatment that your clinical condition requires and 
participating in this study will not affect that. 

Your participationin the study is entirely voluntary and will not affect any medical care to 
which you are entitled. You are free to refuse to participate or withdraw from the study at any time 
wfthout penalty. All information obtained as part of the study will be confidential and only used for 
research purposes. Before starting the exercise period of the study you will have the objectives 
reviewed again and be requested to sign another consent form. 
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I agree to participate in the study of exercise training in patients with heart failure and I 
have been given a copy of this form. 

Patient's Signature Date 

Witness' Signature Date 

Participating Investigator's Date 
Signature 
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A RANDOMIZED CONTROLLED TRIAL OF EXERCISE TRAINING IN 

PATIENTS WITII CONGESTIVE HEART FAILURE 

CONSENT FORM 2 

Exercise Training and Follow Up Period: 	 Supervised and home exercise training, all outcome 
assessments 

As described previously you have been found to have heart failure which means that the heart 
does not pump blood adequately. Regular exercise is felt to improve these symptoms, but this has not 
been proven. McMaster University and the University of Alberta are conducting a research study to find 
out whether or not regular exercise reduces the symptoms associated with heart failure and increases your 
functional ability. 

For the exercise training and follow up period of the study you have an equal chance of 
entering either the regular care or exercise training group. The people,Performing the assessments of your 
exercise capacity will not know to which group you have been assigned, nor do they need to know. 
Furthermore, it is very important that you do not, in any way, indicate to anyone performing your 
assessments to which group you have been assigned. If you are entered into the exercise group, you will 
have regular contact with a specially designated member of the research team. 

If you are in the exercise group, you will attend exercise sessions 2 times a week for month at 
the medically supervised cardiac rehabilitation program. Following this period of time you will continue 
to exercise at home for the remainder of the study. During the period of home training the appropriate 
exercise eguipment will be provided. A study staff member will call you monthly to insure you are not 
having difficulties with the exercise equipment or the training program. Also you will be asked to return 
to the cardiac rehabilitation program every month to review your training program. If you are in the 
group that receives regular care you will be encouraged to walk regularly and be called once per month 
for the first 3 months. You will be called once per month for the remainder of the study. 

You will be reviewed every 3 months in the Heart Function Clinic by a study cardiologist to 
carefully review your symptoms. At that time the physician will make any necessary alterations to your 
medical treatment. 

Your participation in the study is entirely voluntary and will not affect any medical care to 
which you are entitled. You are free to refuse to participate or withdraw from the study at any time 
without penalty. All information obtained as part of the study will be confidential and only used for 
research purposes. 

I agree to participate in the study of exercise training in patients with heart failure and I have 
been given a copy of this form. 

Patient's Signature 	 Date 

Witness' Signature 	 Date 

PartiCipating Irivesugator's Date 
Signature 
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APPENDIXB: 

Raw Data 



5 

10 

15 

20 

25 

i) Baseline patient demographics 
Patient GROUP AGE LVEF1 NYHA CHF ET NITRATES ACE DIURETIC DIG BETA-B ANTI-COAG OTHER 

1 1 74 34 2 ID Nitrospray EN 20mg FU (40mg) 0.250 mg N COU 5mg mevacor 
2 1 71 28 1 IS N EN 10mg N 0.125mg N ASA 325mg am1odarone 
3 1 57 28 2 IS Nitro patch CA 150mg N 0 125mg N ASA 325mg Cordaro ne, Dilantin ,Thyroxin ,Atrove nt 
4 1 85 22 2 IS N CA 7Smg FU (40mg) N N ASA 325mg slowk, simvestalin 

1 78 31 3 IS Nitrospray ll10mg FU (40mg) 0 375mg N ASA 325mg slowk,amiodarone,oxazepam 
6 1 67 22 2 IS IS 60mg N FU (80mg) N N cou cordarone , lorazepam, hydralazine 
7 1 59 32 2 IS Nitrospray EN 10mg FU(40mg) N N ASA 325mg amiodarone,ventolin,tyll3,al•van,glyburide 

8 1 61 19 3 ID Nltropaste CA 112 Smg F 100mg,HCT 25mg 0 250mg N COU Smg Trimetrene(kspar),slowk,mexilitine,lovastatin 
B 1 64 39 3 IS N CA 75mg FU (40mg) 0.125rng N ASA 325mg colace, glyburide 

1 59 36 3 IS N EN 20mg FU (20mg) 0.125mg N ASA 325mg allopurinol,lanoxin 
11 1 58 39 3 HYP N EN 20mg FU (20mg) N N N vitE,stress tab 
12 1 76 36 2 HYP Nitropaste CA 75mg FU (80mg) 0.125mg N cou 25mg calmicort, ventolin.nitrospray,KOir 
13 1 72 23 2 IS Nitrospray CA 25mg N 0.125mg N cou 5/2.5mg amioda ron e, novas en, Ia pazole, ran rtidine 
14 1 41 23 2 IS IS BOmg EN 20mg FU (80mg) N N ASA 2800mg oxazepam 

1 64 37 2 IS N EN 10 mg FU (80mg) N N ASA 325 mg dittiazem, glyburide, allopurin ol, vilE, ibuprofen 
16 1 73 22 3 HYP IS 135mg N FU (80mg) 0.250mg N cou adalal,glybunde 
17 2 46 32 2 VIR N Ll10mg FU (40mg) 0.125mg N cou 512.5mg slowk,gemfibrozil,famolidine 
18 2 64 15 3 IS IS 60mg N FU (40mg) 0.250mg N N Zoloft,ViiE,Tyli12,hydrazine,amiloride 
19 2 45 26 3 IS N EN 20mg FU (40mg) 0 250mg N COU Smg none 

2 58 17 3 IS Nitrospray EN 40mg N N N COU Smg lelracydine, surgam 
21 2 61 30 2 ID N ll20mg FU (40mg) 0.250mg N cou 2.5mg eslraconpatch 
22 2 83 24 2 IS Nitropaste CA 150mg N 0.250mg N N glyburide 
23 2 72 27 3 IS Nilrospray EN 20mg FU (40mg) N MET 100mg ASA 325mg, CO U glyburide 
24 2 63 32 2 IS N EN 20mg FU (20mg) N N ASA 325mg amiodarone,provachol 

2 64 34 3 IS Nilropastelspray CA 225 mg F 160mg, HCT 25 mg N N ASA 325 mg spironolactone ,gly buride, end o mel hacin, melfarm in 
26 2 41 21 2 VIR N CA 150mg FU (40mg) 0.250mg N cou NONE 
27 2 53 13 2 IS Nilrospray CA 37.5 mg FU (20mg) N N ASA BOmg, COU serex. niacin 
28 2 66 22 2 IS N EN 10mg N N AT 25mg cou 4mg simvestalin 

AERWT 

uc 
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•ii) Peak oxygen uptake (V02) expressed in relative 
(ml/kg/min) and absolute terms (L/min) following 
cycle ergometry at baseline and 3-months 

Patient 
1 

GROUP 
1 

V02R1 
14.49 

V02R2 
14.65 

%DIFF 

1.10 
V02A1 

1.2 
V02A2 

1.25 
2 1 11.67 9.89 -15.25 1.3 1.12 
3 1 13.6 15.54 14.26 1.15 1.28 
4 1 13.3 15.32 15.19 1.18 1.35 
5 1 13.96 11 .76 -15.76 1.33 1.12 
6 1 12.05 14.25 18.26 0.82 0.93 
7 1 16.16 17.91 10.83 1.07 1.18 
9 1 12.51 15.68 25.34 0.63 0.67 
10 1 10.6 13.51 27.45 0.99 1.27 
11 1 11 .25 21 .83 94.04 1.13 1.31 
12 1 13.46 18.88 40.27 0.9 1.3 
13 1 11 .99 15.44 28.77 0.79 1.003 
15 1 16.1 17 5.59 2.04 2.16 
17 2 19.05 18.7 -1 .84 1.54 1.57 
18 2 14.05 12.9 -8.19 0.75 0.69 
19 2 13.31 12.9 -3.08 1.14 1.21 
20 2 10.59 13.74 29.75 1.18 1.08 
21 2 15.22 9.41 -38.17 1.01 1.14 
22 2 13.88 15.25 9.87 1.21 1.36 
23 2 13.27 11 .81 -11.00 1.15 1.2 
24 2 11 .34 10.47 -7.67 0.77 0.73 
25 2 9.93 11 10.78 1.14 1.19 
26 2 15.88 19.4 22.17 1.45 1.77 
27 2 13.62 12.24 -10.13 1.21 1.1 
28 2 13.66 14.2 3.95 1.23 1.25 

AERWT 

uc 

MEAN 19.~6 15.51 19.24 g.3 111 U !l l UiS 
STD 1.za Ul5 i!i .BD 9.11 0.61 UUI 
SEM D.IB IUJI 1 . ,~ 0.311 0.0!1 11.41 
MEAN 13.65 aa. om -fUJi 1. j5 1.19 1.92 
STD 2.11 S.lil6 dl.fiJil 0.28 fJ.BD 9.139 
SEM IU~I 8.88 5.1'31 fUJI - lUll 1 .81 
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iii) Maximal power output (Watts) and maximal exercise 
test duration for symptom-limited incremental cycle 
ergometry at baseline and 3-months 

Patient GROUP MP01 MP02 %DIFF TIME1 TIME2 %DIFF 
1 1 66.7 81 .7 22.50 8.33 9.33 12.00 
2 1 51 .3 66.7 29.87 6.67 7.67 15.00 
3 1 51 .3 61 .7 20.13 6.00 6.33 5.56 
4 1 62.5 66.7 6.67 6.00 7.67 27.78 
5 1 51 .0 66.7 30.72 5.67 7.00 23.53 
6 1 50.8 66.7 31.15 6.00 7.00 16.67 
7 1 51 .2 66.7 30.29 5.00 7.00 40.00 
9 1 30.8 30.8 0.00 4.00 4.00 0.00 
10 1 50.8 63.3 24.59 5.00 8.00 60.00 
11 1 66.7 83.3 25.00 7.00 8.33 19.05 
12 1 45.8 81.7 78.18 4.67 7.00 50.00 
13 1 50.8 66.8 31.48 5.00 6.00 20.00 
15 1 153.0 151 .8 -0.76 11 .00 8.67 -21.21 
17 2 117.3 116.8 -0.43 7.00 7.00 0.00 
18 2 35.5 30.8 -13.15 4.33 3.33 -23.08 
19 2 66.7 66.7 0.00 6.67 5.33 -20.00 
20 2 30.8 30.8 0.00 4.33 3.00 -3o.n 
21 2 62.5 81 .7 30.67 6.00 7.33 22.22 
22 2 66.7 84.0 26.00 6.00 8.00 33.33 
23 2 46.0 66.8 45.29 6.67 7.67 15.00 
24 2 50.8 48.3 -4.92 5.33 5.33 0.00 
25 2 45.8 51 .0 11.27 5.33 6.00 12.50 
26 2 102.3 133.3 30.29 6.00 8.00 33.33 
27 2 84.2 66.7 -20.79 6.67 7.00 5.00 
28 2 66.7 67.5 1.25 6.67 7.67 16.00 

AERWT 

uc 

MEAN 61J.i22 1!3.42 25.31 IUS lUllS 10.81 
STD 29.38 2B.ml 111.58 I.SII 1.11 lUI 
SEM B.a5 :Z.II 6116 1!1.151 I!U I !5.8f 

MEAN 64 .61 zo.aa 8.79 11.91 lUI !UU 
STD 26,08 80.85 2Cl.Oil fUI1 l.lil lUI 
SEM 7.53 8.91 5.\l!B £1 .28 IUSI 6.1!19 
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iv) Anaerobic threshold expressed as a percentage 
of predicted maximal V02 based on a healthy 
population,and in absolute terms for symptom­
limited cycle ergometry at baseline and 3-months 

Patient GROUP AT%1 AT%2 %DIFF ATA1 ATA2 %DIFF 
1 1 57 58 Uil!ii 1050 1050 m 
2 1 66 53 -UUlO 1100 1000 -9.01 
3 1 52 62 !9.23 1000 1200 20.1.11 
4 1 52 67 i!B.B5 850 1100 !afUU 
5 1 45 43 -11.11 1000 950 -5.DB 
6 1 58 62 8.98 700 750 7.11 
7 1 42 47 u em 900 1000 H.U 
9 1 54 54 fU1JII 600 600 o.oa 
10 1 70 76 f.Uifi 900 987 !il61 
11 1 65 65 (Ul[il 1000 1000 0.9B 
12 1 51 43 -15.69 800 1100 Bi!.SB 
13 1 36 41 a3.SI 650 750 15.18 
15 1 70 79 ~2.BB 1500 1700 U.31 
17 2 50 53 a.am 1200 1200 D.DB 
18 
19 
20 

2 
2 
2 

62 
35 
51 [ 

40 
41 

-95.18 
UUI 

700 
900 

450 
1100·­

-11.11 
111.111 

' 

21 
22 

2 
2 

56 
53 

62 
61 

Uil.rl' 
UU9 

900 
1000 

1000 
1150 

II.U 
15.BI 

23 2 48 50 iU!ll 864 900 1. n .: 
24 2 39 39 &.99 700 733 4.1U -
25 2 56 56 O.OB 1050 1050 0.119 
26 2 39 52 ss.aa 1100 1450 83.82 
27 
28 

2 
2 

32 
51 

36 
51 

a1:!.50 
lUll 

800 
1100 

900 
1100 

1!2.56 
lUll 

AERWT 

uc 

MEAN I 55.11 571 ,69 4.98 926.92 UiUI.!IB 1.96 
STD 10.60 Dl.34 ~CUlB 232.8!1 IU.IIII IIJ:IS 
SEM 2.9?,1: 3.42 3.il2 6~.15 PlS.II :til 
MEAN :4i.Sil 49.18 $.ii2i ~HUL61 dfliQS.Ialll 5.98 
STD 
SEM I 

9.38 
2.69 

8.98 
2.11 

~6. 88 

5.09 
366.81 
§£).21 

111.01 
18.61 

~I.!II 
fU6 . 
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v) Expired ventilation (~E) (Umin) based upon successive workloads of symptom-limited 
incremental cycle ergometry at baseline and 3-months 
Patient GROUPS W1 1 W1 2 %0lFF W2 1 W2 2 


21.2 21.8 ~ .1 27.5 20 

20.5 21.4 ~.4 30.5 25.5 
16.8 18 8 11.1 21.2 27.0 

20.8 18 8 -11.11 30.3 27.5 

21.9 16 4 ·111.1 33.0 26.5 


9 

10 

11 

12 

13 

15 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 


AERWT 

uc 

16.1 t.l 21.1 22.1 31.6 31 ,0 ir -1.1 ~ 
17.4 a.a 29.4 22.1 38.2 30.1 i ..,12 
15.9 n.o 22.4 
18.1 U.l 27.4 
18.0 -1.1 230 
15.2 U.2 22.2 
16.0 J.l 22.1 
23.6 29. 8 
17.3 11!1 . 3 24.8 

31.2 21 4 44.1 
13.1 21 .6 177 
27.6 21.8 35 2 
14.1 14.1 19.3 
19.1 21.3 27.3 
20.3 18.8 24.9 
22.4 24 5 29.4 

23.1 31.3 
19.4 26.7 
25.8 31.4 

%01FF W3_ 1 W3_ 2 %DIFF 


-tU 32.7 28.2 § -1 

-IU 43.0 31.1 !i .!Z1.1 

zu 31.8 32 0 O.!l r- .. 

-11.2 43.9 37.1 -151 
-117 44 g 35.2 -2UJ 

1tHmt 
1 
2 .zo.e 
3 ,,,0 112• 

5&4 ·1U 1210 10118 
~2 418 ·tU 123fl 1074 

o 448 452 &~ 1.1 8114 us 
7 528 ~2 752 ·21.1 1217 100& 

430 471 591 721 zu 
10 513 700 012 &05 .0.1 11&9 1020 ·12.7 
11 4114 470 730 5114 ·11.1 ~ 175 .,... 
12 44& 502 7&0 ose .,... 1012 4.., 455 •sl 732 018 ·15,1 131 -7,1 
15 1 !181 857 514 -3\1 1103 47 
17 2 ~0 597 101 107 8011 0.2 933 10 
18 na 5C)I •JO.I 125 8111 .0.7 1&2 
11 400 5811 4U SOl 717 28.0 eoa zu 
20 751 579 ..z17 1001 1031 .Z.t 1229 
21 407 417 ·10.7 &01 531 •It,? 11117 714 •IU 
22 2 422 523 23,1 &18 &50 5.1 1000 825 ·22.2 
23 2 537 sse 3.6 8110 700 tot 792 918 24.5 
2' 489 489 0.0 &38 513 ... 822 710 -11.6 
25 57& •ttl 1012 &51 •tl.t 12&1 1253 .0.1 
20 2 &17 14.7 7113 77& ·U 1017 920 ..... 
27 2 501 ·U.7 710 785 11.0 11115 1102 27.4 
2& 2 I 8&1 72• 0. 1010 - ·I 

MEAN 816.27 738.1111 ·10.85 
AERWT STD 125.00' .. ·103.7h' UG 

SEM 37lll 11.2l J!!lli U~ 
MEAN !11.30 il211.811 

uc STD f2UII m 103.91 
SEM .a.as •lli·\'12!8V 
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vi) Expired ventilation to expired carbon dioxide ratio 
for successive workloads of symptom-limited 
incremental cycle ergometry at baseline and 3-months 

Patient GROUP W1 1 W1 2 W2 1 W2 2 W3 1 W3 2 

1 1 3.55 3.63 3.39 3.47 3.05 3.15 
2 1 3.01 3.27 2.93 3.09 3.02 3.00 
3 1 3.55 3.07 2.94 2.86 3.03 2.85 
4 1 3.69 3.74 3.43 3.55 3.63 3.47 
5 1 4.04 3.91 3.56 3.38 3.63 3.28 
6 1 3.59 3.63 3.49 3.38 3.53 3.50 
7 1 3.30 3.21 3.08 2.94 3.14 2.82 
9 1 3.65 3.95 3.75 3.94 ';' 

10 1 3.53 3.71 3.37 3.63 3.39 3.73 
11 1 3.24 3.34 3.15 3.13 3.08 3.06 
12 1 3.39 3.74 2.90 3.46 3.09 3.12 
13 1 3.52 3.75 3.02 3.66 3.54 3.31 
15 1 3.53 f 3.48 3.60 3.44 3.54 
17 2 3.20 307 3.05 3.03 3.19 3.01 
18 2 4.29 4.25 5.35 4.87 5.42 r.·~ 
19 2 3.21 3.69 3.11 3.74 3.09 3.57 
20 2 3.64 3.77 3.32 3.31 3.20 -= 
21 2 3.02 3.38 2.92 3.24 2.73 3.21 
22 2 4.53 4.07 4.43 4.02 4.29 3.72 
23 2 3.78 3.38 3.61 3.20 3.37 3.17 
24 2 4.58 5.01 4.61 4.75 4.74 5.18 
25 2 3.24 3.37 3.09 3.36 3.12 3.42 
26 2 3.44 3.45 3.37 3.24 3.18 3.30 
27 2 4.34 4.91 4.39 4.94 4.44 5.32 
28 2 4.34 3.83 4.02 3.62 3.97 3.49 

AERWT 

uc 

MEAN 8.119 3.54 IUB 3.1!U 8.11 ·· !UU -~· 
STD D.i2B 0.2111 1.1111!1 0.21 CUll 11.3111 
SEM 0.01!1 D.DI 111.118 D.DII I · IUJI 1.09 
MEAN 3.U 3.82 IU26 . lUll Ul a.z• 
STD IJ.62 O.Bi 0.1!55 0.8] 0.61 0.8:1 ''' 
SEM 0.20 0.22 0.12~ 0.2~ 0.21 ., 0.28 



vii) Heart rate, systolic blood pressure, and double products for successive stages of modified 
Bruce protocol during symptom-limited incremental cycle ergometry at baseline and 3-months 

Patient 

1 
2 
3 

GROUPS 
1 
1 
1 

HR1 -1 
ee 
99 
91 

HR1 -2 
e5 
94 
106 

%DIFF 
-3.41 
-IDS 
ti!.U 

HR2_1 
93 

110 
106 

HR2_2 
ee 
100 
11e 

'l'oDIFF 

t ~-~ -&09 
11.32 

SP1-1 
135 
140 
170 

SP1 2 
140 
150 
1eO 

%DIFF 
3.70 
J.H 
5.88 

SP2 1 
145 
170 
195 

SP2_2 
145 
160 
190 

%DIFF 

D..OII 
-5.88 
4.58 

R1 1 
11e e 
13e 6 
154.7 

R1 2 
119 
141 

190.e 

%DIFF1 
o.n 
Ull 

1119.34 

R2_1 
134 e5 

1e7 
206 7 

R2 2 
127.6 
160 

224.2 

%DIFF2 

-E~ . 

4 1 111 111 0.00 12e 120 -8.25 170 170 IUO 1eO 1eO 0.00 1ee 7 1ee 7 0.00 230 4 216 . 

5 
6 
7 

1 
1 
1 

72 
62 
123 

66 
64 
107 

-8.33 
us 

·13.01 

eo 
69 
137 

70 
70 
116 

-12.50 
us 

-15.33 

120 
130 
120 

115 
130 
145 

-il.n 
0.00 

20,89 

I 
! 

130 
140 
170 

130 
140 
160 

0.011 
0.00 
-5.88 

e6.4 
eo 6 
147.6 

75.9 
e3 2 

155 15 

-12.15 
S.23 
5.12 

104 
966 
232 9 

91 
98 

185.6 

-1~.10~ 

!.IIIII I 
~C.II 

9 1 85 89 iU1 94 98 11.28 150 120 ·ID.GC 190 140 -26.32 127.5 106 8 -!6.24 178.6 137.2 
10 1 99 120 ! 21.21 117 127 8.55 130 120 -11.11& & 140 135 -3 51 128.7 144 11.89 163 8 171.45 -~~~·~ 
11 1 102 93 -8.82 108 102 -5.58 140 145 U7 150 150 D.DD 142.8 134 85 -551 162 153 -5.1111 
12 1 98 97 ·I.C:Z 108 110 1.85 190 160 -15.79 190 170 -19.59 166_2 155.2 -18.115 205 2 187 
13 1 91 101 ·· !0.99 112 111 ~.89 120 115 -4.17 130 130 0.00 109. 2 116 15 8.38 145 6 144 .3 -~-~ ~ ~.89 

15 1 NO DATA 
17 2 123 119 -1.25 140 135 -11.57 135 130 ~ -UO 150 150 0.00 166 05 154 7 -41.&1 210 202 5 -S.Ii'll 
18 
19 

2 
2 

105 
100 

104 
102 

-485 
I!F 2.00 

119 
109 

113 
112 

-5.04 
2.l5 

145 
110 

150 
110 

3.45 
0.00 

160 
120 

170 
120 

6.25 
0.00 

152 25 
110 

156 
112.2 

2.411
11 2.00 

1904 
130 8 

192.1 
134.4 

0.18 
Ul 

20 
21 

2 
2 

101 
119 

89 
108 

·11.811 
-8.24 

108 
137 

99 
120 

-8.!13 
-12.lU 

155 
150 

150 
130 

!i' -l!.23 ~ 
' -13:33 l 

160 
165 

155 
140 

-l!.!3 
-15.15 

156.55 
178 5 

133.5 
140 4 

' -1<1.72 
-21.34 

172 8 
226 OS 

153.45 
16e 

m -n.;~~ 
-1!5.118 

22 
23 
24 
25 
26 

2 
2 
2 
2 
2 

106 
e4 
74 
122 
118 

93 
83 
74 
117 
116 

f'J· t:UII 
-U8 
0.00 
-'4111 
-1.11& 

113 
92 
79 
132 
136 

100 
e9 
81 
123 
134 

-lUll 
-3.~ 
2.53 
-1.1!2 
-1.1!17 

140 
135 
170 
160 
130 

175 
130 
150 
155 
140 

25.00 
-3.10 

lPtl UII 

~~. ·SJS \11.11& 

160 
140 
1eO 
1e5 
140 

1eO 
130 
160 
175 
150 

12.50 
-7.14 
-11.11 
-5.11 
1.14 

14e 4 
113 4 
125 8 
195 2 
153.4 

162 75 
107 9 
111 

1e1 35 
162 4 

9.111 
-4.85 

-11.1e 
·f.1D 
5.111 

1eO e 
12e e 
142 2 
244 2 
190 4 

1eO 
11 5. 7 
129 6 

215.25 
201 

-e.illil . 

~D.. I!!-8.118 
-n111 
5.51 

27 
28 

2 
2 

111 
103 

115 
97 

980 
-5.!3 

123 
115 

145 
114 

~ 17.119 
.0.87, 

110 
120 

110 
135 

D.DD 
12.50 ~ 

110 
130 

115 
145 

•.55 
11.54 

122 1 
123 6 

126 5 
130 95 I 

aeo 
5.95 

135 3 
149 5 

166.75 
165.3 

23.2~ ~ 
10.52 ' 

8342 M.~z 1.41 105.17 102.50 -&llOMEAN 1GJI2 140.113 -D.89 180 113 152.50 -4.58 134.16 13423 0.10 110.64 157.96 ~.80 
STD 10.23 lUll t O.•'Z ~801 18.ll0 ...,AERWT 2:1.8• . 21.12 .10.7a" z•.ae 187! 1.64 33118 38.31 1182 "-96 41.77. 962 
SEM ~.ea 1.81 ~ t~-112 15.48 6.37 ue tl.!B 827 U1 1.04 5.1!11 221 8.'12 10.48 885 !2.98 12.06 2.78 ,...MEAN t05.~ 401.42 -:U3 ne.12 113.711 -2.51 ~3U3 , Jlllmi'11i ,,, O.f!2'' 'i> , 150.00 148.11 0.00 t!9.111 •3,IJII 175.10 11!8.67 -2.~0 
STD ' 1 •.96 . 1<1.!11 ua 18.&1! 18.21 8.1l5uc n• 11.72 ~OA8 22.81! ao.es 878 28.84 1119.85 ass 38.71! 31.!12 12.58 
SEM 1>;\4':32 W.2t Ul 538 U4 2.32 s•a UD 9.03 ...~ e.eo 5.811 2.53 us U! 2.7tl 11.19 8.04 3.63 



viii) Dynamic muscle strength scores for single-arm curl (SAC), single-leg press 

(SLP), and single-knee extension (SKE) assessments at baseline and 3-months 


Patient GROUP ARM1 ARM2 %DIFF LEG1 LEG2 %DIFF KNEE1 KNEE2 %DIFF 

1 1 13 13 0.00 150 130 l -13.33 42 41 -lUB 
2 1 24 30 25.00 170 175 i 2.94 53 50 -5.66 
3 1 26 28 1.89 185 197.5 8.!lS 67 62 ..!U8 
4 1 30 38 26.B'l 265 280 5.68 62 72 16.13 
5 1 12 10 -U!i.67 75 80 6.67! 15 11 -26 .67 
6 1 3 5 66.67 130 125 -3.85 39 40 2.56 
7 1 16 23 43.75 135 150 H.U 36 46 iV2:8 
9 1 1 1 D. DO 70 65 ..l1l.14 13 12 .:Z.69 
10 1 13 18 38JJS 130 145 11.54 27 36 BiUB 
11 1 8 9 12.50 110 110 O.DD 22 29 UB2 
12 1 14 16 14.29 140 125 -m.11 32 36 11..11!l 
13 1 16 20 25.00 130 135 3.85 49 61 2!U9 
15 1 34 38 11.76 220 212.5 -3.11 61 65 6.56 
17 2 21 18 -1!.1.29 187.5 205 9.33 72 67 -6.9J 
18 2 0 0 0.00 85 85 0.00 13 12 -~.69 

19 2 28 27 -3.57 190 204.5 1.63 64 68 6.25 
20 2 17 19 NUB 155 150 -3.23 45 41 -8.89 
21 2 2 4 IDO .flll 115 120 4.!5 40 42 l!i.OB 
22 2 22 24 1 .09 120 130 8.33 28 28 0.00 
23 2 26 24 4.89 160 180 12.50 40 46 15.00 
24 2 4 6 60.00 110 120 9.09 32 31 -3.13 
25 2 22 20 -9.09 170 160 -5.88 52 44 -15.31 
26 2 23 26 13.01 185 205 10. 8~ 62 68 9.68 
27 2 20 20 lUI 192.5 200 3.90 64 63 -UB 
28 2 19 18 -5.28 170 150 -IUB 39 38 -2.56 

AERWT 

uc 

MEAN IU5 ' lUI 19.61 U16.91 148.41 .· on 19.85 113.15 8.10 
STD 9.92 11.86 2t66 18.8!1 f5i.2' lUB n.aa ns.os IUS 
SEM 2.15 U!9 6.01 111.93 ~5.81 2.21 1.118 5.29 5.05 
MEAN U.BiiP '· lUI • ,2.00 lU.B8 151US a.ra I lUI Ali.Bil -11.85 
STD 9.1.11 BH a:ua 3i.611i 11.99 1.50 11.44 IJ.SII a.ru 
SEM rul5 1Ui8 9 .35 III.&B . U.66 Ul UJI 5.16 2Jl9 



ix) Six-minute walk distance (m), six-minute walk work (kJ), and body weight data (kg) 
for AERWT and UC at baseline, 3-months, and 6-months 

413 439 352.8 
4 472.5 482 412.1 398.4 401 .9 
5 420 391.0 358.9 368.7 95 95 
6 477 317.9 306.1 256.1 68 65 
7 429 480 277.5 310.5 309.2 66 66 
9 313 153.4 154.9 50 43 
10 415.5 456 378.7 420.1 417.3 93 94 94 
11 550.5 643.5 323.7 378.4 384.6 60 60 60 
12 519.5 528 351 .3 357.0 346.9 69 69 68 
13 481.5 498 486 311.4 317.2 309.6 66 65 65 
15 462 482 480 575.0 575.0 597.4 127 127 127 
17 508 541.5 403.3 445.8 428.5 81 84 84 
18 481 .5 489 251 .5 258.8 235.8 53.3 54 54 
19 2 559 554.5 471 .1 477.7 484.1 66 87.9 87.9 
20 2 412.5 400 448.7 450.8 460.9 111 115 115 
21 2 457.5 517 295.9 324.3 332.1 66 64 64 
22 2 391 .5 279 333.8 243.3 87 89 88 
23 2 355.5 387 303.1 352.7 87 93 

2 369 363 245.9 249.0 66 70 
2 350.5 395.0 365.7 115 115 

528 470.9 489.6 91 91 

uc 



x) Raw data for acute power spectrum investigations during 20-minutes supine(i), 10-minutes 164 
standing(ii), and 20-minutes post-exercise(iii) for both AERWT and UC groups at baseline 

(ll Plllonl Group HI< If ptaK If area ~tfaru lid hlpeu , .,.. %hfoiWll W:nt puk lf:nf area IOWant.t 

1 I "'" 
2 1 &1 103 7030 &2.1 0.071 21& 4242 378 0.21& s .•• 1,&& 112712 
l 1 50 51 s •asll lll.l 0031 S2.1 7271l ao2 0 till '01 O&&ll 12131.1 
.. I au au 8312 &&2 0 087 2S.e 31lS& 31& 0 30S 3.78 223 1221173 
II ' 52.• llll 8773 as 1 O.OSil 2U 3521 343 0.2S7 352 2.1 10294.3 
a I 430 211S 2tiMI 270 011 77.5 7828 72.8 0232 0.353 0.381 10784 
7 I 75.7 78 2 8255 58.1 0.084 22.• 431l 0.21 3 &5 133 11145 a•av• 
ll I 114 1144 IIOSil 51 7 o08 31.1 S710 48.3 0 277 2.37 I 13 117all.2 
10 I al 4 17.7 4568 40.2 o oat 1188 8824 su 02117 0 4116 0.&78 1131l1.2 
II I al.7 71.2 •11a1 •11 a o.u 77.7 5075 50.4 0.155 0.988 1.04 10058.2 
12 1 50 7• 8375 &&.3 0.053 118 3309 33.7 0 tal 03 2.07 ll883 a 
13 1 88.7 41l,7 5431 45_8 008 48 11450 544 0 211l 11 0.80.3 llll108 
IS I 771 77.1 a Sill Slla 0051l 34.4 031l3 40 4 0322 2.34 IS& 10V55.4 
17 2 as.a 48 a 4781 470 0.071 &&.4 5142 52.8 0 till O.llSI O.ll2tl llt22.78.. 2 72 485 a176 57,5 0.047 22.2 471 4 42.5 0.21l8 2.27 14S 11088.5 
Ill 2 74.2 71 3 51144 58.a 0.077 34 •727 4 1.C 0172 2.21 1.58 IIS71.2 
20 2 74.5 71.0 al87 544 0073 35. 1 5204 •sa 0 231 2.'0 1.21 11301 
21 2 73.7 Ill& 8384 50 a 0 07 45.3 4175 31l2 0,1&& 2.27 1.83 105&8.7 
22 2 114.7 SS.2 8085 54..1 0.072 2l.ll 40S3 45.2 o.22l 2.lll 1.25 11011 a 
23 2 55.1 54.5 C741 43.8 00118 07.8 aiOI 58.2 0.2t15 oa1• 0.7711 108444 
2• 2 58.5 385 4150 33.7 00115 51.7 8131 &&3 022!1 0705 0 513 12288.8 
25 2 
211 2 ee.• 755 5503 583 o.08 12.4 2585 31 7 0.221 a •a 2.1& 8181l.48 
27 2 as 1 22.1 25H 22.7 O.Olll 35.7 83118 773 0.2119 01142 0.317 10illl4.5 
2& 2 72.3 58 50lll 48.1 O.OSii 587 5370 Sill 0.302 1.07 1,01 104011.1 

(ill Pllilnl Group HR lrp..k lflru %tfar.a lr<f ht peak h .• ,.. %ntoru hi <f lf:hrp..k lf~hr .,.. lotalarea 
1 
2 

1 

' au 10& 645& 58.& 0057 21.2 4420 •o.• 0,11i1 5. 11 141l 10&75 s 
3

• 
5 

1 
1 
1 

a .. 
71.4 
52.7 

73.7 
72.8 
a37 

&115 
&oll8 
IIOOil 

...... 
7U 
15.5 

0.081 
0.058 
0.051 

us 
15.8 
18.5 

5245 
2tl4l 
3183 

50.& 
288 
34.5 

0.225 
0.204 
0.21& 

2.13 
5 

5.05 

I Ot 
2.07 
11l1 

12361 
1738.3 
lll72.18 

a 1 50.2 37.5 me lll 1 0.051 38 4 7154 50.1l 0233 0882 01183 11733.1 
7 1 ll5.5 7'.& alllll 113.1 0.081l 1S.2 3531l 36.1 0.232 4.1l1 1&2 87l7.a5 
ll I 711l 85.1 7412 &47 o 08S 22.1 -2 35.3 0271l 4.35 180 1141• 1 
10 I 58.3 40 a7&1l 53.8 0.0114 51 .2 &oil 45.2 0.373 0 857 1.28 12851.1 
II I &2.& &5 8314 71 .3 0.07 11l.7 2572 28.7 0 .15 4.88 2.52 &ll55.&2 
12 I 68.3 110.7 5545 72 0.054 la.7 254& 2& OIH 5.7. 2.&5 llOil2.72 
13 I a7.1 .I 3 5000 •u 0.072 27.3 8&47 57. 1 0.511 1.51 0.752 11&48.8 
15 I 80.1l 458 5362 5Vl 0.052 311.8 36.34 •o.7 0.32 U7 1.5 81l11S.I7 
17.. 2 

2 
110 
7U 

123 
36.2 

7507 
0302 

&&. I 
40.2 

0 08ll 
0 057 

25.a 
33.& 

3812 
4540 

338 
508 

0213 
0.38 

• .Ill 
108 

l.ll5 
I 02 

11511.5 
aao:z.n 

Ill 2 7• 5 53.! 5311 51.2 0.084 41l.S 37Vl 41 .1 0.1114 1.211 I .SS ll10&.55 
20 2 114 .8 &&• al37 a7.1 0.075 Ia 3045 32.1 0,182 5.71 2.1 11182.33 
21 2 50.8 532 5820 58 4 0.083 32 4127 41.0 0.212 181 1,48 10047 
22 2 12.3 54.3 5108 as.a 0 072 18.1 21183 342 0.257 333 2.1 4 5070.24 
23 2 75.5 58 5738 a:z.ll 0.071 18.1 3470 37.1 0.183 3.80 1.74 82011.0S 
2• 2 577 42!..,__5343-­ lll.ll 0.0112 41 .8 &o08 50.1 0205 ,,. o .a87 13351 .1 
25 2 
211 2 103 83.11 5883 78,1 0 072 13. 1 2138 231l 0.17 8.82 3.31 11030.84 
27 2 58.1 37 a 503S •u 0 071l 30.2 11017 571 0.367 127 0,771l 11731 .4 
2& 2 734 58.8 8727 558 0.078 23.2 5365 444 0.28 38 1.27 120114.7 

liii) Pati•nt Group HR H peak If area "t.H area ltd htpuk ht area %htaru ht c1 If: hi p..k lt:ht area total ilraa 

I 1 
2 
3 

I 
I 

67.7 58 8 
65 79 .. 

5932 
6835 

53.5 
51 .7 

0.072 
O. OQQ 

39.3 
34.5 

S2.t1 
63U 

48.5 
•a.J 

0 293 
0.15 

1.7 
2.3 

1.24 
1 07 

11172..9 
1320Q.8 

4 1 72.7 68 .3 6982 69 0.067 21.7 3167 31 0.23 3.21 2.28 10169.9 
5 1 50.2 92.4 7103 71 .5 0.059 20.3 2606 28.5 0.28 4.87 2.8 9909.57 
6 I .C4 .7 30.5 3398 30.9 0.085 75.1 7522 89.1 0 .2.t3 0 .409 0 .• 49 10018.1 
7 1 78.5 92.5 7063 71.4 0.063 16.1 2778 28.6 0 .168 5.74 2.58 9839.03 
9 I 69.5 70.6 55se 55.4 0.064 33 .9 4513 44 .6 0.306 2.5 1.::28 10069.1 
10 1 75.9 25.4 3389 J(UI 0.1 97.7 7493 69.2 0.325 0.263 0.455 10881.4 
11 1 72.9 93.3 9793 64.3 o.ose 22 3742 35.7 0.173 4.31 1.81 10535 
12 1 63 .8 93.7 7374 712 0.055 19.5 2963 28.8 0.174 5.13 2.53 10337.2 
13 1 71 .9 39.2 3918 35.7 0 .067 47 .5 7027 84.3 0.201 0.842 0.598 10942.3 

15 1 as .• 95.2 5889 54.• 0.069 27.1 4797 45.8 0.338 3.65 I .24 10686 
17 
18 

2 
2 

97.1 78 
74 .5 47.1 

6085 
5615 

6L4 
56.3 

0.068 
0.062 

40J~ 

35.4 
3718 
4485 

38.6 
43.7 

0 .224 
0 .379 

2.65 
1.4 

1.67 ,_.8 9803.06 
10100.2 

19 2 76.2 59.4 5639 64.7 0.071 21 3090 35.3 0 .179 3 .32 1.93 8728JI2 

20 2 80.9 85 .4 6430 61L5 0.081 21 .2 3197 33.5 0.1£19 4.32 2.04 9ti28.61 

21 2 79.2 93.5 7327 62.5 0.079 37.5 4418 37.5 0.217 3 .13 1.75 11745.5 
22 2 89.2 51.1 5708 53.8 0.064 31 .8 4911 48.2 0.312 1.81 1.23 10625.2 
23 2 60.8 48 5122 46.3 0.069 4•U 6000 53.7 0.255 1.33 0.871 11122.7 
24 2 ~ 6o:_59.8 5781 49 0.06 31.5 5970 51 0.221 1.99 0.985 11751 

25 2 
28 2 92 .9 118 8996 77.3 0 .052 11 .1 2070 22.7 0.17 10.7 3 .43 90&& .53 
27 2 95.9 25.8 3839 31.3 0.082 58.8 79U 68.7 0.303 D.S42 0.• 61 11613 

28 2 72.8 67.6 6249 59.9 0.06. 54.1 4069 40.1 0 .337 1.44 1.8 10317.7 

http:8181l.48
http:llt22.78


xi) Raw data for acute power spectrum investigations during 20-minutes supine(i), 10-minutes 165 
standing(ii), and 20-minutes post-exercise(iii) for both AERWT and UC groups at 3-months 

(II pa~ont Croup HR If f!'!•k w..... "'-If •rea lief hf pal~ hr·.,... -Ahfaru hfd lf:hl paolr tf:hf .,.. toiiilarea 
1 I 
2 I 548 87 5 7452 684 0.01!7 :ze 3220 30.8 0.278 2_72 2_34 101!72.3 
l I 81 82.2 8150 83.3 001!7 22_7 35<8 38.7 0.154 3 as I 75 11885.81 
4 1 877 811 8240 88.7 001!5 1U 3188 333 0 2011 331 2.22 840104 
5 1 508 au &413 51.1 0,01!4 28.2 44 21 40,1 0182 2_51 147 10130.1 
8 1 42.2 28.8 3287 27 3 0.12 17 1 8581 72.7 0 .237 0 32 0 3811 11147 a 
7 I 68 4 88.5 57811 57.1 0.01!4 11. 3 4187 42.1 0,118 3 511 1 43 11158 07 
I I 73 71.8 8165 83 8 0 062 24.4 ~3 311,4 0 284 358 182 1728 55 
10 1 718 ~~ 44171 41 8 0.11 81 .1 8500 58.4 0320 0 481 0 727 11171 
11 
12 
13 
15 

1 
1 
1 
1 

&4.5 

e_ 
75.4 
841 

5710 
8843 

503 
57.8 

0 01!8 
0.078 

<18. 5 
27.5 

5682 ._ 41.7 
42.2 

0.215 
0.281 

2.03 
2.41 

1,01! 
1 44 

11372.1 
117108 

17 2 714 718 87711 58.3 0 01!4 311,5 4783 41 .7 0.183 ua 142 11581.8 
18 2 78 3 72.3 6512 58.1 0 01!11 22_3 4823 43.2 0.111 3.24 1 . ~ 11335. 7 
11 
20 

2 
2 

70.4 
72.3 

71 .1 
138 

81511 
8247 

83.3 
83.2 

0058 
0 057 

251 
24 I 

4115-· 38.7 
38.1 

01111 
0.201 

3.58 
411 

111 
171 

110U_4 
81110.82 

21 2 688 78 8030 54.5 0.01!1 158.8 4801! 45 5 0,18 2.15 1.20 10138.1 
22 2 71 1 513 8230 411,1 0 074 311,3 8257 50.1 0.288 152 101 12468.4 
23 2 &II 
24 2 87.2 40.1 4328 35.1 0.082 87 4 7132 84.1 0.275 o.ata 0.548 122513 
25 
28 

2 
2 "na'1 

27 2 11 a 42.1 4301 40.8 0.073 ,2.4 5831 51.2 0,255 128 0. 707 101311,8 
28 2 70 2 55 5878 52"3 0.082 545 5220 47.7 0,277 I 18 1 15 10198.8 

(II) Potlont Group HR If paok ,,.,... ~Kara.a lief hrpeak t1f area .,.. h, .,... hfef ff:li( ..... tf:ht •ru tow.,.. 
I I 
2 1 51.8 7U 8333 55.7 0.01!8 23 7 501!2 ... 3 0.174 341 1.20 11315 
3 1 87,1 104 eeee 5t3 0 01!5 24 4821 40.7 0.185 43a 1.5 11 484 7 
4 1 78.2 as 61118 88.2 0061 305 32115 31.1 0.378 2.77 2.17 10272.1 
5 1 50,4 80.5 51120 83.3 0.01!8 II. I iW11 38.7 0,184 428 1,73 1331128 
8 1 50.2 104 1570 14.< 0.071 21 ,3 i5854 35.8 0.181 411 1.84 10223.7 
7 1 682 au 8741 855 0.074 181 353a ~. 5 0 15 5 81 1.118 102711 
I I 11 75.1 5531 80.5 0.01!4 18 3520 31,5 0 31 4 01 1.58 105087 
10 1 110.1 42.1 8832 51.4 0.0811 31 ,7 4701! 41 .8 0.352 138 1.52 1153a 
11 1 71.3 888 5534 64.5 0.078 11 3()31 35.5 0 174 3.81 1.82 8584.11 
12 1 78 58.4 8284 58.1 0082 22_5 5130 43.1 0.243 27 1.33 11 424,8 
13 
15 

I 
I ( 

17 2 103 871 8717 151 0.014 21.8 3<183 34 015 3.15 IH 10180.1 
18 2 777 58 5151 51.2 0 031 432 5523 48,8 0.'04 1 37 101 11 474 
I I 2 78.1 85 81115 85.7 0.051 21.2 3580 34.3 0.277 4. 11 2.18 10474 I 
20 2 80.5 111 7241 7H 0.074 IU 2770 277 0.221 881 2.&4 10011.3 
21 2 13.3 18.1 7451 83.5 o.on 31 4288 311.5 01 8 3,05 1.77 11738.7 
22 2 81.1 81.7 41103 58.2 001!7 174 3181 43.1 0 Ill 387 1.32 !ea38B 
23 2 748 83.3 8440 84.8 0.061 118 3542 35. 1 0.15 511 187 11181.&4 
24 2 &4.8 311.7 4413 32.4 0.13 390 1208 17.1 0.211 0127 048 13821.2 
25 
26 

2 
2 i 

27 2 92.4 49 6 5250 -48~3 0.075 23.9 5998 51.7 0.292 2.18 0.983 11248.2 
28 2 76.7 68.5 6459 64 0 064 21.2 3605 36 0 191 3.27 1.82 1()064 

71 .2 69 8 6138 59 0 084 4251 41 2 67 1038!UJ 

70.3 85 6991 66.6 0.067 20.4 3518 33.4 0.179 4.51 10509.3 
48 82 .1 6642 62.3 0.065 25.3 4080 37.7 0.203 l .•H 1.71 10921 .6 
45 28 3065 27.4 0.098 84.3 8192 72.6 0.242 0.354 0.378 11256.8 

71.9 84.6 71542 74 0.065 18.1 2527 28 0.221 4.69 3.64 10169.3 
71 .7 80.4 6508 69 0.054 16.5 2922 31 0.196 5.4 2.27 9430.39 

10 92 27.3 4883 44.4 0.092 103 6038 55.6 0.35 0.355 0.805 10920.6 
11 72.2 76.1 5843 56.8 0.07 34.5 4287 43.2 0.214 2.59 1.49 10130 
12 74 .6 71 .2 5835 53.3 27.9 6541 46.7 
13 
15 
17 
18 
19 79.7 95 .4 0 .064 16.1 2592 28.1 0.164 6.15 
20 72.2 83.6 6895 70.1 0.066 22.4 2941 29.9 0.206 4.27 
21 75 SEU! 5610 57.3 0.079 32.2 4206 42 .7 0.191 1. 8 
22 77.8 49.7 5173 45.5 0.078 38.4 6163 s•.s 0.188 1.52 
23 63.1 56.6 5902 45 .9 6950 54.1 0.213 1.29 

24 66 .7 33.2 3685 67.3 0 315 aa1s 
25 
26 94 I 93JI 7063 26.2 0 156 5 03 
27 93.8 93.6 68 11 62.5 0 07 20 8 4047 37 .5 0234 4 58 I 69 10858.1 
28 78.3 84 .1 6552 818 0 .072 27.6 4157 38.2 0.242 4.09 1.69 10708 .5 



166 xii) Raw data for acute power spectrum investigations during 20-minutes supine(i), and 
1 0-minutes standing(ii) for both AERWf and UC groups at 6-months 

(IJ P>!f""' Group tiR llpoolo ff l twl %tf1MII Kef h poolo ht~-~· \ll.hf•~· hltl ~: hi poole tf:llf .,... total 1n11 

I 1 
2 I 71V 55 5 5104 48 0.081 88.5 51102 54 0 335 Oal o.eaa 1080111 
3

• 
5 

1 
I 
1 

587 
58,1 
53 I 

785 
au 
80.4 

8500 
7035 
7482 

53.5 
M8 
IIOa 

0 078 
0 058 
0 073 

32.7 
23.5 
241 

~183 

3504 
4888 

47.5 
33< 
3a.1 

0.205 
0 278 
0.1a2 

2.~ 
4 .~ 

411 

1.15 
224 
1.58 

12082.4 
10S3a.3 
123187 

8 1 472 34 3875 288 0,034 1188 8a71 714 0258 0523 0.413 128532 
7 
a 

1 
I 

114 120 71185 -­ 641.5 0082 21.3 4000 33 5 0182 835 
,~,';'\' 

201 
·: 

111847 
@'~ 

10 1 742 •a 1 15041 51 .7 0.1 75.8 5834 48.3 0,328 0.588 1 oa 1187U 
11 I 114,1 437 •7a2 43.7 ooae 745 ~441 583 0185 05111 0.7M 1011381 
12 
13 

1 
I 

54.1 50 a 5287 48.5 0028 ·--­ 28 5528 50.5 022 2.14 - 104 
....,__ c._"'t> 

10112 4 
·­

15 I 114.5 a2.5 8757 51 0.045 307 4441 38 0.527 32 1 73 111a78 
17 
II 

2 
2 

12.1 
78 7 

87 5 
452 

11038 
51140 

57.3 
518 

0054 
0035 

381 
35.1 

4508 
5540 

42.7 
48.1 

0 2011 
0.30 

184,., 14 
124 

10542.8 
114110.1 

10 2 75.2 754 Moe 57.3 0.018 284 4081 42.7 0.111 2.84 1.3a 11518.5 
20 2 150 17 7 11822 852 0.085 211 3018 34.1 0215 4 .25 183 104401 
21 2 85 53.4 41 54 47.8 0083 50. 1 4545 52.4 0108 1.1. o.al5 111188 a7 
22 2 110.7 53 sasa 475 0 07 33.1 1311 52.5 02311 I 63 a. all 11074 s 
23 2 81 8 1102 Sl22 44 2 0088 57.4 1178 ss.1 0221 112 0.1132 ~ ~ 
24 2 
25 2 
28 2 II a 75.8 11078 Ill 0.073 18 8 308a 33.7 0.183 4,04 2 al 44.11 
27 2 
2& 2 oa8 88.3 ease 110.1 0.01 27 4375 382 0225 2.7a 1.83 11231 3 

1111 Potlont GROUP ~ Npuk tf .,.. _!!area li ef hi pook h...... '/.hf .,... hi tl K:hlpook tf:hf .,... totai &RI 

I I 
2 I 732 76 61al 81 ,3 0.058 21.1 3840 31.7 0.403 2.68 167 10031.8 
3 I 012 18 1241 58,4 0084 23.4 4838 .sa 0.247 311 1.33 11071.8 
4 I oae 82.4 70118 65.7 o.08a 21 4 3744 34.3 012 Ja 1.08 10143 5 
5 I 554 788 7285 1141 0.08 23.4 40111 354 015 371 1.87 1131107 
8 I 55 7 57.3 5208 482 0.073 238 5515 501 0212 2.57 1,02 101142 
7 1 11.3 805 11812 83.1 0012 1a 38110 30.a 0.15 • 74 1.71 10782.8 
a 1 
10 1 a3 1 52.1 5230 441.5 0.0111 21. 1 11038 535 0.171 1.87 0.171 11211 4 
II I n .1 5I 5a21 110.6 0.072 28.a 3187 3U 0.174 108 1 55 07a5.02 
12 
13 

I 
1 

n.2 104 7508 57.5 o.08a 21 .a 5421 42.5 01115 4 71 1.37 129l~~ 

15 I 10 a 118.2 7317 814 0.073 31,3 4515 30.1 0 411 2.43 1.74 11i,fr 
17 2 107 76.5 51188 M1 0 012 205 31011 33.a 0 171 3.70 1.118 80n57 
tl 2 71.a 50,1 5171 43.3 0084 33a 7850 58.7 0.127 IV3 0.782 13521 .7 
Ia 2 152 1187 8a54 851 0.085 248 31101 34.a 0221 z.n 1.85 10554.1 
20 2 788 87 1544 11.4 0074 la.1 3000 311 0.28 5. 17 2.33 0544.17 
21 2 78 7 81.2 8101 110.a 0.078 23.5 3922 3a 1 0,15 2.8 1.58 100231 
22 2 84 2 48.a 4111 41-e 0.1 27 5357 52.1 021 I 7a 0.038 102.37.1 
23 2 81.2 es.a 7033 81 7 0.084 24.7 4358 31.3 0.244 2.118 1.a7 11311.a 
24 2 
25 2 
28 2 7a.2 48011 118.3 0.087 117 2337 31 7 0171 18 724174 
27 2 ~ ·-~ 
21 2 118 88. 3 8158 601 0.01 27 4375 3a2 0225 2.7a 1.63 11231.3 



xiii) Mean 24-hour heart rate and NN-interval, SDNN, and SDANN time domain HRV parameters derived 
from 24-hour ambulatory holler monitoring at baseline, 3-months, and 6-months 
Patient Group HR 1 HR 2 HR 3 1AIDIFF1 %DIFF2 NN 1 NN 2 NN 3 %DIFF1 %DIFF2 SD_ 1 SD_ 2 50_ 3 1..bDIFF1 1!.DIFF2 SA_1 SA 2 SA_ 3 %DIFF1 %01FF2 

1 88.9 82.1 80.6 -5.59 -7.25 690.3 731.2 744.3 5.92 7.82 163.8 126.5 96.6 -22.8 -41.0 170.4 126.9 730 -25.5 -57.1 
68.0 62.0 72.9 -8.69 7.30 883.0 967.0 823.0 9.52 -6.80 1084 123.0 71 7 135 -33.8 100.8 115.2 63.4 14.4 -37.0 
70.0 72.1 67.2 3.09 -3.98 857 5 831.8 893.0 -3.00 414 eJ.s 110.5 126.1 32.4 51.0 73.6 92.6 94.1 25.9 27.8 
70.8 74.3 66.1 5.04 -6.62 847.8 807.1 907.9 -4.80 7.09 166.5 173 6 149.6 4.2 -10.2 1468 158.4 132.1 7.9 -10.0 
56.8 57.3 60.5 0 90 6.45 1055.7 1046.3 991.7 -0.89 -6.06 144.5 151.4 204.2 4.8 41.3 138.5 153.8 183.3 11 1 17.9 
53.4 53.2 54.3 -0.51 1.58 1122.7 1128.4 1105.2 0.51 -1.56 150.7 139.1 152.0 -7.7 0.8 138.6 120.9 138.0 -12.8 -0.5 
84.7 81.6 76.0 -3.43 -10.25 706.3 733_5 789.2 3.55 11 .42 108.7 154.9 156.3 42.4 43 .8 99.5 134.5 1449 35.2 45.,6 
73.3 818.1 86.3 80.2 

10 682 77.5 85 4 13.70 25.27 880.3 171.2 158.2 130.2 132.3 -17 .7 -16 4 
11 77.7 81.1 78_! 4.46 1.48 772.6 761.3 -4.27 -1 46 Hl9.9 155.2 -19.7 185.5 146.7 151.9 -20.9 -18 .1 
12 73.8 77.8 74.0 5.82 0.55 815.6 770.8 811.1 -5.50 -0.55 118.9 110.5 123.4 -7.1 3.8 105 7 84.0 96.7 -20.5 -8.4 
13 76.4 83.1 79 3 8.77 3.80 7852 721.9 756.5 -8.07 -3.66 148.4 1047 93.7 -29.4 -36.8 138.8 62.8 795 -54.7 -42.7 
15 84.4 77.7 77.0 -7.99 -8.81 710.5 772.2 779.2 8.69 9.66 98.9 115.3 156.6 16.6 58.4 90.4 104 7 123.3 15.8 36.5 
17 965 954 -3.68 fl45.4 3.80 159.8 112.7 -29.5 -37.7 157.2 111 .7 92.2 -29 0 -41.4 
18 76_0 78 1 -5_77 77.1 -49-4 
19 
20 78.5 78.0 
21 85.8 81 ,1 45.7 
22 es...J 83.2 -34 8 
23 75,0 71.4 -3.4 
24 57 3 628 
25 85. 1 82_3 7.6 
26 90.0 
27 
28 

AERWT 

uc 



xiv) SDNN-Index, pNN50, and r-MSSD time domain HRV parameters derived from 24-hour ambulatory 
halter monitoring at baseline, 3-months, and 6-months 

Patient GROUP 51_1 

40.64 
2 35.03 
3 35.49 
4 57.53 
5 63.63 
6 42.81 
7 3~33 

9 25.79 
10 38.75 
11 81.47 
12 48 .61 
13 67.82 
15 40.59 
17 2 48.93 
18 2 29.85 
19 2 
20 
21 
22 
23 
24 

2 

2 

2 

2 
2 

56.67 
33.14 
31 .66 
60.71 
31 .17 

51_2 
71.96 
39.05 
37.57 
48.05 
89.96 
52.38 
67.28 

37.95 
48.25 
68.04 
79.03 
60.08 
41.21 
23.26 

42.15 
38.78 
60.6 
28.06 

51_3 %DIFF1 %DIFF2 PN_1 
52.49 77.07 29.16 8.8 
26.93 11.48 -23.12 1.35 
106.2 5.86 199.24 7.73 
56.66 -16.48 -1 .51 9.06 
120.6 41 .38 89.53 3.09 
54.49 22.35 27.28 8.22 
52.07 71-07 32.39 2.32 

2.87 
30.22 -2.06 -22.01 6.72 
51.16 -40.78 -37.20 14.9 
72.55 39.97 49.25 11 .2 
46.51 16.53 -31.42 14 .8 
119.3 48.02 193.91 23.1 
40.95 -15.78 -16.31 13.9 
22.76 -22.08 -23.75 2.84 

31 .63 
61 .23 

1.20 
27.19 
22.49 
-0.18 
-9.98 

16.54 
-0 09 
0.86 

4.17 
11 .3 
7.35 
6.75 
12.4 

PN_2 
14 
2.7 

6.81 
0.645 
9.67 
10.4 
6.35 

6.53 
6.33 
19.5 
33.5 
5.96 
4.56 
2.43 

8.21 
8 .27 
9.63 

PN_J %DIFF1 %01FF2 RM_1 RM_2 RM_3 %DIFF1 %Diff2 
47.2 59.09 436 .36 48 53 90.38 166.18 86.26 242.46 
0.464 100.00 -65.63 29.38 33.05 19.18 12.49 -34.72 
15.2 -11 .90 96.64 29.66 29.85 56.49 0.64 90.47 

0.763 -92.88 -91.58 29.14 15.47 15.92 -46.90 -45.37 
14.9 212.94 382.20 26.57 48 .51 65.47 82.58 146.43 
11 .7 26.52 42.34 34.62 48 .95 44 42 41.42 28.32 
1.6 173.71 -31 .03 19 88 34 97 19 41 75 94 -2.33 

22 46 
1.93 -2.83 -71 .28 29.83 28 53 20.23 -4.37 -32 20 
7.8 -57.52 -47.65 43.84 27.97 29.47 -36.21 -32.77 

22.8 74.11 103.57 47.12 58.18 66.14 23.48 40.37 
33.2 126.35 124.32 60.56 104.13 69.31 71.93 14.43 
17.5 -74.20 -24.24 51 .44 37.82 59.33 -26.47 15.33 

4 -67 .1 9 -71 .22 38.56 23.69 23.61 -38.56 -38.77 
4.05 -14.44 42.61 19.02 20.79 24.34 9.31 27.98 

9.42 
8.61 

-30.80 
11 .70 
22.52 
-22 34 

---­
28.17 
36.45 
38.44 
30.70 

40 .98 
40 64 

-12 17 
-11 .54 
7.39 
-2.99 
-17.11 

-18.05 
20.72 
2.58 

25 2 48.52 91.91 42.16 89.43 -13.11 16.8 28 66.67 -29.76 59 63 82.87 38 96 
26 2 38.16 58.65 53.69 14.23 6.03 10.9 80 76 38_21 52.75 38 05 

27 2 22.04 18.17 -17.56 2.83 1.25 -55 83 20 08 14.00 -30.30 
28 2 40.9 45.22 10.56 -5 .82 1.59 1.3 -18 24 19.54 17.89 -8.47 

AERWT 

uc 

MEAN 
STD 
SEM 

.9.8~ 

311.112 
4.31 .,... 

IS.ao 
IUO 
ll.96 

15.?.l 
82.111 
1.93 

22 ., 

34.85 
10.00 

42.12 
8U8 
23.43 

112~ 

8.16 
U8 

111.20 
B.BB 
2.56 

1U9 
14.83 
11.14 

!4!4.45 
97.78 
28.21 

'lUl! 
114.41 
50.35 

aus 
12.34 
3.58 

1118 .48 
26.4lll 
7.63 

62.63 
41.34 
11.114 

23.40 
47.94 
13.64 

85.81 
85.113 
24.81 

MEAN 50.22 39.93 20.6'11 -8.!18 8.32 8.114 6.52 8.37 1.59 35.05 IU3 82.64 4.02 -:us 
STD 10.81 2D.51 10.116 86.95 14.113 5.29 8.36 3.14 49.70 48.34 12.8& liiU9 8.98 25.85 22.83 
SEM UJII 111.25 881 18.08 LD8 1.81 2.116 Ut U!.57 11!.09 f4.54 9!.60 8.53 9.14 8.00 
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APPENDIX C: 

Multivariate Analysis ofVariance and Chi-Square Summary Tables 
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MANOVA Summary Tables 

1. 	 Baseline Patient Demographics of Age, Weight, Height, BMI, CHF Duration, and 
Left-Ventricular Ejection Fraction 

Group 0.703443 1.475527 6 	 21 0.234 

Marked effects at p<0.05 

2. 	 Baseline and 3-monthFollow-up Assessments ofLeft-Ventricular Ejection Fraction, 
Peak Relative Oxygen Uptake (ml/kg/min), Peak Absolute Oxygen Uptake (L/min), 
Anaerobic Threshold as a Percentage of the Predicted Maximal V02 Based on a 
Healthy Population, Anaerobic Threshold in Absolute Terms (rnl/min), Maximal 
Power Output (Watts), Maximal Exercise Duration (min), and Dynamic Muscle 
Strength Scores (kg) of Single-Arm Curl (SAC), Single-Leg Press (SLP), and Single­
Knee Extension (SKE) 

Wilks~/·
·.·.••> .. b···.d·................. .


Lam· a·· 

Group (G) 0.465972 1.489868 10 13 0.246 

Time (T) 0.442588 1.637267 10 13 0.200 

GxT 0.245306 3.999503 10 13 0.011 

Marked effects at p<0.05 

3. 	 Expired Ventilation (VE), Expired Carbon Dioxide (VC02), and VE:VC02 Ratio 
Based Upon Three Successive Workloads of the Symptom-Limited Incremental 
Cycle Ergometery Test at Baseline and 3-Months 

0.816183 1.27622 17 0.3143Group (G) 

78.69981 14 0.000Workload(W) 0.028795 6 

0.884099 0.74288Time (T) 3 17 0.541 
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.... 

Effe!Ct·.···••••········· Wilks' . \ :••····•····· Rao'sR 
... k Lambda.... .···· 

dfl 
...• 

.... • ••• 

df2 
•••••••••·· •••••••li .P-

level 

GxW 0.478422 2.54381 6 14 0.070 

GxT 0.860657 0.91745 3 17 0.453 

WxT 0.439799 2.97211 6 14 0.044 

GxWxT 0.484230 2.48531 6 14 0.075 

Marked effects at p<0.05 

4. 	 Heart Rate, Systolic Blood Pressure, and Double Product for Two Successive Stages 
ofModified Bruce Protocol During Symptom-Limited Incremental Cycle Ergometry 
at Baseline and 3-Months 

i d ..•.•... 
••••• ·Effect< 

. Wilks;··.··•·••·> 
·.•. Lambda. 

•.lt.,o'slt 
'··· ........... ·.. 

I ·..·.••. dfl•····· 
> .. ..

df2 

•••• 

p- ·.··•·
level .. 

········ 

Group (G) 0.818479 1.47853 3 20 0.251 

Stage (S) 0.083647 73.03355 3 20 0.000 

Time (T) 0.875615 0.94703 3 20 0.437 

GxS 0.876205 0.94190 3 20 0.439 

GxT 0.941100 0.41724 3 20 0.743 

SxT 0.805939 1.60526 3 20 0.220 

GxSxT 0.803374 1.63167 3 20 0.214 

Marked effects at p<0.05 

5. 	 Comparison of the Recovery of Power Spectral Indices in the Supine and Post­
Exercise Conditions (mean heart rate (HR.), low-frequency peak power (LP), low­
frequency area (LA), low-frequency fractional power (PL), and low-frequency power 
central frequency (LC)) 

RaotsR ..... 

Group (G) 0.512478 2.473392 5 	 13 0.087 
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i.> <Effi :· ·'' · ect .·"' .....,. 

..,.. 

Wilks' 
. 

Lamb~ 
.•·····I 

Rao's 
} ( 

dfl 
·.·:.· 

·.·, 
i .· df2 

• ••••••••••• 

•·)< I< .,'. > 
I P; 

·level 

Condition(C) 0.259898 7.403918 / ·····5 13 0.002 

Time (T) 0.928540 0.200096 5 13 0.957 

GxC 0.719395 1.014146 5 13 0.448 

GxT 0.568412 1.974147 5 13 0.149 

CxT 0.743810 0.895516 5 13 0.512 

GxCxT 0.952028 0.131011 5 13 0.982 

Marked effects at p<0.05 

6. 	 Comparison of the Recovery of Power Spectral Indices in the Supine and Post­
Exercise Conditions (high-frequency peak power (HP), high-frequency area (HA), 
fractional high-frequency power (PL), high-frequency central frequency (HC), LF:HF 
peak ratio (RP), and LF:HF area ratio (RA)) 

.........
.··.·.·Wilks' ·, .. p,- .••.. 
··leverLambda 

0.551740 1.624893 6 12Group (G) 0.223 

2.150582 120.481860 6 0.122Condition (C) 

0.837978 0.386697 12Time (T) 6 0.874 

0.591470 1.381406 126 0.298GxC 

0.751757 0.660436 6 12 0.683GxT 

6 12 0.2710.577899 1.460813CxT 

120.754418 0.651050 6 0.690GxWxT 

Marked effects at p<0.05 



173 

7. Comparison ofSDNN-Index, pNN50, and r-MSSD Time Domain Parameters Derived 
from 24-Hour Ambulatory Holter Monitoring at Baseline, 3-Months, and 6-Months 

0.901604 0.582052 16 0.635Group (G) 3 

0.370464 16 0.775Time (T) 0.935050 3 

0.656801 2.786838 16 0.0743GxT 

Marked effects at p<0.05 

8. 	 Comparison of 24-Hour Heart Rate and NN-Interval, SDNN, and SDANN Time 
Domain Parameters Derived from 24-Hour Ambulatory Holter Monitoring at 
Baseline, 3-Months, and 6-Months 

< . Wilks' ....... . 
.····Lambda\ 

Group (G) 0.730497 1.383492 4 15 0.287 

Time (T) 0.815590 0.847899 4 15 0.517 

GxT 0.692168 1.667760 4 15 0.210 

Marked effects at p<0.05 
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CHI-SQUARE ANALYSIS Summary Tables 

1. Baseline Patient Demographics: Analysis of Gender 

AERWT uc TOTAL 

MALE 11 10 21 

FEMALE 5 2 7 

TOTAL 16 12 28 

Chi-Square=0.78, df=1; p=0.3778 
Yates Corrected Chi-Square=0.19, df=1; p=0.6592 

2. Baseline Patient Demographics: Analysis ofNYHA Functional Class 

I 
NYHACLASS 

II ill TOTAL 

AERWT 1 9 6 16 

uc 0 7 5 12 

TOTAL 1 16 11 28 

········· ...... Geii ..... ••·•·• Obs~r\r¢ci> ··· :E*pectedF .t•·•·•·•·ur.-1:'..•·•·•·•1· ..,.v.• .., ......•••...... !lv>-·:e..,,s:::;.... . 
Row Coll.lmn ···•· Er¢qg~n9.Y ••• Ereqyt:ilc§.....·.· 


(Q-r()qp)(Qfa$~)•••••••• ••••••••••• ··•·• (()) c••··•••• 
 ••••••••••••·••··· (]E) y 

11 1 0.57 0.43 0.1849 0.324386 

9 9.14 -0.14 0.0196 0.0021441 2 

61 3 6.29 -0.29 0.0841 0.013370 

02 I 0.43 -0.43 0.1849 0.420000 

72 2 6.86 0.14 0.0196 0.002857 

5 4.712 3 0.29 0.0841 0.017856 

http:Chi-Square=0.19
http:Chi-Square=0.78
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·'RowColurnn 
(Group)(Class) · 

Freq\leticy 
(.0.• '·)·.··.'.'.',·,'.".·'.·....... 

. ... ....... . 

28 28 0 

(0 '"E)YE .. ,,,. 

X2obs=0 0 78061 

X2obs=0.78061 (df=2, p=0.978252), X2crit(0.05, 2)=5.99 

3. 	 Baseline Patient Demographics: Analysis ofEtiology ofCHF (!chemic, Idiopathic, 
Hypertensive, Viral) 

ETIOLOGY 
ISCH IDIO HYPER VIRAL TOTAL 

AERWT 12 1 3 0 16 

uc 9 1 0 2 12 

TOTAL 21 2 3 2 28 

Observed-Expected Contingency Table 

1 1 12 12 0 0 0 

1 2 1 1.14 -0.14 0.020 0.018 

1 3 3 1.71 1.29 1.66 0.97 

1 4 0 1.14 -1.14 1.30 1.14 

2 1 9 9 0 0 0 

2 2 1 0.86 0.14 0.020 0.023 

2 3 0 1.29 -1.29 1.66 1.29 

2 4 2 0.86 1.14 1.30 1.51 

I, 28 28 o 
X2obs=4.95 (df=3, p=0.665539), X2crit (0.05, 3)=7.81 

http:X2obs=4.95
http:X2crit(0.05
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4. 	 Independent Analyses of Improvements in Power Spectral Response to Orthostatic 
Stress 
a) Evaluator 1 (T.C.B.): 2 X 2 TABLE 

IMPROVEMENT 
YES NO TOTAL 

AERWT 6 5 11 

uc 2 8 10 

TOTAL 8 13 21 

Chi-Square=2.65, df=1; p=0.1035 
Yates Corrected Chi-Square=l.39, df=1; p=0.2387 

b) Evaluator 2 (E.L.F.): 2 X 2 TABLE 

IMPROVEMENT 

YES NO TOTAL 


AERWT 7 4 11 

uc 2 8 10 

TOTAL 9 12 21 

Chi-Square=4.07, df.=I; p=0.0436 
Yates Corrected Chi-Square=2.49, df=l; p=0.1149 

5. 	 Phi Coefficient for Relationship ofIndependent Evaluations of Improvement in Power 
Spectral Response to Orthostatic Stress 

T.C.B. 
IMPROVE:MENT 
YES NO TOTAL 

E.L.F. YES 7 2 9 
IMPROVE:MENT 


NO 1 11 12 


TOTAL 8 13 21 

Phi coefficient=0.71 

http:coefficient=0.71
http:Chi-Square=2.49
http:Chi-Square=4.07
http:Chi-Square=l.39
http:Chi-Square=2.65

