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ABSTRACT

Title of Dissertation: Autonomic and Hemodynamic Correlates of Daily Life
Activity and Ambulatory Myocardial Ischemia in Patients
with Stable Coronary Artery Disease

John F. Quigley, Doctor of Philosophy, 2003

Dissertation directed by: David S. Krantz, Ph.D.,
Professor and Chair, Department of Medical and Clinical
Psychology
Impaired autonomic-cardiac regulation, as defined by reduced levels of heart rate
variability (HRV), is an independent predictor of death in patients with coronary artery
disease (CAD) and a history of myocardial infarction. Moreover, transient shifts in HRV
have been observed before the acute onset of ambulatory myocardial ischemia in CAD
patients. The present study investigated whether or not changes in autonomic-cardiac
regulation: (1) were associated with altered hemodynamic regulation in CAD patients; (2)
could identify CAD patients at-risk for ambulatory myocardial ischemia; or (3) were
related to changes in physical exertion and heart rate levels before the onset of
ambulatory myocardial ischemia. Fifty-three patients with documented CAD (44 men;
mean age 65 years) participated in 48-hours of ambulatory electrocardiographic (Holter),
physical activity, and blood pressure monitoring. Holter tapes were analyzed for evidence
of myocardial ischemia and were used to generate several indices of HRV, including
markers for sympathetic and parasympathetic tone, and their ratio, sympathovagal tone.
Results indicated that CAD patients with lower levels of HRV (n = 26) had

significantly higher levels of heart rate than did patients with preserved levels of HRV (n
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=27; p < .05), whereas HRV was found to be unrelated to patients’ blood pressure levels
(p’s > .05). Contrary to predictions, ischemic CAD patients (n = 9) were found to have
significantly higher levels of HRV and significantly lower levels of heart rate when
compared to non-ischemic patients (n = 44; p’s < .05). These differences were not related
to patients’ medication regimens, ejection fraction, or history of reperfusion procedures
(p’s > 05). Ischemic and non-ischemic CAD patients did not differ in terms of their HRV,
heart rate, or blood pressure levels during prescribed non-ischemic periods of matched
“low” and “high” physical activity (p’s > .05). Regarding ambulatory ischemia (18
episodes), results indicated that there was a steady, significant increase in physical
activity (p < .05) and heart rate levels (p < .05) over the half-hour preceding the onset of
ischemia. During the peak in this activity (i.e., for the 10 minutes preceding ischemia),
there was also a corresponding increase in sympathovagal balance (p < .05). The duration
of ischemia was significantly longer in CAD patients with lower levels of 24-hour vagal
tone (p < .05). Collectively, these findings suggest that activity-related changes in
autonomic tone and heart rate are complicit in the induction of exertional ischemia.

In conclusion, the findings of this study revealed that global markers of HRV do
not discriminate CAD patients at-risk for ischemia, but are nonetheless important
variables to consider whenever investigating the “triggering” of ambulatory myocardial
ischemia by periods of heightened physical activity and cardiac demand levels. Study
limitations include the low incidence of ambulatory ischemia — a possible consequence of
keeping patients on their medications during their participation in this study. Future
research should consider analyzing HRV in a larger sample of CAD patients at risk for

myocardial ischemia.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death in the United States,
and is a pervasive health risk for millions of American adults. Nearly one-quarter of the
population has diagnosed CVD (Center for Disease Control and Prevention, 2000),
including 12,000,000 people with coronary artery disease (CAD; American Heart
Association, 2003). CAD is characterized by the insidious and progressive narrowing of
the coronary arteries by deposits of fibro-fatty cellular materials, otherwise known as
atherosclerosis. In turn, CAD results in significant perfusion defects such as myocardial
ischemia and myocardial infarction (MI), both of which result from an insufficient supply
of oxygenated blood to the heart. In addition, CAD can also compromise autonomic-
cardiac regulation by altering parasympathetic and sympathetic input to the heart and
circulatory system. Altered cardiac neuroregulation is also related to the onset of MI and
ischemia. Therefore, over the past two decades researchers have investigated how certain
behaviors, including both physical and mental activities, can "trigger" acute coronary
symptoms through their exacerbation of CAD sequelae. It is known that periods of
heightened activity can augment the hemodynamic and autonomic stress responses of
CAD patients, and may therefore lead to the onset of coronary events by exacerbating the
oxygenation defects implicit to coronary disease. It remains unclear, however, as to why
some CAD patients experience such events while others do not. Therefore, the
relationship between physical and mental activities and the clinical manifestation of

coronary disease warrants further investigation.



The purpose of this study is to examine how physical and mental activities lead to
alterations in autonomic-cardiac regulation, cardiac workload, and the onset of daily life
ischemia in patients with stable coronary artery disease. While aspects of this model have
been previously tested (Quigley, 2000), the current study postulates that individual
differences in underlying autonomic tone can differentiate CAD patients with and
without evidence of daily life ischemia. Specifically, a currently untested hypothesis is
that CAD-related disturbances in parasympathetic (i.e., vagal) input to the heart may
influence the relationship between physical and mental activities and changes in heart
rate (HR) and blood pressure (BP) related to the onset of ambulatory myocardial
ischemia in CAD patients. Hypothetically, CAD patients with a reduced vagal capacity
may be more likely to experience ischemia as a result of exaggerated HR and BP
responses to activity-induced increases in sympathetic drive to the heart. Consequently,
this study proposes to investigate both hemodynamic as well as autonomic correlates of
daily life activity, and activity-related ischemia, in an attempt to identify both who and
why certain CAD patients express acute manifestations of their disease.

Overview of Proposal. What follows is a brief review of background information

that outlines several topics that are discussed in detail in this proposal. This review will
be followed by a discussion on the role of physical and mental activity as triggers of
myocardial ischemia. Subsequently, there will be a detailed review of autonomic-cardiac
regulation, its measurement, its alteration by physical and mental activities, and its
relation to the onset of myocardial ischemia. Finally, the hypotheses of the current study

will be presented, as will the study methodology, results, and discussion sections.



Background Information.

Pathophysiology and Acute Manifestation of Coronary Artery Disease. Coronary

artery disease can develop silently over many years, if not decades, via the development
of atherosclerotic plaque formations in the inner lining of the coronary arteries. As CAD
worsens, it is not uncommon for coronary blood flow to be obstructed by the
atherosclerotic narrowing of the arterial lumen, or to be restricted inappropriately via
abnormal coronary vasomotor activity related to the presence of CAD. Consequently,
reduced myocardial oxygenation can ensue, provoking the onset of myocardial infarction
or ischemia. By definition, an MI occurs when atherosclerotic coronary occlusion is
complete, and portions of heart muscle die as a result of oxygen starvation. On the other
hand, myocardial ischemia is a transient phenomenon and is oftentimes asymptomatic,
occurring when there is an imbalance between the supply of and demand for oxygenated
blood by the heart. In either case, the hemodynamic and autonomic correlates of elevated
physical and mental activity are believed to exacerbate the perfusion defects caused by
atherosclerosis, resulting in the precipitation of ischemic conditions.

Relationship Between Activity-Related Hemodynamic and Autonomic Stress

Responses and the Onset of Myocardial Ischemia. In both healthy individuals as well as
in patients with coronary disease, the hemodynamic stress response which results from
strenuous activities (i.e., increased HR and BP) occurs, in part, as a result of a withdrawal
in parasympathetic input to the heart, and at higher levels of exertion, an increase in
sympathetic drive to the heart (Fagraeus & Linnarsson, 1976; Robinson, Epstein, Beiser,

et al., 1966). That is, there appears to be a primary autonomic and secondary



hemodynamic stress response elicited by elevated activity levels. In CAD patients,
however, such abrupt changes in myocardial oxygenation requirements may lead to the
provocation of ischemia as a result of CAD-attenuation of oxygenated blood supply to
the heart. In such instances, the hemodynamic demands associated with higher activity
levels trigger the onset of ischemia by elaborating the perfusion defects implicit to
coronary disease.

However, not every period of heightened activity, HR, or BP will result in the
onset of ischemia in CAD patients, nor will every period of sedentary activity (i.e., | HR,
| BP) remain ischemia-free. In other words, the hemodynamic correlates of activity do
not exclusively predict the onset of ischemia in CAD patients. The question remains,
however, as to whether or not changes in autonomic-cardiac regulation serve as a better
predictor.

For example, several studies have shown that a withdrawal in vagal activity
consistently precedes the onset of myocardial ischemia, and is oftentimes coupled with an
increase in sympathetic drive to the heart (Brouwer, Portegies, Haaksma, et al., 1994;
Goseki, Matsubara, Takahashi, et al., 1994; Vardas, Kochiadakis, Manios, et al., 1996;
Vardas, Skalidis, Simandirakis, et al., 1994). This rearrangement of autonomic-cardiac
regulation is quite similar to that induced by elevated activity levels, however few studies
have investigated this coincidence, particularly with regard to the onset of ischemia.
Moreover, while several studies have documented an immediate increase in HR and BP
before the onset of ischemia (Deedwania & Nelson, 1990; Krantz, Kop, Gabbay, et al.,
1996a; Parker, Testa, Jimenez, et al., 1994), other studies have observed a similar

increase in cardiac demand before the onset of nocturnal ischemia, when patients were



asleep (Barry, Campbell, Yeung, et al., 1991). Because significant changes in activity do
not occur during sleep, it is unlikely that these hemodynamic changes are activity-related.
On the other hand, significant changes in HR and BP cannot occur independently of the
autonomic nervous system (Guyton & Hall, 1996), suggesting that pre-ischemic increases
in cardiac demand may be, in part, neurally mediated. Finally, and perhaps most
importantly, is the fact that coronary disease is known to permanently alter cardiac vagal
tone in some CAD patients (Task Force, 1996). Compromised vagal regulation may
thereby serve as a primary risk factor for myocardial ischemia by predisposing such
patients to exaggerated HR and BP responses to stress. Therefore, the autonomic and
hemodynamic stress responses of CAD patients to periods of elevated exertion appear to
be integral, interactive factors in the provocation of myocardial ischemia.

Difficulties in Predicting Who Will Experience Daily Life Ischemia. A final issue

to consider is the difficulty in predicting who will or will not experience episodes of daily
life ischemia. For instance, research has found that only about 30-40% of CAD patients
with evidence of laboratory-based, exercise-induced ischemia will have episodes of daily
life ischemia (Deanfield, Maseri, Selwyn, et al., 1983). By comparison, only about 50%
of CAD patients with laboratory-induced mental stress ischemia will have episodes of
daily life ischemia (Blumenthal, Jiang, Waugh, et al., 1995; Gottdiener, Krantz, Howell,
et al., 1994). The disparity between these percentages is typically attributed to the fact
that the hemodynamic requirements associated with daily life activities rarely match
those elicited during contrived laboratory procedures - most CAD patients spend the
majority of their daily lives engaged in non-strenuous, sedentary activities (Gabbay,

Krantz, Kop, et al., 1996; Schang & Pepine, 1977). While true, this explanation is also



limited because it stresses the importance of increased cardiac demand as a trigger of
daily life ischemia. In other words, this rationale cannot address why ischemia also
occurs during rest, sleep, or during other periods of low exertion. Alternatively, as
proposed by this study, because CAD-compromised autonomic-cardiac regulation is
believed to be permanent, significant changes in cardiac demand may be sufficient but
not necessary for CAD patients to experience myocardial ischemia, particularly in the
case of low-exertion ischemia. This study posits that activity-related increases in cardiac
demand serve as a secondary insult to a primarily autonomic predisposition for
myocardial ischemia.

Compromised Autonomic-Cardiac Regulation as a Predictor of Daily Life

Ischemia. The current study predicts that patients with daily life ischemia will be those
individuals with more severely compromised cardiac vagal tone. It is known that in MI
survivors, for example, permanent disturbances in vagal regulation can result from the
denervation of the heart with the loss of viable muscle tissue - a condition found to be
predictive of death in this population (Bigger, Fleiss, Rolnitzky, et al., 1993; Bigger,
Fleiss, Rolnitzky, et al., 1991; Bigger, Fleiss, Steinman, et al., 1992; Bigger, Kleiger,
Fleiss, et al., 1988; Kleiger, Miller, Bigger, et al., 1987; Wolf, Varigos, Hunt, et al.,
1978). The question remains, however, as to whether or not similar deficiencies in vagal
control predict who will or will not experience episodes of daily life ischemia, or whether
these disturbances are exacerbated by varying degrees of physical and mental exertion.
Thus, the current study was designed to address these issues, and begins by reviewing
what is known about the relationship between physical and mental activities and the onset

of daily life ischemia.



Physical and Mental Activity as Triggers of Myocardial Ischemia.

Coronary Artery Disease, Endothelial Dysfunction, and Disturbances in the

Supply of and Demand for Oxygenated Blood by the Heart. Myocardial ischemia occurs

in patients with coronary artery disease whenever the demand for oxygenated blood by
the heart exceeds its supply. Therefore, in order to understand how periods of elevated
activity can provoke ischemia, it is important to first consider how the development of
atherosclerotic disease affects the functioning of the coronary arteries and their regulation
of coronary blood flow.

For example, a key anatomical feature of the human arterial vasculature is the
lining of the arterial walls by a protective mono-layer of endothelial cells. The primary
function of this cell layer is to produce, release, and respond to numerous vasoactive
substances in the bloodstream, with the purpose of regulating blood flow through the
mediation of local vascular tone (Ralevic & Burnstock, 1993; Zeiher, Drexler,
Wollschlaeger, et al., 1989). In the case of coronary blood flow, the response of the
vascular smooth muscle to the release of endothelial-derived vasodilatory and
constrictive substances is a respective increase or decrease in flow via the dilation or
constriction of the vessel.

However, the development of CAD can injure the endothelium. In fact, a widely
accepted explanation for the atherogenic process is the so-called "response-to-injury"
hypothesis (Ross, 1993). The premise of this hypothesis is that endothelial lesions are a
natural phenomenon resulting from the continuous exposure of the endothelium to blood

turbulence (Ross, 1993). In turn, the body's natural healing process is to "scab" such



lesions via adherence and sub-endothelial migration of certain cellular materials. Under
normal circumstances this process of cellular accumulation may dissipate once the
integrity of the endothelium has been restored. However, when a particular area of the
endothelium receives repeated injuries over an extended period of time, the accumulation
of foamy, lipid laden, fibro-fatty cellular materials continues unabated, eventually
resulting in the development of a sub-endothelial lesion. Under such circumstances, the
endothelium is compromised by its separation from the underlying layer of vascular
smooth muscle, its distension into and more pronounced exposure to blood flow
turbulence, and in severe cases, its denudation and exposure of vascular smooth muscle
to coronary blood flow.

In turn, activity-related ischemia is believed to occur when periods of elevated
physical and mental exertion lead to a need for increased myocardial oxygenation - a
need which cannot be satisfied due to the obstruction of coronary blood flow by
atherosclerotic disease (Deedwania, 1997). Furthermore, these periods of activity can
result in the release of vasoactive agents such as catecholamines into the bloodstream
(Guyton et al., 1996). Exposure of vascular smooth muscle to catecholamines can result
in vasoconstriction and a further restriction of oxygenated blood supply to the heart.
Consequently, periods of elevated exertion exacerbate both the demand for, and the
supply of oxygenated blood to the heart - a finding supported by angiographic studies of
both exercise and mental stress-induced vasomotor activity (Gage, Hess, Murakami, et
al., 1986; Yeung, Vekshtein, Krantz, et al., 1991). This same mechanism is believed to be

responsible for the onset of daily life ischemia.



Physical Activity-Induced Increases in Cardiac Demand as a Trigger of Daily Life

Ischemia. The increase in cardiac workload associated with physical activity is a potent
trigger of myocardial ischemia. In fact, graded exercise stress test protocols are a
standard by which vulnerability for ischemia is clinically diagnosed. In general, studies
have found that CAD patients with evidence of exercise-induced laboratory ischemia are
also more likely to experience episodes of daily life ischemia. Some of the first studies to
examine this relationship were conducted by Deanfield and colleagues (Deanfield et al.,
1983; Deanfield, Shea, Ribiero, et al., 1984b), who investigated the occurrence of daily
life ischemia in CAD patients with exercise ischemia. Subsequently, the results of these
initial studies underscore several important facts about daily life ischemia that are now
widely accepted by the medical and scientific communities.

First, as mentioned earlier, only about 30-40% of CAD patients with laboratory-
induced exercise ischemia usually experience episodes of daily life ischemia (Deanfield
et al., 1983). While this percentage will vary from study to study, the relevant point is
that the presence of daily life ischemia is not ubiquitous among CAD patients. This
finding also leaves open the possibility that other phenomenological differences, such as
comprised cardiac vagal regulation, may differentiate CAD patients with and without
ambulatory ischemia. Second, Deanfield and colleagues found that most episodes of daily
life ischemia occur at significantly lower HR levels than do episodes of exercise-induced
ischemia. This difference in onset HR levels has since been explained by the fact that
most people rarely engage in sustained, heightened physical activities during daily life
that are comparable to those attained during structured exercise testing (Schang et al.,

1977); standard exercise protocols typically entail rather brisk increments in workload
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requirements (Panza, Quyyumi, Diodati, et al., 1991). Despite these differences in
absolute activity levels, daily life ischemia is still most likely to occur during periods of
moderate to intense physical activity (Gabbay et al., 1996). Third, Deanfield et al.
(1984b) found that daily life ischemia usually occurs asymptomatically, with less than
20% of daily life ischemic episodes being accompanied by angina. Exercise-induced
ischemia, on the other hand, is commonly associated with anginal complaint, with
Deanfield et al. (1983) reporting that 89% of their patients' exercise stress tests were
accompanied by chest pain. Presumably, this disparity is due to the difference in physical
exertion levels that are attained in laboratory settings versus daily life. Finally, despite the
fact that daily life ischemia occurs at lower activity and onset HR levels than does
exercise-induced ischemia, Deanfield (1983) as well as others (Barry et al., 1991;
Deedwania et al., 1990; Krantz et al., 1996a; Parker et al., 1994), have found that
significant increases in HR will oftentimes precede the onset of daily life ischemia,
implicating increased cardiac demand as the trigger.

Subsequently, a number of daily life studies have found a link between
heightened physical activity levels, increases in cardiac demand, and the occurrence of
ambulatory ischemia. For example, a study by Quigley (2000) used automated physical
activity monitors to continuously measure the activity levels of 21 CAD patients during
daily life, and found that CAD patients had significantly higher levels of activity and HR
during 54 episodes of myocardial ischemia than during non-ischemic times of the day.
Consistent with previous findings, this study also found that a significant pre-ischemic
increase in HR occurred in these patients, but in addition showed that this increase in

cardiac demand was concomitant to a pre-ischemic increase in physical activity.



11

In a study by Krantz and associates (1996a), CAD patients' self-ratings of exertion
where used to describe the relationship between daily life activities and the onset of
ischemia. This study found that in 63 CAD patients, more than half (53%) of the 203
noted ischemic episodes occurred during periods of high activity and high heart rate.
Such episodes also endured longer than did ischemic episodes occurring during periods
of low physical activity.

For obvious reasons, nocturnal ischemia occurs at relatively lower levels of
physical activity than does daytime ischemia. Still, the findings of Barry and colleagues
(1991) highlight the fact that increases in activity during the night are related to the onset
of myocardial ischemia. In this study, 21 stable CAD patients reported 36 episodes of
nocturnal awaking and arising, of which 67% resulted in the onset of myocardial
ischemia. Curiously, a pre-ischemic increase in HR also occurred in these patients,
despite the fact that patients were still asleep when this increase in cardiac demand
commenced. Therefore, besides the occurrence of nocturnal ischemia with changes in
physical activity, Barry's findings also suggests that other factors, possibly neurogenic,
are responsible for pre-ischemic increases in cardiac demand, considering that significant
changes in physical activity are infrequent during sleep, and considering that significant
changes in cardiac demand cannot occur without altered autonomic input to the heart and
circulatory system (Guyton et al., 1996).

Finally, consistent with the studies cited above, Deedwania and Nelson (1990)
showed that of the 92 episodes of daily life ischemia they observed in their study, 92%
were preceded by a steady increase in cardiac demand. Specifically, 61% of these

episodes were preceded by an increase in HR of 5 beats per minute (bpm) or more, while
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73% of these episodes had an average increase in systolic blood pressure (SBP) of 10 or
more millimeters of mercury (mm Hg). While this study did not assess patients' activity
levels, these pre-ischemic increases in demand may still be activity-related, as was
observed by Quigley (2000). On the other hand, Barry et al.'s (1991) observation of pre-
ischemic HR increases during sleep again suggests that neural factors are also likely to be
involved.

Physical Activity, Cardiac Demand, and the Circadian Onset of Daily Life

Ischemia. Another important characteristic of daily life ischemia is the circadian
distribution of its occurrence, and whether or not changes in daily life physical activity
levels contribute to this pattern of onset. For example, previous daily life studies have
characterized the circadian distribution of ischemia as having a peak incidence around
morning awakening, with a lesser secondary peak in the late afternoon and early evening
(Deedwania et al., 1990; Krantz et al., 1996a; Mulcahy, Keegan, Cunningham, et al.,
1988; Parker et al., 1994; Pepine, 1991; Rocco, Barry, Campbell, et al., 1987). One of the
first studies to examine this pattern was conducted by Rocco and colleagues (1987).
These investigators showed that when the time of day at which CAD patients had
ischemia was adjusted for the time of day at which each patient awoke (i.e., number of
hours after awakening), a sharp increase in ischemic frequency was observed during the
first three hours after morning arising. In other words, this study found that the onset of
the peak in daily life ischemia began subsequent to the physical act of morning arising. In
addition, Rocco et al. (1987) reported that 39% of all ischemic events and 46% of total
ischemic time (i.e., total duration, in minutes) occurred in the morning hours, between

0600 and 1200 hours.
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Subsequently, Parker and colleagues (1994) examined in more detail how the
initiation of morning activities and changes in posture may be associated with the
morning peak in daily life ischemia. After awaking subjects at the same time of day (8
a.m.), Parker delayed subjects' time of arising from bed by several hours in a
counterbalanced fashion over two study days. As a result of this delayed arising, there
was a similar observable delay in the onset of the peak in morning ischemia. In other
words, by differentiating the time at which people awoke from the time at which people
arose to begin their daily activities, the peak in morning ischemia appeared to be related
to the act of arising. Furthermore, Parker reported that 87% of all the ischemic events
observed in his study were preceded by HR increases of 5 bpm or more, implicating
increases in cardiac demand as the mechanism by which ischemia was triggered.
Moreover, on the days of delayed activity, Parker et al. (1994) observed that the peak
incidence of HR-related ischemic events was likewise delayed, demonstrating the
correspondence between activity-induced increases in cardiac demand and the onset of
ischemia.

More recent correlational studies, such as that by Krantz and colleagues (1996a),
have reported that 77% of morning ischemic episodes, and 51% of afternoon ischemic
episodes occurred in patients self-reporting "high" activity levels during these times.
"High activity" patients were almost four times more likely to experience morning
ischemia, but also twice as likely to experience afternoon ischemia than patients reporting
"low" activity levels. Self-reported activity levels were not related to an increased risk for
evening ischemic episodes, however (Krantz et al., 1996a), suggesting that a different

mechanism of action may be responsible for the provocation of ischemia during this time
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of day. Finally, after controlling for patients' HR and self-reported physical and mental
activities, Krantz et al. (1996a) found that a characteristic circadian distribution of
ischemic events was maintained, with a morning peak at 0600 hours. The authors
interpreted this finding as evidence of a possible endogenous triggering mechanism for
myocardial ischemia.

As mentioned earlier, the onset of nocturnal ischemia has also been associated
with increased physical activity levels, with periods of waking and arising during the
night coinciding with the onset of ischemia 67% of the time (Barry et al., 1991).
Increases in HR preceding nocturnal ischemia, as well as the frequency, duration, and
recorded electrocardiogram (ECG) changes during ischemia were noted to be similar to
those corresponding to ischemic events occurring with morning awaking. In other words,
this study showed that changes in posture, such as arising from bed, can induce episodes
of ischemia which are similar in nature, irrespective of the time of day at which they
occur.

Finally, because the greatest risk for daily life ischemia is in the early morning
hours, Quigley (2000) compared the objectively measured physical activity levels of
CAD patients with and without evidence of ischemia upon morning awakening. The
results of this study showed that, while pre-waking activity levels were similar between
these groups of patients, CAD patients with ischemia upon awakening had a trend
towards higher levels of physical activity subsequent to waking than did CAD patients
without ischemia.

Collectively, these study findings demonstrate that the circadian onset of daily life

ischemia appears to be related, in part, to periods of heightened physical activity and
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cardiac demand. This finding appears to be true for the onset of ischemia with morning
arising, as well as for ischemia occurring during periods of elevated activity in the
afternoon and night. However, although these studies may neatly explain a cardiac
demand-based model for activity-induced ischemia, one should also recognize that their
findings cannot comment on the role of activity-induced changes in coronary blood
supply, since there are no suitable ambulatory techniques currently available to measure
supply. However, ample evidence from laboratory-based studies suggests that both
physical activity and postural changes can diminish coronary blood supply levels via
changes in coronary vascular tone (Brezinski, Tofler, Muller, et al., 1988; Gordon,
Wolfe, Island, et al., 1966; Quyyumi, 1990; Weitzman, Fukushima, Nogeire, et al., 1971;
Winther, Hillegrass, Tofler, et al., 1992), and may therefore also contribute to the
circadian onset of daily life ischemia.

Physical Activity, Coronary Blood Supply. and the Circadian Onset of Daily Life

Ischemia. There is evidence from angiographic investigations that stress-induced
changes in coronary vascular tone can trigger the onset of myocardial ischemia by
attenuating coronary blood supply levels (Gage et al., 1986; Yeung et al., 1991). Again,
the proposed mechanism underlying this relationship is believed to be the exposure of the
vascular smooth muscle layer to vasoactive substances released into the bloodstream
during stress (i.e., catecholamines). As well, there is also evidence to suggest that the
diurnal fluctuation of various humoral factors (including catecholamines), and their
augmentation by changes in physical activity, may likewise contribute to the

characteristic circadian onset of daily life ischemia, via alterations in coronary vascular
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tone throughout the day (Brezinski et al., 1988; Gordon et al., 1966; Quyyumi, 1990;
Weitzman et al., 1971; Winther et al., 1992).

For example, Gordon and colleagues (1966) observed that the early morning
hours, as well as the postural changes related to morning arising, were associated with
increased levels of renin, a powerful endogenous vasoconstrictor. Winther and associates
(1992) reported that, regardless of the time of day, changing from a supine to an upright
posture increased plasma norepinephrine levels an average of 50% above baseline levels.
Increased plasma cortisol levels have also been found to occur with early morning
physical activities and postural changes (Weitzman et al., 1971), and may act
synergistically with heightened morning catecholamine levels (Turton & Deegan, 1974)
to alter vasomotor tone. More recently, Quyyumi has reported that vascular tone appears
to vary across the day due primarily to fluctuations in both systemic noradrenergic and
renin activity (Quyyumi, Panza, Diodati, et al., 1992). Similarly, other factors involved in
decreased coronary blood supply, such as increased sympathetic nerve activity (Fujita,
Tanaka, Nakae, et al., 1998; Turton et al., 1974), increased platelet aggregability
(Brezinski et al., 1988), and decreased fibrinolytic activity (Andreotti, Davies, Hackett, et
al., 1988; Rosing, Brakman, Redwood, et al., 1970), are also known to vary across the
day. Thus, it is likely that the diurnal ebb and flow of these humoral factors are
augmented by, as well as overlap with, fluctuations in daily life physical activity levels.
In turn, these findings suggest that heightened physical activity levels can exacerbate
underlying physiological states related to diminished coronary blood supply which, in
turn, probably act in concert with activity-induced increases in cardiac demand to trigger

ambulatory ischemia.
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Mental Stress and the Onset of Myocardial Ischemia. Evidence from both

laboratory and daily life investigations highlight the fact that elevated levels of mental
activity, particularly mental stress, are related to the onset of myocardial ischemia
(Blumenthal et al., 1995; Burg, Jain, Soufer, et al., 1993; Dakak, Quyyumi, Eisenhofer, et
al., 1995; Deanfield, Shea, Kensett, et al., 1984a; Goldberg, Becker, Bonsall, et al., 1996;
Gottdiener et al., 1994; Gullette, Blumenthal, Babyak, et al., 1997; Kop, 1997; Kop,
Gottdiener, Verdina, et al., 1995; Krantz, Kop, Santiago, et al., 1996b; La Veau,
Rozanski, Krantz, et al., 1989; Rozanski, Bairey, Krantz, et al., 1988; Yeung et al., 1991).
For example, laboratory investigations commonly report large BP and moderate HR
increases with the onset of mental stress-induced ischemia, implicating increased cardiac
demand as a trigger (Goldberg et al., 1996). However, these hemodynamic increases are
usually much lower than those induced by exercise, although some studies have found
similar increases in SBP with both types of stressors (Rozanski et al., 1988).
Angiographic evidence suggests that mental stress-induced attenuation of coronary blood
supply can also lead to the onset of ischemia (Yeung et al., 1991), similar to angiographic
studies of exercise ischemia (Gage et al., 1986). Thus, similar to physical activity-
induced ischemia, mental stress ischemia appears to result from the stress-induced
imbalance between myocardial oxygen demand requirements and coronary blood supply
levels.

Laboratory Investigations of Mental Stress Ischemia. With the use of adequate

laboratory stressors, mental stress ischemia is inducible in 25-60% of CAD patients,
depending upon the population under study (Goldberg et al., 1996; Rozanski et al., 1988;

Rozanski, Blumenthal, & Kaplan, 1999). Commonly used mental stress tasks include
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having patients perform arithmetic while being harassed by the research staff, or give a
personally relevant public speech to staff, or recall an unresolved anger-provoking
incident to staff, or to perform challenging standardized tasks such as the Stroop Word-
Color test.

The recent Psychophysiological Investigations of Myocardial Ischemia or PIMI
study, for example, used both a speech task as well as the Stroop Word-Color test to
provoke laboratory ischemia in CAD patients (Goldberg et al., 1996). The purpose of this
study was to investigate the role of stress-induced changes in hemodynamic and
neurohormonal activity related to the onset of myocardial ischemia. In general, the
findings of this comprehensive study showed that during mental stress, CAD patients had
significant increases in HR, BP, and vascular resistance’ over baseline values. While
these changes in HR and BP were significantly lower than the respective changes
observed during exercise, mental stress resulted in significantly higher levels of vascular
resistance than exercise. Furthermore, epinephrine levels were similar between exercise
and the mental stress speech task and were correlated with the changes in HR, SBP, rate-
pressure product (RPP)* and total cardiac output (CO)® during both mental stress tasks.
Norepinephrine levels were also correlated with these hemodynamic parameters but only
during the speech task. Finally, ischemic CAD patients were noted to have significant

increases in vascular resistance, which did not occur in the non-ischemic patients, as well

' Vascular resistance refers to the amount of impedance blood flow incurs as it travels though a vessel.
Resistance is inversely related to flow.

? Rate-pressure product is a gross measure of overall cardiac workload and is derived from the
multiplication of concomitant HR and SBP.

? Cardiac output is the total amount of blood disgorged by the heart per minute (L/min).



19

as greater increases in HR, BP, and RPP during mental stress. However, these groups did
not differ with regard to circulating catecholamine levels, which were elevated in both
groups during mental stress. Because the findings of the PIMI study highlight several
important facts about the onset of mental stress ischemia, each will be discussed in detail.

First, the findings of PIMI reaffirm the fact that mental stress, similar to exercise,
results in elevated levels of circulating catecholamines that correspond to heightened
levels of cardiac workload in CAD patients. However, whereas exercise results in a
normal decrease in systemic vascular resistance, with a correspondingly larger increase in
CO, HR, BP, and RPP, mental stress results in increased resistance and more modest
increases in workload. In other words, while both stressors elicit sympatho-
adrenomedullary responses in CAD patients, mental stress may also lead to a reduction in
coronary blood supply. Similar findings have also been reported by other researchers who
have observed a transient decrease in EF* with the onset of mental stress (Burg et al.,
1993; La Veau et al., 1989).

Second, the increase in vascular resistance with mental stress was a distinguishing
characteristic of ischemic CAD patients in PIMI, as were their significantly higher levels
of HR, BP, and RPP during mental stress, compared to non-ischemic patients.
Interestingly, CAD patients with and without ischemia did not differ significantly in
workload parameters or resistance levels during exercise. Thus, the onset of mental stress

ischemia appears to involve a more counterbalanced disruption of both cardiac demand

* Ejection fraction is the amount of blood disgorged by the heart after systolic contraction and is considered
to be an index of left ventricular function. Depressed EF values (i.e., <35%) indicates the possibility of left
ventricular dysfunction.
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and coronary blood supply levels than does exercise-induced ischemia, which is
predominantly demand-based in origin.

Other laboratory studies have also reported mental stress-induced reductions in
coronary blood supply in CAD patients as a result of increased vascular resistance. For
example, Dakak and colleagues (Dakak et al., 1995) assessed the effects of a challenging
video game on microcirculatory blood flow responses of 10 patients with minimal CAD
and 5 healthy controls during cardiac catheterization. The results of this study showed
that the coronary arteries of healthy subjects dilated modestly yet normally during mental
stress (4%), and these subjects had a concomitant, significant, 26% decrease in coronary
vascular resistance during the task. CAD patients, on the other hand, had an impaired
vasodilatory response to mental stress, with some patients having a significant average
vasoconstriction of 12% in their diseased arteries. Furthermore, all CAD patients had a
non-significant average decrease in vascular resistance of only 9% during mental stress.
This trend is consistent with angiographic findings of mental stress induced vasomotor
activity (Yeung et al., 1991). Finally, Dakak et al. (1995) found that HR and BP
responses as well as norepinephrine levels were similar between these two groups during
mental stress, indicating that both CAD patients and healthy subjects attained similar
levels of sympathetic arousal and cardiac workload during mental stress. Thus, the
findings of Dakak et al. (1995) provide evidence that mental stress-induced changes in
coronary blood supply related to resistance vessel activity, in combination with modest
increases in cardiac workload, are likely to be operative factors in the onset of mental

stress ischemia.
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Mental Stress and the Onset of Daily Life Ischemia. Just as laboratory-based

exercise-induced ischemia is prognostic of daily life ischemia, so to is laboratory-induced
mental stress ischemia. For example, a second study based upon the PIMI sample has
recently reported that CAD patients with experimentally-induced mental stress ischemia
(n=77) had significantly more episodes of daily life ischemia as well as more total time
spent in ischemia than did CAD patients without laboratory-induced mental stress
ischemia (n=106) (Stone, Krantz, McMahon, et al., 1995; Stone, Krantz, McMahon, et
al., 1999). Gottdiener and colleagues (1994) found that CAD patients with new or
worsening wall motion abnormalities during laboratory mental stress testing (n=24) also
had more episodes of longer duration, low HR ambulatory ischemia than did CAD
patients without mental stress ischemia (n=21). Finally, the findings of several studies
estimate that roughly 50% of CAD patients with laboratory-induced mental stress
ischemia will have episodes of daily life ischemia (Blumenthal et al., 1995; Gottdiener et
al., 1994), compared to only about 30-40% of subjects with exercise ischemia (Deanfield
et al., 1983; Deanfield et al., 1984b). This difference is likely to be due to the fact that
CAD patients with mental stress ischemia appear to have a poorer functional status,
considering that they are more likely to have new or worsened wall motion abnormalities
during mental stress and exercise testing (Gottdiener et al., 1994), as well as greater
hemodynamic responses to laboratory stressors than CAD patients without mental
stress ischemia (Blumenthal et al., 1995).

Daily life studies have also reported a link between periods of mental stress and
the onset of daily life ischemia. Such studies oftentimes use variations of a previously

published and standardized diary system to measure patients' self-report of mental and



22

physical activities (Hedges, Krantz, Contrada, et al., 1990). For example, a recent study
by Gullette and colleagues (Gullette et al., 1997) examined 58 CAD patients with
evidence of daily life ischemia as measured by ambulatory ECG, and found that there
was a 2.6-3.0 times greater risk for daily life ischemia occurring in the hour after high
endorsement of certain negative emotions (i.e., tension, sadness, frustration), than during
periods of no endorsement. Adjusted for patients' physical activity levels and the time of
day (to control for circadian rhythms), the findings of Gullette et al. (1997) revealed that
the risk for mental stress ischemia was still 2.2 times greater after the endorsement of
negative emotions than during periods of no endorsement.

Barry and colleagues (1988) also examined the occurrence of ambulatory
ischemia with self-reported mental stress in 28 CAD patients, and found that 22% of 372
daily life ischemic episodes occurred during periods of elevated mental stress but usual
physical activity. By contrast, 26% of these episodes occurred during periods of elevated
physical exertion but usual mental activity. What is more, this study found that, after
accounting for the amount of time CAD patients reported spending in various levels of
physical and mental activity, the duration of ischemia increased linearly with exertion
levels. In other words, this study found that daily life ischemia lasts longer when
occurring at higher versus lower physical and mental activity levels (Barry, Selwyn,
Nabel, et al., 1988).

Finally, a study by Krantz et al. (1996a) examined 63 CAD patients' self-report of
daily life physical and mental activities as related to the onset of myocardial ischemia,
and found that 34% of all ischemic episodes occurred during periods of elevated mental

activity while 53% occurred during periods of high physical activity. Compared to non-
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ischemic periods of the day, Krantz et al. (1996a) found that there was a 1.6 times greater
likelihood for experiencing ischemia during periods of high mental stress, a value similar
to that reported by Gullette et al. (1997). For physical activity, the risk was 1.9 times
greater during periods of heightened exertion. Thus, the findings of both Krantz et al.
(1996a) and Gullette et al. (1997) demonstrate that there is roughly a two-fold increased
risk for the onset of ambulatory ischemia during periods of elevated mental and physical
activity.

Differences Between CAD Patients With and Without Activity-Related Ischemia.

Despite the evidence linking physical and mental activities to the onset of myocardial
ischemia, it is still unclear as to why some CAD patients experience daily life ischemia
while others do not. Nor is it clear what role physical and mental activities play in
delineating who will or will not experience ischemia. While there is some evidence to
suggest that CAD patients with and without daily life ischemia do differ, this data is
currently weak.

For example, as previously noted, Quigley (2000) found evidence that patients
with early morning ischemia had higher levels of physical activity immediately after
awakening than did CAD patients without morning ischemia. Although this finding is
suggestive, it was not statistically significant and remains tenuous because it was based
upon a small sample of subjects. On the other hand, Blumenthal et al. (1995) found that
patients with daily life ischemia also had significantly greater hemodynamic responses to
laboratory mental stressors than did non-ischemic patients. While noteworthy, in actuality
few CAD patients will ever undergo laboratory mental stress testing, therefore, it is

difficult to extrapolate such findings to describe the onset of daily life ischemia in the
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CAD population at large. Then there are the laboratory findings from PIMI (Goldberg et
al., 1996) and Dakak et al. (1995), which suggest that alterations in coronary blood flow
due to increases in vascular resistance may distinguish CAD patients with and without
mental stress ischemia. In daily life studies, however, coronary resistance is difficult to
measure, and because laboratory stressors are contrived, it is likewise difficult to assess
whether patients' experiences during experimental settings actually resemble their
experiences during daily life. Finally, irrespective of the findings of specific studies, an
unresolved complicating factor is the fact that not every period of heightened activity or
cardiac workload will result in the onset of ischemia in CAD patients, nor will every
period of low activity or workload remain ischemia-free. While the likelihood for
ischemia may be greater during periods of heightened mental and physical activity and
cardiac workload (Gabbay et al., 1996; Gullette et al., 1997; Krantz et al., 1996a), such
conditions do not exclusively predict the onset of daily life ischemia.

Rationale for Investigating Autonomic-Cardiac Regulation in CAD Patients.

Therefore, it may be useful to examine a broader, yet implicit factor commonly related to
the development of CAD, changes in physical and mental activity, changes in HR, BP,
and coronary blood flow, and the occurrence of myocardial ischemia. As mentioned
earlier, autonomic-cardiac regulation, as in the neural regulation of the heart and
circulatory system via alterations in sympathetic and parasympathetic efferent activity, is
such a factor. For example, the autonomic nervous system (ANS) is largely responsible
for the homeostatic regulation of 24-hour HR and BP profiles (Guyton et al., 1996), and
is intimately involved in stress-induced changes in HR, BP, systemic, and local blood

flow (Ralevic et al., 1993). Furthermore, the ANS is the main neural pathway by which
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concerted physical and mental activities exert their cardiovascular and hemodynamic
effects. As well, CAD has been found to alter both sympathetic and vagal
neuroregulation of the heart (Ahonen, Harkonen, Juntunen, et al., 1975; Airaksinen,
Ikaheimo, Linnaluoto, et al., 1987; Bigger et al., 1993; Bigger et al., 1991; Bigger, Fleiss,
Steinman, et al., 1995; Burger, 1999; Huikuri, Niemela, Ojala, et al., 1994; Kleiger et al.,
1987; Pai, Hu, & Ting, 1995; Zipes, 1990), a condition which has been found by some
studies to be an independent predictor of death in post-infarct CAD patients (Bigger et
al., 1993; Bigger et al., 1992; Kleiger et al., 1987). Finally, changes in the balance of
sympathetic and vagal input to the heart (i.e., 1 sympathetic tone, | vagal tone)
commonly coincide with, and immediately precede, the onset of myocardial ischemia
(Brouwer et al., 1994; Goseki et al., 1994; Kop et al., 1995; Vardas et al., 1996; Vardas et
al., 1994), and usually do not abate until the cessation of ischemia. Thus, it appears that
changes in ANS-cardiac neuroregulation influence the relationship between daily life
activities, stress-induced changes in cardiovascular and circulatory functioning, and the
onset of myocardial ischemia. Therefore, what follows is a detailed discussion on cardiac
neuroregulation, its measurement, and its relationship to CAD and the onset of activity-

induced ischemia.

Measuring and Interpreting Heart Rate Variability.

An Overview of Autonomic-Cardiac Regulation. The human heart is highly

innervated by both branches of the autonomic nervous system, namely, the sympathetic

and parasympathetic branches. As a result, the regulation of HR, BP, and overall
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cardiovascular functioning will rely upon the interactive influence of these neural axes.
For example, normal resting HR levels are maintained by vagal predominance of the
heart, with increases in HR resulting from the withdrawal of vagal activity (Guyton et al.,
1996). Under stressful conditions or during periods of elevated exertion, however, vagal
withdrawal may also be accompanied by increased sympathetic tone (Robinson et al.,
1966). This reciprocal relationship between neural axes, in turn, leads to a further
augmentation of HR so as to meet the demands of the individual.

ANS control of BP involves several different systems working in tandem in order
to maintain BP homeostasis, and to allow active BP responses to new stimuli (Guyton et
al., 1996). Furthermore, there is an overwhelming sympathetic predominance in the
control of systemic and local blood flow, compared to a subtler vasodilatory role of the
vagus. The primary response of the circulatory system to increased sympathetic tone is
constriction of peripheral and splanchnic blood vessels and dilation of smooth muscle and
coronary blood vessels. As a result of this action there will be an increase in total blood
volume and blood pressure, but a decrease in coronary vascular resistance and subsequent
increase in coronary blood flow (Guyton et al., 1996).

In patients with coronary artery disease, however, ANS-cardiac deregulation is
common and is typified by an overall suppression of efferent autonomic activity,
particularly cardiac vagal tone (Bigger et al., 1993; Bigger et al., 1992; Kleiger et al.,
1987). For example, previous studies have documented that permanent changes in vagal
neuroregulation may result from the heart muscle damage caused by MI (Bigger et al.,
1993; Bigger et al., 1992; Kleiger et al., 1987), while other studies have noted transient

states of vagal and sympathetic deregulation during episodes of myocardial ischemia
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(Brouwer et al., 1994; Goseki et al., 1994; Kop et al., 1995; Vardas et al., 1996; Vardas et
al., 1994). Therefore, CAD-related changes in ANS-cardiac neuroregulation may be a
causal factor in the onset of adverse coronary events, possibly due to the loss of vagal
protection against pro-arrhythmic states.

ANS-cardiac neuromodulation can be measured by heart rate variability (HRV).
Subsequently, the following discussion will describe the measurement of HRV in detail,
and how it is altered by physical and mental activities. A 1996 joint publication of the
European Society of Cardiology and the North American Society of Pacing and
Electrophysiology (herein referred to as the "Task Force"), will be the basis for this
discussion (Task Force, 1996). Finally, this discussion will conclude with a review of

several studies investigating the role of HRV in the onset of MI and ischemia.

Heart Rate Variability. As the name implies, heart rate variability consists of
measuring the variance in beat-to-beat HR control as it fluctuates around a person's mean
heart rate. Conversely, HRV is not a measure of mean autonomic tone to the heart.
Instead, the premise of HRV is that alterations in ANS balance of efferent sympathetic
and vagal cardiac tone will result in more or less variation in the interim interval between
successive heartbeats. Implicit to this variation of HR, and therefore the estimation of
HRV, is the primarily vagal-mediated respiratory sinus arrhythmia (RSA). RSA is the
natural fluctuation in HR that occurs with respiration, and results mainly from the
"spillover" of autonomic signals from the medullary respiratory center into the vasomotor
center (Guyton et al., 1996). In turn, during respiration there is an alternating increase and

decrease in the number of sympathetic and vagal impulses transmitted to the sinoatrial
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pacemaker of the heart, resulting in the speeding and slowing of HR. This fluctuation is
easily detectable in the ECG.

However, in CAD patients, RSA is oftentimes altered as a result of CAD-related
changes in cardiac sympathetic and vagal tone (Wolf et al., 1978). These changes will be
reflected in the ECG estimation of HRV, and are useful in determining the presence and
severity of autonomic-cardiac deregulation. Heart rate variability not only reflects the
amount of ANS-cardiac neuroregulation that is imposed by intrinsic physiological control
mechanisms, such as respiration (Huikuri, 1995), but also pathological conditions related
to disease states.

HRV can also be used to determine the amount of change in ANS-cardiac
regulation related to the body's natural response to external demands, such as physical
and mental activities. For example, as HR and respiration increase with exertion,
respective changes in RSA will reflect the concurrent alteration in parasympathetic and
sympathetic input to the heart. What is more, because cardiac vagal tone can be depressed
in CAD patients, activity-related changes in HRV can be used to investigate how periods
of exertion further alter cardiac neuroregulation, and in particular, cardiac

neuroregulation associated with the onset of activity-related myocardial ischemia.

Methods for Analyzing Heart Rate Variability. There are two main methods by
which HRYV is usually derived from continuous ECG, namely the time domain and
frequency domain methods. Time domain methods estimate HRV by relying upon the
temporal aspects of ECG data -- as in the heart rate or the interim interval between
successive heart beats. Frequency domain methods, on the other hand, are more complex

and use power spectral density analyses or autocorrelative analyses to estimate HRV
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(also known as power). Depending upon the clinical and/or research questions being
asked, there are relative advantages/disadvantages to both methods. The Task Force
(1996) has outlined the prevailing circumstances that may make the use of one method's
approach preferable to that of the other, as will be discussed next.

Time Domain Analyses. As a standard practice in HRV analyses, each normal-to-

normal or "NN interval" is first identified from the 24-hour ECG. The NN interval is the
time interval occurring between successive QRS complexes (ventricular depolarizations)
that originate from normal sinus node activity (measured in milliseconds). Simple
statistics such as the mean NN interval or the standard deviation of all NN intervals
(SDNN) can then be calculated on the direct measurement of NN (i.e., instantaneous
HR), or on the difference between NN intervals. Furthermore, these values can be derived
for an entire 24-hour ECG recording or for recordings of shorter duration. This latter
approach allows for HRV comparison between different types of activities (i.e., baseline,
task, recovery, etc.), of similar length (i.e., > 2-5 minutes).

According to the Task Force (1996), SDNN based upon a 24-hour ECG recording
represents all cycle components responsible for variability within the recording; that is,
24-hour SDNN is a measure of total power and reflects the combined influence of both
neural axes over HR variability. SDNNS5, the mean of all 5-minute standard deviations of
NN intervals for an entire 24-hour ECG recording, is also a measure of total power that is
based upon the variability in HR due to cycle components shorter than 5 minutes. Stated
differently, SDNNS3 is a "smoothed" total power estimate that utilizes 5-minute aggregate
assessments of HRV instead of instantaneous NN variability. A measure of

parasympathetic drive to the heart is the square root of the mean squared difference of
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successive NN intervals, the so-called, RMSSD. This index is an example of using the
mean difference between successive NN intervals to calculate an HRV marker. RMSSD
differs from SDSD in that the former is based upon a mean difference in NN intervals as
opposed to a difference in contiguous or adjacent NN intervals, as with SDSD. Lastly,
SDANN is the standard deviation of the average NN interval calculated over short

periods of time, typically 5 minutes.

Index Units | Description Measures
SDNN ms Standard deviation (SD) of all NN intervals. Total power
SDANN ms SD of the averages of NN intervals in all 5-minute | Sympathetic
segments of the entire recording. tone
RMSSD ms The square root of the mean of the sum of the squares | Vagal

of differences between adjacent NN intervals. tone

SDNN index | ms Mean of the SD of all NN intervals for all 5-minute | 5-minute

segments of the entire recording. total power

SDSD ms SD of differences between adjacent NN intervals. Vagal tone

PNNS50 % % of all NN intervals differing by more than 50 ms. | Vagal tone

The SDANN is considered to be a measure of ultra-low frequency variability
lasting longer than 5 minutes (i.e., sympathetic tone). A complete list and definition of
each standard time domain HRV index can be found in the above table.

As illustrated above, the time domain method for assessing HRV - while relying
on nothing more than simple statistics calculated on NN interval variability - generates an
array of interrelated indices purportedly reflecting ANS neuromodulation of HR. Because

there are so many available indices, the Task Force (1996) recommends using SDNN as
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an estimate of 24-hour HRV (total power), SDANN as an estimate of the long-term
component of HRV (sympathetic tone), and RMSSD as an estimate of the short-term
component of HRV (vagal tone). These recommendations are based upon the favorable
statistical properties of each index as derived from 24-hour ECG recordings.
Furthermore, the Task Force (1996) recognizes RMSSD as a reliable estimator of vagal
tone when based upon shorter spans of time (ECG recordings > 5 minutes). SDNNS5 and
SDANN are not recommended for recordings of such short duration because these
indices tend to be biased towards lower values when derived from smaller samples of
NN. As will be discussed next, HRV indices derived from frequency domain analysis are
preferred over SDNNS5 and SDANN for shorter ECG recordings, due to better statistical

properties and a documented physiological basis for these measures.

Frequency Domain Methods. Like time domain analyses, frequency domain
analyses of HRV also rely upon the proper determination of the NN interval. This
information is submitted to power spectral density analyses (typically fast Fourier
transformation), resulting in spectral components of low (0.04-0.15 Hz) and high
frequency HRV (0.15-0.40 Hz), among others. For illustrative purposes, Appendix 1 is a
power spectral density curve hypothetically derived from a 24-hour ECG recording.

Low Frequency Power. Heuristically, low frequency variability (LF) is

considered to be a measure of sympathetic drive to the heart, but there is evidence to
suggest that LF may also reflect some degree of vagal cardiac modulation as well. In
other words, LF is probably not a "pure" measure of sympathetic tone when considered in
absolute units (i.e., in milliseconds). However, when expressed in normalized units, as in

the ratio of LF relative to total power, LF is considered by most experts to be a discrete
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measure of sympathetic cardiac drive. For instance, several studies have shown that
activities which would typically be expected to increase sympathetic drive to the heart as
well as increase HR, such as physical exertion and erect posture (Huikuri et al., 1994), or
mental stress (Kral, Becker, Blumenthal, et al., 1997), in fact do so as evidenced by an
increased normalized LF and higher HR values. Thus, any discussion of LF henceforth

will be in regard to cardiac sympathetic neuromodulation.

High Frequency Power. High frequency variability (HF), on the other hand, is
considered to be a relatively pure measure of parasympathetic or vagal input to the heart.
As mentioned earlier, it is widely believed that resting HR is mainly controlled by vagal
regulation, thus changes in HF will reflect this control. For example, paced breathing
protocols in which subjects respire 10-20 times a minute while resting is a documented
method of increasing vagal predominance. Paced breathing results in higher normalized
values of HF (Airaksinen et al., 1987). Other techniques, such as exposing one's face to
cold temperatures, or tilt-table rotation, or use of beta-adrenergic blocking agents also
lead to an increase in normalized HF values, again by increasing vagal input to the heart
(Malliani, Pagani, Lombardi, et al., 1991; Pagani, Lombardi, Guzzetti, et al., 1986).
Finally, nocturnal sleep is a classic example of vagal predominance due to the lack of
concerted physical and mental activities; in healthy individuals, HF is usually highest
during this time of the day (Huikuri, Kessler, Terracall, et al., 1990; Huikuri et al., 1994).

Sympathovagal Tone. Because of the reciprocal relationship between LF and HF

(i.e., as LF increases, HF decreases and vice versa), the ratio of LF/HF, called
"sympathovagal tone (or balance)", is a useful estimate of the concurrent and relative

influence of both neural axes in controlling the heart, especially when illustrated in
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normalized units. For instance, using nocturnal sleep as an example again, heightened
levels of vagal tone but minimal levels of sympathetic tone are typical during deep sleep
(Degaute, van de Borne, Linkowski, et al., 1991), and result in a reduction in
sympathovagal tone. On the other hand, morning awakening is associated with a dramatic
shift towards sympathetic predominance and vagal withdrawal as a result of the body
preparing itself for the beginning of a new day (Furlan, Guzzetti, Crivellaro, et al., 1990).
In this case, sympathovagal tone will increase. Again, sympathovagal tone is a useful
temporal marker of the reciprocal predominance of sympathetic and vagal input to the
heart.

Special Considerations Affecting HRV Estimates. Besides LF, HF, and their

ratio, it is also possible to derive ultra-low frequency (ULF; < 0.003 Hz), very low
frequency (VLF; 0.003-0.04 Hz), and total power estimates (< .40 Hz) from spectral
analysis of 24-hour ECG recordings. However, because the physiological bases for ULF
and VLF are not well defined, the Task Force (1996) does not recommend their use
beyond exploratory research purposes. Likewise, the Task Force (1996) advises against
using a spectral total power estimate of HRV since this approach is based upon the
statistical assumption of HR "stationarity". That is, since HR will fluctuate during a 24-
hour ECG recording (i.e., will not be stationary), an important statistical assumption of
spectral analysis will be violated and may result in a biased estimate of total power.
Instead, the Task Force (1996) recommends using SDNN as a substitute estimator of 24-
hour total HRV. However, HR stationarity is less of a limiting factor for LF, HF, and
LF/HF since these indices are usually used to estimate HRV during shorter spans of time

(i.e., > 2-5 minutes of task), when HR is more stable.
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Besides the assumption of HR stationarity, there are several other factors that can
affect the accuracy of HRV estimation which need to be considered. Most important are
those factors that can affect the proper identification of the NN interval, since both
methods of HRV estimation rely upon accurate NN determination for their analyses. For
example, certain arrhythmias such as atrial fibrillation or flutter can affect HRV
estimation via altered ECG morphology and irregular HR. As well, prolonged QT
syndrome can reduce the reliability of NN interval identification due to changes in the
length of ventricular depolarization. In other words, any circumstances that can affect
conduction speed can greatly affect HRV accuracy and could be considered exclusionary
criteria for HRV interpretation.

On the other hand, medical procedures such as coronary artery bypass grafting
(Demirel, Tukek, Akkaya, et al., 1999; Kuo, Chen, Lai, et al., 1999) or heart
transplantation can also reduce HRV immediately post-procedure, with transplantation
usually resulting in a permanent autonomic changes as a result of cardiac denervation.
Cardioactive medications such as beta-adrenergic blocking agents or digitalis alter ECG
morphology and rate, but may also cause artificial shifts in autonomic balance due to
their anti-arrhythmic effects. Lastly, certain disease states, particularly Type I diabetes
mellitus, may cause central changes to autonomic tone as a result of diabetic neuropathy.

Finally, there are also technical factors to consider when estimating HRV from
ECG recordings. Previous studies have shown that ECG recordings shorter than 24-hours
will cause SDNN to estimate shorter and shorter cycle lengths, resulting in an imprecise
reduction in total HRV estimation (Saul, Albrecht, Berger, et al., 1988). Therefore, it is

important to compare SDNN measurements obtained from ECG recordings of equal
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length. As well, the quality of the ECG recording will greatly effect both the reliability
and validity of HRV estimation for obvious reasons.

In summation, while there are certain restrictions to consider when measuring
HRYV, it is still a very useful research tool, and makes possible the non-invasive
investigation of altered cardiac neuroregulation resulting from physiological, behavioral,
emotional, and disease states. As well, HRV aids in the risk stratification of patients who
are susceptible to fatal arrhythmic conditions and provides researchers with a somewhat
complicated yet novel "window on the brain" regarding cardiac neuroregulation. Before
discussing the rationale for measuring HRV in the current study, however, it is necessary
to review previous investigations of HRV in CAD patients, as well as to discuss the

alteration of HRV by physical and mental activities.

Alterations in Heart Rate Variability with Coronary Artery Disease.

Disturbances in myocardial electrical activity co-occur with the perfusion defects
characteristic of myocardial infarction and ischemia. These states of electrical instability
can be permanent, as with the death of viable cardiac tissue after an MI, or transient, as in
the case of episodic myocardial ischemia. More importantly, however, such disturbances
in electrical conductance translate into altered ECG data, particularly the respiratory sinus
arrhythmia, which is integral to HRV estimation. Consequently, the occurrence of CAD-
related phenomena such as MI and ischemia will result in telltale changes in HRV,
allowing researchers to examine the relative contribution of sympathetic and vagal input

to the heart during adverse cardiovascular events.
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Myocardial Infarction and Reduced Heart Rate Variability. Heart muscle death

resulting from myocardial infarction can result in collateral damage to nerve fibers
traversing the zone of necrotic tissue (Ahonen et al., 1975). This nerve damage will result
in altered HRV, as evidenced by changes in the vagally-mediated RSA component of the
ECG (Wolf et al., 1978). Although HRV begins to stabilize within the first few months
after an MI, it usually does so at lower than normal levels (Bigger et al., 1991).
Therefore, survivors of acute MI face an increased risk for death from deranged
autonomic control, not to mention from the progression of their underlying
atherosclerotic disease.

The first large-scale, prospective study of HRV as a predictor of mortality in post-
infarct CAD patients was performed by Kleiger and colleagues (1987). This investigation
examined pre-discharge ECG recordings of 808 recent MI patients, and found that
patients with SDNN (total power) less than 50 ms. had a fourfold increased risk for death
in the ensuing four year follow-up period than did patients with SDNN greater than 100
ms. Patients with SDNN between 50-100 ms. were roughly one and a half times more
likely to die than patients with SDNN greater than 100 ms. After statistically adjusting
for a number of clinical, demographic, and cardiovascular risk factors, patients with HRV
less than 50 ms. were still almost three times more likely to have died during the four
year follow-up period than were patients with HRV greater than 50 ms. Hence, the
findings of Kleiger et al. (1987) clearly demonstrate a dose-dependent increase in the risk
for death related to reduced HRV in post-infarct patients. These findings have since been

replicated by numerous other studies (Algra, Tijssen, Roelandt, et al., 1993; Bigger et al.,
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1993; Bigger et al., 1992; Copie, Hnatkova, Staunton, et al., 1996; Farrell, Bashir, Cripps,
et al., 1991; Rich, Saini, Kleiger, et al., 1988).

While lower pre-discharge HRV may predict death in CAD patients who are
immediately post-infarct, the question remains as to whether or not HRV measured late
after an MI is also predictive of death in CAD patients. In a study by Bigger and
colleagues (Bigger et al., 1993), HRV was measured in 331 post-MI patients one year
after their heart attacks to see if HRV predicted all-cause mortality in the ensuing two-
year follow-up period. A total of 30 patients died during follow-up and the results of
univariate analyse