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CHAPTER 5 

Biofeedback in Exercise 
Psychology 
Panteleimon Ekkekakis and Steven J. Petruzzello 

INTRODUCTION 

Exercise psychology is concerned primarily with the psychological changes that ac- 
company acute and chronic exercise and the psychological processes that underlie 
the participation in and adherence to exercise programs. Unlike sport psychology, the 
populations typically involved in exercise psychology research are nonathletic and 
the objective is not the enhancement of athletic performance, but rather the promotion 
of health and well-being. 

Most of the studies on the use of biofeedback techniques in the context of exercise 
were conducted in the late 1970s and early 1980s (see earlier reviews by Petruzzello, 
Landers, & Salazar, 1991; Zaichkowsky & Fuchs, 1988). For reasons that we will ex- 
amine shortly, the interest in biofeedback within exercise psychology has since been 
on the decline. This is unfortunate, however, because, as we will attempt to demon- 
strate, biofeedback techniques may provide effective solutions to some important 
problems encountered in health- and well-being-oriented exercise programs. In this 
chapter, we will (a) examine the reasons for the reduced interest in biofeedback within 
exercise psychology in recent years, (b) establish a rationale for the use of biofeed- 
back in exercise settings, (c) review the research literature on the effectiveness of 
biofeedback for regulating exercise intensity, and (d) propose some future directions. 

From a practical standpoint, the greatest challenge facing researchers in exercise 
psychology today is increasing the rates of public participation in and adherence to 
exercise programs. Evidence from a growing number of epidemiological and experi- 
mental studies shows that regular exercise is associated with a host of important health 
benefits [United States Department of Health and Human Services (USDHHS), 19961. 
Yet the rates of public participation in exercise programs remain low and the rates 
of dropout remain high. Specifically, in the United States, the 1998-1999 progress 
review of the Healthy People 2000 program showed that only 23% of adults engage in 
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light-to-moderate physical activity five times per week and only 16% engage in light- 
to-moderate physical activity seven times per week (United States National Center 
for Health Statistics, 1999). Both figures have remained virtually unchanged since 
1985 (22% and 16%, respectively) and both fall short of the targets for the year 2000 
(30% for both categories). Furthermore, about half of the people who initiate an ex- 
ercise program are likely to drop out within the first six months, while cognitive and 
behavioral interventions designed to increase the rates of participation and adherence 
typically meet with limited success (Dishman & Buckworth, 1996). 

Traditionally, the problem of exercise involvement and adherence has been ap- 
proached from a social-cognitive perspective (USDHHS, 1996). From this perspec- 
tive, exercise participation is explained through such variables as attitudes, subjective 
norms, or self-perceptions. However, other perspectives may also help shed some 
light on this issue. As a case in point, research in general psychology has shown that 
the affect experienced in a situation is a good predictor of the amount of time people 
subsequently choose to spend in that situation (Emmons & Diener, 1986). In simple 
terms, in exercise, as in other domains, people are likely to do what makes them 
feel good and avoid what makes them feel bad. Why is this observation relevant to 
the issue of biofeedback? There is growing evidence that the intensity of exercise is 
closely associated with people’s affective responses to the exercise. Specifically, it 
has been shown that increases in exercise intensity are linked to declines in affective 
valence (Acevedo, Rinehardt, & Kraemer, 1994; Hardy & Rejeski, 1989; Parfitt & 
Eston, 1995; Parfitt, Eston, & Connolly, 1996; Parfitt, Markland, & Holmes, 1994; see 
Ekkekakis & Petruzzello, 1999, for a review). Although a clear relationship between 
affective responses and exercise adherence remains to be established, it is noteworthy 
that studies have also shown an inverse relationship between exercise intensity and ad- 
herence (Epstein, Koeske, & Wing, 1984; Lee, Jensen, Oberman, Fletcher, Fletcher, & 
Raczynski, 1996; Sallis, Haskell, Fortmann, Vranizan, Taylor, & Solomon, 1986). 

Consistent with these findings, recent physical activity recommendations have 
called for moderate-intensity activities. According to the National Institutes of Health 
Development Panel on Physical Activity and Cardiovascular Health (National Insti- 
tutes of Health, 1996), such activities are recommended because they are “more likely 
to be continued than are high-intensity activities” (p. 243). Similarly, according to 
the newly issued Healthy People 2010 program, “each person should recognize that 
starting out slowly with an activity that is enjoyable and gradually increasing the 
frequency and duration of the activity is central to the adoption and maintenance of 
physical activity behavior” (USDHHS, 2000, p. 22-4). At the same time, however, as 
several authors have pointed out, starting out “too slow” may entail a substantial time 
commitment with negligible fitness or health benefits (Lee, Hsieh, & Paffenbarger, 
1995; Morris, 1996; Winett, 1998). Individuals who begin an exercise program typ- 
ically have high expectations of fitness and health benefits, which, if not met, may 
lead to disappointment (Desharnais, Bouillon, & Godin, 1986) and, eventually, to 
disengagement from exercise. 

The problem is that individuals beginning an exercise program for the first time can- 
not be expected to know what constitutes a “slow” start or an appropriate progression. 
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Research has shown that most people are not intuitively (i.e,, without training) capa- 
ble of accurate self-monitoring and self-regulation of exercise intensity (Kollenbaum, 
1994; Kollenbaum, Dahme, & Kirchner, 1996; Kosiek, Szymanski, Lox, Kelley, & 
MacFarlane, 1999). For example, Kollenbaum (1994) found that approximately 40% 
of cardiac patients undergoing exercise rehabilitation underestimated their heart rate. 
while about 10% overestimated it. Kosiek et al. (1999) found that, despite report- 
ing similar levels of perceived exertion, 16% of cardiac rehabilitation patients ex- 
ceeded their target heart rates, 67% fell short, and only 20% were within the target 
range. An underestimation of the appropriate range of exercise training intensity 
may result in overexertion, risk of injury or cardiovascular complications (Dishman, 
1 994), increases in the perceived aversiveness of exercise (Brewer, Manos, McDevitt, 
Cornelius, & Van Raalte, 2000), and, eventually, the discontinuation of the exercise 
program. On the other hand, an overestimation may deprive the exerciser of many of 
the potential benefits of the exercise program, thus possibly leading to frustration and 
drop-out. 

For these reasons, it is critical that exercise be performed within a range of intensity 
that maximizes the health and fitness benefits (through the proper application of the 
training principles of overload and progression) without being experienced as aversive 
and without creating a risk for injury or cardiovascular problems. Biofeedback can be 
of great value in achieving these objectives. According to our conceptual model, in 
healthy populations (Figure 5. €), the role of biofeedback is to help exercisers improve 
their ability to self-monitor and self-regulate the intensity of their effort. By doing so, 
it is assumed that they will be able to regulate the level of perceived exertion and thus 
the valence of the affective responses that they experience. In turn, this is expected to 
contribute to an enhancement of the sense of enjoyment and satisfaction that the par- 
ticipants derive from the exercise experience, Ultimately, this should lead to improved 
adherence rates. In clinical populations (Figure 5.2) suffering from exercise-limiting 
conditions (e.g., exertion-induced angina, exertion-induced asthma, dyspnea due to 

Figure 5.1 Conceptual model for the role of biofeedback in exercise for healthy populations. 
By improving the self-monitoring and self-regulation of exercise intensity, biofeedback should 
allow exercisers to control the level of perceived exertion and affective valence that they 
experience. In turn, this should lead to more enjoyment and satisfaction and, ultimately, to 
improved exercise adherence rates. 
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Figure 5.2 Conceptual model for the role of biofeedback in exercise for clinical populations 
with exercise-limiting conditions (e.g., exertion-induced angina, exertion-induced asthma, dys- 
pnea due to chronic obstructive pulmonary disease, pain due to arterial claudication, etc.). By 
improving the self-monitoring and self-regulation of exercise intensity, biofeedback should 
allow patients to maintain a level of exercise intensity that is below the threshold that elicits 
unpleasant or dangerous symptoms. This should improve the safety and reduce the aversiveness 
of exercise, thus encouraging patients to remain physically active. 

chronic obstructive pulmonary disease, pain due to arterial claudication, etc.), biofeed- 
back may be an effective method of teaching patients to recognize some early warning 
signs or symptoms. By doing so, the patients may be able to maintain the level of 
exercise intensity below the threshold that elicits unpleasant or dangerous symptoms. 

WHY THE INATTENTION TO BIOFEEDBACK 
WITHIN EXERCISE PSYCHOLOGY? 

The inattention toward biofeedback in exercise psychology is a reflection of the 
theoretical perspectives that have prevailed in this scientific field during the 30 or so 
years of its evolution. The perceptions of exertion and the affective responses that 
accompany exercise participation have been mainly examined from the perspective of 
cognitive and social-cognitive theories. The common theme that characterizes these 
approaches is that human experiences are formed in and, therefore, depend on the 
mind. The body is believed to provide the mind with raw sensory data but these 
data do not influence human experience directly. It is only when this information 
is evaluated through a cognitive filter (for example, a cognitive appraisal of threat, 
self-presentation, self-efficacy, etc.) that it acquires some significance for the person. 
Importantly, these filters are considered so powerful that they are believed to be 
capable of transforming sensory data into very diverse experiences. Consequently, 
according to these theories, since the mind is what determines the experience, the most 
effective way of changing the experience is through changing the cognitive processes 
that occur in the mind. Therefore, biofeedback, a process intended to improve the self- 
monitoring and self-regulation of bodily functions, is regarded as being of relatively 
little consequence. 
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For example, according to Averill ( 1980), “it is . . . worth emphasizing that [bodily] 
feedback is subject to second-order monitoring. . . and it is the monitoring that deter- 
mines the quality of experience, not the feedback per se” (p. 317). Similarly, Bandura 
( 1982) asserted that physiological input “is not inherently enlightening” and can ac- 
quire meaning “only through cognitive appraisal” (p. 127). Lazarus has expressed 
similar ideas. In his view, the physiological input is similar to malleable raw material. 
Depending on the cognitive interpretation, it can be transformed into diametrically 
opposite experiences. Using running as an example to illustrate his point, Lazarus 
( 199 1) stated that the physiological cues associated with running-induced fatigue can 
be experienced as distress in a close race because they are interpreted as signs of 
exhaustion, thus raising the possibility that the race may be lost. However, the same 
physiological cues may lead to a sense of satisfaction during training because they 
signify that the body is being strengthened without much being at stake. Thus, it is 
not surprising that, commenting on the use of biofeedback for emotional regulation, 
Lazarus (1 975, 1977) contended that biofeedback is merely “dealing with the somatic 
reaction rather than its cause” (Lazarus, 1975, p. 559), whereas the use of cognitive 
coping strategies constitutes “direct action” that can regulate emotional arousal by ac- 
tively coping with the appraisals that generated the arousal “in the first place” (p. 559). 

These views have been widely echoed within exercise psychology. Authors have 
commonly suggested that, in order to cope with the intense and unpleasant physiologi- 
cal symptoms associated with strenuous exercise, individuals should try to cognitively 
“reinterpret” (e.g., McAuley, 1994) or “reframe” (e.g., Hardy & Rejeski, 1989) these 
symptoms in their minds. 

These ideas seem to promote the separation of the mind from the body and, as a 
result, they have been criticized as dualistic. For example, according to Lee (1993, 
Bandura’s position that physiological activity only acquires meaning after it is cogni- 
tively analyzed and interpreted, effectively reduces the individual to “a collection of 
subjective experiences, with a body more or less tacked on as a way of getting around” 
(pp. 26 1-262). Similarly, within exercise psychology, Morgan (1 989) has contended 
that many authors, “especially those who rely exclusively on cognitive psychology, 
seem to believe that the head does not have a body’‘ (p. 100). 

TIME FOR INTEGRATION? 

On the one hand, the studies that have been based on cognitive and social-cognitive 
theories have offered strong evidence that attention and cognition are important de- 
terminants of perceptions of exertion and affective responses to exercise. On the other 
hand, it would be groundless to refute the importance of physiological input in shap- 
ing subjective responses to a physicul activity, such as exercise. As Brownell (199 1) 
put it, “control over our bodies must be considered within the context of biological 
realities” (p. 308). Therefore, the challenge lies in developing a conceptual framework 
that reflects the importance of both cognitive and interoceptive factors and outlines 
the conditions for their interaction. 
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A model of perceived exertion proposed by Rejeski ( 198 1) was the first attempt at 
such an integration. According to this model, the relative influence of cognitive factors 
and physiological input in shaping perceptions of exertion varies systematically across 
increasing “doses” of exercise. Specifically, “cognitive variables should be expected 
to influence [perceived exertion] most when the spodphysical task in question is per- 
formed at, or has physiological demands of, a submaximal nature” (p. 3 14). Beyond 
this submaximal level, “there is a point in the physical stress of exercise at which 
sensory cues, due to their strength, dominate perception. Under such conditions, it is 
unreasonable to expect mediation by psychological factors” (Rejeski, 1985, p. 372). 
It is unreasonable because “powerful metabolic changes may preclude cognitive ma- 
nipulations from enabling someone to continue an activity” (Rejeski & Thompson, 
1993, p. 18). Considerable empirical evidence has accumulated over the years in sup- 
port of this idea. For instance, the expectation of a longer versus a shorter exercise 
duration was shown to lead to significantly lower perceptions of exertion up to the 
15th minute, but not during the final 5 min of a demanding 20-min run at 85% of 
maximal aerobic capacity (Rejeski & Ribisl, 1980). Also, contrary to what was seen 
with exercise at 60% and 75% of maximal heart rate, attentional manipulations by 
means of music and sensory deprivation had no effects on perceptions of exertion at 
85% of maximal heart rate (Boutcher & Trenske, 1990). Similarly, the presence of 
a coactor appeared to be associated with suppressed perceptions of exertion at 25% 
and 50%, but not at 75% of maximal aerobic capacity (Hardy, Hall, and Prestholdt, 
1986). 

The conceptual approach taken in the present review is generally consistent with 
the postulates of Rejeski’s (1981) model. Specifically, we believe that exertional 
and affective experiences during exercise are a function of both cognition and direct 
interoception (i.e., the cognitively unmediated perception of physiological functions 
by the brain). Although both of these ingredients are necessary, we also believe that 
the relative importance of these two factors changes as a function of exercise intensity. 
Specifically, we speculate that cognition plays the primary role in low and moderate 
exercise intensities and direct interoception becomes the dominant influence at high 
and near-maximal intensities. 

As noted earlier, research on exercise-induced affect has shown that, as exercise 
intensity increases, there are systematic declines in affective valence. Furthermore, it 
is noteworthy that, although interindividual variability in ratings of affective valence 
tends to be large at moderate and moderately high exercise intensities, it is suppressed 
considerably when the intensity approaches the individuals’ functional limits (Hall, 
Ekkekakis, & Petruzzello, 2002). In these situations, there is a universally negative 
affective response. 

From a practical standpoint, the challenge, as we see it, is to educate exercisers, 
particularly those who are just beginning an exercise program and are “interoceptively 
naive,” to recognize the early signs of physiological strain and to self-regulate the 
intensity of their efforts accordingly. This is necessary given the fact that, beyond this 
level of intensity, the capacity to alter the nature of subjective experiences through 
cognitive coping methods is progressively reduced. In our view, biofeedback can play 
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a significant role in this regard by sharpening the individuals’ sense of interoceptive 
acuity. 

SEEKING THE OPTIMAL EXERCISE INTENSITY FOR 
FITNESS, ENJOYMENT, A N D  ADHERENCE 

Before deciding to use biofeedback to train exercisers to self-monitor and self-regulate 
the intensity of their efforts, one is faced with a key question: what is the optimal 
level of exercise intensity? In other words, what are the elusive signs of physiological 
strain that novice exercisers should be taught to recognize? In selecting the “optimal” 
level of exercise intensity for healthy populations, two factors must be considered and 
balanced: the need for effective training and the need to avoid aversive experiences 
(i.e., excessive levels of perceived exertion and negative affective responses). There 
is converging evidence from the physiological and the psychological literatures that 
the point of balance may be near the level of intensity associated with the transition 
from aerobic to anaerobic metabolism (referred to as the “anaerobic threshold’). 

First, from a physiological standpoint, exercising at an intensity that exceeds the 
anaerobic threshold has not been shown to confer any additional fitness benefits com- 
pared to exercise performed at or slightly below this threshold among previously 
untrained individuals (Belman & Gaesser, 199 1 ; Weltman, Seip, Snead, Weltman, 
Haskvitz, Evans, Veldhuis, & Rogol, 1992). Second, from a psychological stand- 
point, preliminary studies from young and physically active participants have shown 
that exercising above the individually determined anaerobic threshold (defined as the 
ventilatory or gas exchange threshold) is associated with significant declines in the 
valence of affective responses (Hall et al., 2002). Studies on perceived exertion have 
also shown that the intensity of exercise that corresponds to the anaerobic threshold is 
typically rated as “somewhat hard’ or “hard’, whereas exercise performed at intensi- 
ties below the anaerobic threshold is rated as “light” (DeMello, Cureton, Boineau, & 
Singh, 1987; Hetzler, Seip, Boutcher, Pierce, Snead, & Weltman, 199 1 ; Hill, Cureton. 
Grisham, & Collins, 1987; P u n k  & Cureton, 198 I ). According to Robertson ( 1  982), 
on the basis of the differences in the nature and the substrates of perceived exertion, 
three levels of exercise intensity can be distinguished. In level I, where the metabolic 
rate is less than 50% VO2,,, perceived exertion reflects mainly proprioception and 
movement awareness. Level 11, where the metabolic rate is near the anaerobic thresh- 
old (Le.. 50-70% VO2,,,) and the ventilatory drive begins to contribute substantially 
to perceptions of exertion, is characterized as “uncomfortable, but tolerable.” Finally. 
level 111, where the metabolic rate exceeds the anaerobic threshold and the ventilatory 
drive is a very significant contributor to perceptions of exertion, is characterized as 
“painful or unpleasant” (Noble & Robertson, 1996, p. 395). 

These observations point to some important conclusions. First, the level of exercise 
intensity that corresponds to the transition from aerobic to anaerobic metabolism ap- 
pears to be a good candidate for a target exercise intensity, since it seems to maximize 
the physical training benefit without compromising affective responses, at least among 
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Figure 5.3 Proposed target of biofeedback training for healthy populations. Biofeedback 
training should be primarily aimed at teaching exercisers to recognize the transition from aerobic 
to anaerobic metabolism and to maintain an exercise intensity that approximates this level 
(within a range of individual preferences and tolerance). Beyond this level, perceived exertion 
and negative affective responses become progressively more dependent on physiological cues 
and, thus, not easily manageable through cognitive techniques. 

individuals with a positive or nonnegative attitude or predisposition toward exercise. 
Second, the physiological, primarily ventilatory, markers of the aerobic-anaerobic 
transition, which become increasing salient following the transition, appear to be the 
most relevant candidates for biofeedback training (Figure 5.3). 

PROBLEMS WITH CURRENTLY USED METHODS 
FOR SELF-REGULATING EXERCISE INTENSITY 

When exercise is performed under expert supervision in a clinical setting, devices such 
as heart rate monitors (Gilman & Wells, 1993) and portable lactate analyzers (Fell, 
Rayfield, Gulbin, & Gaffney, 1998; Pyne, Boston, Martin, & Logan, 2000) can be 
used to monitor physiologic responses and guide the selection of intensity. Similarly, 
the development of commercial heart-rate-based servo-controlled exercise equipment 
(Jacobsen & Johansen, 1974; Kawada, Sunagawa, Takaki, Shishido, Miyano, 
Miyashita, Sato, Sugimachi, & Sunagawa, 1999; Laperriere, VanDercar, Shyu, Ward, 
Mc Cabe, Perry, Mosher, & Schneiderman, 1989; Pratt, Siconolfi, Webster, Hayes, 
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Mazzocca, & Harris, 1991) creates the possibility of automated regulation of intensity 
in fitness and rehabilitation centers. However, these solutions are not cost-effective 
and cannot be applied on a large scale. When exercise is performed in unsupervised 
settings, as is usually the case with healthy adults, there is a need for self-regulatory 
methods that are inexpensive, easy to understand and implement, and can be applied 
without the benefit of continuous physiological monitoring. 

At present, the most frequently used methods for self-monitoring and sell- 
regulating the intensity of physical activity are the palpation of heart beat and the use 
of rating scales of perceived exertion (American College of Sports Medicine, 2000). 
Both methods are simple and can be relatively effective, but both also have some 
recognized limitations. 

Methods based on heart rate can be problematic due to the large inter- and in- 
traindividual variability of submaximal heart rates (Chow & Wilmore, 1984). In 
addition, heart rate is a poor index of the metabolic characteristics of physical effort 
( i t . ,  whether primarily aerobic or anaerobic mechanisms are involved). For example, 
in a study of 20 untrained college women, Dwyer and Bybee (1983) reported that. 
when cycling at 75%, 80%, and 85% of heart rate reserve, 9, 13, and 15 participants, 
respectively, were using anaerobic metabolism, whereas the rest were using aerobic 
metabolism. Likewise, Katch, Weltman, Sady, and Freedson (1978) reported that, in 
a sample of 3 1 participants, when exercise was performed at 80% of maximal heart 
rate, 17 participants were using primarily anaerobic metabolism, whereas 14 were 
using primarily aerobic metabolism. 

By using heart rate as a method of monitoring exercise intensity and, thus, having 
no  information on aerobic-anaerobic balance, exercisers may inadvertently drift into 
anaerobic metabolism, experiencing an affectively aversive and cognitively uiiman- 
ageable surge of salient interoceptive cues. Almost 20 years ago, Dwyer and Bybee 
( 1983) recognized that this may have important implications for exercise adherence: 
" . . . compliance to a voluntary training program may be influenced by indiscrimi- 
nately prescribed exercise that requires an individual to exercise considerably above 
his [sic] anaerobic threshold and to experience the subjective discomforts associated 
with exercise at that level" (p. 75). 

The effectiveness of methods based on perceived exertion can also be questioned, 
Correlations between ratings of perceived exertion and physiological indices like 
oxygen uptake. heart rate, or blood lactate are often low (Potteiger & Evans, 1995; 
Thompson & West, 1998; Whaley & Forsyth, 1990>, particularly at low and moderate 
levels of intensity (Borg, Ljunggren, & Ceci, 1985; Eston, Davies, & Williams, 19S7; 
Eston & Williams, 1988; Green, Michael, & Solomon, 1999; Srnutok, Skrinar, & 
Pandolf, 1980). This is important, given that this is the range of intensity typically 
prescribed to beginner exercisers. Studies have also shown that the accuracy of percep- 
tions of exertion may change across different situations; for example, between exer- 
cise testing in a clinical setting and rehabilitation training in the field (Bayles, Metz, 
Robertson, Goss, Cosgrove, & McBurney, 1990; Brubaker, Rejeski, Law, Pollock, 
Wurst, & Miller, 1994; Gutmann, Squires, Pollock, Foster, & Anholm, 198 1 ) or be- 
tween different excrcise protocols (Whaley, Woodall, Kaniinsky, & Emmett, 1997). 
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Recognizing that, under certain conditions, ratings of exertion are not accurate 
indices of actual physiological effort, Dishman (1994) warned that reliance on this 
method may have a negative impact on exercise adherence. He asked, “How can 
we teach [people] to more accurately estimate and produce a prescribed exercise 
intensity? What is the impact of RPE errors on inactivity or on risk of injury?’ 
(p. 1092). However, these questions remain unanswered. 

BIOFEEDBACK RESEARCH IN THE CONTEXT O F  EXERCISE 

As noted previously, the number of studies that have examined the effectiveness of 
biofeedback for regulating exercise intensity is relatively small. Most of these studies 
have used heart rate as a biofeedback channel. This is in spite of the fact that cardiac 
activity is not directly accessible to conscious awareness. As several studies have 
shown, when asked to detect or discriminate their cardiac activity without previous 
training, most people perform poorly, at levels not much better than those attained by 
chance (see Jones, 1994, for a review). 

According to Hollandsworth ( 1979), exercise is essentially a natural analogue to 
instrument-based biofeedback, as it performs the same function, namely the ampli- 
fication of physiological signals, in a natural way. In fact, it has been shown that, 
following vigorous exercise, participants report increased awareness of their physi- 
ological state (Hollandsworth & Jones, 1979). Moreover, Jones and Hollandsworth 
(1981) found that the ability of physically inactive and moderately active (tennis 
players) participants to discriminate their cardiac activity improved (to above-chance 
levels) following exercise that raised their heart rates by 75% over baseline. On the 
other hand, highly trained male distance runners (running over 25 miles per week) did 
not improve their discrimination accuracy after exercise, but still faired consistently 
better than their inactive and moderately active counterparts both at baseline and after 
exercise. This finding was consistent with Hollandsworth’s ( 1979) prediction that, 
by using running as a natural biofeedback, experienced runners would also be able 
to monitor and possibly control their physiological responses at resting conditions. 
However, this finding was not replicated. Montgomery, Jones. and Hollandsworth 
( 1984) found that average-fitness participants achieved above-chance discrimination 
accuracy both during and after exercise ( 120-1 30 beats/min or approximately 65% of 
age-predicted maximal heart rate), whereas high-fitness participants achieved above- 
chance accuracy only after exercise. Contrary to the findings of Hollandsworth and 
Jones (1979), the groups did not differ at baseline. Furthermore, Montgomery et al. 
(1984) noted that the lower accuracy of the high-fitness group during exercise ap- 
peared to be due to inaccurate expectancies. Specifically, the high-fitness participants 
accepted heart rate feedback that was 30% lower than their actual heart rate as accurate 
on 79% of the presentations, whereas the corresponding figure for the average-fitness 
group was only 58%. In another study, Gillis and Carver (1980) failed to find support 
for the hypothesis that participants high in dispositional self-consciousness or with 
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situationally elevated self-consciousness (as a result of exercising in front of a mirror) 
would show higher accuracy in estimating their heart rates after exercise. 

Another series of studies examined whether traditional, instrument-based biofeed- 
back training during exercise can help participants lower their physiological responses 
to exercise without reducing the amount of work being performed. In the first such 
study, Goldstein, Ross, and Brady ( 1977) found that five sessions of heart rate biofeed- 
back training resulted in significant reductions in heart rate, systolic blood pressure, 
and rate-pressure product while walking on a treadmill. Furthermore, when the treat- 
ment was removed, the participants were able to maintain the reduced levels of heart 
rate, systolic blood pressure, and rate-pressure product, However, when the partici- 
pants in the control group were subsequently introduced to biofeedback, they failed 
to show similar reductions. 

Perski and Engel (1980) attempted to replicate the findings of this first study. They 
found that five heart rate biofeedback training sessions led to the experimental group 
having a heart rate that was significantly lower (by 15.2 beatdmin or approximately 
20%) compared to the control group during fixed-workload cycle ergometry exercise, 
Contrary to the findings of Goldstein et al. (1977), Perski and Engel found that, after 
the members of the control group underwent five sessions of biofeedback training, 
they were also able to significantly reduce their heart rate (by 13 beatdmin). Finally, 
after the biofeedback treatment was removed for two sessions, the members of the 
experimental group were able to maintain the reduction in heart rate. On the other 
hand, biofeedback did not seem to have an effect on systolic blood pressure. 

The exercise intensity used in Perski and Engel’s ( 1980) study was approximately 
50% of age-predicted maximal heart rate. In a follow-up study, Perski, Tzankoff, and 
Engel ( 1985) examined whether the findings could be replicated with a more vigorous 
exercise stimulus, namely 65% of maximal heart rate. After four training sessions dur- 
ing which they exercised while receiving heart rate biofeedback, the members of the 
experimental group showed an average heart rate elevation that was smaller by about 
22% ( 1  2 beatdmin) compared to the control group. On the other hand, there were 
no differences in systolic blood pressure. After the control participants underwent 
biofeedback training for four sessions, they also reduced their heart rates by about 
9% ( 5  beatdmin). Interestingly, additional analyses showed that the smaller heart rate 
elevations were not accompanied by compensatory physiological adjustments. There 
were n o  statistically significant differences in oxygen consumption, lactate accumu- 
lation, or indices of sympathetic nervous system activity (plasma epinephrine and 
norepinephrine concentrations). On the contrary, the lower heart rate was accornpa- 
nied by lower pulmonary ventilation. Comparisons were also made during graded 
maximal tests performed before and after biofeedback training (the experimental 
group and the initial control group after biofeedback training were combined). In this 
cabe, both at a submaximal (75% of maximal heart rate) and at the maximal level, 
systolic blood pressure and rate-pressure product were lower after biofeedback train- 
ing, but there were no significant changes in heart rate. Again, there were no signs 
of compensatory physiological adjustments, as there were no significant differences 
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in ventilation, respiratory quotient, oxygen consumption, lactate accumulation, or 
epinephrine or norepinephrine concentration. 

Studies by Lo and Johnston compared biofeedback to relaxation and also examined 
the role of instructions and habituation. In one study (Lo & Johnston, 1984a), an 
instructions-only condition, an inter-beat-interval (IBI) biofeedback condition, and 
a condition involving feedback on the product of IBI and pulse transit time (PTT) 
were compared. This product is almost perfectly negatively correlated with the rate- 
pressure product and is decreased with exercise. With respect to changes in IBI, 
four training sessions of IBI by PTT product biofeedback were significantly more 
effective than verbal instructions in increasing IBI (lowering heart rate). IBI-only 
biofeedback had intermediate effects and was associated with a gradual improvement 
across training sessions, but did not differ significantly from the other two conditions. 
The instructions-only condition was not associated with any changes. With respect to 
changes in PTT, both the IBI by P'IT biofeedback condition and the IBI-only condition 
led to greater increases in the IBI by PTT product compared to instructions. Again, 
the instructions-only condition was not associated with any changes. The positive 
effects of biofeedback did not seem to transfer well, however, after the feedback was 
withdrawn. During a no-feedback fifth session, there were no differences between the 
conditions. 

In another study, Lo and Johnston (1984b) compared the effects of IBI by PTT 
biofeedback to habituation (simply exercising) and Benson's relaxation response. 
Two exercise and two nonexercise training sessions were conducted. Compared to 
exercise before treatment, the biofeedback condition was associated with increases in 
IBI and was significantly different from both other conditions. With respect to P'IT, 
the feedback condition was superior to habituation, whereas the relaxation condition 
was intermediate but did not differ significantly from the other two conditions. Only 
the feedback condition was associated with an improvement across trials. Finally, the 
frequency of respiration was slower in the feedback condition compared to the other 
two conditions. 

Yamaji, Yokota, and Shephard (1992) conducted a case series study to examine 
the effects of using wrist-mounted heart rate monitors during track and cross-country 
training on the accuracy of heart rate estimations during different modes of exercise 
(treadmill, cycle ergometer, stair climber). Six runners wore heart rate monitors during 
their regular training (2 h/day, 3-4 daydweek). Before and after a period of 13 weeks 
of training, they participated in multiple graded tests to exhaustion on a treadmill, a 
cycle ergometer, and a stair climber. The error of estimation (the discrepancy between 
perceptions of heart rate and ECG) improved in 6 of the 6 runners during treadmill 
running, in 4 of the 6 during cycle ergometry, but in only 2 of the 6 in stair climber 
exercise. After training, the regression lines of estimated and ECG-determined heart 
rate were closer to the line of identity in 6 of 6 treadmill tests, 5 of 6 cycle ergometer 
tests, and in 4 of 6 stair climber tests. In general, the discrepancies decreased with 
increasing exercise intensity. 

Another study (Sada, Hamada, Yonezawa, & Ninomiya, 1999) examined the effects 
of a simple device designed to alert exercisers (with lights and sounds) when they 
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exceeded a predetermined heart rate. Seven healthy males ran on a treadmill for five 6- 
rnin periods, while the target heart rate was set at 80,100,120,140, and 160 beatdmin, 
respectively. The participants overshot their target heart rates in 21 s when the target 
was 80 beatdmin, in 40 s when the target was 120 beatdmin and in 102 s when 
the target was 160 beats/min. Using the a l m s ,  the participants adjusted their stride 
length and frequency and were able to keep their heart rates within 10% for a target 
heart rate of 80 beatdmin, and within 4% for a target heart rate of 100-160 beatdmin. 

Two studies have examined the effects of noncardiovascular biofeedback. 
Kirkcaldy and Christen (1981) examined the effects of frontalis EMG biofeedback. 
They randomly assigned 26 male participants to one of four conditions: (a) frontalis 
EMG biofeedback during resting conditions (no exercise), (b) frontalis EMG biofeed- 
back following exercise, (c) pseudo-feedback during resting conditions (no exercise), 
and (d) Jacobson's progressive relaxation during resting conditions (no exercise). Five 
training sessions were conducted. There were also five testing sessions, during which 
the participants performed one 8-min incremental bout of cycle ergometry (from 30 
to 150 W). The first was a pretest, followed by a 15-min passive recovery. The second 
and third were interspersed with the training sessions and the fourth was a post-test. In 
these sessions, the first 10 min of post-exercise recovery were replaced by an applica- 
tion of the respective techniques. The fifth session was conducted seven weeks later, 
did not involve instrumentation, and its purpose was to test for retention. Only the 
group that received frontalis EMG biofeedback following exercise showed a reduction 
in frontalis muscle tension across sessions following exercise. At the post-test session. 
the mean EMG of the two biofeedback groups was significantly lower than the mean 
of the pseudo-feedback group, whereas the relaxation group showed a nonsignificant 
increase in tension. However, at the seven- week follow-up session, conducted without 
the benefit of biofeedback instrumentation, there were no signs of retention. 

Hatfield, Spalding, Mahon, Slater, Brody, & Vaccaro ( I  992) examined the effects 
of providing biofeedback on the ventilatory equivalent for oxygen ( V&") and the 
EMG activity of the trapezius muscle during running. A group of 12 male collegiate 
runners ran on a treadmill for three consecutive 12-min periods at an intensity that was 
just below their ventilatory threshold (7 1 V02,nn,). During one period, they received 
V&'O2 and EMG biofeedback. During another period, their attention was distracted 
by means of a coincident timing task. Finally, one period did not involve a manipu- 
lation of the runners' attentional set and was used as a control. The results showed 
that Vf;_/V02, the ventilatory equivalent of carbon dioxide ( VE/VCO;!), ventilation, 
and respiratory rate were lower and tidal volume was higher during biofeedback than 
during the attentional distraction and control periods. Interestingly, despite the fact 
that ventilation was reduced during the biofeedback period, there were no differences 
in  oxygen uptake between conditions, which suggests that there was a greater ex- 
traction of oxygen from inspired air per breath during biofeedback. Furthermore, the 
ratings of perceived exertion were lower during feedback and distraction compNed 
to control. On the other hand, no effects on EMC were found. 

The studies summarized up to this point all involved healthy participants. Posi- 
tive effects, however, have also been found in cardiovascular patients. I n  an early 
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uncontrolled case series study, Johnston and Lo (1983) examined 7 angina patients 
who underwent between 3 and 12 IBI by PlT biofeedback training sessions. All the 
patients were able to increase the IBI by product while at rest but not during 
exercise. However, the frequency of chest pains was reduced in six of seven patients, 
the use of glycerine trinitrate (nitroglycerine) was reduced in all seven, and exercise 
tolerance during a Bruce protocol was improved in six of seven. In a subsequent 
study, Fredrikson and Engel (1985) examined 12 hypertensive patients. Half of them 
underwent five heart rate biofeedback training sessions. On average, their heart rate 
during exercise was approximately 9 beats/min lower than in control participants. 
Furthermore, although there were no differences in exercise workload, the biofeed- 
back group showed lower oxygen consumption near the end of training. On the other 
hand, the groups did not differ in systolic blood pressure. 

To date, there have been no extensive studies on the effects of biofeedback dur- 
ing strength training in humans. Johnston, Lo, Marie, and Van Jones (1982) briefly 
reported the results of a study comparing verbal instruction to decrease blood pres- 
sure to P" biofeedback during 30 s of a 50% of maximal voluntary contraction 
with a hand grip dynamometer and a 60-s recovery period. Despite a tendency of 
the biofeedback condition to elicit longer IBIS and PTTs, the differences were not 
statistically significant. However, a series of studies in monkeys by Engel, Talan, and 
their associates suggests that a combination of heart rate biofeedback (a light indicat- 
ing that heart rate was in the desired range) and operant conditioning (food reward 
and shock avoidance) can be effective in lowering heart rate and rate-pressure product 
while performing repeated weight lifts (see Engel & Talan, 199 1 a, for a review). The 
monkeys were trained to lift weights, to lower their heart rates, and finally to reliably 
combine these two skills (Engel & Talan, 199 1 b; Talan & Engel, 1986). The animals 
were able to attenuate the exercise-induced increases in heart rate in the combined 
condition while maintaining their cardiac output. This constitutes evidence of im- 
proved cardiac efficiency. Furthermore, the animals had lower respiratory quotient 
values during the combined condition (although this was due to greater oxygen uptake 
in two animals and lower carbon dioxide production in one animal). The attenuation 
of exercise-induced increases in heart rate was unaffected by a- and /3-adrenergic 
and vagal blockades (Engel & Talan, 1991c), suggesting that the attenuation was not 
dependent on a specific autonomic reflex. Finally, Chefer, Talan, and Engel (1997) at- 
tempted to identify the brain centers that are responsible for the operant conditioning 
of heart rate by electrically stimulating 24 brain centers known to be involved in the 
regulation of heart rate (mainly thalamic and limbic nuclei) while the monkeys were 
performing the combined exercise-heart rate reduction task. Through this process, 
they identified a system (including the cingulate cortex, the mediodorsal nucleus, and 
the nucleus ventralis anterior) which increased heart rate when stimulated, but whose 
effect was significantly attenuated when the animals attempted to lower their heart 
rates. Chefer et al. expressed the belief that this system plays an important role in the 
central command of cardiovascular adaptations to exercise. 

In summary, although the number of biofeedback studies that have been conducted 
in the context of exercise is not large and the methodological rigor of these studies 



BIOFEEDBACK IN EXERCISE PSYCHOLOGY ‘3 1 

varies widely, the results have been consistent. It appears that as few as four or five 
biofeedback training sessions may bring about a significant attenuation of exercise- 
induced increases in heart rate and rate-pressure product. It is also noteworthy that 
this effect appears to be the result of increases in the efficiency of cardiac function, 
as it cannot be explained by improvements in fitness, reductions in the amount of 
work performed, habituation to the experimental settings, or compensatory physio- 
logical adjustments. In other words, the benefits of biofeedback do not seem to be 
accompanied by any negative side effects. Furthermore, on the basis of the few stud- 
ies conducted so far, it seems that biofeedback may be more effective for controlling 
cardiovascular responses during exercise than are verbal instructions or relaxation. 
On the other hand, there are other important questions that remain unanswered. The 
studies that used noncardiovascular channels as biofeedback sources are too few to 
allow for any definitive conclusions. Nevertheless, the study by Hatfield et al. (1992), 
in which biofeedback was based on the ventilatory equivalent for oxygen, produced 
some promising results. Even without having received training in using this parameter 
as biofeedback, the runners in the study were able to reduce several ventilatory param- 
eters without reducing the amount of work being produced. Finally, much research 
is still needed to determine whether biofeedback can help regulate the physiological 
responses to weight training in humans. The pioneering studies by Engel and Talan 
( 199 1 a) in monkeys suggest that this is possible. 

THE PHENOMENOLOGY OF EXERCISE: BIOFEEDBACK 
WITHOUT INSTRUMENTS? 

As noted previously, most biofeedback studies in the context of exercise have concen- 
trated on heart rate as a biofeedback channel, in spite of the fact that without the benefit 
of instrumentation most people’s ability to perceive their heart beats seems to remain 
modest even during exercise. However, decades of research on perceived exertion 
have demonstrated that there are a number of interoceptive cues (mainly associated 
with ventilation and muscular fatigue) that people can and do use in estimating their 
exertion levels during exercise (Sime, 1985). As we explained in a previous section, 
we are particularly interested in the transition from aerobic to anaerobic metabolism 
because this level of intensity appears to maximize the training benefits for previously 
untrained individuals without eliciting uniformly negative affective responses. From 
this perspective, it is noteworthy that the lactate and ventilatory thresholds, commonly 
used as indices of the aerobic-anaerobic transition, have been found to correspond to 
stable ratings of exertion that are generally unaffected by gender, training, or exercise 
modality (DeMelloetal., 1987; Hetzleretal., 1991; Hill etal., 1987; Purvis&Cureton, 
198 I ). In conjunction with the finding that exceeding the ventilatory threshold seems 
to be associated with an almost uniform decline in affective valence (Hall et al., 2002). 
these findings raise the possibility of using specific, individually determined ratings of 
perceived exertion and affective valence as targets for “interoceptive acuity” training, 
as a proxy to conventional, instrument-based biofeedback. 
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In the only known study to examine the effects of using feedback based on 
perceptions of exertion, Bayles et al. (1990) randomly assigned 30 participants to 
a practice-with-feedback group, a practice-without-feedback group, and a control 
group. Initially, all participants underwent a graded treadmill test. In a second ses- 
sion, each participant ran for 10 min at 40%, a%, and 80% of their heart rate reserve in 
random order. During each trial, participants were “encouraged to internalize” their 
“subjective feelings” and “assign an overall perceptual rating to those sensations** 
(p. 27). During three subsequent trials, the participants were instructed to reproduce 
the exercise intensities “based on targeted perceptual ratings that they had assigned 
to the respective exercise intensities in trial 1” (p. 27). During a week between trials 
2 and 3, the practice-with-feedback group and the practice-without-feedback group 
participated in a learning program which consisted of three periods. Also, during a 
week between trials 3 and 4, these groups participated in three exercise sessions on an 
indoor track at intensities that were individually selected to produce exertional sen- 
sations that were the same as those experienced during the treadmill exercise at 60% 
of heart rate reserve. Compared to the practice-without-feedback group, the practice- 
with-feedback group received taped reminders to think about (a) body temperature, 
(b) breathing, (c) comfort level, and (d) motivation. The main finding was that the 
practice-with-feedback group and the practice-without-feedback group both reduced 
their percent inaccuracy scores for running speed by 4.5% by trial 3 (averaged across 
the three intensities), whereas the control group increased their percent inaccuracy 
scores for running speed by 4.5%. For all three groups, the level of inaccuracy was 
maintained from trial 3 to trial 4. However, no effect on percent inaccuracy scores 
for heart rate or oxygen uptake was observed. Furthermore, it was found that the 
replication of heart rate and oxygen uptake values was more accurate at 60% and 
80% of heart rate reserve compared to 40%. 

Clearly, this area of research is in need of more information. Important questions 
that need to be addressed include (a) whether the combination of affect and exer- 
tion ratings can lead to improved self-regulation compared to methods based only on 
perceived exertion and (b) whether the relatively salient interoceptive cues that accom- 
pany the aerobic-anaerobic transition can serve as universal perceptual landmarks. 

An important first step should be the systematic exploration of what has been called 
the “subjective symptomatology” or “phenomenology” of exercise (Dishman, 1994) 
and the aerobic-anaerobic transition, in particular. The present understanding of the 
subjective experiences that accompany exercise of various intensities remains very 
limited. In fact, not much progress has been made in this area since the pioneering stud- 
ies by Kinsman and Weiser in the early 1970s (Kinsman & Weiser, 1976; Kinsman, 
Weiser, & Stamper, 1973; Weiser, Kinsman, & Stamper, 1973). This work was based 
on multivariate statistical methods (cluster and spherical analyses) that yield multi- 
dimensional representations of the relationships between perceived “symptoms“ or 
cues associated with exercise. The results showed that the interoceptive and affective 
cues associated with exercise form distinct clusters, with each cluster contributing 
unique portions of the variance. However, this investigation was limited in several 
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respects. First, it was based on a given list of items which may or may not adequately 
reflect the subjective experiences of diverse samples of exercise participants. Second, 
it was based on cycle ergometer exercise which emphasizes sensations localized in 
the legs and, thus, the results may not be generalizable to other modes of activity. 
Third, exercise intensity was based on an arbitrary percentage of maximal aerobic 
capacity and did not take into account the balance between aerobic and anaerobic 
metabolism. Fourth, no attempt was made to examine whether the emergent clusters 
could be used to differentiate between different levels of exercise intensity. 

In spite of the limitations of this early research, it should be apparent that develop- 
ing a better understanding of the subjective experiences associated with exercise, their 
verbal descriptors, and their dimensionality should improve communication between 
researchers and practitioners, as well as between practitioners and the public. The 
lack of this information is particularly noticeable in clinical applications of exercise. 
As one shocking example, there has never been a systematic exploration of the per- 
ceptual cues that can reliably distinguish between natural exertional symptoms and 
symptoms of exertional angina in cardiac patients. In the absence of this information. 
exercise practitioners have no basis upon which to educate patients on the cues that 
they can use to properly self-monitor and self-regulate the intensity of their physical 
activity. 

FUTURE DIRECTIONS 

Based on our review of this area of research, we propose the following. The first 
requisite step is an expansion of the current theoretical perspectives that consider the 
mind as the sole determinant of human experiences in the context of exercise. Instead, 
we advocate the development of integrative conceptual models that acknowledge the 
joint contributions of cognition and direct interoception in the process of generating 
subjective experiences in response to exercise. 

Second, we believe that the research paradigm used in biofeedback studies in the 
context of exercise should be shifted from visceral detection to visceral perception 
(Pennebaker & Hoover, 1984). In other words, biofeedback training should incor- 
porate perceived exertion and affective responses in addition to direct indices of 
physiological activity. Research suggests that, although it may be difficult for many 
individuals to accurately monitor isolated physiological parameters such as heart rate 
or blood pressure without extensive training, the accurate monitoring of the “gestalt” 
of exertional symptoms may be easier to achieve and, thus, more effective from a 
practical standpoint. In particular, the intensification of exertional symptoms and the 
negative shift in affective valence that accompany the transition to anaerobiosis may 
be used as “anchor points” to facilitate the training process. 

Third, the study of the “subjective symptomatology” of exercise (Kinsman & 
Weiser, 1976; Kinsman et al., 1973; Weiser et al., 1973) must be revived and ex- 
tended to a variety of exercise stimuli and populations, including patient populations 
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with exercise-limiting conditions. The utility of this research should be obvious and 
its revival is long overdue. 

Fourth, the utility of alternative physiological channels as sources of biofeedback 
should be explored. In addition to ventilatory parameters (Hatfield et al., 1992), it 
may be useful to examine the utility of blood lactate assessments. Although it remains 
impossible to assess blood lactate concentrations in real time, the advent of relatively 
inexpensive and simple-to-use portable lactate analyzers (Fell et al., 1998; Pyne et al., 
2000) that yield results in 60 s creates some interesting possibilities. These analyzers 
may provide the easiest method of detecting the transition to anaerobic metabolism. 
The error grid technique used in the regulation of blood glucose in diabetics (Gonder- 
Frederick & Cox, 1991) could be adapted for the monitoring and regulation of lactate 
in the context of exercise. This simple technique involves plotting the estimated and 
assessed levels of lactate on a grid and noting the degree of deviation from the line 
of identity. Through the repeated use of the error grid and training in using pertinent 
sources of information, such as perceived exertion and affect, exercisers may improve 
their self-monitoring skills. The application of this method for the regulation of blood 
glucose has produced some promising results (Gonder-Frederick & Cox, 1991 ) that 
warrant attention. 

For theoretical and practical reasons alike, biofeedback deserves more attention 
within exercise psychology than it has received until now. Undoubtedly, much work 
remains to be done. However, based on the positive findings that have accrued so far, it 
appears that biofeedback may be an effective method of improving the self-monitoring 
and self-regulation of exercise intensity in both healthy and clinical populations. 
By doing so, biofeedback may play a significant role in making exercise safer and 
more enjoyable and may, thus, contribute to the much-needed increase in the rates of 
adherence to exercise over the long haul. 

CONCLUDING SUMMARY 

The field of exercise psychology faces the great challenge of having to develop con- 
ceptual models to help understand exercise behavior and intervention methods for 
increasing exercise participation and long-term adherence. One mechanism that is 
likely to influence exercise behavior but has received relatively little attention is one 
in which a critical role is attributed to the intensity of exercise and its effects on 
the quality of the experience that participants derive from their involvement. On the 
one hand, if the intensity of exercise is too low, the possibility of substantial health 
and fitness benefits is reduced, increasing the likelihood of dropout due to frustration 
stemming from unfulfilled expectations. On the other hand, if the intensity of exercise 
is too high (according to accumulating evidence, if it exceeds the point of transition 
from aerobic to anaerobic metabolism), most individuals report feeling progressively 
worse and rate the intensity as “hard.” Over time, such unpleasant experiences may 
lead to an aversion to exercise, again raising the possibility of dropout. The conclusion 
that emerges is that accurate self-monitoring and self-regulation of exercise intensity 
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could have a significant impact on subsequent exercise behavior by influencing the 
quality of the experience that individuals derive from exercise. 

In this context, biofeedback can prove to be a powerful tool for teaching exercisers 
to maintain the delicate balance between exercise intensity that is effective on the 
one hand and pleasant or tolerable and safe on the other. The studies on the effects 
of biofeedback in the context of exercise are few, but have consistently demonstrated 
that even as little as four or five sessions of biofeedback training can attenuate the 
exercise-induced increases in physiological activation without reducing the amount 
of work being performed. From an applied standpoint, it is also important that these 
effects seem to be the results of improved efficiency in physiological function, as there 
have been no indications of negative side effects, such as compensatory physiological 
adjustments. Although the extant evidence supports the use of biofeedback in practice, 
research should continue and its scope should be expanded, placing emphasis on the 
use of noncardiovascular (e.g., ventilatory, blood lactate, etc.) biofeedback modes, the 
linkage of biofeedback to exertional and affective experiences, and the investigation 
of the content, the verbal descriptors, and the dimensionality of such experiences. 
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