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ABSTRACT

The effects of exercise intensity and duration on
excess post-exercise oxygen consumption (EPOC) were examined.
Eight males exercised in a thermoneutral environment at 60% of
maximal aerobic power (VO,, ) for 30 min and performed the
same total work at 80% and 40% VO, by varying exercise
durations. In addition, 2 work bouts were performed at 60%

VO for 90 and 60 min. A standardized meal was consumed 2

2max
h post-exercise. Oxygen consumption (vo,) , respiratory
exchange ratio (RER), rectal temperature (Tc) and heart rate
(HR) were monitored on a control day and before, during and
for 3 h following exercise. VO, was equivalent to control day
values within 30 min post-exercise on each of the 5 d and no
consistent relation between exercise condition and duration of
EPOC was observed. When total post-exercise VO, was expressed
relative to control values, differences were greatest during
the first 30 min post-exercise. Total net caloric expenditure
was small (32.5-57.9 kcal) in all cases. RER tended to remain
equivalent to control levels post-exercise, with intermittent
elevations. Significant elevations in Tc were obtained until
60 to 150 min post-exercise. No significant exercise-related

effects were noted for dietary induced thermogenesis or the

iii



cunulative effect of the 5 exercise bouts on resting metabolic
rate.

Although exercise over a wide range of intensities and
durations resulted in a significant EPOC, in all cases it was.
of short duration and the total 3 h energy expenditure was
small. Neither duration nor magnitude of EPOC was associated

with post-exercise RER or Tc.
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1 INTRODUCTION

Exercise-induced energy expenditure affects total
caloric balance and is of potential benefit in the prevention
and treatment of obesity (ACSM, 1986). In recent years, there
has been extensive documentation that elevations in oxygen
consumption (VO,) persist for a period of time following
exercise, but a controversy exists in the literature with
respect to the significance of the contribution of excess
post-exercise oxygen consumption (EPOC) toward total exercise-
induced energy expenditure. There are reports that EPOC lasts
4.5 to 12 h, and is of large total magnitude (approximately
150 kcal) (Bahr et al., 1987; Bielinski et al., 1985; Chad &
Wenger, 1988; Maehlum et al., 1986). Investigators of these
studies have contended that EPOC is an important component of
the total caloric expenditure caused by exercise.

In contrast, the literature also includes a number of
studies which have found EPOC to be of brief duration and/or
small total magnitude (Brehm & Gutin, 1986; Deuster et al.,
1989; Elliot et al., 1988; Freedman-Akabas, et al., 1984;
Kaminsky et al., 1987; Knuttgen, 1970; Pacy et al., 1985;
Sedlock et al., 1989; Shah et al., 1988). Although a

significant EPOC has been documented in all -cases,
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investigators included in the latter group of studies have
concluded that the contribution of EPOC towards the total
energy cost of the exercise is not sufficient to promote
weight loss.

Subject populations, exercise conditions and designs
are similar among the studies cited, and do not appear to
account for the differences among findings. Findings of a
large EPOC may be attributable to the use of pre-determined
recovery periods (Bahr et al., 1987; Bielinski et al., 1985;
Maehlum et al., 1986), or may be the result of diurnal
increases in VO, which were not accounted for by the inclusion
of a control day (Chad & Wenger, 1988).

Differences among findings of the duration and
magnitude of EPOC are clearly not merely a function of the
caloric expenditure during the work-bout, since the relation
of the oxygen consumed during exercise (EOC) to the magnitude
of EPOC is rarely comparable among reports. When EPOC is
expressed as a percentage of EOC, values range from 2%
(Sedlock et al., 1989) to 28% (Chad & Wenger, 1988). The
duration of EPOC following exercise of similar durations and
intensities has also varied considerably, lasting between 10
min (Kaminsky et al., 1987) and 12 h (Bahr et al., 1987;
Maehlum et al., 1986), while net magnitudes of EPOC reported
range from 3 kcal (Frechette et al., 1987) to 180 kcal (Chad

& Wenger, 1988).
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The influence of specific exercise conditions on the
duration and magnitude of EPOC is not known. The magnitude
and duration of post-exercise VO, has increased with
elevations in exercise intensity (Brehm & Gutin, 1986; Gore &
Withers, 1990; Sedlock et al., 1989), increased with exercise
duration when exercise intensity was reduced (Chad & Wenger,
1985), and the duration of EPOC has been equivalent
(magnitudes not reported) following high and low intensity
exercise when total work was kept constant (Kaminsky et al.,
1987) . The relation between the magnitude of EPOC and
exercise duration has also not been established. It may be
necessary to attain a threshold exercise intensity before
duration affects total EPOC (Gore & Withers, 1990).

The extent to which EPOC is altered by changes in
exercise intensity and duration may vary with the length and
size of the total EPOC reported. Chad and Wenger (1985), who
reported a large total EPOC, documented a 60% increase in
magnitude of EPOC when exercise intensity was reduced from 70%
to 50% of maximal aerobic capacity (VO,, ). Conversely,
v investigators who reported an EPOC of brief duration and small
total magnitude found that increases in exercise intensity had
no effect on EPOC (Kaminsky et al., 1987), or enhanced total
EPOC only slightly (1.03 L 0,) (Brehm & Gutin, 1986); a change
that was statistically significant but would not be of
practical benefit in a weight loss program. Similarly,

increases in exercise duration at a given exercise intensity
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have been associated with marked increases in total EPOC in
reports in which EPOC has lasted for several hours (Bahr et
al., 1987; Chad & Wenger, 1988), while others have documented
. no change in EPOC (Sedlock et al., 1989).

The mechanisms underlying EPOC are still being
investigated. Exercise-induced increases in core temperature
(Tc) have been partially correlated with elevations in
getabolism post-exercise (Brehm & Gutin, 1986; Chad & Wenger,
1988; Hagburg et al., 1980), although others have disputed
these findings (Bahr et al., 1987; Maehlum et al., 1986).
Elevations in plasma concentrations of catecholamines may
increase post-exercise VO, by stimulating energy-requiring
processes in the cell (for example, Na+-K+ pump activity)
(Gaesser & Brooks, 1984; Horwitz, 1979), and by promoting the
utilization of fatty acids, which generate less ATP per unit
of O, consumed than do proteins or carbohydrates (Kalis et
al., 1988). Elevations in circulating 1levels of
catecholamines have been reported 10 to 20 min post-exercise
(Deuster et al., 1989; Tarnopolsky et al., 1990), so that they
may exert an influence on post-exercise VO,. Thyroxine may
also participate in EPOC by acting directly on the
mitochondria (Gaesser & Brooks, 1984), or by facilitating the
adrenergically mediated activities (Goodman et al., 1988).

The following study was undertaken in order to resolve
some of the inconsistencies present in the recent literature

examining the relation between exercise and post-exercise VoO,.



5
The effects of both intensity and duration were examined by
having subjects perform exercise of varied intensity with
total work equated, and exercise of varying durations at a
constant intensity. The total exercise performed at different
intensities was standardized to a work bout (30 min at 60%
VO,..,) which represented a midpoint between the work output in
which intensity (Brehm & Gutin, 1986; Sedlock, 1989) versus
duration (Chad & Wenger, 1985) had predominated as the main
factor determining EPOC. This work output was selected in
order to determine whether there was a threshold work output
at which specific exercise characteristics had a greater
influence on EPOC.

In order to determine whether discrepancies among
reports of the effects of exercise duration on EPOC were
related to differences in the intensity at which exercise was
performed (50% versus 70% VO,.), subjects in the present
study cycled at an intermediate level (60% VO, ), and for the
same durations as those previously reported (30 min and 60
min). Moreover, in the event that findings of the present
study replicated those of Chad and Wenger (1988), and a non-
linear increase in EPOC with increasing exercise time was
observed, a 90 min exercise bout was also included.

Possible mechanisms related to EPOC were explored
through the monitoring of subjects' Tc and RER. The data were

also analyzed for the cumulative effect of exercise on
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subjects' resting metabolic rate (RMR) and the effect of food
consumption on EPOC.

In the following chapter (Chapter 2), a review of the
literature relevant to the study of EPOC in humans will be
presented. This section will include a brief overview of the
development of the original 'O, debt' hypothesis and the
failure of subsequent research to verify the inital
formulation. The possible mechanisms underlying EPOC will
also be discussed. The experimental study which was performed
in order to examine the possible influences of exercise

intensity and duration on EPOC will be presented in Chapter 3.



2 LITERATURE REVIEW
2.1 INTRODUCTION

Elevations in VO, following muscular work have been
documented since the early 1900's. Investigations conducted
on humans revealed that VO, returned to the pre-exercise
baseline in a curvilinear fashion; a single exponential
component defined the curve followihg moderate intensity
exercise while 2 components could be discerned followed
prolonged or severe work (Hill & Lupton, 1923). Margaria and
colleagues (1933) described the 3 components of the decline in
VO, which follows exercise performed at an intensity > 66%
VO2max: 1) an inital rapid phase (1/2 time of approximately
30 s) 2) a slow component (approximately 15 min) and 3)
protracted elevations in baseline VO, lasting for up to
several hours.

Although some of the first studies in this area
monitored VO, in humans for several hours post-exercise
(Benedict & Carpenter, 1910; Edwards et al., 1935), the
majority of early investigations (e.g. Hill & Lupton, 1923;
Meyerhof, 1920) focused on the early recovery phases in an

attempt to explain the contribution of lactic acid metabolism
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and glycogen resynthesis to the elevations in VO,. Findings
obtained from excised frog muscles and in vivo studies of
humans led to the formulation of the 'O, debt' concept (Hill
& Lupton, 1923). It was postulated that VO, during muscular
contractions was insufficient to meet total energy
requirements, so that energy was derived from the anaerobic
catabolism of intramuscular glycogen stores. During recovery,
a portion of the lactate produced was oxidized to provide
energy for the resynthesis of the remaining lactate to
glycogen. The amount of O, taken up following contractions in
excess of an estimated baseline level constituted the O, debt,
and was considered to represent the magnitude of anaerobic
energy production which had occurred during the contractions.

A multitude of subsequent investigations into the O,
debt concept have challenged many of its essential tenets and
the primary factors which mediate the post-exercise elevations
in VO, continue to be explored. As a result, many
investigators choose to use the term 'excess post-exercise
consumption' (EPOC) (Gaesser & Brooks, 1984) rather than 0,
debt, which implies a knowledge of the underlying mechanisms.
The increasing recognition that there is no universally
accepted theory which adequately explains the EPOC phenomenon
has also discouraged investigators from distinguishing between
the various phases of EPOC when they are reporting results,
since it is possible that the same factors are operative

during the various phases and only change in terms of their
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relative contributions. As a result, much of the literature
which has accumulated during the past decade measures post-
exercise VO, until baseline levels have been’restored, rather
than focusing on the early post-exercise period. Despite this
change in approach, differences persist among investigators!'
criteria for determining baseline VO, and recovery times post-.
exercise. As a result, a controversy continues to exist with
regards to the magnitude and duration of EPOC. While some
reports document elevations in post-exercise metabolism
corresponding to considerable increases in caloric expenditure
(e.g. 100 to 150 kcal) and lasting several hours, other
findings indicate that EPOC makes a very small contribution to
total exercise-induced energy expenditure.

It is my contention that the variations among
determinations of resting VO, and the duration of the post-
exercise period are partially responsible for the apparent
discrepancies among reports. This issue will be addressed in
the following review.

The review is divided into 3 parts. Part‘I traces the
development of the O, debt concept and provides a brief
critique of the original formulation. In Part II, a synopsis
of the literature available on the duration and magnitude of
EPOC in humans is presented, together with possible reasons
for the discrepancies among reports. Part III summarizes the

various mechanisms which are thought to contribute to EPOC.
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2.2. THE O, DEBT CONCEPT

2.2.1 The Initial Formulation of 'O, Debt'
The concept of 'O, debt' was presented by Hill and

Lupton in 1923. They applied findings obtained from isolated
amphibian muscle to exercising humans in order to formulate
their theory. It was hypothesized that an 'O, deficit' was
accrued during the initial phase of exercise, before VO, had
reached the O, requirements of the workload. During this
time, energy was provided from the anaerobic metabolism of
intramuscular glycogen stores. Hence, exercise was
characterized by an initial 'lag' phase, which corresponded to
the difference between the actual total energy production and
that which could have been attributed to oxidative
phorphorylation had VO, increased instantaneously to steady-
state level. The elevation in VO, which persisted for a
period of time after exercise was considered to comprise the
0, debt, and was equivalent to the initial deficit in O,
intake. During severe exercise, VO, never caught up with the
0, requirements, so that a larger O, deficit was accrued which

had to be paid off during recovery (Figure 1).



Figure 1 (a). Ooxygen deficit acquired during steady-rate
submaximal (A) and maximal (B) exercise. The O, deficit is
equivalent to the difference between the amount o%(% consuned
during exercise and the amount of O, required.

Figure 1(b). VO, following vigorous (A) and mild (B)
intensity steady-rate exercise. The O, debt is the extra O
consumed above the rsting baseline (tﬁe area under the VO
curve). Note the rapid and slow components of the decline in
VO, toward baseline levels.

(Adapted from Brooks & Fahey, 1984, p. 193)
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2.2.2 Evolution of the O, Debt Concept

The O, debt concept developed out of studies into the
conditions necessary for lactate formation in muscle.
Fletcher and Hopkins (1907) had shown lactate production in
excised frog muscles at rest and following evoked contractions
in the absence of 0,. They also found that when the fatigued
muscle was placed in pure O, for 2 h, the lactate
cdncentration was reduced by approximately 30% and another 20%
reduction was observed after several more hours. In 1913 Hill
reported that a latent burst of heat was generated following
a muscle contraction if O, was present. The 'recovery heat-
production' was approximately 1/8 of that which would have
been produced by the oxidation of the quantity of lactate
observed. These findings, in conjunction with those of
Fletcher and Hopkins, led Hill to suggest that the majority of
the lactate was "...replaced in its previous position, under
the influence and with the energy of the oxidation, either (a)
of a small part of the lactic acid itself, or (b) of some
other body" (Hill, 1914, p xi).

The O, debt concept was formulated by Hill and Lupton
after Meyerhof identified the lactate precursor as muscle
glycogen (1920). In experiments on isolated frog muscle
stimulated to contract, Meyerhof found that glycogen
disappeared and lactate appeared in a corresponding amount.
Following muscle contraction, events reversed themselves; the

glycogen reappeared, less 25%, which Meyerhof speculated had
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been oxidized and provided energy for the reconstitution of
the remaining lactate to muscle glycogen. In 1922, Hartree
and Hill showed that, at a constant O, tension, the rate of
recovery heat-production (i.e., calories per gram muscle per
second over approximately 6 min following a tetanic stimulus)
increased in proportion to the length of the stimulus and the
corresponding increase in heat produced during muscle
contraction. They concluded that the rate and magnitude of
the recovery heat was dependent on the extent of the preceding
muscle 'effort'. It appeared that the essential mechanisms
underlying the O, debt had been identified, and a
comprehensive theory based on the findings up to that point
emerged and was translated to the in vivo situation (Hill &
Lupton, 1923):

The oxidation of a portion of the lactate produced
during exercise provided energy utilized in the resynthesis of
the remaining lactate to muscle glycogen. During supramaximal
exercise in man, the rate of lactate production exceeded the
muscles' capacity to oxidize it, so that oxidation of lactate
only occured following exercise. During moderate intensity
exercise, O, delivery was sufficient for oxidation of the
muscle lactate produced during exercise. Hill described a
'steady state' in which lactate production was balanced by the
rate of its oxidative removal, so that after an initial period
of exercise, during which VO, increased in proportion to

lactate production, both lactic acid concentration and Vo,
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remained constant at a given workload. Elevations in post-
exercise VO, were thought to represent post-exercise lactate
oxidation which was utilized in the resynthesis of the
remaining lactate to glycogen. Since, at a given O, tension,
oxidation became more rapid with increases in lactate
availability, the magnitude of muscle exertion governed
recovery rate.

Hill and Lupton applied their theory to experimental
findings they had obtained from a single subject's VO, during
and following exercise performed at different intensities. 1In
all cases, they found that VO, rose rapidly during the early
exercise phase and attained a constant 1level within
approximately 2 1/2 min. The investigators concluded that
during bouts of moderate intensity running, lactate which
accumulated within the muscle was continuously oxidized:
"...the body has reached a state of equilibrium, in which
break-down is balanced by recovery" (Hill & Lupton, 1923, p.
151). When the subject ran at an intensity which he could
only maintain for a few minutes, the fact that VO, stabilized -
within 2 1/2 min indicated only that its maximal value had
been attained; a constant VO, at a severe exercise intensity
did not represent a balance between lactate accumulation and
oxidation.

The authors did not verify their conclusions with
measures of muscle lactate. However, they did show that the

magnitude and duration of post-exercise VO, during 15 min
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measurement periods were greater following vigorous as opposed
to moderate exercise. They contended that VO, after
completion of severe exercise represented the oxidation of 1)
the lactate produced during the initial phase of exercise
before a maximal level of VO, had been attained (the 'lag
volume') and 2) the lactate produced continuously during the
exercise bout. Following moderate exercise, the only O, debt
was that produced at the beginning of exercise. Krogh and
Lindhard's report (1920) of exercise-induced changes in VO, in
man lent support to the O, debt theory. They found that the
lag volume, or O, deficit, was approximately equal to the
excess amount of oxygen taken in after exercise. The equating
of the O, debt with the O, deficit lent support to the
contentions of Hill and assoc.iates that O, utilized in the
aerobic synthesis of glycogen was equivalent to the amount
substituted by the anaerobic breakdown of muscle and liver

glycogen stores during exercise.

2.2.3 8hort Versus lLong Term Elevation of Post-Exercise 0,
Consumption

A distinction must be made between the O, debt and the
observations of a sustained increase in basal metabolic rate
(BMR) occurring after exercise. The O, debt was characterized
by specific biochemical processes which provided for the
repletion of the anaerobically catabolized substrates. These

oxidative processes were responsible for the early elevations
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in VO, observed post-exercise and were not related to any
long-term elevations in post-exercise BMR. However,
persistent increases in VO, lasting for at least 24 h after
exercise had been reported as early as 1910 by Benedict and
Carpenter. Hill and colleagues attributed the long-term
effects to a "general circulatory and metabolic disturbance
produced by exercise" (Hill, Long & Lupton, 1924). Margaria
and associates (1933) reinforced the distinction made between
the short and long term effect of exercise on VO,. They
described a post-exercise VO, curve consisting of three
phases; the first two phases were both defined by velocity
constants and were completed within approximately 15 min,
while the third phase could not be defined mathematically and
represented ﬁan increase in resting metabolism caused by the
exercise" (Margaria, Edwards & Dill, 1933). Newsholme
referred to the long term elevations in VO, as the 'ultraslow'
phase (Newsholme, 1978). Hence, the long-term effect was
reputed to be the result of different physiological
" mechanisms. Although this view was criticized by some (see,
for example, Harris, 1969), it dominated the literature until
the 1980's. Findings of long-term changes in metabolism will

be discussed in Part II.
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2.2.4 Alactacid Component of the O, Debt
According to Hill and associates, glycogen was the
sole source of anaerobically supplied energy during muscle
contraction. An important modification was made to the O,
debt concept early on, following the discovery of creatine
phosphate (CP) (Eggleton & Eggleton, 1927) and adenosine
triphosphate (ATP) (Lohmann, 1931) in muscle. In 1930,
Lundsgaard elicited contractions in muscle poisoned with
iodoacetate, which prevented lactate formation, and showed a
simultaneous decline in muscle phosphate compounds. In so
doing, he demonstrated that CP provided an energy source for
muscle contraction. It was he who coined the terms 'lactacid
and alactacid anaerobic energy output' (1932), in order to
distinguish between energy derived from the conversion of
glycogen to lactate and that produced by the breakdown of CP
and ATP stored in the muscle.
These terms were subsequently adopted by Margaria,
Edwards and Dill (1933) in order to differentiate between
different components of the O, debt. The latter group of
investigators focused on the hypothesized relationship between
the production and removal of lactate and the payment of the
0, debt. Data were obtained from a single subject following
treadmill exercise performed at a range of intensities. No
increase in plasmarlactate was detected following exercise
performed at intensities less than 2/3 of the subject's

maximal aerobic capacity. They concluded that lactate was not
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in fact produced during moderate exercise, and that another
'alactic' mechanism was responsible for the O, debts (< 3 L)
recorded after these exercise bouts.

It also appeared that an alactic mechanism was
operative during vigorous exercise. A rapid fall in post-
exercise VO, was observed after running bouts of 3 to 10 min,
prior to any declines occurring in plasma lactate levels
(Margaria, Edwards & Dill, 1933). Moreover, the decline in
plasma lactate levels followed a single logarithmic curve,
whereas post-exercise reductions in VO, were characterized by
2 distinct phases - rapid and slow - each of which was
exponential (these phases did not include the ultraslow
component). Hill, Long and Lupton (1924) had made similar
observations of the 0, debt curves. They had attributed the
initial, rapid phase of recovery to the oxidative removal of
lactate from the exercised muscles, while the slow phase
represented the uptake of lactate which had diffused from the
muscles into the blood. Margaria and colleagues concluded
that the rapid phase represented an 'alactic' payment of the
O, debt, during which muscle phosphate stores were being
replaced. The oxidation of lactate occurred subsequent to
this, and was reflected by the slower declines in post-

exercise Vo,.
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2.3 CRITIQUE OF THE O, DEBT HYPOTHESIS

Numerous studies conducted on animals and humans
during the past 60 years have failed to substantiate several
basic tenets of the 0, concept. The original assumptions and
the results of subsequent investigations will be discussed in

the following section.

2.3.1 Conditions for Lactic Acid Production
According to Hill and Lupton (1923), 1lactate

production occurred under conditions of muscle hypoxia, when
fuel had to be supplied anaerobically. It is now known that
under normoxic conditions, lactate can be produced at all
levels of work, except perhaps very light exercise (Jones,
1980). As early as 1925, Collazo and Lewicki showed that the
ingestion of 100 g of sucrose by human volunteers led to
elevations in plasma lactate levels. Similar results were
obtained in rats (Cori & Cori, 1929). It was also suggested
that a critical determinant of adequate O, supply to the cell
might be the diffusion rate of O, from blood to muscle (Krogh,
1929). Subsequent investigators showed that the minimum
capillary PO, necessary to ensure sufficient diffusion rates
was as low as 10 mmHg (Saltin et al., 1968; Stainsby & Otis,
1964); lactate could also appear under these conditions. The
recent introduction of quick freezing microspectrophotometric

techniques has made it possible to measure PO, directly, and
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it has since been shown that the PO, required for maximal ATP
production is always present in the cell (Walsh & Banister,
1988). Muscle hypoxia, therefore, 1is not a necessary

precondition for lactate production.

2.3.2 Dissociation Between gost-nxgrc;se VO, and Lactate

Levels
An essential tenet of the 0, debt concept originally

described by Hill and associates was that lactate metabolism
was inherently linked to the magnitude and duration of post-
exercise elevations in VO,. Although Margaria and colleagues
later postulated that the initial rapid decline in post-
exercise VO, represented the resynthesis of creatine
phosphate, their observations of post-exercise declines in
plasma lactate levels and VO, led them to conclude that at
high work intensities, the slow component of the O, debt
represented the oxidation of 1lactic acid. However, the
similarities which they observed between the time courses of
VO, and lactate declines post-exercise were subsequently-
attributed to their selection of 8 to 10 min exercise bouts.
Bang (1936) showed that plasma lactate levels peaked within 5
to 10 min after exercise onset, regardless of exercise
intensity or duration. Harris, in his critique of the O, debt
concept (1969), points out that the recovery VO, curve was
divided into two components without any evidence that they

coincided with the physiological variables they were supposed
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to represent. Indeed, until the utilization of isotopic
lactate tracers, it was not possible to determine what
proportion of lactate was oxidized or resynthesized into
glycogen; or whether lactate was in fact used as a substrate
in other metabolic reactions. Harris writes that "... by
manipulating a ruler a 1little bit one way or another,
many...complex curves can be resolved graphically into two
main exponential components and the temptation to ascribe
these components to physiological realities has so often
proved irresistible" (Harris, 1969, p 385).

The evidence to date has failed to corroborate an
association between the time course of declines in post-
exercise lactate and VO, in animals or man. Marked, post-
contractile elevations in the plasma lactate levels of
amphibian and reptile skeletal muscle were shown to persist
for several hours after exercise, 1long after Vo, had
normalized (Bennet et al., 1973; Bennet et al., 1978; Gleeson
et al., 1980). Gaesser and Brooks (1980) found the reverse
situation in rats following prolonged exercise to exhaustion.
Lactate concentrations in liver and muscle were equivalent to
pre-exercise levels within 15 minutes, whereas VO, was only
re-established after 2 h.

Dissociations between declines in plasma lactate
levels and VO, following exercise have also been documented in
humans. When the effects of exercise performed at 30% and 55%

of VO, on the O, debt were compared, O, debt was found to
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increase with exercise intensity while no changes were
observed in lactate concentrations (Schneidervet al., 1968).
When exercise duration was extended, increases in the slow
phase of post-exercise VO, were documented simultaneously with
declines in plasma lactate levels (Knuttgen, 1970). Studies
of glycogen-depleted subjects during and following exercise
have shown significant reductions in plasma lactate levels,
while total EPOC has been equivalent to glycogen-sufficient
controls (Segal & Brooks, 1979). Roth and associates (1988)
recently investigated the effects of experimentally induced
lactacidemia on EPOC by occluding leg blood flow of male
subjects between the 6th and 8th minute of exercise during 12
min of cycle ergometry. Blood lactate remained significantly
higher than control levels 18 min into recovery but total EPOC
was equivalent between the two conditions (13.71 * .45 L O,
versus 13.44 + .61 L 0,). The hypothesized connection between
lactate oxidation and the slow phase of post-exercise declines
in VO, has not been substantiated by measures of the time
courses of the two variables. Brooks and Gaesser (1984) write
that "Any apparent relationship between the time course of
blood lactate decline after exercise and the slow phase of the
excess post-exercise VO, is probably coincidental, and most
likely the result of the selection of exercise conditions" (p

34).

2.3.3 Fate of Excess Lactate
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A third premise of the O, debt theory was that in the
whole body, declines in plasma lactate represented the
substrate's uptake and resynthesis to glycogen. This was
considered to be the major fate of lactate with a smaller
fraction (16% to 25%) being oxidized to provide energy for the
process. Meyerhof's (1920) original report that
glyconeogenesis occurred in vitro amphibian muscle led Hill
and Lupton (1923) to conclude that the exercised muscles were
the sites for glycogen resynthesis. This theory was
challenged early on, following unsuccessful attempts by Cori
(see 1931 review) and others (Eggleton & Evans, 1930; Sacks &
Sacks, 1935) to replicate Meyerhof's findings in vivo animals.
Krebs and associates were unable to demonstrate activity of
the key glyconeogenic enzymes (PEP carboxykinase and F-1,6,
bis-phosphatase) in mammalian skeletal muscle and concluded
that skeletal muscle lacked the capacity to synthesize
glycogen from lactate (Krebs & Woodford, 1965; Ross et al.,
1967). The Cori cycle was proposed to explain the role of
lactate in glycogen synthesis following exercise. Lactate was
transported from the exercised muscles to the liver for
conversion to glucose and/or glycogen. Hepatic glucose was
subsequently released into the blood and taken up by the
muscles where it was synthesized to glycogen (Cori, 1931).
Brooks and Gaesser (1980), who used isotopic tracers
in order to determine the post-exercise fate of lactate, were

instrumental in demonstrating that a primary route of lactate



25
elimination is the oxidation of lactate to CO, and H,0. When
[1-%C] lactate was injected into rats after completion of
prolonged exhaustive exercise, they found that most of the
lactate was oxidized (55% to 70%) within 4 h, while less than
20% was converted to muscle and liver glycogen. Major sites
for lactate oxidation appear to be the heart muscle, the
kidney cortex (Newsholme and Leech, 1983) and the skeletal
muscles. It is known that Type I muscle fibres, which have a
high oxidative capacity, lower lactate concentrations and a
lower NADH/NAD ratio than the Type II fast-twitch fibres, will
take up lactate and convert it to pyruvate for oxidative
phosphorylation via the following reaction:

lactate + 3 0, » CO, + HCO;~ + 3 H,0

This metabolic reaction allows muscle to use lactate as fuel
during exercise (Jones, 1980). It is 1likely that lactate
oxidation occurs to a greater extent in the exercised than in
the inactive muscles (Belcastro & Bonen, 1975; Bonen et al.,
1989) although there is also evidence of lactate uptake by the
inactive muscles during the first 10 minutes following 30 sec
of maximal exercise (Kowalchuk et al., 1988). Duration and
intensity of exercise and rate of lactate accumulation may
influence the role played by inactive muscles in the oxidation
of lactate.

A second major site of lactate removal is the liver,
where 1lactate is converted to glucose or glycogen and

subsequently utilized in the repletion of hepatic glycogen
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stores or released by the liver as glucose for muscle glycogen
resynthesis (Brooks, 1986). Gluconeogenesis is less efficient
than oxidation because it is energy consuming; it also reduces
liver pH. The conversion of lactate to glucose results in the
following net energy exchange:

2 lactate” + 4 ATP* + 2 GTP* + 6 H20 —
glucose + 4 ADP* + 2GDP*" + 6P + 4H'
Thus, glucose production may lower energy stores and increase
hepatic hydrogen ion levels (Jones, 1980).

Internal metabolic conditions at the cessation of
exercise 1likely partially determine 1lactate's pathway of
elimination. Lactate may be preferentially utilized as a
precursor for gluconeogenesis in an attempt to maintain blood
glucose levels following prolonged, exhaustive exercise, when
glycogen stores and blood glucose concentrations are low
(Brooks & Fahey, 1984). The hyperglycemia observed following
intermittent, high intensity exercise may increase lactate
oxidation. When the splanchnic uptake of lactate during
recovery from brief exhaustive exercise was measured, it
accounted for less than 10% of the total lactate produced
(Astrand et al., 1986).

The route utilized for the elimination of lactate may
also be affected by concentrations of circulating lactate.
There appears to be a maximal rate for hepatic uptake of
lactate; beyond this, gluconeogenesis is prohibited by

declines in hepatic ATP levels and pH. It has been suggested
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that glucose production from lactate is maximal when plasma
lactate levels reach 5 mmol.L' (Jones, 1980).

Traditional arguments against  glyconeogenesis
occurring directly within the muscle have rrecently been
challenged by findings of post-exercise muscle glycogen
repletion which cannot be explained by rates of hepatic uptake
of lactate or release of glucose (Astrand et al., 1986; for
review, see Bonen et al., 1989). However, there is no direct
evidence to date of lactate conversion to glycogen in human
skeletal muscle.

In addition to the two primary routes of lactate
elimination - lactate oxidation and gluconeogenesis - lactate
also appears to serve as a carbon source for transamination
reactions post-exercise. [U-'“C]lactate injected into rats at
exercise cessation appeared in the protein constituents (e.g.
glutamate and alanine) of various tissues (Brooks and
Gaesser, 1980).

In summary, the original O, debt theory rested on
several assumptions which have not been validated by
subsequent research. This is primarily due to the fact that -
the initial formulation was derived from studies of isolated
frog muscle and did not take into account the multiplicity of
factors operating in the whole body. The authors did not
consider that 1lactate might be utilized in a number of
different metabolic pathways both during and following

exercise. The cumulative evidence to date shows that: 1)



28
post-exercise plasma lactate levels do not provide an accurate
index of exercise-induced anaerobic glycogenolysis, 2) there
is not a relation between the time course of declines in VO,
and lactate following exercise and 3) the primary fate of
lactate is not glyconeogenesis. Gaesser and Brooks (1984)
suggested replacing the term 'O, debt' with the descriptive
title of 'EPOC' since the possible mediators of changes in VO,
are still unknown. The latter term will be used in the

following 2 sections of this review.



29

2.4. A REVIEW OF THE STUDIES ON EXCESS POST-EXERCISE
OXYGEN CONSUMPTION IN HUMANS

2.4.1 Introduction
More than a decade before the 1923 publication of Hill

and Lupton's O, debt concept, Benedict and Carpenter (1910)
provided evidence that exercise might have long-term effects
on RMR. They reported that one subject's metabolic rate
remained elevated for several hours after he performed severe
and very severe work. The total amount of his post-exercise
VO, was increased by 8% and 25%, respectively, above resting
levels. However, their findings were largely ignored after
the introduction of the O, debt hypothesis in 1923. Most
investigators chose to focus on the early phases of EPOC in
order to more clearly identify the underlying 'alactic' and
'lactic' processes which comprised the O, debt (see Bahr &
Maehlum, 1986). Although there are a few early reports of the
prolonged effects of exercise on post-exercise metabolism,
interest in this area has increased markedly during the past
decade. Two factors are responsible for this shift in
orientation. First, more attention has been given to the role
of exercise in weight control, and it has been suggested that
one of the ways in which exercise reduces body fat is by
acting as a chronic stimulant of metabolism (Goodman, 1980).
Second, since many of the original tenets of the O, debt

theory have been brought into question, it is no 1longer
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meaningful to emphasize only the early components of EPOC. As
a result, a body of literature is becoming available on the
duration and magnitude of total EPOC observed in response to
a range of intensities and durations of exercise.

In the following section, the accumulated results of
the studies of EPOC in humans will be presented. The review
will be limited to studies in which post-exercise VO, was
monitored until it was considered to be restored to pre-
exercise levels. Reports which did not incorporate observed
long-term elevations in RMR into calculations of total EPOC
will not be included. The investigations can be roughly
classified into 2 groups, according to the magnitude and
duration of EPOC obtained in response to a given bout of
exercise. The first group comprises the investigations which
have shown EPOC to be of considerable duration and magnitude,
and which consequently emphasize its contribution to overall
exercise-induced energy expenditure. Group 2 comprises the
majority of recent reports, which have documented relatively
insignificant post-exercise elevations in metabolism, both in
terms of total caloric expenditure and with respect to the
duration of the effects.

Many of the discrepancies between the findings of the
2 groups can be accounted for by differences in design and
methodology. Results of the early studies (ie. 1910 to about
1970) are confounded by their small sample sizes, their

inclusions of many different exercise intensities and
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durations, and their lack of control for diet and post-
exercise activity levels. The investigations conducted in the
last 10 y, however, have generally controlled for these
factors. Yet differences persist among the methods utilized
to determine baseline levels, and the duration of the post-
exercise recovery period. The methodological variations, and
their significance to investigators' interpretations of EPOC,
will be highlighted throughout the review. The effects of
exercise training on resting metabolism and meal-induced

thermogenesis will also be presented.

2.4.2 Definition of Resting Metabolic Rate and Thermic
Effect of Feeding

The individual's RMR accounts for 60 to 75% of his/her
total daily energy expenditure and as such, constitutes the
single largest component of total energy cost in sedentary
humans (Poehlman, 1989a). It comprises the cumulative costs
of maintaining body temperature and physiological homeostasis
at rest, including the preservation of electrolyte gradients,
respiratory and cardiovascular work and the continued
functioning of the central nervous system.

The RMR can be obscured by the 2 other components of
energy expenditure: EPOC and the thermic effect of feeding
(TEF) . The TEF constitutes about 10% of daily energy
expenditﬁre, and includes the energy cost of food absorption,

metabolism and storage within the body. It also refers to
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additional energy which some investigators claim is expended
in response to meal ingestion and which is not accounted for
by obligatory nutrient disposal and storage (Acheson et al.,
1984; Thiebaud et al., 1983). This energy has been termed
'*facultative thermogenesis!'. Most of the recent studies have
controlled for the confounding influences of EPOC and TEF on
RMR by keeping diet and activity profile consistent among
subjects and exercise conditions. However, these factors have
varied among studies, and may account for some of the
discrepancies among findings. For example, Chad and Wenger
(1985; 1988) did not feed their subjects for several hours
after exercise completion, and subjects' post-exercise VO,
exceeded that in other studies after similar work bouts (Table
1). Measures of RMR are also inconsistent among studies;
values have been averaged over a pre-determined period of time
(Chad and Wenger, 1985; 1988; Freedman-Akabas, 1985),
monitored until a given minimal variance is attained (Brehm
and Gutin, 1986), or values obtained at corresponding times on
a control day have been used (Bahr et al., 1987; Maehlum et
al., 1986). RMR measures may be further confounded by the
inclusion of female subjects, since menstrual cycles are
associated with corresponding fluctuations in basal metabolic

rates (Solomon et al., 1982).
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2.4.3 Reports of EPOC of Marked Duration and
Magnitude

A small number of investigators followed up on
Benedict and Carpenter's original report of sustained
elevations in post-exercise RMR. Brief bouts of vigorous
exercise (for example, an 800 m race) (Radtke, 1927) were
associated with heightened VO, lasting 36 to 48 h (Herxheimer
et al., 1926) and 24 h (mean increase of 15%) (Radtke, 1927).
Two hours of football augmented VO, by 25% during a 15 h post-
exercise period (Edwards et al., 1935). These studies were
valuable because they provided suggestive evidence that
exercise induces prolonged physiological changes, which are
reflected in persistent changes in RMR. However, the results
of these studies could not be considered conclusive due to
limitations in experimental design. Diurnal variations in
RMR, dietary intake and activity level post-exercise may well
have been responsible for the observed elevations in VO,.

Few subsequent reports have documented such prolonged
elevations. This is partially due to the fact that post--
exercise VO, has generally not been measured for such extended
periods. When BMR has been measured 1 d following exercise
completion, findings have not been consistent (Bahr et al.,
1987; Bielinski et al., 1985; Maehlum et al., 1986; Shah et
al., 1988). Differences cannot be accounted for by variations
in total work, intensity or duration of exercise, or subject

populations. It could be argued that the increases in VO,
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which were observed the morning following the exercise bout
(Bielinski et al., 1985; Maehlum et al., 1986) were not a
direct resu;t of the exercise itself. In one study (Bielinski
et al., 1985), subjects' VO, were equivalent on the
experimental and control days during the evening and night, so
that a significant difference was only obtained after a lapse
of many hours. No actual data are provided by Maehlum and
associates, and it may be that the elevations fell within the
normal range of intra-individual variations in daily BMR (1.8%
to 2.2%) (De Boer et al., 1987; Rumpler et al., 1990)
Furthermore, VO, was not measured during the 12 to 24 h
interim post-exercise, so that V02 may have normalized and
increased again just prior to the morning measurement.

Investigators have tended not to monitor VO, for as
long as 24 h after exercise because resting levels are
attained long before. 1In some cases, however, VO, has been
measured for extensive periods, and an EPOC of several hours
duration (4.5 h to 12 h; Table 1) has been reported (Bahr et
al., 1987; Bielinski et al., 1985; Chad & Wenger, 1988; de
Vries, 1963; Maehlum et al., 1986; Passmore and Johnson,
1960). The prolonged durations have been observed after a
range of exercise intensities (50% to 70%) and durations (20
min to 3 h), and total work performed has varied among the

studies. Moreover, exercise bouts similar in intensity and
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Jable 1. Sumary of EPOC Studies.

GROUP 1 (Reports of EPOC of considerable duration and magnitude)

Study Subjects Exercise EPOC
N & Gender Fitness Duration Intensity Total Work Duration Magni tude XEOC
............................... e e
Bahr et al., 6 M mod-high 20 70% 56.06 L 12 h 11.9 L 19.8X
1987 40 " 120.49 L " 14.7 t 12.2%
80 " 234.56 L " 31.9 L 13.6%
Bielinski et al., 10 M high 180 50% 2100 kcal 4.5 h 40 kcal 9%
1985
Chad & Wenger, 2M + 3F untrained 30 70% 63.13 L 128 min 6.78 L 10.74%
1988 45 95.24 L 204 min 16t 16.8%
60 128.63 L 455 min 35.96 L 28%
De Vries & Gray, 2 M (ou-average NP NP NP 6-8h 53 kcal NP
1963
Maehlum et al., 4M + &4F moderate 80 71.1% 191.8 L 12 h 26 L 13.6%
1986
GROUP 11 (Reports which stressed that EPOC is not of any practical
significance)
Study Subjects Exercise EPOC
N & Gender Fitnhess Duration Intensity Total Work Duration Magni tude XEOC
Level (XVOZmax)
Brehm & Gutin, LM + 6F high 60 18.2 39.7 L 18.8 min .825 L 2.08%
1986 : 30 32.6 35.5¢L 42.3 min 1.95 L 5.5%
24 50.1 3.71L 31.1 min 1.89 L 4.3%
17 68.1 L2t 48 min 2.92 L e
" Deuster et al., 21 M 7 untr 20 50% NP 10-20 min NP NP
1989 7 mod 20 70% "
7 high 10 90X "
Elliot et al., 3N+ 3F range 10 80X KR, " <30 min  11.4kcal over "
1988 ' 30 " X w 90 min measure-
ment period
Freedman-Akabas 108 + 13F  untrained 20 AT " <40 min NP "
et al., 1984 4N + 3F high 20 AT+2mph " " " v
‘o A-,(‘)“,,u‘ " " [ [
Kaminsky et al., 14M(groupl) moderate 60 35% 417 kcal 15 min " "
1987 10M(group2) % 30 70% 394 keal 10 min " "
Knuttgen, 1970 ™ ¢ 5F untrained 15 45-98% NP N 1.4-1.8 L "
Pacy et al., 2M + 2F moderate 20/h 35-55% " 40 min after NP *
1985 X 4Lh* each session
Sedlock et al., 10 M triathletes 19.9 75% 304 keal 33.3 29.4 kcal 9.7%
1989 29.6 S0% 307 kecal 19.8 14.3 keal 4.7%
59.2 S0% 611 keal 4 12.1 keal 2%
shah et al., 16F (post-obese) untr 30 x & mild 430 keal 3-4 h 50 k724 h 11.6%

1988 16F(lean) " 10 x & 60-80% 510 kcal (predeter- 30 k/24 h 5.9%
: mined time)

Values represent means of data. ODurations of exercise and EPOC
presented in minutes, unless hours indicated with 'h'. TYotal
work of exercise and magnitudes of EPOC presented in L/l;!2 L)
or kilocalories ('kcal'). 'XEOC' represents percentage relation
of EPOC to the total O, consumed during exercise. ‘'NP! signifies
data not provided; 'AT; signifies anaerobic threshold.
* Subjects exercised for 20 min and rested for 40 min for four
consecutive hours. A meal was consumed after the second 20

Y R
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duration to those listed above have been associated with a
much briefer EPOC (Table 1). Therefore, the lengthy durations
in EPOC reported cannot be attributed to specific exercise
characteristics.

The use of different criteria to define baseline and
recovery time may explain the variations among the lengths of
EPOC reported. 1In some cases, pre-exercise VO, was used as
the baseline (Chad & Wenger, 1988; Passmore & Johnson, 1960),
and it is possible that post-exercise elevations in VO, merely
reflected diurnal increases in resting rates (Winget et al.,
1985). The durations of EPOC reported by other investigators
may be misleading because they calculated the total magnitude
of post-exercise VO, for a pre-determined period of time. As
a result, their measures of EPOC include periods during which
VO, was not significantly higher than control values. For
example, Bielinski and associates (1985) reported a
significant 9% increase in total VO, for the 4.5 h which
followed a 3 h exercise bout and a meal. However, when
differences between experimental and control VO, are evaluated
at 30 min intervals, VO, elevations are only significant
during the first and third hours of the 4.5 h period (see
their Figure 2). If the authors had ceased measuring VO, once
control values were attained, the duration of EPOC would have
been reduced from 4.5 h to 60 min. Similarly, the studies
performed in Bahr and Maehlum's laboratory were presented as

evidence that exercise increases metabolic rate for at least
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12 h. Yet the authors did not identify the specific sampling
times at which significant differences occurred between
experimental and control data. The use of pre-determined
recovery periods may have enabled the afore-cited
investigators to incorporate data which were not significantly
greater than control values but were suggestive of a trend, so

that their inclusion increased measures of total EPOC.

2.4.4 Reports of EPOC of Brief Duration and Small
Magnitude

Other investigators have tabulated the duration of

EPOC from the data collected when differences between
experimental and control data were statistically significant
(Brehm & Gutin, 1986; Chad & Wenger, 1988; Kaminsky et al.,
1987; Sedlock et al., 1989). With one exception (Chad &
Wenger, 1988), a briefer EPOC has been reported when EPOC is
only calculated from VO, measures which significantly exceeded
control values. It can be seen that differences in the
duration and magnitude of EPOC were found between the 2 groups
of studies, despite the fact that in several cases, subjects
performed similar work bouts (60% VO, for 30 min to 70% VO,
for 20 min). In some cases, total EPOC is negligible (less
than 15 kcal) (Brehm and Gutin, 1986; Elliot et al., 1988).
Differences among subject populations cannot explain the

variations among results.
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Reports of excess caloric expenditure post-exercise

have ranged from 7 kcal (Knuttgen, 1970) to 174 kcal (Chad &
Wenger, 1988), and the variatons among findings have generated
a controversy in the literature regarding the significance of
the contribution of EPOC to exercise-induced energy

expenditure.

2.4.5 The Effect of Exercise Training on Resting Metabolic
Rate and the Thermic Response to Feeding
Longitudinal and cross-sectional studies have been

conducted to investigate possible changes in RMR with chronic

exercise. Several recent investigations have explored the
combined effects of dietary restriction and exercise on RMR.

Reductions in caloric intake have frequently lowered resting

metabolism (Heymsefield et al., 1989; Mole et al., 1989;

Phinney et al., 1988), although increases in RMR per kilogram

body mass with dieting have also been reported (Lennon et al.,

1985). The addition of exercise has been associated with

increases in RMR per kilogram body mass (Lennon et al., 1985;

Nieman et al., 1988) or has attenuated the observed declines

(Mole et al., 1989). In other cases, prolonged bouts of mild

to moderate intensity exercise performed over a 4 to 5 week

period have resulted in further reductions in RMR compared to

controls when expressed per kilogram fat free mass (8%)

(Heymsfield et al., 1989) and per kilgram body mass (17%)

(Phinney et al., 1988). The observed declines in RMR may
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represent compensatory mechanisms which occur in response to
the exercise-induced enhancements in energy expenditure
(Richard & Rivest, 1989).

The literature contains very few longitudinal reports
of the effects of exercise training on RMR when subjects are.
not placed on low calorie diets. When eight obese women were
instructed not to alter their diets during an 11 wk training
program, significant increases in RMR per kilogram fat free
mass were observed (Tremblay et al., 1986); However, mean
resting metabolism did not change following 22 d of prolonged
(116 min/d) exercise performed at 58% VO, (Poehlman et al.,
1986) or during 9 wk of exercise training by normal weight men
and women (Bingham et al., 1989). Reasons for the differences
among findings are not readily apparent but may be related to
the effects of exercise on energy balance. For example, mean
reductions of 20% (Bingham et al., 1989) and 33% (Poehlman et
al., 1986) in subjects' caloric balance were reported and it
is possible that subjects' RMR was influenced by this change.
Dietary intake was not supervised in Tremblay et al.'s (1986)
study, so that potential changes in energybbalance are not
known. The possible relation between energy blance and RMR is
emphasized by findings of increases in resting metabolism in
female subjects who also gained weight during an exercise
-training program (Lawson et al., 1987). The elevations in RMR
were attributed to increases in caloric intake and a

consequent rise in TEF.
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The evidence from cross-sectional studies is also
inconclusive, with approximately 1 in 2 investigations showing
significant elevations in the RMR of trained individuals.
State of training appears to be a crucial variable. Higher
metabolic rates have been observed in subjects with a VO, of
65 to 80 ml/kg/min (Poehlman et al., 1989; Tremblay et al.,
1986), as opposed to individuals whose VO, levels did not
exceed 60 ml/kg/min (Davis et al., 1983; LeBlanc et al., 1984;
LeBlanc et al., 1984a). The need to distinguish between
moderately and well-trained subjects was recently demonstrated
by Poehlman and associates (1989), who included very active
and moderately active participants in their study. They found
that the RMR of highly fit individuals exceeded that of the
moderately fit and sedentary subjects, and values were
equivalent between the latter two groups.

Other factors may contribute to the apparent relation
between level of training and RMR. Poehlman and colleagues
(1989a) describe an enhanced 'substrate flux' caused by a high
energy intake as well as a high energy expenditure. Since
energy consumption is very high in a trained athlete,
elevations in RMR may represent an enhanced energy turnover
resulting from their diets and exercise regimes. Gender may
also reduce the impact of exercise on RMR. When postovulatory
women were classified into highly active, moderately active
and sedentary, RMR was equivalent among all groups (LeBlanc et

al., 1984a). The lack of significant differences may be



41
related to a lower substrate flux among women, since they may
adhere to more rigid diets. There also appears to be
a strong genetic component determining individual variation in
RMR. When monozygotic twins exercised daily for 22 d at 58%
VO, NO consistent group training effect was observed; RMR
had declined in some pairs of twins and increased in others at
the completion of the program (Poehlman et al., 1986).
However, there was a strong intrapair correlation (r=.81,
p<.01) for absolute changes in RMR. Hence, individuals may be
predisposed to respond to exercise training according to their
genotype.

The literature contains some evidence that exercise
affects post-exercise energy expenditure by altering TEF.
Cross-sectional studies have shown an elevated (Davis et al.,
1983; Lundholm et al., 1986) and reduced (Tremblay et al.,
1983; LeBlanc et al., 1984; Poehlman et al., 1989) TEF in
trained individuals. Studies involving female subjects have
shown either no difference during a 4 h period post-meal
ingestion (11 kcal/Kkg) (Owen et al., 1986) or TEF has been
lower during the first h after a mixed meal (818 kcal) but
total 2 h TEF has been equivalent among trained and untrained
subjects (LeBlanc et al., 1984a). Poehlman and associates
(1989a) have postulated that an inverted-U relationship
characterizes the association between fitneés level and TEF,
which may explain the discrepancies among reports. When

individuals of a wide range of activity profiles are compared,
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TEF may be highest among the moderately active and decline in
individuals at either extreme of the scale. When Poehlman and
colleagues (1989) measured the 3 h TEF of the above groups,
values (kcal/kg/180 min) were significantly higher in the
moderately fit group than in the untrained and highly trained
groups (.97+.05 versus .83+.04 and .77+.04 respectively).
The trained subjects involved in the studies showing increases
in TEF with training (Davis et al., 1983; Lundholm et al.,
1986) were actually similar to Poehlman et al.'s (1989)
moderately active subjects. Hence, differences among
investigators' criteria for defining fitness level may be the
primary factor responsible for the apparent divergent
findings, with regards to both TEF and RMR.

There is 1little evidence of an acute interaction
effect between exercise and meal ingestion. Pacy and
associates (1985) found no change in post-exercise VO,
following the ingesting of an 800 kcal mixed meal. Bahr and
associates (1987) reported that 64% of total EPOC was measured
during the two 5 h periods which followed each meal consumed
after exercise completion. However, these elevations may have
occurred solely as a result of the exercise bouts. Subjects
would have had to perform an additional bout of exercise under
fasting conditions in order to evaluate the contribution of

TEF.
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2.5.1 POSSIBLE MECHANISMS UNDERLYING EXCESS POST-EXERCISE

OXYGEN CONSUMPTION

It is 1likely that a number of different factors
contribute to EPOC. These factors can be classified into 2
groups. The first group includes the variables which restore
the body to its resting homeostasis: 1) the direct repletion
of fluid and tissue O, stores, 2) ion redistribution and
tissue repair and 3) the resynthesis of substrates utilized
during exercise. In the second category are those mechanisms
elicited in response to exercise which continue to have
residual effects after exercise completion: 4)
cardiorespiratory work, 5) increased 1lipid oxidation; 6)
temperature effects and 7) hormonal effects. It is also
likely that each of the various factors contributes primarily
to a particular phase of EPOC. The mechanisms will be
discussed with reference to the potential magnitude and time

course of their effect on EPOC.



44

2.5.2 Fluid and Tissue O, Repletion
Approximations of the amount of O, required for
repletion of blood O, levels have indicated that a maximum of
9.5 ml O, may be consumed post-exercise for the purposes of
blood and tissue O, repletion (Stainsby & Barclay, 1970). In
a 70 kg individual, this would be equivalent to a caloric
expenditure of approximately 3 kcal, which represents a

negligible proportion of EPOC.

2.5.3 Ion Redistribution and Tissue Repair

The amount of O, which is utilized in the repair of
tissue and ion redistribution post-exercise has not been
established. It is likely that the amount of tissue damage
which occurs is highly variable and dependent on the
individual's training regime, fitness level, the type of
exercise performed and its intensity and duration. Ion
redistribution would include transport of Na+, K+ and Ca++
across cell membranes, and Ca++ sequestration by the
sarcoplasmic reticulum. Ca++ may also disrupt the process of
oxidative phosphorylation, which would elevate the VO,
(Gaesser & Brooks, 1984). Mitochondrial sequestration of Ca++
released during exercise results in increases in VO, without
corresponding elevations in ATP production (Carofole &

Lehninger, 1971).
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2.5.4 Substrate Resynthesis
CP and glycogen depletion at exercise completion
varies with the intensity and duration of the exercise
performed. CP is resynthesized during prolonged, moderate
intensity exercise. When the quadriceps femoris of male
subjects was electrically stimulated (tetanic trains at 20 Hz
lasting 1.6 s) for 45 min, CP levels declined to 26% of rest
values within the first 80 s of exercise, and increased to 73%
of rest values following 45 min of contractions (Hultman &
Spriet, 1986). The restoration of CP to pre-exercise levels
would have only required the resynthesis of a further 21.6
mmol CP/kg™! dry muscle, or approximately 7 ml O,/kg™' dry
muscle, if the ATP utilized for the CP repletion was generated
via oxidative phosphorylation. The time course of CP
repletion following short-term, exhaustive exercise appears to
follow a biphasic curve, with the majority of the substrate
restored within 10 min post-exercise. For example, CP levels
were reduced by 60% to 85% following one-legged, dYnamic knee-
extensor exercise performed to exhaustion, and had increased
to 72% to 77% of their pre-exercise concentrations within 4 to
10 min post-exercise (Harris et al., 1976 & Bangsbo et al.,
1990, respectively). Brooks and associates (1971), who
assumed complete hydrolysis of muscle CP during exercise and
no disruption of mitochondrial respiration, calculated the
maximal amount of O, required for rephosphorylation of

creatine and ADP in a 70 kg person to be 1.5 L. Therefore,
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most of the CP utilized during exercise is resynthesized
during the early post-exercise phase and it is likely that the
metabolic process only makes a minor contribution to total
EPOC.

Studies which have utilized the muscle biopsy
technique in order to measure muscle glycogen utilization
during exercise and the subsequent time course of its
resynthesis have shown that a substantial portion of
intramuscular glycogen stores are depleted following brief,
maximal exercise and prolonged moderate to high (55% to 70%)
intensity exercise. Exercise performed at 70% VO, for 97.5
+ 6.6 min (Maehlum et al., 1977) and 89 + 5 min (Maehlum &
Hermansen, 1978) have resulted in 80% and 95% mean reduction
in muscle glycogen stores. Lower intensity exercise (55%)
performed for 60 min showed a 64% depletion (Essen et al.,
1976) and stores were 44% lower following approximately 5 min
of exhaustive exercise (Astrand et al., 1986). Percentage
reductions in glycogen post-exercise will be influenced by
resting muscle and liver glycogen concentrations, as well as
the intensity and duration of the exercise. Resting levels
can be altered by exercise training and diet, so that it is
important to assess these factors when estimating exercise-
induced glycogen depletion (Blom et al., 1986). The energy
required to replenish glycogen stores following exercise is
clearly dependent on the extent to which glycogen was utilized

during the exercise bout.
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Glycogen repletion follows a curvilinear time course.

There is evidence that resynthesis starts almost immediately
(Adofsson, 1972; Kowalchuk et al., 1988) and a 35% increase
has been documented 1 h post-exercise (Astrand et al., 1986).
The largest component of glycogen resynthesis occurs within
the first 4 to 5 h (MacDougall et al., 1977; Maehlum &
Hermansen, 1978; Maehlum et al., 1977; Piehl, 1974), although
resynthesis continues for as long as 46 h following prolonged
exercise (2 h) (Piehl, 1974) and 24 h after brief, exhaustive
exercise (MacDougall et al., 1977). Rates of resynthesis vary
with post-exercise diet and activity. However, significant
elevations in glycogen stores were shown in fasting subjects
4 h after prolonged exercise (Maehlum and Hermansen, 1978),
which indicafes that even under unusual conditions, the first
few hours post-exercise are a crucial period for repletion of
muscle carbohydrate stores. If 1 L O, is consumed in the
resynthesis of 6.8 mmol glycosyl units (Bahr et al., 1987),
the O, cost of glycogen repletion during the first 4 to 5 h
following prolonged exercise may be 4 to 6 L (Maehlum et al.,
1977; Piehl, 1974). The relative significance of such an O,
cost varies with the reported magnitudes of EPOC. However,
the prolonged time frame of glycogen resynthesis suggests that
it augments VO, for a lengthy period, so that its contribution
to EPOC only attains signficance when the total magnitude of

post-exercise VO, is obtained over a period of several hours.
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2.5.5 cardiorespiratory Work
Persistent elevations in ventilation (Katch et al.,
1971; Welch et al., 1971) and heart rate (Bielinski et al.,
1985; Maehlum et al., 1986) have been documented following
exercise. It appears that ventilation is only elevated for
several minutes post-exercise, whereas heart rate may remain
elevated for several hours. When the energy costs of
ventilation were estimated using Cournand's regression line of
VO, per amount of ventilation (Shephard, 1966), the mean V.
cost after completion of 10 min of moderately heavy cycle
ergometry (n=33) was found to be .53 L/min, or 11% of total
VO, during a 15 min recovery period (Katch et al., 1972). It
is likely that hyperventilation contributes to the early EPOC,

but is not involved in prolonged elevations in baseline VO,.

Myocardial O, costs do not appear to play a major role
in EPOC. Recovery heart rates are highest during the first
few minutes following exercise, yet the contribution of
myocardial VO, to EPOC when VO, was measured for 15 min post-
exercise was minimal (<3%) (Katch et al., 1971). Since
myocardial O, demand only increases slightly with elevations
in heart rate, even persistent elevations in post-exercise
heart rate do not have a major impact on VO,. Visual analysis
of figures depicting post-exercise heart rate shows average
long term increases of approximately 8 bpm (Bielinski et al.,

1985; Mahlum et al., 1986). Since the myocardial VO, is only
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increased by 2 ml O,/min per 100 g left ventricle during light
exercise (Messer & Neill, 1962), long term increases of a few
beats per minute are not likely have a significant impact on

EPOC.

2.5.6 Increased Lipid oxidation

Several recent EPOC studies have documented declines
in the respiratory exchange ratio (RER) and changes in plasma
levels of glucose, insulin and free fatty acids indicative of
an increased reliance on fats as opposed to carbohydrates
lasting for several hours after exercise (Bahr et al., 1987;
Bielinski et al., 1985; Chad & Quigley, 1989; Chad & Wenger,
1988; Maehlum et al., 1986). Less ATP is generated per litre
of O, consumed from the oxidation of lipids, and it has been
suggested that elevations in lipid utilization post-exercise
may partially account for EPOC (Bahr et al., 1987; Chad &
Wenger, 1988; Chad & Wenger, 1989). Recent evidence in
support of this hypothesis has been provided by Chad and
Wenger (1989). They showed that caffeine ingestion, which has
been found to increase fat mobilization (Essig et al., 1980;
Tarnopolsky et al., 1989), was associated with significant
reductions in the RER and elevations in VO, for 60 min
following exercise.

It is not possible to ascertain the precise magnitude
of the declines in RER which have been reported as actual

values are not provided (Bahr et al., 1987; Bielinski et al.,
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1985; Chad & Wenger, 1988; Chad & Wenger, 1989; Maehlum et
al., 1986). Reductions in RER appear to average approximately
.05 for the various durations of EPOC. While VO, may be
slightly increased in order to fulfill ATP requirements, it is
unlikely that these elevations would account for more than a
small fraction of the total EPOC. Maehlum and associates
(1986) reported a total VO, of 185 + 13 L over a 12 h control
period. If post-exercise RER decreased by .05, for example,
from .85 to .80, an additional 2.4 L O, would have had to be
consumed over a 12 h period. Maehlum reported a 12 h EPOC of
26 L, so that the increased lipid oxidation may have accounted
for about 1% to 2% of the total increase in oxygen

consumption.

2.5.7 Temperature Effects

Body temperature has been cited as being a primary
mediator of EPOC (Gaesser & Brooks, 1984; Hagberg et al.,
1980). Elevations in temperature may contribute to EPOC by
increasing energy requirements during exercise, or post-
exercise VO, may be augmented directly by one or more
temperature-related mechanisms. Temperature associated
increases in VO, during prolonged, constant workload exercise
have been found at normal (MacDougall et al., 1974; Saltin &
Stenberg, 1964) and elevated (MacDougall et al., 1974)
temperatures. When subjects performed the same exercise under

different thermic conditions, the magnitude and rate of rise
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in VO, was significantly greater in the hyperthermal
condition. However, the attenuation of rectal temperature
rise observed at four different work rates following eight
weeks of endurance training did not correlate with reductions
which occurred in the slow rise in exercise VO, (VO, drift)
(r=.15) (Casaburi et al., 1987). Furthermore, a recent report
found no differences in VO, during exercise in which body
temperature was varied using water-perfused suits (Savard et
al., 1988). In the latter study, the work-outs were performed
in direct succession, so that results may have been confounded
by the residual effects of the previous exercise condition.

The effect of exercise-induced hyperthermia on EPOC
has not yet been established. There is no apparent relation
between the duration of the post-exercise elevations of body
temperature and VO, post-exercise. In some cases, body
temperature has reached control levels several hours prior to
VO, (Bahr et al., 1987; Chad & Wenger, 1988; Maehlum et al.,
1986), while others have found that VO, normalized more
rapidly (Brehm & Gutin, 1986). The reasons for the
discrepancies among the time course of declines in
temperatures is unknown; it may be related to differences
among investigators' methods for determining baseline values
or the temperature and/or relative humidity of the
laboratories. Patterns of change also seem to differ between
the two variables. Temperature has been shown to decline

linearly following exercise; declines in VO, frequently follow
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a curvilinear time course, characterized by an initial rapid
phase and a subsequent slow phase (Brehm & Gutin, 1986; Chad
& Wenger, 1988).

Significant correlations between tympanic or rectal
temperature and post-exercise VO, have been reported.
However, correlation coefficients have shown considerable
inter-individual variation (.27-.78) (Brehm & Gutin, 1986), or
have been markedly reduced by the manipulation of a second
variable (.64-.75 was reduced to .04-.19 when the RER was held
constant) (Chad & Wenger, 1988). Hagberg, whose 1980 study
provided the original evidence in support of a temperature
effect on EPOC in humans only examined the relation of
temperature to the initial fast and slow phases of post-
exercise declines in VO,. Recovery VO, was plotted against a
'working' baseline, during which subjects exercised for 15 min

!, and possible long-term elevations in BMR were-

at 150 kpm'min”
not monitored.

No studies to date have attempted to establish the
presence of a cause-effect relationship between body
temperature and EPOC by measuring EPOC under different thermic
conditions. In one case, it has been possible to compare the
effects of small changes in body temperature following
exercise performed at different intensities (approximately
.2°C to .6°C difference between conditions) (Brehm & Gutin,

1986) . Exercise intensity had a significant effect on both

VO, and body temperature post-exercise, although the responses
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of the two variables to changes in exercise intensity differed
in magnitude and duration. It is likely that more dramatic
differences in body temperature must be elicited before a
potential effect of temperature on VO, post-exercise can be
accurately assessed.

Several mechanisms have been postulated to account for
observations of temperature-mediated increases in VO,. In
vivo studies have focused on the influences of hyperthermia on
exercise VO,. The extent to which these mechanisms are
operant during the post-exercise phase is not known, but
presumably this may be gauged by the longevity of the post-
exercise hyperthermia. Elevations in temperature may increase
post-exercise VO, in 3 ways. First, increases in peripheral
flow and swéat gland activity occur at the commencement of
exercise (Gisolfi & Bruce, 1984; MacDougall et al., 1974) and
consequently, more energy is expended during the work bout.
Post-exercise VO, may be enhanced by the energy cost of these
heat-dissipating mechanisms, which remain operant until
resting temperatures are restored.

Elevations in temperature may also impair the
mechanical efficiency of skeletal muscle (Rowell et al.,
1969), and augment exercise-induced elevations in minute
ventilatory volumes (MacDougall et al., 1974).

There is evidence that hyperthermia increases post-
exercise VO, by altering mitochondrial energetics. When

mitochondria isolated from rat skeletal muscle were incubated
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at temperatures ranging from 25°C to 45°C, respiration rates
and ATPase activity increased significantly when temperatures
exceeded 37°C (Brooks et al., 1971). The authors postulated
that the enhanced ATPase activity was responsible for the
elevations in respiration. Heightened ATPase activity, also
known as the Q,, effect (Weibel, 1984), increases O,
requirements because ATP is resynthesized at a more rapid rate
secondary to accelerations in ATP hydrolysis and increased ADP
concentrations. However, since Q,, values have not been firmly
established in humans, it is not possible to calculate the VO,
cost of a given increase in rectal temperature (Casaburi et
al., 1987). Increases in ATP synthesis also augment total
substrate depletion, so that more 0, is required for the
purposes of oxidative resynthesis.

An additional mechanism has been postulated by Brooks
and associates (1971) who found that elevations in temperature
reduced phosphorylative efficiency. Their conclusions were
based on the increases in mitochondrial respiration rates
(200%) measured under hyperthermic conditions; these rates
were too high to accommodate equivalent increases in ATP
resynthesis. The ADP:0, ratios were also significantly
reduced when mitochondria were incubated above 40°C,
indicating that greater amounts of O, were being consumed for

the synthesis of a given amount of ATP.

2.5.8 Hormonal Effects
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Exercise-induced increases in levels of circulating
hormones may also augment post-exercise VO,. Norepinephrine
and epinephrine remained elevated for 10 to 20 min after short
bouts of exercise (10 to 20 min) performed at three different
intensities on separate occasions (50%, 70% and 90% VO,,.)
(Deuster et al., 1989). The time to return to baseline
corresponded with the re-establishment of baseline values for
VO, and heart rates. Similarly, urine concentrations of
norepinephrine were elevated 4 to 5 h post-exercise, which
corresponded to the duration of the observed EPOC (Bielinski
et al., 1985). However, interpretations of hormonal activity
may be erroneous if they are based solely on plasma or urine
levels. Changes in catecholamine concentrations must be
considered in light of a number of factors, including rate of
delivery to target cell, clearance rates, diurnal variations
and density and activity of receptor sites (Frey et al., 1989;
Sutton & Farrell, 1988).

The calorigenic effects of catecholamines have been
demonstrated in animals (Chapler et al., 1980; Cain & Chapler,
1981) and humans (Fellows et al., 1985; Sjostrom et al.,
1983). Skeletal muscle may become more sensitive to
norepinephrine during the post-contractile phase. When
norepinephrine was infused into canine gastrocnemius-plantaris
muscle groups at rest, during contraction (1.0 Hz for 10 min)
and during recovery, the most pronounced increase in VO, when

compared to control conditions occurred during a 10 min
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recovery phase (46.7+3.7 uL O{g* vs 33.4+5.2 uL Oﬁr’; p=.07)
(Gladden et al., 1980). This was entirely fhe result of an
increased O, extraction, since blood flow was reduced relative
to the control period. The authors were unable to explain why
VO, was particularly sensitive to the norepinephrine infusions
during recovery from the contractile phase. They postulated
a direct effect of norepinephrine on metabolic rate, or an
elevated VO, secondary to norepinephrine-induced hypoxia
during the preceding contractions. Results of infusion
studies must be interpreted with caution, since infused and
endogenous norepinephrine may have different physiological
effects. During endogenous sympathetic stimulation, when
norepinephrine acts primarily as a neurotrahsmitter, a steep
gradient exists between the synaptic cleft and blood. This
gradient is not present during infusion (Casaburi et al.,
1987) .

Epinephrine facilitates glycogenolysis in exercising
muscles (Issekutz, 1985) and recent evidence obtained from
studies of exercising rats shows that it stimulates glycogen
breakdown in the inactive muscles as well (McDermott et al.,
1987). Catecholamines may increase VO, by stimulating energy
requiring processes in the cell. Norepinephrine increases
cell permeability to Na+ and K+, which likely augments Na+-K+
pump activity and ATP demand (Horwitz, 1979). There is also
evidence that plasma catecholamines increase VO, by promoting

lipolysis, which is a less efficient energy source (ie. more
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O, consumed per kilocalorie energy released) (Kalis et al.,
1988).

Postprandial thermogenesis may be partially mediated
by catecholamine activity; activation of the beta-adrenergic
receptors appears to be a prerequisite for observations of an
enhanced VO, following insulin infusions (DeFronzo et al.,‘
1984; Acheson et al., 1984). It is thought that insulin
increases energy expenditure after meals by accelerating rates
of glucose disposal (Acheson et al., 1984; Proieto et al.,
1983), so that exercise-induced increases in catecholamines
may interact with the insulin activity. Poehlman and
associates (1989a) have suggested that the declines in TEF
observed in very fit individuals are related to a diminished
sympathetic nervous system activity in this population. Their
hypothesis is supported by findings of a significant increase
in plasma norepinephrine in sedentary subjects after meal
consumption, while hormonal levels were not altered in the
trained men (LeBlanc et al., 1984). On the other hand, a
recent report documents that the sympathetic response to
" exercise is similar among trained and untrained individuals
working at equivalent relative exercise intensities (Deuster
et al., 1989) and this may also apply to caloric intake; in
other words, meals may have to be adjusted to subjects' body
weight and composition.

Thyroxine has also been suggested as a possible

mediator of EPOC (Gaesser & Brooks, 1984), since it acts as a
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chronic stimulant of BMR. Thyroid hormones also enhance
adrenergically mediated activities, and so might indirectly
influence VO, (Goodman et al., 1988). However, few studies of
EPOC have included measures of thyroxin. Maehlum and
associates (1986) measured plasma levels of free T, with
isotopic tracers in four subjects for 12 h after exercise
completion and at corresponding times on a control day. They
found no differences between the two days or between the
exercise and post-exercise periods. It is unfortunate that
they did not measure T; levels, since T; rather than T, is
generally considered to be the most potent thyroid hormone
(Goodman, 1988). Nonsignificant declines in T; levels were
reported in 19 obese women immediately following a 40 min
exercise bout and levels remained low until the end of the 90
min post-exercise measurement period (Krotkiewski et al.,
1984). Similar reductions are also seen during periods of
starvation or carbohydrate restriction, which suggests that
exercise has the same effect on thyroid hormones as does a
weight-reducing diet, and that chronic exercise may in fact
lead to reductions in RMR via its effect on T;.

Declines in T; levels have frequently been reported
following exercise training (Mathieson et al., 1986; Phinney
et al., 1988; Poehlman et al., 1986), although some have found
no change, even when a training effect was demonstrated by
significant reductions in subjects' resting HR (Caron et al.,

1986). Yet the magnitude of the humoral reductions has not
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corresponded to the extent of the declines measured in RMR.
For example, Poehlman and associates (1986) reported a
significant 33% reduction in T; with training whereas mean RMR
declined only slightly (5.25+.3 ml/kg/min to 4.84t+.5
ml/kg/min). When two groups of subjects adhered to isocaloric
(530 kcal) high carbohydrate or low carbohydrate diets and to
a controlled exercise program, the RMR of the high
carbohydrate group declined relatively more while T; levels
were more reduced in the low carbohydrate group (Mathieson et
al., 1986). Therefore, it appears that T; is only one of
several factors mediating RMR, and that exercise may in fact
reduce T3 concentrations.

In summary, several mechanisms have been identified to
account for EPOC. The significance of the contribution of
each has not yet been determined and is likely affected by the
characteristics of the exercise bout and the subject

population.
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2.6 CONCLUSION

It appears that exercise does induce sustained changes
in several physiological parameters, and that these changes
are reflected in an increased metabolic rate for a period of
time after exercise. The precise duration and magnitude of
the increase has not been established with any certainty.
Reported magnitudes have varied between about 11 kcal and 174
kcal, over periods ranging from 10 min to 12 h. While some
reports indicate that EPOC increases in magnitude and/or
duration when exercise intensity or duration is augmented,
findings are not consistent among studies.

It is likely that some of the inconsistencies among
findings can be attributed to variations among the exercise
performed and the sample population. However, the
investigators' definitions of baseline and the length of the
post-exercise measurement period may also explain some of the
discrepancies. Further research is required in order to
clarify the effect exercise characteristics and experimental

design have had on measures of EPOC.
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EXPERIMENTAL STUDY

HYPOTHESES

The present study was undertaken in order to test four

sets of hypotheses. The first set pertains to the effect of

exercise on the size and duration of EPOC. It is hypothesized

that:

1.

Exercise of varying durations and intensities is
associated with a significant increase in post-exercise
Vo, .

The use of a pre-determined recovery period augments the
duration of EPOC by allowing for the inclusion of data
which are slightly, but not significantly, higher than

control data.

The effects of changes in exercise conditions on EPOC

will also be examined. It is contended that:

1.

Increases in exercise intensity with total work equated
are associated with increases in the size and duration
of EPOC; however the extent of these increases in EPOC
may be small and of limited practical value for weight
loss.

Increases in exercise duration at a constant, moderate
exercise intensity augment the magnitude and duration of

EPOC. The EPOC response may be curvilinear, so that a
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marked increase occurs when exercise is performed for

more than 60 min.

Possible mechanisms underlying the EPOC response will
be investigated and the following sub-hypotheses will be
examined:

a) Declines in Tc post-exercise are related to post-exercise
declines in VO,.
b) RER declines for a prolonged period following exercise and

partially accounts for the post-exercise elevations in VO,.

The data will also be analyzed in order to determine
whether:
a) Five daily bouts of exercise have a cumulative effect on
subjects' resting metabolic rate (RMR).
b) There is an interactive effect between food consumption

and exercise on EPOC.
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3.2 METHODS

Subjects

Ten male university students aged 23.4 + 2.8 y (mean
+ standard deviation) were recruited for the study. The
subjects' descriptive data are presented in Table 2. Each
student was informed of the procedures and potential risks of
the study before consenting to participate. Eight subjects
completed all study components; only their results are
reported. The students were moderately active, exercising 3
to 4 times per week. They were all non-smokers, and had been

weight-stable for at least 6 months prior to the study.

Testing Procedures

A continuous, incremental test on an electrically-
braked cycle ergometer was initially administered to each
subject to determine his VO, .. The subjects inspired room
air via a low-resistance breathing valve. Minute ventilation
was recorded by a Hewlett-Packard 4000 VR digital.
pneumotachometer, and the expired air was measured for
fractional O, and CO, using a Goddard Rapox oxygen analyzer and
a Hewlett-Packard Capnometer (Model 47210A), respectively.
All data were continuously recorded on a custom made

computerized VO, monitoring systen.
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Table 2. Subject Characteristics
Subjects vO2max VO2max weight age
(L/min) (ml'kg 'min™)  (kg) (y)

TP 3.75 54.7 68.6 25
MG 4.78 62 77.2 23
M 3.19 49 65 23
PM 4.18 43.4 96.2 22
NJ 3.71 51 72.7 20
Js 3.79 48.9 77.4 21
TB 3.05 56.6 53.9 24
CB 3.95 44.28 89.2 29
mean 3.8 51.2 75 23.4
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The relationship between mechanical power and the VO,
corresponding to 40%, 60% and 80% of each subject's VO, was
determined during two to three subsequent testing sessions.
The ACSM predictive equation for cycle ergometry was used to
provide initial approximations of the power outputs which
would elicit the appropriate V02 for each subject (ACSM,
1986). During separate trials, a 5 min warm-up (10 W less
than the power output predicted for 40% VO,..x) Was completed,
followed by a 5 min bout of cycling at the precalculated power
output. VO, was monitored for 2 min durations at 5 min
intervals, until a power output which elicited the precise

percentage of the subject's VO, was determined.

Experimental Protocol

Subjeéts performed 5 exercise conditions on 5
consecutive days in random order (procedure for randomization
performed using Table of Random Digits, Runyon & Haber, 1984,
p. 451), and completed a 6th control day within 1 week of
beginning or completing the five exercise conditions. No
other exercise was performed at least 24 h prior to the 5
experimental days and the control day. The 5 exercise
conditions are depicted in Figure 2. They included moderate
intensity exercise (60% VO, ) performed for 30, 60 and 90
min, high intensity exercise (80% VO, ,) and low intensity

exercise (40% VO, ). The durations of the high



Figure 2. The 5 exercise bouts performed by each subject.



Exercise Intensity
(% vVo,._)

60% X . 30 min

Duration
(min)

60 min

90 min
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and low intensity exercise were calculated so that total
energy expenditure was equivalent to the total work performed
during the 30 min moderate intensity exercise bout. Each
exercise bout also included a 5 min warm-up at 10 W below the
power output corresponding to 40% of subjects' VO, .

Exercise intensities corresponding to 40%, 60% and 80%
Vo, .. were selected for 2 reasons. First, they span the range
of intensities which are typically performed by healthy adults
who wish to maintain or increase their functional capacity.
Exercise intensities corresponding to 80% and 60% VO,
represent the upper and lower ranges of the levels recommended
to achieve a training effect (ACSM, 1986), while walking is
performed at approximately 40% of an individual's VO2max and
is frequently prescribed as an effective means of weight
reduction. Second, the 3 exercise intensities were separated
by a difference of 20% VO, in an effort to discriminate

between potential differential effects of intensity on the

EPOC.

VO, Measures

Figure 3 depicts the daily schedule and the sampling
times for VO, measurement throughout the experiment. Each

subject reported to the lab at the same time on each of the 6
study days. Following a 30 min rest in a reclined position,

resting VO, (pre-exercise) was measured



Figure 3. The daily protocol for each exercise condition.

Y V02 sampling periods

* subjects reported to the lab at the same
time on each of the six study days, but
starting times differed among the
participants. The clock times given
represent a typical schedule.
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continuously for 15 min. Subsequent to this, 1 of the 5
exercise conditions was performed. Two minute expired gas
samples were obtained during the last 2 min of the warm-up
phase, and at regular intervals during the exercise period,
including 7 to 10 min after onset of exercise and prior to
exercise completion, so that the data would reflect any
progressive elevations in VO, occurring throughout the
exercise (Camus et al., 1988).

One and a half minutes before the exercise bout was
completed, VO, was again continuously monitored until the
first 20 min of the recovery phase had elapsed. This period
was chosen for continuous sampling since recovery VO, declines
most rapidly during this time period (Hagburg et al., 1980;
Knuttgen, 1970). In order to minimize the effects of movement
on recovery VO,, each participant remained seated on the cycle
ergometer throughout the 20 min sampling time.

Two minute samples of expired gas were collected every
10 min for the remainder of the first hour post-exercise,
every 15 min during the second hour, and every 30 min during
the third hour. Except for the first 20 min of the recovery
phase, subjects reclined in a lawn chair and read, wrote, or
watched movies during the pre- and post-exercise components of
the study days. Heart rates were recorded simultaneously with
the oxygen uptake measures.

The magnitude of EPOC was determined by summing VO,

values obtained during the 3 h post-exercise period of each
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experimental day and during the corresponding control period.
Oxygen consumption during the non-measurement intervals was
interpolated from the measured values which bracketed these
intervals. Measures of total EPOC were converted to
kilocalories (kcal/L O, equivalents for subjects' RER were
obtained from McArdle, 1986, Table 8-1) because of the
implications of the data for weight control. The results will

be expressed in L O, or kcal.

Core Temperature Measures

Tc was measured with a rectal thermister, inserted to
a depth of 10 cm past the anal sphincter and worn continuously
throughout each study day. Temperatures were recorded from a
Scanning Tele-thermometer (YSI Model 47) at the end of the 15
min pre-exercise VO, sampling period, and each time that
exercise and post-exercise VO, samples were collected. In
order to control for the possible effects of ambient
temperature and humidity on recovery VO,, the entire study was
conducted in a Hotpack climate chamber (Model 9153-2,
Waterloo, Ontario). Room temperature was held constant at 21°

C and relative humidity was 10%.
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Lactate Measures and Ratings of Perceived Exertion
In order to determine whether subjects exceeded their
lactate threshold during the high intensity exercise bout,
capillary blood samples were collected from a fingertip pre-
and post-exercise, and analyzed for lactate concentrations.
Blood lactate was measured on a ¥YSI 23L Lactate Analyzer.
The standard blood lactate concentration of 4 mmol-L' was used
as the index of lactate threshold, according to the method of
Karlsson and Jacobs (1982).
Subjects' perceptions of the difficulty of each
exercise bout were assessed using the Borg scale, which each

subject completed immediately following exercise (Borg, 1982).

Diet

Subjects were instructed to record times and
quantities of food and beverage consumption for 12 h preceding
the first study day. They were subsequently instructed to
adhere to precisely the same diet 12 h prior to all the
ensuing study days. Each subject was proyided with a meal 2
h following exercise, after a \K§ measurement, and completed
the meal prior to the 150 min post-exercise sampling time.
The meal consisted of submarine sandwiches and orange juice;
type and quantity was determined by the subject and was held
constant throughout the experiment. Meal composition was

similar among all subjects; subjects varied with respect to
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the total gquantity of food ingested rather than the type of
food consumed.

In order to ensure that subjects' energy balance at
the onset of the recovery period would be equivalent on all 6
d, subjects consumed a nutritional supplement (Ensure, Ross
Laboratories, Montreal, Quebec, 15.2% protein, 32% fat, 52.8%
carbohydrate) 3 h prior to arriving to the lab. The quantity
of the Ensure was adjusted to correspond to the caloric
requirements of that day's exercise bout. The timing of the
Ensure consumption was based upon an estimated 4 h maximal
absorption period (Fink et al., 1983), so that it would

provide a partial fuel source during the exercise bout.

Statistical Analysis

The effects of intensity and duration of exercise on
recovery V02 (duration and magnitude), HR, RER and Tc were
determined using a two factor (exercise condition by time of
sampling) repeated measures analysis of variance for each of
the dependent variables. The 5 exercise conditions allowed
for the comparison of 3 exercise durations at a constant
intensity and 3 different intensities of exercise with total
work equated. The effects of exercise intensity and duration
were analyzed in separate analyses of variance. The 30 min
bout of moderate intensity exercise was included in both
analyses, as were the values obtained on the control day,

which were used as the baseline measures. Due to the
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limitations of the computer program utilized for the
statistical tests of significance, only 10 of the 33 sampling
times were included in the analyses. The sampling times
chosen represent the periods during which a given dependent
measure was undergoing the most rapid rate of change. A Tukey,
post hoc comparisons were made in order to test for
differences between exercise and control conditions at a given
sampling period. In some cases, it was appropriate to do
additional paired t-tests. (See Results Section.) The level
of statistical significance was set at p < .05.

Values for missing data cells (a total of 19 cells for
all subjects and all dependent measures) were calculated using
regression equations derived from the data available for
individual subjects during the specific exercise condition.
Equations were set to include quadratic and linear components,

representing the rapid and slow recovery phases.

3.3 RESULTS

Changes in subjects' blood lactate concentrations and

. their ratings of perceived exertion in response to the 5

exercise conditions are shown in Tables 3 and 4,
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Table 3. Blood Lactate Concentrations (mmol.L”) Before and After Exercise?

80% VO2max 60% VO2max 40% VO2max

X 21.2+1.3 min X 90 min X 60 min X 30 min X 56.3+11.6 min
pre post pre post pre post pre post pre post

TP .9 4.3 2.4 3.2 .8 3.4 1.9 3.1 * %

MG .5 5.9 1.3 1.3 1.3 2 1.1 1.3 1.6 1.1

M * * 1.3 2.7 1.1 .9 1.2 1.8 .9 .9

PM 1.1 4.2 1.6 1.2 * * 1.2 2 1.1 1.1

NJ 1.8 4.3 * * 1.9 3.8 2.8 3.4 * *

Js 1.9 4.6 * * 1.7 1.9 1.1 1.2 1.6 1.5

TB 2.4 5 1.9 1.5 2.6 1.9 2 2.5 1.9 1.4

CB 2.7 7.2 2.7 3.2 1.8 1.4 1.7 2.9 2.5 1.9

mean 1.6 5.1 1.9 2.2 1.6 2.2 1.6 2.3 1.6 1.3

SD .8 1.1 .6 .9 .6 1 .6 .8 .6 .4

* Lactate measures not obtained.

® Blood lactate threshold = 4 mmol.L’ (See Karlson J and Jacobs I. Onset
of blood lactate accumulation during exercise as a threshold concept:

Theoretical considerations. Int. J. Sports Med. 3:190-210, 1982.)
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Table 4. Ratings of Perceived Exertion Following Exercise
80% VO2max 60% VO2max 40% VO2max
X 21.241.3 min x 90 min X 60 min X 30 min X 46.3+11.6 min

TP 18 16 14 13 11

MG 17 13 12 12 10

M 18 11 11 11 11

PM 20 18 16 15 9

NJ 16 16 15 12 13

JS 17 19 15 12 8

TB 18 16 12 13 10

CB 17 18 14 13 12

mean 17.6 15.9 13.6 12.6 10.5
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respectively. Blood 1lactate measures obtained for all
subjects only exceeded the threshold value (4 mmol.l™)
following the high intensity exercise condition, and were not
increased in response to changes in duration of moderate
intensity exercise. Mean Borg ratings were different
following each exercise condition and showed that the
perceived difficulty of the exercise bouts increased with
exercise intensity, and with exercise duration at a given
intensity. For example, mean Borg ratings were higher
following 30 min of 60% VO, exercise than after 56.3 min of
40% VO, exercise, while maximal ratings were obtained after
only 21.2 min of exercise performed at 80% VO, .

A summary of the significance 1level of the main
effects and interactions of all the variables tested is given

in Table 5. Unless otherwise indicated, reference will only be

made to statistically significant findings.

Resting Metabolic Rate
Pre—-exercise measures of VO,, RER and Tc were not

different among the 6 study days.

Duration of EPOC

Effect of exercise intensity. The decline in V02
during the first 30 min which followed the 3 work bouts of
varying intensity (when rate of change was most rapid), as

well as over the entire 3 h post-exercise measurement period
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Table 5. Statistical Significance of Differences Obtained Between
Experimental and Control Measures For All the Dependent
variables Analyzed (F ratio & p value):

Dependent Measure Exercise Main Interaction
Characteristic Effects Effects
Type of Exercise Time Ex x Time
vo, Intensity’ F=224.85 F=258.96 F=147.76
p<.001 p<.001 p<.001
buration? F=76.9% F=240.71 F=76.88
p<.001 p<.001% p<.001
vo, Cumulative Intensity F=13.34 F=383.98 F=2.15
p<.001 p<.001 p=.002
Duration F=12.09 F=350.4 F=2.86
p<.001 p<.001 p<.001
RER Intensity F=2.63 F=3.39 F=1.83
p=.076(NS) p=.002 p=.01
Duration F=1.04 F=6.91 F=1.1
p=.396(NS) p<.001 p=.344(NS)
Body Temperature Intensity : F=36.32 F=60.3 F=20.65
p<.001 p<.001 p<.001
Duration F=34.01 F=46.68 F=18.22
p<.001 p<.001 p<.001
Heart Rate Intensity F=134.82 F=221.2 F=76.81
p<.001 p<.001 p<.001
Duration F=88.81 F=167.14 F=58.22
p<.001 p<.001 p<.001
TEF :Effect on VO, Intensity F=.55 F=12.82  F=1.21
p=NS§ p<.001 p=.318(NS)
Duration F=.5 F=11.42 F=.93
p=NS p=.001 p=NS
TEF:Effect on Temp Intensity F=3.08 F=7.78 F=1.71
. p=.049 p=.005 p=.141(NS)
Duration F=2.7 F=7.84 F=1.71
p=.07(NS) p=.005 p=NS

*TEF - thermal effect of feeding

Refers to analysis of the three exercise bouts performed in which
intensity was varied and total work kept equivalent.

Refers to analysis of the three exercise bouts performed in which
duration was varied and exercise intensity kept constant.

2
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are depicted in Figure 4 (a) and (b), respectively. Vo2
levels among the 3 intensities were significantly different
from each other immediately post-exercise. Recovery VO2
returned to baseline between 10 and 16 min following high
intensity exercise, 16 to 20 min after moderate intensity
exercise, and within the first 6 min after low intensity
exercise.

Although the analysis of variance indicated that Vo,
measures obtained between 30 and 180 min post-exercise were
equivalent to control values, visual analysis of the raw data
showed slight elevations in VO, which persisted throughtout
the 3 h measurement period. When the data obtained 30 to 180
min following exercise were collapsed across exercise
conditions,vmean post-exercise V02 exceeded control measures
(4.87 + .7 ml/kg/min vs 4.57 + .9 ml/kg/min, respectively).
The mean VO, was further increased when separate calculations
were made for data obtained following high intensity exercise
(5.01 + .7 ml/kg/min). Differences were also observed when
the mean values recorded 180 min after exercise completion
were collapsed across the 3 exercise conditions and compared
to the corresponding control values (5.48 + 1.0 ml/kg/min vs
4.86 + .8 ml/kg/min, respectively). In order to confirm that
these elevations in post-exercise VO, were not statistically
significant, paired t-tests were performed in addition to the

analysis of variance. The results of the



Figure 4 (a). Changes in mean VO, for 30 min following
exercise performed at varying intensities with total work
equated and on the control day (n=8). VO, attains baseline
levels between 10 and 16 min after high 1ntens1ty exercise, 16
to 20 min after moderate intensity exercise, and within the
first 6 min after low intensity exercise.

{ denote the last VO, sampling time in which significant
differences were found between control and exercise measures,
and are labelled with nos. corresponding to the exercise
intensity they represent.

Figure 4 (b). Depicts the same exercise conditions as those
shown in Figure 4 (a). Changes in mean VO, for the entire 180
min post-exercise measurement period are presented.

The following VO, measurement periods were included in the
statistical analysis examining effects of exercise intensity
and exercise duration (see Figure 5) on post-exercise VO,:
pre-exercise period, and 0, 6, 10, 16, 20, 30, 60, 120 and 180
min post-exercise.
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paired t-tests supported those obtained from the analysis of
variance; in neither set of comparisons were differences found

to be significant (p > .05).

Effect of exercise duration. Figure 5 (a) and (b)

depict changes in VO, following the 3 expefimental days in
which moderate intensity exercise was performed for 3
different durations. V02 returned to baseline 6 to 10 min
following the 30 min bout and 20 to 30 min following the 60
min exercise bout. VO, levels normalized between 10 and 16
min after the 90 min exercise, and were again significantly
elevated between 20 and 30 min post-exercise. Oxygen uptake
did not wvary among the 3 exercise durations at exercise
completion.

Slight elevations in VO, were also noted during the 30
to 180 min following the exercise of varied duration. When
the data obtained from 30 to 180 min post-exercise for each
subject were collapsed across exercise conditions, the mean
value was greater than the control value (4.99 + .5 ml/kg/min
vs 4.56 + .9, respectively). The difference between values
was increased when the data compared were confined to the 180
min post-exercise time period (5.39 + .7 ml/min/kg vs 4.86 +
.8 ml/min/kg, respectively). 1In order to ensure that these
differences were not statistically significant, paired t-tests
were performed. Results paralleled those obtained following

exercise of varied



Figure 5 (a). Changes in mean VO, for 30 min after moderate
intensity exercise of varying durations and on the control day
(n=8). VO, reaches control levels 10 to 16 min after the 90
min exercise bout and is elevated again between 20 and 30 min
post-exercise. Control values are attained 20 to 30 min after
the 60 min exercise and 6 to 10 min after the 30 min exercise
bout.

{ indicate last VO, sampling time in which significant
differences were found between experimental and control
values.

% denotes last sampling time when a significant difference was
obtained for the 90 min exercise after values had returned to
normal for a period of time.

Symbols are labelled with nos. corresponding to the exercise
duration they represent.

Figure 5 (b). Depicts the same exercise conditions as those
shown in Figure 5 (a). Changes in mean VO, for the entire 180
min post-exercise measurement period are presented.

See Figure 4 for list of VO, measurement periods included in
statistical analysis performed
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intensity. The analysis of variance was confirmed by the
t-tests; the slight elevations in VO, observed did not attain

a statistical significance (p > .05).

Magnitude of EPOC

Effect of exercise intensity. The magnitude of VO,
(cumulative VO,, expressed in L) recorded during the 3 h
period following the 3 exercise bouts of varying intensity
exceeded control values (Table 6). Total energy expenditure
after high intensity exercise was significantly greater than
that obtained after moderate or low intensity exercise. This
was reflected in the values obtained when the mean total EPOC
for the eight subjects was calculated as a percentage of EOC.
Values were highest for the high intensity exercise (17.8%)
and similar for the moderate and low intensity conditions
(10.9% and 9.3% respectively). However, exercise was
associated with 1little or no increase in net caloric
expenditure in several subjects, as indicated by the large
standard deviations presented in Table 6.

In Figure 6 (a) the magnitude of V02 following
exercise of varying exercise intensity is expressed as a
percentage of the magnitude of the control VO,, in order to
show the rate of decline of total post-exercise VO,.
Immediately post-exercise, VO, magnitudes were 273%, 218% and
186% of control values for high, moderate and low intensity

exercise respectively. These values had declined
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Table 6. Caloric Expenditure and Oxygen Consumption
buring and Following Exercise

----------------------------------------------------------------------------------------------------------------

Energy Expended Net Energy Expended  Oxygen Consumed Net Oxygen Consumed

Intensity Duration €
of Exercise of Exercise During Exercise+ During 3 h Following During Exercise During 3 h Following
* Vomax) . AT e . s e e Exercise (L 0,

80% 21.2 + 1.3 325.1 + 39.2 57.9 + 72.20 64+ 4.9 1.7 + 14.6% P

60% 90 1067.2 + 146.1 56 + 57.3 210.2 + 4.3 11.3+ 11,68 ¢

60% 60 685.6 + 87.9 51.3 + 62.3 136 + 3.9 10.4 + 12.6°

60% 30 343.1 + 53.4 37.4 + 53.7 68  + 4.7 7.51 + 10.8°

40% 46.3 + 11.6 351.3 + 54.7 32.5 + 42.3 70.1 +3.2 6.6 + 8.6°

Values represent means + standard deviations of 8 subjects.

+ Caloric expenditure was determined by multiplying the VO, tv the
kcal/L equivalent associated with the RER (McArdle et al., 1986).
Significantly greater than control value (p < .05).

Significantly greater than 40% VoZmax and 60% voZmax/3° min

conditions (p < .05).
¢ Significantly greater than 60% VOZmax/3° min condition (p < .05).



Figure 6 (a). Relation of magnitude of Vo, follow1ng exercise
with intensity varied and total work equated to magnitude of
control VO,, expressed as a percentage. Values represent means
of eight subjects Values are reduced by 101%, 80% and 54% 30
min post-exercise for the high, moderate and low intensity
exercise bouts respectively.

Figure 6 (b). Relation of magnitude of VO, following moderate
intensity exercise performed for 3 dlfferent durations. Values
represent means of eight subjects. Thirty minutes after
exercise completion, values are 78%, 83% and 80% lower for the
90 min, 60 min and 30 min work bouts respectively.
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by 101%, 80% and 54% 30 min post-exercise and continued to
decline at a slower rate throughout the measurement period.
This indicates that the greatest contribution of EPOC to the
total caloric expenditure during the 3 h post-exercise period
occurred within the first 1/2 h.

Figure 6 (a) shows that the total magnitude of post-
exercise VO, was greater than control VO, throughout the 3 h

recovery period.

Effect of exercise duration. The magnitude of the

EPOC measured following 90 and 60 min of exercise at 60% VO,
was significantly greater than that obtained after the 30 min
exercise condition 3 h post-exercise, although marked
variations in response were again noted among subjects (Table
6). However the percentage relation of mean EPOC to EOC was
negatively related to exercise duration: 5.3% for the 90 min
exercise, 7.5% for the 60 min exercise and 10.9% for the 30
min bout.

Figure 6 (b) shows the percent decline in the’
magnitude of post-exercise V02 relative to control values. A
pattern similar to that obtained following exercise of varied
intensities was seen; the sharpest decline in values (78%, 83%
and 80% for 90 min, 60 min and 30 min exercise respectively)

occurred during the first 1/2 h.
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Respiratory Exchange Ratio
Effect of exercise intensity. Figure 7 (a) depicts
the values obtained for RER following exercise of varying
intensities with total work equated. A significant effect was
obtained for time (p<.002) and for the time by exercise
condition interaction (p<.01), but no significant effect for
condition was obtained (Table 3.4). The high intensity
exercise was associated with intermittent elevations in RER
during the 3 h recovery period (immediately, 60 min, 150 min
and 180 min post-exercise), and values were significantly
higher than those obtained following low intensity exercise at
all times sampled during the last hour of recovery. RER
exceeded control values 10 min following the moderate
intensity exercise, but was .equivalent to control 1levels
immedately post-exercise and during every other measurement
period. RER following low intensity exercise did not differ
from baseline values at any point during the 3 h measurement
period. Values did not fall below baseline after any exercise

condition.



Figure 7 (a). Mean RER (n=8) after exercise of varying
intensity with total work equated. Significant increases in
RER were found immediately, 60, 120, 150 and 180 min following
high intensity exercise and 10 min after moderate intensity
exercise.

I denotes the significant elevation found immediately
following high intensity exercise.

% indicates the sampling times when significant differences
were obtained after values had temporarily normalized.
Symbols are labelled with nos. corresponding to the exercise
intensity they represent.

Figure 7 (b). Mean RER (n=8) after moderate intensity exercise
of varying durations. Values are equivalent to baseline within
approximately 20 min.

The following RER measurement periods were included in the
statistical analysis of the effect of exercise on post-
exercise RER: pre-exercise measures, and 0, 10, 20, 30, 40,
60, 120, 150 and 180 min post-exercise.
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Effect of exercise duration. Figure 7 (b) illustrates

the values obtained for the RER following exercise of varying
durations at the same intensity. Elevations in RER were
recorded immediately after exercise, but were equivalent to

baseline levels within approximately 20 min.

Body Temperature

Effect of exercise intensity. Figure 8 (a) shows the
post-exercise decline in Tc towards control values in response
to differing exercise intensities. Values obtained following
moderate intensity exercise exceeded control levels for 120 to
150 min, while Tc after completion of high intensity exercise
remained elevated for 60 min to 120 min. Measures of Tc
following low intensity exercise remained elevated until 30 to
40 min post-exercise. Tc was significantly lower following
low intensity exercise than following the other 2 experimental
conditions at all measurement periods during the first hour
and 3 h post-exercise, but was not significantly lower during

the intervening sampling periods.

Effect of exercise duration. Body temperatures

recorded following moderate intensity exercise are shown in
Figure 8 (b). Temperatures were significantly higher than

control values 2 h after cessation of exercise, and had



Figure 8 (a). Mean Tc (n=8) following high, moderate and mild
intensity exercise and on control day. Tc reaches control
levels between 60 and 120 min after high intensity exercise,
120 to 150 min after moderate intensity exercise and 40 to 60
min after mild intensity exercise.

Figure 8 (b). Mean Tc (n=8) following 90 min, 60 min and 30
min moderate intensity exercise. Tc is significantly higher
than control values 2 h after cessation of all three exercise
bouts and has returned to baseline levels by 150 min post-
exercise.

i denotes the last sampling period in which significant
differences were found between control and experimental
values, and are labelled with nos. corresponding to the
exercise intensity or duration they represent.

The following Tc measurement periods were included in the
statistical analysis of the effect of exercise on post-
exercise Tc: pre-exercise period, and 0, 10, 20, 30, 40, 60,
120, 150 and 180 min post-exercise.
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returned to baseline 2 1/2 h post-exercise. Significant
differences among the 3 exercise conditions were only obtained
immediately post-exercise (90 & 60 min condition > 30 min
conditions) and 10 min post-exercise (90 and 60 min conditions

> 30 min condition).

Heart Rate

Effect of exercise intensity. Pre-exercise values
were equivalent on the three days in which exercise intensity
was compared and on the control day. Figure 9 (a) shows the
change in HR following exercise of varying intensity. HR had
returned to baseline 2 1/2 h after high and moderate intensity
exercise. HR exceeded baseline levels 20 to 30 min after low
intensity exercise and significant elevations were also
obtained 120 and 180 min post-exercise, although values were

equivalent to control levels 150 min post-exercise.

Effect of exercise duration. Resting values obtained
prior to the 30 min exercise bout and on the control day (64
+ 7 and 63 + 9 beats per minute) differed from the resting
measures obtained on the 60 and 90 min exercise days (70 + 12
and 69.1 11 beats per minute). Following all three bouts of
exercise, HR exceeded baseline at all sampling times for 2 h.

HR began to increase 150 min following the two longer bouts of

exercise, and was
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significantly higher than control levels 180 min post-exercise
(See Figure 9 (b).) At all time periods sampled post-
exercise, the differences between experimental and control
values were greater than the differences obtained at rest,
which suggests that the post-exercise elevations were a

function of the exercise performed.

Cumulative Effect of Exercise on RMR

Figure 10 illustrates the means and standard errors of
subjects' RMR values on exercise days 1 to 5, consecutively.
Differences among values were not found to be significant when
the data were analyzed using a one-way analysis of variance (F

= 2.31, p = .082).

Thermal Effect of Feeding

Subjects ate a meal immediately following the 120 min
post-exercise sampling period. They were given until the 150
min post-exercise sampling period to complete the meal. The
VO, and Tc measures obtained 120 min, 150 min and 180 min
post-exercise and the corresponding control data were analyzed
for a possible interaction between meal consumption and
exercise. VO, values immediately post-meal ingestion were
consistently higher than those obtained just prior to meal
ingestion (120 min post-exercise) (see Figures 4 and 5),
whereas increases in Tc were only observed approximately 30

min after completion of the meal



Figure 9 (a). Mean HR (n=8) following exercise of varying
intensity with total work equated and on control day. HR
returns to baseline between 120 and 150 min following high and
moderate intensity exercise. Levels begin to climb again 150
min after high intensity exercise and are significantly
elevated by 180 min post-exercise. HR attains control levels
between 20 and 30 min after low intensity exercise and values
are also signficantly higher than control levels 120 and 180
min post-exercise.

Figure 9 (b). Mean HR (n=8) following moderate intensity
exercise with duration varied. HR exceeds baseline for 2 h
after all three exercise bouts. Control levels are attained
between 120 and 150 min after all exercise conditions. HR
rises again during the 150 to 180 min interval following the
two longer exercise durations and is significantly elevated by
180 min post-exercise.

! denotes last sampling time in which experimental measures
are significantly different from control measures.

% represents significant elevations obtained after values had
returned to baseline for a period of time.

Symbols are labelled with nos. corresponding to the exercise
intensity or duration they represent.

The following HR measurement periods were included in the
statistical analysis of the effect of exercise on post-
exercise HR: pre-exercise period, and 0, 10, 20, 30, 40, 60,
120, 150 and 180 min post-exercise.
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Figure 10. Means and SE of RMR values on exercise days 1 to 5
(n=8). No statistically significant differences were found
among values obtained on the 5 d.
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(180 min post-exercise) (see Figure 8). The temperature
values on the control day and after exercise performed at 40%
Vo, were signficantly lower than the values obtained
following the 2 higher intensity exercise conditions.
However, there were no significant interaction effects between
VO, or Tc and any exercise condition. This suggests that the
meal-induced thermogenesis was not affected by exercise

performance.

4 DISCUSSION

The present study has shown that the mean total
caloric expenditure during recovery from the 5 different
exercise conditions was significantly greater than that
obtained during the corresponding control period. However,
total excess energy expenditure was small, ranging from 32.5
to 57.9 kcal and for some individual subjects, exercise caused
no increment in the total post-exercise VO,. The duration of
EPOC was also brief, with VO, restored to baseline within 30
min of every exercise bout. A number of investigators have
found similarly low values for total EPOC (Bielinski et al.,
1985; Brehm & Gutin, 1986; Elliot et al., 1988; Frechette et
al., 1987; Kaminsky et al., 1987) and for the duration of EPOC

(10 to 40 min) (Elliot et al., 1988; Freedman-Akabas et al.,
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1984; Kaminsky et al., 1987; Pacy et al., 1985; Sedlock et
al., 1989).

Recently, exercise bouts similar to the ones performed
in the present study have resulted in an EPOC 2 to 3 times
greater in magnitude and duration (Bahr et al., 1987;
Bielinski et al., 1985; Chad & Wenger, 1988; Maehlum et al,
1986). 1In the present study, mean VO, obtained during the 30
to 180 min post-exercise period was collapsed across exercise
conditions and compared to control values. Although no
statistically signficant differences were found, experimental
values tended to be nonsignficantly higher than control
values. It is possible that a similar phenomenon occurred in
previous studies which have reported a large EPOC of several
hours duration. Slight elevations in VO, may persist for long
periods of time without exceeding control values by a
statistically significant amount. It may be, therefore, that
the substantial total EPOC reported in several recent studies
can be attributed to the use of a pre-established recovery
period (4.5 to 12 h) (Bahr et al., 1987; Bielinski et al.,
1985; Maehlum et al., 1986). This method of analysis may
augment estimations of the length and size of EPOC, since
determinations of EPOC may include periods during which
experimental and control VO, were not statisﬁically different
from one another.

Chad and Wenger (1988) also reported a large EPOC

following exercise performed for varying durations at 70%
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VO,,.,r and they did not utilize a pre-determined recovery
period. However, no control day was included in their study,
and diurnal variations in subjects' VO, may have been
responsible for the large EPOC reported. Oxygen consumption
tends to increase throughout the day and peak during the late
afternoon, which corresponds to the VO, measurement times
utilized in Chad and Wenger's study (see review by Winget et
al., 1985).
In the present study, the magnitude of post-exercise
VO, exceeded control VO, throughout the 3 h measurement period
(Figure 6), despite the fact that duration of EPOC was less
than 30 min in all cases. Two factors are likely responsible
for this finding: 1) The slight, although nonsignificant,
elevations in VO, which were observed at all sampling times
post-exercise would have augmented total VO,. 2) Measures of
total magnitude of VO, incorporate the values obtained during
the early post-exercise phase, when VO, measures are
considerably higher than control values. In the
present study, significant effects on EPOC were obtained for
exercise duration and intensity, although their influence on
total EPOC was negligible in terms of energy output (Table 6).
Mean EPOC was significantly greater following high intensity
exercise than either moderate or low intensity exercise (57.9
versus 37.4 and 32.5 kcal). This difference was observed
despite the fact that recovery time was greatest following the

60% VO, exercise, indicating that exercise intensity
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influences EPOC within the first few minutes post-exercise.
The present results concur with other recent findings that a
threshold exercise intensity must be attained before intensity
affects the magnitude of the EPOC. Brehm and Gutin (1986)
found no differences in magnitude of EPOC following 50% VO,
and 33% VO, exercise, while in the present study EPOC was
equivalent following the 40% and 60% VO,... Wwork bouts.

Mean caloric expenditure during the 3 h following the
2 longer exercise bouts exceeded that obtained after the 30
min exercise (56 and 51.3 versus 37.4 kcal). Again, it
appears that a threshold exists above which increases in
exercise duration have no further effect on EPOC. A threshold
for exercise duration has not been previously documented;
however, this is the first study to date in which 2 prolonged
exercise bouts > 60 min were compared. Others have
documented either no effect of duration on total EPOC after
exercise performed at 80% HR,, (Elliot et al., 1988) and 50%
VO,..x (Sedlock et al., 1989) or a considerably greater
duration effect following 70% VO, x exercise (Bahr et al.,
1987; Chad & Wenger, 1985; Chad & Wenger, 1988). A recent
study found that duration only affected EPOC when exercise
intensity was > 50% VO,  (Gore & Withers, 1990). The
findings of the latter study suggest that discrepancies among
results may be related to choice of exercise intensity.

Several mechanisms have been postulated to account for

EPOC, including the O, cost of creatine phosphate (CP) and
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glycogen resynthesis, temperature-related disturbances of
mitochondrial respiration and elevations in plasma
concentrations of catecholamines. It has been estimated that
a maximum of 1.5 L of O, may be consumed for CP resynthesis
when exercise induces a complete hydrolysis of the high-energy
phosphates in muscle (Brooks et al., 1971). Since CP stores-
would only have been marginally depleted following the
submaximal exercise bouts performed in the present study
(Brooks & Fahey, 1984), the O, cost of CP repletion likely
accounted for a negligible portion of EPOC. Moreover, most of
the CP resynthesis would have occured during the first few
minutes post-exercise (Bangsbo et al., 1989; Harris et al.,
1976) .

Repletion of muscle glycogen stores may have accounted
for a part of EPOC. Glycogen utilization during the 5
exercise bouts was 104.3 + 57.3 g (mean + SD) (proportion of
carbohydrates derived from muscle glycogen estimated to be .95
during 80% VO,, exercise and .8 for all other work bouts;
grams of carbohydrates utilized per L O, consumed obtained
from McArdle et al., 1986; Table 8-~1). Assuming that 1 L O,
is consumed for the resynthesis of 135 mmol glycogen from
blood glucose (Bahr et al., 1987), glycogen resynthesis would
have accounted for approximately 4.3 + 2.4 L O, of total post-
exercise VO,. Since repletion of glycogen stores may occur
over a 24 h (MacDougall et al., 1977) to 48 h (Piehl, 1973)

period, it is likely that only a fraction of this quantity of
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O, was consumed for the purposes of glycogen resynthesis
during the 3 h post-exercise measurement period. Total EPOC
following each of the five exercise bouts was not closely
associated with the amounts of glycogen utilized during the
exercise. For example, total EPOC was greatest following the
high intensity exercise. However, considerably less glycogen
was depleted during the high intensity exercise than during
the 90 min moderate intensity exercise bout (approximately 75
g and 200 g, respectively).

Although a relation between the decline in rectal
temperature and VO2 following exercise has been reported
(Hagburg, 1980), most investigators have found no relation
between the recovery rates of the 2 variables (Bahr et al.,
1987; Maehlum et al., 1986). Chad and Wenger (1988) did not
find a correlation between Tc and VO, post-exercise when the
relation between RER and VO, was taken into account (r = .04
to .19). A high inter-subject variability in correlation
coefficients between VO, and Tc (.27 to .78) has also been
found (Brehm & Gutin, 1986).

It is likely that Tc is loosely associated with post-
exercise VO,, but is not the sole determinant of duration and
magnitude of EPOC. Tc following low intensity exercise was
significantly lower than values obtained after the moderate
and high intensity exercise bouts, and Tc returned to control
levels more rapidly (40 to 60 min). This is consistent with

the short duration of EPOC (less than 6 min) found following
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low intensity exercise. Tc in the present study normalized
long after VO, levels; it was still significantly elevated 2
h after each moderate intensity exercise bout and 1 h after
the high intensity exercise, and values tended to remain
higher throughout recovery. It is not clear why previous
reports have found that Tc returned to control levels prior to
VO, (Chad & Wenger, 1988; Bahr et al., 1987; Maehlum et al.,
1986); room air was maintained at a constant temperature and
low relative humidity during the present study and therefore
variations in environmental factors cannot account for the
observed slow rate of return of Tc.

Elevations in plasma levels of catecholamines may be
a major determinant of EPOC (Sedlock et al., 1989).
Circulating levels of epinephrine and norepinephrine increase
during low, moderate and high-intensity exercise (Sutton &
Farrell, 1988). They were recently shown to return to
baseline levels within 10 to 20 min after 50%, 70% and 90%
VO, exercise (Deuster et al., 1989; Tarnopolsky et al.,
1990), which corresponds to the brief durations of EPOC
observed in the present and afore-cited studies.
Catecholamines may elevate VO, by increasing energy-requiring
processes in the cell, such as Na'-K' pump activity (Gaesser
& Brooks, 1984).

Increases in exercise duration may facilitate
lipolysis and free fatty acid mobilization post-exercise (Chad

& Wenger, 1988). Since more O, is required for the combustion
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of lipids than for proteins or carbohydrates, such a metabolic
shift may augment VO, (Bahr et al., 1987; Chad & Wenger,
1988). Previous investigators have reported progressive
declines in post-exercise RER values (Bahr et al., 1987;
Bielinski et al., 1985; Chad & Wenger, 1988; Chad & Quigley,
1989; Maehlum et al., 1986), although not all declines have
reached significance (Chad & Quigley, 1989). No such pattern
was observed following any exercise condition in the present
study. RER returned to baseline within approximately 20 min
after exercise completion, and did not fall significantly
below control levels at any time sampled. It may be that
subjects were not followed for long enough after exercise.
Bahr and colleagues (1987) did not observe reductions in RER
until 7 h after exercise completion. High intensity exercise
was associated with signficant elevations in RER 60, 120, 150
and 180 min post-exercise. Elevations in catecholamine
secretion rates following high intensity exercise may have
enhanced glycogenolysis and elevated blood glucose levels,
leading to a preferential reliance on carbohydrate oxidation
following exercise (Sutton & Farrell, 1988).

Five daily bouts of exercise did not have a cumulative
effect on RMR. Bahr and coworkers (1987) found RMR to be
equivalent to conprol values 24 h after a single bout of
exercise, whereas others have documented significant increases
in resting metabolism the morning following exercise

performance (Bielinski et al., 1985; Maehlum et al., 1986).
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Study designs and subject populations were similar in all
cases, and cannot explain the differences among results.
Poehlman and colleagues (1988) found athletes to have
a significantly higher RMR per kilogram body mass and per
kilogram fat free mass than moderately active and sedentary
subjects; RMR was equivalent among the latter two groups.
This suggests that exercise must be of a frequency and
magnitude characteristic of highly-trained individuals in
order to influence RMR. Alternatively, the elevated RMR may
have resulted from the well-trained group's high-calorie
intake. |
In conclusion, the present findings suggest that
exercise of a variety of durations and intensities augments
post-exercise V02, but that significant elevations persist for
less than 30 min following exercise and total EPOC is small.
Assuming an average excess post-exercise energy expenditure of
50 kcal and no change in RMR with long-term exercise, the
contribution of EPOC to an individual who exercises four times
weekly without a compensatory increase in food consumption
would be the equivalent of a fat loss of approximately 1.35 kg
a year. Our results concur with the majority of recent
reports, and indicate that the contribution of EPOC towards
exercise-induced caloric expenditure is small and would be of

limited practical value in a weight-loss program.



113

2.7 REFERENCES

Acheson KJ, Ravussin E, Wahren J and Jequier E. Thermic effect
of glucose in man. Obligatory and facultative thermogenesis.

J. Clin. Invest. 74:1572-1580, 1984.

Adolfsson S. Regulation of glycogen synthesis in muscle.
Thesis. University of Goteborg, Sweden, 1972. Cited in Piehl,

1974.

American College of Sports Medicine. Guidelines for exercise

testing and prescription. Third Edition. Philadelphia: Lea and
Febiger, 1986.

Astrand PO, Hultman E, Juhlin-Dannfelt A and Reynolds G.

Disposal of lactate during and after strenuous exercise in

humans. J. Appl. Physiol. 61:338-343, 1986.

Bahr R, Ingnes I, Vaage O, Sejersted OM and Newsholme EA.

Effect of duration of exercise on excess postexercise O,

consumption. J. Appl. Physiol. 62:485-490, 1987.



114

Bahr R and Maehlun S. Excess post-exercise oxygen consumption.

A short review. Acta Physiol. Scand. 128:99-104, 1986.

Bang O. The lactate content of the blood during and after
muscular exercise in man. Scand. Arch. Physiol. 74:49-82,

1936.

Bangsbo J, Gollnick PD, Graham TE, Juel C, Kiens B, Mizuno M
and Saltin B. Anaerobic energy production and O, deficit-debt
relationship during exhaustive exercise in humans. J. Physiol.

422:539-559, 1990.

Belcastro AN and Bonen A. Lactic acid removal rates during
controlled and uncontrolled recovery exercise. J. Appl.
Physiol. 39:932-936, 1975.

Benedict FG and Carpenter TM. The metabolism and enerqy

transformations of healthy man during rest. Washington,
DC:Carnegie Institution, 1910, pp 182-193.

Bennet AF. Activity metabolism of the lower vertebrates. Annu.

Rev. Physiol. 400:447-469, 1978.



115
Bennett AF and Light P. Relative contributions of anaerobic

and aerobic energy production during activity in amphibia. J.

Comp. Physiol. 87:351-360, 1973.

Bielinski R, Schultz Y and Jequier E. Energy metabolism during
the postexercise recovery in man. Am. J. Clin. Nutr. 42:69-82,

1985.

Bingham SA, Goldberg GR, Coward WA, Prentice AM and Cummings
JH. The effect of exercise and improved physical fitness on

basal metabolic rate. Br. J. Nutr. 61:155-173, 1989.

Blom PCS, Vollestad NK and Costill DL. Factors affecting

changes in muscle glycogen concentration during and after

prolonged exercise. Acta Physiol. Scand. 128 (Suppl. 556):67-
74, 1986.

Bloom SR, Johnson RH, Park DM et al. Differences in the
metabolic and hormonal response to exercise between racing

cyclists and untrained individuals. J. Physiol. 258:1, 1976.

Bonen A, McDermott JC and Hutber CA. Carbohydrate metabolism
in skeletal muscle: an update of current concepts. Int. J.

Sports Med. 10:385-401, 1989.



116
Borg GAV. Psychophysical bases of perceived exertion. Med.

Sci. Sports Ex. 14:377, 1982.

Brehm BA and Gutin B. Recovery energy expenditure for steady
state exercise in runners and nonexercisers. Med. Sci. Sports

Exerc. 18:205-210, 1986.

Brooks GA. The lactate shuttle during exercise and recovery.

Med. Sci. Sports Exerc. 18:360-368, 1986.

Brooks GA and Fahey TD. Exercise Physiology: Human

Bioenergetics and Its Applications New York, Toronto: John
Wiley and Sons, 1984.

Brooks GA, Hittelman KJ, Faulkner JA and Beyer RE.

Temperature, skeletal muscle mitochondrial functions, and

oxygen debt. Am. J. Physiol. 220:1053-1059, 1971.

Cain SM and Chapler CK. Effects of norephinephrine and -=block
on O, uptake and blood flow in dog hindlimb. J. Appl. Physiol.

51:1245-1250, 1981.

Camus G, Atchou G, Bruckner JC, Giezendanner D and di Prampero

PE. Slow upward drift of VO, during constant-load cycling in

untrained subjects. Eur. J. Appl. Physiol. 58:197-202, 1988,



117
Carafoli E and Lehninger AL. A survey of the interaction of
calcium ions with mitochondria from different tissues and

species. Biochem. J. 122:681-690, 1971.

Caron PJ Sopko G, Stolk JM, Jacobs DR and Nisula BC. Effect of
physical conditioning on measures of thyroid hormone action.

Horm. Metab. Res. 18:206-208, 1986.

Casaburi R, Storer TW, Ben-Dov I and Wasserman K. Effect of

endurance training on possible determinants of VO, during

heavy exercise. J. Appl. Physiol. 62:199-207, 1987.

Chad K and Quigley B. The effects of substrate utilization,
manipulated by caffeine, on post-exercise oxygen consumption

-in untrained female subjects. Eur. J. Appl. Physiol. 59:448-
454, 1989.

Chad K and Wenger HA. The effect of exercise duration on the
exercise and post-exercise oxygen consumption. Can. J. Spt.

Sci. 13:204-207, 1988.

Chapler CK, Stainsby WN and Gladden LB. Effect of changes in
blood flow, norephinephrine, and pH on oxygen uptake by
resting skeletal muécle. Can . Physiol. armacol. 58:93-96,

1980.



118
Claremont AD, Nagle F, Reddan WD and Brooks GA. Comparison of
metabolic, temperature, heart rate and ventilatory responses
to exercise at extreme ambient temperatures (0°C and 35%).

Med. Sci. Sports 7:150-154, 1975.

Collazo JA and Lewicki J. Der milchsaurestoffwechsel bei
diabetikern und seine beeinflussung durch insulin. Dtsch. Med.

Wschr. 51:600-603, 1925. Cited in Karlsson J, 1971.

Cori CF and Cori GT. The mechanism of epinephrine action. IV.
The influence of epinephrine on lactic acid production and
blood sugar utilization. J. Biol. Chem. 84:683-698, 1929.

Cited in Karlsson J, 1971.

Cori CF. Mammalian carbohydrate metabolism. Physiol. Rev.

11:143-275, 1931.

Davis JR, Tagliaferro AR, Kertzer R, Gerardo T, Nichols J and
Wheeler J. Variations in dietary-induced thermogenesis and

body fatness with aerobic capacity. Eur. J. Appl. Physiol.
50:319-329, 1983.

De Boer JO, Van Es AJH, Vogt JE, Van Raaj JMA and Hautvaast
JGAJ. Reproducibility of 24 h energy expenditure measurements
using a human whole body indirect calorimeter. Br. J. Nutr.

57:201-209, 1987.



119
De Fronzo RA, Thorin D, Filber JP, Simonson DC, Thiebaud D,
Jequier E and Golay A. Effect of beta and alpha adrenergic
blockade on glucose-induced thermogenesis in man. J. Clin.

Invest., 73:633-639, 1984.

Depocas F, Minaire Y and Chatonnet J. Rate of formation and

oxidation of lactic acid in dogs at rest and during moderate

exercise. Can. J. Physiol. Pharmacol. 47:603-610, 1969.

Deuster PA, Chrousos GP, Luger A, DeBolt JE, Bernier LL,
Trostmann UH, Kyle SB, Montgomery LC and Loriaux DL. Hormonal
and metabolic responses of untrained, moderately trained, and
highly trained men to three exercise intensities. Metabolism

38:141-148, 1989.

DeVries HA and Gray DE. Aftereffects of exercise upon resting

metabolic rate. Res. Quart. 34:314-321, 1963.

Donovan CM and Pagliassotti MJ. Endurance training enhances
lactate clearance during hyperlactatemia. Am., J. Physiol. 257

(Endocrinol. Metab. 20): E782-E789, 1989.

Edwards HT, Thorndike jr A and Hill DB. The energy requirement
in strenuous muscular exercise. N. Engl. J. Med. 213:532-535,

1935.



120
Eggleton P and Eggleton ME. The significance of phosphorus in

muscular contraction. Nature 119:194-195, 1927.

Eggleton MG and Evans CL. The lactic acid content of the blood
after muscular contraction under experimental conditions. J.

Physiol. 70:269-293, 1930.

Eldridge FL. Relationship between turnover rate and blood
concentration of lactate in exercising dogs. J. Appl. Physiol.

39:231-234, 1975.

Elliot DL, Goldberg L and Kuehl KS. Does aerobic conditioning
cause a sustained increase in the metabolic rate? Am. J. Med.

Sci. 296:249-251, 1988.

Essen B, Hagenfeldt L and Kaijser. Utilization of blood-borne
and intramuscular substrates during continuous and

intermittent exercise in man. J. Physiol. 265:489-506, 1977.

Fellows IW, Bennett T and MacDonald IA.> The effect of

adrenaline upon cardiovascular and metabolic functions in man.

clin. Sci. Lond. 69:215-222, 1985.



121
Fink JW, Costill DL and Stevens CF. Gastric-emptying
characteristics of complete nutritional liquids. In: Report of

the Ross § osi on_ Nutrien ti atio uri xercise.

Columbus, Ohio: Ross Laboratories, 1983, pp 112-115.

Fletcher WM and Hopkins FG. Lactic acid in amphibian muscle.

J. Physiol. 35:247-309, 1907.

Flock EV, Ingle DJ and Bollman JL. Formation of lactic acid,
an initial process in working muscle. J. Biol. Chem. 129:99-

110, 1939.

Frechette ES, Davis JM, Ward DS, Sargent RC and Dixon HL.

Effects of exercise intensity on EPOC in women (abstr). Med.

Sci. Sports Ex. S60:359, 1987.

Freedman-Akabas S, Colt E, Kissileff HR and Pi-Sunyer FX. Lack
of sustained increase in VO, following exercise in fit and

unfit subjects. Am. J. Clin. Nutr. 41:545-549, 1985.

Frey MJ, Mancini D, Fischberg D, Wilson JR and Molinoff PB.
Effect of exercise duration on density and coupling of -
adrenergic receptors on human mononuclear cells. J. A .

Physiol. 66:1494-1500, 1989.



122
Gaesser GA and Brooks GA. Glycogen repletion following
continuous and intermittent exercise to exhaustion. J. Appl.

Physiol. 49:722-728, 1980.

Gaesser GA and Brooks GA. Metabolic bases of excess post-

exercise oxygen consumption: a review. Med. Sci. Sports Exerc.
16:29-43, 1984.

Gisolfi CV and Wenger CB. Temperature regulation during
exercise: old concepts, new ideas. In: Exercise and Sport

Sciences Reviews, Vol 12. Terjung RL (Ed). Lexington,

Massachusetts, Toronto: The Collamore Press, 1984, pp 339-372.

Gladden L, Stainsby W and MacIntosh B. Norepinephrine

increases canine skeletal muscle VO, during recovery. Med.

Sci. Sports Exerc. 14:471-476, 1982.

Gleeson T. Metabolic recovery from exhaustive activity by a

large lizard. J. Appl. Physiol. 48:689-694, 1980.

Goodman HM. Basic Medical Endocrinology. New York: Raven Press
Series in Physiology, 1988, pp 45-70.

Gore CJ and Withers RT. The effect of exercise intensity and

duration on the oxygen deficit and excess post-exercise oxygen

consumption. Eur. J. Appl. Phyiol. 60:169-174.



123
Hagberg JM, Mullin JP and Nagle FJ. Effect of work intensity
and duration on recovery O,. J. Appl. Physiol. 48:540-544,

1980.

Harris P. Lactic acid and the phlogiston debt. Cardiovasc.

Res. 3:381-390, 1969.

Harris RR, Edwards R, Hultman E, Nordesjo L-O0, Nyland B and
Sahlin K. The time course of phsophorylcreatine resynthesis
during recovery of the quadriceps muscle in man. Pflugers

Arch. 367:137-142, 1976.

Hartree W and Hill AV. The recovery heat-production in muscle.

J. Physiol. 56:367-381, 1922.

Heleniak EP and Aston B. Prostaglandins, brown fat and weight

loss. Med. Hypo. 28:13-33, 1989.

Herxheimer H, Wissing E and Wolff E. Spatwirkungen
erschopfender muskelarbeit auf den sauerstoffverbrauch. 2.
Ges. Exp. Med. 51:916-928, 1926. Cited in Bahr and Maehlum,
1986.

Heymsfield SB, Casper K, Hearn J and Guy D. Rate of weight
loss during underfeeding: relation to level of physical

activity. Metabolism 38:215-223, 1989.



124
Hill AV. The heat produced in contracture and muscular tone.
J. Physiol. 40:389-403, 1910. Cited in Gaesser and Brooks,

1984.

Hill AV. The energy degraded in the recovery processes of
stimulated muscles. J. Physiol, 46:28-80, 1913. Cited in

Gaesser and Brooks, 1984.

Hill AV. The oxidative removal of lactic acid. J. Physiol.

48:x-xi, 1914.

Hill AV, Long CNH and Lupton H. Muscular exercise, lactic acid
and the supply and utilisation of oxygen. Parts IV to VI.

Proc. Roy. Soc. B. 97:84-138, 1924. Cited in Harris, 1969.

Hill AV and Lupton H. Muscular exercise, lactic acid, and the

supply and utilisation of oxygen. Q. J. Med. 16:135-171, 1923.

Hill DW, Cureton KJ, Collins MA and Grisham SC. Effect of the

circadian rhythm in body temperature on oxygen uptake. J.

Sports Med. Phys. Fit. 28:310-312, 1988.

Horwitz BA. Metabolic aspects of thermogenesis: neuronal and

hormonal control. Fed. Proc. 38:2147-2149, 1979.



125
Hubbard JL. The effect of exercise on lactate metabolism. J.

Physiol. 231:1-18, 1973.

Issekutz B, Shaw WAS and Issekutz AC. Lactate metabolism in

resting and exercising dogs. J. Appl. Physiol. 40:312-319,
1976.

Issekutz B Jr. Effect of epinephrine on carbohydrate metablism

in exercising dogs. Metabolism 34:457-464, 1985.

Jorfeldt L. Metabolism of L(+)-lactate in human skeletal

muscle during exercise. Acta Physiol. Scand. [Suppl.] 338,
1970.

Jones NL. Hydrogen ion balance during exercise. Clin. Sci.

Lond. 59:85-91, 1980.

Kalis JK, Freund BJ, Joyner MJ, Jilka SM, Nittolo J and
Wilmore JH. Effect of -blockade on the drift in o,

consumption during prolonged exercise. J. Appl. Physiol.
64:753~758, 1988.

Kaminsky LA, Kanter MM, Lesmes GR and Laham-Saeger J. Excess
oxygen consumption following exercise of different intensity

and duration. Can. J. Spt. Sci. 12:237-239, 1987.



126
Karlsson J. Lactate and phosphagen concentrations in working

muscle of man with special reference to oxygen deficit at the

onset of work. Acta Physiol. Scand. Suppl 358, 1971.

Karlsson J and Jacobs I. Onset of blood lactate accumulation
during exercise as a threshold concept: Theoretical

considerations. Int. J. Sports Med. 3:190-210, 1982.

Katch FI, Girondola RN and Henry FM. The influence of the

estimated oxygen intake for moderately heavy bicycle ergometer

exercise. Med. Sci. Sports 4:71-76, 1972.

Kitamura K, Jorgensen CR, Gobel FL, Taylor HL and Wang Y.
Hemodynamic correlates of myocardial oxygen consumption during

upright exercise. J. Appl. Physiol. 32:516-522, 1972.

Knuttgen HG. Oxygen debt after submaximal physical exercise.

J. Appl. Physiol. 29:651-657, 1970.

Kowalchuk JM, Heigenhauser GJF, Lindinger MI, Obminski G,
Sutton JR and Jones NL. Role of lungs and inactive muscle in
acid-base control after maximal exercise. J. A . Physiol.

[HEG] 65:2090-2096, 1988.

Krebs HA and Woodford M. Fructose 1,6-diphosphatase in

striated muscle. Biochem. J. 94:436-445, 1965.



127
Krogh A and Lindhard J. The changes in respiration at the
transition from work to rest. J. Physiol. (Lond.) 53:431-437,

1920.

Krotkiewski M, Sjostrom L, Sullivan L, Lundberg P-A, Lindstedt
G, Wetterquist H and Bjorntorp P. The effect of acute and
chronic exercise on thyroid hormones in obesity. Acta Med.

Scand. 216:269-275, 1984.

Lawson S, Webster JD, Pacy PJ and Garrow JS. Effect of a 10-
week aerobic exercise programme on metabolic rate, body
composition and fitness in lean sedentary females. Br. J.

Clin. Pract. 41:684-688, 1987.

LeBlanc J, Diamond P, Cote J and Labrie A. Hormonal factors in

reduced postprandial heat production of exercise-trained

subjects. J. App. Physiol. 56:772-776, 1984.

LeBlanc J, Mercier P and Samson P. Diet-induced thermogenesis
with relation to training state in female subjects. Can. J.

Physiol . Pharmacol. 62:334-337, 1984a.

LeBlanc J, Jobin M and Cote J. Enhanced metabolic response to
caffeine in exercise-trained human subjects. J. Appl. Physiol.

59:772-776, 1985.



128
Lehmann M, Dickhuth HH, Schmid P et al. Plasma catecholamines,
B-adrenergic receptors, and isoproterenocl sensitivity in

endurance trained and non-endurance trained volunteers. Eur,

J. Appl. Physiol. 52:362-369, 1984.

Lennon D, Nagle F, Stratman F, Shrago E and Dennis S. Diet and
exercise training effects on resting metabolic rate. Int. J.

Obesity 9:39-47, 1985.

Lohmann K. Darstellung der adenylphosphorsaure aus muskulatur.

Biochem. Z. 233:460-472, 1931. Cited in Karlsson J, 1971.

Lundholm K, Holm G, Lindmark L, Larsson B, Sjostrom L and

Bjorntorp P. Thermogenic effect of food in physically well-
trained elderly men. Eur. J. Appl. Physiol. 55:486-492, 1986.

Lundsgaard E. Betydningen af faenomenet maelkesyrefrie
muskelkontraktioner for obfattelsen af muskelkontraktiones
kemi. Danske Hospitalstidende. 75: 84-95, 1932. Cited in

Karlsson J, 1971.

Lundsgaard E. Untersuchungen uber muskel-kontraktionen ohne
milchsaurebildung. Biochem. 2. 217:162-177, 1930. Cited in

Gaesser and Brooks, 1984.



129
MacDougall JD, Reddan WG, Layton CR and Dempsey JA. Effects of

metabolic hyperthermia on performance during heavy prolonged

exercise. J. Appl. Physiol. 36:538-544, 1974.

MacDougall JD, Ward GR, Sale DG and Sutton JR. Muscle glycogen
repletion after high-intensity intermittent exercise. J. Appl.

Physiol.: Respirat. Environ. Exercise Physiol. 42:129-132,
1977.

Maehlum S, Hostmark AT and Hermansen L. Synthesis of muscle
glycogen during recovery after prolonged severe exercise in
diabetic and non-diabetic subjects. Scand. J. Clin. Lab.

Invest. 37:309-316, 1977.

Maehlum S and Hermansen L. Muscle glycogen concentration
during recovery after prolonged severe exercise in fasting

subjects. Scand. J. Clin. b. vest. 38:557-560, 1978.

Maehlum S, Grandmontagne M, Newsholme EA and Sejersted OM.
Magnitude and duration of excess post-exercise oxygen
consumption in healthy young subjects. Metabolism 35:425-429,

1986.



130
Margaria R, Edwards HT and Dill DB. The possible mechanisms of
contracating and paying the oxygen debt and the role of lactic
acid in muscular contraction. Am. J. Physiol. 106:689-715,

1933.

Mathieson RA, Walberg JL, Gwazdauskas FC, Hinkle DE and Gregg
JM. The effect of varying carbohydrate content of a very-low-
calorie diet on a resting metabolic rate and thyroid hormones.

Metabolism 35:394-398, 1986.

Mazzeo RS, Brooks GA, Schoeller DA and Budinger TF. Pulse
injection Bc-tracer studies of lactate metabolism in humans
during rest and two levels of exercise. Biomed. Mass. Spect.

9:310-314, 1982.

McArdle WD. Exercise Physiology: Energy, Nutrition and Human
Performance Philadelphia: Lea & Febiger, 1986.

McDermott JC, Elder GCB and Bonen A. Adrenal hormones enhance

glycogenolysis in nonexercising muscle during exercise. J.

Appl. Physiol. 63:1275-1283, 1987.

Messer J and Neill WA. The oxygen supply of the human heart.

Amer. J. Cardiology 9:384-394, 1962.



131
Meyerhof O. Die energieumwandlungen im muskel. I. Uber die
Beziehungen der milchsaure zur warmebildung und
arbeitsleistune des muskels in der anaerobiose. Pflugers Arch.
Ges. Physiol. 182:232-283, 1920. Cited in Gaesser and Brooks,

1984.

Miller DA and Wise A. Exercise and dietary-induced

thermogenesis. Lancet 1:1290, 1975.

Mole PA and Coulson RL. Energetics of myocardial function.

Med. Sci. Sports Exerc. 17:538-545, 1985.

Mole PA, Stern JS, Schultz CL, Bernauer EM, Holcomb BJ.
Exercise reverses depressed metabolic rate produced by severe

caloric restriction. Med. Sci. Sports Exerc. 21:29-33, 1989.

Newsholme E. Substrate cycles: their metabolic, energetic and
thermic consequences in man. Biochem. Soc. Symp. 43:183-205,

1978.

Newsholme E and Leech AR. iochenmist or the edical

Sciences Chichester: John Wiley and Sons, 1983.

Nieman DC, Haig JL, de-Guia ED, Dizon GP, Register VD.

Reducing diet and exercise training effects on resting



132
metabolic rates in mildly obese women. J. Sports Med. Phys.

Fitness 28:79-88, 1988.

Owen OE, Kavle E, Owen RS, Polansky M, Caprio S, Mozzoli MA,
Kendrick ZV, Bushman MC, Boden G. A reappraisal of caloric

requirements in healthy women. Am. J. Clin. Nutr. 44:1-19,
1986.

Pacy PJ, Barton N, Webster JD and Garrow JS. The energy cost
of aerobic exercise in fed and fasted normal subjects. Am. J.

Clin. Nutr. 42:764-768, 1985.

Passmore P and Johnson RE. Some metabolic changes following

prolonged moderate exercise. Metabolism 9:452-456, 1960.

Perronnet F, Cleroux J, Perrault H et al. Plasma

norepinephrine response to exercise before and after training

in humans. J. Appl. Physiol. 51:812-815, 1981.

Phinney SD, La Grange BM, O'Connell M and Danforth Jr E.
Effects of aerobic exercise on energy expenditure and nitrogen
balance during very low calorie dieting. Metabolism 37:758-

765, 1988.



133
Piehl K. Time course for refilling of glycogen stores in human

muscle fibres following exercise-induced glycogen depletion.

Acta Physiol. Scand, 90:297-302, 1974.

Poehlman ET, Tremblay A, Nadeau A, Dussault J, Theriault G and
Bouchard C. Heredity and changes in hormones and metabolic
rates with short-term training. Am. J. Physiol. 250:E711-E717,

1986.

Poehlman ET, Melby CL and Badylak SF. Resting metabolic rate

and postprandial thermogenesis in highly trained and untrained

males. Am. J. Clin. Nutr. 47:793-798, 1988.

Poehlman ET, Melby CL, Badyiak SF and Calles J. Aerobic
Fitness and resting energy expenditure in youong adult males.

Metabolism 38:85-90, 1989.

Proieto J, Nankervis A, Aikten P, Caruso G, Herwood M and
Alford FP. The physiological action of insulin on glucose
uptake and its relevance to the interpretation of the
metabolic clearance rate of glucose. Metabolism 32:1022-1028,

1983.

Radtke E. Die spatwirkung wiederholter anstrengungen. Ges

Exp. Med. 55:694-701, 1927. Cited in Bahr and Maehlum, 1986.



134
Richard D and Rivest S. The role of exercise in thermogenesis

and energy balance. Can., J. Physiol. Pharmacol. 67:402-409,
1989.

Ross RD, Hems R and Krebs HA. The rate of gluconeogenesis from
various precursors in the perfused rat liver. Bichem. J.

102:942-951, 1967.

Roth DA, Stanley WC and Brooks GA. Induced lactacidemia does
not affect postexercise O, consumption. J. Appl. Physiol.

65:1045-1049, 1988.

Rowell LB, Brengelmann GL, Murray JA, Kranning II KK and
Kusuni F. Human metabolic response to hyperthermia during mild

to maximal exercise. J. Appl. Physiol. 26:395-402, 1969.

Rumpler WV, Seale JL, Conway JM and Moe PW. Repeatability of

24-h energy expenditure measurements in humans by indirect

calorimetry. Am. J. Clin. Nutr. 51:147-152, 1990.

Runyon RP and Haber A. Fundam s of vioural Statistics.

New York: Random House, 1984, pp 451-454.

Sacks J and Sacks W. Carbohydrate changes during recovery from

muscular contraction. Am. J. Physiol. 112:565-572, 1935.



135
Saltin B and Stenberg J. Circulatory response to prolonged

severe exercise. J. Appl. Physiol. 19:833-838, 1964.

Saltin B, Blomgvist G, Mitchell JH, Johnson Jr RL Wildenthal
K and Chapman C. Response to exercise after bedrest and after

training. Circulatjion 38:Suppl 5, 1968.

Savard GK, Nielsen B, Laszczynska J, Larsen BE and Saltin B.
Muscle blood flow is not reduced in humans during moderate

exercise and heat stress. J. Appl. Physiol. 64:649-657, 1988.

Schneider EG, Robinson S and Newton JL. Oxygen debt in aerobic

work. J. Appl. Physiol. 25:58-62, 1968.

Sedlock DA, Fissinger JA and Melby CL. Effect of exercise
intensity and duration on postexercise energy expenditure.

Med. Sci. Sports Exerc. 21:6i62-666, 1989.

Segal SS and Brooks GA. Effects of glycogen depletion and work

load on postexercise oxygen consumption and blood lactate. J.

Appl. Physiol. 47:514-521, 1979.



136
Shah M, Geissler CA and Miller DS. Metabolic rate during and
after aerobic exercise in post-obese and lean women. Eur. J.

Clin. Nutr. 42:455-464, 1988.

Shephard RJ. The oxygen cost of breathing during vigorous
exercise. Q. J. Exp. Physiol. 51:336-350, 1966.

Shephard RJ. Endurance Fitness Toronto: University of Toronto

Press, 1970.

Sjostrom L, Schultz Y, Gudinchet F, Hegnell L, Pittet PG and
Jequier SE. Epinephrine sensitivity with respect to metabolic
rate and other variables in women. Am. J. Physiol. 245:E431-

E442, 1983.

Solomon SJ, Kurzer MS and Calloway DH. Menstrual cycle and
basal metabolic rate in women. Am. J. Clin. Nutr. 36:611-616,

1982.

Stainsby WH and Otis AB. Blood flow, blood oxygen tension,
oxygen uptake and oxygen transport in skeletal muscle. Am. J.

Physiol. 206:858-866, 1964.

Stainsby WN and Barclay JK. Exercise metabolism: O, deficit,

steady level O, uptake for recovery. Med. Sci. Sports Exerc.
2:177-181, 1970.



137
Stanley WC, Gertz EW, Wisnecki JA, Neese RA, Morris DL and
Brooks GA. Lactate extraction during net lactate release in
legs of humans during exercise. J. Appl. Physiol. 60:1116-

1120, 1986.

Sutton JR and Farrell PA. Endocrine responses to prolonged
exercise. In: Perspectives In Exercise Science and Sports

Medicine. Volume I: Prolonged Exercise. Lamb DR and Murray R
(Eds) . Indianapolis: Benchmark Press, Inc., 1988, pp 153-212.

Tarnopolsky LJ, MacDougall JD, Atkinson SA, Tarnopolsky MA and
Sutton JR. Gender differences in substrate utilization for

endurance exercise. J. Appl. Physiology 68:302-308, 1990.

Tarnopolsky MA, Atkinson SA, MacDougall JD, Sale DG, Sutton
JR. Physiological responses to caffeine during endurance

running in habitual caffeine users. Med. Sci. Sports Exerc.
2:418-424, 1989,

Thiebaud D, Schutz Y, Acheson K, Jacot E, DeFronzo RA, Felber
J-P and Jequier E. Energy cost of glucose storage in human
subjects during glucose-infusions. Am. J. Physiol. 244:E216-

E221, 1983.



138
Tremblay A, Cote J and LeBlanc. Diminished dietary

thermogenesis in exercise-trained human subjects. Eur. .

Appl. Physiol. 52:1-4, 1983.

Tremblay A, Fontaine E, Nadeau A. Contribution of postexercise
increment in glucose storage to variations in glucose-induced
thermogenesis in endurance athletes. Can. J. Physiol.

Pharmacol., 63:1165-1169, 1985.

Tremblay A, Fontaine E, Poehlman ET, Mitchell D, Perron L and
Bouchard C. The effect of exercise-training on resting
metabolic rate in lean and moderately obese individuals. Int.

J. Obes. 10:511-517, 1986.

Vines G. Does exercise make you thin? New Scientist 9:30-33,

1986.

Walsh‘ML and Banister EW. Possible mechanisms of the anaerobic

threshold. A review. Sports Med. 5:269-302, 1988.

Weibel ER. The Pathwa or O en. S cture and Function in

the Mammalian Respiratory System Cambridge, Massachusetts and

London: Harvard University Press, 1984, p 37.



139
Welch HG, Faulkner JA, Barclay JK and Brooks GA. Ventilatory

response during recovery from muscular work and its relation

with O, debt. Med. Sci. Sports 2:15-19, 1970.

Winget CM, DeRoshia CW and Holley DC. Circadian rhythms and

athletic performance. Med. Sci. Sports Ex. 17:498-516, 1985.



Appendix 1.

ANOVA TABLES



INTENSITY EFFECT ON VO2

SOUF:CE sSs DF MS~ F F
BLOCKS/SURJECTS 278.966 7

DAY 941,011 3 3132.670 224,852 <L 001
ERROR 29,305 1 1.395

TIME ? 10368.933 g 1152.104 2S8.958 Z.001
ERROR . 280.317 &3 4,449

DAY TIME 1354, 846 27 1832.513 147.7S6 <.001
ERROR 34,739 189 1,242

TOTAL 17088.117 319

(RESIDUAL) S434, 361 =73

DURATION EFFECT ON vOZ

SOURCE SS DF MS F P
BLOCKS/SURBJECTS 182.796 7

DAY 799.533 3 266.511 76.937 <.001
ERROR 72.751 =1 3.464

TIME 1036€. 000 9 1151.778 240. 706 <.001
ERROR 301.435 €3 4.785

DAY TIME 2443.602 =7 127.541 7€.878 <.001
ERROR 313.480 189 1.659

TOTAL 15479. 597 319

(RESIDUAL) €87.667 273



.

INTENSITY EFFECT ON MAGNITUDE OF voz

SOURCE _ ss DF MS F .
BLOCKS/SURJECTS 1857.987 7
DAY -
' 2047.773 2 682.531 12.337 <.o01
ERFOR 1074.734 21 S1.181
T "
IME 123937.911 8 15492, 239 383. 975 <. 001
EFRFOR 2259.44949 S6 40.247
DAY TIME 223.679 24 13.487 2,145 LO0T
EFROR 1056.252 168 6&.287
TOTAL 132557.846 =287
(RESIDUAL) 4330.496 245
DURATION EFFECT ON MAGNITUDE OF V02
SOURCE ss DF MS F F
BLOCKS/SUBJECTS 2520.110 7
DAY 1878.895 3 €26.298 12.08% <. 001
ERROR: 1087.920 21 S1.806
TIME 127182.162 8 15897.770 350.303 <. 001
ERROR ~ 2540.695 s€ 45.370
DAY TIME 384.521 24 16.022 Z. 860 <. 001
. ERROR 941.341 168 S.€03
' TOTAL 136535.644 287
(RESIDUAL) 4569.956 245



INTENSITY EFFECT ON RER

F F
SOURCE s ok S
BLOCKS/SURJECTS 1oazd 7
DAY] 253 3 .084 2.625 -076
- - L0332
ERROR L6852 21 )
TIME LS50 9 .061 3.383 .002
ERROF 1.105 €3 -018
paYyl TIME .78 27 011 1.823 .010
ERROF 1.18% 189 . Q06
TOTAL 5. 500 219
¢(RESIDUAL? 2,975 273
DURATION EFFECT ON RER
SOURCE ss DF MS F F
BLOCKS/SURJECTS 169.476 7
paY 8.873 2 2.958 1.041 .296
ERROR 59.€91 =1 Z.842
TIME €3.061 9 7.007 6.910 £.001
ERROR €3.854 €3 .1.014
DAY TIME 19.868 =7 .73€ 1.099 .344
ERROR 126.640 189 LE70
TOTAL S11.462 2319
(RESIDUAL) 250.185 273



INTENSITY EFFECT ON TEMF

SOURCE 58 DF MS F F
ELOCKS/SURJECTS 1.544 7

bay 16.233 3 S.411 36.31% <.001
ERFOR 3.139 21 - 1439

TIME 23.878 9 2.653 €0.235 <.001
ERFROR 2.774 63 . Q44

DAY TIME 9.487 27 . 351 20.647 <001
ERROR 3.148 189 017

TOTAL 60,202 319

(RESTIDUAL) 3.061 273

DURATION EFFECT ON TEMF

SOURCE =3 DF MS F [
BLOCKS/SURJECTS -B91 7
DAY 13.588 3 6.529 34.005 <. 001
ERFROR 4.023 21 - 192

TIME 30.248 9 3.361 46.681 <., 001
ERROR 4.562 €3 . 072

DAY TIME 11.300 27 419 18.217 <. 001
ERROFR 4.348 189 . 0232

TOTAL 74.959 319

(RESIDUAL) 12,932 273



INTENSITY EFFECT ON HR

SOURCE 85 DF MS F R
BLOCKS/SUBJECTS 12884. 029 7
DAY 26672. 22 3 8890.741 134.823  <.001
ERROR 1384.815 21 65.944
TIME 87664.082 9 9740.454  221.203  <.001
ERROR 2774.171 €3 44,024
DAY  TIME 40658.428 27 1505. 868 76.810  <.001
ERROR 3705.342 189 19.605
TOTAL 175743.089 319
(RESIDUAL) 7864.3528 273

t

{
DURATION EFFECT ON HF:
SOURCE | ss DF MS F F
ELOCKS/SUBJECTS 17483. 444 7
DAY 24172, 446 2 8057. 48z g8.811 <.001
ERROR 1905. 242 21 90,726
TIME 96416. €01 9 10712.956 16€7.123  «.001
ERROR 4028.019 62 €4. 096
DAY  TIME 30803.740 27 1140.879 s8.217  <.001
ERROR 3702.916 189 19.597
TOTAL 178523.408 319
(RESIDUAL) 9647.176 272



EFFECT OF S DAYS OF DAILY EXERCISE ON

SOURCE

BLOCKS/SURJECTS
DAY

ERROR

17.710

1.701

FESTING METABROLIC RATE

MS F F

. 082

2.310




THERMOGENESIS EFFECT ON V0Z; INTENSITY

SOURLCE 8S DF MS F F
BLOCKS/SURJECTS 66.345 7

DAY 1.427 3 . 476 . S532

ERFROR 18.069 21 .B60

TIME 12.8€8 Z €.434 12.817 <. 001
ERROR 7.024 14 . 502

DAY TIME 3.535 & .589 1,212 .318
ERFOR 20.426 42 . 486

TOTAL 129.694 95

(RESIDUAL)D 45.520 77

THERMOGENESIS EFFECT ON VOZ; DURATION

SOURCE S5 DF MS F F
BLOCKS/SUBJECTS 47.092 7

DAY ’ 1.491% 3 -4397 419

ERROR 24.892 21 1.185

TIME 13.54¢ 2 6.773 11,422 L0018
ERROR 8. 296 14 - 9593

DAY TIME 2.332 6 . 389 . 928

ERFOFR 17.582 42 <419

TOTAL 115.233 95

(RESIDUAL) ' S0.771. 77



THERMOGENSIS EFFECT ON TEMF; INTENSITY

SOURCE S5 DF MS F F
BLOCKS/SURJERTS 1,744 7

DAY €01 3 . 200 2.077 . 043
ERROR 1.363 1 . 0ES

TIME .359 z .179 7.783 . 005
ERROR .328 14 L0223

DAY TIME L073 € o1z 1.714 L1941
ERROR .30z a4z . 007

TOTAL 3.770 35

(RESIDUAL ) 1.993 77

THERMOSENESIS EFFECT ON TEMF; DURATION

SOURCE 3% bk MS F F
BLOCKS/SUBJECTS 1.56€ 7

DAY .519 3 L1723 2.702 .70
ERROF: 1.237 21 . 064

TIME . 392 2 . 196 7.840 . 005
ERROR .344 14 .025

DAY TIME .031 € . 005 .832

ERROR . 234 4z . 006

TOTAL 4,422 95
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