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- ABSTRACT

The purpose of this investigation was to identify the intensity of recovery
exercise, relevant to endurance event performance, that would result in the
most rapid times for half decrease in blood lactate concentration, following 2
minutes of cycling at maximal rates. Three recovery exercise intensities were
_investigated: (a) 7% of the maximal rate of oxygen consumption (VO2max)
below lactate threshold oxygen consumption (VO32) (LT-7%), (b) lactate
threshold VO3 {@LT). and () 7% of VO2max above lactate threshold VO
(LT+7%). Seven well-trained male cyclists (mean VOamax 4.6 + 0.49 Lxmin"!
‘participated as subjects in the investigation. Each subject completed seven
separate cycling tests: (a) one combined lactate threshold-VO2max test, (b)
threeé constant work rate tests; and (c) three tests of recovery following supra-
lactate threshold exercise (surge-recovery tests). The constant work rate tests
served a dual purpose: to verify the individual lactate threshold, and to
determine the baseline blood lactate concentration elicited by each recovery
exercise intensity. The surge-recovery tests involved 2 minutes of cycling at
VOzmax intensity immediately followed by 20 minutes of recovery at one of the
three recovery intensities. The absolute values of blood lactate concentration
were significantly different across the three recovery intensities {(p<.01). At the
end of the 20 minute recovery penod the mean blood lactate concentrations
were 1.57, 2.49, and 4.17 mmolxL ! for the LT-7%, @LT%, and LT+7% recovery
intensities, respectively. In order 1o examine the decrease in blood lactate

. concentration relative to the appropriate baseline of blood Iactate concentration
elicited by each recovery exercise intensity, times for half (l=crease in blood
lactate concentration were calcutated. There were no 5|gn|..cant dlfferences in
these half decrease times between the three recovery intensities (p<.01). '
other words, all three recovery intensities, even the one slightly above Iactate
threshold, were equally effective in decreasing blood lactate concentrations
following the 2 minute surge.
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INTRODUCTION AND RATIONALE

In‘endurance events, such as a running mara’th.on. or a cycling road race,
submaximal exercise intensitieé must be maintained for prolonged durations.
The length of time that an activity can be maintained is a function of the
intensity at which the exercise is performed. That is, as exercise intensity‘

.' inéredses. the}!enrgth of time it can 'beﬂmla_\intainerd defreases (Astraind &- Rodahl,
1986). Obviously, performance intensity is a critical issue for-endurance |
athleteS. .The‘se afhletes‘ must WOrk at high intensities-in order to be
competi.tive. but they must also work fi_)r e‘xte'nde'd periods of time. Thus, during
-an'enduraﬁce event, athletes must avoid intensities that are so high that they

 may result in premature fatigue.

The highést exercise intensity that can be maintained for pfolonged
duraéions is the one that produces the highést rate of oxygen consumption
possible in conditions of steady-state blood lactate (Farreli, Wilmore, Coyle,
Billing, & Costill, 1979; Tanaka & Matsuura, 1.984). This intensity of activity is
often referred to as the lactate threshold intensity. At this intensity the
concentration of blood lactate is relatively stable and it represents a dynamic
equilibrium between the rate of factate entry into the blood and the rate of its
eliminatipn from tﬁe blood. Work at intensities eve.n slightly above the lactate
threshold intensity will create an imbalance between the rates of blood lactate
appearance and of blood lactate elimination, su;h that there wiil be a
progressive accumulation of lactate in the blood (Gladden, 1989). Erpdurance

athletes working at their individuai lactate threshold intensity would be able to
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utilize the highesf proportion of their maximal oxygen consumption (VOzmax)
without accuhulating lactate in the blood (Farrell et al,, 1979; Stegmann,
Kindermann; & Schnabel, 1981), and thus without suffering the consequences

generally associated with such an accumulation.

The intensity of exercise intuitively chosen by endurance athletes during

" . comp_etitioﬁ éppears to be closeiy linked to the lactate threshold exércise

- intensity. The barame;er that is most highly Icorrela;ed (r=0.88-0.99) to long
distance runﬁing performance (3.2 km - 42.2 km) is the running velocity at
Iactéte threshold (Coﬁconi. 'Ferrari. 2iglio. Droghetti, & Codeca, 1982:_Farrell et
al. 1979; Powers, Dodd & Garner, 1984; Sjodin & Schele, 1982; Williams & Nute,

: 1_983')'.‘ Very high correlations (r%0.94-0.99) have also been found between the |
running velocity at factate threshold and'thé average 'marathqn runnihg vélocity_
: {Conconi et a.l..‘ 1982; Farrell et al., 1979:.Rhod'es & McKenzie, 1984: Sjodin &

~ Jacobs, 1981; Sjodin & Svedenhag, 1985). Other studies have investigated
changes in blood.lactate cbncentrafionlin athletes before and after running a
marathon. Costill (} 970) reported low blood lactate concentrations foil,owihg a
marathon. Only athletes that sprinted to the finish demonstrated sigrji‘ﬁcant |
blood lactate accumulation {(Costill, 1370; Maron, Horvath, & Wilkerson. 1975);
Based 651 the results of these investigations. it appears that the intensity of '
activity chosen for at least a major pbrtion of endurance evént pefformance is

either at or below the individual lactate threshold intensity.

While the majority of the work done in an endurance event will likely be at
or below the Iactate_thre;é'hold intensity, there will, however, be circumstances -
that may force an athlete to work at suprathreshoid intensities for varying

" durations. In their analysis of oxygen consumption through the course of a
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competitive marathon, Mardn. Horvath, Wilkerson, and Gilner (1976) found that
oxygen consumption ranged between 68% and 100% of VOymax depending on
whether the athletes were rﬁnning up or down a grade, or running on the level.
Exercise intensities will rise above lactate threshold leve‘ls when athletes are
Involved in an.ﬁphill climb (Maron et al., 1976) of a sprint (Costill, 1970). Thus,
factors such as terrain, competitive strategy and/or environm_ental conditions
may push an endurance athlete info suprathreshaold intensities of work several

times within a competitive endurance event.

Work at suprathreshold intensities results in an imbalance between the rate

_of blood lactate appearance and the rate of blood lactate eliminafion. At

- suprathreshold exercise intensities, lactate production may be greatly increased,
. the efficienéy of blood lactate removal may be reduced, or both may occur to
some degree. In any caée. the imbalance between lactate production and blood
lactate removal will resu?t in a progressive acéumulation of lactate in the

muscle and in the blood.

~ Elevated mus.cle and blood lactate concentrations are commonly associated
with muscular fatigue. While the mechanisms of fatigue are still unclear, it is
believed that the potential of a muscie to perform work is reduced by high
muscle and blood lactate concentrations as well as high hydrogen ion
concentrations (Karisson, Bonde-Petersen, Henriksson, & Knuttgen, 1975;
Schnabel, Kindermann, Schmitt, Biro, & Stegmann, 1982). Numerous studies
have investigated the effect of various exercise intensities on the time to
exhaustion. These studies have revealed that Qvork at intensities even slightly_
above the lactate threshold intensity greatly reduces the time to gxhdustion.

compared to work at or below the lactate threshold intensity (Ribeiro, Hughes,



Fielding, Holden, Evans, & Knuttgen, 1986; Simon, Y0ung.‘ Gutin, Blood, & Case,

1983; Stegmann & Kindermann, 1982). Other studies have shown that the time
to exhaustion decreases as a result of elevated pre-exercise lactate

concentrations (Hogan & Welch, 1984: Karisson et al,, 1975). Thus, during

A ﬁrolonged exercise there appears to be a strong association between lactate

accumulation and muscular fatigue.

Baséd 6n -this fatigue a_Ssociation. athletes engaged in endurance - |
éompetitions shoqld avoid circumsténces. such as work at suprathreshold
intensities, that will result in an accumulation of rhu'sfle and blood lactate.
Suéﬁ circumstances, however, éfg often unavoidéble. Therefore, if an endurance | |
athle;e does work ﬁt s_uprgthréshbld inténsities. measures must bé taken
following the suprafhreshold 'sﬁrge to ensure elimination 6f'thé accumulated
blood lactate. The rapid elimination of biood lactate would reduce tﬁe risk of
'_ premature fatigue (Jacobs, 1986), and would enable the athlete to perform
subsequent suprathreshold surges, should the demands of the event requiré

them,

- Blood lactate that has accumulated during a suprathreshotd Surgé ca be
eliminated by decréasi_ng the intensity of work It{has been well established that
blood lactate elimfﬁ'ation occurs during exercise (Belcastro & Bonen, 1975; Bonen
& Belcastro, 1976; Davies, Knibbs, & Musgrove, 1970; Hérmansen & Stensvold,
1972; McGrail, Bonen, & Belf:astro. 1978; McLellan- & Skinner, 1982; Stamford,
Weltman, Moffatt, & Sady, 1981; Weltman, Stamford, & Fulco, 1979). In fact,
there appears to be a critical intensity of -'exer‘c'is‘e which resuits in an optimal
rate of blood lactate removal. Studies have demonstrated thatltlalood factate

removal rates increase as exercise intensities rise toward a critical level, and



5

then decrease as exercise intensities exceed this level (Belcastro & Bonen, 1975;
Davies et al., 1970: McLellan & Skinner, 1982). However, the critical intensity of
exercise that results in an optimal rate of decrease in blood lactate

concentration has not yet been established.

Numerous investigators have searched for the exercise intensity that
potentiates blood lactate removal. Thefe have ‘been fundazﬁental differencés in-
- the methodological and conceptual approaches hsed in these studies.
Discrepancies exist in the manner in which the recovery exerciSé intensities are
defined. Exercise intensities have typiéally been defined relative to VOpmax.-
The exercise intensities should be d_efin'eld relative to .the lactate threshold, in
order to achieve some degree of staﬁ&ardization of blood lactate kinetits
between individuals; Fundamental 'prob!emS also exist because of thé diffgrent
definitions used for lactate threshold. Discrepapcies are élso apparentin the
methods empioyed to calculate blood Iactate‘removal rates. As well, the.
question of exercise intensity for optimal blood lactate removal is usually asked
within the context of an intermittent sport, where periods of maximal activity
are usually followed by periods of inactivity. A céntraéting context is an
endurance event.lwhere the suprathreshold surges occur intermittently
throughout the course of the event. In the latter context, the proposed post-
surge exercise intensity must be one that will elicit optimal blood lactate
removal, and at the same time it must be one that is competitively feasible. As
a result of the inconsistencies outlined, the'exercise‘ intensity that will
potentiate the rate of decrease in blood lactate concentration, during an

endurance event, is still unknown.



‘Statement of the Problem

The aim of this study was to tdent.ify the inteﬁsity of recovery exercise,
Eel_ev_ant'to enduréncé event performance, that would résult in the most rapid
times for half decrease in blood lactate concentration, following 2 minutes of-

. ‘cyg:ling at VOamax intensity. The recovery iqténsities_thaf were investigated

* were defined relative to fhe individual lactate .th‘resh.old éxé’rcise inte’néity. _Th-e
blood lactate decre_ase'half-times were calculated using individually determined
‘baselines of blood lactate concgntratio_n." Since thé context of the problem was

"la cclJmpetiti\fe endur;ngé evént. the recovery intehsi;ie_s investiggte’d ‘W'ere fh"c;se :

‘ consid_i;red Ito be most.abpiiééb_le to, endurance eve'nt performance; that is,

intensities slighyly below, at.'énd slightly above the individual lactéte t,hreého]d,

exercise intensity.

. Sub-Objectives

L To détgrmi'ne the VOpmax and the individual lactate threshold exercise
intensity of a group of éndurance trained cyclists, using a continuous
progressive incremental exercise test on a bicycle ergometer.

2. To verify the lactate threshold exercise intensities using continubus

' constant work rate tests at intensities of 7%V0Oymax below, at, and
7%V02max above the individual lactate threshold VO3.

3 To determine individual baseline blood lactate concentrations for the
7%V0O2max below lactate threshold and the lactate threshold_exefcise
intensities. ‘ - | |

4, | To assess the absolute and relative changes in biood Iadate
concentration during récovery exercise at intensities that are -
?%VOzmﬁx below, at, and 7%V0O2max above the individual lactate

threshold VO3, following a 2 minute activity at VOzmax intensity.



Experimental Hypothesis

It was hypothesized that during recovery from 2 minutes of cycling at
VO2max intensity the times for half decrease in blood lactate concentration

‘would be most rapid at the individual lactate threshold exercise intensity.

ILimi_ta'tions _

The conclusrons made from the results of this investigation can only be
: translated to hlghly trained endurance cychsts of ages similar to those of the.
cychsts that were actually tested. In addttlon since the testing was conducted
. ‘at the beginning of the competitive season, the conclusions can on[y be applled '

to cyclists who are in the same phase of their tralmng v

On!y one surgé intensity and duratiqn was used. It should be noted that
rhany other types of surges may be encountered by a cydist during an event,
Only three intensities 6f recovery exercise were investigated. The duration of
the recovery periods was constant‘. Each cyclist used an individually chosen
cadence for the testing. This cadence was used in all of the tests performed by
the cyclist. All of thése experimental controls place limitations oh the

application of the results to competitive performance strategies.

Abbreviations

ADP - Adenosine diphosphate
AMP - Adenosine monophosphate
ANOVA - Analysis of variance
ATP - Adenosine triphosphate

BLC - Blood lactate concentration



bpm - Beats per minute
Ca2* - Calcium lon
CNS - Centrél nervous Vsystem
COjy - Carbon dioxide
df - Degrees of freedom
F - F-statistic
S AGT - Standard‘ free energy change
- HO - Water
HR - Heart rate‘
IMP - Iﬁqsindrﬁonophosphate
Kt I_’ptaﬁsium ion |
K’ - Dissociation constant:
Km - Michaelis-Menten constant
kp - Kiloponds _
LDH - Lactate deﬁydrogenase
LT - Lactate threshold |
LT-7% - ((Vbz at lactate fhreshold) - (7% of VOzmax))
@LT - ((VO3 at lactate threshold)) |
_ LT+7% - ((VO2 at ‘lactate-threshold) + (7% of VOzmax))
MS - Mean square
Na* - Sodium ion )
NAD™ - Nicatinamide adenine dineucieotide (oxidized form)
NH3 - Ammonia |
NH4% - Ammonium ion.
p- Probabilitly
' PFK - Phosphofructokinase

Pi - Inqrganic phosphate



pK’ - Negative logarithm of K’

rpm - Revolutions per minute

SS - Sum o_f squares

TCA - Tricarboxylic acid

Vmax - Turnover number

VO3 - Rate of oxygen consumption

VO2max - Maximal rate of oxygen consumption

Definitions
. 1. } ﬁ-Oxidati‘oh:’ The sequential process of fatty é'cid catabolism to acé;:vl- :
. CoA (Zubay, 1983). |
2. Blood Lactate Decrease Half-Time: The time required to deére_ase biood .

lactate concentration (BLC) to a value equ'a'l to:.
(peak .BLC -~ baseline BLC) 7 2. |

3. ~ Coenzyme: A molecule possessing the physiochemical properties not
found in the polypeptide chain of an-enzyme that acis together with
the enzyme to catalyze a biochemical reaction (Lehninger, 1982).

4, Cluconeogenesis: The formation of D-glucose from noncarbohydrate
sources, such as lactate, pyruvate, and glycerol (Lehninger. 1982).

5. Glycogenolysis: The reaction pathway for glycogen degradation. This
pathway involves the sér_ne reaction sequence as glycolysis once a
giucose molecule has been removed from glycogen.

6. Glycolysis: The ten step sequence for gluc‘ose degradation. When
glucose is degraded to acetyl-CoA, the process is Ealled aerobic
glycolysis; and it is called anaerobic glycolysis when glucose is degraded

to lactate.
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12.
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Dissociation Constant {K): This constant describes the tendency of a
molecule to lose a proton. A high K’ indicates a strong acid (Lehninger,
1982).
Lactate Threshold: The lactate threshold is én ihtensity of exercise. It

is best defined by ekplaining the-manne_r in which it is determined.

'During activity' of progressively increasing intensity, the lactate

threshold exercise intensity is that intensity. of exercise above which

blood lactate concentrations abruptly increase and cdntihue to

increase. In continuous, constant rate work, the lactate threshold -

i

exercise-intensity is the highest’ inten'sitv' that can be performed with

steady-state blood Iactate concentratlons

Michaelis- Menten Constant (Km): A parameter that is charactenstlc of

the enzyme-substrate condltlons (Zubay, 1983), It is the concentrat:on
of the specific substrate at which a given enzyme yields one-half

maximal. velocnty (Lehninger, 1982).

: Nucatmamnde adenine dinucleotide (NAD"') A buologncal carrier of

reducing equuvalents (that is, e!ectrons) (Lehninger, 1982).

pH: A scaler used to describe the concentration of free hydrogen ions ih
a solution, where pH is equal to the negative log of the hydrogen ion
concentratio.n (Sienko & Plane, 1979). The physiologic ringe of blood
pH is between 6.8 and 7.8; normal blood pH is 7.4 (Jensen, 1980} |
Respiratory Chain: A series of events in which coenzymes (NADH and
FADH3) are oxidized through the transfer of electrons, down a chain of
electron carriers, to oxygen (Zubay, 1983).

St#ndard Free Energy Change {(AG"): The standard free energy change

of a reaction {Lehninger, 1982).
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Turnover Number (Vmax): The number of substrate molecules
converted into product per second per mole of enzyme present when

the enzyme is fully complexed with the substrate {Lehninger, 1982).



REVIEW OF LITERATURE

The objective of thls research was to :dent:fy the intensity of recovery |
exercise, relevant to endurance avent performance. that would resuit in the
most rapid times for half decreas_e in blood lactate concentration, following a
'sltan'dard duration of activity at VOzmax inténsin}. In order to achieve'this

objective'a numb’e‘r of particulars were investigated. First, because the intensitv

- oof recovery exercnse was mosr approprlately deF ned relative to the Iactate

threshold a sultable working det"mtuon of this threshold was |dentnFed Second,

because the intensity of recovery exercise was evaluated in terms of its -

influence on the rate of decrease in blood Iactate concentration, the processes

and mechanisms of lactate metabolism were investigated. Third, sinca the

impetus for research into blood lactate rem_ova'l was based on the association -

between lactate accumulation and fatigue, the factors responsible for muscular

fatigue were investigated. Finally, the influence of active recovery on changes in
blood lactate concentration, and the efforts of previous investigators to identify
an optirnal recovery exercise intensity were also investigated. Research into
these four areas enabled the development of the most effective experimental .
design for examining the relationship between recovery exercise intensity and
blood lactate decrease half-times.

Lactate Threshold

Lactate threshold is a term that is used to describe a particular intensity of

exercise. Itis a phenomenon that is based on the characteristic changes in

-12-



blood lactate concentration apparent with increasing intensities of exercise.

This characteristic response is evident during exercise that involves

- progressively increasing intensities, as well as during exercise that involves

continuou‘s work at constant intensities. In exercise thét is progressively
incremental'. biood lactate cohéentratibns generally ris.e' slightly with each
increase in exércise intensity and VO3 (Brboks. 1985). However, at a speéific
intensity of exercise, blood Ia(ctate concentrations abruptly increase and
continue to increase at a relatiﬁely high rate untit exhaustion (see Figure 1)

(Brooks, .1985). In this type of exercise the lactate threshold exercise intensity is

_that intensity. above which blood lactate concentrations abruptly increase.

A lactate threshold is also evident during continuous constant rate work.

When increasing intensities of constant rate work are examined, blood lactate

_concentrations at low work rates will reach a steady-state level. This steady-

state concentration will increase slightly with increasing constant work rates
(Ribeiro et al., 1986; Scheen, Juchmes, & Cession-Fossion, 1981). However, an
exercise intensity will eventually be reached that will result in a progressive

accumulation of lactate in the blood (see Figure 2). In this type of exercise, the

lactate threshold intensity is the highest intensity that can be performed with

steady-state blood lactate concentrations.

The criteria, and the terms used to describe this specific inten‘s_‘ity of
exercise are not universal. Laciate threshold is only one of a plethora of terms
used to describe an exercise intensity that corresponds to specific chariges in
blood:fl'actate concentrations. Some of the other terms include: aerobic
threshold, anaerobic threshold, aerobic-anaerobic threshold, onset of bloc.:d

lactate accumulation, onset of plasma lactate accumulation, lactate turning
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point, maximal steady-state, individual lactate threshold, excess lactate, and
aerobic capacity (Jacobs, 1986). The criteria used to define this exercise
intensity vary with the terms used to describe it. Some of these terms refer to
the exercise intensiiy above which blood lactate accumulation occurs, others
refer to the exercise intensiiy which'causes blood lactate concentr_ations to rise
~ above resting levels, and still others refer to the exercise iﬁtensity that elicits a

specific concentration of blood factate.

A great d‘eeliof the disparity eurrounding'this iésue results from the lack of
a concrete model to explain the physiological meehanishﬁs underlying the blood |
lactate respon.se.‘ Unﬁl recently this point wes_ most frequently .refe}red to as
“the anaerobic threshold. The marked rise in blood lactate concentration,
~ apparent when exerciee intensities exceed Ia’ctaie threshold, was once believed
to indicate the onset of anaerobuc metabolism (that is, the onset of lactate
productlon) wrthm the active muscle tissue (Wasserman & Mcliroy, 1964). Local
tissue hypoxna was the explanat:on provuded as the cause.of this anaerobtc
metabolism. More recent research 'suggests that hypoxic condltlons do not exist
in the muscle during submaximal exercise (Brooks, 1985). More importantly, it
has become evident that some degree of anaerobic metabolism, or lactate
production, occurs at all exercise intensities - even at rest. Therefore, the use of
-the term anaerobic threshold is misleading, since there is no exercise intensity
which signifies the beginning of anaerobic metabolism and/or lactate

production.

The term lactate threshold is not meant to imply a threshbld for lactate
production:; rather, it refers to the threshold for the onset of lactate

accumuiation in the blood. The co}ncentration,of jactate in the blood at any
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instant represents the net result of a number of processes: lactate production,
lactate efflux from production sites, lactate distribution, and blood lactate
elimination. At intensities of exercise'equal to or below the lactate threshold,
the rate of appearance of blood lactate and the rate of disappearance of blood
lactate will be equal, and as a result, there will be no net accumulation of
lactate in the blood. At intensities of exercise greater than the lactate threshold
there will be an imbalance between the rates of lactate appearance‘ and
disappearance, and as a result.-lactate will progressively accumulate in the
blood.. Therefore, the terimn iactate threshold refers to the threshold for the
balance between the rate of apbearance of lactate .in the blood and the rate of
disappearance of blood lactate. This term is applicable to research that
investigates the response of the whole body t0 a particular intensity of exercise.
Thérefore. for the purposes of this paper, the term lactate threshold will be |

employed.

The lack of consistency in the terminology and criteria used for the lactate
threshold exercise intensity also extends to the methodologies used in 1hé
identification of this intensity. In deciding on a methodology for the
identification of the lactate threshold a number o.f factors must be considered.
The key considerations include: (a) the mode of exercise that will be used, (b)
the type of exercise protocol that will be used, (¢) thé physiological variable(s)
that will be monitored, (d) the method that will be used to characterize the
threshold, and (e) the criteria that will be used to identify the threshold. Each of

these considerations will be addressed in the following sections.



 exercise performed during thg'evaluation should be as sport specific as possibl_é.

Mode of Exercise

The first consideration is of the mode of exercise that will be employed.
This is a critical consideration because the lactate threshold exercise intensity is
specific to each mode of exercise. For example, the lactate threshold will occur

at a different \'102 for different activities perforrhed by the same individual

(Davis, Vodak, Wilmore, Vodak, & Kurtz, 1976: Withers, Sherman, Miller, & Costill,

1981). Therefore, if the lactate threshold of an athlete is evaluatéd. and the

ré_sulting information is to be applied to the athlete's 'training regime, the

’

In addition, if the Iéx‘ct'ate't'hreshold exercise intensity is determined for a group

of individuals, 'and it is being compared between the individuals, then the mode

of exercise during evaluation must be consistent for ail individuals.

Exercise Protocols

There are a number of different exercise protocols that have been used to
identify the lactate threshold exercise intensity. In many studies the lactate

threshold is determined using the same protocol that is used to measure

- VOzmax. This is a popular practice because it enables the measurement of

both parameters with a single test. The most common protocols involve either
progressive incremental exercise (Aunola & Rusko, 1984; Neary, MacDougall,
Bachus, & Wenger, 1985; Powers et al,, 1984; Stegmann et gl.. 1981; Steinrauf,
Schulz, Ryder, Brunn, & Cook, 1987; Yoshida, 1984), or continuously increasing
exercise intensities (ramp tests) (Davis & Gass, 1981: Hughson”& Green, 1982; .

Yeh, Gardner, Adams, Yantowitz, & Crapo, 1983). Ste:cjmann et al. (1981) have

suggested that ramp tests may be preferable in studies that closely assess the
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relationship between workload and physiologic response. However, Yeh et al.

(1983) were ‘u'nalble to identify the lactate threshold exercise intensity using a

ramp test. In addition, Hughson & Green (1982) revealed that fast ramp tests;

(49.0 to 65.4 wattsxmin’1) resulted in overestimated lactate threshold exercise

intensities. The problem with the ramp test‘s.‘méy _be-thatlthey do not aIqu

" enough -time for the mec_ﬁanisms-of blvood Iaﬁtate disappearance to édjdst to the |
changes in- lactate prodqction and blood lattate apﬁearance that resultlwith

| eafh change in work rate. j‘h_e adju$tment of blood lactgte disabpeaf‘ance ﬁt .

each work rate i$ essential to the identification of the lactate threshold exercise e
_ Inten__sity; -Without this adjustment the exercise intensity that results in an

: imbalance befween the appgaran{:e and disapp'learancle of blodd lactate will be

‘impossible to determiﬁe. Therefore, the progressiy)éiﬁcrementai protoéot may'
be opt’irhal for Iéctate thre.shold determination because it effectively displays the

lactate threshold response.

Some progressi;ze incremental brotocols are more effective in identifying
the Iactaté threshold éxerciSe intensity than others. These protocols can vary in
stage d‘uration and in the size of the work incfemeﬁt imposed at each stage.
Stage durations of |1 to 4 minutes have been used, but the most common
duration is 3 minutes (Neary er al,, 1985; Powers et al, 1984; Stegmann et ﬁl..
1981; Steinrauf et al.,, 1987). The 3 minute stage duration appears optimal for
lactate threshold determination because it allows enough time for oxygen
consumption to attain a steady-state (Yoshida, 1984). It also allows enough
tifne for the lactate that is produced in the working muscles to diffuse to the
extracellular space and to be subsequently dealt with by the available

elimination mechanisms (Stamford, Weltman, & Fulco, 1978).
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Progressive incremental protocols have varied more in the size of the work

increment used between stages, than in the stage duration used. The work
increment will obviously vary with thespecific ergometer that is employed. in
cycling tests, work increments have varied between 10 watts'and 65 watts; In
treadmill tests. work increments have usually involved augmenting the treadmill '
‘l.speed by 1 or 2 km per hour at each stage. Smaller work mcrements are .
generally utnlrzecl when a very sensntlve determination of the Iactate threshold _
exercrse intensity is desrred Verv small mcrements. however, wlll substantially -
-nncrease the length of the test and this mav create other problems. such as

premature fatigue.

Physiological Variables

The lactate threshold exercise mtensrty has been estrmated from direct and
indirect measures Ventilatory and/or gas exchange values are the indirect
measures that have been used. Lactate threshold detectlon from these indirect
measuree ‘is‘ based on the assumotion that biood lactate accumulation results in
~ a breakaway ventilation resoonse. This assumption has been greatlly disputed
(Brooks, 1985; Hughso'n & Green, 1982; Neary et al,, 1985; Powers et al, 1984).
Therefore, while the indirect detection method is appealing because it is non-

invasive, it may not be valid.

The direct method of lactate threshold detection involves the use of the
actual blood lactate concentration determined from biood samples taken at each
exercise intensity.‘ Obviously this method is the most valid since it ectuallv
measures blood lactate concentration. However, the direct method of lactate

threshold determination is not free from controversy. A number of different

Y
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methods have been used for the actual sampling of blood lactate during the
test. Blood samples have been obtained from arterial, mixed venous, venous,
and capillary blood. The first three of these methods involve the use of an
indwelling catheter. Yoshida (1984) has demonstrated that similar lactate
threshold exercise intensity identification is possible using arterial or venous
blood provided the exercise duration is long enough. Capillary blood samplmg
is by far the simplest of . these methods. As well as benng less invasive than an
indwelling catheter. the cost, equipment complexity, and professional

: involvement required for implementation of' this rrlethod is considerably less. In
addltaon capillary blood sampling allows for reliable lactate threshold |

identification provnded the stage duratlons are sufficiently long (jacobs. 1986)

Characterization of the Lactate Threshold Exercise Intensity

Anether factor that must be considered when determining the lactate
threshold exercise intensity is the manner. in which this exercise intensity is'
expressed. At times it is expressed as a rate of work; for example. a power
output on a cycle ergometer or a treadmill running velocity. This method of
expressiorl may be misleading since. the specific workload at lactate threshold
has been shown to vary with the test protocol used (Yoshida, 1984). It has also
been shown to vary with such factors as the level of lecogeh depletion. For
these reasons, lactate threshold is most corhmonly expressed as an oxyl_:jen
' consumption in Lxmin". or as a percentage ef VOzmax. The VO3 at lactate
threshold has been shouln to be reliable between test sessions {Aunola & Rusko,
1986), and between different types of arogressive incremental test protocols

(voshida, 1984).
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Detection Criteria -

The criteria used to identify the lactate threshold exercise intensity from
direct meaSurés. are quite similar among researchers. Some researchérs identify
the Iactate'threshold as the VO3 at the intensity of exercise just below _the
intensity that causes blood lactate concentrations to increase distinctly above
resting levels (Aunpla & Rusko, 1984; Auh'oia &~Rusko,_19_86; Yoshida, 1984).
Others identify t'he Iactate'thresho‘ld as the VO3 ét the intehsity of exercise just.

: befofe the non-linear increase in blood lactate concentration (Neary et al., 1985;
Steinrauf et al., 1987); While the wording of these two critéria is different. in-
p'ractice ‘,they usually result in the detection of a very similar lactatg threshold

exercise intensity.

In summary, for the purposes of this i'nvestigation. ;Hg lactate threshold
will be defined as: (a).that iri.tensity'of exercise, during prograssive incremental
‘exercise, above which blood lactate concentrations abruptl\) increase and
continue to increase; and (b) the highest intensity of exercise, during constant
raté work, that caﬁ be performed with steady-state biood lactate concentrations.
A number of test methods have Been used to determine lactate threshold. Of
_these methods, accurate and reliable detection appéars to be possible with a
progressive ihcrem‘entai protocol. Stage durations of 3 minutes with moderate
work increments should be incérporated irito this type of protocol. Detection of

the lactate threshold from capillary blood sampling appears to be a simple and

reliable technique.
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Lactate Metabolism

The lactate threshold exercise intensity is determined from thlé
characteristic changes in bloodﬂlactate concentration that occur in response lb
varyiﬁg intensities of exercise. The blood lactate concentration at any instant is
the net result of a nﬁmber of different processes: lactate produdion. lactate
efﬂux from production sites, lactate entry into the blood, blood lactate |
| diStributiQn ;h(oughout the body via the circﬁlator'y system, and blood lactate
uptakelby various iissues. Each of these brocéssess V\;rill be investigatledlin b(dgr :
t0 géin insight into the mechanisms underlying the ,iaétate thresﬁ_old

phenomenon.

Lactate Production

This section will deal with the different aspeéts‘of lactate production;
namely, lactate, pyruvate, lactate dehydrogenase, and the factors which affect.
the rate of lactate production.

Lactate.

Lactate is a product of carbohydrate catabolism. The specific metabolic
pathways that produce lactate are glycogenolysis'and glycolysis. Glycogenolysis
is the breakdown of glycogen, and glyclolysis is the breakdown of glucose.

These two metlabolic pathways differ only in their starting materials (see Figure
3); therefore, they will collectively be referred to as the glycolftic pathway, from

this point on.

Lactate is a three carbon biomolecule with a carboxyl group and a hydroxyl '

group (see Figure 4). Lactate is a fairly strong acid - with a pK’' of 3.86 at 25" C
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(Lehninger, 1982). Thus, at physiological pH the molecule will be almost
completely dissociated into hydrogen and lactate ions: H* and CH3CHOHCOO".
‘Therefore, the term lactate is uséd-synonymously with lactic acid in

physiological discussions.

CH3
H . C —— OH
coo”
| Fi'gurg 4, L-‘Iactate'(Lehninger; 1982). '

Eyruvate.

The immediate precursor 6f lactate is pyruvaté (sée Figure 3 on page .24).-
| Pyruvate is a8 key molecule because'it is common to several metabolic pathways.
Lactate is only one of a humber of possible fates for pyruvate {see Figure 5);
these fates are outlined below. |

| AMINO ACID FORMATION. The carbon skeleton of pyruvate can be
used in the formation of certain amino acids. Pyruvate gives rise-to L-alanine
and L-véline: in part it can also be used 1o produce isoleucine and lysine (Zubay,
1983). |

ACETYL-(;OA FORMATION. P\)ruvate formed from the glycoiytic

catabolism of carbohydrates provides a large amount of acetyl-CoA fof the
tricarboxylic acid (TCA) cycle. The sequence of events which leads to the -

oxidative decarboxylation of pyruvate to form acetyl-CoA is catalyzed by a
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structured cluster of enzymes and coenzymes knowr_1 as the pyruvate
dehydrogenase complex. This reaction takes ptace within the mitochondria of
eukaryotic cells and is highly exergﬁnic (AG‘_‘=-8.0 kcalxmol!) (Zubay, 1983).
The_activity of this complex is inHibited by high cbncentrations of‘ATP. NADH
(the reduced form of NAD™), and citrate (Lehninger, 1982). -

OXALOACETATE FORMATION. Pyruvate is aiso involved in a reaction
‘t'hat hasran' important anapleux;otic purpose for thé TCA. cycle. .' In _tl;li,s reaction,
‘pyruvate is used to prbduce oxaioacetate: the énzyme involved' is py'ruvate
carboxylase. and the reaction requzres ATP, C02. and Hzo The formation of:

oxaloacetate from pyruvate :s also an |mportant step in one of the central

C pathways of quconeogenesns whtch is the formation of glucose from non-

carbohydrate precursors (Lehmnger 1982)

ADP, P °°2-A'"’ © NADWH*  NAD*

OXALOACETATE <—7 . PYRUVATE «~—Z» LACTATE
pyruvate carboxylase laaatg dehydrogenase
pyruvate NAD*, GoASH
dehydrogenase
complex .. 9,

‘ACETYL CoA

| Figure S. Possible fates for pyruvate (Lehninger, 1982).

_ LACTATE FORMATION. The pyruvate formed from carbohydrate
catabolism can also be reduced to lactate. This reaction takes place in the
cytoplasm and is catalyzed by the enzyme lactate dehydrogenase (LDH) (see

Figure 6).
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Figure 6. Reduction of pyruvate to factate (Lehninger, 1982)

| .Ul.tima‘te_ly the fate of pyruvaté will depend on the type of cell that it is
produced in, and on the metabolic state of the cell (Zubay. 1983). At times
when the energy requirement of a cell is at normal resting levels the pyruvate
that is produced can follow anabolic fates such as, amino acid formation for
eventual protein synthesis, oxaloacetate fo'rmation for anapleu'roti?: purposes or
for glycogen synthesis, or acetyl-CoA formation for. eventual fatty acid synthesis.
At times when the activity of the cell is elevated (for example, in an ac‘tive
muscle cell) the pyruvate that is produced can be converted to acgtyl-CoA which
is further catabolized via the »TCA'cycle and the respiratory chain to CO2 and

H20; it can also be reduced to lactate.

The reduction of pyruvate to lactate is the dead end of glycolysis. Lactaté |
cannot be catabolized further. Once it has been broduced it can either leave the
cell, accumulaite within the_ celi, or be oxidized back to pyruvate - since the LDH
step is reversible. While th'e reduction of pyruvate to lacrate fs a deac;end. it

serves an important function. This function has to do with the coenzyme NADT
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which is required at the glyceraldehyde 3-phosphate dehydrogenase step of
glycolysis (see Figure 3 on page 24). This coenzyme is supplied in aerobic
‘conditions throuéh the oxidation of NADH with molecular oxygen in the
mitochondria (Lehninger, | 982). However, at times when the glycolytic activity
is high.- or when a cell n_sust function anaer_obicéllv. thesé reducing equivalents
aré also-obt.air‘\e_d from' the reducﬁon of byruvate tollactat_e. nyuvate is used as
an electron acceptor molecute for the hydride ion that' must be removed from

" NADH in order to generate’ fhe necessary NAD* td maintaiﬁ glycolytic activity
(Zubay. 1983). Therefore, lactate productnon |s a critical step in glycolys:s. as it

maintains the actn.nty of the pathway in certain metabolic condntions

The reduction of ﬁyruvatg to lactate résults in the 'r‘egeneration of NAD"'.

'Because the supply of NAD* n;:a\j be limiting 'when. rﬁitochondriél function

' cannot keép pace with energy demahd's'. this reaction has been espécially
irripli_cated in anaerobic tissues'or in anaerobic states. Howevér. the formation |
of lactate ‘from pyruvate is highly exergonic (AG"%-G.O kcalxmol™1) {Zubay, |
1983). In additibn. the catalyticlactivifv of LDH is greater than that of any other .
glycolytic enzyme and greater than that of enzymes providing alternate routes
for pyruvate metabolism (Brooks, 1985). Therefore, when pyruvate is produced
within a muscle cell lactate will-inevitably be formed, regardiess of the level of

oxygenation.

Lactate Dehydrogenase,

Lactate dehydrogenase is the enzyme that catalyzes the reversible
reduction of pyruvate to lactate. This enzyme occurs in five différent isozyme
forms {Lehninger, 1982). LDH is a tetrameric comblnatlon of two polypeptides

termed M and H, which dlffer in composmon and in sequence (Lehninger, 1982)
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The five different LDH isozymes arise from the five possible tetrameric
combinations of the M aiad H subunits: Mg, M3H 1, M2H2, H3My, and H4. These
forms have different Km values for pyruvate, they have different turnover -
numbers, and they are allosterically inhibited by pyruvate to different degrees.
The M4 and M3H) LDH isozymes are collectively termed M-LDH. The M-LDH.
'isozvr.ne.s have low Km values for pyruvate; thereft)re they have high affinities
- for pyruvate (Zubay. 1983). The M- LDH isozymes favor the rapid reductton of
| pyruvate to |actate even in very Iow concentrations of pyruvate (Lehmnger |
1982). In addltion. these isozymes have a high catalytlc activity, relative to the
other LDH isozymes, and they are not allosterically inhibited by pyruvate
(Lehnmger. 1982). The H4 and H3zM,) LDH |sozymes are coliectwely termed H-
LDH. The H-LDH isozymes have high Km values for pyruvate therefore. they
have higher affinities for iactate than for pyruvate (Zubay, '1983). The H-LDH
isozymes favor the rapid oxidation of lactate to pyrt.lvate (Lehninger, 1982).
These isozymes are less éctive catalytically than the M-LDH isozymes. In
addition, the H-LDH isozymes are 'strortgly inhibited in high concentrations of

pyruvate (Lehninger, 1982).

The functional significance of the different LDH isozyme forms is based on
the relationship between muscle fiber composition, total LDI-i activity, and the
distribution of LDH isozymes‘within the fiber {Skinner & McLellan, 1980). The
~Typell -.muscle fibers have a high M-LDH activity. These fibers have higher
contr_ac'tiie rates, due to higher myosin ATPase activity (Gt)linick & Hermansen,
1973), and they have fewer oxidative enzymes than the Type | fibers. Therefore,
they are Iaréeiy dependent on anaerobic glycolysis for ATP production (Mahler &
Loke, 1985). Based on these characteristics and the high M-LDH activity in these
fibers, it is clear that the Type il fibers are largely géared towards the

production of lactate (Gollnick & Hermansen, 1973). )
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In contrast, the Type | skeletal muscle fibers and the cardiac muscie fibers
are not geared towards lactate production, but rather to lactate utilization.

These fibers demonstrate a high H-LDH activity. They have low contractile rates

. and a great oxidative capacity; therefore, they are largely dependent on aerobic

energy production pathways to generate ATP. In addition, the Type | and

" cardiac muscle fibers have a greater resistance to fatigue than the Type |l fibers.

Based on these characteristics and on the high H-LDH activity in these fibers, it

is clear that they are better suited to the utilization of lactate as a fuel than to

the production of lactate. That is, the Type | and the cardiac muscle fibers can

: uptake exogenous lactate and utilize it as a fuel by oxidizing it to pyruvate and

completely degrading it to CO2 and Hp0 in the mitochondria, through the TCA

cycle.

- Factors Affecting the Rate of Lactate Prbd_gction. |

The ch_éracteristic changes in blood iactate cohcgntraticsn. apparent in
exercise of progressively incréasin‘g intensity.‘ are related to the level of balance |
or imt;alance between the rate of lactate production and the rate of blood
lactate removal. This sect'ion will focus on the factors which affect‘t'he rate of

lactate production. The following section will address blood lactate rernoval.

The rate of lactate production within each active muscle fiber is influenced

by a number of different factors. Some of these factors are intrinsically

~ mediated, while others are extrinsically mediated. These factors include: (a) the

level of activation of the muscle fiber, {(b) the composition of the muscle fiber,
(_<':)' the fuel supply of the muscle fiber, (d) the level of oxygenation of the muscle

fiber, (e) the influénce of catecholamines on the muscle fiber, and (f) the

- influence of certain metabolites within the cell on its metabolic activity. A

discussion of each of these factors follows.

W
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ACTIVATION OF THE MUSCLE FIBER. Fundamentally, the amount of

lactate that is produced within a muscle fiber is dependent upon the level of
activation of the fiber (that is, the rate at which the fiber is being recruited).
The relationship between the activation of a fiber and the production of lactate
within the fiber stems from the link that both of these factors have with the
glycolytic rate. It has been der_nonstrated. in the previous section, that lactate
production is largely a consequence of pyruvate production, 'As such. lactate
production will be directly related to the rate of glycolysis. The rate of
 glycolysis is largely defermined by the.c.ellll‘s 'requirement_for ATP resi,mthesis.

. and this requirement is defined by the level of activation of the fiber.

The glycolytlc rate is adjusted to meet the muscle Fbers requlrement for
ATP by certain enzymes along the glycolyuc pathway whose activities are
affected by the concentrations of key metabolites. There are two regulatory
enzyrhes that control the entry of glucose ‘re‘sidues into the glycblytic pati'lway.
The first is hexokinase - wﬁich bhosphorylates free glucose as it enters the cell.
In skeletal mu;cle hexokinase is an allosteric enzyme that is inhibited by the
product of its reaction, glucose 6-phosphate (Lehninger, 1982). The second
regulatory enzymel'is glycogen phosphoryiase. which provides glucose residues
to 'glycolysis from glycogen. In skeletal muscle, glycogen phosphorylase exists
in an active and an inactive fbrm. the relative amounts of each form
determining the rate of glycogen breakdown (Lehninger, 1552). Besides -
controlling the rate of entry of glucose residues into glycolysis, there are two |
other regulation poiﬁts along the glycolytic .pathway. The phosphofructokinase
;PFK) step is the first one that is regulated. PFK is a complex alllpsteric enzyme
with many stimulatory and inhibitoﬁ modulators. In skeletal muscle the rate of

PFK activity is regulated by the concentration of its substrates - ATP and
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fructose 6-phosphate, and by its products - ADP and fructose 1,6-diphosphate.
Other important modulators of PFK are AMP, citrate, Mgz"'. and phoaphate
(Lehninger, 1982; Zubay. 1983). The most important tnhnbntory modulators are
ATP and ¢itrate; the most |mportant stimulatory modulators are AMP and
fructose 1,6-diphosphate. The second srte_ of regulatton- along the glycolytic ’
pathway is the pyruvate kinase steo_.- The activity of pyru\rate kinase is lowered.
by high ATP concentrations, high acetvI-CoA concent.ratlohs. and by ah N

abundance of long-chain fatty acids (Lehninger, 1982).

The concentratlon of ATP undoubtedly has a strong modulatlng effect on .
the rate of glycolysns in skeletal muscle. Itis apparent that the glycolytlc rate
. will be Iow when ATP concentrations are high, and when acetyl-CoA is being
'sopplied.t’o ‘the mitoch'ondria‘ in adequate amounts by-the B-oxidation of fatt\,t
acids. - In these condltlons PFK actlvnty will' be inhibited as will pyruvate kmase
‘actlvuty Hexokmase witl subsequently be inhibited when glucose-6- phosphate
begins to accumulate because of the reduced actlv:ttes of PFK and pyruvate ‘
kinase. Conversely; the glycolytic rate will be high when the concentration of
ATP in the muscle fiber has fallen, and when the concentration of ADP has risen,
These two changes will stimulate glvcolysis' by activation PFK and pyruvate

kinase.

Increased activation or recruitment of a muscle fiber will increase the
utilization of ATP for contractile work, and therefore, will increase the
requirement of the fiber for ATP resynthesis. The resulting changes in ATP
* concentration will activate glycolysis. As a result, pyruvate production will
increase. The enhanced production of pyruvate will result in an enhanced
production of lactate. Therefore, the rate of lactate production within a muscle

fiber will be directly related to the level of activation of the fibe.
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Decreased recruitment of a muscle fiber will decrease the demand for ATP
resynthesis in the fiber. The resulting increase in ATP concentration within the
cell will have an inhibitory effect on glycolysis. As e resuit, pyruvate production.
and consequently lactate production, will decrease However, even when a

-muscle ﬂber is inactive (in the’ contractlle sense) glvcolys|s will be actuve to
some degree Glycoiysas wnll always be active because the cell requures a‘certain
‘_ amount of carbohydrate (pyruvate) to faculrtate the actnv:ty of the TCA cycle .
(Walsh & Banister 1988). Therefore. even at rest glycolys:s will be actlve.
pyruyate will be produced. and subsequently Iactate wlnll be produced.

MUSCLE FIBER COMPCS!TION'- “!"he rate of lactate production within a
muscle ﬂber is directly related to the Ieve! of activation of the fiber however
. the absolute amount of Iactate that is produced will greatly depend on the
physnologlcal and btochemlcal characteristics of the muscle fiber that is
recruited. The two skeletal muscle fiber types-that'will be addressed are the
Type | and the Type |l fibers. The characterisrics of these ribers differ greatly.
The Type | skeletal .r‘nuscllle fibers have a high oxidative capacity, a high fatigue
resistance, a low ability to generate power, and e high H-LDH iso'zy-me _
distribution. Relative to the Type | fib_ers. the Type Ii skeletal muscle fibers have
a lower oxidative capacity, a lower mitochondrial density, a smaller capillary to
fiber ratio, a low resistance to fatigue, a greater glycolytic capacity, a much
greater power generating ability, and a high M-LDH isozyme distribution. it is
obvious from these characteristics that the Type | fibers are geared towards |
aerobic metabolism and the Type Ii fibers are geared towards anaerobic
metabolism. As such, recruitment of Type il fibers will result in a much greater
production of Jactate than the recruitment of Type | fibers (Bauer, Reichman, &

Hofer, 1986).
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MUSCLE FIBER FUEL SUPPLY. The rate of lactate production within a
muscle fiber is dependent upon the level of activation of the fiber, as well as the
‘ cnaracteristics of the fiber. In addition, the amount of lactate that is produced
. will oepend on the availability of ;ubst_rates to the fiber. For example,
increasing the free fatty acid concentration in the b_loodlhas been shown to
decrease the concentration of b'lood' lactate during exereise (Costill et al., 1977).

Decréasing muscle glycogen stores has a similar effect on the blood lactate

" concentrations during exercise (Hughes, Turner, & Brooks, 1982). In contrast,

" when muscle glyéoge'n etores are elevated above' normat resttng levels, Iactate
-productnon dunng exercnse will be above that seen \mth normal glycogen Ievels :
(Rnchter & Galbo. 1986). Therefore. the rate of Iactate productlon withina -
muscle cell will be affected by the levet of substrate avallabthty. as glycolytlc :
. actlv:ty appears to be higher when muscle glycogen stores are hlgh as opposed :
to when fatty acnd availability is high. | } o
MUSCLE FIBER OXYGENATION. The rate of lactate production within a |
muscle fiber may also vary with the amount of oxygen that is supplied to the
fiber. Perfori-ning exercise while breathing hypoxic gas .has been shown to “
increase blood lactate concentration, while breathing hyperoiic gas generally
decreases the blood lactate concentration, at the same relative exercise intensity
(Hogan & Welch, 1984, 1986). From these results it may be interpolated tl_'tat
lactate production within a muscle fiber will be reduced if the fiber is well |
oxygenated. thus allowing maximization of the oxidative capaeity. of the fiber.
These results, however, may be misleading since the decrease in lactate
production appar'ent v;rhile breathing hyperoxic gas may be due to the toxicity

of the gas on certdin glycolytic enzymes (Walsh & Banister, 1988).



INFLUENCE OF CATECHOLAMINES. The concentration of
catecholamines in the blood can also influence the rate of lactate production
within a muscle fiber; Characteristicaily, blood catecholamine concentration
increases curvilineer_ly with increasing exercise intensities. Lactate production
in muscle tissue that is not actively contracting is affected by the blood
catecholamine concencrati'on (Richter, Ruderman, & Galbo, -1983; Sahlin,
Henriksson. & Juhtin-Dannfe!_t. 1984). _The effect of catecholarﬁines on
contracting skeletal muscle tissue is more dufﬁcult to verify; however, 1t is

_ expected to be 51m||ar to the effect produced in inactive tissues (Watsh &

Banlster. 1988).

Glycogenolvsis is ac‘tivated' by cafecholdmines through the cascade effect

. initiated by activating adenyl cyclase, Activation of adenyl cyclase results in the
eventual conversion of glycogen phosphorylase b to the more actlve form -
glycogen phosphorylase a (Lehninger, 1982; Zubay, 1983). Therefore, glycogen
utiliza'tion can be activated or enhanced by an 'iocrease in catecholamine
concentration, the result of which will be an increase in the production' of
lactate. Since the Type I skeletal muscle fibers have a higher glycolytic capacity
than the Type | fibers, the production of lactate due to catecholamine influence
will be greater in the Type Il fibers (Walsh & Banister, 1988). In conclusion, it
appears thet catecholamines may have some influence on lactate production
during exercise; however, their affect does not account for the total increase in
lactate production resuiting from acute exhaustive exercise (Cartier & Gollnick,
1985).
- INFLUENCE OF METABOLITES. Muscle fibers that-are contrecting at
fairly high rates will derive some energy from the adenylate kinase reaction

which converts two moles of ADP to ATP and AMP. A subsequent reaction
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converts AMP to IMP and NH3. This reaction is catalysed by the enzyme
| adenylate deaminase.' NH4*, AMP and IMP may influence the production of
Iactaté by activating certain enzymes along the glycolytic pathway (such as
PFKS (Griffiths & Rahin, 1978). This finding is supported by the high correlation
that has been demonstrated between PFK activity and AMP deamiﬁase activity
. (r=0.97) (Winder, Terjung, Baldwin. & Holloszy, 1974). Therefore, thé production
of lactate may be enhanced Ey elevated Iévels of NHa™T, AMP anq IMP. Thi's" |
énha’nceme‘nt will likely have a great'e'r effect on'thé-Type Il skeletal muscle

fibers becéuse of the inc'reased glycolytic capacity of these fibers.

In summary, it is apparent that a wide rarige of factorﬁ influence the rate at
which lactate is producgd wifhin‘ skeletal muscle. Of these Factors. the twd |
which appear to have the most sign'ifi.cantlinfluence are the I§vel of activation
of the i'ndividual muscle fibers and the type of fibers that are 'bei’ng recruitéd.
The level of‘ lactate production Caﬁ also be modulated by fﬁel supply, oxygen

supply, catecholamines, and metabolites.

Lactate Efflux from Muscle Cells

‘The lactate and hydrogen ions that are produced in muscle cetls can remain
there or be released to the extracellular space and the blood '(Hultman & Sahlin,
1980). Simple diffusion is commonly preserited as the transport mechanism for’
Iactaite/lacticiacid across the sarcolemmal membrane (Jensen, 1980). HowéVer.
some research demonstfates_ that the lactate transport mechanism can be

‘saturated; thereforé. it may involve more than just_ simple diffusion (Donovan &
Brooks, 1983: Eldridge, T'so, & Chang, 1974). Whether lactate leaves the cell in a

dissociated or.an undissociated state is also controversial. There is some



37

support, however, for the view that lactate passes through the sarcolemmal
membrane in an undissociated form (Mainwood & Renaud, 1985: Walsh &

Banister, 1988)

The rate at which lactate leaves the muscle cell is affected by both the -
extracellulérr pH and the ext,rac_ell'ular concentration of lactate. Extracellular -
acidosis and/or high extracellular la;tate concentrations will _reduce lactate
éfﬂ_ux. while extracellular alkalosis and/or low extracellular lactate

concentrations will enhance lactate éfﬂux (Hultman' & Sahlin, 1980).

| Lactate Entry into the Blood and Distribution Thtgdghout the Body

~ The lactate that diffuses from muscle cells into the extraceliular space can
diffuse into the blood capillaries that are near the muscle cell and.in this

manner travel to various tissues throughout the body.

Blood Lactate Elimination During Exercise

Lactate production increases with increased exercise intensity, yet below
the Iactate thre;hold intensity the blood lactate concentration remains flairy low
and does not progressively accumulate. It is obvious then that there are
mechanisms which remove lactate from the blood, and that these mechanisms
increase in parallel with increases in lactate production, at least until the lactate
threshold exercise intensity is reached. The possible routes for lactate
élimination during exercise will be presented, along with the factors which may

affect the rate of 1actate elimination.
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The lactate/lactic acid that is produced within a muscle cell can travel from
the cell into the interstitia and then into the blood. It’is then distributed
throughout the ‘body by means of the circulatory system. Since lactate is a
partielly catebolysed Ql_ucose. unit, it can still serv_e as an energy source for
tissu’es that have the me_tabolic machinery needed to ftxr_the'r, degrade the.

" 3-carbon molecule.

Lactate can be reconverted to pyruvate via the lactate dehvdrogenase step
“in glvcolysas (refer to page 28) As previouslv discussed, tissues with the

- greatest potential for the conversnon of IaCtate to pyruvate are those that

©ocontain a reiatively higher proportion of the K- LDH lsozyme than. the M LDH

‘ 1sozyme The H-LDH |sozyme is found in htgh distnbutlons in tissues that
‘functnon. to a great extent aerob:cally. such as the cardtac muscle. the Type |
skeletal mtxscle; the liver, and the ktdneys. The cardiac _musr;le tissue and the’

~ Typel sketetal muecle fibers can use blood Iantate as a fuel; ortce inside the
muscle celi lactate can he converted to pyruvate, the pyruVate can enter the
mitochondria where it can be corhplete_ly oxidized to CO» and H2Q by means of
the TCA cycle. The lactate taken up by th‘e liver i‘s predominantly used in the
synthesis of glucose and gtycogen. In the liver, lactate is converted to pyruvate,
then to oxaloacetate. dxaloacetate is a TCA cycle intermediate but it is also a
precursor to phosphoenol pyruvate which is a molecule in the gluconeogenesis
pathway. In this manner blood Iactate_ is used.by the liver to form glucose and
glycogen. However, relatively small amounts of lactate are taken up by the liver

during exercise (Hultman & Sahlin, 1980).

The main route of blood lactate elimination during exercise is through

oxidation (Brooks, 1985). Since the skeletal muscie represents the major site of
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oxidative metabolism, it has been proposed that the most significant site of

lactate removal is the skeletal muscle (Brooks, 1985; McGrail et al,, 1978). While

- initially it appears paradoxical that lactate is both produced and eliminated by

the skeletal muscle. this is actually possible because skeletal muscle is.

composed of both Type | and Type il flel’S (Gollmck & Hermansen. 1973:
lssekutz Shaw, & issekutz, 1976) Whlle the Type I fibers are the mam

| producers of Iactate durmg‘exercise. the Type | fibers,. With their high Ievel of

. captllarlzation. have a great potentlal for lactate ehmnnatlon from the blood |

“(Tesch, Damels. & Sharp. 1982). . The Type 1 fibers can snmllarly remove Iactate

from the mterstitla. before it ever reaches the blood

The rate’ at which lactate is eliminated from the blood during exercise is a -
' functlon of several factors These factors include: (a) exercise mtensuty. (b}

| blood flow rates, () level of intramuscular glycogen stores, and (d) blood Iactate
concentrations. Increasing metabolic activity increases the blood lactate
removal rate (Eldridge, 1975; McGrail et al,, 1978). The increased metabolism in
the active skeletal ‘mus.cle tissues increases their requiremen_t for fuel. Itis

" hypothesized that in Type | skeletal muscle and in the cardiac muscle the

" increased demand for fuel increases the use of available blood lactate and
lactate in the interstitia. The dse of such exogenous lactate may actually have a
carbohydrate sparing effect on these tissues, because the lactate would provide

a Iarge portion of the carbohydrate supply required to maintain TCA cycle

activity.

There are three other factors which influence the rate of blood lactate
elimination. Increasing btood flow rates to tissues which remove lactate from

the blood will increase the potential for lactate elimination by these tissues, and



40

" obviously the reverse is also true. Increasing the concentration of

intramuscular glycogen will increase the use of endogenous carbohydrate as an

“energy supply,-and therefore, will increase lactate production and reduce blood

lactate elimination.” And finally, the concentration of lactate in the blood

appears to have an effect on the rate at which it is eliminated. At very high

‘blood lactate concentrations the removal of lactate from the blood is enhanced
~ (Depocas, Minaire, & Chatannet, 1969). It is possible that there is a mass action

effect caused by the high blood lactate concentration which enhances its. .

removal by facilitating diffusion into removal tissues (Depocas et al., 1969;

Issekutz et al., 1.976).

-Exbla_naiions for the Blood Lactate Threshold Phenomenon

The characteristic changes in blood lactate concentration apparent in

exercise of progressively increasing intensity may be the result of a number of

different events that occur within and without each active muscle fiber. One
explanation fo.r this phenomenon is that ét a certain exercise intensity the
supply pfroxygen to the muscle ﬁberbecomes inadequ;ite. and anaérobic
prodLlction of ATP is initiated to maintain the réquired supply of ATP in the
contracting fiber. Another explanatiqn is that at certain exercise intensities the
pred?minantgse of free fatty acids as a fuel no longer provides ATP at an

\‘.,;\__//’f' '
adequate rate. Consequently, the glycolytic rate is enhanced to satisfy the ATP

requirements, and lactate is produced because.of the augmented glycolytic

activity. Yet another explanation identifies the recruitment of progressively
larger motor units as the cause of the increased blood tactate concentration
during ﬁrogressive exercise. As the recruitment of the large, Type 1| fibers

increases both spatially and temporally, lactate produt_:tion increases and blood .



41

lactate elimination cannot meet the increased rate of entry of lactate into the
blood. The increase in biood lactate concentration may aiso be the result of a
reduced capacity to remove lactate from the blood. It has also been suggested
that the influence of catecholamihes on the metabolism of muscle .f‘tbers is -
responsible for the blood lactate threshold. Other factors fhat have been
implicated causally in'fhe blood lactate threshold are terﬁperature. lactate efflux

from production sites, and endogenous metabolite activation of glycolysis.

Each of ﬁhe‘ekplanatipns has supportive evidence; however, for none is the
evidence conclusive. 1t may well be that biqod lactate accumulation beginﬁ ata
Specific exercise intgnsity because of the coh&bingd'effecf of some or all of these
factors. Ne(rertheless. it is apparent that at a specific exercise intensity the
cohcentra;ion of blood laftate Begins to progressively increase and this increase
is due to a disequilibrium between the rlate of lactate entry-into ;he blood and

the rate of blood lactate removal.

Muscular Fatigue

The mechanisms responsible‘ for mustular fatigue have been an elusive
aspect of exercise physiology. The reason being that this area of exercise
physiology is highly complex. The following discussion of muscular fatigue is
divided into four sections. In the first section muscular fafigue will be defined.
The second section consists of a brief review of the major processes involved in
muscle contraction. This review provides the background necessé'ry for an
understanding of the third section, which deals with a number of the different
fatigue sites and fatigue mechanisms that have been identified by various
researchers. The final section consists of a discussion of the possible

mechanisms of muscular fatigue during endurance events.
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Definition of Muscular Fatigue

Muscular fatigue is a very common aspect of physical -activiitv. It occurs
when a muscle, or a group of muscles, is used repeatedly. This repeated use
_ eventually re;ults in a-decrease in the tension producing ability of the muscle.
In general, muscular .fatigue is defined as the inability to ‘maintai,%"a required or '
' expecte_d_ level of muscular performance. ‘The degratﬂation in muscular |
perfdrmance is usually described in terms of either a decrease in force
: production. movement velocity. or work output For the purposes of this paper,

muscular fatlgue is defined as the mablhty to maintain an expected level of

work. output. .

‘Review of Muscle Contraction

tven though muscular .fatigue |s e common phenomenqn. it is very complex
and its underlyihg eeuses are not well understood. A great deal of the
complexity surrounding muscular fatigue arises from the number of steps |
involved in the excitation artd contraction of a muscle fiber. A brief review of

.these steps follows.

Muscular contraction often begins with the generation‘of a signal in the
brain. This signa_llts translated to a muscle cell by a specialized nerve cell called
a motoneuron. The cell body of a motoneuron is Ioceted in the spinal cord. It
can receive many excitatory and inhibitory inputs from a nuhnber of different
sources. When the excitatory inputs to the cell body are enough to override the
inhibitory mputs. an action potentnal will be generated at the cell bodv that will
travel down the axon of the motoneuron. The axon extends to the musc[e it is
associated with. It-branches at various points to produce a number of corollary

axons that lead to different muscle fibers within the same muscle, -
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The next stage of signal transmission involves the transfer of the signal
from the motoneuron to the muscle fiber. The point where the terminal end of
the axon {axon terminal) meets ;Nith the muscle cell is called the neuromuscular
junction. Here the axon terminal and the .rﬁuscle cell membrane are separated
by a small gap. Transmission of a nerve impulse across this Qap is achieved by

| use of a chemical transmifter. acetylcholine, which is stored in membrane

bound vesicles on the terminal.

When an action botentiél reaches _the axon termi‘r.\a!'. it depolarizes the
“membrane at the terminal. This depolarization causes the fhembrane
permeabitlity to Ca_2+ to change, As a result, Ca2+ diffuses into the tefmi'nal and
triggers the release of acetylchdlin_e into the neuromuScular junction. The
acetlycholine rapidly diffuées acrbss the gap to the motbr end plate membrane
'of the muscle cell, where there are recebtors for it. The permeability of the
motor end plate membrane to Na"; and Kt is greatly increased by tHe binding of
acetylcholine to the receptor sites. This permeability change results in a
depolarization of the motor end plate membrane, and thus, the signal is

translated from the motoneuron to the muscle cell.

The depolarization of the motor end plate membrane causes an action.
potential to be propagated over the mﬁscle cell membrane (sa'rcolemma). Once
an action potential is initiated at a point on the sarcolemma, it travels lateraily
over the Iength of the muscle fiber. To broduce contraction the action potential
must be translated to the contractile proteins at the interior of the muscle cell.
This is achiéved by T-tubules which run perpendiculai' to the muscle fibers. The
T-tubules are believed to be résponsible for translatio_n of excitation from the

sarcolemma to the sarcoplasmic reticulum. The excitation coupling between
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the T-tubules and the sarcoplasmic reticulum results in the release of Ca?“‘
from the terminal cisternae of the sarcoplasmic reticuium into the environ of

the contractile proteins - actin and myosin.

‘ The‘ Ca2* influx allows the actin and myosin filaments to interact. This
interaction is the basis of muscle fiber contraction and it is termed the cross
brldge cycle The cross bridge cycle is inactive in resting muscle cells because '
the mteractuon between the actin and myosin fllaments is mhnbnted that is, the
active site for myosin binding on the actin filament is not exposed Wnth the
large influx of Ca?‘" from the terminal cisternae of the sarcoplasmic retic‘ulum‘

the actin active site is exposed and the cross bridge cycle is disinhibited.

The cross bridge cy'cle'is n1ade up of a series of st’eps venich dltimate!y :
results in muscle ﬁbei‘ contraction. ATP plays a key 'rdle at two points in the
cycle. The cycle involves the enzyme actomyosm ATPase The myosin head has
a binding site for actm and an actomyosnn ATPase site. Only the hngh energy
form of the myosin head can bind to the actin filament. The hngh energy
myosin head is formed when a molecule.of ATP is nydrolyzed by acfomyosin
ATPase. When the high"enerdy mydsin head binds to the actin filament, the
stored enerQy from ATP hydrolysis is released, and this release results in the -
movement of the cross bridge. In order for the myosin head to release the actin,
ATP must bind again to the myosin. When this binding occdrs the myosin head -
‘ .is released from the actin and the bound ATP can once again be hydrolyzed to

produce a high energy myosin head. In"s"':d"ch a manner the cross bridge cycle
can be continuously repeated. The cycle will cease, and the muscle will .reiax.

when CaZ* is removed from the contractile protein environ, causing the actin

active site 1o no longer be exposed to the high energy myosin head.

e
-
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Following muscle contraction, a number of different processes must be
activated to return the muscle to its resting state. To return the motor end
plate membrane to its resting state the receptor bound ecetylcholine must be
broken down. This is accomplished by an enzyme called acetylcholinesterase
which is located at the motor end plete _membrane. In order to reestablish the
resting membrane potential of the sarcolemma, an ATP requiring process must
be active. Thls process involves the enzyme Nat/Kt ATPase, and is referred to
as the Nat/xt pump Through the Natsk* pump the restmg intracellular and
extracellular concentratuons of Na* and Kt are actively restored In order to
stop the cross brldge cycle Ca2+ must be resequestered mto the sarcoplasmac
retlculum. This |s achleved through a process which requires ATP, mvolves the

enzyme Cal+ transport ATPase, and is referred to as the Ca2+ pump, The

~ activity of these three processes returns the muscle cell to its resting state, and

thus enables it to rapldly respond to subsequent motoneural activation.

Possible Fatigue Sites and Mechanisms

When a ‘moscle exhibits fatigue it may be the result of a decreased or
deteriorated function at any of the steps along the series of events leading to
muscle conltralction_. Diffe'r\ent researchers have attributed fatigue‘to different
steps or to different mecha\nisms at a step. A nomber of the proposed fatigue
sites and mechanisms will be presented here in succession from those in the

brain to those in the contractile elements of the muscle fiber.

The first potential site of fatigue is the brain. Central fatigue is the term
that is used to describe a decrease in muscle force due to a decreased motor

drive from the central nervous system (CNS). With a lower CNS drive, muscle
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activation cannot be maintained at the required level. Central fatigue has often
been attributed to psychologicai factors such ‘as inadequate motivation ora
decreased ability to tolerate pain. Some research, however, has suggested that
central fatigue may be physiological - the decreased motor drive from the CNS
may be a response to afferent feedback from the muscle. This feedback may
reach the brain in two ways: (a) via afferent feedback from the sensory apparati _
- of the muscle, or {b) through the'passage of sﬁbstanceé within the blood, such

as NH3, across the blood brain barrier (Gréen, 1987).

; An'othler mechanisrﬁ of central fatigue focuses on the motoneuron. It has
been sﬁgges:ted that since the cel.l‘ body'of a motoneuron is a focal point fﬁr'a
great deal of excitatory and‘ ihhibitory input, it is bbssible that the excitabil_ity of -.
a motoneuron or a motoneural poo! could be decreased by an increase in Iocai |
inhibitorylihput' (Creen, 1987). The effect of decreasing the excitability of a
motoneuron would be'a décre'as_e in muscle force production; providing CNS |
actilvation remains constant. Thus, ;hgre are three proposed mechanisms for -
central fatigue: (1) rhodiﬁcatibn of the CNS motor drive by afferent feedback
from the muscle, (2) modificat_ion'of the CNS motor drive by substances carried |
" in the blood, and (3) modification of the excitability of a motoheuron or

motoneural pool. However, whether or not these mechanisms are actually
_active. and wﬁhether or not they are responsible for muscular fatigue has not yet

been determined.

Muscular fatigue due to central mechanisms may be more applicable to
certain types of activities than others. Some researchers have found evidence
which suggests that the fatigue resulting from high intensity activity may be

due to central factors. For instance, high intensity exercise invdlving Type Il
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muscle fibers results in elevated levels of blood NH3 (Meyer, Dudiey, & Terjung,
1980). The passage of NH3 in the blood across the blﬁod brain barrier rijay be a
metabolic feedback pathway which results in a decreased motor drive. It has
" also been suggested that the Type Il motor units, being more fatigable than the
Tybe | motor unifs. would be better can'dida,.tes for the selective' motoneural pool
inhibiﬁon. whi.clﬁ was previously outlihed as a possible mechanism of fatigué
(Green, 1987). Contrary to these views, other researchers have found !fttle‘
evidence ‘of central fafigue during high irlrtensfit:y exérf.ise if subjécts are well
motivated. In studies ‘which compared maximal voluntary :6ntlractions.to ‘
_electrically stimulated ‘icontractic‘ms researchers found little difference in the
force that was generated with each, if the sﬁbjects Were well motivated (Gibson
& Edwérds.- 1985). Frorﬁ their research, Bigland-Ritchie & Woods (1984) have ‘
concluded that central fatigﬁe can .be overcome in maximai cohtractions of 45
to 60 seconds in duration. It is generaliy accepted that in short duration high |
intensity exercise, central fatigue i§ not the critical fatiguing mechanism at

work. In prolonged activity, however, the role of central fatigue has not been

. extensively evaluated (Bigland-Ritchie & Woods, 1984).

In many cases, muscular fatigue is apparent even though the motor drive
from the CNS is édequate. In such situations fatigue is not due to central
factors, but must be attributed to peripheral factors. In fact, muscular fatigue is
most frequently associated with some aspect of the peripheral contractile
events - either there is failure of the motoneural action potential transmission,

or of one or more of the events leading to contraction within the muscle fiber. .

The first potential peripheral fatigue site is the motoneuron. A

neuromuscular block will occur if a motoneuron is unable to translate an
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excitatory motor drive into a regenerative action potential at the muscle cell
membrane. A number of possible mechanisms have been identified for

.neuromu.scular block. One possible mechanism is that excitation is lost at the
axonal branch points of a moteneuron (Green, 1987). Another eossible
mechanism for neuromuscular block is that the integrity of the rnotoneural
| membra'ne.‘is.disru'ptedr A loss of integrity o'f the membrane would change lits »
‘ electrical Characteristics_. and these characteristlce are critical for signal
- 'transm'ission (dreen. 1987). "'Yet another rnethanism may be that the amount of
' acetylcholine bemg released from the axon terminal is not enough 1o depolarize
the motor end plate membrane (Green. 1987) These three possible
- mechanisms for neuromuscular block must be investigated further before any
- concluslons can be made concernmg theur role i in muscular fatrgue and therr
specrfucrty to certam types of actlvmes. Presently. there seems to be agreement
. that farltrre of the _motoneuron is a rare occurrence (Bigland-Ritchie & Woods,,

1984; Clamann, 1987).

Muécular fatigue is more commonly associated with failure of some aspect
of contraction within the muscle cell. The l"lrst site of conEern is the motor end
plate membrane. If there is failure at this site no action potential will develop
(Green, 1987). It has been speculated that a cause of failure rnay be that for
some reason the membrane becomes incapable of responding to acetylcholine
~ (Clamann, 1987). If this occurs the motor end plate membrane will not
depolarize and the action potential will not be generated. This mechanism, |
however, is onlv-s'peculation and as such muscular fatigue is rarely attributed to

failure at the motor end piate membrane.
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The sarcolemma is the next potential site of fatigue within the muscle cell,
Muscular fatigue will resultr if the sarcolemma fails to regenerate an action
- potential (Green, 1987). Normal sarcolemma function is dependent on Van intact
membrane. It has been suggested that in prolonged activity there may be
reversible membrane damage (Creen, 1987: Tibbits, 1987). A loss of membrane
integrity will change the permeabiiitv of the membrane to ions and to -
molecules.. and thus will affeci the ability of the membrane to depol#rize (Green,
| 1987). A loss of membrane in‘tegrity will also affect other membrane protesses
that are critical to normal cell function, such as pH regulation (Tibbits, 1987).
"Sarcolemmal failure will also occur if the resting membrahe potentiat has not -
been rées;ablished before thelnext' action potential arri'ves. ‘The Na*t/Kt ATPase
enﬁzvr'ne is feﬁponsible for reestablishing the resting membr&ne pdte'ntial. This
enzyme requires ATP to‘ functio.n and it is regulated by the concentration of Na™*
and KT, and by free fatty acids, insulin, and catecholamines (Green, 1987). Thus,
the activity of the enzyme can be decreased through local substrate dépletion or
through enzyme impairment (Tibbits, 1987). If the activity of the Na";/K"’
AfPase is decreased, repolarization of the sarcolemmal membrane will reguire
more time, With an increased repolarization time, the‘ rate at which thé muscle '
cell can be effectively stimulated will be reduced, and subsequently the forfce

producing capacity of the muscle will decrease.

Sarcolemmal failure has be.en evidenced in human muscle fibers in vitro and
'in vivo. In vitro it usually occurs in response to high frequency stimulation, and
it results in a rapid loss of force (Gibson & Edwards, 1985). In vivo, during a
* sustained voluntary coﬁtraction. there is a natural fali iﬁ firing frequency. It has
been suggested that this natural decrease may be a protectivé mechanism built

in to the systém to avoid incurring sarcolemmal failure (Cibsori & Edwards,
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1985). Other researchers have suggested that the decrease in firing frequency
may simply be an attempt at signal conservation; where only enough signal is
refayed as can be utilized_ at any point in time (Bigland-Ritchie & Woods; 1984).
The latter suggestion implies a great dgal of afferent feedback, since the motor
drive would have to bAe continubusly mod'ified to suit the active state 6f the
musﬁlg cell. The case for sarcolemmal fa_ilure during high intensity activity is
poor, since there are buiit-in protective mechaﬁisms to guard agajnst it. _
However, sarcolemmal failure during prd|onged activity may fésu!t from a loss

of integrity of the sarcolemma, and/or a decreased activity of Nat/K* ATPase.

The next potential fatigue site within the muscle cell is the T-tubule. The
T-tubule may fail to couple excitation from the sarcolemma to the sarcoplasmic
reticulum. One speculated mechanism is that at some point the_ T-tubules may

begin to retain Ca2* (Green, 1987). '

"' The sarcoplasmic reticulum is also considered a potential fatigue site. in
prolonged aciivity both redﬁced'Caz*‘ release from the sarcoplasmic reti.culufn
and reduced Ca2+ uptake by the sarcoplasmic.reticulum have been reported
(Green, 1987). A reduction in the amount of Ca2t that is released would
decrease the number of cross bridges possible, thus reducing the force of
contraction. A reduction in the uptake of Ca2* from the contractile protein
environ would increase the relaxation time, The miechanism responsible for
Ca* retention is unknown; however, there is a possible explanation for reduced

Ca2+ uptake.

A reduction in Ca2+ uptake into the sarcoplasmic reticulum may be caused
by a modification of the activity of the enzyme responsible for Ca2+ uptake -
Ca2+ ATPase. This enzyme has a number of effector controls (Green, 1987), In
f(":“‘i%
o

N
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vitro, reversible alterations in sarcoplasmic reticulum function, attributable to
changes in Cal* ATPase actiyitv. have resulted from prolonged exercise (Tibbits,
1987). It has been suggested that an increased concentration of ADP decreases
the free energy of hydrolysis in Ca¢+ ATPase (Tibbits, 1987). As well, the
enzyme may be inhibited 'by a decreased concenrtration of ATP or by a decreased
pH (Tibbits, 1987). If Caz"‘_.ATPase actiyitv is decreased the result will be an
increase in relaxafion time, because the actin-rﬁyosin‘ dissociatibﬁ‘will, be‘-

‘ 'délayed. Gibson and Edwards (1985) proposed that the decreased Ca2+ AT?ase |
activity was also a protective mechanism bu:lt-m t0 counteract. fatlgue. since it ‘
results in a prolonged force maintenance for each action potentual it appears
that the sarcoplasmic retuculum may be a site for muscuiar fatigue, especually in

prolonged activities.

Certain aspects of the cross bridge cycle may also be vulnerable to fatigue.

‘ Acfomyosin ATPase lis the enzyme that hydrdlv.fes ATP to provide the energy for .
cross bridge movement. This enzyme h__asla numbér of reguiators. For example,
high concentrations of the products of ATP hydrolysis: ADP, Py, and Mg* may
alter the activity of actomyosin ATPase and may reduce the free enérgy of ATP

~ hydrolysis (Green, 1987). In addition, low ATP concentrations, or high hydrogen
ion concentrations will reduce the activity of actomyosin ATPase (Gibéon &
Edwards, 1985). Thus, even when the release of Ca* from the sarcoplasmic -
reticulum is adequate to promote optimal actin-myosin association, contraction
may still fail because of a depletion of A‘TP or an accumulation of metabolites

~ (Clamann, 1987). Impairment of the cross bridge cycle appears to be associated
more with activities of high inten.sity than with prolonged activities of IoWer

intensity (Green, 1798?).
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Certain metabolic factorﬁ. ;uch as the rate of ATP resynthesis, may also
play a significah_t role in muscular fatigtje. An adequate supply of ATP is needed:
| {a) by acfomyosin ATPase for the cross bridge cycle, (b} by Caz““A"ArPase for
| resequester'i-ng' Ca2* into the sarcoplasmic reticulum, and (c) by Nat/kt ATPase
for resto.ring the resting merhbrén_e potential of tr.l'e.sarcqlem_ma‘. Obviously. the
sﬁpply'of A;I'P is critical to the ccinfractile proce.;.s v'vithin the muscle ;eil. itis
well known that thé concentratioﬁ 'of ATP. within al muscle cell is fa‘ir.ly stable
. and cannot be driven below approxumately 60 to 70% of the resting Ievel even :
after exhaustlve exerc:se (Noble,’ 1986) If ATP hydrolysis could contmue while
"AATP. resvnthesus was mact_we. the m;racellu_lar ;tores of ATP would‘b'e rapldly
: deb‘lgt-.ed-énd'th_e cell would die. It follows then. that there-are mechanisms
within the rﬁu;cle cell which cgrefully ﬁjatch t!fae rates of ATP hydrolvsiﬁ and
r;é.s'ynthesisL Thus, ATP will-h“o_t be continuously hydrdlyzed and used by .
actomvosi'nlA;rPase. Ca2*t ATPase, or Na*/K* ATPase unless it is being
| ‘resynthegized atan adeqruate rate. As such, the fatiguing mechanism may be
related to the factors which influence the rates of ATP resynthesis a'nd

hydrolysis.

The'rate at @hich ATP can be resynthesized in the muscle cell is dependent
upon the energ\} production pathway that is beihg hredominantlv used.at any
point in time. The major pathway used for ATP resynihesis in the muscle cell
will vary with the intensity of activity t}1at is being performed, and with the
type of muscle cell ihat is being recruited. During low io modgrate intensity
éctivitv ATP resynthesis occurs primarily through oxidative pafhwavs. Such. .
intensities of éctivity can be continued for prelonged durationgtbefore. fatigue is
apparent. Obviously, oxidative ATP production is capable of maintaining a

balance between ATP hydrolysis and ATP resynthesis for these activity
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intensities. The muscular fatigue induced b;/ proionged activin} is commonly
attributed to glycogen depletion in the active muscle fibers. This reasoning is
based on the fact that at the point of fatigue there are usually ample reserves

of fat substrate remaininé: however, the body's carbohydrate supply is depleted -
(Beréstrom. H_errﬁansen. Hul;man. & Saltin. 1967; Berg'strorﬁ & Hultnﬁan'. 1967).
Fétigué may occu‘r -when' the 'body's carbohydrate reserves ére depleted because'

: : it appeafs';h'at- an obligatory amount of carbohydrate is reduired to f-ai:ilitat-e
."th'e activity of the TCA cyéle.‘ _The'r_efbre. when the 'cla-rboh\]drate'reserveS

| becore :deplete_d. aerobic glycolysi_s'_is not active at a rate that can mainfain ‘thé

, ,rxlﬂequired' level df TCA cyclé activitv. Conse’qugntly. the raté at which ATP can be

resynthesized will be reduced, and the work output will drop.

. Dﬁring high iﬁtensit\’/ activities ATP resynthe‘sis occurs predbrﬁinahtl\}
through anaerobic glycolysis. ',If Afi;"is' being resyhthesiz:e_d through anaerobic.
glycolysis, the lactate aﬁd hydrogen ion concentrations in the mustle ;ell will
: rise. In the past, Iac.tatei'accumulation within a muscle cell was implicated as. _

fhe primary cause of muscular fatigue during high intensity exercise. This
reasoning was based on the observation that the intracellular concentrations.of
lactate at the point of exhaustion were extremely high - as much as 20 to 30
times as high as those seen at rest. While lactate accumulation itself has not
been proven as a cause of muscular fatigue (T esch. 1980), it has deﬁnifely
demonstrated a very strong association with it (Hermansen. 1981). This_
association may be a reflection of the close relationship betwéen la'ctate and
hydrogen ion concentration. When the anaerobic glycolytic metabolic pathway .
|s active there is a rapid production of both lactate and hydrogen ions. The

hydrogen ions that are produced can efflux from the muscle, or be buffered by

one of the buffering systems within the cell, such as the bicarbonate or the
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protein buffering systems; however, a great deal of the hydrogen ions that are
produced will accumulate in rhe muscle cell during maxlmal intensity activity.
The result of this accumuiation will be a drop in intracellular pH. Intracellular
- pH levels of 6.4 to 6.5 have been reported at the polnt of exhaustion frorrl

maximal repeated exercise (Hermansen, 1981).

AHigh intracellular co'ncentrations of hydrogen. ion and the resulting drdp in
pH have been |mpl|cated in two possuble fatigue mechamsms The activities of
wo kev enzvmes in the glycolytrc sequence - phosphorvlase and -
phosphofructokmase (PFK), are modified by changes in mtracellular pH These
enzymes have a decreased actwuty at reduced pH The enzyme mhnbmon
appears to be a protectlve mechamsm which prevents contlnued hvdrogen ion '
) producnon. therebv reducmg the _rlsk of _protem denaturatlon and the |
destruction of other acid'labile cell components due to low pH. T herefdre, a.
feedback mechanism exists wl'lere the activity of the anaerobic gtycolytic -
pathway is severely re;arded when the end products of.the patl‘away accumulate
in the cell. Fatigue will result when tl"re activity of the anaerobic glycolytlc
pathway is reduced because of the resulting decrease in rhe rate of ATP

resynthesis.

If the contractile proteins were allowedto hydrolyze ATP while the main
resynthesis pathway was inactive the intracelluiar stores of ATP would qulckly
be depleted and the cell would die. Therefore. decreased intracellular pH also
triggers mechamsms which control the actrvlty of the contractile protems s0
that ATP is never completely depleted. The. Ca* sensitivity of the contractlle
proteins decreases with decreasing intracellular pH. It appears that the.

accessibility of the binding sites is altered by the myofibrillar charQe which is
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pH dependent (Mainwood & Renaud. i985). Thus, the decreased pH causes a
drop in the number of Ca2t that can bind to troponin, and this results in fewer
actin-myosin interactions anﬁ a decreased contractile ability (Tesch, 1980). The
. accumulation of hydrogen ions and low intracellular pH also decreases the
activity of actomyosin ATPase a.nd Caé+ Ai’Pase. Thus, decreased intracellular
pH affects the contractile activity of a muscle fiber by reducing the rate at

‘ _Which ATP can. be hydrolyzed and by reducing the rate of ATP resynthesis. '

It is apparent that chaﬁgés in' intracéllutar pH may affect force .generation
through two hé;hanisms. The first of these involves the reduced activity of the'
regulatofy enzymes of glycblysis caused by the decreésed pH. The second
. _' involves the'impairmen_t of the contractile proces‘s' caused by the increased
hydrogen fon concentration (Hermansen. ‘1981). There is a close relationship - .

‘between intracellular pH and the intracellular lactate concentration immediately .
fbllowiné exercise (Tesch, 1980). Therefore, while lactate accumulation cannot
be proven as the main causation of fatigue.v it is certainly Va fatigue indicator .

because of its close relationship to intracellular pH (Tesch, 1980).

Muscular Fatigue During Endurance Events

Based on the. previous discussion, it is apparent that during prolonged,
moderate intensity activity fatigue may be caused by a. number of possible
mechanisms. The continuous, repétitive nature of this type of activity supborts
the view that reversible damage to either the motoneural membrane and/or the
sarcolemmal membfarié may be responsible for fatigue. Another possible
mechanism for fatigue in prolonged activities is substratg depletion, namely,

carbohydrate depletion. In addition, the effects of central fatigue during
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profonged activities remains to be investigated. At this_ poirlt. it appears that
the most probable causes of fatigue during prolonged, moderate intensity
activity are sarcolemmal membrane damage, motoneural membrane damage,

‘and/or carbohydrate depletion.

Whille t.he fatigue resuiting from prolonged. moderate intensity work
appears to be the'mo‘st relevant for application to endurdnce events; the farigue
resultmg from hlgh mtensnty act:v:ty cannot be overlooked within thIS context.
Most endurance events are predommantly made up of activity at moderate
_intensities . very close to the mdlvndual lactate threshold. 'However. activity
mtensntues can climb to suprathreshold levels w:thin the event if certam |
.crrcumstances such as terrain, weather, or competmve strategy dictate that
.they must. The possuble mechamsms of fatigue resulting from- hlgh mtensrty
actwnty have been prevnously outlined. This type of fatigue appears to be
largely due to the affect of various merabolltes on the rate of ATP resynthesis
and on the rate of ATP hydrolysis. The two metabolites of key concern are - _
Iactate and hydrogen ions. These are produced rapidly in Type Il muscle fibers
with the increased glycolyric activity res'ulring from high rates of activity.. It is
obvious that following suprathreshold intensity surges of activity within an
endurance event, strategies should be employed to ensure adequate !actate and
hydrogen ion removal so that the fatigue induced by these metabolites can be

avoided:

The section which follows discusses studies that have investigated different
strategies for recovering from high intensity activities. From the previous
* discussion on fatigue it was revealed that the high proton load experienced by

the Type |l muscle fibers due to high intensity activity was a primary fatiguing
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inﬂuen_ce. in order to recover from such high intensity activity it follows that
the proton load must be reduced. Lowering extracellular lactate and raisiﬁg
extracellular pH enhances lactate efflux and probably hydrogen ion efflux as
well (Hultman & Sahlin, 1980). The effect of various recovery strategies
following high intensity activity is usually assessed by monitoring changes in
blood lactate concentration. This practice niav have initially been employed
because Iacta'te was thought of as a prima_ry-fatiguing metabolite; however, it is
still valid sinte “'thé uptake and dispoéal of lactate in the Blood will most |
probably correspona to sirﬁilaf changes in hydrogen ion" (Hultmaﬁ & Sahlin,

1980).

Blood Lactate Removal During Recovery Exercise -

Itis a well-established fact that the rate of decrease in blobd |ﬁctate
concentration, following a period of lh'igh intensity exertise. is faster if the -
~ recovery period is éctive as opposed to passive (Belcastro & Bonen, 1975; Bonen
& Belcastro, 1976; Davies et al., 1970; Depocas et al,, 1969: Hermansen &
Stensvold, 1972; McGrail et al., 1978; McLellan & Skinner, 1982; Stamford et al.
1981; Weltman et al, 1979).. The increased blood lactate removal, apparent
during active recbvery. is explainéd by the fact that blood lactate can be used as
~a substrate by the heart and the Type | skeletal muscle tissue (McGrail et al.,
1978). If the activity of these tissues is augmented, as it is during active
recovéry. the requirement for fuel will be increased, and subsequently the
uptake of lactate by these tissues will be enhanced (Depocas et al., 1969;
Eidridge. 1975; Issekutz et al., 19?6). In addition, active fecovery will cause an
increase in the blood flow to these tissués.- thereby further increasing the

potential for blood lactate uptake at these sites (Astrand & Rodapl.}_]@!&G).:ﬁ_ﬂ -
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Blood lactate removal is enhanced by an active recovery period; however,
elimination wilt be sub-optimal if the recovery intensity is t00 high. Belcastro
and Bonen (1975) found that recovery intenSi_t'ies of up 1o 45% VOpmax were
rﬁore effective in removing lactate from the blood than intensities of 62 and
81% VOzmax. .Davies et al. (1970) found that at exercise intensities beyond 40%
VOzmax blood lactate femoval was Idiminished. Hermansen and Stensvoldl
(i 972) found _that recovery intensities of up to 60 to 70% Vszax'enhanced

blood lactate removal, but higher intensities decreased it.

There are two common explanatlons for the reduced b!ood lactate removal
apparent at high recoverv exercise mtensmes. One explanation is that as.
exercise intensities increase, blood flow is redirected away from tissues that |
remove lactate (Walsh & Banister, 1'988).. Musch, Haidet, Freidman, Pitetti, &

- Stra\)-cundersen (1984} fouhd‘th‘at blood flow to the liver and inactive skeleial
muscle was reduced during exercise. A second‘explali'\atien is that as.recovery |
exercise intensities increase, the recruitmeet of Type |l skeletal muscle and the

" firing rate of these fibers will also increa;e; as a resulit, Iactate productien v;rilla
increase (Nagata, Muro, Moritani, & Yoshida, 1981). Since the objective of
recovery is to reduce the concentration of bload lactate, any increase in the rate
" of lactate production is counterproductive. Therefore, an exercise intensity that
results in a decreased blood flow to tissues which uptake lactate, and/or an
increased lactate production, will cause the rate of blood lactate removal to

decrease.

Active recovery will enhance blood lactate removal. However, if the
intensity of the recovery exercise is too high blood lactate removal will be

~ diminished.  Thus, there appears to be an optimai intensity of recovery exercise
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which potentiates blopd lactate removal. It is hypothesized that the optimai
recovery exercise intensity for blood lactate removal is the lactate threshold
intensity. This intensity appears to represent the point at which blood lactate
elimination mechanisms have been potentiated and blood lactate production
has not ye: exceeded this ellmmataon potenual A number of studies have |
attempted to ndermfy the optimal recovery exercise intensity for blood Iactate
“removal. However, because the results and the methodologies of these studies

have been inconsistent, the optimal intensity of recovery exercise is still

unknown.

Most of tne studies that have attempied tca identify the optimal exercise _
mtens:ty for blood Iactate removal have examined recovery exercise mtensuues ‘
_ 'relatwe 0 VOzmax Optlmal recovery mtensmes of 40, 45, and 60 to 70%
VO2max were |dent|f|ed by Davies et al. (1970), Belcastro and Bonen (1975) and
Hermansen and Stensvold (1972), respectively. Weltman et al. (1979) compared
two exercise intensities: 40 and 65% VOzmax. which they identified as below
andlabc}ve the lactate thrashold, respectively. They found that recovery at 470% :
VOzmax resulted in a more effective blood lactate removal than recovery at 65%
VOomax. In e similar approach, Stamford et el. (1981) compared recovery
intensities of 40 and 70% VOzmax, which they identified as below and above the
lactate threshold, respectively. They found that blood lactate removal was not
significantly different between these two recovery intensities, if experimentally
determined baseline b‘lood lactate concentrations were used. While the results
from these studies are not entirely conflicting, they definitely lack consistency.
These results‘must'be interpreted with care, since significant conceptual and .

methodological inadequacies exist in most of the studies that produced them.
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The most obvious inadequacy is that researchers have examined blood
lactate removal at recovery exercise intensities defined as‘ a percentage of
vOpmax. Blood lactate removal is not a functior: of a percentage of VOzmax, it
is primarily a function of the degree of imbalance between the rates of lactate
production and of blood lactate elimination. The point of balance between
these two rates’is the Iactate threshold exercise intensity. It is well known that
thié intensity occurs at different eercentages of \'iozmax for different individuals
'and ‘aven for the same indtvudual at dlfferent tramed states (Coyle. Coggan, |
Hcpper. & Walters 1988) An mtensnty of exercise deflned as a percentage of
»Vlozmax could representan IlntenSIt_y that is below lactate threshold for some
individuals and above threshold for ethers (see Figure 7) (Brdo’ks. 1985). By
defu‘-ng recovery exercise intensities relative to Vozmax. researchers have been |
comparing very dlfferent rates of Iactate production and elimination for each of
' thetr subjects, at, each recovery mtensnty As a result high mtermdwudual
variations in blood factate removal have been noted (Be!castro & Bonen 1975)
Th‘|s varratton'ls reduced when recovery intensities are expr_essed relative to the |
lactate threshold (McLellan and Skinner, 1982). Clearly, the use of a percentage .
of VO2max to standardize recovery exercise intensity is inappropriate when the
'variable under investigation is blood lactate. In such situations, recovery
exercise intensities should be standardized by defining them relative to the

lactate threshold exercise intensity.

There hes also been a lack of consistency in the method used to determine
the rate of blood lactate rentoval. This rate of removal is usually the criterion
used to evaluate the effecti\reness of the different recover\r exercise intensities;
therefore, the method used to .determine this rate is an important consideration.

Belcastro artd Bonen (1975) described the rate of blood lactate removal as a
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Hypothetical research design with recovery intensities defined as
40 and 70% VOzmax for 2 subjects. Subject 1 demonstrates
lactate threshold at 73% VOzmax, which is above the highest
recovery exercise intensity. Subject 2 demonstrates lactate
threshold at §5% VO2max. which is between the two recovery
exercise intensities. The recovery exercise intensities expressed
as a percentage VOamax clearly represent very different relative
rates of lactate production and elimination for each subject.
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linear decay, and expressed the decay as a percent.change in lactate
concentration per minute from the lactate concentration at time zero of the
recovéry period. However, the recoVery blood lactate response is not always
linear (McLellan & Skinner, 1982; Stamford et al. 1981). Blood lactate
concentrations characteristically increase during the first few mrnutes of
recovery. after Which thoy decrease, and continue to decrease throughout the
r;covery period- towards a partucular asymptote of blood Iactate concentratron
(see Figure 8) (Hermansen & Stensvold, 1972; Stamford et al., 1981; Weltman et

1979) Therefore, the lmear decav method of descnbmg blood la'“ate

remova! rates is often inappropriate. ' S ’

Davies et al. (1970) recooh.ized the noo-l.inear rosponse of blood lactate
di'sappearance with time. ‘These researchers plotted the log of blood lactate
concentration against time, for the first ten minutes of recoverv. and used the
slope of the resultrng line as the blood Iactate removal rate. The calculatuon of
trmes for half removal of blood Iactate was the next stage of refinement made |
o blood lactate removal calculations. In the study by Stamford et al. (198_1).
individual single-component exponential curveS of blood llactate disappearance._
which started from peak blood lactate concentrations, were used to describe
blood lactate removaAI during recovery. From the parameters of these curves,
blood lactate removal:haif-times were determined for gaoh.exercise intensity.
McLellan and Skinner (1582) similarly calculated half-times from individual blood

lactate removal curves to compare removal rates between exercise intensities.

The calculation of blood lactate removal half-times from single component
expohential curves is a method which accounts for the non-linearity of blood

lactate removal. The half-times for blood lactate removal, however, will vary

m
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Blood lactate concentrations following maximal work for three
recovery intensities: rest, 40% VOzmax, and 70% VOzmax.
Experimentally determined baseline blood lactate concentrations
for each recovery intensity are included.

NOTE: From: "Exercise recovery above and below anaerobic
threshold following maximat work" by B. A. Stamford, A.
Weltrman, R. Moffat, and S. Sady, 1981, journal of Applied
Physiology: Respiratory Environmental Exercise Physiology, p.
840-844,
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considerably depending on the concentration of blood lactate used as the
baseline value in the calculation (Stamford et al. 1981). In the study by

- MclLellan and Skinner (1982) half-time values were calculated using a standard _
baseline blood lactate concentration of 1.0 mmolxL!. The use of a standard
'baseline blood lactate concentration for different recovery exercise intensities is
invalid. Doring recovery exercis’e‘. blood lactate c_ontentrations \}\}ili decrease
towards an asymptote that is characteristic to the individual and to the ex’ercise '
inten_stty used. This asymptote appears 10 be equivalent to the steady-state |
blood Iactate concentration .ooserved during constant work at each recovery
exercise‘intensity' (Stamford et al., 1981). AﬁlexerciSe inteneities approaeh
lactate threshold the concentratlon of blood tactate observed during steady- -
state work will progressnvelv increase (Hermansen & Stensvold, 19?2)
Therefore. blood lactate: removal for a recovery exercise performed atan
intensity near the lactate threshold' intensity cannot be evaluated using a
Istaridard 1.0 mmolxL"! baseline because the biood lactate concentration
asymptote for work at such an intensity is generally much higher than 1.0
mmolxL ! (Stamford et al, 1981). If a stanoard baseline is used, the blood
lactate decrease half-ttme \mll be overestimated for any recovery exercise
intensity that generates a blood lactate concentration asymptote greater than

the staodard.

A study which used experimentally determined blood lactate baselines to
evaluate blood lactate removal at different recovery exercise inter\sities was
do.ne by Stamford et al. (1981). ‘l_'hese researchers measured blood lactate
removal at two active recovery intensities - 40 and 70% VOz2max. Before the : Zg
recovery exercises were investigated, baseline bloo_d lactate concentrations were

~ determined for each'recovery exercise intensity. Steady-state work at 40% .

T s
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VOsmax resuited in blood lactate concentrations thth averaged 1.4 mmolxL'}.
Steady-state work at 70% VO>max resulted in blood lactate concentrations that
averaged 3.5 mmolxL . When blood lactate removal rates were evaluated for
these two recovery exercise intensities, recav'e_n) at 40% of VOzmax produced a
signifi'cant_ly faster haif-time if a resting bleod lactate baseline (0.9 mmoltxL!)
was used. However, if the experimentally determined baselines were -used'(|;4 |
‘mmolxL! ahd 3.5 mmolxL™ 1) there were no significant differences in_half-‘time
between the two recovery exercise intensities. That is, recovery at 70% VOZ':'ﬁa'x

was just as effective in reducing blood lactate as recovery at 40% VOmax.

The results from the study by S‘ta'mfo.rd et al. (1981) are significant even
though there were some methodological' probléms in the study. Staﬁford et al.
(1981) used exercise intensities refative to \'Iolzmax and not relative to the
- lactate tﬁrgchold. The problems associéted with the use of recovery intensities
| ‘expressed as a percentage of VOpmax have been discussed earlier. These
researchers were also able to measure baseline blood lactate concentrations at
an exercise intensity which they claimed to be above lactate threshold (70%
VOmax). If their subjects were truly above lactate threshold at the 70%
VOamax intehsity, then they should not have been able to measure baseline
blood:;!actate concentrations, since exercise intensities above lactate threshold
cause biood lactate concéntrations to progressively increase. Despite these two
failings, Stamford et al. (1931) were successful in demonstrating ‘a very
important aspect of blood lactate decrease during active recovery. They
demonstrated that the rate of decrease is dependent upon the baseline blood
Ia&ate concentration observed at a particular intensity of recovery exercise.
They also d_emonstrated that results are misinterpreted if the correct baseline

" concentration is not used when rates of blood lactate decrease are calculated.
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That is, the results from Stamfotd et al. (1981) would have been similar to the
results of Davies et al. (1970) and McLelIarl.rand Skinner (l982) if experimentally
determined l:)a'seline blood lactate concentrations had not been used to calculate

the rate of blood lactate decrease.

-In conclusion, many:studies have investigated the response of bloocl lactate
concentration _to various intensities of recdvety exercise. l_n applying the results‘x
of these studies, a number of factors must be cons:dered First, most of these

. studies used recoverv exercise mtensutues that were defmed relative to VOzmax. -
and not relatlve to the lactate threshold. As a' result. these studies lhave ‘

' ompared the responses of their sub_;ects to very dlfferent exercise mtensmes. in.
terms of the rates of lactate production and of blood Iactate ehmmatlon. A

~ second cntlcal factor is the method used to calculate the rate of blood lactate
‘removal Since individual biood lactare removal rates are often non-linear, they
must be calculated accordingly. A key consideration in the calculation of times
for half decrease in blood Iactate is the blood lactate concentration used as a
beseline. Removal half-times shoold be caiculated usihg experimentally‘
deter'mined. baselines for each recovery exercise intensity. The last
consideration is the scenario to which the experimental results are being
applied. The effectiveness of a part_icular recovery exercise intensity will depend
on whether it occurs within att athletic event or between events. None of the

"prevlous studies on blood lactate removal during recovery exercise have
adequately accounted for all of these factors. Therefore, an experimental design
was needed where individual lactate threshold exercise intensities would be
accuratelv delterm,ined: where recovery exercise intensities would be defined
relative to the lactate threshold; and where decreases in blood lactate
concentration would be assessed relative to pre-determi_ned baselines of blood

lactate concentration for each recovery exercise intensity.



 METHODOLOGY

This chapter describes the experimental design that was used to investigatle
the effect of three different recovery exercise intensities upon the_ rate of
decrgase in blood lactate céncentrétion following a standard aciivity of
supra__;hreshpld inten"sity. A detailed description of -all ﬁertinent _asp;:cts of the

experimental design _followé.'

Subjects |

Seven male endurance trained cyclists were used as subjects in this

experimentation. The general subject characteristics are preserited in Table 1.

Table 1

Subject Age Height Weight VO,max Cadence
(years) (cm)  (kg) (Lxmin™) (rpm)

1 320 183.4 68.6 - 5.00 114

2 34.0 183.7 72.7 4.14 . 90

3 412 176.5 75.7 4,35 100

-4 30.6 184.1 75.6 5.03 105

5 31.9 165.2 66.4 4.37 104

6 33.6 171.8 67.9 4.02 100

7 27.1 1837 800 5.27 114

X .32.9 178.9 72.4 4.60 104

a 43 64 5.0 © 049 8
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Subject Orientation

Prior to the actual testing. the group of potential subjects met with the
researcher. The exercise protocols were outlined to the subjects at this time.
The subjects were also introduced to the equipment that they would be

interfacing with during the expei‘imentation.

‘ Thg subjects were shov#n the bicycle that they would be r_id_lng d'uring the
' testihg. Méasu;‘eme'nts'.'such aslsea't height an_d handle bar displacement, Were '
-' made to enéure th'at. the c{rdists wére 'compatiblé with th'é_ bicyclé. At the end of
the orientation Sessioﬁ. when th;e'potential subjects had a full‘understanding of"
‘the demands and requirements of the experifnéhfa’tibn. they were asked to sigﬁ
- informed consent forms. The éonsent'fofms 'tﬁat were used have been included
" in Appendix A of this document. |

4

Procedure

The research design for the experimentatioﬁ required that each subject
perform seven cycling tests. The first of the tests was a combined lactate
threshold VO2max test (LT-VOmax test). The LT-VOzmax test served three
‘important functions: (a) it established the VOpmax of the subject, (b) it
identified the-approximate VO at.the lactate threshold exercise intensity, and
(c) it established the relationship between VO2 and cycling resistance, in

kiloponds (kp), for each subject.

Following the combined LT-VOzmax test, three cycli_hg tests which involved
constant rate work; that is, cycling at a constant resistance and a constant

cadence, were perforfned by each subject. The time lapse between the LT-
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VO2manx test and the first constant work rate test was no le-ss than 24 hours

and no greater than 72 hours. The three intensities of constant rate work were:

{a) subthreshold (lactate threshold VO minus 7% VOamax (LT-7%)), (b)

threshold (lactate threshold VO (@LT)), and suprathreshold (lactate threshold

VOz'pIos_ 7% VOamax (LT+7%)). These constant work rate tests servled two
important funct'ions:- namely, they t‘inely toned the lactate threshold vVO32

-' predtctlon and they established mdiwdual baselmes of blood Iactate
‘concentratlon for the lactate threshold and subthreshold work rates. The tlrne l'
span between each constant work rate test was no Iess than 24 hours and no |

greater than 72 hours,

The combined LT- VOzmax test and the constant work rate tests provnded
~ the mformatton necessary to proceed to the three final tests - the surge
recovery tests These surge- recovery tests involved a standarduzed

- suprathreshold intensity (VO2max) penod of work, immediately followed by a
recovery period at a constant rate of work. Three different intensities of
‘recovery activity were used, thus. the three tests. The intensities of recovery
that were used were the LT-7%, @LT, and LT+7% intensities that were
established in the preceding constant work rate tests. The time lapse between
the last constant work rate test and the first surge-recovery test was no less
than 24 hours and no greater'_then 72 hours. The time span between each

surge-recovery test was no less than 24 hours and no greater than 72 hours.

The dietary and training habits of the athletes may have had an affect on
lactate production and/or utilization during the cycling tests (lvy, Costill, Van
Handel, Essig, & Lower, 1981; Jacobs, 1986). Even so, 'strict diet and training

guidelines were not imposed on the subjects. However, in order to minimize
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~ within subject differences between test sessions, the subjects were instructed to

eat and train consistently throughout the test period.

The physiological parameters which were measured throughout the testing
fincluded VO, blood lactate concentration, and heart rate. A description of the
‘ ‘methods chat were used to make these meaSurements is provided, as are
.‘ detailed descnpuons of the protocols used in the LT- Vozmax. constant work

rate. and surge recovery tests

Measurement of Oxygen Consgm_ptiod-

Tlie open clrcui't method was used to‘determine \702' "l‘.hrt)ughout each
exerc1se test the subject breathed through a two-way, hon- rebreathlng.
shaped valve Insplratory volumes were measured using a Morgan Vennlometer '
'Mark 2. Expuratorv gases travelled througlhl a length.of hose into a mixing box.
From the rr'nixing box a small sample of the gas (0.6 L) was passed through a |
tube 'containlng calcium sulfate. This sanﬁple was then analyzed for oxygen and
carbon dioxide content with the Amtek S-3A Oxygen Analyzer and the Amtek '
CD-3A Carbon Dioxide Analyzer, respectively. The output from these three
| devices was integrated with the Pulmonary Exercise System Software produced _
by the S & M Instrument and Physnodyne Instrument Compames in this

manner, V02 measurements were made every 30 seconds of each cycling test.

The ventilometer, oxygen analyzer, and carbon dioxide analyzer were

‘ calibrated prior to and every 2 hours within each period of testing. The
veritilometer was calibrated using a 4L syringe. The oxygen and carbon dioxide
analyzers were calibrated using a sanlple of gas with known concentrations of

032 and CO3.
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Measurement of Biood Lactate Concentration

At specific times during each cycling test approximately 30 L of blood were
drawn from a fingertip into a heparinized capillary tube. Prior to puncturing

the fingertip with a lancet, the skin surface was cleansed with an alcohol swab.

Once the blood had been collected, the skin perforation was again cleansed with

an aicohol swab, and then covered with a tissue. From the blood sampie
' collected in tpe capillary tube, 20 uL was immediately transferred, using a'pipet,
‘into a vial contalnlng 380 4L of diluting solution. Within 6 hours of taking the
blood samples. they were analyzed for blood lactate concentratnon The blood
lactate. concentratlon analyses were performed by pipeting 100 uL of. t‘ns

mixture mto the Kontron Medical Lactate Analyzer 640,

The Kontron Medical Lactate Analyzer determines the con‘[centration of |
lactate in a sa,mple by introducing an enzyme, cvtochrome ,oz.’ to it. This
enzyme catalyses the oxidation of lactate to pyruvate. During the oiidation an
electrochemically aetive substance is produced in proportion to the pyruvate. |
With the production of this substance, a measurable current is developed. _The
increase in current is Iinearly related to the concentration of lactate in the

sample; and thus, the concentration of lactate can be quantified.

The lactate analyzer was calibrated using standard lactate samples of 5
mmolxL"! arid_ 10 mmolxL"). The calibration‘ was conducted prior to
performing any lactate analyses, on any test day. The calibration of the
‘analyzer was monitored by measuring the lactate concentration of the 5
mmolxt! standard every 5 to 10 samples - it was recalibrated wﬁenever

necessary.

3
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Heart Rate Measurement

Heart rates were monitored throughout each cycling test using the Sport
Tester PE3000 Heart Rate Monitor. This heart rate monitor enabled heart rate
sampling at 5 second intervals. The heart rates were available for immediate

observation. In addition, they were stored in the meémory of the heart rate

monitor. Following the cycling test, the heart rate data that had been stored in '

the memory of the monitor was downloaded into an I1BM personal computer,

.uSing the PE3000 softwat_‘e.‘ in ordér to obtain a hardcopy of the data. !t should

be noted that while the heart rate data was collected at 5 second intervals, only
the heart rate at each minute of each test Was'actually used in the resuit

" analyses.’

Bicycle and Cycle Ergometer

All of the subjects pérformed each cyclihg tést on the same bicycle. This’
bicy.cle was‘of the ,dfopped handiebar variet\}. with a 53.3 cm frame.
Adjustments could be made to the seag height and to the handle bar position.
In this way, the size of the bicycle was modifiéd to accommodate each Eyciist.
In addition, two cranlk/pedal systems were available to accommodate éytlists

" “that used gither the Look system or the standard ‘system.

| Th’e bicycle was mountéd on a trainer, which supported the frame under

‘ the crank alrmsl. The trainer was bolted to a larger frame to which a staﬁdard
Moﬁarch cycle efgome;er was also mounted. An elongated chain had been

| _constructed which travelled around the front and back sprockets of the bicycle

as well as the sprocket of the ergometer. The connection of the two cycles in

this manner allowed the resistance of the bicycle to be controlled through fﬁ"ej.’. '

T

:';_,
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resistance controt of the ergometer. This set-up enabled the cycling resistance
to be standardized. It also ensured that the resistance could be repeated
between test sessions. This apparatus was constructed so that the cyclist could

perform the tests in the standard cycling position.

The bicycle had a Cateye Solar Cyclocomputer (Mode.l CC-2000$ mounted.on
it. The Cateye provided immadiate cadence information to the cyclists. This
féature_ enabled the cyclist to accurately maintaiﬁ a.prescribed tadence. The
same cadence was used in éll of the cycling tests performed by a particulz{r
subject. This cadence was one that was comfortable for the cyclist over the
range of resistances that were used, and it was within the range of 90 to 115
revolutions per rﬁinute (rpm) (refer to Tablé 1 on paQe 67). The brescribed ‘
cadence -;ulaskdeterminéd by the cyc!isi and researcher during the first test
session. Once this individual cadence had been chosen it was used consistently

by the subject in all cycling tests.

Prior to each cycling test tﬁe bicycle was adjusted to the subject. The same
adjustments were made for each cycling test. The Monarch cycle er_gometer
was calibrated at three different times during the experimentation.
Adjustments to the cycling resistances, basqd on the results of the calibration,
were never fequired. During each cycling test the resistan.ce on the cvclé
ergometer was monitored every 15 seconds, and adjusted as necessary. This
procedure was required because the tension on the flywheel had a t‘endencry-tt'a

decrease during the course of a test.



Combined LT-VOg max Test

The protocol used for the combined LT-VO2max test is outlined in Table 2.
Prior to each test. height, weight, resting blood lactate. and resting heart rate
measurements were made. After the bicycle had been adju'sted to the subject,
the subject began cycling. At this time the subject and researcher decided upon
the cadence that was to be used by this subject throughout all §f the cycling.
teﬁts.- The subject wés instructed to monitor his own cycling Eaden'ce
~ throughout tr;e test; however, intermittent cadencé checks were frequently

made by the researcher to ensure that the prescribed cadenced was being

maintained.
" Table'2
Lf -V T
Time Stage Resistance Timing of Blood Lactate .
: : . Measurements
(min) (kp) " (min)
0to 5 warm-up  1.00 44510 5:00
5t0 § 1 1.50 7:45 to 8:00
8toll 2 ©2.00 . 10:45 to 11:00
11to 14 ‘3 ‘ 2.25 13:45 to 14:00
14to 17 4 2.50 16:45 to 17:00
17 to 20 5 2.75 19:45 to 20:00
20 t0 23 ' 6 ~3.00 22:45 to 23:00

® Continue with these incremaents and measurements until test termination.




During the test VO, was determined every 30 seconds. Fingertip blood
samples were taken during the last 15 seconds of each stage. Heart rate
. measurements were sampled at 5 second intervals throughout the test. The
resistance of the cycle ergometer was closely monitored to ensure that it
remainecj at the appropriate leyel thr_oughout each stage. If the subject reached
the point of exhaustion prior to the brescribed blood sampling time, a sample

was collected immediately after test termination.

Subjects were instructed to remain as relaxed és ﬁossible during the first
few stages of the test so that blood lactate concentrations would rot be
éxaggerated during this phase due to the stress of the impenﬁing fnaximal
activity. Howe;/er. once the subject apbeared to have surpassed lacfate
threshold (apparent thro‘ugh changes in breathing rate, heart rate, and level of
fatigue), verbal encouragement was provided to hei'gh‘ten the motivational level

of the subject, so that a maximal VOamax would be attained.

- The test was terminated when any of the following events occurred:

i. The subject was 'unz_lble to continue activity.

[
'

2 © The subject was unable to maintain the required cadence after
repeated efforts to do so.
3. The subject showed visible signs of extreme fatigue, such as a

loss of co-ordination, facial pallor, etc..

I E |

Followinb":completion of the LT-\‘IOzméx test, the resistance on the cycle
e

ergometer was decreased to 1 kp, and the subject was encouraged to continue
cycling for 5 minutes. At 5 minutes the final blood sample was"—'t'aken. VO3 and

heart rate measurements were not made during this recovery period.

0.
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Criterion for VOgmax.

The V03 data from the test were immediately analyzed to determine
whether or not a true VOpmax had been attained. VOzmax w-as attained if any
of the following criteria were demonstrated.

[ -A levelling or decrease in VOz,with increasing workload (change:
| in \?02 of less than o.r equal to 2 mkag‘ixmin“)L
2. A respifatqry qudtient of Qreater than or equal to 1.0.
: 3. Aheart rate in excess of 200 beats per rﬁ'inute.
If nlone of the VOpmax criteria had been exhibited, a VOz_rnax verification test.
would have been conducted. Each subject demonstrated a clear VOzmax dur'ing‘
the initial tést_ (according to the first criterion); thel{éfo}e. no vériﬁcation tests

were performed.

Lactate Threshold Identification.

The lactate threshold was identified‘subjectively through'a visual detection
method. A graph of blood lactate concentration (mmole“) versus VOp
(Lxmin-1) was used to detert the lactate threshold exercise in;ensity for each
subject. The lactate threshold exercise intenSity was identified as "that intensity
(V02 (Lxmin'1)) just before blood lactate concentrations exhibited a marked rise
{(greater than or edual to 1 mmolxL 1), and exhibited a continued increase in
biood lactate concentration with subsequent increases in workload. In this -
manner, the lactate threshold was predicted -from the combined LT-VOpmax
test. This intensity was verified with the three sépar_ate constant work rate

tests.
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Constant Work Rate Tests

The three constant work rate tests involved cycling at three intensities:
subthréshold (LT-7%), lactate threshold (@LT), and suprathreshold (LT+7%).
‘fhese intensities were calculated from the results of the combined test;

“therefore, they were .specific to each individual. Only one constant Work rate

test was performed on any day by a subject.

In order 1o determine the work rates that were to be used by the subjects in
th.e constant work rate tests, a linear regression ana!ysiS was performed on the_
individual \702' (Lxmin1) and cycling resistance dafa from the combined LT-
VOzmax test. Utilizi‘ng thé data frorﬁ all stages of .;he combined test, except the
warm-up stage, the final com_ple'te stage.‘and the final incomplete stage (if there '

-was one), an equation wa§ determined which desc'rillaed the relationship
between VO3 and cycling resistance. With this equation it was possible to
predict the cycling resistance required to elicit a specific VO2. For instance, if a
subject obtained a VOamax of 4.26 Lxmin"!, and his lactate threshold exercise
intensity was predicted to be at 3.43 Lxmin" !, then the subthreshqld exercise

* intensity was equal to (3.43-(7%(4.26))), or 3.13 Lxmin"!; the lactate threshold |
exercise intens_,ity was equal to 3.43 Lxmin’!; and the suprathreshold exercise
intensity was equal to (3.43+(7%(4.26))), or 3.73 Lxmin".l The following
equation was derived from the linear regression of the VO> and cvcling
resistance (kp) data for this subject: VO2 = 0.44 + (1.06 x 'kp). Therefore, by
inserting the desired VO3 values for each of the work rates, the cycling

. resistance required to obtain these VO, were obtained. In this example, the
following cycling resistances were obtained: 2.5 kp, 2.8 k.p. and 3.1 kp, for the

LT-?%. @LT, and LT+7% intensities, respectively. Since the cycling cadence was a
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constant for each cyclist, only the cycling resistance had to be modified to

change the work rate.

The protocol for the constant work rate tests is outlined in Table 3. Prior
to each test, weight, resting blood lactate, and resting heart rate measurements
were made. After the bicycle had been adjusted to the subject, he began

_warming up for the test. As in the combined test, the subject was instructed to
monitor his own cycling cadence throughout the test: however. mtermlttent
-cadence checks ‘were frequently made by the researcher to ensure that the

prescribed cadenced was being mamtamed..

Table 3
. r th nt Work Rate T

Time - = Stage Reoistance_ Timin'g of Blood Lactate

. - Measurements
(min) - ' (kp) (min)
‘0to 5 warm-up 100 ————
5t0 8 warm-u'p 1.50 ' , e

8 to 28 constant N 11:45 to 12:00

‘ © work ‘ 15:45 to 16:00

19:45 to 20:00

- 23:45 to 24:00
27:45 ta 28:00

28 to 33 recovery 1.00 Jp—

& The actual resistance used was specific to sach cyclist.
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During the test VO was measured every 30 seconds. Heart rates were
measured every 5 seconds. Blood Iac:ate'samples were taken in the last 15
seconds of the warm-up, and thereafter, every 4 minutes of the constant work
rate portion of the test. The resistance of the cycle ergometer was closely
monitofed to ensure that it remained at the appropriate level throughout each
test. Following the constant work rate period, a recovery period of 5 minutes, at
approximafely 1.0 kp, was completed by each subject. Nd\ physiological

‘measurements were made either during or after the recovery period.

Verification of the Lactate Threshold Exercise Intensity.

“The first constant work rate test involved cycling at the intensit\}
co‘rr‘esp'onding to the predicted individual lactate threshold intensity (@LT). If
constant work at the @LT intensity resulted iﬁ stable blood lactate |
concentrations (standard deQiation (o). of iess than 0.6 mmole"). then it was
assumed that the lactate threshold estimation was either correct or it .was
underestimated: the next constant work rate test was performed at the LT+7%
intensity. If the blood lactate concentrations during the LT+7% constant work
rate test were unstable (¢ greater than or equal to 0.6 mmoixL 1), then it was
assumed that. the lactate threshold intensity had been estimated accurately; the
final test was then performed at the LT-7% intensity. if. however, the blood
" lactate concentrations were. still stable during the second constant work rate
test (LT+7%), then it was assumed that the lactate threshold had been
underestimated; a further constﬁnt work rate test at LT+14%V0Omax was then
. conducted (the I.T+f96 iﬁtensity became the new @LT intensity).. The new
intensities for sub-threshold, at threshold, and suprathreshold were therefore
verified. On the other hahd. if thg blood lactate concentrations during thé first

constant work rate test (@LT) were unstable, then it was assumed that the
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lactate threshold prediction had been overestimated, The @LT_ intensity became
the LT+7% intensity, and the two constant work rate tests performed
subsequently were at the LT-7% and the LT-14% intensities (the LT-7% intensity

became. the new @LT intensity).

In summary. in order to determine the actual lactate threshold intensity,

constant work rate'tests were performed until the following conditions were

satisfied: -
L. A s.'ubtl.nreshc;ld ihtensiiy was identified which elicited stable
blood lactate concéntratibns.
2; A Iﬁ;tate threshold intenéity was identified, at a workload 7%
| VOzmax.higher than the subthreshdld iniensity, which ‘alsor
elicitec; sta'ble blood lactate coﬁ_centratiohs. '
3.: A supréthreshold intensity was identified, at a workl‘oad.that was

7% VO>max higher than the lactate threshold intensity, which
elicited a progress;ive increase in blood lactate concentrations.

" For all subjects, these intensities were identified during the lfirst three constant -
work rate tests performed._

Baseline Blood Lactate Concentrations.

The baseline blood lactate concentrations were calculated from the lactate
samples taken during the 20 minute period of constant work. The baseline
concentration was equal to the mean of the five blood lactate concentration
measures; that is, those sampled from minutes 4 to 20 of thé 20 minute
constant work period. These baseline blood Ia;tate concentrations were specific

to the intensity of the constant work and to each subject. The required blood

Iactafe response to the suprathreshold work rate was a progressively increasing
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blood lactate concentration. For this reason, a baseline blood lactate calculation
could not be validly made for the suprathreshold intensity. The baseline blood
lactate concentration determined for the lactate threshold intensity was used as
the baseline for the suprathreshold intensity. This was the most appropriate
adjus'tment. since thesaim of the reéoverv period was to decrease the blood

lactate concentration to at least that exhibited at the lactate threshold intensity.

- Surge-Recovery Tests

The three surge- recovery tests involved cycling for 2 minutes at the final
mtens:ty achieved during the LT-VOzmax test. This suprathreshold work was
'followed by recovery at the three different intensities identified in the constant
work rate tests as: LT-7%, @LT. and LT+7,%‘ Only one surge-recovery test was
_ performed‘ on any day by a subject. The order in which.a subject was exposed

to the three recovery intensities was randomized.

The protocol for the surge-recovery tests is outlined in Table 4. Prior to
each test, weight, resting blood lactate, and resting heart rate measurements
were made. After the bicycie had been adjusted to the subject, he began
warming up for the test. As in the olther tests the subjeci was instructed to
monitor his own cycling cadence; however, intermfttent'cadence checks were
frequently made by the researchef to ensure that the prescribed cadence was

being maintained.

During the test VO3 was measured every 30 seconds. Heart rates were
measured every 5 seconds. Blood lactate samples were taken following the
warm-up, the pre-surge period, the surge, every minute of the first 5 minytes of

the recovery, and every 3 minutes thereafter; untif the end of the reco‘very
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Table 4

Pr | for th rpe-Recoverv T

Time " Stage  Resistance Timing of Blood Lactate
S : ) Measurements
{min) ‘ _ (kp) (min)
0w 5. warm-up 1,00 44510 5:00
Sto10  warm-up @LT® 9:45 t0 10:00
" 10to 12 surge ' - MAX* R
12 to 32 recovery a 12:00 to 12:15

13:00 to 13:15
14:00 to 14:15
- 15:00 to 15:15
16:00 to 16:15
17:00 to 17:15.
20:00 to 20:15
23:00 to 2315
26:00 to 26:15
2%:00 to 29:15
32:00 to 32:15

32t0 37  final recovery 1.00 ' T mmem—

2 The actua! resistance used was specific to each cyclist.

period (see Table 4). Several samples were taken during the first 5 minutes of
‘recovery to ensure that the‘peagk blood lactate concentration was aﬁcurately
determined. The resistance on the cycle ergometer was closely mdnitoréd to
ensure that it remained at the appropriate level throughout e_ach test. No
physiological measurements were made either during or after the'final recovery

period.
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Analysis of Results and Statistical Design

Data analyses from the constant work rate test results were conducted to
determine whether or not the three intensities of co:1§tant work demonstrated
significantly different bhvsiological responses. This was established through'
separate comparisons of the blood lactate concentfations. the VO3, and the |
heart rates for each of the constant work rate intensities. Therefdr_e. three

separate three.-way analyses of variance (ANOVA) with repeated measures on .
twb factors were pérformed. The three 'indep_endeht variables were: (a) the
three constant work rate intensities, (b) the 7 subjects, and (0) the
measur.emg_ntlsampling times within each constant work rafe period. The
-repeated measun:es were the recovery intensities, and 'the measurement

sampling times.

The first stage in the analysis of tHe data from the surge'-reéovew tlests was
to determine whether or not the standafdized pre-recovery period of each surge-
recovery test imposed similar levels of physical str,ess for each subject. This
was established through a comparison of the pre-recovery blood lactate
concentrations, VO3, and heart rates. Therefore, three separate three-way
ANOVA with repeated measures on two factors were performed. The three
independent variables were: (a) the three recovery intensities, (b) the 7 subjects,
and (c) the measurement sa{mpling times. -The repeated measures were the

recovery intensities and the sampling times.

A three-way factorial ANOVA with repeated measures was also used to
determine whether or not there were significant differences in blood-lactate
concentrations between the three recovery intensities. The independent

variables were: (a) the eleven times of blood lactate sampling during the
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recovery period, (b} the three recovery intensities.‘and (c) the subjects. The
repeated measures were the recovery intensities and the sampling times.

Similar analyses were also performed for the VO3 data and the heart rate data,
in erder 10 detefmine whether er not there were any significant differences in

- these physiological parameters due to the different recovery intensities.

The final analysis involved calculating the time for half decrease of blood

lactate for each of the three recovery cohditions. In order to determine the half-

times, an equation was derived for the blood lactate concentration 'versusl time
curve deveIOped for each subject aqd_eech recovefy intensity. This equation
was derived using the Slidewrite Plus (19875 Grapﬁics Package. This software
ldenves approximatmg formulas for either linear, exponennal Ioganthmnc.
power, or polynomlal functions. In all cases, the polynomual function, to the .
fourth or fifth order resulted in the best approximation of the blood lactate
' recovery curve (refer to- Appendix C). The polynomual equatlons were |
‘ approxlmated using a least squares polynomial regression method
(y=ao+a1x+a2x2+...+anx"). in order to calculate the half-times for a subject at a
specific recovery intensity, the half blood lactate concentration had to be
callculated. The half blood lactate concentration was equal to the average of the
peak blood lactate concentration demonstrated in the recovery period and the

baseline blood lactate concentration for that recovery intensity. This half blood

lactate concentration was entered into the specific polynomial function, and this

function was solved ‘for time, using Newton's method (Gerald & Wheatley, 1985).
The individually‘ determined half-time for each recovery intensity was analyzed
for significant Jifferences using a 3X7 ANOVA with repeated measures. The two
independent vari:abl_es were: (a) the three recovery intensities, and (b) the 7
subjects. The re};eated measure was the recovery intensity. The dependent

variable was the half-time.

[
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Statistical analyses were performed using the SAS Stati_stical Software
Package (release 5.18) on the mainframe computer System at thé Uriiversitv of
Otrawa. All post hoc muitiple comparison analyses were performed using

Tukey's method. The level of significance for all analyses was .01,



RESULTS

In general, the experimentation provided very consistent results across all
of the cycii'ng tests. That is, the results of the analyses performed for the
constant work rate tests clearly established that each of the three intensities
represented significantly different rates of work. -Similarly. the analyses
performed for the surge—recovery tests revealed that each recovery mtensrty
resulted ina physuologlcal response that was srng cantly different frorn that of
the other two recovery intensities. Howeyer, when the blood lactate recovery
responses were assessed with conlsider'ation of the appropriate blood lactate
'concentration baseline, it was evident that none of the intensities resulted in

significantly different rates of decrease in blood lactate. ‘A detailed presentation

of the analyses that were performed follows.

Combined LT-\'IOZmax Test

The first cyclin_g_:‘test that each subject performed was the combined LT-

_ Volzma.ic test. The results from the combined LT-\'.llOzmax test are presented in
Table 5. The mean absolute VOmax was 4.60 Lxmin"; The individual lactate
threshold intensity was predicted from the blood lactate concentration
measurements made during the test (refer to Appendrx B). This predlctaon was
verrfled wrth the constant work rate tests, and adjusted when necessary. The
most accurate individual lactate threshold intensity appears in Table 5. The
mean absolute VO3 at lactate threshold was 3. 62 Lxmin:!: thls value

' corresponded to 79% of the mean VOamax.

- 86 -
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Table §
Individual and Group Results from the LT-\'/szax Test

Subject VO,max VO,max VO, @ LT LT
(Lxmin") (mLxkg'xmin™) (Lxmin") % of VO,max -

1 5.00 © 729 4,01 79.7

2 4,14 T 56.9 3.29 75.3

3 435 - 5715 339 . 76.5

4 5.03 ~ 66.5 3.74 74.0

5 4.37 . 658 3.71 84.2

6 4.02 59.2 3.32 81.9

7 5.27 659 4.07 77.1
X 4.60 - 63.5 - 3.65 - 79.0 -
g - :

049 - .. 5% 033 . - 34

Constant Work Rate Tests

© An equation for the linear réla;fonsihiﬁ between \"IOZ and workload was
detefminéd for each subject from the results of the LT-VO2max test. This
relationship w:cis' used, in conjunction with the VO3 at the predicted lactate
. threshold intensity and the VOamax, to estimate the 'worklloads correslponding '
to the LT-7%, @LT, and LT+7% intensities for eéch subject. Us_ing this method,
the individugi lactate threshold intensity was predicted accurately for 5 subjects.
It was ove.restimate‘r_:l for 2 subjects. Nevertheless, only three constant work rate
tests had to be performed by each subject in order to accurately establish thé

three work intensities: LT-7%, @LT, and LT+7%.

Constant work at the LT-7% intensrity resulted in a mean VO3 that was 7.3%

of the mean Vsza’x below the mean lactate threshold VO3, Constant work at
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the LT+7% intensity resulted in a mean VO> that was 7.2% of the mean VOamax
above the mean lactate threshold VO3. When the work rates were assessed

- individually, the LT-7% intensity resulted in VO3 values that ranged between 3%
and 13% of VOpmax below the individual Iactate threshold V0. The LT+7%
intensity resulted in VO3 that ranged between 3% and 10% of the VOzmax

above the individual lactate threshold VO3.

The meanl\'loz. blood lactate concentration, and heart rate nteastrr_ements
demonstrated by each subject during each constant work rate test are |
presented in' Table 6. The standard cfeviations for the biood lactate.
concentratlon measuréments are also presented to demonstrate that the
cntenon deviation of greater than or equal to 0.6 mmonL‘ was met by each

_subject in the suprathreshold (LT+7%) constant work rate test Graphical |
representatlons of the group results for blood lactate concentration, VO3, and
heart rate, in the constant work rate tests, are presented in Figure 9 Figure 10,

~ and Figure 11, respectively.

In order to determine whether or not the three constant rides represented .
si‘gnificantly different intensities of exercise, a separate three-way factorial
. ANOVA with repeated measures on two factors was performed for each
- dependent variable: blood lactate concentration, VO, and heart rate. The three
independent variables'in the analyses were: (a) the intensity of constant work,
either LT-7%, @LT, or LT+7%; (b) the measurement sampling time wlthm each
segment of constant work and (¢) the 7 subjects. The two repeated measures

were the intensity and themeasurernent samplmg time.



Table 6

Individual and Group Results f rom the Three Constant Work Rate Tests

Wof_kload Mean VO, Mean HR Mean BLC ¢ BLC

(kp) (Lxmin™) (bpm)  (mmolxL™) (mmolxL™)

SUBJECT | _ : - :

LT-7% 20 333 154 224 0.26
@LT 2.3 . 401 161 - 3.42 0.33
LT+7% 26 439 174 823 - l42
. SUBJECT 2 ‘ . ‘ -
LT-7% 24 312 150 139 016
“@LT = 26 . 329 163 . . 3.82 0.39 -
LT+7% 28 3712 - 167 . 582 - 0.70
SUBJECT 3 o - | :
CLT-7% - 19 293 132 - - 125 . 0.09
@LT S22 339 149 285 . 026
LT+™% 25 . 360 . . 160 474 064
SUBJECT 4 - - : o - |
LT-7% 23 3.61 160 144 0.1l
@LT 2.5 3.74 169 2.82 0.16
LT+7% . 2.7 425 . 180 .. 530 1.04
SUBJECTS |

LT-7% 23 3.40 177 1.50 0.16
@LT 2.5 3.71 184 . 2380 0.17
LT+7% 27 391 186 445 0.80
SUBJECT 6 | ' '
LT-7% 2.2 3.01 150 1.48 0.03
" @LT 2.5 3.32 175 414 039
CLT+7% 28 3.70 179 4.78 0.69
SUBJECT 7 - S

LT-7% 2.1 377 148 . 1.27 0.20
@LT 2.3 4.07 157 2.26 021
LT+7% 25 425 168 451 0.71
GROUP o | ‘

LT-7% @  .2.2 331 . 153 151

@LT 24 . 365 166 " 3.16

LT+7% 2.7 398 173 " 5.4l
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Blood lactate concentration (mean + standard error) versus time
for the three constant work rate tests. The constant work rate
portion of the test occurred during minutes 8 through 28.
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Blood Lactate Concentration Analyses

The results from the ANOVA performed on 7the five blood Iaciate_
concentration measures taken from minutes 4 to 20 of the constant work
segmeﬁts are presented in Table 7. The ANOVA demonstrated that there were

significant main effects due to the subjeqts. the work inténsify. and thé blood

B lactate sémplirig time. In addition, there wﬁs a significant fhtera;:tion between _

- the'work .'fnténsity and ;Ee sﬁmﬁling time. ‘Because of the signiﬁcalt‘nt |
interactioﬁ. two aﬁalyses of simple main effects were performed: one for work
inteﬁsity at égch level of Sampiing' time, and the‘oth‘er for'sampliﬁg time at each

' level of work intensity. The results of these analyses are presented in Table 8. =

Table 7

Source of Variation . . S8 df MS | F
Subjects (S) 38.65 6 644 14.98°
Treatments = _ 288.19 14 . 20.59
Intensity (I) 26767 . 2 ~133.84  311.26°
"BLC Sampling Time (T) 8.34 4 2.09 4.86°
Interaction (IxT) 12.18 . 8 1.52 3,53
Residual " 36.24 84 043 '
Total ' - 363.08 104

" pe.]

The analysis of simple maineffects revealed that there was a significant

intensity effect at each level of blood lactate sampling time. By applying post -
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Table 8
Results from_Analvsis of Si Main Effe n Bl Lactat ncentration
Measurements from Constant Work Rate Tests
Source of Variation SS df MS F
Intensity (I) ' 267.67 2 133.84  311.26°
lat T, _ 22.19 2 1.10 - 25.81°
IatT, 46.16 2 23.08 53.67°
- 1atT, 59.28 2 2964  68.93°
lat T, 70.09 2 35.05-  81.51°
latT, 8212 2 41.06 95.49°
* BLC Sampling Time (T) 1 8.34 4 2.09 4.86°
. Tatl, , 05 4 0.04 0.09
“Tatl, ' 119 4 0.30 0.70
Tatl, : 19.18 4 4.80 116"
Interaction (IxT) | 12.18 g - 1.52 3.53°
4 0.43 :

Residual : 3624 8

p <.0l

hoc procedures, it was evident that for each sampling t_ime the blood Iactate“
Concén;ration fbr the LT-7% intensity was significantly lower than that of the
other two intensities. It was also evident that at each sampling time the blood
Igctai:e concentratibn for the @LT intensity was significéntly lower than that of
the LT+7"% intensity. These results established that the three constant work
rate intensities represented signiﬁcé_ntly different cycling intensities in terms of

bloed lactate concentration.

The analysis of simple main effects also revealed that, at the LT+7%
intensity, sampling time had a significant effect -on blood lactate concentration.

Post hoc analyses demonstrated-that the blood lactate concentration measured
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at minute 4 of the 20 minute constant work period at LT+7% was significantly

lower than that measured at any of the four subsequent times. In addition, the
blood lactate concentration measured at minute 8 was significantly lower than

that measured at minute 20 of the constant work at LT+7%, These results are

“noteworthy. They indicate that the blood lactaté concentration measurements

taken during 'the 20 minute constant work segments: (a) were not significantly

different for the LT-7% and the @LT intensities, and (b) increased over the 20

‘minute work period for the LT+7% intensity.

A sxgnafucant main effect was also demonstrated for the subjects It'was
expected that there would.be dnfferences between the subjects in the
phvsuologlcal parameters measured These dlfferences are not relevant to the

current mvestagatton. Therefore, post.hoc procedures wﬂl not be applled to

- determine where the inter-subject differences lie, either for this analysis, or for

‘ any of the subsequent analyses

Baseline Blood Lactate Concentrations.

The previous analyses have demonstrated a significantly different blood
lactate concentration response to each constant work intensity. The mean

blood lactate concentration at the LT-??G intensity was 1.51 mmolxL1, ahd the

mean blood lactate concentration at the @LT intensity was 3.16 mmolxL}. For

both of these work intensities the blood lactate concentratinn measures did not
demonstrate any significant change‘from the beginning to the end of the 20

minute constant work segment. in addition, the individual standard deviation in

-

blood lactate concentration 'was less than 0.6 mmolxL™). Therefore, these mean

- values can validly be used as blood Iactate concentration b'aselines for their

respective exercnse mtensmes The mean blood lactate concentration at the

LT+796 intensity was 5.41 mmonL' Blood lactate concentratlons were
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increasing across the 20 minute conStant work segment at this intensity.
Therefore, no baseline of blood Iactate concentration could validly be
determined for the LT+7% work intensity. This @s in keeping with the lactate
threshold definition which Specifies that work above the lactate threshold
intensity will ca.use a prog_ressi_ve rise in blood lactate concentration (refer to

pages 12 and 13).

‘Oxygen Consumption Rate Analyses

The results from the ANOVA performed on the VOz measures taken frorn
mmutes 4 to 20 of the constant work segments of the constant work rate tests
are -presented in Table 9. These results demonstrated th‘at there were
significant main effects due to the work intensity. Post hoc procedures were
appiied‘to the VOzl data to determine between which work intensities there'
were significant differences. The post‘ hoc analyses clearly revealed that the
mean VO3 for the LT-?% intensity (3.31 Lxrnin“)'was significantly lower than
that of both_'the @LT intensity (3.65 Lxmin~!) and the LT+7% intensity (3.98
‘ Lxrhin"). In addition, the mean VO3 for the @LT intensity was significantly
lower than that of the LT+7% intensity. These results correspond well with the
blood lactate concentration results, snnce they demonstrate that each of the

three constant work rate intensities rcp:'esented significantly different exercise

intensities in terms of VO3.

The fact that there was not a significant main effect of sampling time on
VO3 indicates that the VO measurements were stable over the constant work

period for each of the three work intensities.
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Table 9

Results from Three-Wav ANOV A on VO, Measurements from Constant Work Rate

‘Source of Variation . . ss 0 df - MS§ - F a
~ Subjects(S) - . 5266 6 878  323.99*
. Treatments . , 51.51 95
B Intensity {I) Co 49.45 2 .- 2473 0 912550
VO, Sampling Time (T). 070 31 0.02 0.85
. Interaction (IxT) .. L36 - 62 0.02 © 0.81
Residual x a - 1542 ' 570 . 0.03 -
S Tol .. . 11959 671

" p<_.01

Heart Rate Analyses

The resuits from the ANOVA performed on tl';e heart rate ﬁeasures taken
from minutesl 4 t0 20 of the constant work segments of .th‘e constant work rate . -
tests are presentgd in Table 10. Significant main effects were apparent for the
work intensity and‘ the time of heart rate sampling. Post hdc pro_cedure§
revealed that all three work intensities produced significantly different heart
rate fesponses. The mean heart rate at the LT-7% intensity (153 bpm) was
significantly lower than those of both other work imen_sities. The mean heart
rate at th_e‘@LT intensity (166 bpm) was significantly lower than that of the |
LT+7% intensity (173 bpm)." These results correspond well with the blood, ~ =

"lactate concentration and VO results.
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Table 10

Results from Three-Way ANOVA on Heart Rate Measurements from_Constant
Work Rate Tests .

Source of Variation o ss 4 Ms F

Subjects(S) 3482223 6 580370 352.63"

Treatments _ 25753.40 . 47 . ' .
Intensity (I) : . 24012.88 2 12006.44 729.51°
HR Sampling Time (T} 160035 = -15. 106,69 . 6.48"
Interaction (IxT) 140.17 30 4,67 0.28

.. Residual - T 4641.20 282 ' 1646

Total ) © 6521683 - 353

. * p<l

The post hoc analyses also revealed that there was a slight increase in
heart rate across the 20 minute constant work segment. The heart rates at
minutes 19 and 20 were significantiy greater than those measured from -

minutes 4 to 12 of the constant work segment.

Based on the results of the analyses performed on the blood lactate
concentration, VO2, and heart rate measurements taken during the constant
.work segments of the constant work rate tests, it was clearly evident that each

-work intensity was significantly different from the others.

O
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Surge-Recovery Tests

A nurnbgr of arialyses were required for this phase of the test results. The
presentation of the results for the surge-recovery -tests will be divided into two
sections. In the firﬁt secfion. the results from the pre-récovery periods of the
tests will B.e presented. In the second section. the resul'ts frqm the recovery

periods of the tests will be presented.

B

Pre-RecoVéijv Periods

" The individual cyéling intensities applied during the three pre-recovery

phases (warm-up, @LT, and surge) were identical for each of the three surge-

.r‘eciov,ery tests performed by a subject. Therefore, in order to validly compare

_ the results from the three separate surge-recovery tests performed by each

"sub_jgct, it was first necessary to gstéblish that these standard pre-recovery

L1

periods of the tests were not significantly different from each other. During
each 12 mihdte pre-recovery period, measurements qf blood lactate
concentratioh, VO2, and heart rate were madeé. These measurements

were utilized to determine whether or not the responses to the ;hree pre-

. recovery periods were similar. The mean blopd lactate concentration, VO3, and

heart rate measurements for the three pre-recovery periods are presented in
Table 11. Diagrammatic representations of the physiological responses to the

pre-recovery periods are presented in Figure 12.

A separate three-way ANOVA with repeated measures on two factors was
performed for each of the three dependent variables: blood lactate
concentration, VO, and heart rate. The independent variables were: (a) the

recovery intensity, either LT-7%, @LT, or LT+7%, (b) the measurement sampling
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-Figure 12. vo;_ blood lactate concentration, and heart rate responses to
pre-recovery periods of surge-recovery tests.
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Table 11

Descriptive Statistics for Blogd Pactate Concentration, \’fggz and Heart Raie
Measurements During the Three Phases of the Pre-Recovery Periods

CLT-T%  @LT LT+7%
PHASES Bldqd Lactate Concentration (mmolxL™)
Warm-Up X 093 - 0.8 091
o o 0.30 0.32 0.31 -
@LT X 230 235 226
a 0719 - 074 0.92
Surge X 648 . 647 6.44
- o 147, 1.23 1.31
VO, (l.ixminf’) |
Warm-Up X . 199 190 . - 193
a 024 0.23 0.28
@LT X 3.54 3.44 352
- q 0.36 . 0.27 0.33
Surge X 456 441 4.48
| o 0.43 038 0.47
Heart Rate (bpm')'
Warm-Up X = 117.1 116.6 114.1
: a 9.1 8.9 10.4
@LT X 157.8 156.5 156.6
o 12.2 12.4 11.4
Surge X 1790 178.6 . 177.0
g

106 - 9.7 9.3
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time, and (c) the 7 subjects. The two repeated measures were the recovery

_ intensity and the sampling time.

Blood Lactate Concentration Analyses.

'The results from the ANOVA performed on the three .blood Iactate
conc'entratio_n measﬁrerﬁents taken during_each pre-recovéw periqd are
_presented in Table 12..- The blood lactate c'oncentrationrmea;surem_ents were
t&kgn-at 5, 10, and 12 rni.nutes'bf' each pre-recovery period. fhe results of the -
ANOVA demonstrated t_hai the blood Iact_a'té concentré;ions measured during the
pr_e-recovery periods Were not significa’ﬁ_tlv different across the three-tests. .
Theréfore, in terms of blood lactate cohcentratioh. the three pre-recovery

periods were similar.

Table 12

Results from Three-Way ANOVA on Blood Lactate Concentration Measurements .
Pre- v ri '
Source of Variation SS - df MS " F
Subjects (S) 2494 6 4.16 9.39°
Treatments : 350.78 8
Intensity (I) .0.01 2 0.01 0.02
BLC Sampling Time (T) 350.74 2 175.37 396.13"
Interaction (IxT) 0.03 4 0.01 0.02
Residual 21.25 48 0.44
Total 396.97 62

p<.0l"
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A significant main effect due to blood lactate sampling time was apparent.

This result was expected since the sampling occurred at the completion of
periods of different intensittes of work (refer to surge-recovery test protocol in
Table 4 on pagel 82). The ppet hoc analySis-cpnfirmed that the blopd lactate
_concentration measured immediately following the 5 minute warm-up period
. wWasg’ sugmfucantly lower than that of the subsequent two measures. In addltnon :
‘ the analysrs conflrmed that the blood Iactate concentratlon measured |
nmmedlately followmg the 5 mmute perlod at the Iactate threshold mtensnty of ,‘ '
:' exercise was. sungcantlv lower’ than that measured followmg the 2 mmute

" period at the. surge intensity.

Oxygen Consumgtton Rate 'Analt'rses.

' The mean of the last four VOz measurements from the warm up phase was

' _Icompared to the mean of the last four measurements from the Iactate threshold '
' phase, and the last measurement from the-surge phase of the pre-recovery
period. The resuits_from the ANOVA performed on'the VO, measurements.

' taken during the pre-recovery periods are presented in Table 13. Thesetest:lts
demqnstrated that the VO2 meaéurementa made ddring the pre-recovery periods

- were not significantly different across the three tests. Therefore, in terms of

. VO2; the three pre-recovery periods were not significantlydifferent. This result

s consistent with the results from the blood lactate concentration

measurement analyses.

The ANOVA demonstrated a significant main effect due to VOz sampling
time. This result was again expected, since the samplmg times represented
drfferent work mtensmes. Post hoc dnalyses confi rmed that the measures of

VO3 collected during the warm-up phase were sngmflcantly lower than those
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Results from Three-Wav_ANOVA on VO, Measurements from Pre-Recovery

riod

Source of Variation SS df MS F
Subjects (S) . . 5.40 6 0.90 45.18"
"Treatments 69.49 - 8
Intensity (I) . 0.14 2 - 0.07 3.50
VO, Sampling Time (T) . 69.34° 2 34.65 1738.15"
Interaction (IxT) - 0.01 4 0.00 0.18"
Res1dual 0.96 48 - 0.0_2 , :
Total 7585 62
? p<.0l

~ collected in the subseque'nt two phases. -The analyses also confirmed that the |

measures of VO3 coltected during the Iactatelt'hreshold,phase were significantly

lower than the VO, measured during the surge phase.

Heart Rate Analyses.

The final analysis for the pre-recovery periods was performed on the heart

rate data. The mean of the last two heart rates from the warm-up phase was

compared to the mean of the last two heart rates from the lactate threshold

phase, and the maximal heart rate measured during the surge phase. The

results from the ANOVA are presented in Table 14. These results directly

paralleled thbse of the blood lactate concentration and VO2 measurement

an.nlyses That is, there were no- S|gn|f|cant dufferences in heart rate across the

three p’e-recovery periods, and there was a sngmﬂcant main effect due to heart

]
rate sampling time,

~I
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Table 14

© " Results from Three-Wav ANOVA on Heart Rate Measurements from Pre-Recoveryv
Periods ,

Source of Variation S8 df - MS F
© Subjects(S) . - 491536 6 81923 9.8
Treatments 42127.66 3
© Intensity (I) S '47.06 2 23.53 0.28
HR Sampling Time (T) 42067.30 2 21033.65 253.07%
. Interaction (IxT) 13.30 4 3.33 . "0.04
Residual . 3979.57 48 . 8291
‘Total ‘ 51022.59 62
e “p < 01

In sumnﬁéry. these-resuits EIeariy demonstrated that the three "separate p're- . ‘
recovéry p‘eriods were not significéntly differént from each other ih'terms of thle
blood Iactafe concentrations, the Vbz va]ues. and the heart rates they elicited.

" Therefore, it is possible to maké valid comparisons of the three recovery

periods.

Recovery Periods

. Several analyses were performed to determine whether or not the three
recovery intensities produced significantly different recovery responses. Once
again. the blood lactate concentration, VO3, and heart rate measurements taken

- during the recovery periods were the factors of comparisdn. The sampling

times for these parameters during each 20 minute recovery per_iod were: 1, 2, 3,

4,5,8, 11, 14, 17, and 20 minutes. The mean value for each parameter at each-
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sampling time in each of the three recovery intensities is presented in Table 15,. .

A separate three-way ANOVA with repeated measures on two factors, was
performed for‘ .each of the three dependent variables: blood lactate
concentration, VO3, and heart rate. The three independent variables were: (a)
the intensity of recovery. either LT-7%, @LT, or LT+7%, (b) the 10 measurement
sampling timaes, and (c) the ? subjects. The two repeated measures were the
recovery mtensuty and the samplmg tlme

Blood Lactate ate Concentration Analvses

The mean blood lactate concentration measurements for each recovery
intensity are graphically presented in Figure 13. The results from the ANOVA

performed on the recovery blood lactate concentration measurements are

presented in Table 16 These results demonstrated srgmfrcant main effects due

to both the recovery mtensuty and the samphng time. Post hoc analyses
revealed that the blood factate measurements were significantly drfferent across
the three recovery intensities, wrth the measurements durmg recovery at LT-7%
being the lowest, and those during recovery at LT+7% being the highest. The
post hoc analyses on the blood sampling times revealed that blood lactate
concentrations were fairly stable over the first 3 minutes of the recovery
periods. However, from 3 to 11 minutes the blood lactate concentrations
demonstrated a significant decrease between each sampling time. -After the 11
minute sampling time, significant differences in blood lactate concentration

between the remaining sampling times were not apparent.
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Table 15
Mean Blood Lactate, VO, and Heart Rate Measurements from Recovery Periods
Recovery 7 -
Sampling o ‘Recovery Intensity
Time - :
(minutes) ~ LT-7% - @LT : C LT+7%
Blood Lactate Concentration (mmolxL™)
- 749 © - 7.61 . 7.70
2 706 .. . 135 7.52
3 - 633 - 6.61 697
4 5.49 . 518 . . 6.45
-5 - 473 . 535 - 602
8 - 3.2 . - 3.96 511
11 229 - 37 X
14 - 1.84 : 283 4.41
17 1.68 X 2,63 4.34°
20 1.57 : 249 - 417
VO, (Lxmin™)
| 4.03 413 4,25
2 59 3.82 : 3.96
3 3.44 . 363 - 3.89
.4 3.41 3.56 - 393
5 336 3.56 ' 3.86
8 3.28 3.56 3.82
1n o 3.32 - 356 3.90
14 . 3.28 , 3.50 3.86
17 3.27 3.57 , 3.86
20 3.24 3.51 3.87
Heart Rate (bpm)
1 169.1 '170.6 172.7
2 1589 ‘ 162.7 168.3
3 153.4 - 160.3 : 166.3
4 152.7 159.3 167.0
5 153.6 160.1 ‘ 168.6
8 - 156.4 ‘ 163.0 . 170.1-
11 157.0 163.6 1717
14 156.0 164.6 C 1732
17 1564 164.1 173.3
20

155.1 : 164.3 ' 173.1
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Figure 13. Blood lactate concentration (mean x standard error)} versus time
during the recovery period of the surge-recovery tests.
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Table 16
from Three-Wayv ANQVA on Bloaod La oncentration Measurement
from Recovery Perigds : ‘
Source of Variation _ S8 o df - MS. F
Subjects (S)' " - 15‘3‘..18 .6 27.26 - 30.64°
Treatments - 804.18 .29 o
Intens:ty {0 . - 87.70. 2. 4385 . 49.40°
-BLC Sampling Tlme (T) 685.94 9 76.22 ' 85.86%
. 'Iateraction (IXT) . . 3054 18- - L70 © | 192
Residual. 15446 < 174 . 089 - -
Total .- - . 112182 209 .
a ‘.

p<.0l

Oxvgen Consumption Rate Analyses. -

‘The mean VO; mleasurerhents for each .recovery intensi‘t‘y are graphically '
presenteﬁ in Figure 14. The results from the ANOVA peﬁo‘fmed oﬁ the recovery
V02 measurements are presented in Table 17. The.se results demonstrated -
significant maip effects due to both 'the recoven} intensity and the sampling
time. Post h;)c anhlyses revealed that the V03 for all three recovery intensities
were significantly different from each other. Thg' LT-7% intensity dermonstrated
the lowest rates, an:_cj‘ the LT+7% intensity demonstrated the highest rates. Post
hoc analyses perforraed for the VO2 sampling times'.revealed_lthat the VO3
~ during the first minute of the recovéry period was significantly higher than that

measured for aII other sampl:ng times. Add:tlonally. none of the VOz values,
'frorn minutes 2 to 20 of the recovery period, were sugnut“ cantly dlfferent from

each orhgr.
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OXYGEN CONSUMPTION (L/min)

O.i —————T 1 .
10 12 14 16 18 20 22 24 26 28 30 . 32
' ' TINE (min)
| INTENSITY ——— LT=7%  -oe-e-- 'S LT+7%

Figure 14, VO3 (méan + standard error} versus time during the recovery
period ‘of the surge-recovery tests. :
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Table 17

Rggulg from Three-Way ANQVA on VQ;. Measurements from Recoverv Periods

Source of Variation sS  df  MS F
Subjects (5) - 16.00 .6 2.66 . 96.63°
Treatments . : 12.54 29. : :
Intensity. (I) o 725 o2 3.63 131.86°
VO, Sampling Time (T) 49 - 9 0.54 -19.622
Interaction (IxT) -~ - 019 18 0.04 1.45
* Residual ' Lo 479 174 0.28 :
CTowl 3373 209
* p<.0l . l

£

Heart Rate Analyses.

The mean Ihéarf rate rﬁeasufements for each recovery intensity are
graphically presented.in Figure 15. ']'he results from the ANOVA performed on -
the recovery heart rate measurements are pfesented ih Table 18. These results
were similar to those for blood !ac;ate' concentration and VO3. That is, there
vlvas a significant main e;f'ect on heart rate due to both the intensity of the
recovery period‘and the measurément sampling time. The post hoc analyses

~ performed for the intensity effeét revealed that the heart rates measured during
recovery at each of the three different inténsities were signifiéantly different
from each other. The hgatf rates du’ring recovery at LT-7% were the lowest, and
those during recov)ery ﬁt LTQ-?% were the highest. The post hoc analyses
performed for the heart rate sampling times demonstrated resuits that were
‘-idéntical to those of the oxygen consumption sampling times: Th:;t is, the heart

rate during the first minute of recovery was signi_ficaritly higher than all
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subsequent heart rates, and there were no significant differences in heart rate

from minutes 2 to 20 of the recovery periods.

The results of the analyses performed on the blood lactate concentration.
V03, and heart rate data gathered during the recovery periods of the surge-
recoverv tests clearlv demonstrated that the recovery response was SIgmflcantlv '
different for each of the recovery mtensrtles. in terms of the aforementloned
'physmloglcal parameters The LT-?% recoverv mtensnty consustently
demonstrated sugmficantly lower blood Iactate concentration, VO2, and heart
rate measurements than both the @LT and the LT+796 recovery mtensrties _
Addttronally. the @LT. recovery mtensnty consustently demonstrated srgmfrcantly :
lower blood Iactate concentratnon, VOz. and heart rate measurements than the

LT+7% recovery mtensntv

' Table 18

memww

Source of Variation SS df MS F

Subjects (5) 121763.39 6 362723  295.99°

Treatments 8521.41 29 _
Intensity (I) 6065.55 2 303278 247.48°
HR Sampling Time (T) 1955.22 9 21725  17.73°
Interaction (IXT) 500.64 18 27.81 2.27

Residual 213232 174 1226

Total 32417.12 209

p<.0l
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Lrensiy —— (e e 0wr o --— LT+7% |

Figure 15. Heart rate {mean & standard error) versus time during the
recovery period of the surge-recovery tests.
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Times for Half Decrease of Blood Lactate

in order to establish which recovery intensity resulted in the highest rate of
decrease in blood lactate, an analysis of the change in blood lactate
concentration W|th respect to the appropriate blood lactate baseline For the
SDECIfIC recovery mtensuty was performed. This analysus involved determining
and comparing the times for half decrease of blood lactate for each subject at |
eacﬁ reeovery intensity. The individual and group results for the times for half

decreasein blood lactate concentration are presented in Table 19.

It should be noted that the blood lactate concentration baseline used for

the LT+7% intensity was that of the @LT intensity. This adjustment was

 necessary because a blood lactate concentration baselme could not validly be

determlned for the LT+7% intensity. Thls issue has been addressed- prewously

on pages 80 and 81.

With the eiception of subject 1 at the LT+7% Irecovery intensity, all of the
subjects recovered to at least the half blood lactate concentration at all recovery
intensities.- The mean recovery responses, for all three recoverylintensities.-are
presented Qraphically in Figure 16. The baseline blood Iactete concentrations

for the recovery intensities have also been presented in Figure 16.

The m'ean time for half decrease in blood lactate concentration was 5.46
minutes for the LT-7% intensity, 4.81 minutes for the @LT intensity, and 5.82

minutes for the LT+7% intensity. In order to determine whether or not the

- times were significantly different from each other, a two-way (3X7) ANOVA with

repeated measures on one factor was performed. The two mdependent

variables in the: analysus were (a) the recoverv intensity, e1ther LT-7%, @LT or
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Table 19
M Results from Analvses of Blood Lactate Concentration Decreases Durin
Recover ri
Subject Intensity Peak BLC Baseline BLC Half BLC  Half-Time .
(mmolxL™") (mmolxL™) (mmolxL")  (minutes)
1 LT-7%. 718 224 471 5.20
- @LT 8.16 3.42 5.79 525
. LT+7% 9.92 . 3.42 6.67 =
2 LT-T% . 9.4 139 527 . 613
- @LT 7.26 3.82 5.54 295
LT+7% 6.14 3.82 4.98 . 421
3 LT-7% 7270 128 4,48 5.59
. @LT . 8.64 - 2.85 5.75 . 597 .
 LT+7% 8.34 2.85 . 5.60 6.29
4 LT-7%  5.22 144 . 333 4.58
- @LT 5.80 2.82 431 4.81
LT+7% 642 2.82 4.62 4.31
5 LT-7%  8.24 1.50 4.87 '4.46
'@LT ~  8.80 2.80 5.80 528
LT+7% - 9.00 2.80 5.90 8.04
6 LT-7%  8.52 1.48 5.00 5.52 .
@LT 8.34 4.14 6.24 4.53
LT+7% 8.20 4.14 6.17 6.34
7 LT-T% 6.96 1.27 412 6.46
@LT 6.70° 2.26 4.48 5.32
LT+7% 6.18 2.26 422 5.75
Group (n=6)*
LT-7% 7.63 1.39 4.51 5.46
@LT 7.59 3.12 5.35 4.81
7.38 3.12 5.25 5.82

LT+7%

® Not including Subject 1.
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Figure 16.

Mean blood lactate concentration versus time during the
recovery period.of the surge-recovery tests. The baseline blood

lactate concentrations for the LT-7% and the @LT intensities are

also presented.
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LT+7%: and.{b) the 7 subjects. The repeated measure was the recovery
inl:e.nsity. The depeﬁdent variable was the time for half decrease. The results
from the ANOVA are presented in Table 20. These résults demonstrated that
there were n‘o‘sig'n‘ificant differences in the times for half decr'ease in blood
Iaﬁtate concentratioﬁ between the three recovery intensities. Therefo.re'.. half
o blood iactate'decreasé otcurredjﬁst as rapidiy at the' L"f‘+7% recovery intehsit_y

as it did at either of the two lower recovery intensities.

 Table 20 _‘ B
wWQ- V - D
..ISourcé of Variation_ _ . 88 ,‘ df MS T F
Subjects(S) - 72 . 5 - 144" 123
Intensity (1) a6 2 158 135

Residual R T S

Total L2206 17




DISCUSSION AND CONCLUSIONS

The aim of this investigation was to |dent|fy the intensity of recovery
" exercise that would re5ult in the most rapld time for half decrease in blood
Iactate followmg a standard duration of actnwty at VOzmax mtensnty The
untque features of this anvestlgatlon were: (a) that the mtens:tres of recovery
exerc:se were defmed relatwe to the individual lactate threshold intensity; (b)
that the recovery intensities chosen for mvesttgatton were those that would
!tkely be used wuthtn a competmve endurance event, that is, shghtly below at,
- and slightly above the individual Iactate threshold‘intensity: and (c) that the
chahges in blood Iactat_te concentration were evaluated with respect to bese!ine
.blooo Iactate concentrations which were determined individuallt/ for each
recovery exercise intensity. It was hypothesized that recovery at the individual
lactate threshold intensity would result in the most rapnd times for half

decrease in blood lactate.

The results of this investigation.ciearly demonstrated thatthe absolute
reduction in blood lactate concentration during_ recovery was significantly
different across the three recovery exercise intensities. When recovery exercise
was performed at the subthreshold intensity, blood lactate was redoced to the

“lowest concentrations during the 20 min‘ute recovery 'period. Conversely, when
recovery exercise was 'performed at the suprathreshold intensity (LT+7%) the
highest re.covery blood Iactate concentrations were observed. These resulits had
been anticipated, as it is well known that du_ring mo’derate' to heavy exercise the

concentration of blood lactate is directly related to exercise intensity (Ribeiro,et":

-118-
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al, 1986, Scheen et al,, 1981). Thus, it was not surprising that significantly
different blood lactate concentrations were apparent across the three recovery
exercise intensities. However. a comparison of blood lactate concentrations on
such absolute terrhs gives little insight into the recovery ability of the system
relative to the exercise intensity‘that is being performed. An unbiased
-comparison of changes in blood lactate concentration must include
consideration of the baseline blood lactate corrcehtration that will be induced by

- each intensity of recovery exercise.

Ir1 ‘order tol conduct such' a comparison times for half ciec'rease in hfood

" |actate concentratlon were calculated usmg mdnvnduallv determmed baselines of -
blood lactate concentratuon. In terms of these tumes for haif decrease there .
were no sugnlflcant dlfferences between the three recovery exercise mtensmes.

_ In other words, the decrease in blood lactate concentration. following the 2
minute surge at VO2max intensity, was equally rap:d for all three of the '

recovery intensities mvestlgated when the approprlate basellfnes of blood Iactate
concentratuon were consrdered. Therefore, the original hypothesus must be

rej‘ected.‘ since recovery exercise performed at the lactate threshold intensity did

not result in statistically superior times for half decrease in blood lactate.

In terms of the 'times for half decreaae in blood Iactater the results of this
investigation parallel those of Stamford et al. (1981). These researchers
- investigated two active recovery intensities: 40% \'lozmax. and 70% VOamax.
They fourrd that the Iowest active recovery intensity resulted in the greatest
absolute decrear.e in blood Iactate over a 40 rruinute recovery period. However,
when the active recoverv_intensities were'aesessed with respect to their

appropriate baselines of blood-lactate concentration, neither were significantly -
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different in terms of their resuiting blood lactate reco(aery kinetics. Davies et al.
{1970) and Belcastro and Bonen (19755 also demonstrated significantly faster
absolute decreases in blood lactate at relativeiy low exercise intensities (40%
VOzmax). However, because neither of these latter studies considered blood:
lactate concentration baselines in their _anélyses of blood lactate decrease
kinetics, they concluded that the low exercise intenéity wés the host effei:tive
for blood lactate de;fease. To this end, the results of the pre'sent'- inves‘tiga'tior'\ -
confirm the'concl_usions; made by Stamford et al. (1981); "that i_niérpfetétion of
the effec_tiveness of exercise recovery abové and below (Ié_ctate threshold) with .
respect to blood lactate disapb'earaince is influenceﬁ by;' the baseling blood

lactate concentration”.

There a’lre two aspects of the results from this. in\)estigatio_n that warrant
further discﬁssion. | First, 6 of the 7 subjects demonstrated a‘n ability to redluc'e
blood lactate concentrations, when the int‘ensity' of the recovery exercise was
above lactate threshold (LT+7%). This reguit was unexpected. since during
constant rate work at the same intensity all of ‘»the cyclists demonstrated
significant increases in blood lactate concentration. A further observation was
that during recovery at the lactate thresheld intensity the blood lactate |
concentrations decreased to baseline levels after the first 11 minutes and fell to
levels well below the baseline during the remaining 9 minutes. In contrast,
diring recovery at the subthreshold intensity blood lactate concentrations only
dropped to baseline levels after 20 minutes of recovery (refer to Figure 16 on
page 116). Both of these observationﬁ lead to the possible conclusion that
following the 2 minﬁte surge at VOpmax intensity.-i_actate disappearance from ‘
the blood was enhanced and/or lactate entry into the blood'Was reduced at the
" @LT and the LT+?%'reéovery intensities, relative to the rates of-these'procesSeS |

during the constant work rate tests.
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The common supposition is that when exercise intensities exceed the |

Iactate threshold intensity, the equilibrium between lactate appearance and
blood lactate disappearance will be destroyed and blood lactate accumulation
will be inevitable (Gladden, 1989). Yet, in the current inve5tigation. when the
cyclists recovered at the LT+7% intensity, the decrease in bloodllactate |

. -concentration was snngcant and progressive over the entire 20 minute
recovery period That this: observatuon is the result of a tralning effect dunng
the expenmentatlon is unhkely The subjects were exposed to the three

'_'recovery mtensuties randomly, and thev were hnghly trained (endurance) ‘ ‘_ o
competmve cycltsts. _,The tratne_d.state of the s_u‘bjlects_lsreﬂected in the rn'ean ) |
VO2max of 46 L><min'l and in the tactate threshold 'vvhich-occorred at a'mean '
of 79% of Vozmax. Itis doubtfu! that the Vozrnax test and the three constant |

"work rate tests. aII of which preceded the surge recovery tests, would have
elicited a sngmf‘ cant change in the Iactate threshold exercase mtensity of these

well tramed cyclrsts.

An explanation for these observations mav Iie within the mechanisms of
blood lactate disappearance and ‘those of biood Iactate appearance. Some
aspect(s) of either or both of these processes may have been modified as a
result of the 2 minute surge at VOzmax mtensnty, since the surge was
essentially the only protocol feature that was different between the constant

work rate tests and the surge-recovery tests.

The large lactate load that was induced by the surge may have facilitated
blood lacta_te disappearance in a number of ways. Two of the factors which are
known to improve lactate uptake are high extracellular lactate concentrations

and low extracellular pH. Assuming that the high post-surge blood lactate
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concentrations reflected high lactate concentrations both within the working
muscie cells and within the extracellular space, the uptake of lactate by tissues -

capable of oxidizing the substrate may have been facilitated. In addition,

elevated blood lactate concentrations are:known to inhibit fre'e fatty acid
moblllzatlon (Astrand 1986) As such, condmons whtch would promote the use

of lactate as a fuel’ source by the active tissues were very likely created durnng

' recovery from the surge. Lactate and hydrogen ion concentratlons are known

. to be posrttvely correlated. This fact is sugnuf‘cant in that the transport of

K pyruvate across the i mner mutochondnal membrane depends on both the -

. VEXlStEHCE and the size of the pH gradlent across the membrane (Zubay. 1983)
Based on the blood lactate concentratuons measured |t is a reasonable ‘

'assumptuon that the surge created such a pH gradnent. Thus. the mward

transport of pyruvate across the inner mntochondnal membrane may have been

augmented during the recovery phase of the ride. By improving the transport of

pyruvate into the mitochondria. the availability of this sub'strate for oxidation

via the TCA cycle would also have been improved.

In summary, three mechanisms have been proposed which 'may have, either
smgularlv or in combination, resulted in an augmented blood lactate removal
capacity followmg the 2 minute surge at VOpmax: (a) improvements in the
ability of tissues to take up lactate because of elevated extracellular lactate
concentrations' and reduced extracelluiar pH, (b) augmented use of lactate as a
fuel because of its accessibility and because of inhibited free fatty acid
- mobilization, and (c) enhanced ability for pyruvate transport across the inner
mitochondrial membrane due to the enhanced pH é‘radient across the

membrane.

PPN
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In addition to the possible effects of the lactate load on blood lactate
kinetics during active recovery, the n_‘taximal intensity activity of the surge itself
may have provided a sti‘mulu's for enhanced lactate utilization and reduced
blood lactate appearance The initial drop.in energy charge within the active

muscle cells resulting at the onset of surge act:vnty would have prov:ded a

s Stlmulus for enhanced glycolytuc acnvuty and enhanced TCA cycle aCthltV it can

be speculated that if TCA cycle actuvnty were to rematn at augmented Ievels and .
the rate of glycolysns were to be reduced followmg the 2 mlnute surge. the
abuluty of the active muscle cells to oxrdize exogenous lactate would be
y enhanced ln order w0 support this hypothesus. it must be estabhshed that (a)
TCA cycle actlvaty would be enhanced by the surge. and (b) TCA cycle actnvnty

- ‘would remain enhanced after the surge durmg actrve recovery

A pnmary regulator of TCA cycle activnty is the pvruvate dehydrogenase

fcomplex (Lehmnger 1982) Thns enzyme system catalyzes the series of
reactions responsible Vfor the oxidative decarboxylataon of pyruvate to acetyl-

"CoA. The pyruvate'dehydrogenase complex is present in the mitochondria in
both active and mact:ve forms. The inacuve form is converted to the active

" form when there is a decrease in the mitoc hondrial ATP to ADP ratio and when
- there is a rise in the mtracellular Ca2+ concentration (Lehninger, 1982). The 2
minute surge at ndaxima'l intensity could have provided bOth of these stimuli.

| These same stimuli would have resulted in an increased alycolytic rate, thereby
providing pyruvate dehydrogenase with ample,a“nmunts of the substrate it
requires for. acetyl-CoA formation. Therefore, the surge may provide a stimulus
foF“maximizing the concentration of active pyruvate dehydrogenase in the
mitochondria, allownng for potentlation of the cells capacuty to oxxdlze pyruvate

and subsequently lactate.
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If two activities are performed at the same intensity, one with a preceding
surge of short duration and one without, it is conceivable that for the activity
preceded by the surge the rate of the TCA cycle would be relatively higher. The
difference in 'TCA cycle rate between the two situations would be the result of a
number of interrelated factors. First, the surge provides maximal stimulation
for the TCA cvcle: that is, the Surge-prov‘ides the neceSSarv stimuli for

maxlmtzmg the mtramltochondnal concentrations of actwe pyruvate ‘

. dehydrogenase. Second the build-up of metabolutes dunng the surge reduces '
_"the glycolytlc capacitv Wlthln the active muscle tussue (refer to page 54),and
- thus creates a dependence on mltochondnal processes for -ATP during actwe

' recovery. Third, the surge results in an accumulation of e'ndogeno.us and

exogenous-pyruvate and Iactate. thereby providing an ample supply of the'

' necessary substrate for the TCA cycle. Funally. the build- "up of rnetabolntes

during the surge enhances pyruvate uptake by the mntochondna because of the
exlstence of a pH gradient across the inner mitochondrial membrane.
Therefore, it is conceivable that the TCA cycle activity remains at a higher rate

during activity preceded by a surge of short duration.

The elevated TCA cycle activity during recovery would enhance the
utiliaation of endogenous and exogenous lactate, since lactate is a precursor of
pyruvate. Lactate uptake in the Type | and cardiac muscle tissue may be
improved as an indirect result of this enhanced capacity fo'r'pyruvate oxidation

following the surge. This enhanced capacity would reduce pyruvate

accumulation in the cytosol and thus the inhibitorv'effect of high nyruvate

concentrations on the H isoiyme of LDH would be reduced. This would allow

continued conversion of lactate to pyruvate, and therefore, continued uptake of

- lactate from the interstitia and blood.

O
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Several possible effects of the surge and of the resulting lactate load on

hlood lactate uptake mechanisms have been presented. However. there are &
number of quesﬁons that remain unanswered. For example, during constant
work above lartate threshold, a nrogressive increase in blood lactate
concentration was apparent. Why did the lactate load generated during the
constant work rate test not instigate the response' app’arent'during the surge-
recovery rrde at the same mtenSIty? The difference |n the lactate load between
: A"that generated by the surge and that generated durmg the 20 minute ride at
LT+7% was‘in the rate of“accumulatlon.. Perhaps the proposed mechantsm is

- rate specific. Another difference between the two lactate loads is that prior to

. the recovery ride the processes of oxidative metabolism had likely been
maximaily stimulated..thereby'p'ossibllv creati'ng an enhenced capacity to"oiidize ‘

lactate, while there was no such ma‘xirnal stimulation during the constant ride.

| Further questions are suggested from‘ the fact' that enhanced blood lactate

' remoyal eepacities were apparent for a minimum of 20 minutes of active

'recevery. during which time blood lactate concentrations drobped to baseline
levels, if not lower. In a snmtlar mvestngatson conducted by Stamford et al.

~ (1981), the enhanced removal capacity was apparent for at least 40 mmutes of

active recovery. These results raise the following questions: ‘

1. How long would the enhanced capacity for blood lactate removal
contmue?
2. How would the enhanced capacity for blood lactate removal be

influenced by another surge?
3. At what percentage of VOmax above lactate threshold would -
recovery be ineffective in terms of decreases in blood lactate

concentration? That is, is there another factate threshold that is
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specific 1o exercise performed at constant intensities that has
been preceded by a surge of short duration? And if 5o, at what
percentage of VOpmax does this threshold occur, and how is |t _

influenced by the length and intensity of the surge?

"lhe results of this investigation demonstrated that there were no
- significant differences in the times for half decrease in blood Iactate
concentratton between the three recovery exercise mtensmes rnvesttgated ThlSl
would imply that the endurance athlete can effectlvely recover (in terms of .
"blood Iactate concentratron). from a surge of short duratlon wnthm a
\competlttve event at an mtensrty that is sltghtly above Iactate threshold
addition, since the surge actuvuty seems o initiate a response wh:ch enhances
the oxldatwe capaclty of the system, endurance athletes may amprove therr . .‘ )
‘ performances by mcorporatmg a short surge of actwnty within thelr pre-event
warm- up routlne Both of these recommendations must be considered carefully. .
since blood lactate concentration has only been associated with muscular
fatigue. That is, there may be other fatiguing influences that must be’
consudered in.addition to the biood lactate concentratron These mfluences ‘
include: glycogen depletion, blood NH3 concentration, excitability of

motoneurons, contractility of muscle cells, etc. (refer to pages 55 and 56).

‘

In summary, the results of this investigation support the' followihg
conclusions: | |
1. The absolute decrease in blood lactate concentration was
significantly greater during recovery exercise performed at an
' mtensrty sl:ghtly below the lactate. threshold in compartson to

recovery performed at and slightly above the lactate threshold

exercise intensity.

Y
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2. The absolute decrease in biood lactate concentration was
significantly lower during recovery exercise performed at an
intensity stightly above the lactate threshold, in comparison to
_recovery performed at and slightly below the lactate threshold
exércise intensity. |
3. The,timés for half'deérease in blood lactate concentration during
active recovery, _éalcu_lated relative to individualfy determined
- baseline blrood lactate concentrations, were not significantly
different for any of the recovery exercise intensities invest.igated.
It thérefore'seems reasonable to .r;onc‘lude that analysés of the
respohse of blood lactate cohcehtrafioﬁ to yarigus récovery
exércise intensities should incorpofate cons-ideration of the
baseline blood lactate éoncentratjon ‘in_duced by the Sp‘ecific
recovery exercise intensity.
4. The processes 'whi;:h govern blood lactate appearance and
removal r'nay_;h_.ave been influenced by the short duration surge

and/or by the lactate load resulting from the surge.

In conclusion, these results‘have provided greater insight into tl'{e
phenomenon termed the‘lac‘tate tﬁreshold. It is quite possible that this
threshold is not only specific to the individual and fo the modequ exercise
employed, but also to the specific protocol of exercise used in its deterhination.

'Th_at‘ is.lthel data suggest that the lactate threshold evident during constant
wdrk‘p_receded by a 2 minute surge at maximal intensities was different than
the one evident during constént work withou_t the preceding surge. Further
researchr should be conducted using similar intensity gfadients but a larger

range of intensities to investigate this postulation. In.addition, further research
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should investigate how the intensity and the duration of the surge itself affects
blood lactate decrease during recovery. The answers to such questions woulid

be usefui in providing the endurance athlete with performance guidelines and

racing strategies.
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INFORMED CONSENT FORM

For Research on Recovery Exercise Irltensitles In Cycling -

Wheh a research projcet'that‘s'tudies i'ndivici'uale is. under'aken bya member
of- the Umvers:ty of Ottawa, the Ethlcs Commrttee of the Umversrty requires the
wntten consent of the partrc:pants "The intention is to ensure that the pro_lect is. '
adequately explained and that all potentral nsks and/or benefrts are. mentroned .

. bef' ore the subject agrees to partrc:pate

';I‘his reeearch project is bein§ co’ndircted by Si(lvia Weihrer, a gredeate '
student in the Department of Kmamhropology at the University of Ottawa. The
project is bemg supervrsed by Dr Jim Thoden who i isa faculty member in the same
department. The pro ject investigates the effect of drf ferent intensities of cycling
on the change in blood lactate concentratron following two minutes ot‘ cycling ara
max:mal mtensrty in male endurance cyclists between the ages of 20 and 30, Seven
- cycling tests wrll t;e performed by each cyclist over a 10 to 20 day period. No more

than one cycling test will be performed on any day.

The first cycling test will be conducted to determine the maximal aerobic
power (1) and to estimate the lactate threshold (2) exercise intensity of each cyclist.
A minimum of three cycling tests, involving 25 minutes of submaximal intensity
aetiviry, will subseqﬁently be performed to‘\lrer_ify the lactate threshold exercise
intensity. The final rhree cycling tests ;v'ill involve-two 'minutes__of cycl_ing at.
maximal aerobic pewer,'whieh will immedierely be followed by 20 minutes of

A-2



" cycling at a submaximal intensity.

During thecycling tests.-expired gas will be collected continuously from a
. mouthpiece 'through which the cyclist breathee' therefore, the cyclist will be

: breathing into a two-way, non rebreathmg valve whlch snmply separntes inspired
from exprred air w:thout mterfermg with respiration. In addition, approumately
30 mrcrohtres of blood will be sampled at two minute intervals from a fi mgertrp
throughout each cyclmg test (total 10to 12 samples), and heart rates wnll be

momtored contmuouslv using a Sport Tester PE3000 heart rate momtor.

Following a.cs'reling' test, lthe fingertip(s) which were pimetured f or blooq
,sampling may be tender. The tendernese may persiet' for one‘or'two days. Any
other phys:cal discomfort that may be expenenced either durmg or-after a cyclmg
test will be that usually experrenced during cyclmg at maximal and submaximal
mtensmes The subj Jects are requested to seek advice from their physician (or
Campgs Medical Services) on their intention to enter into maximal aerobic p‘ower
testing (also referred to as maximallo:':ygen eonsumpt_ion testing). Campus Medieal'

Services are aware of the conduct and nature of such testing in our laboratories.

Following completion of all cycling tests, subjects wiil receive a copy of
their test results, and counselling, with respect to the results, will be provided upon

request,
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Further information concerning this research project can be acquired by

contacting Sylvia Weihrer at 998-2227 during the day.

1, _ . ' » willingly agree to participate in this study.
"1 understand that it is possible at any time to end my involvement. I-understand
that my results will remain strictly confidential and that I will not be identifiable in

the presentation of the results of the study.

NAME OF PARTICIPANT  SIGNATURE OF PARTICIPANT- . DATE

NAME OF PARTICIPANT ' SIGNATURE OF PARTICIPANT ‘DATE

1 Maximal nerobic power is defined as the maximal amount of oxygen that can be taken up by the

body, from rocsm air, whi'l.a performing prlqzreuivo exercise that continues until the subject can no longer
maintain the wor‘ rate.

2 The lactate threshold exercise intimity is defined as the highest intensity of exercise thntA can be
continued.for peﬁ:odl longer ;hm 8to 10 mim.;tu withqut generating & progressive increase in blood
iactate (the dissocinted form of Il.ctic acid). The Iactate threshold exercise intensity is the intensity m
exercise normally chosen for pcrfo‘rmnnce of enduraiice events, )

-
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Appendix B
LT-VO2MAX TEST RESULTS



183y ~ Subject0t-

Blood Lactate Conoentration (mmolL) -
kil |

i 15 2 25 3 35 & 45 & 55 &
) Oxygen Consumption (L/min)

. Egure B-1. Relationship between oxygen consumpﬁon and biood lactate concentration
during each stage of the LT-VO;max tost for subject 01.
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N

Blood Lactate Concentration (ninmolf!.) '

11+ " - Subject 02
10

.9‘-

8-

°l

. 61

5]

1

3

2

1

"7 2 25 3§ 95 4 45 §F 5 %

Oxygen Consumption (L/min)

 Eigura B-2.  Relationship between oxygen consumption and blood laciate concentration
during each stage of the LT-VO,max test for subject 02,



gy

‘Subject03 .

16 -
144
12{

10

Blood Lactate Concentration (mmoiiL)
o

0 15 2 25 3 35 4 45 & 55 8
Oxygen Consumption (L/min)

r

Figura B-3. Relationship between oxygen consumption and blood lactate concentration .
| during each stage of the LT-VO,max tast for subject 03,



14 | . Subjectd4

Kdentified LT Intenslty

Blood Lactate Concentration (mmolL.)
Yool

TSNS AcualLT intenaty

1 15 2 25 3 35 . 4 45 5§ 55 &
Oxygen Consumption (Limin)

- Elgura B4, Halaﬂofishipbotmenoxygoncomumpﬁonmﬂbbodladatocomntraﬂon
" during each stage of the LT-VO;max test for subject 04,
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Biood Lactate Concentration (mmoyL) :
‘ v‘." i |

T8 ¥ 25 § a5 4 45 F &5 b
Oxygen Consumption (Limin)

Figura B-5. Relationship between oxygen consumption and biood lactate concentration
~ during each stage of the LT-VO,max test for subject 05.



Biood Laclate Concentration (mmolfL) .
> 0o

1.5 2 25 3 35 4 45 & 585 8
Oxygen Consumption (L/min)

Eigure B-8. 'Relatlonsh.lp between oxygen comumpﬂon and blood lactate concentration
during each stage of the LT-VO,max test for subject 08,
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Figura B-7. Relationship between oxygen consumption and blood lactate concentration
during each stage of the LT-VO,;max test for subject 07.
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POLYNOMIAL EQUATIONS FOR HALF-DECREASE TIMES

The f bl!owing polynomial was the stattdard format of those»derive’d from the
blood Iactate concentratton versus time recovery curves to est:mate the half -tlmES ‘

f or blood lactate concentmt:on decrease (refer to page 83 in Chapter Ill)

| y =ao *ax+ gl +al+ as

. where;

= haif blood lactate concentration (BLC),

~
o

ey

‘peak BLC - ((peak BLC - baseline'BLC) + 2)), and

~
"

time for half decrease in BLC (half-time).

The polynomial equations for each subject and each recovery intensity will

be presented in this Appendix. The correlation coefficient for each polynomial (r)

will also be presented.



Subject 01

.Polynomial: y =9.675 - 1.381x + 0.101x*- 0.004x%,  r=0.999
| y=718-((7.18-224) + 2)
y=a71 o
Solving for x:

T x=1520

Polynomial:  y = 10.-527:-- 1.483x + 0.160x? - 0.012x + 0.001x%; '
| . | r =0,999 - |
oy =8.16-((8.16 - 3.42) + 2)
y= 5.7§ o

Solving for x:

x=35.25

LT+7%.
Polynomial: y = 11.084 - 0.813x + 0.150x? - 0.018x" + 0.001 x*
r=0998
y=992-((9.92 - 3.42) + 2)
y= 6.67

Solving for x: .
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Subject 02

LT-7%.

Polynomial;

y = 9.428 - 0.092x - 0.228x% + 0.029x* - 0.001x%,

r= 1.0

Cy=9.14-((9.14 - 1.39) + 2)

. y=521

. Solving for x: .-

. @LT.

Pplynomial:

. Solving for x:

: ;=’6.13I' :

y = 8.508 - 1.201x + 0.063x+ 0.001x’;

y=7.26 - ((7.26 - 3.82) + 2).
ym=554 .

x =295

LT+7%.

Palynomial:

Solving for x:

r=0.999
y=6.14 - ((6.14 - 3.82) + 2)
y=498

x=4.21

- r=.995

'y = 6.154 + 0.256x - 0.228x% + 0.030x" - 0.002x*



Subject 03

LT-7%. _
Polynomial: y = 8.475 - 0.614x - 0.052x?+ 0.008x; r = 0.999
y=770-((7.70 - 1.25)+ 2)’ |
y=448 o
: Solving for x:

x =559

@LT. ‘ |
Polynomial: y=] 1.13'4 - 1'.'473xl+ l(}.ltllx2 - 0.010x> r=1.0 |

|

y=8.64 - ((8.64 - 2.85) + 2)

' y=575
. Solving for x:
x=1597
LT+7%.

1

Polynomial:  y = 8.630 - 0.181x + 0.026x% - 0.001x* " r=0998
y=834-((8.34-285+2)
y = 5.60

Solving for x:

X =6.29

VRIS v

C-5



o

=4

Subiject 04

LT-7%.

Polynomihl:

Sol;.ring for x:

y=35.331+0232x - 0.276x? + 0.036x° - 0.002x™
. r= 0998 '

y=5.22 - ((5.22 - 1.44) + 2)

y =333 |

x=4.58

l@.l.J.-

- Polynomiat:

* Solving for x:

LT+7%.

-Polynomial:

|y = 5.734 + 0.343x - 0.241x%+ 0.028x - 0.001x;

 r=0999
v.= 5.80 ~ ((5.80 - 2.82) + 2)

y =431

X = 4.81

y = 8.470 - 1451 + 0.189%% - 0.017x* + 0.001x*

r=1.0 _
y = 6.42 - ((6.42 - 2.82) + 2)
y=462

Solving for x:

X = 4.31]
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Subject 05

LY-7%.
Polynomial:  y =9.720 - 1.448x + 0,091x? - 0.002x>: - r=0.998

y =824 -((8.24 - 1.50) + 2)

y =487
éolving for x;
x =446
@LT. A
Polynomial:  y = 9.622 - 0.749x - 0.025x%+ 0.008x% . r = 0.999

'y =880 - (8.0 - 2.80) + 2)
y = 5.80 '
Solving for x:

x=528

Polynomial:  y = 9.484 - 0.360x - 0.069x% + 0.012x" - 0,001
r=0.999 |
y = 9,00 - (9.00 - 2.80) + 2)
y= 5.90
Solving for x:

x = §8.04
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Polynomial: y=8.786 - O;O‘Hx - 0.263x% + 0.035x* - 0.002x";
. r=099 |
y = 8.52 - ((8.52 - 1.48) + 2)

y =500

: Solving for x:

x =552

Polynomial: . y = 8.543 - 0.059% - 0.197x%+ 0.027x" - 0.001x" .
| =10 S |
y=834-(B34-418)+2)
y =. 6.24
So'lving for x:
x = 4.53

LT+7%.

Polynomial:  y = 8.317 + 0.020x - 0.155x% + 0.022x” - 0.001x";

- r=0.999
y =820 - ((8.20 - 4.14) + 2)
y=6.17
Solving for x |

x =6.34



je

LT-7%.

Polynomial;

Polynomiaf:
Solving for x:

LT+7%.

Polynomial:

Soiﬁng for x:’

y=7.139 - 0.361x ~ 0.059x% + 0.008x>

y =1.576 - 0.741x + 0,059x? - 0.007x%:
y =696 - ((6.96 - 1.27) + 2)
y=412

'Solving forx: '

X =646

*

y=06.70 - ({6.70 - 2.26) + 2)

y=448

x=3532

y = 6.792 - 0.633x + 0.045x% - 0.003x*
y=6.18 - ((6.18 - 2.26) + 2)

y =422

x=1575

i

(88
A,

r = 0.999

r=1.0





