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Diagnostics of Anaerobic Power and Capacity

Hermann Heck, Henry Schulz, and Ulrich Bartmus

Testing proceduresfor the assessment of anaerobic energy metabolism during
muscular work have not yet gained the relevance of tests assessing maximal
aerobic power. Thediagnosis of aerobic power allows one, through the choice
of an adequatetesting protocol, to design atest that mainly measuresthe power
of aerobic metabolism by means of indicators like VO, and lactate. With
regard to tests for the assessment of anaerobic power and capacity, however,
alactic, lactic, and oxidative components of energy expenditure as a whole
cannot be differentiated by means of simple parameters (e.g., lactate and time
until exhaustion). By meansof computer simul ations of energy metabolismfor
supramaximal loads with durations until exhaustion of about 10 sand 60 s as
well astheisolated variation of the concentration of muscle phosphocreatine,
themaximal rateof | actate production, and themaximal aerobic power (VO,, ),
the influence of the single components on energy metabolism as awhole is
presented in a semi-quantitative way. Subsequent testing procedures for the
measurement of al acticand|actic power aswell asal acticandlactic capacity are
presented. Finally critical-power method and method for the determination of
maximal accumulated O, deficit are described in greater detail, because both
methods are widely discussed in contemporary international literature.

Key Words: energy metabolism, anaerobic capacity, anaerobic power, critical
power, lactate

Key Points:

1. In contrast to the determination of maximal aerobic power, the assessment of
anaerobic power and anaerobic capacity isamuch more complex subject.

2. Computer simulations of energy metabolism can help to better understand the
interactions between the different metabolic pathways.

3. Whenintroducing new testing proceduresand parametersfor the assessment of the
different componentsof energy metabolism, it isimportant to do so on the basis of
aphysiological model.

4. Because of the complex interactions between the various components of energy
metabolism, a detailed assessment of these components can only be achieved by
using abattery of tests.

Introduction
In several sport activities, performance ability is considerably determined by the
capacity and power of the energy-generating systems of the muscles involved.

The authors are with the Department of Sports Medicine in the Faculty of Sports
Science at Ruhr-University Bochum, 44780 Bochum, Germany.
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Short-term activities (e.g., the 100-m run) mainly require the anaerobic energy-
transfer system, while long-term activities (e.g., the 10,000-m run) predominantly
make use of the aerobic energy-transfer system.

It must bethe aim of complex performance diagnosti csto determine capacity
and power of each component of energy metabolismin order to detect deficiencies
andto giveconcreteadvicefor theplanning of training. Additionally, theefficiency
of training devices can be examined in the course of longitudinal studies.

M easurement of maximal aerobic power hasalongtraditioninexercisephysi-
ology. Theterm maximal oxygen uptakewasintroduced by A.V. Hill (8)in1924.1n
the following decades, diverse instruments for the measurement of oxygen uptake
during exercise were designed. Today the miniaturization of spirometry systems
hasreached astatethat allows continuousregistration of oxygen uptake (and thusa
direct measurement of aerobic metabolism) during abroad range of sport activities
without impairing the athlete.

Thesituationisfundamentally different with testing proceduresfor the deter-
mination of lactic and alactic capacity and power, themain reason being thefact that
all substrataneeded for anaerobic processesarel ocatedinsidethemusclecell. These
substancescanonly bemeasured directly by complex methods—for example, muscle
biopsy and 3'P-MR spectroscopy. The determination of intermediate or end prod-
ucts of energy metabolism such aslactate or pyruvate in the peripheral blood only
allows an indirect assessment owing to the complex dynamics of diffusion and
elimination processes.

It is an aim of this review to illustrate the static and dynamic behavior of
different componentsof energy metabolismandtheir interactionsby referringtothe
existing literature and aso using computer simulations of metabolic processes.
These considerations should allow some advice for the construction of anaerobic
performance tests. Additionally, some testing procedures from the national and
international fieldsare discussed.

Capacity and Power of Muscular Energy Metabolism

Capacity of energy metabolism may be defined as the sum of all work that can be
gained from energy storedinchemical form. Analogously, power may bedefined as
the sum of the maximal metabolic rates of the different energy transfer systems.

Table 1 shows data (in ATP-equivalents) for power and capacity of alactic,
lactic, and aerobic energy metabolism rel ated to kilograms of wet muscleweight.

An alactic power of 6 mmol - kg™ - st ismeasured with maximal exercise of
about 0.5 sduration. Valuesfor highjumpingwith aduration of 0.2 sareeven higher
(25). Maximal running (sprint) resultsin values of about 3 mmol - kg - s(24).

Alactic capacity nearly amountsto 2025 mmol - kg™. But only 85% can be
used, becauseareductioninmuscular ATPconcentrationby 30%(e.g.,from5t03.5
mmol/kg muscle) leadsto adeclinein free energy of the adenylic acid systemto a
point that resultsin acontraction insufficiency (25).

Lactic power islimited by themaximal glycolyticrate, whichitselfismainly
limited by theamount of glycolyticenzymes, especially phosphofructokinase (PFK).
Assuming normal glycogenvalues, maximal PFK activity isabout 1 mmol -kg™?-s*
glucose in the muscul us quadriceps. Because anaerobic glycolysis converts 3 mol
ATP per mol glucose (from glycogen) into lactate, maximal lactic ATPresynthesis
rate reaches 3 mmol - kg - s*. This metabolic rate is attributed to the 100-m run.
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Table 1 ATP Equivalents for Power and Capacity of Alactic, Lactic,
and Aerobic Energy-Generating Processes (Following Greenhaff et al., 2)

Energy- Power Capacity
generating (mmol - kg?*-s? (mmol - kg*
system Substrata wet muscle) wet muscle)
Alactic ATP, PCr — ADP, Cr 3-6 20-25
Lactic Glycogen — lactate 153 50
Aerobic Glycogen — CO,, 0.5-0.75, Limitation by
fatty acids — CO, 0.24-04 substrata

With longer distances (e.g., the 400-m run), maximal lactate production rate is
reduced by the increasing concentration of hydrogen electrons; for this kind of
activity, the metabolic rate amountsto 1-1.5mmol - kg* - st ATP.

Lactic capacity ismainly limited by the maximal acidosisthat can be toler-
ated. Maximal blood lactate values amount to 15-20 mmol - L™; with specially
trained athletes (e.g., 400-m runners), even 25 mmol - L= are possible. Inside the
muscle, lactate values up to 30-35 mmol - kg can be measured. These values
correspond to aphosphagen equivalent of about 45-50 mmol - kgtATP.

Aerobic power is determined by the maximal oxidation rate of hydrogen
within the mitochondrial electron-transport chain and isthusidentical to maximal
oxygen uptake. Maximal oxygen uptake of untrained young men (75 kg weight) is
between 3000 and 3600 ml - min. Assuming a usable muscle mass of 24 kg, a
muscle related power of 125-140 ml - kg™ - min™ results. This corresponds to a
maximal aerobic ATPresynthesisrate of about 0.75 mmol - kg™ - s, if glycogenis
used exclusively (which can be assumed with exercise intensities |eading to maxi-
mal oxygen uptake). Maximal ATP resynthesis rate using free fatty acidsis 0.24
mmol - kg -s?(19). Maximal oxygen uptakea mostisreduced to 50% with purefat
oxidation, corresponding to results gained from McArdle patients who show only
little glycolysisrates (or even noneat all) owing to ashortage of phosphorylase.

The capacity of aerobic metabolismis limited by glycogen and fatty acids.
For a 71-kg male with a muscle mass of 28 kg, Greenhaff et al. (6) report ATP-
equivalents for muscle glycogen of 84 mol, for liver glycogen of 19 mol, and for
fatty acids of 4000 mol.

Thedatain Table 1 refer toamusclewith amixed fiber spectrum. Fast-twitch
fibers(typell) asarule have ahigher anaerobic capacity and power, whereas slow-
twitch fibers (typel) show agreater maximal oxidative metabolic rate (28).

Dynamics of ATP-Resynthesis System

Depending on intensity and duration of exercise, ATP-resynthesis pathways are
usedtoadifferent extent. Thisshall beillustrated by meansof computer simulations
of all-out exercisewith durationsof about 10 sand 60 s. Themathematical equations
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Figurel— Simulation of ener gy metabolism during all-out exer cise of about 10-s(top)
and 60-s(bottom) dur ation. Concentr ation of phosphocr eatineisvaried by +15% (shaded
area). Thearrowsindicatetheend of exercise. Thedatarefer towet muscle.

and assumptions on which the computer simulations are based are described in
detail in Mader and Heck (17) and Mader (16).

In several performancetestsaimed at the assessment of anaerobic power and
capacity maximal exercisetime, respectively, timeto exhaustion and/or submaximal
lactateval uesareused aspredictionvariables. Becauseof their interdependence, the
exact contribution of the different metabolic processes is difficult or even impos-
sibleto determine. In the computer simulationsthat follow, alactic capacity aswell
asmaximal ratesof lactic and aerobic metabolismarevaried by +15% onthebasisof
ameanvalue.
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As expected, a higher concentration of phosphocreatine results in a longer
exercise time until exhaustion for both the 10-s and 60-s ranges (Figure 1). On
account of the higher phosphocreatine level, activation of glycolysis is reduced.
Thisleadstolower muscleand blood | actatevalues (blood valuesarenctincludedin
Figure 1 to avoid confusion) for identical exercise duration.

A variationin maximal aerobic power within the 10-srange hasno influence
at all onthetimetoexhaustionand only very littleinfluenceontheother parameters.
Thiscan beexplained by thefact that different level s of aerobic power are of minor
significance within this time range because of the delay in increase of the aerobic
metabolism (Figure 2, upper part). Thereisanother situation, however, when |ook-
ing at the60-srange. Inthiscase, ahigher level of maximal oxygen uptakeresultsin
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Figure2— Simulation of ener gy metabolism during all-out exer cise of about 10 s(top)
and 60 s (bottom) duration. Maximal oxygen uptakeisvaried by +15% (shaded area).
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ml - st -kg® muscleisassumed. A body massof 70 kg and a muscle per centage of 35%
result in an absolute oxygen uptakeof 3825 ml - min=.
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asignificant extension of the time to exhaustion. Moreover, lactate concentration
foridentical exercisedurationisreduced (Figure2,lower part). Thismeansthat with
performance tests for the assessment of alactic capacity having aduration of 40 s,
changes in phosphocreatine as well as maximal aerobic power may influence the
prediction variablelactate. Therefore, the exclusive measurement of |actate allows
no differentiation between changes induced by an increase of phosphocreatine or
maximal oxygen uptake.

Variationsinmaximal glycolytic rateand thusintherate of lactate formation
have a great influence on the time to exhaustion (Figure 3, upper part). Thisis not
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Figure3— Simulation of ener gy metabolism during all-out exer cise of about 10-s(top)
and 60-s (bottom) duration. Maximal glycolytic rate and lactate production rate, re-
spectively, arevaried by +15% (shaded area). Thearrowsindicatetheend of exercise.
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amazing, because even after a few seconds of maximal exercise, glycolytic pro-
cessesmake animportant contribution to thetotal energy output. L ooking at the 60-
sexercise, theeffect of variationsinmaximal glycolyticrateislessvisible(Figure3,
lower part). Thiscan be explained by the reduced activity of phosphofructokinase,
alongwithanincreasing concentration of hydrogen electrons. Inthissituation, even
with amassive depletion of theadenylic acid system, highrates of lactateformation
areno longer possible (15).

The simulation data illustrate that performance tests for the assessment of
alactic power and capacity should have aduration of not morethan 5 sto minimize
theinfluence of variationsin maximal lactate formation rates.

Anaerobic Performance Tests

Theinternational literature in the field of exercise physiology contains numerous
performance tests for the assessment of anaerobic power and capacity. Because of
the limitations of space, only few testing procedures can be presented in an exem-
plary way. A survey can befoundinVandevalleet al. (29) and Green (3).

Diagnostics of Alactic Power

The classic testing procedure for the assessment of anaerobic power is the stair-
sprintingtest by Margariaet a. (18). After ashort distance of accel eration at ground
level, the subject runs asfast as possible up aflight of stairs. Velocity is calculated
viatime measurement with the help of photoelectric beams with aprecision of 10
ms. Power (W) theniscalculated asaproduct of vertical velocity and force (depen-
dent on body mass).

TheWingateanaerobictest (9) isanother testing procedurefor the assessment
of alactic power. It is carried out on a bicycle ergometer. After warm-up (5 to10
min), thesubject hasto pedal asfast aspossibleagainst afixed resistance (0.75-1.05
N/kg body mass); exercise duration is 30 s. Maximal power (i.e., peak power)
usually isachieved with the highest pedaling rate after 3-5 s (Figure 4, upper part).
Peak power isthought to beidentical with maximal alactic power. Methodol ogical
studieshave shown, however, that peak power isdependent on variousfactors—for
example, the preset resistance. Figure 4 (lower part) shows that with a relative
resistanceof 1.05N/kg body mass, maximum power isnot yet achieved (9). It seems
possiblethat peak power values are further increased by higher resistance values.

Diagnostics of Alactic Capacity

A direct measurement of ATP and phosphocreatine concentration isonly possible
by muscle biopsy and to a certain extent by *P-MR spectroscopy. Some examples
for indirect methods are:

Assessment of the Fast Component of the Oxygen Debt That | s Settled During
the Recovery Phase Following Exercise. This method is prone to errors, be-
causeitisusually not possibleto differenti ate exactly between fast and slow compo-
nents of O, debt, even with complex mathematical procedures.

Sprint Running Test (3 X 60m) AccordingtoHellwiget al. (7). Threesprints
arecarried out—thefirst onewith maximal vel ocity, the subsequent oneseach with
an additional running time of 0.5 s. Maximal lactate values measured during the
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recovery phase are entered into avel ocity-lactate diagram. Vel ocity corresponding
toalactatevalueof 6 mmol/L isthought to bearelativeindicator for al actic capacity
(Figure 5). This indicator, however, is only valid with identical maximal lactate
formation rates. In graded exercise tests, a shift of the lactate-power curve to the
right towards higher power values (induced by meansof aerobic training) without a
correspondingincreasein maximal oxygen uptake can beinterpreted asaresult of a
reduced submaximal and/or maximal glycolytic rate. Analogous to this phenom-
enon, theresultsfrom Hellwig et al. show ashift of thelactate-velocity curvetothe
right without anincreasein alactic capacity. Figure 6 can beinterpreted inthisway.
After ad-week endurancetraining period within a 10-week preparation period, the
mean lactate value after a series of sprint runs (5 X 30 m; Figure 6, middle part) is
reduced, although running vel ocity hasremained constant (Figure 6, left part). The
significantincreasein running velocity in agraded exercisetest at 4 mmol/L lactate
pointsto ahigher level of aerobic power. Thereisno hint in therelevant literature
that anincreasein alactic capacity can be aresult of endurancetraining.
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stageduration: 3min; unpublished resultsby H. Schulz).
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Treadmill Test WithaDuration of 40sAccor dingto Schnabel and Kinder mann
(12,27). Thetestwitharunning velocity of 22 km/hand atreadmill grade of 7.5%
isbroken off after 40s. Itissuggested that thel ower themaximal lactate after theend
of theexercise, thehigher alactic capacity. Asmentioned earlier, thetest resultisnot
only influenced by phosphocreatine concentration but also by maximal aerobic
power. Therefore, ameaningful interpretation of thetest result inany casedemands
the additional measurement of maximal oxygen uptake.

Diagnostics of Lactic Power

Maximal lactate formation rate asan indicator for lactic power cannot be measured
directly with simple methods. According to Mader (16), the following formula
allowsasatisfactory estimation:

_ marhBla —FELa

dLa/dt

tEH‘.EI.' _tnlw:

where dLa/dt  (mmol - L™ - s*) = maximal lactate formation rate; maxAELa
(mmol - L) = maximal lactate concentration after theexercise; RLa(mmol - L) =
lactate concentration at rest and before exercise, respectively; t, , (s) = duration of
exercise; t,_ (s) = period at the beginning of exercise for which (fictitiously) no
lactate formation isassumed.

If the duration of exerciseamountsto 10, t_isabout 3 s, the corresponding
valuesfor aduration of exerciseof 20 sand 50-60 sare, respectively, 4sand 8s. A
duration of exercise between 10 and 30 sis appropriate, but aperiod of about 10 s
should be preferred, becauselactate formation rateisreduced with increasing dura-
tion of maximal exerciseasaresult of asuppression of phosphofructokinaseactivity
owingto acidosis (Figure 7).

Table 2 shows some exampl es (100-m, 200-m, 400-m run).
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areduction with increasing exer ciseduration. Thedatarefer towet muscle.
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Table 2 Relation Between Mean Maximal Lactate Production Rate
and Running Distance (Exercise Duration)

Running distance (m)

Variable 100 200 400
Running timet__ (s) 105 215 45.0
t,.. (9 3 4 8

maxAELa (mmol - L) 13 18 22
RLa(mmol - L) 19 19 19
dLa/dt  (mmol - L™ -s?) 1.48 0.92 0.53

Note. dLa/dt_ (mmol - L™ - s™) = maximal lactate formation rate, maxAELa(mmol - L) =
maximal lactate concentration after the exercise, RLa(mmol - L) = lactate concentration at
rest beforeexercise, t,, (S) =durationof exercise, t,_(s) = periodat thebeginning of exercise
for which (fictitiously) no lactate formation is assumed.

Diagnostics of Lactic Capacity

An isolated assessment of lactic capacity is hardly possible, because lactic and
alactic capacities cannot be differentiated with simple methods. If time to exhaus-
tion is used as an indicator for lactic capacity, the lactic component cannot be
estimated without knowing the level of maximal aerobic power.

Thefollowing are someexamplesfor testing proceduresfor the assessment of
lactic capacity.
Method for the M easur ement of Oxygen Debt. Asmentioned above, afast and
aslow component of oxygen debt can be registered after supramaximal exercise,
with the slow component thought to be identical with lactic capacity. It was also
mentioned above that adifferentiation between slow and fast componentsishardly
possible. On the other hand, several studies have shown that oxygen debt oftenis
higher than the sum of lactic and aactic capacity, which is theoretically possible.
Thereasongivenfor thisphenomenonisthat glyconeogenesis(fromlactate) aswell
as other metabolic processes taking place during the recovery phase need an addi-
tional amount of oxygen, which is measured with the oxygen debt.

Treadmill All-Out Exercise Test According to Schnabel and Kindermann
(27). Thetreadmill all-out exercisetest iscarried out witharunning velocity of 22
km/h and atreadmill grade of 7.5% until exhaustion. Indicatorsused for the assess-
ment of lactic capacity are duration of exercise and maximal lactate concentration
after the exercise. Mean maximal durations of exercise of about 90 s (400-m run-
ners) and 45 s (marathon runners) were measured (11). Asmentioned above, maxi-
mal duration of exercisein supramaximal testsisalso influenced by aerobic power;
therefore, duration of exercise is a less useful parameter compared to maximal
lactate concentration after the exercise. Maximal lactate concentration after exer-
ciseisadirect indicator for muscular lactate taking into account processes of diffu-
sionand elimination.
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Diagnostics of Total Anaerobic Capacity

Inthefollowing passages, two methodsfor the assessment of anaerobic capacity are
discussed in detail, because they have received broad attention in the international
literature related to the subject.

Critical-Power Method. According to Monod and Scherrer (23), thereisahy-
perbolic relation between workload and time to exhaustion (Figure 8, left part),
which can be described by thefollowing formula:

t=w'/(P—Pc)

wheret = duration of exercise(s), w’ =anaerobic capacity (J), P=exerciseintensity
(W), and Pc = aerobic power (critical power; W).

Multiplication of the equationwiththeterm (P-Pc) resultsinP-t=w" + Pc - t.
Thisequation describesalinear relation between exercise duration and work done.
Thegradient of thestraight line (Pc) thus correspondsto the aerobic power, the point
of intersection with the ordinate tow’ (anaerobic capacity; Figure 8, right part). In
the context of thisarticle, w' isof special interest.

The performance test according to Monod and Scherrer is based on the fol-
lowing assumptions:

» Anaerobic capacity isconstant and iscompletely used in every test.

» Mechanical efficiency of muscular work isconstant for thewholeduration of
exercise.

e Maximal aerobic power can already be used completely at the beginning of
exercise.

Figure9illustratesthe concept in aschematic way.
Thethird assumptioniswrong, becausethereisan O, deficit at the beginning
of each exercise.

critical power

U
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I
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N t=wiP-Pc
: Fre) P-t=w"+Pc-t
—_ | w’ = anaerobic capacity —_
£ I e
£ | Pc = maximal aerobic capacity = tano =Pc
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Figure 8 — Relation between exercise duration and exer cise intensity (left). A math-
ematical transformation resultsin awork-timefunction (right).
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aerobic _ T
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£
5
H
= P. = critical power
P T = maximal aerobic capacity
P AUSSTEIE w’ = anaerobic capacity

= constant
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P.tE=W’+PC. tE
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te =wW/(P-P)

Figure9—M odel of ener gy metabolism of thecritical-power method. Theduration (t.)
until exhaustion isdependent on maximal aerobic power (Pc = critical power) and on
maximal anaer obic capacity ([P —Pc] - t_). Maximal anaer obic capacity isassumed as
constant.

On the assumption of a mono-exponential increase in oxygen uptake at the
beginning of a constant exercise, the mathematical relations shown in Figure 10
result.

Using the data of Jeschkeet al. (10), the function between work and exercise
duration was cal cul ated with and without taking account of oxygen deficit (Figure
11).

For thecal cul ation, only theval uesbetween 60 sand 140 swereused, because
shorter maximal exercise durations are not usual to date. For the time constant t, a
value of 25 swasassumed. Theresult can beinterpreted inthe way that, because of
the oxygen deficit, a higher anaerobic capacity (24.1 kJ instead of 15 kJ) must be
available to be able to tolerate a supramaximal exercise for an identical period of
time. For shorter maximal exercisedurations (2040 s), thework values of Jeschke
et al. (10) are below the values that have been expected from the cal culations with
and without oxygen deficit. Thisresult can be explained by the inconstancy of the
mechanical efficiency of muscular work dependent on exercise intensity. With
increasing exerciseintensity, moreand morefast-twitch musclefibersarerecruited.
The ATP consumption of thesemusclefibersishigher for identical work values: for
[1B fibers, about three times higher compared to slow-twitch musclefibers.

Bishop et al. (1) studied the behavior of critical power with longer maximal
exercise durations. In addition to usual exercise durations of 60—150 s, they exam-
ined periods of 300 s, 400 s, and 540 s. Longer exercise durations resulted in a
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Figure 10 — Like Figure 9 but with the almost exponential increase in oxygen uptake
taken into account.
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L anaerobic test values
— W=15+0.371"*t
——————— W =24.1+0.371 (t-25(1 - exp(-t/25)))
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n
o
1

20
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time (s)
Figure 11 — Work-time diagram with data from Jeschke et al. (10). The dashed line

representsthewor k-timefunction if theoxygen deficit duringthefir st phaseof exercise
istaken into account.
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reduction of critical power valuesfrom201 W to 164 W, combined with anincrease
inaerobic capacity from 9.8 kJto 17.6 kJ. The study was carried out with 10female
students of sport science.

Figure 12 showsthe dataof Jeschkeet al. aswell asthose of Bishop et al. (1),
withthedataof Bishop et al. adapted tothose of Jeschkeet al. by transformation. The
cal culation of anaerobic capacity (w') and critical power (Pc) onthebasisof thedata
from Figure 12 shows that the values for the two parameters depend strongly on
maximal exercise duration and thus on exerciseintensity (Figure 13).

Theresults can be interpreted in the way that high supramaximal workloads
(and corresponding short exercise durations) lead to high critical power valuesand
low values of anaerobic capacity. With a reduction in exercise intensity and an
increase in maximal exercise duration, anaerobic capacity goes up and aerobic
power goes down. Therefore, the critical-power method is neither an adequate
testing procedure for the assessment of anaerobic capacity nor maximal aerobic
power.

Maximally Accumulated Oxygen Deficit (MAOD)

The term oxygen deficit was introduced by Krogh and Lindhard in 1920 (12). O,
deficit is defined as the difference between oxygen steady-state value and actual
oxygen uptake at the beginning of muscular work. In 1988, Medbg et a. (20)
described a testing procedure that allowed the determination of O, deficit as a
measure of total anaerobic capacity. They started from the following assumptions
(20):

240 -
[ J data from Jeschke et al.
* transformed data from Bishop et al.
200 - W = 15[1 -exp(-t/17)] + 0.371(1 - 0.4/1800 * t) * t
160
q
-~
x 120 +
o
3
80 -
40 -
0 T T T T T 1
0 100 200 300 400 500 600
time (s)

Figure 12 — Relation between work values and maximal exercise duration. The data
comefrom Jeschkeet al. (10) and Bishop et al. (1).
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aritical power = dWidt = 1000[15/17*exp(-t/17) + 0.371(1-20.4/1800*t)]
40 - 500
=
X, =
2 =3
S 30 400 g
L 3
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L —
2 20 L300 8
g £
© o
=
©
10 200
0 T T T T T T 1 100
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Figure 13— Anaerobic capacity (w') and critical power (Pc) calculated on the basis of
thedatapresented in Figure 12.

» Anaerobic energy release isthe difference between total energy release and
the aerobic energy component, which isdetermined by the accumul ated oxy-
gen uptake.

+ O,demand increaseswith exerciseintensity inalinear way.

+ Foragivenworkload, O, demand remainsconstant during thewholeexercise
duration.

If these assumptions are correct, the knowledge of O, demand for a given
workload allows, by accumulated measurement of oxygen uptake throughout the
whole exercise duration, the determination of accumulated oxygen deficit as the
difference between O, demand and O, uptake. The oxygen deficit ismade up of the
oxygen stored in the blood and in the muscles, the consumption of phosphocreatine
and ATP, and theamount of energy fromtheglycolysisleadingtolactateformation.
The contribution of the muscular oxygen stores amountsto only 10% (20).

For the determination of O, demand, at least 10 constant exercisetestswitha
duration of 10 min each and various intensities are carried out (20). Mean oxygen
uptake during the last 2 min of exercise corresponds to the oxygen demand for the
given workload. By means of a linear regression analysis, the function between
power and oxygen uptake is determined. A fictitious example is shown in Figure
14A.

Theregressionequationy =350+ 11x alowsthecal culation of O, demandfor
any exerciseintensity. Maximal oxygen uptakewasachieved at 300 W, correspond-
ing to 3650 ml - min™. For the assessment of maximally accumulated O, deficit, a
supramaximal constant workload should be chosen (e.g., 450 W in Figure 14A-B),
which hasto bekept up until exhaustion (inthiscase2.5min). A workload of 450 W
correspondsto an oxygen demand of 5300 ml - min*. Thisresultsin atotal oxygen
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Figure 14 — Examplefor the method aiming at the assessment of maximally accumu-
lated O, deficit (M AOD), modified accordingto Medbget al. (20).

demand (for the 2.5-min period) of 13,250 ml. The O, uptake measured is 7475 ml.
Thisvaueismadeup of O, uptakeat rest (350 ml - min™ - 2.5min=875ml) and the
exponential component of O, uptake, which is cal culated according to the formula
presentedin Figure 10 (t = 0.5 min):

25

VO, (ml) =(3650—350)l2.5— 0.5/1-e 23 || ~6600

Thus avalue of 5775 ml results for the accumulated oxygen deficit. Assuming a
body massof 75kg, arelativeMAOD of 77 ml - kgZiscal culated. Thisvaluefitsinto
therange (5290 ml - kg™) of the datareported by Medbg et al. (20). Thefollowing
problems are discussed:

Test Economy. Tenpretestsfor theassessment of theindividual oxygen-workload
function mean a high requirement regarding time and technology of measurement.
Medbget a. (20) suggest assuming aconstant valuefor zeroworkload (i.e., rest) of
50ml -mint-kg™.

For theassessment of theslopeof thestraight line, two 10-mintestswith about
90% of maximal oxygen uptake should be carried out. If the difference between the
two lines exceeds 3%, another 10-min test should be added.

Buck and McNaughton (2) examined theinfluence of areductionin exercise
duration, which means an improvement in test economy. They found anincreasing
reductioninMAQD parallel toadeclineinexerciseduration compared tothevalues
of the 10-mintest. A similar result was reported by Green and Dawson (4).

Duration of theSupramaximal Test. Medbget a. foundthat atest duration of at
least 2 minisnecessary. A shorter maximal exercisedurationleadsto areductionin
MAOD, which can beexplained by thefact that acompl ete exhausti on of anaerobic
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lactic capacity obviously needs a certain amount of time. This assumption is sup-
ported by the observation of higher lactate val ues after the exercise when exercise
duration is extended. Renoux et a. (26) also found an increase in accumulated O,
deficit corresponding to anincreasein exercise duration.

Linearity of the Oxygen-Workload Function. Insevera studies, Medbg et al.
(20, 22) found that oxygen uptake does not always increase linearly with power.
Mainly with low workloads, increase is disproportionately low. One important
reason for anon-linearity of O, uptakeinrelationtoworkload with exerciseintensi-
tiesabove maximal oxygen uptakeisthefact that anonlinear increasein ventilation
demands a considerable amount of oxygen uptake when reaching the limits of
performance. It is argued that the increasing O, demand needed for ventilation is
included in the oxygen-workload function. But this argumentation ignoresits dis-
proportionate contribution.

Assuming areduction in the mechanical efficiency of muscular work with
very highworkloads(seeabove), O, demandincreasesevenmore. If real O, demand
ishigher thantheval ue predicted fromtheregressionfunction, MAOD isunderesti-
mated.

Validity of MAOD. MAOD isdetermined for about 90% (see above) by alactic
and lactic capacity. Therefore, MAOD and results from muscle biopsy should be
highly correlated. Green et al. (5) carried out musclebiopsies (vastuslateralis) with
10 racing cyclists. Anaerobic energy contribution was calculated from the differ-
ences between resting values and values after exhaustive exercise for ATP, phos-
phocreatine, and lactate. The correlation coefficient between accumulated O, defi-
citandanaerobicenergy contribution (measuredin AT P-equival ents) wasstatistically
not significant (r = —0.38). Possibly the group of subjects was too homogeneous
regarding MAOD and anaerobic energy contributions.

Medbgand Tabata(21) examined 24 menwith musclebiopsy (vastuslateralis)
beforeand after exhaustiveexerciseof 30s(n=7), Lmin(n=8),and2-3min(n=9).
For the cal culation of anaerobic energy contribution, they used the sameformulaas
Greenetal. Incontrastto Greenet al., they found avery high correlation coefficient
(r =0.94). The high correlation coefficient can be explained asagroup effect. The
lowest meanvaluesof MAOD thusarefound withamaximal exerciseduration of 30
s, the highest oneswith atest duration of 2—3 min. The anaerobic energy contribu-
tion showed identical results. Additionally, the correlation coefficient was calcu-
lated for the mean metabolic rates (energy output per second) thus increasing the
group effect even more. It is not quite understandable why Medbg and Tabata (21)
did choose this methodol ogical approach, because Medbg et a. (20) had already
shown that exercise durations of at least 2 min are necessary to determine MAOD
(seeabove).

This means that other studies using muscle biopsy are needed to answer the
guestion to what extent the MAOD concept isavalid method for the determination
of anaerobic capacity.

Isokinetic 90-s All-Out Test According to Lorenz et al. (13, 14)

Modifying the Wingate anaerobic test (see above), Lorenz et al. (13, 14) carried out
studiesusing abicycle ergometer with anisokinetic mode. Pedaling ratesof 90 rpm
(13) and 80 rpm (14), respectively, were set. The exercisedurationwas 96 s.
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Figure 15 — Example for the isokinetic 90-s all-out test carried out on the bicycle
ergometer according to Lorenz et al. (13). The gradient of the upper regression line
(greenline) isthought to beidentical with maximal oxidative metabolicrate; theinter-
section withtheordinateisassumed torepresent total anaer obiccapacity. Thegradient
of thelower regression line(black line) isthought tor epresent total metabolicrate (sum
of maximal glycolytic and maximal oxidativemetabolicrate); theinter section with the
ordinateisassumed to beidentical to alactic capacity (datafrom Lorenzet al., 13).

Figure 15 shows an example for the relations between work and exercise
duration as well as power and exercise duration. The red dots represent the mean
power valuesfor every 5-speriod; thebluedotsstand for thework done(i.e., integral
of power over time).

Accordingtotheauthors, thegradient of theregression line between val uesof
15sand 30 sisameasurefor thesum of maximal glycolyticand oxidative metabolic
rate (W); theintersection of theregressionlinewith theordinate (work) correspond-
ing to aactic capacity (J).

Theauthors make anal ogous claims about theinterval between 60 sand 90s:
In this case the gradient of the regression line is to represent maximal oxidative
metabolicrate, and theintersectionwith theordinateisassumedto correspondtothe
sum of aactic and lactic capacity (i.e., total anaerobic capacity). For the example
giveninFigure 15, thefollowing valuesresult:

» anaerobic capacity = 16,388 J (alactic capacity = 5,693 J, lactic capacity =
10,695 )
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* total metabolic rate = 644 W (oxidative metabolic rate = 362 W, glycolytic
metabolic rate = 282 W).

A physiological model (analogously to the model behind the critical-power
method), however, isnot presented by the authors so that the theoretical concept of
themethod isnot discernible.

Ananalysisof thepower-timecurvein Figure 15, on the basis of thetheoreti-
cal explanations, and Figures 1-3, at the beginning of this review, leads to the
following statements:

A power value of 644 W (total metabolic rate) ismeasured for atime val ue of
about 25 s. Assuming amaximal oxidativemetabolicrateof 362 W (measuredinthe
interval between 60 sand 90's), thisval ue cannot bereached after 25 sbecause of the
delayed O, kinetics. For the example given in Figure 3, the corresponding valueis
less than 60% of the maximal value. As the contribution of glycolysis (maximal
glycolytic metabolic rate) to total power is calculated as a difference, the resulting
valueistoolow. Thisalsoisanexplanationfor therelatively low glycolytic value of
282 W in contrast to the oxidative contribution (362 W). With untrained persons,
lactic power isabout twice ashigh asaerobic power (see Table 1).

A power value of 362 W (maximal oxidative metabolic rate) in Figure 15is
measured between 60 sand 90 s. The method impliesthat energy metabolisminthis
periodisall oxidative. Keeping up aworkload of 362 W would, however, resultina
continuous increase in muscle and blood lactate concentration, which are clear
indicators for an anaerobic lactic contribution to total energy metabolism. This
means, however, that maximal oxidative metabolic rateis determined too high.

Total anaerobic capacity is determined with the help of the regression line
representing the relation between work and exercise duration using the interval
between 60 s and 90 s. In the example given in Figure 15, the regression line
intersectstheordinateat 16.4 kJ. Inthiscase, Lorenz et a. follow thecritical -power
method which, however, demands a constant workload. Applying this concept to
changing workloads (reduction in power with increasing exercise duration) is not
allowed. Therefore, adifferentiation between alactic and lactic contribution to total
power isnot possible.

The validation of the method was carried out by calculating several correla-
tion coefficients:

 aactic capacity (J) versus maximal ammonia concentration (36-stest): r =
0.38*

* lacticcapacity (J) versusmaximal lactate concentration (96-stest): r =0.62**

* total metabolicrate (W) versus maximal power (W, graded exercisetest): r =
0.92***

 oxidative metabolic rate (W) versus power at 4 mmol/L lactate (W, graded
exercisetest): r =0.88***

 glycolytic metabolic rate (W) versuslactatein an all-out test after about 25 s:
r=0.59**.

The significant increase in blood ammonia during exercise of high intensity
comesfromthepurinenucleotidecycle. Inthemyokinasereaction, ATP (and AMP)
are formed from 2 ADP. A certain amount of AMP is converted to IMP (inosine
monophosphate), thisreaction resulting in theformation of ammonia, too. ASAMP
formationismainly dependent ontheamount of ATP being availableand not onthe
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amount of phosphocreatine, anmoniaisno adequatevalidation parameter for alactic
capacity.

This statement is supported by the low correlation coefficient (r =0.38). The
correlation coefficient between |l actic capacity and maximal | actate concentration (r
=0.62) alsoistoo low in the context of validation. This possibly isan indication of
thefact that theregression line does not determinewhat it pretendsto. Thecorrela
tion coefficientsbetween oxidative metabolic rate and power at 4 mmol/L lactate (r
=0.88) arewithin arangethat istolerablefor validation, thusfulfilling anecessary
condition. But thisisnot sufficient. Additionally, it should be examined whether the
regression line corresponds to the line of identical values. This examination is
necessary if the new method isexpected tolead to identical results. But thispointis
not clarified by Lorenz et al.

All pointsof criticism mentioned aboveillustrate that the isokinetic 90-sall-
out test offers no satisfying solution for the determination of anaerobic capacity or
anaerobic power.

Concluding Remarks

In the opinion of the authors, thereis at the moment no simpletesting procedureto
precisely determine anaerobic capacity and anaerobic power subdivided into their
alactic and lactic components. Because of the complex interactions between these
variouscomponentsof anaerobic and aerobic energy metabolism, adetailed assess-
ment of these components can only be achieved using abattery of tests.

Thistest battery shouldincludean all-out 5-stest for the assessment of alactic
power, an al-out 10-stest for the determination of 1actic power, and an all-out 40—
100 s test, with post-test measurement of maximal lactate concentration, for the
assessment of lactic capacity. Additionally, the determination of maximal oxygen
uptake is recommended, especially when using maximal exercise duration as an
indicator of lactic capacity.
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