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ABSTRACT

International Journal of Exercise Science 13(4): 702-713, 2020. Maximal accumulated oxygen deficit
(MAOD) provides a measure of anaerobic capacity. However, its measurement is a time-consuming process. The
purpose of this study was to evaluate a measure of anaerobic capacity that avoids contentious assumptions and
demands of the MAOD method. Twelve women and eight men volunteered for the study and completed cycle
ergometer tests that resulted in exhaustion after ~4 min and ~8 min. In each test, anaerobic capacity was determined
as (i) the MAOD and (ii) the sum of the phosphocreatine and glycolytic contributions (PCr+glycolysis). MAOD was
determined by subtraction of the accumulated oxygen uptake from the total oxygen cost. Phosphocreatine and
glycolytic contributions were calculated from post-exercise VO, and blood lactate responses. MAOD in the 4-min
and 8-min tests (79.1 £ 7.6 mL-kg-! and 79.6 + 7.4 mL-kg-") and PCr+glycolysis in these tests (80.0 £ 7.3 mL-kg-! and
79.0 £ 6.9 mL-kg!) were correlated (r = 0.91) and not significantly different. These results support the use of post-
exercise measures to quantify the phosphocreatine and glycolytic contributions and to provide an alternative to
MAOD for measurement of anaerobic capacity.
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INTRODUCTION

Maximal accumulated oxygen deficit (MAOD), calculated as the difference between the
estimated oxygen cost of exercise and the accumulated oxygen uptake, is an accepted measure
of anaerobic capacity (22). In 2010, Bertuzzi and colleagues (4) proposed that the time-
consuming procedure of determining oxygen deficit could be replaced by performance of a
single bout of exercise, based on the postulation that the fast phase of the post-exercise VO
response profile reflects phosphocreatine (PCr) contribution (12, 19) and that the peak blood
lactate concentration is quantitatively related to glycolysis contribution (19). They summed the
estimates of PCr contribution and the glycolytic contribution to generate a measure of total
anaerobic contribution. Researchers have reported that oxygen deficit and this PCr+glycolysis
measure did not differ, and were highly correlated, for cycling (4, 20, 24), running (25), table
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tennis (26), and even intermittent exercise (23). Many studies have used the PCr+glycolysis
method and it has been applied to a number of exercise modes and activities, such as, for
example, rock climbing (3), taekwondo (18), and rowing (6).

Despite widespread use of the PCr+glycolysis measure, we believe that its validity warrants
further investigation, in part because most of the validation studies have reported values in
absolute terms (mL) and not relative to body weight and, in part, because only one validation
study has included women (14). Therefore, the purpose of this study was to compare measures
of MAOD and PCr+glycolysis from exhaustive severe intensity cycling exercise performed by
men and women. The hypothesis was that the PCr+glycolysis measure would provide a valid
measure of anaerobic capacity. This is a companion paper to a paper titled “The increase in
oxygen demand during severe intensity exercise must be included in calculation of oxygen
deficit” in which we established the accuracy of the criterion MAOD measures used in the
present study.

METHODS

Participants

Participants were twelve women (mean * SD, age 21 £ 1 y, height 168 + 7 cm, and mass 71.2 +
9.7 kg) and eight men (age 22 + 2y, height 178 + 9 cm, and mass 80.0 + 13.5 kg). All participants
were involved in recreational sport or fitness activities, but not organized sport activities. This
research was carried out fully in accordance to the ethical standards of the International Journal
of Exercise Science (21). This study was approved by the Institutional Review Board for the
Protection of Human Subjects and conducted in accordance with the latest Declaration of Helsinki.
All participants provided written informed consent after the procedures, risks, and benefits of
the study had been explained to them.

Protocol

Each participant made six visits to the Applied Physiology Laboratory, at the same time of day
(£1h). All tests were performed under similar conditions in a temperature-controlled laboratory
(20 °C to 22 °C; ~50% relative humidity), with no distractions. Testing sessions were separated
by at least 48 hours and were completed within a 21-day period. Participants did not alter their
usual exercise, diet, or sleep habits over the course of the study.

In the first visit to the laboratory, the participants completed paperwork, and, in the second and
third visits, they performed exhaustive incremental tests. Detailed information about
paperwork, obtaining informed consent, screening, familiarization, and performance of
incremental tests is provided in our companion paper. Briefly, two exhaustive incremental cycle
ergometer tests were performed, with work rates that were individually selected and slightly
different from one test to the next. VO2max was determined, as well as steady state VO, values at
each submaximal stage.

In the fourth, fifth, and sixth sessions, participants performed constant power tests. Detailed
information about these tests is provided in our companion paper. Briefly, data were obtained
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from two tests that were performed at work rates that were individually selected to result in
exhaustion after ~4 min and after ~8 min. These durations were selected because exercise that
leads to exhaustion in 4 min or 8 min is of an intensity appropriate for attainment of a maximal
anaerobic contribution (13, 15). VOzpeak was determined, as well as data needed to calculate the
MAOD. When each test was terminated, the participant remained seated on the ergometer for 7
min, for collection of the data needed to estimate the PCr and glycolytic contributions. We
continued to measure VO and we obtained blood samples during the 7-min recovery.

As detailed in our companion paper, we used regression analysis on SPSS v22 (IBM, Armonk,
NY, USA) and data from the two incremental tests to describe the linear relationship between
oxygen uptake (VO2) and work rate, which was then used to extrapolate the individual’s oxygen
demand (in mL-kg-1-min-') at the work rates that would be used in the constant power tests. The
total oxygen cost (mL-kg) for each individual during each test was calculated as oxygen
demand (in mL-kg-1-min-1) X duration (min) + excess oxygen cost (mL-kg-), where the excess
oxygen cost is equal to the excess oxygen uptake attributable to the slow component. Oxygen
deficit (in this case, the maximal value for oxygen deficit, MAOD) is the difference between the
total oxygen cost and the total accumulated oxygen uptake.

Determination of the PCr+glycolysis contribution in constant power tests involved estimation of
the phosphocreatine contribution from the post-exercise VO, response and estimation of the
glycolytic contribution from the post-exercise blood lactate response. For each test, the post-
exercise breath-by-breath VO; data were reduced to rolling 5-breath averages. Parameters of the
post-exercise VO, response profile were determined using nonlinear regression on
KaleidaGraph 4.50 (Reading, PA, USA), by fitting responses to the following model:

VOZ(t) = Abpaseline T Afast X (e -(t-TD)/ taufast) + Aglow X (e -(t-TD)/ tauslow)'

VOq(t) is the value for VO; at time = t; Apaseline i the baseline VO»; Afast and Asiow are the
asymptotic amplitudes for the two exponential terms; taus.st and tausiow are the respective time
constants; and TD is the common time delay. The area under the curve of the fast phase of the
post-exercise exercise VO: response, which included the TD, was calculated using
KaleidaGraph. This area is considered to quantifiably represent the PCr contribution (10).

Blood lactate concentration peaks 4 min to 6 min post-exercise (9). Therefore, exactly 4 min, 5
min, and 6 min after each exercise test, two blood samples were obtained from a warmed cleaned
fingertip using single-use, sterile, disposable lancets. Samples were analyzed using identical
Accusport Accutrend Lactate Analyzers (Hawthorne, New York, USA). This analyzer has been
validated against bench chemistry reference methods (7). The highest value was recorded as the
peak post-exercise blood lactate concentration. As part of the familiarization for each
participant, resting fingerstick blood samples were obtained and analyzed for blood lactate
concentration: mean values were 1.0 + 0.1 mM (range 0.9 to 1.2 mM). The glycolysis contribution
was calculated according to Margaria and colleagues (19), assuming a resting blood lactate
concentration of 1.0 mM for each participant:
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glycolysis = 3.3 mL-kg-l.-mM-! x (lactate concentration - 1.0 mM).

Assuming a resting value of 1.0 mM, rather than individually sampling prior to each exercise
test, may introduce an error no greater than 0.7 mL-kg-! in any particular estimate of glycolytic
contribution, and would have no effect on the overall mean.

The estimate of the PCr contribution and the estimate of the glycolytic contribution were
summed to obtain the PCr+glycolysis measure of anaerobic capacity.

Statistical analyses

All statistical analyses were performed using SPSS. To address the appropriateness of the
PCr+glycolysis method, the values for anaerobic capacity were compared using a two-way
analysis of variance (ANOVA), with repeated measures across method (PCr+glycolysis vs
MAOD) and test duration (4 min vs 8 min). Initially, the analysis was carried out with a three-
way (method x duration x gender) ANOVA. However, there was no evidence of a significant
interaction effect involving gender for any variable. Therefore, data were collapsed across
gender and the two-way ANOVA was used.

In addition, correlations between the measures of anaerobic capacity were determined and
Bland-Altman (5) comparisons of values were performed using MAOD, the gold standard
measure of anaerobic capacity, on the x-axis (17). The significance level for all analyses was set
at p <0.05. Values are presented as means + SD.

RESULTS

Mean VO2max was 44.9 + 6.7 mL-kg-1-min-1. Actual durations for 4-min and 8-min constant power
tests were 246 + 22 s (4.1 £ 0.4 min) and 490 + 24 s (8.2 + 0.4 min).

Post-exercise VO2 responses and blood lactate concentrations that were used in the calculation
of PCr+glycolysis are presented in Table 1. The VO, responses during exercise, which were used
to calculate the values of MAOD in the 4-min and 8-min tests, are presented in our companion
paper. Comparisons of those MAOD values and the PCr+glycolysis values are in Table 2. Results
of the two-way ANOV A revealed no significant effects of method or duration. There were strong
correlations between the MAOD and PCr+glycolysis values determined in the 4-min tests (r =
0.93, p < 0.01) and in the 8-min tests (r = 0.91, p < 0.01).
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Table 1. Mean (+ SD) values (with the 95% confidence intervals) for post-exercise responses and estimates of PCr

and glycolytic contributions.

4-min test 8-min test
TD (s) 22 2+1
(95% C.1.) (1,3) (2,2
SEE TD (s) 1+1 1+1
taufast (S) 40+7 416
(95% C.I1.) (37, 43) (38, 44)
SEE taufast (s) 4+3 4+2
Afgast (mL-kg-1-min-?) 359+54 352+5.6
(95% C.I1.) (33.5,38.3) (32.7,37.7)
SEE Afast (mL-kg1-min-?) 3921 37+£32
tatsiow (s) 632 £53 704 £ 61
(95% C.1.) (609, 655) (677,731)
SEE tausiow (s) 47 +13 53+21
Aglow (mL-kg-1-min-1) 47+41 6.5+4.7
(95% C.I1.) (2.9,6.5) (3.7,9.3)
SEE Aglow (mL-kg-1-min-?) 1.7+09 22+14
baseline VO, (mL-kg-1-min-1) 40+0.3 40+0.3
(95% C.1.) (3.9,4.1) (3.9,4.1)
PCr (mL-kg-1) 254+53 252+46
(95% C.I1.) (23.1,27.7) (23.2,27.2)
blood lactate concentration (mM) 17.6+2.1 17.0+2.0
(95% C.I1.) (16.7,18.5) (16.5,18.2)
glycolysis (mL-kg1) 54.6+6.9 53.8+6.5
(95% C.I1.) (50.4, 56.4) (50.1, 55.7)
PCr+glycolysis (mL-kg-1) 80.0+£73 79.0+£6.9
(95% C.1.) (76.8, 83.2) (76.0, 82.8)

Table 2. Mean (+ SD) values (with the 95% confidence intervals) for MAOD and PCr+glycolysis in 4-min and 8-min

tests.
4-min test 8-min test
MAOD (mL-kg1) 791+76 79674
(95% C.I1.) (75.8, 82.4) (76.4. 82.8)
PCr+glycolysis (mL-kg-1) 80.0+£73 79.0+£6.9
(95% C.1.) (76.8, 83.2) (76.0, 82.0)

When values were collapsed across the two durations, the correlation between MAOD and
PCr+glycolysis was 0.92 (p < 0.01; n = 40). Regression analysis revealed that MAOD could be

predicted from PCr+glycolysis:

oxygen deficit (mL-kg1) =1.007 x PCr+glycolysis - 0.7, with SEE = 1.8 mL-kg-! (p < 0.01).

Bland-Altman plots illustrating the validity of the PCr+glycolysis measure in the 4-min tests and
the 8-min tests are presented in Figures 1 and 2.
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Figure 1. Bland-Altman plot of difference estimates of anaerobic capacity during the 4-min tests (PCr+glycolysis
minus MAOD 4-min) versus the criterion measure (MAOD 4-min). The three dashed lines indicate the mean

difference (bias; 0.9 + 2.7 mL-kg-V) and the mean + 2 X SD. The solid line represents the linear regression of the
difference against the criterion (difference = 9.4 - 0.11 X mean), which was not statistically significant (p = 0.27).
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Figure 2. Bland-Altman plot of difference in estimates of anaerobic capacity during the 8-min tests (PCr+glycolysis
minus MAOD 8-min) versus the criterion measure (MAOD 8-min). The three dashed lines indicate the mean
difference (bias; -0.6 + 3.0 mL-kg1) and the mean + 2 x SD. The solid line represents the linear regression of the
difference against the criterion (difference = 11.2 - 0.15 x mean), which was not statistically significant (p = 0.20).
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DISCUSSION

The important result in the present study is that the PCr+glycolysis measure provides a valid
estimate of anaerobic capacity in exhaustive severe intensity cycling exercise. PCr+glycolysis was
validated against MAOD, using results from exhaustive exercise tests performed at two
different work rates that were clearly within the severe intensity domain. Similar values for both
MAOD and PCr+glycolysis were obtained at the two work rates. These results demonstrate that
PCr+glycolysis provides an attractive alternative to MAOD because it does not require
performance of multiple moderate intensity trials to estimate oxygen demand (in fact it does not
require any assumptions about oxygen demand) and it gives information about the two
components of the anaerobic contribution.

Since the work of Margaria (19), it has been accepted that post-exercise blood lactate
concentration is related to the glycolytic contribution during the exercise and that the post-
exercise VO, response is related to the rate of replenishment of PCr following the exercise.
Although prior studies had detailed a method by which PCr and glycolytic contributions could
be concurrently and independently quantified (e.g., 2, 3), it was the work of Bertuzzi and
colleagues (4), who first validated the PCr+glycolysis measure, that stimulated its adoption.

Using data from cycle ergometer tests, Bertuzzi and colleagues (4) reported that the mean
oxygen deficit in the exercise (39 mL-kg-1) and the sum of the PCr (9 mL-kg-!) and glycolysis
measures (30 mL-kg-!) did not differ and were highly correlated (r = 0.78, p = 0.01) in their nine
male subjects, although, notably, when expressed in units of mL Oz and not when expressed
relative to body weight (we report their findings here in mL-kg-! to allow comparisons between
studies). Urso and colleagues (24) also had nine male subjects perform exhaustive cycle
ergometer tests and reported a significant relationship between the measure of glycolytic
contribution and the difference between MAOD and the measure of PCr contribution, which
suggests a meaningful relationship between MAOD and PCr+glycolysis, although this was not
directly evaluated. More recently, Miyagi and colleagues (20) calculated MAOD and
PCr+glycolysis values for fourteen men performing exhaustive cycle ergometer exercise across a
range of cycling work rates. At 115% of the work rate associated with VOomax, the values were
correlated when expressed in absolute terms (r = 0.68, p < 0.01) and when expressed relative to
lower leg lean mass (r = 0.55, p < 0.05), but not when expressed relative to body mass (r = 0.27)
or lean mass (r = 0.45). The mean values were (17 mL-kg-! + 30 mL-kg-! = 47 mL-kg!) for
PCr+glycolysis and 47 mL-kg- for MAOD.

PCr+glycolysis has also been validated against MAOD in running. Zagatto and colleagues (25)
reported that, for 15 men completing tests of ~2%2 min to ~5 min duration, for which the
anaerobic contribution should be maximal, the PCr+glycolysis measures (mean, 22 mL-kg-! + 30
mL-kg-1) were correlated with the traditional measure of MAOD obtained in the ~3 min test
(mean, 55 mL-kg1), although, again, significantly correlated only using absolute units of mL. In
addition, they demonstrated the robust nature of the PCr+glycolysis measure, which was
unaffected across a range of running speeds that elicited exhaustion in ~1 min to ~5 min. Hill
and colleagues (14) had 30 university students (13 women and 17 men) run for 3 min, 7 min, and
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to exhaustion (~10.3 min) at individually selected speeds. AOD (MAOD in the exhaustive tests)
and PCr+glycolysis were calculated using the same methods as in the present study, and reported
in mL-kg-. The PCr+glycolysis values consistently underestimated the AOD values (by ~3
mL-kg-1), but the values were very highly correlated across the three exercise durations. Panissi
and colleagues (23) evaluated PCr+glycolysis for use in intermittent exercise, specifically a
session of high intensity interval training performed by thirteen men. They found no difference
between the mean values of MAOD and PCr+glycolysis but did not provide information about
correlations between the values as the study was not primarily designed to test the validity of
the PCr+glycolysis method.

Conceptually, our procedures were the same as in previous validation studies (4, 20, 24, 25).
There were only small methodological differences. First, in determining the MAOD, our
calculations take into consideration that the oxygen demand is increasing during exercise (see
our companion paper); their calculations assume a constant oxygen demand during exercise.
Correcting the total oxygen cost for the loss of efficiency observed during exercise generated
values for MAOD that were ~8 mL-kg-! larger for tests of ~4 min duration and ~37 mL-kg-! for
8-min tests. This methodological difference would have little impact on results of previous
validation studies, as exercise durations were only 154 + 38 s (4), 157 + 28 s (22) 189 + 40 s (16),
161 £ 40 s (21) and 10 x 60 s for the intermittent exercise (23), and so correcting the oxygen cost
for the loss of efficiency would have added no more than perhaps 5 mL-kg-! to the MAOD
estimates in those studies. Second, we did not attempt to adjust our MAOD values to account
for the use of stored oxygen; in these other validation studies, calculated values of oxygen deficit
estimates were reduced 10%. Certainly, corrections for the use of stored oxygen have been used
by a variety of researchers, although the magnitude of the correction is usually smaller than 10%
of the oxygen deficit, and not considered to be a function of the overall anaerobic contribution,
such as the 2.3 mL-kg-! calculated by Barstow and colleagues (1). Third, in estimating the
glycolytic contribution from the blood lactate concentration, we used the conversion factor of
3.3 mL-kg-! per mM increase in blood lactate concentration (19). Other studies validating the
PCr+glycolysis method used 3.0 mL-kg-! per mM, which generates 10% lower estimates of
glycolytic contribution. In addition, lactate concentration values in the present study may have
been underestimated, compared to values that would have been obtained using a Yellow
Springs analyzer (YSI Inc., Yellow Springs, OH, USA) (8), which was used in the other validation
studies. Finally, for the PCr contribution, when we calculated the area under the curve of the
fast phase of the post-exercise VO, response, we included the area during the time delay. In
other studies, this area was not calculated or included, and PCr contribution was calculated as
taufast X Afast (e.g., 4, 20, 24, 25), and this could lead to up to ~10% lower values for PCr
contribution in those studies. The procedural differences resulted in mean values for both
MAOQOD and PCr+glycolysis values in the present study being higher than would have been found
using the exact methods of the Bertuzzi et al. (4) and most subsequent validation studies.
Importantly, correlations between MAOD and PCr+glycolysis values in the present study (with
values expressed relative to body mass) were greater than correlations in other validation
studies, most of which relied on comparisons of values expressed in absolute units. Recently,
using procedures identical to those in the present study, we have reported correlations of
between 0.80 (in 3-min tests) and 0.94 (in exhaustive, ~10.3 min tests) between (M)AOD and
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PCr+glycolysis, expressed relative to body weight (14). In that study, as in the present study,
results of a Bland-Altman analysis confirmed the validity of PCr+glycolysis.

We note that this is only the second validation study that has included women as participants.
As in that study (14), ANOVA revealed no interaction effect involving gender, suggesting that
the PCr+glycolysis method is equally valid for women as well as for men. A concern with
including women with men in the subject pool is that gender differences in MAOD and
PCr+glycolysis could widen the range of values and inflate correlation coefficients. Reporting the
values on a per-kg basis removes most differences attributable to gender, and inspection of our
values reveals less variability in MAOD and PCr+glycolysis values than in other validation
studies.

To validate the PCr+glycolysis measure requires the ability to measure AOD, which is dependent
upon the ability to estimate the energy demand or oxygen demand. While the estimation of
oxygen demand of heavy or severe intensity exercise has long been contentious and a source of
controversy (e.g., 11, 22) and continues to be the focus of research study (see our companion
paper), it can be accomplished in activities like running, cycling, and rowing, by extrapolation
from steady-state responses in moderate intensity exercise. However, this method cannot be
applied to activities like rock climbing, martial arts, and surfing, or to most team sports.
Quantifying the anaerobic contribution in these sports or measuring the anaerobic capacities of
athletes in these sports can be a very useful tool for coaches, athletes, and sport scientists. Thus,
the importance of a measure like PCr+glycolysis is obvious, and the importance of carefully
validating this measure is clear.

Despite difficulties in validating the PCr+glycolysis measure, it has been used in a variety of
activities, including rock climbing (3), martial arts (18), and table tennis test (26). However, it
has been validated for only one of these activities. Zagatto and Gobatto (26) reported that
PCr+glycolysis in table tennis tests lasting ~2 min, ~3 min, ~5 min, and ~8 min averaged 60
mL-kg-1, which was not different from the oxygen deficit in the exhaustive ~5 min test (mean,
60 mL-kg1). Across the four tests in this latter study, PCr estimates averaged 43 mL-kg-!, which
is far higher than reported in other studies (e.g., 2, 14, 20, 25, the present study) and the glycolysis
contribution averaged only 18 mL-kg!, suggesting that both oxygen deficit and the
PCr+glycolysis methods must be evaluated further prior to use in activities other than large
muscle activities like cycling and running. In the present study, we have not simply confirmed
that PCr+glycolysis provides a valid replacement for MAOD, we have demonstrated a stronger
relationship than in previous studies. We attribute this to the methods used in calculating
PCr+glycolysis and in calculating MAQOD (the latter described in our companion paper).

Not only is the estimation of exercise efficiency a contentious element in the calculation of
oxygen deficit (e.g., 11, 22), it is also, in and of itself, an important factor related to sport
performance (e.g., 16). While one attraction of the PCr+glycolysis method is that it does not
require measurement of or assumptions about exercise efficiency and oxygen demand, we
believe that the method can also be used to generate a measure of exercise efficiency. If we add
our PCr+glycolysis value to the accumulated oxygen uptake to obtain an estimate of total oxygen
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cost, divide this by the exercise duration to obtain an estimate of the average oxygen demand,
and then divide this average oxygen demand by the work rate (divide by speed, for running),
we obtain a meaningful measure of the oxygen demand of exercise (i.e., the mathematical
inverse of ‘efficiency’), with units of mL-min-! per W (or mL-kg-min-! per m'min-!, for
running). For other activities, like martial arts or climbing, the effort can only be described, and
an actual work rate cannot be educed, so the calculated value might be reported as “the oxygen
demand (in mL-kg-1-min-!) of a simulated taekwondo competition” or ‘the oxygen demand (in
mL-kg--min-!) of a Class 5.10 Grade II climb’. We acknowledge, and caution, that oxygen
demand in activities like martial arts competition will vary depending on duration, level of
intensity, time spent grappling versus in an upright defensive position, etc.; similarly oxygen
demand in a climbing task will vary with the rate of ascent and the exact technical aspects of the
climb. Therefore, these results would be interpreted with care and on an individual basis. Thus,
using the PCr+glycolysis concept, a measure of efficiency can be determined without the need
for performing a series of submaximal steady state trials. For continuous severe intensity
activities, these efficiency values are somewhat intensity-specific, as the slow component
contribution to the true total oxygen cost is greater with lower intensities and longer durations
of exercise. However, the impact will be small, as the (larger) total oxygen cost is divided by (the
longer) exercise duration when generating the measure of average oxygen demand.

In conclusion, it has become common practice in several laboratories to replace the cumbersome,
time-consuming, and somewhat contentious oxygen deficit measure with the PCr+glycolysis
measure. In this study, we found that PCr+glycolysis values from exhaustive 4-min and 8-min
tests were correlated with calculated MAODs, and there were no differences between
PCr+glycolysis and MAQOD values, in a sample of men and women. Results of the present study
provide strong support for using the sum of the PCr contribution, obtained from kinetics of the
post-exercise VOz response, and the glycolytic contribution, obtained from peak post-exercise
blood lactate concentration, as a measure of total anaerobic contribution, and specifically as a
measure of anaerobic capacity. In addition, our data suggest that the methods used to generate
PCr+glycolysis, in combination with the measure of accumulated oxygen uptake during the
exercise test, can be used to generate values for gross cycling efficiency or running efficiency,
without the need for any submaximal steady state exercise bouts.
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