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ABSTRACT

BULL, A. J., T. J. HOUSH, G. O. JOHNSON, and S. R. PERRY. Effect of mathematical modeling on the estimation of critical power.Med.
Sci. Sports Exerc.,Vol. 32, No. 2, pp. 526–530, 2000.Purpose:The purposes of this study were to re-examine the findings of previous studies
by comparing the critical power (CP) estimates from five mathematical models and to determine the time to exhaustion during cycle ergometry
at the lowest CP estimate from the five models.Methods: Nine adult males performed a maximal incremental test to determine peak power
and five or six randomly ordered trials on a cycle ergometer for the estimation of CP. Two linear, two nonlinear, and one exponential
mathematical model were used to estimate CP. The subjects then completed two trials to exhaustion, or 60 min, at their lowest estimate of
CP from the five models.Results:The nonlinear three-parameter model (Nonlinear-3) produced a mean CP that was significantly (P , 0.05)
less than the mean CP values derived from the other four models and was the lowest CP estimate for each subject. Two and three subjects,
however, did not complete 60 min of cycling during the first and second trials at CP, respectively. At the end of the trials the subjects who
completed 60 min of cycling had a mean heart rate of 92% of their maximum and a mean rating of perceived exertion of 17.Conclusion:
These findings support previous studies that have indicated that in many cases CP overestimates the power output that can be maintained for
at least 60 min.Key Words: CYCLE ERGOMETRY, TIME TO EXHAUSTION, HEART RATE, RPE

Monod and Scherrer (18) developed a technique for
determining “the amount of work a muscle can do
before being exhausted” and “the conditions of a

fatigueless task” which is called the “critical power (CP)
test.” Theoretically, the CP test provides estimates of the
maximal rate of fatigueless work (CP) and the total amount
of work associated with the “energetic reserves” stored in
the muscle (anaerobic work capacity (AWC)) (4,18).

Moritani et al. (19) proposed a whole-body analog of the
CP test using a series of exhaustive work bouts at various
power outputs (P) on a cycle ergometer. Like Monod and
Scherrer (18), Moritani et al. (19) found highly linear (r2 5
0.982–0.998) relationships between total work (TW) and
time to exhaustion (t) for the cycle ergometer work bouts.

More recent investigations (13,15–17) have found that the
CP test overestimates the P that can be maintained for “a
long period of time” (18). In general, these studies have
reported that many subjects were able to cycle for less than
60 min at their CP. Therefore, to identify more valid esti-

mates of CP, various mathematical expressions of the P
versus t relationship have been evaluated (8,9,11,25).

Recently Gaesser et al. (8) examined CP estimates from
five mathematical models for describing the P versus t
relationship during cycle ergometry. In addition to the TW
versus t model (Linear-TW) proposed by Moritani et al.
(19), Gaesser et al. (8) estimated CP from a second linear
model (Linear-P), a two-parameter nonlinear model (Non-
linear-2), a three-parameter nonlinear model (Nonlinear-3),
and an exponential model (EXP). It was reported (8) that the
Nonlinear-3 model of Morton (20) produced CP estimates
that were significantly (P , 0.05) less than the other four
models and not significantly (P . 0.05) different from the
ventilatory threshold for long-term exercise (LTE TVENT).
No studies, however, have determined t for cycling at the
lowest CP estimate from the various models.

Therefore, the purpose of this study was two-fold: 1) to
re-examine the findings of Gaesser et al. (8) by comparing the
CP estimates from the five mathematical models, and 2) to
determine t during cycle ergometry at the lowest CP estimate
from the five models.

METHODS

Subjects. Nine male subjects (mean6 SD age5 25 6
3 yr, height5 177 6 6 cm, weight5 81.66 9.4 kg) who
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were not highly experienced cyclists volunteered for this
study. All procedures were approved by the University
Institutional Review Board for Human Subjects and all
subjects signed a written informed consent form before
testing.

Cycle ergometer trials. Each subject completed eight
or nine trials, with$ 24 h separating each trial. The subjects
first performed a maximal incremental test to exhaustion on
an electronically braked cycle ergometer (Corval 400, Quin-
ton Instruments, Seattle, WA) maintaining 60 rpm as closely
as possible. The maximal test began with a warm-up period
of 2 min with no resistance. Thereafter, the power output
was increased 30 W each min until the subject could no
longer maintain a pedal cadence of 60 rpm despite verbal
encouragement. The power output and heart rate attained at
exhaustion were considered to be the subject’s peak power
(Ppeak) and peak heart rate (HRpeak) (Polar Pacer, Polar
CIC, Inc., Port Washington, NY).

The subjects then performed five or six randomly ordered
trials at 60 rpm at power outputs ranging from Ppeak-130 W
to Ppeak150 W for the estimation of CP. The first five
predictive trials were between Ppeak-50 W and Ppeak150
W. If a subject did not have a trial lasting approximately 10
min, the subject was given a sixth trial at a power output
estimated to allow more than 10 min of cycling based on
their previous trials. The warm-up for each trial included 4
min of cycling at 30 W. The power output was then in-
creased to the predetermined level and the timing started.
The trials were ended and t was recorded to the nearest
second when the subject could no longer maintain 60 rpm
despite verbal encouragement. The subjects were allowed to
view the cadence meter but were not informed of the power
output or elapsed time of any trial.

Mathematical modeling. Five regression models
(Fig. 1) from Gaesser et al. (8) were used to estimate CP.

The Linear-TW model, TW5 AWC 1 CPzt, was based
on the regression of TW versus t, utilizing the equation of a
line: y 5 a 1 bzx, where TW 5 total work performed,
AWC 5 anaerobic work capacity, CP5 critical power, and
t 5 time to exhaustion (7–9,13–16,18,19,21,25).

A second, mathematically equivalent, linear model (Lin-
ear-P) was derived by solving for P, utilizing two equations
for total work: TW 5 Pzt and TW5 AWC 1 CPzt.

Pzt 5 AWC 1 CPzt

divided by t yields P5 AWCz(1/t) 1 CP,

where P5 power; and 1/t5 the inverse of t. By using the
inverse of t (1/t), one can convert the hyperbolic relationship
between P and t into linear form (8,9,13,17,18,23,25).

A third mathematically equivalent but nonlinear model was
also used to estimate CP. This model was based on the hyper-
bolic relationship between P and t (8,9,18,24,25) and can be
described by the Nonlinear-2 equation: t5 AWC/(P 2 CP),
which can be derived by solving the Linear-P equation for t.
Thus, the derivation is:

P 5 AWCz(1/t) 1 CP,

minus CP yields, P2 CP5 AWC/t,

multiplied by t yields~P2 CP)zt 5 AWC,

divided by~P2 CP! yields t5 AWC/~P2 CP!.

The fourth model is also a nonlinear model but includes the
parameter maximal instantaneous power (Pmax) (8,20). The
Pmax parameter was added to overcome the assumption of the
Nonlinear-2 model that as time approaches zero, power is
infinite (8,20). Pmax allows for a time asymptote that is below
the x axis (power axis) where time5 0 and provides a Pmax

value at the x-intercept (20). The mathematical addition of Pmax

and the derivation of the Nonlinear-3 model is made possible
by the addition of a third parameter, k, to the Nonlinear-2
model (20). The parameter k allows a nonzero time asymptote
at t 5 k by writing the Nonlinear-2 model in the form:

t 5 AWC/~P2 CP! 1 k;

and then developing a relationship between k and Pmax, by
allowing

P 5 Pmax at t5 0, so that:

k 5 2~AWC/~Pmax 2 CP!!

The final Nonlinear-3 model becomes

t 5 ~AWC/~P2 CP!! 2 ~AWC/~Pmax 2 CP!!.

The fifth regression model was an exponential model (EXP):
P 5 CP1 (Pmax 2 CP) exp(2t/t); wheret 5 an undefined
time constant (8,12). Like the Nonlinear-3 model, this model
provides a Pmax value (an x-intercept of the power axis) to
overcome the assumption of infinite power at very short

Figure 1—Regression analyses and curve fits for each of the five
mathematical models used to estimate CP for one representative sub-
ject. The models are described in the text.
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durations. However, the equation does not provide an estima-
tion of AWC (8,12).

Trials at critical power. The mathematical model yield-
ing the lowest CP estimate for each subject was used to
determine the P for the two trials at CP (CP-1 and CP-2).
The trials began with a warm-up of 4 min of cycling at 30
W and 60 rpm. The P was then increased to the estimated CP
and the timing was started. The trials were terminated and t
was recorded to the nearest second when pedal cadence
could not be maintained at 60 rpm, or the subject completed
60 min. The subjects’ ratings of perceived exertion (RPE)
(2) and heart rates (HR) were recorded every 3 min during
CP-1 and CP-2.

Statistical analysis. For each subject the P and t data
were fit to the five mathematical models to estimate CP. The
coefficients of determination (r2) and the SE of the CP
estimates were calculated to examine the goodness of fit of
the data to the models (SPSS, SPSS Inc., Chicago, IL). The
SE values reported in this investigation are the standard
deviations of the sampling distributions of the CP estimates
from the five models (22). Therefore, for the Linear-TW
model the SE reported in this study is the SE of the slope
coefficient. For the Linear-P model, however, it is the SE of
the y-intercept. For the Nonlinear-2, Nonlinear-3, and EXP
models the SE values are for the asymptotes of the P versus
t relationships. A repeated measures analysis of variance
(ANOVA) (1 3 5) with Scheffepost-hoccomparisons were
used to determine differences in mean CP between the five
models and pairedt-tests were used to determine differences
in mean HR values at 45 versus 60 min for CP-1 and CP-2
(Statview 5121, Brain Power, Inc., Calabasas, CA). All
values are presented as mean (6 SD) and an alpha ofP ,
0.05 was considered statistically significant for all analyses.

RESULTS

Critical power estimates. The r2 and SE values for the
five mathematical models used to estimate CP ranged from:
Linear-TW, r2 5 0.997–1.000, SE5 1–5 W; Linear-P, r2 5
0.847–0.991, SE5 6–15 W; Nonlinear-2, r2 5 0.894–
1.000, SE5 0–8 W; Nonlinear-3, r2 5 0.937–1.000, SE5
0–39 W; EXP, r2 5 0.904–0.996, SE5 5–20 W. The AWC
values ranged from: Linear-TW, 9.6–26.5 kJ; Linear-P,
5.4–20.6 kJ; Nonlinear-2, 11.1–34.9 kJ; and Nonlinear-3,
16.6–68.0 kJ. The Pmax values ranged from 357–803 W for
the Nonlinear-3 model and 337–562 W for the EXP model.
The duration of the shortest trials used to estimate CP
ranged from 0.6 to 2.2 min and the longest trials ranged
from 9.0 to 35.8 min. The mean CP estimates of the five
mathematical models are presented in Table 1. The repeated
measures ANOVA indicated that there was a significant
difference among the mean CP estimates for the five mod-
els, and the results of the Scheffepost-hoccomparisons
(Table 1) indicated that the Nonlinear-3 model produced a
significantly lower mean CP estimate than the other models.
Furthermore, the Nonlinear-3 model resulted in the lowest
estimate of CP for each subject.

Time to CP trial termination. Of the nine subjects, two
did not complete 60 min of cycling during CP-1 or CP-2.
The t values for these two subjects were 45.0 and 20.9 min
for CP-1 and 48.1 and 18.0 min for CP-2. One subject
cycled for 60 min during CP-1 but completed only 53.6 min
during CP-2. The five remaining subjects completed 60 min
during both trials at CP.

HR at CP trial termination. Table 2 shows the mean
HR responses of the subjects who completed 60 min during
the trials at CP. The seven subjects who completed 60 min
during CP-1 had a mean HR of 1666 10 beatszmin21 at
completion, which represented 936 5% of HRpeak. At the
completion of CP-2, the six subjects had a mean HR of
165 6 12 beatszmin21, which represented 916 5% of
HRpeak. Pairedt-tests indicated that the increase in mean
HR between 45 and 60 min was significant for both CP-1
and CP-2 for these subjects. The mean HR at exhaustion for
the two subjects who did not complete 60 min during CP-1
was 1756 5 beatszmin21 (966 1% HRpeak). The mean HR
at exhaustion for the three subjects who did not complete 60
min during CP-2 was 1756 7 beatszmin21 (97 6 6%
HRpeak).

RPE at CP trial termination. Table 2 shows the mean
RPE values of the subjects completing 60 min during the
trials at CP. The mean RPE values for those subjects com-
pleting 60 min during CP-1 and CP-2 were 196 1 and 176
3, respectively. The mean RPE value at exhaustion for the
two subjects in CP-1 and the three subjects in CP-2 who did
not complete 60 min were 196 1 in both trials.

DISCUSSION

In the present investigation, the individual r2 values for
the various mathematical models ranged from 0.847 to 1.00.
These findings were consistent with previous studies that
have reported values from r2 5 0.84 to 1.00 and demon-
strated a close relationship between P and t irrespective of
the mathematical modeling (4,8,11,13,15–17,19,23,25).
Furthermore, like the study by Gaesser et al. (8), the present
study showed that the Linear-P model tended to result in
lower r2 values than the other four models used to estimate
CP. It has been suggested that this may result from the
conversion of the hyperbolic P versus t relationship to the
linear TW versus t and P versus the inverse of t (1/t)
relationships (10,20,26). Gaesser et al. (8, p. 1431) have

TABLE 1. Scheffe post-hoc comparisons for the CP estimates.

Model
Mean 6 SD

(W)
Scheffe Comparisons

(P , 0.05)

EXP 212 6 25 . Linear-TW, Nonlinear-2, Nonlinear-3
5 Linear-P

Linear-P 208 6 25 . Linear-TW, Nonlinear-2, Nonlinear-3
5 EXP

Linear-TW 196 6 23 . Nonlinear-3
5 Nonlinear-2
, Linear-P, EXP

Nonlinear-2 192 6 25 . Nonlinear-3
5 Linear-TW
, Linear-P, EXP

Nonlinear-3 180 6 26 , Nonlinear-2, Linear-TW, Linear-P, EXP
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stated that “. . . statistical analysis of nonlinear data after
transformation of the data to linear form often produces
parameter estimates different from the results of nonlinear
analysis of the data” and that (p. 1437) “. . . nonlinear data
should be treated with nonlinear analysis. . . . ” The present
findings also support the suggestion of Gaesser et al. (8) that
the selection of the independent and dependent variables,
the expression of the variables (i.e., t rather than 1/t), and the
number of variables used in the various models can affect
the resulting r2 values and CP estimates.

The results of the present investigation indicated that there
were significant mean differences among the models used to
estimate CP. Of the five models examined, the Nonlinear-3
model of Morton (20) resulted in the lowest mean estimate of
CP (Table 1) and also the lowest CP estimate for each subject.
These findings were consistent with those of Gaesser et al. (8)
who also found that the Nonlinear-3 model resulted in esti-
mates of CP that were lower than the estimates obtained using
the other four models. Furthermore, Morton (20) found that the
Nonlinear-3 model resulted in significantly (P , 0.05) lower
CP estimates than the Nonlinear-2 model and suggested that
the Nonlinear-3 model overcomes physiological assumptions
inherent in the Nonlinear-2 model including: 1) as t approached
zero, power is infinite, and 2) at exhaustion, all of the muscular
energy reserves associated with AWC are exhausted.

The validity of CP derived from the various models as a
measure of the maximal rate of fatigueless work has been
examined by comparing it with other fatigue threshold param-
eters (7,8,14,16,17,19,23). For example, CP has been validated
against the ventilatory anaerobic threshold (TVENT) (7,19,23),
electromyographic fatigue threshold (EMGFT) (7), onset of
blood lactic accumulation (OBLA) (14,16), the ventilatory
threshold for long-term exercise (LTE TVENT) (8), and indi-
vidual anaerobic threshold (IAT) (17).

deVries et al. (7), Gaesser et al. (8), and Moritani et al. (19)
found that the power output or oxygen consumption rate (V˙ O2)
at CP (from the Linear-TW (7,19) and Nonlinear-3 models (8))
was not significantly (P . 0.05) different from that of TVENT

or LTE TVENT. Poole et al. (23), however, found that the power

output at CP (Linear-P model) was significantly (P , 0.05)
greater than TVENT. deVries et al. (7) also compared CP (Lin-
ear-TW model) with the EMGFT and found the power output
at CP to be significantly (P , 0.05) less than that at EMGFT.
Housh et al. (14) and Jenkins and Quigley (16) found that the
blood lactate levels at CP (Linear-TW model) were substan-
tially greater (7.0 to 8.9 mmolzL21) than OBLA (4.0
mmolzL21). Furthermore, McLellan and Cheung (17) com-
pared CP (Linear-P model) with the IAT determined from
blood lactate and found that CP occurred at a significantly (P,
0.05) greater power output than IAT. Thus, there is conflicting
evidence regarding the validity of CP derived from the various
mathematical models when compared with other fatigue
threshold parameters (7,8,14,16,17,19,23).

In the present investigation, 22% (2 of 9) of the subjects
could not complete 60 min of cycling at CP estimated from
the Nonlinear-3 model during CP-1, and 33% could not
complete 60 min during CP-2. The mean HR of the subjects
who completed 60 min in the trials at CP increased signif-
icantly over the final 15 min of CP-1 and CP-2 from 161 to
166 beatszmin21 and 162 to 165 beatszmin21, respectively
(Table 2). These findings indicated that HR values contin-
ued to increase throughout the trials and at the end of 60
min, the mean HR was approximately 92% of maximum.

The mean RPE values in CP-1 and CP-2 indicated that
subjects were exercising “very hard” to “very, very hard” at
the end of 60 min (2). Previously, Borg et al. (3) and
DeMello et al. (6) found RPE to be positively related to
physiological factors such as HR, blood lactate, and relative
oxygen demand (% V˙ O2max), especially above the lactate
threshold (6). Carton and Rhodes (5) reported that a number
of studies found a “strong linear relationship” between RPE
and HR, and correlations ranging from r5 0.76 to 0.97
between V˙ O2 and RPE. They suggested, however, that these
variables probably do not share a causal relationship, but
more likely a “common dependence on physical strain.”

Previous studies have also determined t during trials at CP.
Poole et al. (23) reported that all eight of their subjects com-
pleted 24 min of cycling at CP (Linear-P model) with no

TABLE 2. Mean (6SD) HR and RPE values for those subjects completing 60 min of cycling during CP-1 (N 5 7) and CP-2 (N 5 6).

Min

HR RPE

CP-1 CP-2 CP-1 CP-2

3 135 6 11 134 6 12 11 6 3 11 6 3
6 142 6 13 142 6 9 12 6 3 11 6 3
9 146 6 13 144 6 11 13 6 3 12 6 3

12 148 6 13 147 6 9 13 6 4 12 6 4
15 151 6 13 149 6 9 14 6 4 13 6 4
18 152 6 13 150 6 7 14 6 4 13 6 4
21 152 6 11 152 6 10 15 6 4 14 6 4
24 154 6 10 154 6 11 15 6 4 14 6 4
27 154 6 12 155 6 11 15 6 4 14 6 4
30 155 6 11 156 6 11 16 6 4 15 6 4
33 157 6 11 158 6 12 16 6 4 15 6 4
36 158 6 12 159 6 12 16 6 3 15 6 3
39 160 6 11 160 6 9 17 6 3 16 6 3
42 161 6 12 160 6 12 17 6 3 16 6 3
45 161 6 11 162 6 11 17 6 3 17 6 3
48 160 6 12 162 6 11 18 6 2 17 6 3
51 164 6 10 163 6 11 18 6 2 17 6 3
54 165 6 10 164 6 12 18 6 2 17 6 3
57 165 6 10 164 6 12 18 6 1 17 6 3
60 166 6 10 165 6 12 19 6 1 17 6 3
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significant (P . 0.05) increase in V˙ O2 during the final 4 min.
The subjects, however, had blood lactate levels (5.66 0.9
mmolzL21) that were greater than OBLA. McLellan and
Cheung (17) also estimated CP from the Linear-P model and
found that only one of their 14 subjects could complete 30 min
of cycling (mean6 SD 5 20.5 6 4.5 min). A number of
studies (13,15,16,21) have found that the Linear-TW model
also overestimates the maximal rate of fatigueless work during
cycle ergometry. For example, Housh et al. (13) found that the
mean time to exhaustion at CP was 33.316 15.37 min. Jenkins
and Quigley (15,16) found that their subjects could not cycle at
CP for 30–40 min and that to maintain the trials without
exhaustion the power outputs had to be decreased by 4.7 to
5.7%. Overend et al. (21) found that their subjects could
complete 24 min of cycling at CP (Linear-TW model), al-
though, like the subjects of Poole et al. (23), blood lactate levels
were substantially above OBLA (8.2 and 6.5 mmolzL21 in
young and elderly groups, respectively). Scarborough et al.
(24) used the Nonlinear-2 model and reported that the subjects
could cycle at CP for a mean of 42.96 6.6 min in a first trial
and 50.86 6.9 min in a second trial. While these studies
(13,15–17,24) indicate that CP from the various mathematical
models overestimate the maximal rate of fatigueless work,
Bishop et al. (1) have recently shown that the durations of the

predictive trials affect the estimation of CP, and Hill et al. (11)
have shown that the CP estimate is also affected by the choice
of pedal cadence. Future studies should examine further the
effects of the duration of the predictive trials and pedal cadence
on CP estimates and time to exhaustion at CP from the five
mathematical models used in the present study.

The current study found that 22–33% of our subjects could
not complete 60 min at CP estimated by the Nonlinear-3
model. This was true even though the Nonlinear-3 model
provided the lowest CP estimate for each individual subject
and a mean CP estimate that was significantly lower than the
mean CP values derived from the other models (Table 1).

Blood lactate, ventilatory, and time to exhaustion data from
previous investigations (13–17,21,23,24) suggest that in many
cases CP derived from the Linear-TW, Linear-P, and Nonlin-
ear-2 models overestimates the power output that can be main-
tained for at least 60 min without exhaustion. The present study
supports previous investigations (13–17,21,23,24) that have
indicated that CP does not represent a “fatigueless task” as
proposed by Monod and Scherrer (18).

Address for correspondence: Anthony J. Bull, University of Ne-
braska- Lincoln, P. O. Box 0229, Lincoln, NE, 68588-0229. E-mail:
abull@unlserve.unl.edu.

REFERENCES

1. BISHOP, D., D. G. JENKINS, and A. HOWARD. The critical power
function is dependent on the duration of the predictive exercise
tests chosen.Int. J. Sports Med. 19:125–129, 1998.

2. BORG, G. Perceived exertion as an indicator of somatic stress.
Scand. J. Rehab. Med.2:92–98, 1970.

3. BORG, G., P. HASSMEN, and M. LAGERSTROM. Perceived exertion
related to heart rate and blood lactate during arm and leg exercise.
Eur. J. Appl. Physiol.65:679–685, 1987.

4. BULBULIAN , R., A. R. WILCOX, and B. L. DARABOS. Anaerobic
contribution to distance running performance of trained cross-
country athletes.Med. Sci. Sports Exerc.18:107–113, 1986.

5. CARTON, R. L. and E. C. RHODES. A critical review of the literature on
ratings scales for perceived exertion.Sports Med.2:198–222, 1985.

6. DEMELLO, J. J., K. J. CURETON, R. E. BOINEAU, and M. M. SINGH.
Ratings of perceived exertion at the lactate threshold in trained and
untrained men and women.Med. Sci. Sports Exerc.19:354–362,
1987.

7. DEVRIES, H. A., T. MORITANI, A. NAGATA, and K. MAGNUSSEN. The
relation between critical power and neuromuscular fatigue as esti-
mated from electromyographic data.Ergonomics25:783–791, 1982.

8. GAESSER, G. A., T. J. CARNEVALE, A. GARFINKEL, D. O. WALTER,
and C. J. WOMACK. Estimation of critical power with nonlinear and
linear models.Med. Sci. Sports Exerc.27:1430–1438, 1995.

9. GAESSER, G. A., T. J. CARNEVALE, A. GARFINKEL, and D. O.
WALTER. Modeling of the power-endurance relationship for high-
intensity exercise (Abstract).Med. Sci. Sports Exerc. 22:S16,
1990.

10. HILL , A. V. Muscular Movement in Man: The Factors Governing
Speed and Recovery from Fatigue. New York: McGraw-Hill,
1927, pp. 41–44.

11. HILL , D. W., J. C. SMITH, J. L. LEUSCHEL, S. D. CHASTEEN, and
S. A. MILLER. Effect of pedal cadence on parameters of the
hyperbolic power-time relationship.Int. J. Sports Med.16:82–87,
1995.

12. HOPKINS, W. G., I. M. EDMUND, B. H. HAMILTON, D. J. MACFARLANE,
and B. H. ROSS. Relation between power and endurance for treadmill
running of short duration.Ergonomics32:1565–1571, 1989.

13. HOUSH, D. J., T. J. HOUSH, and S. M. BAUGE. The accuracy of the
critical power test for predicting time to exhaustion during cycle
ergometry.Ergonomics32:997–1004, 1989.

14. HOUSH, T. J., H. A. DEVRIES, D. J. HOUSH, M. W. TICHY, K. D.
SMYTH, and A. M. TICHY. The relationship between critical power
and the onset of blood lactate accumulation.J. Sports Med. Phys.
Fitness31:31–36, 1991.

15. JENKINS, D. G. and B. M. QUIGLEY. Endurance training enhances
critical power.Med. Sci. Sports Exerc.24:1283–1289, 1992.

16. JENKINS, D. G. and B. M. QUIGLEY. Blood lactate in trained cyclists
during cycle ergometry at critical power.Eur. J. Appl. Physiol.
61:278–283, 1990.

17. MCLELLAN, T. M. and K. S. Y. CHEUNG. A comparative evaluation
of the individual anaerobic threshold and the critical power. Med.
Sci. Sports Exerc.24:543–550, 1992.

18. MONOD, H. and J. SCHERRER. The work capacity of a synergistic
muscular group.Ergonomics8:329–338, 1965.

19. MORITANI, T., A. NAGATA, H. A. DEVRIES, and M. MURO. Critical
power as a measure of physical work capacity and anaerobic
threshold.Ergonomics24:339–350. 1981.

20. MORTON, R. H. A 3-parameter critical power model.Ergonomics
39:611–619, 1996.

21. OVEREND, T. J., D. A. CUNNINGHAM, D. H. PATERSON, and W. D. SMITH.
Physiological responses of young and elderly men to prolonged
exercise at critical power.Eur. J. Appl. Physiol.64:187–193, 1992.

22. PEDHAZUR, E. J.Multiple Regression in Behavioral Research. Fort
Worth, TX: Dryden Press, 1982, p. 28.

23. POOLE, D. C., S. A. WARD, G. W. GARDNER, and B. J. WHIPP.
Metabolic and respiratory profile of the upper limit for prolonged
exercise in man.Ergonomics31:1265–1279, 1988.

24. SCARBOROUGH, P. A., J. C. SMITH, S. M. TALBERT, and D. W.
HILL . Time to exhaustion at the power asymptote (critical
power) in men and women (Abstract).Med. Sci. Sports Exerc.
23:S12, 1991.

25. SMITH, J. C. and D. W. HILL . Mathematical models of the power-
time relationship in high intensity cycling (Abstract).Med. Sci.
Sports Exerc.24:S74, 1992.

26. WILKIE , D. R. Man as a source of mechanical power.Ergonomics
3:1–8, 1960.

530 Official Journal of the American College of Sports Medicine http://www.msse.org


