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ABSTRACT. Malek, M.H., T.J. Housh, D.E. Berger, J.W. Coburn,
and T.W. Beck. A new non–exercise-based V̇O2max prediction
equation for aerobically trained men. J. Strength Cond. Res.
19(3):559–565. 2005.—The purposes of the present study were
to (a) modify previously published V̇O2max equations using the
constant error (CE 5 mean difference between actual and pre-
dicted V̇O2max) values from Malek et al. (28); (b) cross-validate
the modified equations to determine their accuracy for estimat-
ing V̇O2max in aerobically trained men; (c) derive a new non–
exercise-based equation for estimating V̇O2max in aerobically
trained men if the modified equations are not found to be ac-
curate; and (d) cross-validate the new V̇O2max equation using
the predicted residual sum of squares (PRESS) statistic and an
independent sample of aerobically trained men. One hundred
and fifty-two aerobically trained men (V̇O2max mean 6 SD 5
4,154 6 629 ml·min21) performed a maximal incremental test on
a cycle ergometer to determine actual V̇O2max. An aerobically
trained man was defined as someone who had participated in
continuous aerobic exercise 3 or more sessions per week for a
minimum of 1 hour per session for at least the past 18 months.
Nine previously published V̇O2max equations were modified for
use with aerobically trained men. The predicted V̇O2max values
from the 9 modified equations were compared to actual V̇O2max
by examining the CE, standard error of estimate (SEE), validity
coefficient (r), and total error (TE). Cross-validation of the mod-
ified non–exercise-based equations on a random subsample of 50
subjects resulted in a %TE $ 13% of the mean of actual V̇O2max.
Therefore, the following non–exercise-based V̇O2max equation
was derived from a random subsample of 112 subjects: V̇O2max
(ml·min21) 5 27.387(weight in kg) 1 26.634(height in cm) 2
27.572(age in years) 1 26.161(h·wk21 of training) 1 114.904(in-
tensity of training using the Borg 6–20 scale) 1 506.752(natural
log of years of training) 2 4,609.791 (R 5 0.82, R2 adjusted 5
0.65, and SEE 5 378 ml·min21). Cross-validation of this equation
on the remaining sample of 40 subjects resulted in a %TE of
10%. Therefore, the non–exercise-based equation derived in the
present study is recommended for estimating V̇O2max in aero-
bically trained men.
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INTRODUCTION

A
erobic power is usually defined in terms of
maximal oxygen uptake (V̇O2max). In aerobi-
cally trained individuals, V̇O2max has been
used to monitor the cardiorespiratory adap-
tations from aerobic training programs, pre-

scribe the intensity of exercise for aerobic training, and
predict performance in endurance sporting events (2, 15,
39, 43).

The direct measurement of expired gas samples pro-
vides highly reliable and accurate data and is, therefore,

considered the ‘‘gold standard’’ for determining V̇O2max
(1, 4). This approach, however, often is not practical be-
cause it requires costly equipment and trained personnel.
Consequently, investigators have developed a number of
regression equations for estimating V̇O2max that utilize
variables such as gender, age, height, weight, walking
and/or shuttle run times, and Ẇmax (power output at
V̇O2max) (3–5, 8, 11, 12, 14, 17–21, 23–26, 31, 36, 37, 41,
44). V̇O2max regression equations have been developed
for various populations including adult men and women
(4), teenage athletes (42), college students (16), older
adults (6), and healthy Malaysian and Indian men (34,
40); however, there has been no equation developed spe-
cifically for estimating V̇O2max in aerobically trained
men.

Recently, Malek et al. (28) evaluated the validity of 18
published regression equations, which were derived using
a cycle ergometer, for estimating V̇O2max in samples of
aerobically trained men and women. These equations uti-
lized various combinations of demographic information
(e.g., age, height, and weight), ratings of leisure time
physical activity, and/or Ẇmax to predict V̇O2max (28).
The equations were selected for cross-validation because
of their widespread popularity for estimating V̇O2max
and/or purported accuracy for the general populations of
adult men and women.

The results of the cross-validation analyses indicated
that there were significant (p , 0.006) constant error (CE
5 mean difference between actual and predicted V̇O2max)
values for all 18 equations (28). Furthermore, the total
error (TE) values for estimating V̇O2max were greater
than 10% of the mean of actual V̇O2max for all of the
equations. Based on the cross-validation analyses, Malek
et al. (28) concluded that 16 of the 18 equations were not
recommended for estimating V̇O2max or prescribing ex-
ercise intensity for an aerobic training program in aero-
bically trained men or women. Only the equations of Sto-
rer et al. (37) that included age, body weight, and Ẇmax
as predictor variables were recommended for estimating
V̇O2max in aerobically trained subjects. The practicality
of these equations is limited, however, because they re-
quire the subject to perform an exhaustive cycle ergom-
eter test to determine Ẇmax for the estimation of
V̇O2max. Malek et al. (28) suggested that, in an attempt
to improve the prediction accuracy of the equations, fu-
ture studies should use the CE values from their inves-
tigation to adjust the y-intercepts of the equations. This
can be accomplished by adding (or subtracting) the cross-
validation CE to the y-intercept of the original equation



560 MALEK, HOUSH, BERGER ET AL.

(27). Theoretically, this procedure results in a CE value
of zero for the modified equation and improves the equa-
tion’s accuracy for the intended population (27).

The purposes of the present study were to (a) modify
previously published V̇O2max equations using the CE val-
ues from Malek et al. (28); (b) cross-validate the modified
equations to determine their accuracy for estimating
V̇O2max in aerobically trained men; (c) derive a new non–
exercise-based equation for estimating V̇O2max in aero-
bically trained men if the modified equations were not
found to be accurate; and (d) cross-validate the new
V̇O2max equation using the predicted residual sum of
squares (PRESS) statistic and an independent sample of
aerobically trained men.

METHODS

Experimental Approach to the Problem

The current study included 3 parts. First, cross-validation
procedures were used to determine the accuracy of 9
V̇O2max prediction equations. The y-intercepts of the 9
equations had been modified according to the recommen-
dation of Malek et al. (28). Next, because the errors as-
sociated with the modified equations were too high for
practical use, a new non–exercise-based equation was de-
veloped that included demographic information and ha-
bitual physical activity indices as predictor variables. Fi-
nally, the accuracy of the new non–exercise-based equa-
tion was assessed using 2 separate cross-validation pro-
cedures.

Subjects

One hundred and fifty-two aerobically trained men par-
ticipated in the present study. We operationally defined
an aerobically trained man as someone who had partici-
pated in continuous aerobic exercise 3 or more sessions
per week for a minimum of 1 hour per session for at least
the past 1.5 years. The subjects were asked a set of ques-
tions related to their habitual physical activity. Specifi-
cally, information was obtained regarding the mode (e.g.,
‘‘What type of exercise do you perform?’’), frequency (e.g.,
‘‘How many sessions per week do you exercise?’’), dura-
tion (e.g., ‘‘How many hours per week do you exercise?’’),
length of time performing habitual physical activity (e.g.,
‘‘How long have you consistently [no more than one
month without exercise] been exercising?’’); and intensity
of the exercise performed (e.g., ‘‘Indicate, in general, the
intensity at which you perform your exercise regimen.’’).
With regard to intensity, subjects rated their perceived
exertion using the Borg scale (7). All procedures were ap-
proved by the University Institutional Review Board
(IRB) for Human Subjects, and participants signed an
IRB-approved informed consent form.

Exercise Performance

Maximal exercise performance was assessed using an in-
cremental exercise protocol on a cycle ergometer (Ergo-
line 800S; Sensormedics Corp, Yorba Linda, CA). Seat
height was adjusted so that subjects’ legs were near full
extension during each pedal revolution. The power output
was continuously increased in ramp fashion by computer
control. The exercise duration for the ramp phase was 8
to 12 minutes, as suggested by previous research (9). Af-
ter a period of stabilization at rest, the subjects performed
unloaded pedaling (i.e., 0 W) for 3 minutes followed by

the ramp increase in power output (i.e., 30 W·min21). The
subjects were asked to maintain a cycling cadence of 70
rev·min21. The ramp power output increased until the
subject reached voluntary exhaustion. A cool-down period
with no resistance was performed until heart rate was
near to what it was during the unloaded pedaling phase.

Minute ventilation (V̇E) was measured using a mass
flow meter, and expired fractional concentrations of oxy-
gen and carbon dioxide were continuously monitored by
paramagnetic oxygen analyzer and nondispersive infra-
red CO2 analyzer, respectively (2900, SensorMedics Corp,
Yorba Linda, CA) (33). The subjects wore a nose clip and
breathed through a mouthpiece (2700, Hans Rudolph,
Kansas City, MO). The metabolic cart and breathing
valve were calibrated prior to each test. Oxygen uptake
V̇O2) and carbon dioxide output (V̇CO2) were calculated
breath-by-breath using standard algorithms. Breath-by-
breath data were presented as a 5-breath rolling average.
Heart rate was continuously obtained throughout the ex-
ercise (Quinton 5000, Seattle, WA). A subject’s data were
used if they met 2 of the following 3 criteria during the
test (4, 5, 13): (a) 90% of age-predicted heart rate, (b) re-
spiratory exchange ratio . 1.20, and (c) a plateauing of
oxygen uptake (less than 150 ml·min21 in V̇O2 over the
last 30 seconds of the test). Maximum oxygen uptake was
determined by taking the highest V̇O2 value in the last 30
seconds of the exercise test. In the present study, Ẇmax
was defined as the power output at V̇O2max.

The 9 V̇O2max equations for men that we cross-vali-
dated are included in Table 1 along with the CE values
from Malek et al. (28). The modified equations were cross-
validated in the present study on a random sample of 50
men, according to the recommendations of Lohman (27).
For example, the original equation (EQ) 1M (Table 1) was
V̇O2max (L·min21) 5 (0.046 3 height in cm)2(0.021 3 age)
2 4.31. This equation was modified by adding the cross-
validation CE of 0.921 L·min21 from our previous study
(28) to the y-intercept of the original EQ 1M (24.31 1
0.921 5 23.389). Thus, the modified EQ 1M cross-vali-
dated in the present study was V̇O2max (L·min21) 5
(0.046 3 height in cm) 2 (0.021 3 age) 2 3.389 (Table 2).

Statistical Analyses

The cross-validation analyses of the 9 modified equations
in this study (Table 2) were based on an evaluation of the
actual V̇O2max from the maximal cycle ergometer test
versus the predicted V̇O2max from the equations via cal-
culation of the constant error, CE 5 mean difference for
actual V̇O2max 2 predicted V̇O2max; Pearson product-mo-
ment correlation, r; standard error of estimate, SEE 5
SDy(12r2)1/2; and total error TE 5 [S(actual V̇O2max 2
predicted V̇O2max)2/n]1/2.

For the derivation of the new non–exercise-based
equation, V̇O2max, weight, height, age, duration, number
of years performing habitual physical activity, and inten-
sity at which the subjects performed their daily exercise
were examined using Statistical Package for the Social
Sciences software (v.12.0, SPSS Inc., Chicago, IL) for
screening of missing values, outliers, and distributional
properties and transformed, if necessary, for parametric
analyses. The positively skewed length of time that sub-
jects had been performing habitual physical activity was
transformed with a natural logarithm to reduce skewness
and improve the normality, linearity, and homoscedastic-
ity of residuals (38). No cases had missing data.
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TABLE 1. V̇O2 max prediction equations for cycle ergometry that were cross-validated against maximum incremental test.*

Equation
(EQ) Reference Equation r SEE

CE values from
Malek et al. (28)

1M Jones et al. (24) V̇O2max L·min21 5 0.046 (htpcm) 20.021 (age) 24.31 0.87 0.458 0.921
2M Jones et al. (24) V̇O2max L min21 5 0.025 (htpcm) 20.023 (age) 1 0.019

(wtpkg) 1 0.15 (lei) 22.320
0.89 0.415 0.746

3M Storer et al. (37) V̇O2max ml·min21 5 10.51 3 Wmax) 1 (6.35 3 BW) 2
(10.49 3 age) 1 519.3

0.94 212 2216

4M Wasserman et al. (41) V̇O2max ml·min21 5 [(nwt 1 awt)/2] 3 (50.722(0.372 3
age))

nr nr 1,219

5M Fairbarn et al. (14) V̇O2max L·min21 5 (0.023 3 htpcm) 1 (0.0117 3 BW) 2
(0.031 3 age) 2 0.332

0.65 nr 0.583

6M Neder et al. (31) V̇O2peak ml·min21 5 (224.5 3 age) 1 (14.3 3 BW) 1
(4.9 3 htpcm) 1 (197.1 3 lei) 1 1,113

0.89 249 1,179

7M Cooper and Storer (11) V̇O2max L·min21 5 [(0.0716 3 htpm) 20.0518] 3 [44.22
2 (0.394 3 age)] 1 (0.0058 3 ABW)

nr nr 1.415

8M Davis et al. (12) V̇O2max L·min21 5 [2.6538 1 [0.0167 (wtpkg)] 2
(0.0296 [age])]

0.80 0.369 1.310

9M Sensormedics (33) V̇O2max L·min21 5 (20.28 3 age) 1 (0.034 3 htpcm) 1
(0.22 3 wtpkg) 23.76

nr 0.483 1.110

* For EQ 1M and 2M, the original equation used gender as a predictor variable (0 5 males; 1 5 females). SEE 5 standard error
of estimate; CE 5 constant error; age 5 years; lei 5 leisure time score; nwt 5 normal predicted weight (kg); awt 5 actual weight
(kg); BW 5 body weight (kg); ABW 5 actual body weight (kg); nr 5 not reported.

To generate a new equation for estimating V̇O2max for
aerobically trained men, we computed hierarchical linear
regression of the nonexercise variables onto homoscedas-
ticity expressed in ml·min21 for a random sample of 112
subjects. Specifically, we entered the anthropometric var-
iables (e.g., body weight and height) into the first block,
age into the second block, and the habitual physical ac-
tivity indices (e.g., duration, intensity, and years of train-
ing) in 3 subsequent blocks. This approach was used to
examine the relative contributions, based on R2-adjusted,
of the 3 groups of variables (anthropometric, age, and ha-
bitual physical activity indices) to the prediction of
V̇O2max in aerobically trained men.

The new non–exercise-based equation was cross-vali-
dated using the predicted residual sum of squares
(PRESS) method (22). The PRESS approach to cross-val-
idation is based on the error in prediction for each case
when only that case is deleted from the model-generating
process (30). This error is called the ‘predicted residual’
in SAS (32) and the ‘deleted residual’ in SPSS (35).
PRESS is defined as the sum of squares of the predicted
or deleted residuals, and the PRESS adjusted R2 (Rp

2) can
be calculated as 1 2 (PRESS/SStotal). Also, we calculated
a PRESS standard error of estimate (SEEp) using the fol-
lowing equation: SEEp 5 (PRESS/n)1/2.

A second series of cross-validation analyses of the new
equation were also conducted on an independent random
sample of 40 aerobically trained men who were withheld
from the derivation of the equation, using the same sta-
tistical methods (e.g., CE, r, SEE, and TE) that were used
to cross-validate the modified equations in the present
study.

A power analysis showed that with N 5 112, the pow-
er to detect an R2 added of 0.10 for a single predictor
added to a regression model with k 5 5 predictors and R2

5 0.40 exceeded 90% at an alpha of 0.05 (10). Because of
the large range between the highest and lowest CE values
reported for men by Malek et al. (28) we selected the me-
dian CE value (1,110 ml·min21) to conduct the power
analysis for the second cross-validation analyses. With a
total of 40 subjects, the power to detect a large effect size

(Cohen’s d 5 1.92, alpha 5 0.05) between group means
for a two-tailed paired t-test exceeded 90%.

RESULTS

Cross-Validation of the Modified Equations (N 5 50)

Table 3 includes the results of the cross-validation anal-
yses for the 9 modified equations. The mean 6 SD actual
V̇O2max for the random sample of 50 men used to cross-
validate the modified equations was 4,197 6 685
ml·min21. None of the modified equations had a signifi-
cant CE value at a Bonferroni corrected alpha of p ,
0.006 (0.05/9). The validity coefficients (r) ranged from
0.51 (EQ 8M) to 0.90 (EQ 3M). The SEE values ranged
from 296 (EQ 3M) to 591 ml·min21 (EQ 8M). The TE val-
ues ranged from 309 (EQ 3M) to 595 ml·min21 (EQ 8M).
These values corresponded to %TE (e.g., [TE·mean of ac-
tual V̇O2max] 3 100), that were $ 7% of the mean actual
V̇O2max.

Derivation of the New Non–Exercise-Based Equation
(N 5 112)

One hundred and twelve of the subjects were randomly
selected for the derivation group from the pool of 152 aer-
obically trained men (Table 4). All 6 predictors were sig-
nificantly related to actual V̇O2max (Table 5), and each
predictor contributed independently (p , 0.001, Table 6)
to the model. As shown in Table 6, the proportion of var-
iance in V̇O2max accounted for by the model (R2-adjusted)
was 0.65 (SEE 5 378 ml·min21).

First Cross-Validation of the New Non–Exercise-
Based Equation Using PRESS

The cross-validation results of the PRESS method for the
new non–exercise-based equation are shown in Table 6.
For this model, Rp

2 was nearly as large as the R2-adjusted
(0.62 vs. 0.65) and the SEEp value was nearly equal to
the corresponding SEE value (387 vs. 378 ml·min21).
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TABLE 2. Modified V̇O2max prediction equations for cycle ergometry that were cross-validated against maximum incremental
test.*

Equation (EQ) Reference Equation

1M Jones et al. (24) V̇O2max L·min21 5 0.046 (htpcm) 20.021 (age) 2 3.389
2M Jones et al. (24) V̇O2max L·min21 5 0.025 (htpcm) 2 0.023 (age) 1 0.019 (wtpkg) 1 0.15 (lei) 21.574
3M Storer et al. (37) V̇O2max ml·min21 5 (10.51 3 Wmax) 1 (6.35 3 BW) 2 (10.49 3 age) 1 303.3
4M Wasserman et al. (41) V̇O2max ml·min21 5 [(nwt 1 awt)/2] 3 (50.722(0.372 3 age)) 1 1,219
5M Fairbarn et al. (14) V̇O2max L·min21 5 (0.023 3 htpcm) 1 (0.0117 3 BW) 2 (0.031 3 age) 1 0.251
6M Neder et al. (31) V̇O2peak ml·min21 5 (224.5 3 age) 1 (14.3 3 BW) 1 (4.9 3 htpcm) 1 (197.1 3 lei)

1 2292
7M Cooper and Storer (11) V̇O2max L·min21 5 [(0.0716 3 htpmeters) 2 0.0518] 3 [44.22 2 (0.394 3 age)] 1

(0.0058 3 ABW) 1 1.415
8M Davis et al. (12) V̇O2max L·min21 5 (2.6538 1 (0.0167 [wtpkg]) 2 [0.0296 (age)]) 1 1.310
9M Sensormedics (33) V̇O2max L·min21 5 (20.28 3 age) 1 (0.034 3 htpcm) 1 (0.22 3 wtpkg) 2 2.65

* For EQ 1 and 2, the original equation used gender as a predictor variable (0 5 males; 1 5 females). Age 5 years; lei 5 leisure
time score; nwt 5 normal predicted weight (kg); awt 5 actual weight (kg); BW 5 body weight (kg); ABW 5 actual body weight (kg).

TABLE 3. Cross-validation of the modified equations for maximal oxygen uptake (V̇O2max) in aerobically trained men (N 5 50).*

Equation Reference

Predicted V̇O2max
ml·min21

(mean 6 SD) CE t r
SEE

(ml·min21) SEE%†
TE

(ml·min21) % TE‡

1M Jones et al. (24) 4,135 6 413 61 0.81 0.62 535 13% 534 13%
2M Jones et al. (24) 4,120 6 406 77 1.01 0.62 536 13% 537 13%
3M Storer et al. (37) 4,171 6 711 25 0.57 0.90 296 7% 309 7%
4M Wasserman et al. (41) 4,111 6 418 85 1.07 0.57 563 13% 565 13%
5M Fairbarn et al. (14) 4,113 6 444 84 1.06 0.58 557 13% 560 13%
6M Neder et al. (31) 4,101 6 327 95 1.18 0.56 569 14% 574 14%
7M Cooper and Storer (11) 4,115 6 418 81 1.01 0.56 568 14% 569 14%
8M Davis et al. (12) 4,093 6 369 104 1.24 0.51 591 14% 595 14%
9M Sensormedics (33) 4,124 6 497 73 0.94 0.61 540 13% 545 13%

* All values from prediction equations were converted to ml·min21. Alpha adjusted by Bonferroni procedure (p , 0.05/9 5 0.006).
CE 5 constant error; SEE 5 standard error of estimate; TE 5 total error.

† %SEE calculated as (SEE/mean of actual V̇O2max 3 100).
‡ %TE calculated as (TE/mean of actual V̇O2max 3 100).

TABLE 4. Characteristics of subjects (mean 6 SD).

Derivation (N 5 112) Cross-validation (N 5 40)

Demographic information
Age (y)
Height (cm)
Weight (kg)

40.2 6 11.7
181 6 6.4
79.6 6 8.6

39.1 6 10.2
179 6 5.2
75.0 6 6.7

Activity patterns
Mode of exercise (number)

Triathletes
Cyclists
Marathoners
Adventure racers
Rowers
Swimmers

42
37
16
10
3
4

21
11
5
2
0
1

Years of training (y)
Frequency (sessions·wk21)
Duration (h·wk21)
Intensity of training (Borg 6–20)

6.5 6 3.0
8.0 6 3.5

12.4 6 4.5
15 6 1.8

6.6 6 3.6
8.8 6 3.5

13.2 6 5.1
15 6 2.0

Maximal cycle ergometer test
% predicted maximum heart rate (220 - age)
Ẇmax (W)
RPE* (6–20) at V̇O2max
V̇O2max (ml 3 min21)
V̇O2max (ml·kg21·min21)

98 6 6.0
360 6 64.0
18 6 1.2

4207 6 636.8
53.2 6 8.6

98 6 5.7
344 6 54.1
18 6 1.1

4005 6 587
53.7 6 8.4

*RPE 5 rate of perceived exertion.
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TABLE 5. Correlation matrix of V̇O2max and independent variables (N 5 112).

V̇O2max
(ml·min21) Weight (kg) Height (cm) Age (y)

Duration
(h·wk21)

Intensity
(Borg 6–20)

Years of
Training†

V̇O2max (ml·min21)
Weight (kg)
Height (cm)
Age (y)
Duration (h·wk21)
Intensity (Borg 6–20)
Years of training

—
0.26**
0.45**

20.37**
0.33**
0.35**
0.24*

—
0.47**
0.15

20.16
20.23*
20.16

—
20.09

0.01
20.05
20.05

—
20.20*

0.04
0.35**

—
0.15
0.14

—
0.32** —

* p , 0.05.
** p , 0.01.
† Natural log of years.

Table 6. New V̇O2max prediction equation for aerobically trained men (N 5 112).*

Equation
Weight

(kg)

Predictor Variables

Ht
(cm)

Age
(yrs) Duration Intensity

Years of
training†

Constant
(ml·min21) r

R2

(adjusted) Rp
2

SEE
(ml·min21)

SEEp

(ml·min21)

Present study 27.387 26.634 227.572 26.161 114.904 506.752 24609.791 0.82 0.65 0.62 378 387

* SEE 5 standard error of estimate; Rp
2 5 predicted residual sum of squares (PRESS) squared multiple correlation coefficient;

SEEp 5 PRESS standard error of estimate. Each predictor contributed significantly (p , 0.001) to the model beyond all of the other
predictors.

† Natural log of years.

TABLE 7. Cross-validation of new maximal oxygen uptake (V̇O2max) equation in a random independent sample of aerobically
trained men (N 5 40).*

Equation

Predicted V̇O2max
(ml·min21)

(mean 6 SD) CE t r
SEE

(ml·min21) SEE%† TE (ml·min21) % TE‡

Present study 4,091 6 441 286 21.36 0.73 401 10% 405 10%

* CE 5 constant error; SEE 5 standard error of estimate; TE 5 total error.
† %SEE calculated as (SEE/mean of actual V̇O2max 3 100).
‡ %TE calculated as (TE/mean of actual V̇O2 max 3 100).

Second Cross-Validation of the New Non–Exercise-
Based Equation using an Independent Sample (N 5
40)

Table 7 includes the results of the cross-validation anal-
yses for the new non–exercise-based equation (Table 6)
based on the subsample of 40 aerobically trained men
who were withheld from the derivation of the equation.
The mean predicted V̇O2max was 4,091 ml·min21 (Table
7) compared to the actual V̇O2max of 4,005 ml·min21 (Ta-
ble 4). The CE value of 286 ml·min21 was not statistically
significant (p . 0.05). The validity coefficient (r) and SEE
values were 0.73 and 401 ml·min21, respectively. The TE
value was 405 ml·min21, which corresponded to a %TE of
10% of mean actual V̇O2max.

DISCUSSION

The cross-validation analyses of the modified equations
in the present study (Table 3) resulted in lower CE, SEE,
and TE values and higher validity coefficients (r) for all
equations when compared with the cross-validation of the
original equations reported by Malek et al. (28). While the
accuracy of the modified equations improved, the %TE
values for the non–exercise-based equations (EQ 1M, 2M,
4M, 5M, 6M, 7M, and 8M) were $ 13%. Only equation
3M had a %TE 5 7%, which was an improvement from
the original cross-validation (%TE 5 10%) reported by

Malek et al. (28). However, EQ 3M is limited for practical
use, because it requires a maximal cycle ergometer test
to determine Ẇmax for the estimation of V̇O2max. There-
fore, in cases where Ẇmax is known, the modified version
of EQ 3M (Table 2) is recommended for estimating
V̇O2max in aerobically trained men.

To increase the predictive accuracy of the non–exer-
cise-based equations, we developed an equation which
combined habitual physical activity indices with tradi-
tional predictor variables such as age, height, and weight.
As a result, the new non–exercise-based equation in the
present study resulted in a validity coefficient of R 5 0.82
and a SEE of 378 ml·min21 (Table 6). This SEE value was
substantially less than those for the modified non–exer-
cise-based equations (Table 3; 536 to 591 ml·min21) cross-
validated in the present study. This improvement may be
explained, in part, by using information about the sub-
jects’ habitual physical activity in the regression model.
To examine the unique contribution of the habitual phys-
ical activity indices in addition to the traditional predictor
variables, we used hierarchical linear regression to de-
velop the model. In the current study, the regression
equation yielded R2-adjusted 5 0.19 when using only
height and weight. This value increased to R2-adjusted 5
0.32 when age was added to the equation. Next, the ha-
bitual physical activity indices (e.g., duration, intensity of
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the exercise performed, and length of time performing ha-
bitual physical activity) were added in the final 3 steps
of the regression model, resulting in R2-adjusted values
of 0.39, 0.55, and 0.65, respectively. These findings indi-
cate that the habitual physical activity indices signifi-
cantly improved the accuracy for the estimation of
V̇O2max in aerobically trained men above and beyond var-
iables such as age, height, and weight.

An essential concern in developing a new equation is
how well the model will work for new cases from the same
population. Holiday et al. (22) stated, ‘‘A central tenet of
cross-validation is that the custodians of the model should
not release a prediction equation to the user community
without some assurance that it will do a good job.’’ To
determine the generalizability of the new equation (Table
6), we conducted 2 series of cross-validation analyses
based on PRESS and split sample methodologies. For the
PRESS procedure, the R2-adjusted for the new equation
(R2 5 0.65) and R2

p (R2
p 5 0.62) were comparable. A sim-

ilar result was found for the SEE (387 ml·min21) and
SEEp (378 ml·min21) values. The predictive accuracy of
the non–exercise-based equation (Table 6) was further de-
termined using a split sample procedure, and the actual
V̇O2max values for an independent cross-validation sam-
ple of aerobically trained men (N 5 40) was compared to
estimated V̇O2max values from the new non–exercise-
based equation. The results indicated close agreement be-
tween the actual and predicted V̇O2max values, as rep-
resented by the small, nonsignificant CE value (286
ml·min21). In addition, the SEE% of 10% was at least 3%
less than those for the modified non–exercise-based equa-
tions examined in the present study (Table 3). This value
was within the 10 to 20% range reported for estimating
V̇O2max through submaximal exercise testing (29). Fur-
thermore, the TE, which is the best single criterion for
determining the accuracy of an equation because it com-
bines the error associated with the SEE and CE (27), was
405 ml·min21, which corresponded to a %TE of 10%. This
value was also 3 to 4% lower than those for the modified
non–exercise-based equations (Table 3). Therefore, based
on the results of both the PRESS and split sample cross-
validation analyses, the new non–exercise-equation de-
rived in the present study is recommended for estimating
V̇O2max for aerobically trained men.

PRACTICAL APPLICATIONS

The present study provides information not previously
addressed in the literature regarding the accuracy and
validity of V̇O2max prediction equations for aerobically
trained men. The present findings, in conjunction with
those of Malek et al. (28), indicate that there were large
errors associated with the original and modified non–ex-
ercise-based equations for estimating V̇O2max in aerobi-
cally trained men. The modified equation of Storer et al.
(Table 2) is recommended for estimating V̇O2max in aer-
obically trained men when Ẇmax is known. The deter-
mination of Ẇmax, however, requires a maximal, incre-
mental cycle ergometer test, and therefore, it may be that
the equation’s predictive accuracy is outweighed by its
lack of practicality. To resolve this issue, a new non–ex-
ercise-based equation was developed, which is valid and
practical for estimating V̇O2max in aerobically trained
men.

Note: Data were collected while Mr. Malek was a re-

search associate in the David Geffen School of Medicine
at UCLA.
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