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Abstract The purpose of this study was to develop a
method to determine the power output at which oxygen
uptake (VO,) during an incremental exercise test begins
to rise non-linearly. A group of 26 healthy non-smoking
men [mean age 22.1 (SD 1.4) years, body mass 73.6 (SD
7.4) kg, height 179.4 (SD 7.5) cm, maximal oxygen up-
take (VOzmax)3.726 (SD 0.363) 1 - min~'], experienced
in laboratory tests, were the subjects in this study. They
performed an incremental exercise test on a cycle
ergometer at a pedalling rate of 70 rev - min™'. The test
started at a power output of 30 W, followed by increases
amounting to 30 W every 3 min. At 5 min prior to the
first exercise intensity, at the end of each stage of exer-
cise protocol, blood samples (1 ml each) were taken
from an antecubital vein. The samples were analysed for
plasma lactate concentration [La]y; partial pressure of
0, and CO, and hydrogen ion concentration [H " ],. The
lactate threshold (LT) in this study was defined as the
highest power output above which [La™], showed a
sustained increase of more than 0.5 mmol - 17! - step™.
The VO, was measured breath-by-breath. In the analysis
of the change point (CP) of VO, during the incremental
exercise test, a two-phase model was assumed for the
3rd-min-data  of each step of the test:
Xi:ati—&—b—l—ﬁ,» for i = 1,2,...,T, and E(/Yl) >at,»—|—b
fori=T+1,...,n, where Xy, ..., X, are independent
and & ~ N(0, ¢%). In the first phase, a linear relationship
between 'O, and power output was assumed, whereas
in the second phase an additional increase in V'O, above
the values expected from the linear model was allowed.
The power output at which the first phase ended was
called the change point in oxygen uptake (CP-VO,). The
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identification of the model consisted of two steps: testing
for the existence of CP and estimating its location. Both
procedures were based on suitably normalised recursive
residuals. We showed that in 25 out of 26 subjects it was
possible to determine the CP-V'O, as described in our
model. The power output at CP-VO, amounted to
136.8 (SD 31.3) W. It was only 11 W — non significantly
— higher than the power output corresponding to LT.
The VO, at CP-VO, amounted to 1.828 (SD
0.356) 1 - min_f was [48.9 (SD 7.9)% VOsmax]. The
[La™], at CP-VO,, amounting to 2.57 (SD 0.69) mmo-
1-17" was significantly elevated (P<0.01) above the
resting level [1.85 (SD 0.46) mmol - 17", however the
[H*], at CP-7 O, amounting to 45.1 (SD 3.0) nmol - 17!,
was not significantly different from the values at rest
which amounted to 44.14 (SD 2.79) nmol - l_l_. An in-
crease of power output of 30 W above CP-VO, was
accompanied by a significant increase in [H "], above the
resting level (P = 0.03).

Key words Acid-base balance - Exercise - Oxygen
uptake - Power output

Introduction

The oxygen uptake—power output relationship is one of
the most often applied physiological characteristics de-
scribing exercise tolerance in humans. Lower oxygen
uptake (VO,) at a given power output is considered as a
sign of higher locomotory efficiency. It has generally
been believed that VO, increases linearly with power
output (Astrand and Rodahl 1986; Wilmore and Costill
1994; Brooks et al. 1996). On the other hand, it has
recently been shown that when performing an incre-
mental exercise test, exceeding the power output corre-
sponding to the lactate threshold (LT) is accompanied
by a significant rise in /O, above that expected from the
linear relationship VO,—power output (Zoladz et al.
1994, 1995, 1998).
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It is of interest that both the deviation from linearity
in VO, occurring during an incremental exercise test as
discussed above, and the slow component of VO, ki-
netics (expressed by the differences in VO, between 6th
and 3rd min of cycling at a constant power output;
Whipp and Wasserman 1972) become visible just above
LT. This may suggest a similarity in the physiological
mechanism responsible for this phenomenon.

In recent decades, starting with the work by Was-
serman and Mcllory (1964) the incremental exercise
tests have been most frequently used to determine the
anaerobic  threshold and maximal oxygen uptake
(VO2max), but surprisingly very little attention has been
paid to a careful study of the VO,—power output rela-
tionship.

As illustrated by earlier studies (Zoladz et al. 1994,
1995, 1998), an increase in power output above LT re-
quires a substantial increase in VO, significantly ex-
ceeding the value expected from the VO,—power output
relationship below LT. Such a reduction in locomotory
efficiency requires an increase in minute ventilation and
greater oxygen delivery, which seems to apply particu-
larly to patients whose exercise tolerance is mainly lim-
ited by cardio-respiratory disorders (see Poole et al.
1994b).

We postulate that the power output above which
there is an increase in V'O, above that expected from the
linear relationship between VO, and power output, de-
termined during the incremental exercise test, may be
used as an additional criterion characterising human
locomotory efficiency and exercise tolerance. To the best
of our knowledge, no attempt has been made so far to
apply quantitative methods to the problem of detecting
the exercise intensity above which a further increase of
power output causes a non-proportional increase in
VO;.

Our experience shows that standard techniques for
detecting changes in regression relationships, for exam-
ple those based on recursive residuals (e.g. Brown et al.
1975), are not sensitive enough when applied to our
problem. In this study, therefore, we developed a new
method, also based on recursive residuals, which, in
addition, exploits a special structure of the problem and
is able to detect change points efficiently.

Methods

Subjects

A group of 26 healthy non-smoking men [mean age 22.1 (SD 1.4)
years, body mass 73.6 (SD 7.4) kg, height 179.4 (SD 7.5) cm, body
fat 10.5 (SD 3.8) percentage body mass, VOipax3.726 (SD
0.363) 1 - min™"], experienced in laboratory tests, were the subjects
in this study. During an interview a medical history and physical
examination were completed and basic blood tests for haemoglobin
concentration ([Hb]), haematocrit value (Hct), erythrocyte count
(E), leucocyte count (L), sodium (Na ™), potassium (K ) and cre-
atinine (Cr) were carried out (Table 1).

Exercise protocol

After 5-min rest sitting on the cycle ergometer (Ergoline 800s, The
Netherlands) the subjects performed an incremental exercise test at
a pedalling rate of 70 rev - min~!. The test started at a power
output of 30 W, followed by increases of 30 W every 3 min. The
subjects were encouraged to continue the test until they were ex-
hausted which was taken to be the point at which they could no
longer maintain the required pedalling rates. All tests were per-
formed on the same ergometer.

Gas exchange variables

Gas exchange variables were measured continuously breath-by-
breath using an Oxycon apparatus (Champion Jaeger, Germany),
starting from the Sth min prior to exercise until the test was com-
pleted. Before and after each test, the gas analysers were calibrated
with certified calibration gases as has been described previously by
Zoladz et al. 1995.

Blood sampling and analysis

At 5 min prior to exercise, at the end of each stage of exercise (the
last 15 s before increasing power output) and at the moment of
ending the exercise protocol blood samples (1 ml each) were taken
from an antecubital vein using catheters [Abbot Int-Catheter, Ire-
land (18G/1.2 x 45 mm)] inserted into the antecubital vein about
30 min prior to the onset of exercise. The catheter was connected
with the extension set using a 7’ Adapter (SL Abbot, Ireland; a
tube 10 cm in length). Immediately before the samples were taken
for an analysis, samples 1-ml of blood were taken to eliminate the
blood from the catheter and the T-set. A part of each sample
(90 pl) of blood was used for the detection of blood gases (blood
partial pressure of oxygen and carbondioxide, PO, and PCO,) and
blood hydrogen ion concentration [H " Jp.

Portions of 0.5-ml blood from each sample were placed in 1.8-
ml Eppendorf tubes containing 1-mg ammonium oxalate and 5-mg
sodium fluoride and mixed for about 20 s. Subsequently, to sepa-
rate plasma for performing measurements of lactate concentration,
the blood samples were centrifuged. Samples of blood plasma
(200 pl) were stored for further analysis at a temperature of minus
25°C. The PO, and PCO,, as well as [H "], were determined using a

Table 1 Values for haematocrit (Hct), haemoglobin concentration (Hb), erythrocyte count (E), leukocyte count (L), sodium (Na'),
potassium (K ) and creatinine concentrations [(Cr)] determined in blood from an antecubital vein

Hect Hb E L Na™ K* [Cr]
(vol.%) (%) (10° - mm™* (1000 - mm™)  (mmol - 171 (mmol - 17") (umol - 171
Minimal 40.4 13.9 4.47 4.5 142.5 3.61 58.3
Maximal 50.2 16.9 5.59 9.0 149.5 5.51 104.9
Mean 45.5 15.5 5.23 6.1 145.3 4.44 83.7
SD 2.7 0.9 0.6 1.2 1.8 0.50 12.1




Ciba-Corning 248 analyser (England). The blood bicarbonate
concentration [HCO;™ ], and the base excess were calculated by this
unit. Plasma lactate concentration ([La],,) was measured using an
automatic analyser (Ektachem XR 700, Kodak, USA). Serum Na*
and K" concentrations were determined using a flame photometer
(Ciba Corning Model 480, England). Blood Cr concentration was
determined by a kinetics method based on the reaction with picric
acid using an automatic analyser (Express 550 CBI, England). The
[Hb], Hct value, E and L were determined using an automatic
haematological analyser (Baker 9000, USA). The percentage of
body fat was assessed according to Hassager et al. 1986.

Lactate threshold

The LT in this study was defined as the highest power output above
which [La’lpl showed a sustained increase of more than 0.5 mmol
17! - step™! (Zoladz et al. 1995).

Detection of the change point in VO,

A visual inspection of the data and a previous study (see Zoladz
et al. 1995) suggested the following model for the observed 3rd-min
data of VOy;

Xi=ati+b+¢ fori:l,Z,...,T (1)

EX;) >at;+b fori=T+1,...,n

where X1, ..., X, are independent, ¢ ~ N(0, 6?), and T can possibly
be equal to n, in which case all data points would be modelled by the
same linear regression equation. If 7 is less than n then the linear
regression model holds for Xy, ..., Xyand X7, ..., X, tend to lie
above that linear regression line. We do not assume any specific
functional form for the non-linear part of the model. The #;s can
represent minutes counted from the beginning of the test or for any
linear function of time, e.g. the power output.

The above model is a form of what has been described in the
literature as a change point (CP) problem (Brown et al. 1975; James
et al. 1987, Antoch and Huskova 1989, and the references quoted
therein). Standard procedures for testing constancy of regression
relationships, described in the references given above, fail to detect
CP in our model, however. This is partly because of small sample
sizes, about 1012 at best, and also because CP often occurs close
to the beginning of data. What makes our CP detection problem
solvable at all are very small variances ¢ in the error terms ¢; in the
linear part of the model.

Application of the model given by Eq. 1 consisted of two steps:
testing for the existence of a CP and estimating its location 7. We
proposed to base both procedures on suitably normalised recursive
residuals.

We defined the k-linear-r-ahead recursive residual Vi as:

P kS(ty,. .. t) Xitr — Xitr
N Sy
where r = 1,2, ..., n-3,k = 3,4, ..., n—1, Xpsr = atysy + b is

the forecast for Xj;., based on the linear regression model
X = at + b fitted by least squares to the first k data points (z;, X7),
e (s X

Further,

B 1/2
Se={k=27"> —5(:')2}

i=1

is the usual estimator of ¢ obtained from the linear fit to the first k
data points, and

¢ ¢
Jup) = ! Zuf — <£1 Zu,)
=1

i=1

7 1/2

S(ul,.,.
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is a measure of dispersion of the numbers u;. The lower limit 3 for k&
follows from the fact that we need at least three points to fit straight
line reasonably. For a given, fixed r, we also have an upper limit
n—r for k, because k—r must not be greater than » for 7} to make
sense. Note an important difference between the standard proce-
dures based on recursive residuals, as discussed for example by
Brown et al. (1975), and our approach. Whereas the standard ap-
proach is to scale the residuals by the square root of the variance
estimate obtained from the straight line fit to all data points, we
have used the variance estimate obtained from the fit to the first k&
points only, thus taking advantage of small residuals, variances in
the linear part of the model. This is crucial for the test’s power in
our specific model.

It can be shown that if 7 = n, then ¥/ is ¢-Student distributed
with k-2 degrees of freedom, i.e.

Vi~ tiea .
Let us fix r. We can then compute the recursive residuals
ViV, (2)

n

If there is a CP when T is less than n, one can expect at least one of
the recursive residuals given by 2 to take on a value larger than
expected for a linear model with no CP, i.e. for T' = n. Thus, to test
Ho: T = n against H;: T<n, we proposed to use the test statistic
VVF = m'dX{V;, VZ7 e Vr }

?in—r

and to reject Hy when W, was greater than w,, where w, was
selected such that, under Hy, P(W,>w,) < o for a given signifi-
cance level o. Each individual V" was f;_,-distributed. They were
not, however, independent. Using the Bonferroni inequality test,
we produced a valid level-a test by taking w, to be the right-hand-
sided critical-value of the f;_, distribution at the significance level
o/(n—r-2). Equivalently, in terms of P-values, we computed the
overall P value for our test statistic W, as

(n=r=2). min Plt2>V}) (3)

3<k
i.e. n—r—2 times the minimum of the individual P values corre-
sponding to individual 7).

A crucial point in the test construction was the choice of . We
had to reconcile some conflicting requirements. On the one hand, r
should not be too small, because small » would have led to large n-
r—2 and to a possible loss of the power of the test (c.f. formula 3)
and because a larger r should have increased the power of the test
(a departure from linearity should have been more visible when a
longer-range forecast was compared with the observed X). On the
other hand, however, longer range forecasts would have had larger
variances, which would have made the differences Xj,, — X;,, less
significant, because S(¢1,..., %, t,) would have become larger in
that case. It was also intuitively clear that an optimal » would have
depended on the shape of the non-linear part of the model Eq. (1).
In effect, the choice of r was somewhat arbitrary.

In the case of our data, where n ranged from 8 to 11 and, in
most cases, the non-linear part of the model was exponentially
shaped, setting r = 2 or r = 3 gave the best results, in the sense of
most often detecting departures from linearity.

Having detected non-linearity, we were interested in estimating
the location T of CP. We were thus interested in locating the first
point significantly above the regression line fitted to all the previous
points, and we based the procedure on the k-linear-l-ahead recur-
sive residuals
V317V417'~-7V171 (4)

n

It was natural to set T = k, where Vkl was the first recursive residual
satisfying P(f—» > V!) < o, where o was a fixed threshold value.
Since the residuals given by Eq. were strongly correlated, it was
difficult to interpret the threshold value o precisely and quantita-
tively. It was clear, however, that the choice of o balanced the
relative loss we assigned to two possible errors: selecting 7' too
small and selecting T too large. If one considers the first kind of
error more serious than the second, then o should be selected
smaller than in the opposite case. In our study, we used o = 0.10.
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One important remark is in order here. Having detected CP at
T =k, with a fixed o, we might have been surprised that the P-
values computed for k > k, were often much higher than the as-
sumed o. This could not be interpreted, however, as a sign that
those points still belonged to the linear part of the model. This was
due to the fact that, for the points above CP, the P-values could not
be computed from the #,_,-distribution, as the model assumptions
were not fulfilled in that region. ¥} were t,_»-distributed only if all k
points X, ..., X; belonged to the linear part of the model. This was
why CP was set at the power output at which the P-value dropped
below a for the first time.

Results
The power output at CP-VO, and at LT

In the case of 25 out of 26 subjects tested, it was possible
to determine the CP in VO, (CP-VO;) during the in-
cremental exercise test, in the way described above. The
mean values of power output at the CP-VO, and at LT
amounted to 137 (SD 31) and 126 (SD 28) W, respec-
tively (Table 2). Typical examples of detection of CP-
VO, in subjects with low, average and high levels of
power output at the CP-VO, are presented by Fig. I,
panels A, B and C, respectively. Figure 2 gives the only
case (subject 3) in which CP-V'O, was not detectable by
our method. Individual values of the power output and
VO, determined at rest, at CP-VO,, at LT and at the
maximal power output (Pp,x) reached during the incre-

mental exercise test, are presented in Table 2. Tables 3
and 4 give the individual values of [La™],, [H"],, and
[HCOy |,,, determined at rest, at CP-V'O,, at LT and at
Prax reached during the incremental exercise test.

Comparison of the power output at CP-7O, and at LT

The power output and the differences of power outputs at
the detected CP-V'O, and at LT are by design discrete
variables: multiples of 30. In the 25 cases in which the CP-
VO, was detectable, those differences took the values of
- 60 (2 cases) - 30 (3 cases), 0 (9 cases), 30 (7 cases) and 60
(4 cases). To test the hypothesis that, on average, CP-V'O,
and LT coincide, we applied the standard y? test. With the
aim of obtaining acceptable bin counts, we formed three
classes: negative (5 cases), 0 (9 cases) and positive (11)
cases. Standard y” statistic for testing the null hypothesis
— probabilities of positive and negative differences are
equal — took the value of 2.25, which meant that the null
hypothesis was not rejected up to the test significance
level 0.13 (5 statistic with one degree of freedom). Thus,
on average, there was no significant difference between
power outputs at the detected CP-V O, and at LT. Notice,
however, that out sample size was rather small (n = 25),
and apparently the power outputs at CP tended to take
on values higher than at LT. It is plausible that the dif-
ferences at the power output would have become signi-
ficant if the sample size had been larger.

Table 2 Individual values of

power output and oxygen up- Subject Power output (W) VO, (ml - 17Y)
take (V' O,) determined at rest, . .
at thé Ch;I)lgg point in oxygen CP-7O, LT max Rest CP-7O, LT Ponax
uptake (CP-VO,), at the lactate
threshold (LT) and at the max- 1 210 180 330 318 2575 2258 4542
: 2 150 120 290 292 2070 1739 3818
imal power output (Ps) 3 90 270 301 1370 3387
reached during the incremental N -
exercise test (1 = 26 subjects) 4 150 90 280 344 2050 1418 4042
5 120 120 225 340 1682 1682 3219
6 120 120 315 340 1577 1577 4450
7 150 90 256 388 1976 1413 3751
8 90 90 275 327 1384 1384 3689
9 180 120 320 332 2299 1658 4360
10 180 120 320 371 2247 1689 4146
11 120 120 265 325 1588 1588 3517
12 120 120 290 435 1818 1818 3790
13 120 90 270 462 1648 1298 3778
14 180 150 284 456 2197 1970 3679
15 150 150 263 428 1849 1849 3467
16 120 120 270 402 1705 1705 3481
17 120 120 260 305 1636 1636 3340
18 90 120 255 308 1321 1675 3709
19 120 90 244 363 1594 1302 3284
20 120 150 267 353 1592 1929 3630
21 150 120 250 354 2243 1882 3558
22 90 150 270 339 1203 1970 3189
23 120 150 270 540 1610 1923 3406
24 180 180 310 489 2313 2313 3799
25 150 120 300 486 2048 1720 3842
26 120 180 310 264 1464 2112 4001
Mean 136.8 125.8 279.2 371.6 1828 1726 3726
SD 31.3 28.2 26.3 70.3 356 274 363
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VO, (ml * min™)

0 60 120 180 240 300 360

Power output (W)
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0 GIO 12l0 180 240 300 360

Power output (W)

Fig. 1 Typical examples of detection of the change point in oxygen
uptake (CP-V'O,) in subjects with low (panel A), average (panel B)
and high (panel C) levels of power output at CP-VO,. The linear
regression is based on the data below CP-VO,

Comparison of the VO,, [La™],, [H "], and [HCO; ], at
rest, at CP-V'O, and at the power output 30 W above
CP-7 0O,

The following differences were tested at the significance
level 0.05 by means of the standard Student’s ¢ test for
having expected values equal to 0:

A. The magnitude of VO, millilitres per minute
reached at CP-VO, was not significantly different
(P = 0.21) from the value reached at LT (Table 2). The
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y = 420.00 + 11.498x 12~ 0,993

VO, (ml* min™)

0 60 120 180 240 300

Power output (W)

Fig. 2 Oxygen uptake (VO,) during the incremental exercise test in
subject no. 3, in whom the change point in 7O, was not detectable

VO, reached at CP-FO, amounted to 1.828 (SD
0.356) 1 - min~', corresponding to 48.9 (SD 7.9)%
VOZmax-

 The [La™], at the power output corresponding to CP-
70, amounting to 2.57 (SD 0.69) mmol - 1! was sig-
nificantly (P <1 - 107*) elevated above the resting level,
amounting to (1.85 SD 0.46) mmol - I

The [H "], at CP-VO, was higher when compared to
the pre-exercise level [45.10 (SD 3.03) vs 44.13 (SD
2.79) nmol - 17, respectively], however, this increase did
not reach the level of significance (p =0.07).

The [HCO;lb at CP-VO, amounting to 24.88 (SD
1.44) mmol - 17 was significantly (p = 0.02) lower than
before the test [25.38 (SD 1.12) mmol - 17'; (Table 3).

B. The increase of power output by 30 W above the
change point in VO, (CP-VO, + 30) was accompanied
by more pronounced acidosis when compared to the
CP-V0; level. The [H '], at this power output was sig-
nificantly elevated (P = 0.03) compared to resting
conditions. Moreover, the increase of power output by
only 30 W above CP-V O, was accompanied by a further
significant increase (P<1-107°) of [La™],, and a sig-
nificant (P<1 - 107*) in [HCO;] in relation to the level
reached at CP-VO,. _

The individual values of VO, [La7],, [H'], and
[HCO;3 ]y, at rest, at CP-V'O; and at LT as well as at CP-
VO, + 30, are given in Table 3.

All variables involved tested positively for normality
using the Shapiro-Wilk test at the significance level of
0.05.

Discussion

The present study confirmed the suitability of using re-
cursive residuals to determine the power output above
which VO, during the incremental exercise test increases
more than proportionately with the increase of power
output. This characteristic exercise intensity (power
output) we have called CP-VO, (see Fig. 1). As illus-
trated by the data given in Table 2, the power output at
which CP-VO, occurred was very close — and not sig-
nificantly different from the power output at which LT
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Table 4 Individual values of [La7],, [Hlp, and [HCO3], de-
termined at the maximal power output reached during the incre-
mental test (n = 26). For definitions see Table 3

Subject [LaTp [H'p [HCO5]y
(mmol - 17 (nmol - 171 (mmol - 177)
1 11.7 49.2 19.2
2 11.6 54.4 18.1
3 10.1 54.7 17.3
4 10.7 58.0 17.2
5 10.8 52.2 18.0
6 12.3 55.8 17.0
7 13.5 59.4 16.3
8 15.4 57.4 15.5
9 15.5 56.4 17.7
10 14.1 57.5 18.0
11 15.0 55.3 16.6
12 9.1 51.4 21.0
13 9.3 54.6 18.2
14 9.6 54.3 20.1
15 9.8 51.3 20.2
16 5.6 453 23.7
17 9.2 53.3 17.6
18 8.8 49.1 20.8
19 10.7 55.0 19.8
20 15.3 49.4 18.0
21 7.2 48.8 21.3
22 7.6 48.8 21.0
23 6.8 46.3 18.8
24 8.0 58.3 18.0
25 12.0 56.1 14.6
26 9.8 54.8 17.7
Mean 10.75 53.35 18.53
SD 2.79 3.84 2.02

was found. The mean value of V0O, at CP-VO,
amounted to 49 (SD 8)% VOjmax. It is of interest that
the [La™], determined at CP-VO, was already signifi-
cantly elevated when compared to the pre-exercise level,
but [H "], determined at CP-V'O, was not significantly
different from the pre-exercise value. However, an in-
crease of only 30 W in power output above CP-VO, was
already accompanied by a significant increase in [H "],
in relation to the resting level (see Table 3). These results
suggested that the onset of the more than proportionate
increase in V'O, observed during the incremental exercise
test was accompanied by the onset of acidosis (see Ta-
ble 3, Fig. 3). On the other hand, as illustrated by the
individual data, in some subjects CP-VO, may have
occurred at lower or higher power outputs than LT.

~ The physiological mechanism responsible for CP-
VO, remains unclear. We believe that the physiological
background of CP-VO, has the same origin as the slow
component of V'O, kinetics (see Whipp and Wasserman
1972; Whipp 1994, 1996). A number of factors have been
suggested as a possible cause of the slow component of
VO, kinetics, which include an increase in concentration
of circulating catecholamines, an increase in muscle and
body temperature, an increase in the cost of respiratory
muscle work due to the intensification of hyperpnoea, an
increase in the involvement of additional muscle groups,
and recruitment of the less efficient type II muscle fibres
(for review see Whipp 1994).
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One may argue as to how far the pulmonary VO,
reflects VO, at the level of working locomotory muscle.
According to Poole et al. (1991), who have simulta-
neously measured the pulmonary VO, and the leg
muscle VO, during constant high power exercise, 86%
of the increase in the pulmonary VO, observed between
3rd and 21st min of cycling was attributable to the ex-
ercising muscles in the legs. This suggests that indeed
most of the additional increase in V'O, represents the fall
in efficiency of the working locomotory muscle cells. On
the other hand, studies by Saltin et al. (personal com-
munication) have not supported the data by Poole et al.
(1991) showing the lack of appearance of the slow
component of the VO, kinetics at the level of working
leg muscle. .

Since the slow component of V'O, kinetics is always
accompanied by an accelerated rate of increase in
[La™],;, the study of the relationship between the degree
of acidosis and the magnitude of the slow component of
VO, kinetics has attracted the attention of many re-
searchers in the last decade. It has been shown that the
magnitude of the slow component of VO, kinetics pos-
itively correlates with the rate of increase of [La™],
(Casaburi et al. 1987; Roston et al. 1987; Koike et al.
1990). This suggests that acidosis may play a regulatory
role in the slow component of the VO, kinetics. On
the other hand, neither infusion of lactate into working
dog gastrocnemius muscle (Poole et al. 1994a), nor
adrenaline-infusion-induced increase of blood lactate
concentration (Gasser et al. 1994), nor bicarbonate-in-
gestion-induced increase of [La™], (Zoladz et al. 1997a)
influenced the magnitude of the slow component of VO,
kinetics. On the other hand, Zoladz et al. (1997b) have
recently shown that pre-exercise acidification induced by
ingestion of NH4CI did increase the magnitude of the
slow component of VO, kinetics in each individual
subject.

One may also consider an intensification of the ex-
ercise hyperpnoea and an increase in the cost of
breathing as a possible cause of the non-linear increase
in VO, during an incremental exercise test. In our pre-
vious study (Zoladz et al. 1998) the increase of power
output from LT to Py, was accompanied by an increase
in the minute ventilation from 49.6 (SD 7.3) to
116.8 (SD 8.9) 1- min~'. On the basis of the data re-
ported by Aaron et al. (1992), one may calculate that
such an elevation of minute ventilation would increase
the respiratory muscle 'O, by about 200 ml. This esti-
mation would suggest that in our study about one-third
of the additional VO, [569 (SD 269) ml] observed at
Phax could be due to intensification of the exercise
hyperpnoea. However, taking into account the curvili-
near increase of minute ventilation above LT, the true
cost of hyperventilation at V' O;may is presumably smal-
ler than one-third of the additional V' O,.

It has been suggested that the most likely explanation
of a major part of the slow component of VO, kinetics is
recruitment of type II muscle fibres (Whipp 1994; Bar-
stow et al. 1996). Indeed it has been shown that indi-

viduals with a high percentage of type II muscle fibres
utilise substantially more oxygen at a given power out-
put than those with a higher proportion of type I (see
Coyle et al. 1992). Moreover, experiments in which se-
lective blocking of type I muscle fibres was obtained by
administration of a low dosage of tubocurarine have
shown a significantly higher oxygen cost of cycling at a
given power output at a pedalling rate of 60 rev - min™",
when compared to control conditions (Galbo et al.
1987). This supports the suggestions that type II muscle
fibres are indeed significantly less efficient than type I.

Little is known about the strategy of recruitment of
different types of muscle fibres; the available data sug-
gest that increasing power output at a given velocity of
muscle contraction causes a progressive recruitment of
type Ila and type IIb muscle fibres (see Sargeant and
Beelen 1993; Sargeant 1996). The reason why it requires
more oxygen for type I muscle fibres to generate a given
power output than type I remains unclear. It has been
postulated that the efficiency (the high energy phosphate
produced per oxygen molecule consumed) of mito-
chondria in type II muscle fibres appears to be lower
than that of mitochondria from type I muscle fibres (see
Willis and Jackman 1994).

In conclusion, the CP-VO; representing the highest
exercise intensity above which a further increase of
power output requires a more than proportionate in-
crease in V'O, can be detected by the method described
above. This characteristic exercise intensity indicates the
onset of a fall in human locomotory efficiency. This is
why we suggest that CP-VO, may be used as an addi-
tional physiological index when studying human exercise
tolerance.

Acknowledgement This study was supported by grant no. 4P 05 D
00109 from KBN, Poland, awarded to Dr Jerzy A. Zoladz. Dr
Zbigniew Szkutnik was also partially supported by KBN, Poland
under the grant number 10.420.03

References

Aaron EA, Seow KC, Johnson BD, Dempsey JA (1992) The oxy-
gen cost exercise hyperpnea: implications for performance. J
Appl Physiol 72:1818-1825

Antoch J, Huskova M (1989) Some M-tests for detection of change
in linear models. In: Mandl P, and Huskova M (eds) Proceed-
ings of the Fourth Prague Symposium on Asymptotic Statistics,
Charles University, Prague, pp 123-136

Astrand PO, Rodahl K (1986) Textbook of work physiology:
physiological bases of exercise. McGraw-Hill, New York, pp
300

Barstow T J, Jones AM, Nguyen PH, Casaburi R (1996) Influence
of muscular fiber type and pedal frequency on oxygen uptake
kinetics of heavy exercise. J. Appl. Physiol 81:1642-1650

Brooks GA, Fahey TD, White TP (1996) Exercise physiology:
human bioenergetics and its applications. Mayfield, Mountain
View, Calif., pp 174

Brown RL, Durbin J, Evans JM (1975) Techniques for testing the
constancy of regression relationships over time (with discus-
sions) J R Soc B 37, 149-192

Casaburi R, Storer TW, Ben-Dov I, Wasserman K (1987) Effect of
endurance training on the possible determinants of VO, during
heavy exercise. J Appl Physiol 62:199-207



Coyle EF, Sidossis LS, Horowitz JF, Beltz JD (1992) Cycling ef-
ficiency is related to the percentage of type I muscle fibres. Med
Sci Sports Exerc 24:782-788

Gaesser GA, Ward SA, Baum VC, Whipp BJ (1994) Effects of
infused epinephrine on slow phase of O, uptake kinetics during
heavy exercise in humans. J Appl Physiol 77:2413-2419

Galbo H, Kjaer M, Secher NH (1987) Cardiovascular, ventilatory
and catecholamine responses to maximal dynamic exercise in
partially curarized man. J Physiol (Lond) 389:557-568

Hassager Ch, Gotfredsen A, Jensen J, Christiansen C (1986) Pre-
diction of body composition by age, height, weight, and skin-
fold thickness in normal adults. Metab Clin Exp 35:1081-1084

James B, James, KL, Siegmund D (1987) Tests for change-point.
Schaffartzik 74:71-84

Koike A, Wasserman K, McKenzie DK, Zanconato S, Weiler-
Ravell D (1990) Evidence that diffusion limitation determines
oxygen uptake kinetics during exercise in humans. J Clin Invest
86:1698-1706

Poole DC, Schaffrartzik W, Knight DR, Derion T, Kennedt B,
Guy HJ, Prediletto R, Wagner PD (1991) Contribution of ex-
ercising legs to the slow component of oxygen uptake kinetics in
human. J Appl Physiol 71:1245-1253

Poole DC, Gladden LB, Kurdak S, Hogan MC (1994a) L-(+)-
lactate infusion into working dog gastrocnemius: no evidence
lactate per se mediates VO, slow component. J Appl Physiol
76:787-792

Poole DC, Barstow TJ, Gaesser GA, Willis WT, Whipp BJ (1994b)
VO, slow component physiological and functional significance.
Med Sci Sports Exerc 26:1354-1358

Roston WL, Whipp BJ, Davis JA, Cunningham DA, Effros RM,
Wasserman K (1987) Oxygen uptake kinetics and lactate con-
centration during exercise in humans. Am Rev Respir Dis
135:1080-1084

Sargeant AJ, Beelen A (1993) Human muscle fatigue in dynamic
exercise. In: Sargeant AJ, Kernell D (eds) Neuromuscular fa-
tigue. Royal Netherlands Academy of Arts and Science North-
Holland, Amsterdam, pp 81-92

377

Sargeant AJ (1996) Human power output — determinants of max-
imum performance. In: Marconnet P, Saltin B, Komi P,
Poortmans J (eds) Human muscular function during dynamic
exercise. Medicine and Sport Science Basel, Karger, vol. 41, pp
10-20

Wasserman K, Mcllroy MB (1964) Detecting the threshold of an-
aerobic metabolism. Am J Cardiol 14:844-852

Whipp BJ (1996) Domains of aerobic function and their limiting
parameters. In: Steinacker JM, Ward SA (eds) The physiology
and pathophysiology of exercise tolerance. Plenum Press, New
York, pp 83-89

Whipp BJ (1994) The slow component of O, uptake kinetics during
heavy exercise. Med Sci Sports Exerc 26:1319-1326

Whipp BJ, Wasserman K (1972) Oxygen uptake kinetics for vari-
ous intensities of constant load work. J Appl Physiol 33:351—
356

Willis WT, Jackman MR (1994) Mitochondrial function during
heavy exercise. Med Sci Sports Exerc 26:1347-1354

Willmore JH, Costill DL (1994) Physiology of sport and exercise.
Human Kinetics, Champaign, Ill., pp 110

Zoladz JA, Rademaker ACHJ, Sargeant AJ (1994) Non-linear in-
crease in oxygen uptake during progressive incremental exercise
test in man. J Physiol (Lond) 479:92 P

Zoladz JA, Rademaker ACHJ, Sargeant AJ (1995) Non-linear re-
lationship between O, uptake and power output at high inten-
sities of exercise in humans. J Physiol (Lond) 488:211-217

Zoladz JA, Duda K, Majerczak J, Domanski J, Emmerich J
(1997a) Metabolic alkalosis induced by pre-exercise ingestion of
NaHCO; does not modulate the slow component of VO, ki-
netics in humans. J Physiol Pharmacol 48.2:211-223

Zoladz JA, Duda K, Majerczak J, Domanski J, Emmerich J
(1997b) Influence of pre-exercise acidification on the VO,/
power output ratio in humans. J Physiol (Lond) 499:75P

Zoladz JA, Duda K, Majerczak J (1998) Oxygen uptake does not
increase linearly at high power outputs during incremental ex-
ercise test in humans. Eur J Appl Physiol 77:445-451



