








METHOD FOR DETECTING ANAEROBIC THRESHOLD

order function of time (9). The difference

between the
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extend over periods of 1 min to several.

Stroke volume is assumed to change little after exercise
has started, and therefore Q is assumed to vary during
the study in proportion to heart rate. The level of Q to
use in Eq. 1 is found by varying Q over a range of levels
and applying the correction at each level until a mini-
mum is found in the remaining fluctuations of Vco0,. The
Vco, with minimum fluctuations is then used for the V-
slope analysis. In the 10 studies, the value of Q for
unloaded exercise that was used in the correction ranged
from 4.5 to 8 1/min. )

Figure 4 shows a VCO; vs. VOg curve before and after
this correction process, demonstrating the effectiveness
of the correction. Unlike digital filtering, this smoothing
process removes a physiologically derived source of noise
without distorting the ability of VCO, to represent events
in the tissues. ) )

Respiratory compensation point. The VE vs. VC0, data
are divided into two linear segments as described below
for the AT (see Regression analysis). The intersection of
the two segments is the RC point if the change in slope
between them is greater than a preselected amount (15%
of the initial slope). If an RC point is found, its location
is transferred to the VCo, vs. VO, curve (e.g., Fig. 24)
and used as the upper boundary of the AT calculation.
Certain subjects, notably patients with obstructive lung
disease, may not have an RC point.

Distortion at start of incremental phase. At the start of
incremental exercise, VCO, rises with a slower time con-
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showing effect of smoothing Vco. by correcting for changes in gas
exchange due to fluctuations in arterial CO, partial pressure (Paco,)
using eq. 1 (see text). Lower curve is uncorrected data plotted in Figs.
1 and 2. Upper curve is corrected for fluctuations in end-tidal Pco,

(PETco,) as described by Eg. 1 in text.
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curve is divided into two regions, each of which is fitted
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tematically until the two lines best fit the data by maxi-
mizing the ratio of the greatest distance of the intersec-
tion point from the single regression line of the data to
the mean square error of regression. This solution is then
accepted as an AT if the change in slope from the lower
segment to the upper segment is >0.1. This test elim-
inates spurious results due to statistical variations in the
data. For example, even if no changes in slope exist in
the underlying process, the analysis will usually find two
segments with a small difference in slope because of
noise in the data.

A coefficient of variation of the detected intersection
can be estimated by interpreting the data as though the
fluctuations are based on a random distribution of the y-
axis variable with respect to each regression line. A
variance can be calculated of the y-axis location of each
regression line (as a function of the x-axis variable) (Ref.
20, p. 149). By geometry, this variance can be translated
into a variance of the x-location (V0,) of the intersection
with the other regression line. Then, assuming that the
errors of the regressions are independent, we add the two
variances to obtain the total variance of the intersection
point on the Vo, axis.

Another random error may arise in searching for the
optimum intersection point. The division point is moved
in intervals that may be of the same order as the uncer-
tainty in locating the intersection. This can be accounted
for in the estimate by assuming that a variance due to
this source is equal to the variance due to the regression
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panel member detected an AT for all 10 subjects and 2
panelists detected an AT in only 7 of the 10 subjects, but
an AT could be detected by all 6 panelists in only 5 out
of 10 subjects. The V-slope analysis yielded an AT value
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for all 10 subjects (Fig. 5).

The basic reasons for the dispersion of results among
the panel members (coefficients of variation, Table 1)
can be seen in Fig. 6, A and B, which shows curves of
the variables that were analyzed by the panel. The AT
points by the panel members are marked by vertical
lines. Subject 9 (Fig. 64) is the study with best agreement
among the panel members, all of whom identified an AT
which was quite close to that measured by the V-slope
method. Subject 5 (Fig. 6B), with only two panelists of
the six venturing to report an AT, represents the most
difficult study to interpret. In this case, the rise in VE
lagged the rise in VO, to such a degree that ventilation-
related quantities are not very useful for indicating a
transition, whereas the V-slope method is unaffected by
the lack of VE response. Visual location of the AT point

depends on the reviewers’ interpretation of the time
course of the underlying variables in the presence of
“noise”

The V02 at the V-slope AT, the Vo. » at the RC point,
and the V0, at maximum work rate (VO max) are shown
in Table 2. The V02 max was determined from a filtered
Vo, vs. time function at the point at which exercise was
stopped. The mean Vo, at the RC point is 75% of the
mean V02 max, and the mean Vo, at the AT is 73% of
mean VO, at the RC point.

Table 2 also shows the arterial lactate and HCOj;
concentrations at the V-slope AT points compared with
their base-line concentrations (their values at the lactate
and HCOj3 thresholds), which were determined by anal-
yses reported previously (3, 4). The AT was found by the
V-slope method to occur at a mean lactate increase of
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TABLE 1. Anaerobic thresholds determined
by gas exchange methods

Vo, at AT, l/min, De- Coefficients of Variation No.
termined by De-
Subj No. — —————————— tected
b,
V slope Panel avg V slope Panel avg Pazel
1 2.08 1.84 0.015 0.237 5
2 1.96 2.14 0.029 0.131 4
3 2.25 2.05 0.016 0.233 6
4 1.84 2.05 0.019 0.089 6
5 2.02 2.31 0.028 0.181 2
6 1.67 1.48 0.020 0.133 5
7 1.92 1.66 0.027 0.017 6
8 1.45 1.71 0.024 0.052 6
9 1.26 1.19 0.019 0.026 6
10 1.86 2.07 0.033 0.175 4
Mean = SD 1.83+0.30 1.85+0.34 0.023%+0.006 0.127+£0.080 5

Vo,, O, uptéke; AT, anaerobic threshold.

0.50 meq/1 above the lactate at the LT determined math-
ematically to be the point just before the lactate begins
to rise (3). The mean decrease of HCO3 below its base-
line value is 0.3 meq/1.

The locations of the V-slope gas exchange AT points
within the total range of lactate increase and HCOjz
decrease are illustrated in Fig. 7. The curves of Fig. 7
represent, for the 10 studies, the mean lactate variation
vs. VO, (Fig. 7A4) from Ref. 3 and the mean standard
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bicarbonate variation vs. V0, (Fig. 7B) from Ref. 4. On
these curves are plotted the lactate and HCOj3 values at
the gas exchange AT points determined by the V-slope
analysis. These points are positioned on the mean curves
at the same displacement relative to the thresholds of
lactate and HCOj3 as they would have on the curves in
their individual studies. Therefore, these plots illustrate
the relation of the gas exchange AT values to the arterial
lactate and HCOj3 concentrations.

The most significant finding in comparison with the
bicarbonate study was that the Vo0, at the mean gas
exchange AT of 1.83 + 0.30 1/min (Table 1)is not signif-
icantly different from the estimated Vo, at the mean
HCOj3 threshold of 1.78 + 0.24 (SD) 1/min (4).

DISCUSSION

It can be seen in Fig. 5 that all Vco, vs. VO, curves in
this study exhibit an evident change in slope during the
incremental phase of exercise. The point where this
change occurs signals the arrival of excess CO, at the
lung and clearly marks a transition in the VC0,-VO0,
relationship in the mixed venous blood. This reflects a
transition in the CO; production rate in the muscles that
occurs when lactic acid is produced faster than it is
catabolized, and the buffering of H* by HCOj3 results.
This observed transition is therefore identified as the gas
exchange AT point. For the 10 studies, the mean gas
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FIG. 6. Quantities used by panel members to detect anaerobic threshold (AT) point, plotted vs. time. AT points
detected by panel members are marked by vertical lines. AT point located by V-slope method is indicated by arrow.
VE, minute ventilation; Vco0y, CO, production; V0., O, uptake; Pgrcoz, end-tidal PCOs; Pgro, end-tidal Po.. A: subject
9. All 6 panel members detected anaerobic threshold (AT) points in this study (4 of the AT points were identical).
Study represents best agreement among panel members and with V-slope analysis. B: subject 5. Only 2 panel members
could detect AT points. Study represents most difficult of 10 studies to interpret by this method. V-slope method
showed good agreement with lactate and bicarbonate (HCO3) thresholds.
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TABLE 2. Anaerobic thresholds determined during incremental work rate test

METHOD FOR DETECTING ANAEROBIC THRESHOLD

) V0, 1/min Vo, [La], meq/1 [HCO3], meq/1

Subj No. - _— ! /m“i’;:" - — — — —

at AT at RC at LT at AT Base at AT

1 2.08 2.57 3.10 0.71 1.74 23.8 23.0

2 1.96 2.63 3.36 0.76 0.74 24.6 24.6

3 2.25 3.10 3.95 0.60 1.28 25.0 23.8

4 1.84 2.40 3.20 0.57 1.27 24.2 23.7

5 2.02 2.91 3.40 0.66 1.45 23.7 23.2

6 1.67 2.18 3.50 0.68 1.10 22.4 22.2

7 1.92 2.87 3.60 0.59 1.25 24.6 24.1

8 1.45 2.00 3.00 0.60 0.59 25.9 25.9

9 1.26 1.76 2.90 0.64 0.95 24.0 24.0

10 1.86 2.63 3.45 0.73 1.16 23.2 23.2
Mean = SD 1.83+0.30 2.5140.42 3.35+0.31 0.65%+0.07 1.15+0.33 24.1x1.0 23.8+1.0

V0., O;uptake at anaefoﬁ: thresholli (AT) and aitirréspiratory compensation point (RC) determir'lré‘d by V-slope gr_iélyszs; Vézmﬂx, Vongt
maximum work rate; [La], lactate concentration at lactate threshold (L'T) at V-slope AT; [HCO3], bicarbonate concentration at base line (Base)

at V-slope AT.
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FIG. 7. A: Mean lactate vs. O, uptake (V0y) curve for the 10 subjects,
taken from lactate data of Ref. 3. Plotted points show displacement of
gas-exchange anaerobic threshold (AT) detected by V-slope calculation
referenced to mean lactate curve. Each point has same location relative
to mean lactate threshold (LT) as it was located relative to LT in
individual study. Mean lactate value of these points is 0.5 meq/l above
lactate level at LT, showing gas exchange AT to be a good estimator
of LT. B: Mean bicarbonate (HCO3) vs. VCO; curve for 10 subjects
taken from standard HCO3 data of Ref. 4. Plotted points show displace-
ment of gas exchange anaerobic threshold detected by V-slope calcu-
lation referenced to mean HCOj curve. Each point has the same
location relative to the mean HCOj threshold as it was located relative
to HCOj3 threshold in individual study. Mean Vo, of gas exchange AT
does not differ significantly from mean HCO3 threshold.

exchange AT does not differ significantly from the best
estimate of the mean threshold at which arterial HCO3
begins to decrease [1.83 £ 0.30 (SD) as compared with
1.78 £ 0.24 (SD) 1/min of V0., respectively] (4).

The average lactate increment at the gas exchange AT,
above the threshold where lactate just begins to rise was
0.5 meq/1 + 0.34 (SD) (Table 2). This indicates that the
gas exchange AT is a good estimate of a LT that is
defined as 0.5 meq/1 above the prethreshold, or base-line,
level. The range of lactate increment at the gas exchange
AT in the 10 studies was 0.0-1.0 meq/l. Previous studies
(5, 7) have indicated that, in incremental exercise tests,
the gas exchange AT is below (7), or no different from
(5), the L'T. In these and other previous studies, the LT
as well as the gas exchange AT were visually identified
from graphical data. Because lactate concentration be-
gins to rise slowly at the threshold, selection of the LT
is a matter of judgement, particularly when estimated
from rectilinear plots. In our lactate studies (3), statis-

tical means were used to identify the LT at the point
where arterial lactate just begins to increase. If the LT
were defined at a lactate increase of 0.5 meq/1 above base
line, we also would find no mean difference with the gas
exchange AT.

The mean location of the AT detected by the panel
was not significantly different from the mean of the V-
slope AT points (Table 1). However, the coefficients of
variation were quite different (Table 1). These differ-
ences may come from two sources: 1) the variables used
in the V-slope analysis are less influenced by variations
in ventilation unrelated to CO, flow; and 2) the V-slope
analysis makes use, mathematically, of all relevant data
points before and after the AT, whereas visual detection
may have difficulty interpreting variations in the graph-
ical data (Fig. 6).

Green et al. (8) found mean lactate at the gas exchange
AT to be 2.56 meq/l, which was about 1.5 meq/l above
the base-line value. Their multisegment regression anal-
ysis (17) attempts to find three linear segments of the
VE vs. VO, curve connected by two intersection points,
the upper of which would correspond to the RC point
and the lower to the AT point. Their method will, how-
ever, also accept a two-segment solution if a smaller
mean square error results (this alternative is needed in
case an RC point does not exist). With noisy data and a
relatively small change in slope at the AT, this method
may find only the RC point and identify it as the AT.
The VE vs. VO, curve of Fig. 2C illustrates a case where
this might happen. If a number of AT values detected in
the study of Green et al. (8) were actually RC points, the
relatively high mean value of lactate at the AT that they
reported could be explained.

The onset of excess CO, production in response to
lactate accumulation is the fundamental event that is to
be detected by gas exchange analysis, and the analysis of
Vo, vs. VO, directly addresses this. Although VE is, in
general, closely coupled to CO, flow, there are many
conditions when the ventilatory response may lag the
metabolic response (e.g., obesity, airflow obstruction,
chemoreceptor insensitivity). Methods relying on VE
changes are not effective in these cases, but the V-slope
analysis, which detects the increased CO, production
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from buffering metabolic acid, addresses the central
mechanism of the anaerobic threshold and is therefore
more widely applicable.

This study was supported by National Heart, Lung, and Blood
Institute Grant HL-11907.
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