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ABSTRACT

D

uring recovery from intense exercise, blood lactate
concentration ([Lacj]B) decreases more rapidly
when light to moderate exercise is performed
(2,3,9,30). In fact, during active recovery at 30–70% of
peak oxygen uptake (V̇O2peak), Laj is used as a substrate
for oxidative metabolism, thereby increasing the rate of Laj
removal from the circulatory system (3). Moreover, the rate
of decline in [Lacj]B is also influenced by the training state,
as demonstrated by the higher rates of Laj removal in
endurance-trained subjects (4,25).
It has also been suggested that the inspiratory muscles
may affect [Lacj]B levels during exercise (11,20,28). A
number of studies have demonstrated that, after specific
inspiratory muscle training, [Lacj]B is lowered at a given
intensity of exercise, which has been partially attributed to

an improvement in the ability of inspiratory muscles to
metabolize Laj (21,28). Moreover, earlier animal studies
have suggested that inspiratory muscles might be net
consumers of Laj during exercise (11,20). However there
is no evidence that the activation of inspiratory muscles
during recovery of exercise may alter Laj removal. Therefore, the purpose of the present study was to test the
hypothesis that activation of inspiratory muscles during
recovery of intense exercise would contribute to Laj
clearance, thus leading to reduced [Lacj]B when compared
with passive recovery.

METHODS
Subjects. Twelve healthy men (mean (T SD) age, 28 T
2 yr; body weight, 78 T 5 kg; height, 179 T 3 cm)
participated in the study. All subjects had normal medical
history, physical examination, and resting and exercise
electrocardiograms. None of the subjects were taking any
medications or smoked. They were informed of the
discomforts and risks involved, and their written informed
consent was obtained before the study. The experimental
protocol was approved by the committee for ethics in
research of the Hospital de Clinicas de Porto Alegre.
Protocol. Subjects came to the laboratory on two
nonconsecutive days to perform maximal incremental
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TABLE 1. Results obtained at peak exercise with and without inspiratory resistance in
the recovery period.

Peak
Peak
Peak
Peak
Peak
Peak
Peak
Peak
Peak
Peak
Peak

heart rate (bpm)
SBP (mm Hg)
V̇O2 (mLIminj1Ikgj1)
V̇E (LIminj1)
V̇CO2 (LIminj1)
RER
VT (L)
TI
TE
f (breaths per minute)
power (W)

With
Resistance

Without
Resistance

P
Value

189 T 11
172 T 10
45 T 5
150 T 21
4.5 T 0.6
1.3 T 0.1
2.8 T 0.7
0.58 T 0.12
0.56 T 0.13
55 T 18
301 T 16

188 T 9
174 T 11
46 T 5
147 T 25
4.4 T 0.6
1.3 T 0.2
2.8 T 0.8
0.6 T 0.1
0.6 T 0.2
54 T 13
298 T 14

0.90
0.60
0.90
0.89
0.80
0.60
0.44
0.12
0.25
0.40
0.65
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Data are presented as means T SD. SBP, systolic blood pressure; V̇O2, oxygen uptake;
V̇E, minute ventilation, V̇CO2, carbon dioxide output; RER, respiratory exchange ratio;
VT, tidal volume; TI, inspiratory time; TE, expiratory time; f, breathing frequency.

exercise, followed by 20 min of recovery. Before both
experiments, a canulla was inserted into one of the superficial
dorsal hand veins (near the dorsal vein arch), and a heating
pad was used to obtain arterialized venous blood samples of
blood gases and [Lacj]B. In one experimental condition, an
inspiratory resistance fixed at 15 cm H2O was connected to
the breathing apparatus immediately after the end of the
test. This inspiratory resistance has been previously shown
to affect the oxygen-uptake kinetics during exercise (8). In
the other experimental condition, subjects performed the
same test, followed by a 20 min recovery period, without an
inspiratory load. The order of the tests, with and without
inspiratory resistance, was randomized.
Maximal incremental exercise tests. After a period
of adaptation to the procedures, subjects set quietly for 15 min
to obtain baseline values for resting oxygen uptake (V̇O2).
Experiments were performed on an electrically braked cycle
ergometer (ER-900, Ergoline, Jaeger, Würzburg, Germany).
The incremental exercise test started with a period of 3 min
without resistance, followed by increments of 20 W every

FIGURE 1—Mean (T SD) arterialized blood lactate concentration during
recovery with (filled circles) or without (open circles) inspiratory resistance.
ANOVA for repeated measures: group effect P > 0.05; time effect P G
0.05; interaction P G 0.05. * Significantly different by Tukey–Kramer_s
post hoc procedure.

112

Official Journal of the American College of Sports Medicine

min until the subjects reached volitional fatigue. Pedaling
rate was maintained at 60–70 rpm. During the procedure,
gas exchange was measured breath-by-breath by a
previously validated system (Metalyzer 3B, CPX System,
Cortex, Leipzig, Germany) (23), which includes rapid O2
and CO2 analyzers and a turbine. The system was connected
to a two-way Lloyd valve (Warren E. Collins, Inc.,
Braintree, MA) with low resistance (G 1.5 cm H2O at
3 LIsj1). For the recovery period with added inspiratory
resistance, a threshold system device (Threshold, IMT,
Healthscan Products Inc., Cedar Grove, NJ) was inserted
on the inspiratory part of the valve. The same system was
also used for the control situation, but without inspiratory
resistance. This type of inspiratory load maintains a constant
resistance, whatever the ventilation level (10). Heart rate was
measured from the R–R interval of an electrocardiogram

FIGURE 2—pH, PCO2, and HCO3j mean values (T SD) with (filled
circles) or without (open circles) inspiratory resistance in the recovery
period. ANOVA for repeated measures: P > 0.05.
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(Nihon Khoden Corp., Tokyo, Japan), using a 12-lead
arrangement. Blood pressure was measured every 2 min
with a standard cuff sphygmomanometer.

FIGURE 4—Mean (T SD) V̇E and VT, expressed as percentages of peak values (left panels), as well as VA and TI/TTOT (right panels) during recovery
with (filled circles) or without (open circles) inspiratory resistance. P > 0.05 for the mean area under the curve in the two conditions for V̇E. P G 0.05
for the mean area under the curve in the two conditions for VT, VA, and TI/TTOT.
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FIGURE 3—Mean (T SD) V̇O2, expressed as a percentage of V̇O2peak,
during recovery with (filled circles) or without (open circles) inspiratory resistance. P G 0.05 for the mean area under the curve in the two
conditions. EPOC, excess postexercise oxygen consumption.

Values for V̇O2, carbon dioxide output (V̇CO2), minute
ventilation (V̇E), end-tidal partial pressure of carbon dioxide
(PETCO2), ventilatory equivalent for carbon dioxide (V̇E/
[V̇CO2]), ventilatory equivalent for oxygen (V̇E/[V̇O2]), tidal
volume (VT), alveolar ventilation (VA = V̇E (1 j VD/[VT]),
and inspiratory/expiratory time ratio (TI/TTOT) were calculated from the measured variables and smoothed by using a
10-s moving average to reduce noise from the respiratory
cycle, breath-to-breath VT variation. Excess postexercise
oxygen consumption (EPOC) (amount of oxygen consumed
in excess of resting after exercise, as measured in liters) was
calculated as the integrated area for the recovery V̇O2 curve
minus the mean preexercise value (19).
Blood sampling. Arterialized venous blood samples
were drawn before exercise, immediately after exercise,
and at 3, 5, 7, 9, 11, 13, and 15 min during recovery. These
samples were deproteinized on perchloric acid, centrifuged,
and later analyzed in duplicate for [Lacj]B using a standard
enzymatic method (16,26). Arterialized venous blood was
also taken immediately after exercise and at 3, 7, and 9 min
in the recovery period for pH, PCO2, and HCO3j
calculation (RapidLab 865, Bayer, East Walpole, MA).
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Statistical analysis. Statistical analysis was performed
using a commercial statistical software package (SigmaStat
3.1, Richmond, CA). Descriptive data are reported as means
T SD. Paired Student_s t-tests were used to compare the
results of maximal exercise tests and areas under the curves
(EPOC, V̇CO2, V̇E, VA, VT, V̇E/[V̇CO2], V̇E/[V̇O2], TI/TTOT,
and [Lacj]B). During recovery from exercise, variables
were compared by one-way analysis of variance for
repeated measures. Where appropriate, multiple com-

parisons were performed with the Tukey–Kramer_s post
hoc procedure. Pearson correlation coefficient was used to
evaluate associations between changes in variables.
Differences were considered significant for P G 0.05.

RESULTS
As shown in Table 1, subjects presented similar gasexchange variables at peak exercise during both experimental conditions. [Lacj]B at 5, 7, 9, and 15 min of
recovery was significantly reduced with inspiratory resistance (Fig. 1). Likewise, the mean area under the curve for
[Lacj]B was significantly smaller with inspiratory resistance (111 T 18 vs 132 T 26 [mM]Imin); P G 0.05). In
contrast, arterialized venous blood pH, PCO2, and HCO3j
were not altered by the application of inspiratory resistance
during the recovery phase (Fig. 2).
Total V̇O2 during recovery (with resistance, 21 T 3 L;
without resistance, 18 T 3 L; P G 0.01) as well as EPOC
(with resistance, 11 T 2 L; without resistance, 8 T 2 L; P G
0.01) increased significantly with inspiratory resistance
(Fig. 3). Therefore, the difference of the area under the
curve for V̇O2 in the recovery with and without inspiratory
resistance (2.8 T 2 L) indicates the magnitude by which the
inspiratory muscles were further activated during the loaded
condition. There was no significant correlation between the
change in V̇O2 and the change in Laj with inspiratory
loading (r = j0.34, P = 0.272). Likewise, total V̇CO2
during recovery was significantly increased with inspiratory
resistance (with resistance, 4 T 0.4 L; without resistance,
3.5 T 0.3 L; P G 0.01). Despite the aforementioned increase
in recovery V̇O2 and V̇CO2, V̇E responses were similar in
the two conditions (Fig. 4). Consequently, inspiratory
loading resulted in significant improvements in ventilatory
efficiency, as indicated by lower V̇E/[V̇CO2] and V̇E/[V̇O2]
(Fig. 5). Consistent with these findings, VA was significantly enhanced with inspiratory resistance, with a concomitant decrease in PETCO2 (Fig. 5). Breathing pattern
was significantly changed with the addition of inspiratory
resistance, with increased VT and reductions in duty cycle
(TI/TTOT) responses (Fig. 4).
DISCUSSION

FIGURE 5—Mean (T SD) V̇E/[V̇CO2), V̇E/[V̇O2], and PETCO2 during
recovery with (filled circles) or without (open circles) inspiratory
resistance. P G 0.05 for the mean area under the curve in the two
conditions for V̇E/[V̇CO2] and PETCO2.
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The major finding of this study was that the addition of
inspiratory resistance during recovery from intense exercise
decreased [Lacj]B levels in a group of healthy young
males. These data are in agreement with the concept that the
activation of inspiratory muscles may increase the clearance
of Lacj after exercise.
Blood Laj removal after intense exercise is the product
of a complex interplay of a variety of factors, which include
fractional uptake by the liver (24), the heart (29), the brain
(17), and the skeletal muscles (6,7). In particular, it is
known that oxidative skeletal muscles that contract during
the submaximal steady-state condition are ideally suited for
Laj consumption (12). In this setting, several studies have
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breathing induced by inspiratory resistance. Interestingly,
however, the ventilatory response (V̇E) was lower than
expected for the increased metabolic demand (Fig. 4),
whereas VA was higher during recovery. Therefore, because
PaCO2 was unaltered (Fig. 2), it seems that the increase in
VA closely matched the increased V̇CO2. In this context, it
is instructive to consider the metabolic determinants of the
V̇E response: V̇E/[V̇CO2] = 1/PaCO2 (1 j VD/[VT]), where
VD/[VT] is the fractional dead-space ventilation. Therefore,
because PaCO2 did not increase with inspiratory resistance
(Fig. 2), V̇E/[V̇CO2] could have only decreased if VD /VT
was lower. In fact, loaded breathing was associated with
higher VT (Fig. 4) and, thus, lower VD/[VT] and elevated VA.
An intriguing finding of the present study was the
apparently paradoxical lower [Lacj]B with similar [HCO3j]
and pH during loaded compared with unloaded breathing
(Figs. 1 and 2). To interpret these data, the Stewart_s
physicochemical approach was used (18). According to this
approach, the ‘‘dependent’’ variables ([HCO3j], pH, and
[H+]) can only change if the ‘‘independent’’ variables (PCO2,
the total amount of all weak acids, and the strong ion
difference) allow this change (18). In the present study, PCO2
and, presumably, the strong ion difference (to which Laj is
contributory), remained constant. Consequently, we can
speculate that [HCO3j] was not higher with loaded breathing, because the strong ion difference (strong cations minus
Clj plus Laj) did not increase substantially, despite lower
[Lacj]B levels. Unfortunately, however, we did not measure
blood electrolytes, and we could not confirm this hypothesis.
This study has several limitations. Although we have
clearly shown that the addition of inspiratory resistance
results in lower [Lacj]B during recovery (Fig. 1), we were
unable to elucidate the precise mechanisms underlying this
finding. Therefore, future studies should address whether,
indeed, the activation of inspiratory muscles during recovery results in oxidation of Laj by these muscles, or whether
other related mechanisms, such as Laj oxidation by the
heart or redistribution of blood flow, could be involved.
Likewise, future studies should also measure the strong ion
difference to evaluate the mechanisms responsible for the
lack of changes in blood acid–base status, despite reductions in [Lacj]B with inspiratory loading.
In conclusion, the addition of inspiratory resistance
during recovery from intense exercise results in increased
oxygen uptake, reduction [Lacj]B, and change in breathing
pattern, without changes in arterialized blood gases or
ventilation. These findings are in agreement with the
concept that inspiratory muscles are net consumers of Laj
during recovery from exercise.
This work was supported in part by grants from CAPES and
CNPq, Brasilia, Brazil, and FIPE-HCPA, Porto Alegre, Brazil.
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