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Abstract This study aimed to characterise both the VO,
kinetics within constant heavy-intensity swimming exercise,
and to assess the relationships between VO, kinetics and
other parameters of aerobic fitness, in well-trained swim-
mers. On separate days, 21 male swimmers completed: (1) an
incremental swimming test to determine their maximal
oxygen uptake (V02 max ), first ventilatory threshold (VT),
and the velocity associated with VO3 pax (vVOz max) and (2)
two square-wave transitions from rest to heavy-intensity
exercise, to determine their VOZ kinetics. All the tests
involved breath-by-breath analysis of freestyle swimming
using a swimming snorkel. VO, kinetics was modelled
with two exponential functions. The mean values for the
incremental test were 56.0 & 6.0 ml min~' kg™', 1.45 +
0.08 ms™'; and 42.1 + 5.7 ml min~" kg™ for VO, max,
WO, max and VT, respectively. For the square-wave transi-
tion, the time constant of the primary phase () averaged
17.3 £+ 5.4 s and the relevant slow component (A’.) aver-
aged 4.8 + 2.9 ml min~' kg™' [representing 8.9% of the
end-exercise VO, (%A’ )] 1, was correlated with W03 max
(r=—-0.55, P=0.01), but not with either VOzmaX
(r =0.05, ns) or VT (r = 0.14, ns). The %A’ did not
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correlate with either VOpmax (r = —0.14, ns) or vVO3 max
(r = 0.06, ns), but was inversely related with VT (r =
—0.61, P < 0.01). This study was the first to describe the VO,
kinetics in heavy-intensity swimming using specific swim-
ming exercise and appropriate methods. As has been dem-
onstrated in cycling, faster VO, kinetics allow higher aerobic
power outputs to be attained. The slow component seems to be
reduced in swimmers with higher ventilatory thresholds.

Keywords Gas exchange - VO, kinetics -
Slow component - Time constant

Introduction

Several studies (Carter et al. 2000; Borrani et al. 2001;
Ingham et al. 2007; Whipp and Wasserman 1972; Whipp
et al. 1982) have described the kinetics of the oxygen
uptake (VO,) response within constant load cycling, run-
ning or rowing exercise. When such exercise is performed
at heavy intensities [i.e. above the ventilatory threshold
(VT)], the attainment of a steady state VO, is delayed by a
supplemental rise in VO, or “slow component” (Whipp
and Wasserman 1972; Whipp et al. 2002). It has been
suggested that this slow component is primarily linked to
the progressive recruitment of fast-twitch fibres in the
exercising muscle (Barstow et al. 1996; Poole et al. 1991,
2008; Vanhatalo et al. 2011).

The time constant (1) of the VO, response to a transi-
tion from rest-to-exercise, or between two different exer-
cise intensities, is usually 20-35 s in healthy, young
subjects (Whipp and Wasserman 1972). Shorter 7, has been
associated with improved exercise tolerance and perfor-
mance in cycling, running and rowing (Whipp et al. 2002;
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Burnley and Jones 2007; Ingham et al. 2007). Previous
studies have produced conflicting results regarding the
relationship between 1, and maximal oxygen uptake
(VOamax)- Some authors have shown 7, to be shorter in
athletes with higher VOamax (Powers et al. 1985; Norris and
Petersen 1998), whilst others have not (Barstow et al. 2000;
Pringle et al. 2003). However, compelling evidence exists
that VO, kinetics in young healthy subjects, when they
perform rhythmic exercise, is limited by mitochondrial
energetics (Poole et al. 2008), whereas VOzmax for exercise
that involves large muscle mass is limited by O, delivery
(Basset and Howley 2000; Calbet et al. 2003; Saltin and
Strange 1992). Given that V02 kinetics and VOZmax seem
to differ in the extent to which they are modified by
endurance training (Bailey et al. 2009; Demarle et al. 2001;
Norris and Petersen 1998) as well as in the limiting factor,
it seems logical that they may be dissociated from one
other. Similarly, contradictory results have been presented
as regards the extent to which the fast component of VO,
kinetics is related to the first ventilatory threshold (Chili-
beck et al. 1996; Kilding et al. 2007).

The tolerable duration of high-intensity exercise is
characterised by a hyperbolic function of external power.
Said asymptote is termed critical power (CP). The curva-
ture of the hyperbola (W’) is mathematically equivalent to
a constant amount of work that can be performed above
CP, such that work capacity remains the same regardless of
the work rate (Jones et al. 2010). Therefore, CP is usually
defined as the highest sustainable rate of aerobic metabo-
lism and W’ is taken to refer to an energy store comprising
muscle ATP, PCr, glycogen and stored O, (Hill 1993;
Jones et al. 2010; Murgatroyd et al. 2011). For exercise
intensities above the lactate threshold, the proximity of the
power output to the so-called critical power determines the
behaviour of the V02 slow component and therefore, time
to exhaustion. Moreover, according to Henson et al. (1989),
a slow component is always present in constant-load
exercise above VT, irrespective of the fitness level of the
subject. Murgatroyd et al. (2011) recently showed that
the VO, slow component is positively correlated with the
tolerable work above CP. Therefore, there is a close rela-
tionship between the P—t parameters (CP and W’) and VO,
kinetics parameters during high-intensity exercise. This
infers that VO, kinetics is a key determinant of exercise
tolerance to high-intensity exercise, as proposed by Burn-
ley and Jones (2007).

Since the VO, slow component was proven to be posi-
tively related to measures of anaerobic capacity (Berger
and Jones 2007; Murgatroyd et al. 2011), we can expect the
amplitude of the slow component to be inversely associated
with VT.
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To date, the investigation of VO, kinetics in swimming
has been limited either by the use of only one repetition per
exercise transition (Bentley et al. 2005; Fernandes et al.
2008) or by calculation of the VO, slow component as the
difference between VOz values within a definite time-
frame (such as between the end and the third or second
minute of the exercise bout) (Demarie et al. 2001; Fer-
nandes et al. 2003). Both such methods may lead to an
impairment in the results so obtained (Bell et al. 2001;
Lamarra et al. 1987). To our knowledge, only one study
(Bentley et al. 2005) that possessed the methodological
limitations mentioned above has described the primary
phase VO, response in swimming exercise. This may be
due to the technical difficulties that are involved in col-
lection and adequate modelling of the breath-by-breath
VO, signal during swimming.

Irrespective of the relative intensity of exercise, VO,
kinetics also seems to be influenced by exercise mode.
For example, previous studies reported both the 7, and
the V02 slow component to be smaller in running than
in cycling, possibly due to different muscle contraction
regimes and profiles of muscle fibre recruitment (Carter
et al. 2000; Hill et al. 2003) As VO, kinetics during
submaximal exercise is influenced by exercise mode
(Carter et al. 2000; Hill et al. 2003), the extent of
muscle mass recruited (Schneider et al. 2002) and body
position (Koga et al. 1999), all of which factors are
likely to differ between swimming and other terrestrial
activities, both the VO, kinetics response to high-inten-
sity swimming exercise and its relationship to other
indicators of aerobic function (such as VT and VOZmaX),
may differ from that which is observed within upright
terrestrial exercise. VO, kinetics may also be differen-
tially influenced by the greater respiratory work (Ogita
and Tabata 1992), the specific thermoregulatory response
(Koga et al. 1997) and the greater relative contribution
of upper body work to the generation of total force
(Hollander et al. 1988) that is involved in swimming.

Given that the recent literature (Burnley and Jones
2007; Murgatroyd et al. 2011) acknowledges high-
intensity exercise tolerance to be determined by both the
traditional aerobic parameters and VOZ kinetics, the aim
of this study was to determine the relationship between
VO, kinetics in heavy-intensity swimming and “tradi-
tional” aerobic parameters such as VOymax and VT. We
hypothesised that (1) faster VO, kinetics would be pos-
itively correlated with the velocity associated with
VO3 max (vVOZmaX) but not with VOamax and VT, and
that (2) the slow component amplitude would be inver-
sely correlated with VT.
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Methods

Twenty-one well trained male swimmers (mean £ SD,
age: 20.2 £ 2.9 years; body mass: 73.1 + 10.6 kg; height:
1.79 £ 0.07 m) gave their written informed consent to
participate in the study. The swimmers were familiarised
with the equipment and test procedures used in the study
before it commenced. All the subjects trained at least eight
times per week and had competed in their National
Championships for at least the 5 years leading up to the
study. The study was approved by the local University
Ethical Committee, and conducted in accordance with the
1975 Declaration of Helsinki.

Each swimmer performed three testing sessions, each
separated by at least 24-h rest, over a 10-day period. All the
tests were performed in the same 50-m pool and involved
freestyle swimming. In-water starts and open turns without
underwater gliding were implemented throughout. The
swimmers adjusted their speed within each test to that
which was prescribed by the first investigator, on the basis
of acoustic feedback given to them at every 25th metre. In
the square-wave transitions, if the difference between the
prescribed and the attained velocity was greater than
0.01 ms™', the test was interrupted and repeated after 1 h of
rest. Cardiorespiratory analysis of expired air was obtained
within all test sessions using a breath-by-breath analyser
(K4b2, Cosmed, Italy), connected to the swimmer by a
respiratory snorkel and valve system (Aquatrainer, Cosmed,
Italy) and calibrated according to the manufacturer’s
instructions. The expiratory tube of the respiratory snorkel
had a length of 1.83 m and internal diameter of 0.286 m,
and the two-way non-re-breathing valve separating the
inspiratory and expiratory tube had a volume of 45 ml. The
inspiratory and expiratory resistances were minimal
(9 cmH,O at 100 L minfl). The temperature of the flow-
meter was corrected to ambient air temperature. All tests
were conducted under the same environmental conditions
(air temperature: 27.4 4+ 0.4°C; water temperature:
27.0 £ 0.1°C; humidity: 59 £ 0.9) and between 10 a.m.
and 2 p.m.

VOZbase

VO2(I) = VOZbase + Ap(l — ei(titdp)/rp)

VOZbase —|—AP(1 — ef(ld“*tdp)/Tp) + ASC(I — e*(f*tdsc)/fsc) for > tdy

VOomax and the VT (Roels et al. 2005). The speed of the
first 200 m repetition was set as 60% of the subject’s
best season competition time for 200 m, and 5-10%
speed increments between the first and fourth repetition
were imposed. The last repetition was performed at
maximal velocity.

VOomax Was designated as the highest 30 s average of
the VO, values so obtained (Roels et al. 2005). The
velocity associated with VO, may (vVOgmaX) was deter-
mined as the minimal velocity at which VOomax Was
elicited (Billat and Koralsztein 1996). Using the afore-
said protocol, WO max Was always attained in the last
repetition. VT was established as the oxygen uptake at
which VE/VO, began to increase without a simultaneous
increase in VE/ VCO, (Wasserman et al. 1990). Fingertip
blood was sampled immediately and 3, 5 and 7 min
post-test, for the determination of maximal lactate con-
centration (La,,x) using a Lactate Pro portable analyser
(Arkray, Kyoto, Japan).

On the second and third test occasion, the swimmers
performed two 7-min square-wave transitions from rest to
heavy-intensity swimming at A25% (VT + 0.25 x (VOZmax
—VT)). Heart rate at the end of the exercise (end-exercise
HR) was recorded telemetrically (Polar RS 800, Kempele,
Finland). Fingertip blood lactate concentration was also
determined immediately after the test, as described
previously.

Data handling

Breath-by-breath values that were 3 SD from the local
mean were removed from the analysis. The data were
subsequently interpolated into 1-s values, time-aligned, and
then ensemble averaged to provide a single on-transient set
of data. VO, kinetics parameters were then calculated by
an iterative procedure, whilst minimising the squared error
between the modelled and the measured VO, values
according to the following equation:

for ¢ <td,
for td, <t<tdy. (primary component)

(slow component)

Incremental test

The swimmers first performed a discontinuous incre-
mental test to voluntary exhaustion, comprising
5 x 200 m with 30-s rest intervals, for determination of

where VO,(f) represents the relative VO, at a given
time, VOopase represents rest VO, (i.e. the averaged VO,
for the first 30 s of the last minute before exercise onset);
td,, tp, and Ay, respectively, represent the time delay, the
time constant and the amplitude of the primary component;
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and td., Ts, Agc, represent the equivalent time delay, time
constant and amplitude parameters for the VO, slow
component.

End exercise VO, response was determined as the
average for the last 30 s of the exercise bout.

To remove the influence of the cardiodynamic phase on
the subsequent VO, response, we also chose to exclude the
first 20 s of collected data from analysis (Borrani et al.
2001). Because the asymptotic value of the second function
is not necessarily reached at the end of the exercise, the
amplitude of the VO, slow component was defined as
Al = A (1 — e (t719)/%) where te was the time at the
end of the exercise bout (Borrani et al. 2001).

Our modelling procedures incorporated a previously
reported (Reis et al. 2010) individual “snorkel delay”
(ISD), so as to ensure that the VO, kinetics data were
representative of the exercise task. The ISD was calculated
for each square-wave transition as the difference between
the onset of exercise (Z,), and the time (f;gp) at which the
following breaths summed a tidal volume (TV) that was
superior to volume of the outlet tube (RSV).

Statistical analysis

All statistical analyses were performed using the Statistical
Package for the Social Sciences (SPSS Statistics, version 17.0
for Windows, SPSS Inc, Chicago, USA). The relationships
between VOz kinetics parameters and VOz maxs vVOz max and
VT were examined using Pearson’s product-moment corre-
lation coefficient. Statistical significance was set at P < 0.05.

Results

The swimmers’ responses within both the incremental test
and the square-wave transitions may be viewed in Tables 1

Table 1 Mean and standard deviation (SD) of the aerobic parameters
obtained in the incremental test

Variable Mean SD
VO (ml kg™ min™") 56.0 6.0
VOomax (ml min™?) 4090.8 682.4
vWOomax (m s71) 1.45 0.08
VT (ml kg=! min™") 421 5.7
VT (%VOsmax) 75.5 8.7
Lapay (mmol 171 10.8 2.1
HR,0 (beats min~") 182.8 6.4

VO, relative and absolute maximal oxygen consumption;
vVOZmaX, velocity associated to VOZmaX; VT, ventilatory threshold;
VT (%VOsmax), VT relative to VOapax; Layay, maximal lactate con-
centration; HR,,,,x, maximal heart rate

@ Springer

and 2, respectively. Figures 1 and 2 represent typical VO,
versus time and V02 Vversus VC02 responses in the
incremental test.

In all the swimmers, the best fit of the data was obtained
when the model incorporated a slow component as opposed
to a single exponential model.

The A, was positively correlated with relative VOoumax
(r=0.75, P =0.00), absolute VO (r= 0.44,
P=004), VI (r=0.62, P=0.00) and vVOjn
(r =0.53, P =0.01). 7, was inversely correlated with
WOomax (r = —0.55,P = 0.01) (Fig. 3), but was not related
to either VOZmax (r =0.05,ns) or VT (r = 0.14, ns).

The VO, slow component amplitude (%A’y.) was
inversely correlated with VT (r = —0.61, P <0.01)
(Fig. 4), but not with either VOamax (r = —0.14, ns) or
WOsmax (r = 0.06, ns).

Discussion

To our knowledge, this study is the first one in swimming
to involve multiple square waves (i.e. more than a single
repetition at the same exercise intensity) and bi-exponential
modelling of the VO, response to determine VO, kinetics.

Table 2 Mean and standard deviation (SD) of VO, kinetics param-
eters for transition from rest to A25% (heavy) swimming exercise

Variable Mean SD
A, (ml kg™ min~") 36.6 4.7
td,, (s) 10.8 3.7
7 (8) 17.3 (9.84-27.88) 54
95% confidence intervals (s) 3.1 1.7
Ay (ml kg™" min™") 4.8 2.9
%A 8.9 54
ISD (s) 3.07 1.6
End-exercise VO, (ml kg™' min~") 50.0 7.0
Relative end-exercise VO, (%VOama:) 903 7.8
End-exercise HR (beats minfl) 163.1 10.6
End-exercise La (mmol 1) 5.2 1.6
r model 0.75 0.12

A, amplitude; td, time delay; 1, time constant, of the primary phase
VO, response; 95% confidence intervals (s), 95% intervals sur-
rounding the 7, estimate; Ay, relevant slow component amplitude;
%A, relative contribution of slow component in relation to the end
exercise VO, of that bout; ISD, individual snorkel delay; end-exercise
VOZ, mean VOZ of the last 30 s of the constant load exercise bout
corrected for body mass; relative end-exercise VO, (%VOmay ), mean
VO, of the last 30 s of the constant load exercise bout relative to
VOZmax; end-exercise HR, heart rate at the end of the constant load
exercise; end-exercise La, lactate concentration at the end of the
swimming bout; r model, coefficient of determination of the model
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Fig. 1 Example of the typical relationship between the VO, response
and time in the incremental test
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Fig. 2 Example of the typical relationship between the VO, response
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Fig. 3 Negative relationship between the 7, and vVOzmaX. Linear
regression equation and correlation values are indicated

We collected breath-by-breath data from two transitions for
the same swimming intensity so that the signal/noise ratio
could be increased, thus allowing for better characterisation
of the primary phase of the VO, response.

The respiratory snorkel has been used in several studies
in swimming (Bentley et al. 2005; Libicz et al. 2005; Roels
et al. 2005), and it does not induce changes in either
kinematics or efficiency over that evidenced within free
swimming (Barbosa et al. 2010). A previous study from our
research group found no significant differences in VO,
measurements and VO, kinetics parameters, apart from a
small difference in td,, when the Aquatrainer swimming
snorkel and a conventional facemask were used (Reis et al.
2010). Gayda et al. (2010) have stated that the Aquatrainer
leads to an underestimation of VO,. However, their study
neither involved trained athletes nor an investigation of
V02 kinetics. Furthermore, the authors did not correct the
flow-meter temperature with the temperature of ambient air
as is requested by the manufacturers, which may, at least
partly, explain the discrepancies that were observed
(Brugnoli 2010).

The 7, values determined for heavy-intensity exercise
were similar to those reported previously for running and
rowing in trained athletes (Berger and Jones 2007; Borrani
et al. 2001; Carter et al. 2000; Ingham et al. 2007).
Although most of the studies in healthy young subjects
have obtained 7, values that are usually between 20 and
35 s (Poole and Jones 2005), trained athletes generally
present faster kinetics (Borrani et al. 2001; Caputo et al.
2003; Ingham et al. 2007). It could be expected that the
supine position (Koga et al. 1999), and the predominance
of upper arm use, within swimming (Schneider et al. 2002)
exercise, would induce slower kinetics than upright leg
exercise. However, Cerretelli et al. (1979) have shown that
the half-time of the VO, response depends on the training
status of the exercising muscle. They also indicated that
swimmers present a markedly faster response to supine
exercise than do runners. In addition, endurance swim
training has been shown to produce specific adaptations to
the upper body muscles (Gollnick et al. 1972; Fitts et al.
1989). For example, arm-trained subjects have a higher
relative proportion of slow-twitch fibres in their deltoid
muscle (Gollnick et al. 1972; Tesch and Karlsson 1985)
and a 10-day intensive swim training period has been
shown to decrease the diameter of type II fibres in the
deltoid muscle (Fitts et al. 1989). Swimmers also present
higher citrate synthase activity in their deltoid muscle than
untrained subjects (Fitts et al. 1989). Winlove et al. (2010)
recently reported that pre-pubertal trained swimmers pre-
sented similar 1, to untrained subjects in cycling, but 48%
faster kinetics within arm-cranking exercise.

Overall, the average values reported in our study for 7,
(17.3 s) are very close to those (16.9 s) reported by Bentley
et al. (2005) for a single 400-m swimming exercise tran-
sition at the same relative velocity. The effects of both the
specific adaptations of the upper arms to swim training, and
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Fig. 5 VO, response profiles in two subjects with similar VOomax but
different t,. Swimmer 1 (grey circles) and swimmer 2 (black circles).
Grey and black lines represent the best fit as determined from the
exponential modelling procedure for swimmers 1 and 2, respectively

the contribution of the legs to total energy expenditure
(Hollander et al. 1988; Fitts et al. 1989) could explain the
fast kinetics that was detected in well-trained swimmers in
both our study and by previous work (Cerretelli et al. 1979;
Bentley et al. 2005).

We did not observe a significant correlation between T,
and either VOzmax or VT within submaximal swimming
exercise. Whipp et al. (2002), have stated that 7, is not a good
predictor of individual fitness level. Previous studies showed
that individuals with similar 7, could have widely varying
VOomax values and, conversely, that individuals with similar
VOpmax could present wide ranges of t,,. In our study, two
subjects with VOZmax values of 56-57 ml kg{l min~! pre-
sented a 7, of 12 and 24 s, respectively (Fig. 5), which is in
line with the results of Whipp et al. (2002) where athletes of
similar VOZmaX (50 ml kgf1 min~ l) had alarge difference in
7, (20-60 s).
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The observed lack of a statistically significant relation-
ship between VOymax and the time constant is unsurprising,
given the differing extent to which said variables are sen-
sitive to training adaptations (Norris and Petersen 1998;
Demarle et al. 2001). Our results seem to confirm that VO,
kinetics and VO, are based on different physiological
mechanisms: whilst, for exercises involving large muscle
mass, maximal oxygen uptake is determined by central
mechanisms, such as O, delivery (Saltin and Strange
1992), and it seems that this is not the case for V02 kinetics
within heavy-intensity constant exercise in young, healthy
subjects (Poole and Jones 2005). Due to the inherent
methodological limitations to the investigation of swim-
ming exercise, we neither determined muscle deoxygen-
ation nor fibre recruitment. However, the fast 7, that we
observed appears to indicate that although blood flow may
be impaired in swimming as a result of the horizontal body
posture (Holmer 1972), O, availability is not sufficiently
compromised for VO, kinetics to be slowed down relative
to that of trained runners, rowers or cyclists (Carter et al.
2000; Borrani et al. 2001; Ingham et al. 2007).

Interestingly, we observed a significant correlation
between 1, and WO max. VWOamax i said to explain
individual differences in performance more fully than
VOamax (Billat and Koralsztein 1996). Shorter 7, is asso-
ciated with smaller oxygen deficits and smaller decreases
of muscle high-energy phosphates, enhanced time to
exhaustion (Demarle et al. 2001), improved exercise tol-
erance (Whipp et al. 2002) and improved performance
(Whipp et al. 2002; Burnley and Jones 2007; Ingham et al.
2007). The relationship between t, and WO max may be
due to an increased oxidative contribution to energy
transfer, induced by faster kinetics. Faster VO, adaptations
to increased metabolic demand, will minimise the O,
deficit, preserving the integrity of the intramyocyte milieu
and, consequently, the capacity to sustain high-intensity
exercise (Bailey et al. 2009; Burnley and Jones 2007;
Hepple 2002). A reduction in the O, deficit decreases the
depletion of muscle creatine phosphate and glycogen, and
the accumulation of metabolites that may be associated
with fatigue (such as ADP, inorganic phosphate and H™).
Thus, for a given magnitude of O, deficit, a faster VOZ
kinetics profile corresponds to higher power outputs
(Burnley and Jones 2007; Murgatroyd et al. 2011). Our
data are in line with those of the latter authors.

The existence of a slow component during swimming
bouts performed above the ventilatory threshold was con-
firmed in this study. The values that we report in this paper
(8.9%) are similar to those reported by Fernandes et al.
(2008) (8.2%), smaller than those reported by Demarie et al.
(2001) (14%), and higher than those reported by Fernandes
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et al. (2003) (5.0%). However, the aforementioned authors
either determined the slow component as the VO, difference
between the sixth and second or third minute of exercise, or
analysed only one exercise transition, so impairing the
comparison of their results with those of other studies (Bell
et al. 2001; Lamarra et al. 1987). As has been observed in
other studies, great inter-individual variability in the VO,
slow component exists among swimmers (Bentley et al.
2005; Fernandes et al. 2008). The increase of drag, the lower
mechanical efficiency of swimming and the disruption
caused by turns makes it difficult to compare the slow
component with different terrestrial activities.

The relative contribution of the slow component to end-
exercise VO, (%A’ ) was not related to either VOZmaX or
WWO, max, but was inversely correlated with VT. The ven-
tilatory threshold reflects or is concomitant with the
increase in lactate concentration above baseline values,
signalling altered phosphorylation and redox potentials in
the muscle fibres that are involved (Jones and Carter 2000).
Previous studies have associated smaller slow components
with higher percentages of type I fibres in the exercising
muscle(s) (Barstow et al. 1996; Pringle et al. 2003; Russel
et al. 2002). Although we did not study muscle fibre
recruitment, as type I fibres have greater oxidative capacity
(Crow and Kushmerick 1982), it seems logical that the
enhanced recruitment of this muscle fibre type—resulting
either from training (Andersen and Henriksson 1977; Spina
et al. 1996) or a genetic predisposition (Sale et al. 1990)—
would induce both a diminished slow component and a
higher ventilatory threshold. Our results agree with those of
Murgatroyd et al. (2011), who demonstrated a positive
correlation between the quantity of tolerable work above
the critical power and the VO, slow component. The VO,
slow component reflects an increase in the O, cost of
supra-VT exercise, and thus a reduction in work efficiency,
that may be attributed to the recruitment of additional
(mostly type II, i.e. less efficient) muscle fibres or to a
reduction in the efficiency of the working fibres (Barstow
et al. 1996; Cannon et al. 2011; Pringle et al. 2003). A
reduction in the amplitude of the VO, slow component
would both signify an improved exercise economy/effi-
ciency, and be influenced by the elevation of the VT.
Therefore, an increase of VT towards VOomay reduces the
room for the slow component to develop. The negative
relationship between the VO, slow component and VT in
the present study is in line with previous findings of a
negative correlation between the VO, slow component,
anaerobic work capacity (Murgatroyd et al. 2011) and
performance in a Wingate test (Berger and Jones 2007).

The amplitude of the slow component was not associ-
ated with vVOz max Of the present swimmers. This is in line

with previous results obtained in rowing, where the slow
component was unable to differentiate between elite and
club-level athletes (Ingham et al. 2007).

Conclusion

This study was the first to describe the time constant
in heavy-intensity swimming using specific swimming
exercise and appropriate methods (e.g. multiple exercise
transitions and bi-exponential fitting). Faster kinetics in
heavy-intensity swimming is associated with the maximal
velocity attained in an incremental swimming test designed
to elicit VOamay in accordance with what has been previ-
ously described in other exercise modes. In addition, the
slow component seems to be reduced in swimmers with
higher ventilatory thresholds.
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