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Abstract This study aimed at comparing maximal oxygen
uptake (VO,,ax), maximal heart rate (HR ,,,¢), and anaerobic
threshold (AT) obtained from tethered swimming (SW) and
three other testing procedures: cycling (CY), running (RU),
and arm cranking (AC). Variables were assessed in 12
trained male swimmers by a portable gas analyzer connected
to a modified snorkel system to allow expired gases collec-
tion during swimming. Athletes exhibited a higher VO,,ax
during the SW test as compared to the CY and the AC tests.
There was no significant difference in VO,,,,x between the
SW and the RU test, but the Bland and Altman plot high-
lighted a poor agreement between results. Moreover, AT
occurred at higher workloads during SW in comparison to
the other tests. These results do not support the use of any
unspecific testing procedures to estimate VO, pax, HRpax,
and AT for swimming.

Keywords Exercise - Oxygen uptake -
Anaerobic threshold - Ergometry
Introduction

The measurement of certain physiological parameters, such
as maximal oxygen uptake (VO;.x), heart rate (HR) at a
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given workload, and anaerobic threshold (AT), is a useful
tool to assess athletes’ physical capacity and to follow the
progression of conditioning during training periods.
However, such measurements should be performed under
conditions similar to those experienced by athletes during
real training sessions or competitions and using specific
ergometers, otherwise results can be misleading. This
assumption is particularly critical in swimming, as standard
laboratory testing for work capacity usually employs the
cycle-ergometer, the treadmill, and the arm-crank, which
impose movements that are unrelated to swimming.
Moreover, the technical limitations of the routine mea-
surement of expired gases in a pool explain why the
research dealing with VO, during this sport activity is
not abundant.

To measure oxygen uptake (VO,) during swimming, a
number of methods have been developed: the use of the
Douglas bag to gather expired gas, thereby extrapolating
VO, [14, 15, 24, 29, 32]; VO, calculation by means of
back-extrapolation [22, 33, 34]; and finally the recent use
of commercially available respiratory snorkels able to
calculate VO, together with other respiratory parameters
such as pulmonary ventilation (VE) and carbon dioxide
production (VCO,) [25-27, 30]. This latter method allows
breath-by-breath analysis of gas exchange, thereby
allowing the description of oxygen uptake kinetics during
specific swimming exercise [25, 26]. At present, this latter
method is probably more reliable and comfortable for
swimmers than the Douglas bag and the back-extrapola-
tion, since the first suffers from technical limitation due to
the fact that the bag used to gather expired gases is
somewhat cumbersome. Furthermore, it is usually con-
nected to the athlete by two tubes with unidirectional
valves, which renders the apparatus not very comfortable to
wear. On the other hand, the back-extrapolation method is
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indirect and thus less accurate than methods employing
direct gas exchange measures.

Limited previous research focusing on physical capacity
during swimming led to conflicting results. Early reports in
trained swimmers concluded that VO,,,,x during swimming
was similar or lower than during running [12, 14, 15].
Furthermore, higher VO,.,,x values were found in triath-
letes during both cycling and running in comparison with
swimming [17, 18], while these differences were not
present in swimmers [30]. Taking into account these con-
flicting results, further research on gas exchange during
swimming is warranted. Moreover, to the best of our
knowledge, none has to date assessed the specificity of gas
exchange measure in swimmers by using the respiratory
snorkel method. In detail, none has compared the swim-
mers’ VO, response assessed with the respiratory snorkel
with other standard laboratory test procedures for work
capacity, such as cycle-ergometry, treadmill, and arm-
crank. In fact, the past research conducted with the snorkel
method focused mainly on accumulated oxygen deficit,
oxygen uptake kinetics, and oxygen cost of swimming
[3, 4, 25-27]. Thus, a study dealing with the specificity of
competitive swimmers’ cardiopulmonary responses asses-
sed by the snorkel method during different exercise tests is
needed.

Given the relative novelty of the snorkel device and the
conflicting results arising from the past literature, the aim
of this investigation was to study the difference in gas
exchange responses provided by four different incremental
tests in trained swimmers: three unspecific laboratory test
procedures (i.e. arm-cranking, cycling, and running), and
one specific swimming test in a pool. The goal was to
determine whether any of the unspecific laboratory tests
yielded results similar and interchangeable to those
obtained from the specific swimming test and if so which.

Methods
Subjects

Twelve trained male swimmers were recruited to take part
in this investigation. Their mean =+ standard error (SE) of
age, mass, and height were 19.2 £ 0.8 years, 68.9 +
1.6 kg, and 177.3 £ 1.7 cm, respectively. All athletes were
regularly involved in regional and national competitions
and trained on average 12.5 £ 0.3 h a week. None had any
history of cardiac or respiratory disease or was taking any
medication at the time of the study, and none showed any
abnormalities on physical examination and on resting
electrocardiogram. Written informed consent was obtained
by all of the participants after they were informed about the
methods and aims of the study, whose protocol was
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approved by the local ethical committee and carried out
according to the Declaration of Helsinki.

Experimental design

Each participant underwent the following protocol ran-
domly assigned to eliminate any order effect:

1. Unspecific tests: athletes underwent three laboratory
incremental exercise tests up to exhaustion using three
different ergometers:

(a) Cycling (CY) test: participants performed an
incremental test on an electromagnetically braked
cycle ergometer (Tunturi EL 400, Finland) to assess
the maximum workload achievable (W,,.,). This
test consisted of a linear increase of work load of
30 W minfl, starting from 40 W minfl, at a
pedaling frequency of 60 rpm, up to exhaustion
(i.e. the point when the participant was unable to
maintain a pedaling rate of at least 50 rpm).

(b) Running (RU) test: participants ran on a motor-
ized treadmill (Runrace; Technogym, Forli, Italy)
up to exhaustion. The test consisted of a linear
increase in running velocity of 1 km h™' every
minute, starting from 5 km h!, up to exhaustion,
which was considered as the exercise level at
which the athlete was unable to maintain the
running speed. The treadmill was set at a gradient
of 1 % throughout exercise to compensate for the
lack of air friction [19].

(c) Arm-cranking (AC) test: which consisted of a

linear increase in work load (10 W min_l),
starting from 20 W min~', at a cranking fre-
quency of 60 rpm, up to exhaustion, taken as the
point at which the athlete was unable to maintain
a cranking rate of at least 50 rpm.
All unspecific tests were preceded by at least
10 min of rest. The average variable value of the
last 3 min of resting was considered as the
baseline level. Tests were conducted between
1000 and 1400 hours in a temperature-controlled
room (room temperature set at 25 °C, relative
humidity at 50 %).

2. Specific swimming (SW) test: this test consisted in
tethered swimming, conducted between 1000 and
1400 hours in a 25-m indoor swimming pool, under
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the same water condition (water temperature of
27 °C). The athlete was attached by a waist belt to
an elastic rope connected to a digital dynamometer
(PCE, FM1000, Germany) able to continuously pro-
vide a display of the values of the force being applied
to the rope. The belt arrangement permitted the
swimmers to kick freely. All swimmers performed
front crawl with free stroke frequency. The other
extremity of the dynamometer was fixed to the starting
block of the pool (Fig. 1a). The tension applied to the
elastic rope was constantly monitored on the display of
the dynamometer, and continuous vocal feedback was
provided to an assistant who moved a pole with a
colored signal fixed at its extremity forward or
backward immersed in the water. The tested swimmer
was instructed to follow the colored signal so that the
assistant could adjust the tension applied to the rope
simply by moving forward or backward the pole.
Using this method, an incremental test was developed,
which started form a tension of 3 kg and was increased
progressively by 1kg min~'. The test terminated
when the athlete was no longer able to maintain his
position and to follow the colored signal for more than
30 s. The dynamometer had a computer interface
which allowed the registration of the tension applied to
the rope throughout tests. Figure 1b shows an example
of the tension applied during one recording. Workload
was calculated in kg m min~' and then converted to
W, the same unit as those obtained from the CY and
the AC tests. The instrument range of measure was

Fig. 1 a Schematic
representation of the tethered-
swimming apparatus.

b Example of the recording of
the tension applied to the rope
during the incremental

from 0 to 100 kg, with a resolution of 0.05 kg and an
accuracy of 0.5 % (£5 N).

Throughout the CY, RU, AC, and SW tests, partici-
pants’ expired gases were analyzed by a portable metabolic
device (VO2000; MedicGraphics, USA), which provided a
3-breath average of VO,, VCO,, and pulmonary ventilation
(VE) through telemetric transmission. This system has
been shown to be reliable and to have show good agree-
ment compared to a standard metabolic cart for laboratory
use [9, 23]. Moreover, the VO2000 could gather HR values
from a chest belt connected to the VO2000 by telemetric
transmission. During the CY, RU, and AC tests, athletes
wore a face mask and a breathing valve connected to the
V02000 for expired gases analysis. This system was
modified for tethered swimming. In this setting, athletes
breathed through a low volume (about 200 mL) corrugated
flexible plastic tube attached to the VO2000 breathing
valve (Fig. lc, d). This modified system allowed expired
gases to be collected, and prevented water from entering
the analyzing system.

Tests were held at least 1 week apart, and athletes were
asked to have a meal at least 3 h before testing. Athletes were
also asked to avoid caffeine and alcohol ingestion the day
before tests were scheduled. The anaerobic threshold was
determined using the V-slope method, which detects AT by
using computerized regression analysis of the slopes of the
VCO, versus VO, plot during exercise [6]. Achievement of
VOomax Was considered as the attainment of at least 2 of
the following criteria: (1) a plateau in VO, despite increasing;

b Tension

swimming test. ¢, d The
modified breathing valve to
collect expired gases

0.0

6° min st'op

rest 2°min 4" min
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(2) arespiratory exchange ratio (RER) above 1.10; and (3) a
heart rate (HR) 10 beats min~" of predicted maximum HR
calculated as 220 — age [16]. Prior to testing, the VO2000
was calibrated according to the manufacturer’s instructions.
For the calibration during the SW tests, the additional dead
space of the plastic tube was taken into account by modifying
the pre-set parameters of the VO2000.

Additional experiments to assess the modified expired
gas analysis system

Since the additional dead space of the modified expired gas
analysis system could affect the respiratory response during
swimming, in a sub-group of the participants (n = 4,
age 20.1 £ 4.4 years, height 179.2 &+ 2.3 cm, and mass
69.3 £ 4.2 kg), additional experiments were performed,
consisting of two randomly assigned incremental tests to
exhaustion on the same cycle ergometer used for the CY
tests. In one test, athletes breathed through the modified gas
analysis system, while in the other test, expired gasses were
collected by the standard VO2000 system.

Calculation and data analysis

Data were averaged for 1 min and displayed as a function of
% of maximal workload achieved (W,,,,) during each test.
Results are presented as mean = SE. Bland and Altman
statistics [7] to assess agreement between two methods of
measurement were carried out in order to evaluate agree-
ment between variables responses during the SW test and
the other unspecific tests. Since it has been previously
described that the test-retest reproducibility of VO,,.x in
verification tests ranged between 3.5 and 7.1 %, depending
on errors in measurements introduced by exercise protocols
and by gas analyser devices, and that a threshold around
5 % is often used to compare different exercise protocols to
assess the “true” VOonax [2, 21, 31], we chose the 5 %
difference as the limit to consider methods interchangeable
in parameter assessment. The repeated measures analysis of
variance (ANOVA), followed by Dunnet post hoc tests
when appropriated to compare SW data to those from the
other tests, were also performed in order to have further
comparison between tests. Moreover, the two-way ANOVA
for repeated measures (factors of time and condition) was
conducted for the additional experiment session (i.e. when
subjects breathed through the modified gas analysis system
or through the standard VO2000 while cycling) in order to
find out whether or not the modified expired gas analysis
device affected the respiratory parameters.

Significance was set at a p value <0.05. Descriptive
statistics were carried out before the ANOVA to confirm
the assumptions of normality by means of the Kolmogo-
rov—Smirnov test. The alpha level was set at p < 0.05.
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Statistics were calculated employing commercially avail-
able software (Graph-Pad Prism).

Results

All participants fulfilled the selected criteria for VO, .
achievement in all tests performed. The W, values
achieved during the CY, RU, AC, and SW tests were
3125 £ 9.3 Wmin ', 152 4+ 0.4 km h™',90.1 + 10.1 W
min—',and8.9 + 0.3 kg m min~' (i.e.87.3 + 2.9 Wmin ),
respectively.

Figure 2 illustrates the HR and VO, time courses as a
function of % of W,,.x throughout the tests and recovery.
During all tests, variables increased almost linearly with
respect to workload. Figure 3 shows the HR,.« level
reached during each test together with the Bland and
Altman plots. ANOVA found that HR,,,, was lower during
the SW test in comparison to the RU and the AC tests,
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Fig. 2 HR and VO, time courses as a function of % of Wi
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whereas no difference was found between the SW and the
CY tests. The Bland and Altman plot highlighted that
limits of agreement of the difference in HR,,,x between the
SW and the other tests were widespread. The most evident
difference was with respect to the RU test, with limits of
agreement lying between +2.6 and —32.3 bpm. This dif-
ference was also evident with respect to the CY test (limits
of agreement between +17.4 and —24.9 bpm), notwith-
standing that ANOVA did not find any significant differ-
ence between these two tests. In terms of % difference, the
mean difference between the SW and the CY tests was
—2.2 %, with limits of agreement between +10.3 and
—14.8 %. It should also be noticed that 7 of the 12 subjects
studied had a difference between tests higher than 5 %.
Figure 4 exhibits the levels attained of VO;,.x. ANOVA
showed that, during the SW test, athletes achieved higher
VOjmax levels as compared to the CY and the AC tests, while
no difference was found between the SW and RU tests. Bland
and Altman plots demonstrated that limits of agreement of the
difference in VO, .« between the SW and the other tests lay
between +1,117 and —1,367, 41,012 and —241, 41,212 and
—380 mL min~" for the RU, CY, and AC tests, respectively.
Although ANOVA did not find any difference between the
SW and RU tests, it should be considered that the limits of
agreement between these two tests were wide. In terms of %
difference, the mean difference between the SW and RU tests
was —3.5 %, with limits of agreement between +30.8 and

—38 %. Moreover, 7 of the 12 studied subjects had a differ-
ence between tests higher than 5 %.

During the SW test, AT occurred at a higher % of W«
in comparison with all the other tests (Fig. 5). The Bland
and Altman plot showed that the limits of agreement for
this parameter were between +45.5 and —12.4, 4-43.4 and
—8.1, +41.9 and —16.3 % of W,,,, for the RU, CY, and
AC tests, respectively.

Figure 6 shows the results from the session of additional
experiments to assess the modified gas exchange system. No
significant difference was found in VO, and VCO, responses
between the incremental test with the modified gas analysis
system and the test performed with the standard VO2000
equipment. However, it should be highlighted that the use of
the snorkel caused a slight VE and HR increment at sub-
maximal workloads with respect to free breathing. Indeed, HR
was higher at rest and during the first exercise steps (up to 40 %
of maximum workload) while subjects breathed throughout the
snorkel than while they breathed with the standard equipment.
Similarly, VE was higher at rest up to 30 % of maximum
workload when athletes used the modified snorkel.

Discussion

Since it is considerably simpler to obtain VO, measures in
a laboratory setting, it is tempting to predict VO, for
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Fig. 6 Results from the session of additional experiments to assess the modified gas exchange system

swimming from laboratory procedures. One of the pur-
poses of this study was to determine whether non-specific
laboratory tests provided results similar to those obtained
from specific swimming testing procedures. This purpose
had the practical implication to determine whether any of
the unspecific laboratory tests could be used interchange-
ably with specific testing in order to assess swimmers’
physical capacity and if so which. Results from the present
study do not support the use of any unspecific tests to
estimate VO, for swimming, as none of the three laboratory
tests employed in the present study provided data similar to
those obtained from the specific test. To the best of our
knowledge, this study is the first to compare competitive
swimmers’ cardiopulmonary responses assessed with the
respiratory snorkel with other standard laboratory test
procedures for work capacity. Hence, these are the first
results obtained with the snorkel method demonstrating the
uniqueness of swimming testing with respect to laboratory
procedures for exercise capacity.

In fact, tethered swimming induced a higher VO,
response as compared to cycling and cranking, as sug-
gested by the ANOVA results and further strengthened by
Bland and Altman statistics. Moreover, even though
ANOVA did not find any difference between the SW and
RU tests, results from the Bland and Altman plot high-
lighted that the limits of agreement of the difference in
VOsmax between these two testing procedures were wide. In
detail, the Bland and Altman plot demonstrated that the
limits of agreement of the difference in VO, between
the SW and RU tests were between +1,117 and
—1,367 mL min~'. In terms of % difference, this was
between +30.8 and —38 %, with 7 of the 12 studied sub-
jects showing a difference between tests higher than 5 %. It
should be noted that the test-retest reproducibility of
VOsmax 1n verification tests previously described in the
scientific literature ranged between 3.5 and 7.1 %,
depending on errors in measurements introduced by exer-
cise protocols and by gas analyzer devices, and that a
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threshold around 5 % is often used to compare different
exercise protocols to assess the “true” VO,nax [2, 21, 31].
That is, the difference in VO, .« yielded by two methods
must not exceed this threshold to consider the two methods
equivalent in assessing this parameter. In the present
investigation, only in 5 of the 12 subjects enrolled this
threshold was exceeded, and this fact meant that, in most of
the subjects, the RU and SW tests could not be used
interchangeably. Taken together, these results indicated
that the use of the RU test could lead to substantial over- or
under-estimation of the VO, reached during real
swimming.

Similarly, the laboratory tests also led to misleading
results for HR,,.x, as this parameter was on average over-
estimated by the RU and AC tests with respect to the SW
test, as testified by ANOVA results. On average, this
parameter was not significantly different between the CY
and SW tests when looking at ANOVA alone. However,
the limits of agreement of the HR.xsw — HRpmaxcy dif-
ference showed a great dispersion. Indeed, the limits of
agreement were between +17.4 and —24.9 bpm (410.3
and —14.8 % in terms of % difference), with 7 of the 12
studied subjects showing a difference between tests higher
than 5 %. All these facts suggested that substantial errors
could be made when extrapolating HR,,,x in swimming
from the cycling test. An even more striking difference was
found when comparing the workload levels at which AT
occurred. In fact, during the SW test, AT was detected at a
higher % of W .« (at about 82 %) compared to all the other
tests.

Since swimming requires less muscle mass (predomi-
nantly upper body) than running and cycling, it is tempting
to assume that running and cycling testing should lead to a
higher VO,,.x than swimming. However, in the present
study, this was not the case as the results showed that
swimmers had on average a similar VO, level during the
SW and RU tests, whereas they had an even higher VO;,,,.«
during the SW test as compared to the CY test. This fact
could be explained by taking into account that VOjp,.x i
training-sensitive. Hence, swimming training could induce
in swimmers some specific adaptations leading to VO; .«
enhancement only in their specific activity. It has in fact
been suggested that the specifics of training affects the
metabolic response of the musculature employed, and thus
the metabolic response is specific to the training mode
[14, 15, 20]. This is in accordance with what has been
recently found by Roels and co-workers [30], who reported
that swimmers had a higher VO,,,,x when assessed during
swimming than during cycling. However, it is in contrast to
earlier studies reporting that, in elite swimmers, VO;ax
was lower during swimming than during running [14, 15].
We cannot explain these conflicting results. However, it
should be noted that the earlier studies quoted used the
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Douglas bag technique. This apparatus is cumbersome and
not very comfortable to wear. Hence, it is possible that the
Douglas bag limited athletes’ movements so that they did
not produce their top performance. In contrast, in the study
by Roels et al. [30], who reported results similar to those of
the present investigation, a snorkel similar to that of our
investigation was employed. Thus, the different techniques
used to collect expiratory gasses may explain the different
outcomes of the various studies.

Another fact deserving attention is that the most striking
difference between the SW test and the unspecific tests was
found for AT, which occurred at a mean of 82.2 % of Wy,.x
during swimming, a value about 15-20 % higher than
those detected in the other tests. Likewise for VO,,., this
fact could be the consequence of the specific adaptations
induced by swimming training that enhanced the metabolic
response during the specific exercise activity. This finding
suggests that AT is more sensitive than VO, in detecting
the specificity of training and that AT should be prefer-
entially used when evaluating swimmers’ fitness status.
This conclusion is in good agreement with the concept that
VOyomax 1S a valuable tool to distinguish between fit and
unfit subjects, but it is not sensitive enough to discriminate
between subjects of homogenous performance levels, since
it suffers from limitations due to the fact that adequate
motivation of the exercising subject is necessary to appro-
priately determine VOj;,,.x, While sub-maximal parameters
such as AT are less sensitive to motivation [13]. Moreover,
while VO,,.x reflects the integration of several mecha-
nisms (ventilation, cardiac output, peripheral muscle O,
extraction, etc.), AT mainly reflects type II (fast-twitch
glycolitic) muscle fibers recruitment, which are sensitive to
training. In fact, the VO, slow component, which is sup-
posed to be linked to progressive recruitment of type II
muscle fibers, has been described as being reduced in
swimmers with a higher ventilatory threshold [25], thereby
suggesting that mechanisms related to muscle recruitment
are more specific indicators of athletes’ fitness status than
VOomax- Thus, AT appears to be more sensitive than
VOjmax for detecting the specificity of training. It has in
fact been reported that anaerobic and ventilatory thresholds
are important variables distinguishing endurance perfor-
mance in athletes homogeneous in terms of VOy,,« [5], and
that AT is a more useful indicator of aerobic endurance
performance than VOy.x [1, 13].

As far as HR ,,,, is concerned, this variable showed a clear
tendency to be lower in response to the SW than during
the other tests. This fact is not novel since most of the
research dealing with comparison between swimming and
other kinds of effort has led to similar results [15, 28, 30].
Several factors could be responsible for the phenomenon: the
different body position that improves cardiac filling and
stroke volume, thereby reducing HR at a given cardiac
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output; the enhanced vagal tone due to water immersion; and
the reduced muscle mass used when swimming.

Limitations of the study

Some technical considerations about the present investi-
gation need to be acknowledged. First, as concerns the
validity of the method employed in the present study, it
should be emphasized that, from a biomechanical point of
view, tethered swimming is different from free swimming
since, among other factors, it does not take into account
some critical aspects such as active and passive drag
[10, 11]. However, previous research has reported that
tethered swimming yielded essentially identical VOj.x
values as free and flume swimming, thus indicating that
results from tethered swimming tests were highly corre-
lated with those of free swimming [8]. Another fact was
that the additional dead space of the snorkel apparatus is
likely to cause hyperventilation. However, results from
additional experiments conducted with and without the
snorkel suggested that VE was slightly increased by the
snorkel only at sub-maximal workloads as compared to
free breathing. Similarly to what has been described for
VE, the snorkel device also induced a slight HR increase
only at submaximal workloads. In contrast, the VO, and
VCO, responses were substantially unaffected by the
apparatus. Taken together, these facts led us to assume that
the dead space added by the snorkel did not influence the
outcome of the present study, which mainly focused on
variables at AT and at maximum workload, i.e. when
the snorkel device did not appear to significantly affect
physiological response. Furthermore, athletes’ mean
value of VOj,.x achieved (54.6 mL/kg/min, range
46.5-66.7 mL/kg/min) and workload level at AT (82.2 %
of Wa) were similar to those reported by previous studies
in competitive swimmers [25, 27, 30], thus suggesting that
the method employed in the present study yielded results
comparable to those obtained by using a different com-
mercially available snorkel.

Taken together, our data seem to support the snorkel
method as a valid tool to assess swimmers’ physical
capacity in the pool setting. This method, although
expensive, has been previously employed to assess the
specificity of oxygen uptake kinetics, oxygen deficit, and
energy cost in swimming [3, 4, 25, 26]. The present
investigation provides further evidence that it is also suit-
able for VO,,.x and AT assessment.

In conclusion, the present investigation provides evi-
dence that none of the laboratory tests utilized to measure
oxygen uptake in swimmers yielded results comparable to
those obtained by tethered swimming testing. This fact
strengthens the concept that swimmers should be tested in
their specific activity and that predicting VOj.x for

swimming from other exercise testing procedures should be
avoided. Moreover, the most specific parameter appears to
be the anaerobic threshold, which shows the most relevant
difference between swimming and the other tests.
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