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ABSTRACT

Artistic swimmers (AS) are exposed to repeated apnoeas in the
aquatic environment during high intensity exercise provoking
specific physiological responses to training, apnoea, and im-
mersion. This study aimed to evaluate the changes in lung dif-
fusing capacity in AS pre-, mid- and post-training in a combined
session of apnoeic swimming, figures and choreography.
Eleven elite female AS from the Spanish national team were the
study’s participants. The single-breath method was used to
measure lung diffusing capacity for carbon monoxide (DLcg)
and one-way repeated measures ANOVA was utilized to evalu-
ate the statistical analysis. Basal values of DL were higher than
normal for their age and height (33.6 £4.9mL-min~'-mmHg~;
139+ 19 %) and there were a significant interaction between
DLco and AS training (02, =0.547). After the apnoeic swimming
(mid-training) there was an increase in DL from basal to 36.
7+7.3mL-min~"-mmHg~" (p=0.021), and after the figures
and choreography (post-training) there was a decrease com-
pared to mid-training (32.3 4.6 mL-min~1-mmHg~', p=0.013).
Lung diffusing capacity changes occur during AS training, includ-
ing a large increase after apnoeic swimming. There were no dif-
ferences in lung diffusing capacity from pre- to post-training, al-
though large inter-individual variability was observed.

Introduction

Artistic swimming is an extremely demanding sport which com-
bines swimming, artistic skills, power and flexibility. The artistic
swimming routines require precise synchronized movements
above and below the water surface thus combining apnoeic and
non-apnoeic periods. The competitive routines last 3-4 min and
artistic swimmers (AS) may spend 50-65 % of the total time with
their faces underwater [1, 2]. Water immersion of the body pro-
duces a physiological response known as a diving response [3],

which induces changes at cardiovascular and respiratory level, in-
cluding redistribution of regional blood flow to the body core, pe-
ripheral vasoconstriction, increase in arterial blood pressure, and
decrease in cardiac output [4]. While AS can hold their breath for a
longer time, and have greater lung capacity than control subjects
[5, 6], to the best of our knowledge, no study has described the
lung diffusing capacity presented by AS or the lung functional
changes produced during artistic swimming training.
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Artistic swimmers (AS) spend part of their training in regular
surface swimming. The swimming respiratory mechanics consist
of arapid out-of-water phase of forced inhalation and a relaxed un-
derwater phase of prolonged exhalation provoking swimmers to
establish a “controlled breathing pattern” which must be coordi-
nated with the stroke movements [7]. Swimmers have larger lungs
and higher diffusing capacity than other athletes [7]. However,
swimming training may provoke a decrease in lung diffusing capac-
ity (unpublished) and it may trigger mechanical stress failure lead-
ing to Swimming-induced pulmonary oedema (SIPO) during the prac-
tice [8]. This condition is characterized by an extravasation of fluid
to the interstitial space caused by a disruption of the capillary-al-
veolar barrier under high pulmonary arterial pressure and high cap-
illary blood flow in the central circulation [9]. Both physiological
conditions are stimulated by swimming exercise, apnoeic periods
and immersion, which are some specific characteristics of artistic
swimming [10].

The diffusion capacity for carbon monoxide (DLcp) describes the
conductance of gas from the alveolar air to the capillaries and pro-
vides a measure of gas transferin the lungs [11]. A decrease in DLo
has been observed after exercise [12-14] although to the best of
our knowledge, water-based exercise has not been considered. The
reasons for the decrease in lung diffusion are unclear, but the more
plausible explanations are the redistribution of central blood vol-
ume to peripheral areas [15] and/or the occurrence of alung inter-
stitial oedema [13].

The question faced by this study is whether recurrent mechan-
ical stress in the lungs during AS training lead to lung function al-
terations, given the large number of repeated apnoeas that these
athletes accomplish during training [16]. Therefore the aim of the
study is to describe (i) the parameters presented in lung capacity
and diffusion in elite female AS and (ii) the changes provoked by
artistic swimming training in the pulmonary alveoli-capillary diffu-
sion measuring DLcg and other pulmonary parameters at the mid-
dle (after the apnoeic swimming) and at the end of the training ses-
sion (after the figures and choreography).

Materials and Methods

Participants

The participants were 11 international level AS. All of them were
members of the Spanish national team. All of them have partici-
pated in European and World Championships and some of them
have been World and Olympic medallists. They were all female
ranged from 16 to 24 years old and they had a training schedule of
40 h per week. Training routines consisted in water-based artistic
skills, swimming training, choreography, stretching sessions,
strength training and physical conditioning. The AS participants
did not present with any symptoms of respiratory discomfort
(cough, wheezing, or shortness of breath) during training.

Anthropometrical and physiological characterization

At the beginning of the study, a physical evaluation was made to
characterize the sample of elite artistic swimmers, including a
spirometric test, anthropometrical measurements and an incre-
mental maximal test. Spirometry was performed to calculate lung

volumes and flows in accordance with ATS/ERS Guidelines [17]. An-
thropometric measurements were obtained by the same experi-
enced technician following the principles of the International So-
ciety for the Advancement of Kinanthropometry (ISAK). Skinfold
measurementincluded triceps, subscapular, biceps, suprailiac, ab-
dominal, thigh, and medial calf. The incremental test used to de-
termine maximal oxygen consumption (VO,max) and maximal ex-
ercise ventilation (Vgmax) was performed on a cycle ergometer
starting at 50 watts (W) and increasing by 25 W per minute until
exhaustion. It must be mentioned that the VO,max may have been
underestimated because the maximum incremental tests were car-
ried out on a cycle ergometer. Some studies have addressed this
concern and have shown mixed results. Lobenius et al. [18] found
different VO,max with a 10 % decrease in cycle ergometer versus
water-based exercise while Engelmann et al. [19] found a similar
VO,max in both modalities.

Experimental design

The participants performed two DLcg measurements before the
start of the study to become familiar with the method. The com-
puterized spirometer used to evaluate lung capacity and diffusion
was placed in a room 20 m away from the pool. On the day of the
study, the participants were called 15 min before the beginning of
the training to assess their diffusing capacity.

The artistic swimming session lasted for 3 hincluding a first part
of apnoeic swimming and a second part of figures and choreogra-
phy (> Fig. 1). The apnoeic swimming was composed of 2000 m of
interval swimming at moderate intensity breathing bilaterally every
5,7 or 9 strokes. The main part of the apnoeic swimming was com-
posed of 4 blocks of 6 sets of 60 m with a recovery period of 30-s
between sets and 1 min between blocks. The participants were in-
structed to return to the examination room in the first minute after
the end of the apnoeic swimming part of the training. After that,
the AS spent 2 h practicing the figures and choreography of their
artistic routine, an interval type of training with large apnoeic pe-
riods (from 8-s to 24-s) during sets of 90-s to 3 min at maximal in-
tensity and long rest periods between sets (3-6 min). At the end
of the training, AS performed 3 sets of the whole artistic routine
(~3 min) at maximal intensity before returning to the examination
room to again test their lung diffusing capacity.

An important point of this study was to evaluate DL as quick-
ly as one minute after the participants had stopped exercising. To
achieve this, they came to the examination room one by one while
the rest of their teammates kept swimming (in the mid- measure-

| Artistic swimming training (3 h) |

j Apnoeic swimming (1 h) f Figures and choreography (2 h) j -

Pre Mid End

> Fig. 1 Schematic representation of the artistic swimming training
session protocol.
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ment) and practising the routine individually (in the post- meas-
urement) until it was their turn to be evaluated. In each condition,
the first “grade A” manoeuvre was considered, as identified by the
system [17]. If the measure was not considered as “grade A”, at
least 4 min were allowed to ensure adequate washout of the gases
before the repetition of the test. In addition, the haemoglobin (Hb)
concentration was determined from a small blood sample obtained
by venepuncture to adjust DL¢q to individual parameters before
the beginning of the training.

Pulmonary function measurements

The procedure used to obtain lung diffusing capacity (DLo) param-
eters was the single-breath method, for which a computerized
spirometer (Ganshorn, PowerCube Diffusion +, Niederlauer, Ger-
many) was attached to a gas mixture cylinder to find the diffusing
lung capacity of the participants. This method involves measuring
the uptake of CO from the lung over a short breath-holding period
to calculate DLcg. The recommendations made in a recent joint
statement by the American Thoracic Society (ATS) and the Euro-
pean Respiratory Society (ERS) were followed [17]. The participants
were placed in a seated position, with a mouthpiece and nose-clip
in place throughout the test procedure. The test started with tidal
breathing for 2-4 breaths until the subject felt comfortable with
the mouthpiece. Then the DL manoeuvre began with an unforced
exhalation to residual volume (RV). At RV the subject’s mouthpiece
was connected to a source of test gases, and the subject inhaled
rapidly to maximal inspiration. After that, the participant was asked
to hold their breath for 10 s and then exhale completely without in-
terruptionin less than 4 s and to continue with a tidal breath to fin-
ish the test. The test gases used to calculate pulmonary function
and diffusing capacity were 0.3 % of CO, 11 % of a tracer inert gas
(He) used to measure alveolar volume (VA) and the initial alveolar
CO, and a mixture of 20.9 % of O, balanced with N,. In addition,
transfer coefficient of the lung for carbon monoxide (K¢p), total
lung capacity (TLC), vital capacity inspired (VCy), and RV were cal-
culated and the percentage predicted by age and height ( %-pre-
dicted) for pulmonary parameters were considered accordingly
with the supplementary material from Stanojevic et al. [20].

Ethical considerations

The study protocol and procedures were approved by the Clinical
Research Ethics Committee at the Direccié General de I’'Esport of
the Catalonian Sports Council. All the participants were informed
of the purpose, protocol, and procedures before informed consent
was obtained from them or their representatives. The study was
carried out according to the Declaration of Helsinki for human ex-
perimentation and we confirm that the study meets the journal’s
ethical standards [21].

Statistical analysis

Data are reported as mean values * standard deviation (SD) [95 %
Cl (confidence interval)]. The Shapiro-Wilk test was used to estab-
lish the normal distribution of the sample. Differences in pulmo-
nary parameters between pre-, mid- and post-training conditions
were analysed using one-way repeated measures analysis of vari-
ance (ANOVA) and, in case of detecting statistical effects (p<0.05),
Bonferroni comparisons were performed. Effect sizes as partial eta

squared (n?;) values were employed to present the magnitude of
differences with 0.01, 0.06 and above 0.15 thresholds for the triv-
ial, small, medium and large effects, respectively [22]. Statistical
power (sp) was also calculated. The Mauchly’s test of sphericity was
performed for the effect of the conditions in the DL¢g values, and
if violated (p<0.05), a Greenhouse-Geisser correction was applied.
The software package used for the statistical analysis was SPSS v26
(IBM SPSS Statistics).

Results

Anthropometrical and physiological description

» Table 1 shows a description of the physical, anthropometric and
spirometric characteristics from our sample of 11 elite female ar-
tistic swimmers as mean values +SD [95 % Cl].

Changes in pulmonary function during artistic
swimming training

Changes in lung diffusing capacity and lung volume during AS train-
ing are shown in > Table 2. Basal lung capacity and diffusing capac-
ity of elite artistic swimmers were higher than those predicted by
age and height with alarge variation inter-subjects, including DL¢o
(139+19%), Keo (109+14%) and VA (125+7 %).

There was a significant interaction between changes in DL¢q
and AS training, (Fy.17,11.72=12.06, p=0.001, n?,=0.547, sp =
0.916; » Fig. 2). Regarding the comparison by pairs, there was a sig-
nificant increase in DL¢o from pre-training to mid-training (33.6 £
4.9t036.727.3mL-min"T-mmHg~1, p=0.021), and there was a
significant decrease from mid- to post-training (36.7+7.3t0 32.3
£4.6mL-min~'-mmHg~', p=0.013). However there were no sig-
nificant differences in DLco from pre-training to post-training
(33.6¥4.9t032.3+x4.6mL-min~'-mmHg~', p=0.086).

There was a similar interaction between changes in Kcg and AS
training (F;,,0=11.87,p=0.001, n?,=0.541, sp=0.986; > Fig. 2).
Regarding the multiple comparison by pairs, there was a significant
increase in Kcq from pre-training to mid-training (5.14+£0.66 to 5.51 =

> Table 1 Anthropometrical and physiological description of the elite
female artistic swimmers.

Artistic swimmers (n=11)

Age (y) 20.3+£3.5[2.0]
Height (cm) 170.8+£4.4[2.5]
Body weight (kg) 57.5%6.1[3.5]

BMI (kg-m?2)
6 skinfold (mm)

VO,max (mL-kg~"min~1)

19.7+1.7[0.9]
74.5+8.4[4.8]
45.9+4.8 [2.6]
96.5+20.9 [11.4]

Vemax (L-min~T1)

FVC (L) 4.46+0.5[0.27]
FVC (%-predicted) 106.9+£10 [5.8]
FEV1 (L) 3.7£0.5[0.3]
FEV1 (%-predicted) 104.3+15[8.8]
FEV1/FVC 82.4+8.9[5.3]
PEF (L-s~1) 6.8£1.3[0.8]

FEF 25-75 (L-s71) 3.6£1.0[0.6]

Data are described as mean values+SD [95 % Cl].
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> Table 2 Changes in lung diffusing capacity and lung volume parameters during artistic swimming training from pre-, to mid-, to post-training.

Artistic swimmers (n=11)

Pre Mid Post
Dlco (mL-min~'-mmHg~") 33.6+4.9[2.7] 36.7+7.3 [4.3)° 32.3+4.6 [2.5]°
Dlco (%-predicted) 139+19[9] 152£29 [15] 135+17 [9]
Keo (ML-min~"-mmHg~"-L"") 5.14+0.66 [0.39] 5.51+0.91 [0.54]? 4.89+0.64 [0.38]°
Kco (%-predicted) 109+ 14 [8] 11619 [11] 105+13 [8]
VA (L) 6.43+0.44[0.26] 6.62+0.50[0.29] 6.51+0.50[0.30]
VA (%-predicted) 125+7 [4] 128+9 (6] 1269 [5]
TLC (L) 6.56+0.43 [0.26] 6.74+0.51[0.30] 6.64+0.51[0.30]
TLC (%-predicted) 123£11(7] 12911 [6] 124£14[8]
VG (L) 4.96+0.32[0.19] 4.91+0.42[0.25] 4.98+0.46 [0.27]
VCy (%-predicted) 129+10 [6] 12511 [7] 12711 (7]
RV (L) 1.60£0.33[0.19] 1.84+0.35[0.21]° 1.65+0.27 [0.16]°
RV (%-predicted) 119+26 [15] 138+31[18] 124+£24 [14]

Data are described as mean values = SD [95 % Cl]. a: Significantly higher than Pre (p<0.05). b: Significantly lower than Mid (p<0.05).

0.9TmL-min~T-mmHg~1-L~7, p=0.034), and there was a signifi-
cant decrease from mid- to post-training (5.51+0.91t04.89+0.6
4mL-min~1-mmHg~T-L~7, p=0.008). Also, there were no signif-
icant differences in Ko from pre-training to post-training (5.14
0.66t04.89+0.64mL-min~1-mmHg~1-L~1, p=0.069).

Regarding lung volumes parameters, there were no changes
during AS training in VA (p=0.167), TLC (p=0.169), and VCy
(p=0.700). Lastly, there was a significant interaction between
changesin RV and AS training (F,, 20=10.50, p=0.001,n2,=0.512,
sp=0.974). Regarding the multiple comparison by pairs, there was
a significant increase in RV from pre-training to mid-training
(1.60+0.33t0 1.84+£0.35L, p=0.010), and a significant decrease
from mid- to post-training (1.84+0.35t0 1.65+0.27L, p=0.008),
but there was no significant differences from pre-training to post-
training (1.60+0.33to 1.65+0.27L, p=1.000).

Discussion

Artistic swimmers (AS) presented higher values in pulmonary func-
tion compared to the reference values for their age and height.
Changesin DL¢o occur during AS training, including a large increase
after apnoeic swimming in the middle of the training and a de-
crease after figures and choreography at the end of the training.
However, there were no significant differences in lung diffusing ca-
pacity from pre- to post-training, although large inter-individual
variability was found.

Lungs are involved in oxygen delivery during activities with ap-
noeic periods such as artistic swimming. However, to the best of
our knowledge only two studies have analysed some physiological
data of lung capacity in AS showing that they can hold their breath
for a longer time, and they have greater vital capacity (VC), total
lung capacity (TLC), forced expiratory volume (FEV) and forced ex-
piratory volume in one second (FEV1) than the general population
[5,6]. When comparing our results with the pulmonary evaluation
made by Roby et al. [23]in 1983 with Olympic champions from the
US, some differences can be described. Our sample shows higher
DLco and VA, but lower K than the leading world AS from that

time. This is probably because AS now train their physical capaci-
ties harder than they did in the 1980s.

The singular training challenges faced by AS can be summarized
as a high metabolic demand with recurrent apnoeic periods within
the aquatic environment which provoke a bradycardic response
and blunted hypoxic ventilatory response (HVR) [24]. This condi-
tion may stress the respiratory system via lung hyperinflated ma-
noeuvres, hypoxemia [25], and mechanical loading [5]. Although
land-based sports have not been associated with lung growth, hy-
poxia or mechanical strain may stimulate lung growth [26]. Hence
the exposure to repeated apnoeas in a water-based environment
could be the reason why swimmers [7], apnoeic divers [27], and
artistic swimmers [6] had larger lung capacity and diffusion than
land-based athletes. A longitudinal study must still be performed
to evaluate whether these differences are because of swimming
training or genetic influence.

In our study, apnoeic swimming training increased lung diffus-
ing capacity compared to pre-training (+9.2 %). This type of train-
ing demands a high metabolic rate combined with relatively short
apnoeic periods (5-s to 12-s) which require low respiratory frequen-
cy and high tidal volume, a breathing pattern that involves high in-
spiratory muscle strength [28]. As cardiac output (Q) increases to
meet O, delivery requirements during exercise, the increase in right
ventricular pressure results in an increase in pulmonary arterial
pressure (PAP), which in turn provokes a recruitment and disten-
sion of the pulmonary capillaries [29] increasing alveolar-capillary
surface area available for gas exchange [30,31]. The increase in
DLco during exercise has been attributed to an increase in pulmo-
nary capillary blood volume (Vc) and a better matching between
tissue and erythrocyte surfaces, rather than anincrease in Dy [32].
However, the greater DLcq improvement found in endurance ath-
letes compared to non-athletes has also been associated with the
increase in membrane diffusing capacity (Dy) [29] suggesting that
endurance athletes have a better response in alveolar-capillary
membrane that facilitates the transfer of O, during exercise which
may be in accordance with the increase of Kg in AS after the ap-
noeic swimming training.
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Later, the figures and choreography training provoked a de-
crease in DL¢o from mid- to post-training (- 13.6 %), but no differ-
ences were found from pre- to post-training. This type of training
is characterized by high intensity bouts of exercise with large ap-
noeic periods (8-s to 24-s) and long rest periods. The results are in-
conclusive since a slight, but no significant decrease (-4.0 %) is ap-
preciated, and 9 of 11 AS had a decrease in DLcg and Kcq after train-
ing. Also, a large inter-individual variability is presented (> Fig. 3),
including 5 AS with a large decrease in DL¢g after training (-5
to —20%), 4 AS with small decrease after training (- 0.7 to —3.7 %)
and 2 AS with a small increase after training (+ 1.1 to +4.1%).

The literature is consistent regarding the decrease in DLcg after
training in land-based exercise [12-14,33], and we have found sim-
ilar results in swimmers after training with a consistent and signif-
icant decrease (-2.5%) in a large population of 21 participants
along 207 pre- to post-training evaluations (under revision). The
first possible explanation of this decrease is the redistribution of
the blood flow to the peripheral tissues after the training through
areduction in central and pulmonary blood volume after exercise
[34], and a significant redistribution of fluid shift from the thorax
to the peripheral vascular space [15]. However, we measure DL
just one minute after exercise, and we showed a slight, but not sig-
nificant increase in VA and TLC after swimming (> Table 2). This
suggests higher capillary recruitment in the lungs post- training
compared to pre-training and evidences the inconsistency of this
hypothesis in our case. The second possible explanation of this de-
crease in DLcg is swimming-induced pulmonary oedema (SIPO), in
which extravasation of fluid to the lung extravascular space is pro-
duced under a condition of high capillary flow and pressure [9, 35].
Besides, SIPO could occurin a subclinical manner since AS present
some predisposing risk factors such as exercise, hypoxic exposure
and immersion [10].

Limitations

In the literature, some AS have complained of cough, dizziness, and
even momentary black-out [2, 36] suggesting undesirable levels
of hypoxia, hypersensitivity to chlorine, or a respiratory condition.
In addition, the respiratory redox-state of swimmers can be affect-
ed by chronic exposures to chlorinated pools, to a greater extent
than land-based athletes [37]. None of the athletes enrolled in this
study suffered from asthma or allergy, nor did they present signs
or symptoms of bronchial hyperreactivity associated with the prac-
tice of their sport. All of them showed baseline functional tests
within the normal range. For this reason, it was not considered nec-
essary to perform tests for bronchial reactivity, bronchodilator,
methacholine, cold air or voluntary isocapnic hyperventilation.
However, we do not know whether, even without showing the
symptoms associated with exposure to chlorine derivatives, any of
them could be hyperreactive [38].

To the best of our knowledge, this is the first study that evalu-
ate pulmonary function in relation to AS training, although we did
not measure either Dy, or Vc that would have provided a deeper ex-
planation of the changes in lung diffusing capacity [39]. Further
studies should contemplate the inter-individual response to AS
training in lung diffusing capacity in combination with direct tech-
niques, such as imaging techniques, that would be the most suit-
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able approach for demonstrating the presence of a mild perturba-
tion in extravascular fluid balance [40].

Conclusion

In summary, lung diffusing capacity changes occur during AS train-
ing, including a large increase after apnoeic swimming in the mid-
dle of the training. Regarding the pre- vs post- comparison, there
were no significant differences, but it could be interesting to mon-
itor individual cases since large variability can be appreciated, in-
cluding some AS with a large decrease in lung diffusing capacity
after the routines and choreography. However, artistic swimmers
show larger lungs and higher diffusing capacity than reference val-
ues. Therefore, the decrease in DL after training, in the case of
representing a real physiological detriment, does not lead to a clin-
ical impairment of the alveolar-capillary function.
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