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PHYSIOLOGICAL RESPONSES AND COMPETITIVE PERFORMANCE IN
ELITE SYNCHRONIZED SWIMMING

Lara Rodriguez Zamora

ABSTRACT

Previous research investigating synchronized swimming (SS) from a physiological perspective has
mainly used figures or fractionated and/or simulated routine protocols during training, although the
nature of this sport leads to continuous, very demanding exercises (~2-4 minutes) performed at
increasingly higher levels of intensity with almost 50% of this time underwater. In addition,
different from training, competition is a challenging situation which usually stimulates higher
psycho-physiological responses in the participant. Current knowledge is thus limited as regards
physiological responses in competitive elite SS. Therefore, the overall aim of this dissertation is to
investigate the physiological responses related to performance during the execution of competitive
routines both during training and competitive sessions in elite synchronized swimmers. The
dissertation is based on three studies (Studies I-111); all of them use the same protocol with
continuous cardiovascular monitoring during the competitive routines, perceived exertion
assessment after the executions, and blood lactate measurements (Study | and Ill). Study |
characterized the physiological responses in relation to performance during an official competition.
In Study 1l the execution of the duets in both conditions—training and competitive session—was
used to compare the athletes’ internal load in order to ascertain whether swimmers may achieve the
competitive intensity during training sessions, and Study Il was performed to investigate how
immersion periods, with the concomitant bradycardic events, affects perceived exertion with both
physiological (HR) and subjective perceptual markers (RPE).

The current thesis demonstrates that cardiovascular responses during competition are

characterized by intense anticipatory pre-activation and rapidly developing tachycardia up to



maximal levels with interspersed periods of marked bradycardia during the exercise bouts
performed in apnea (Studies I-Ill). During competitive routines, moderate blood lactate
accumulation suggested the activation of the glycolytic metabolism in the exercising muscles and
an adaptive metabolic response due to the specific training adaptations in this kind of athletes
(studies I and 111). Furthermore, competitive routines were perceived as very to extremely intense
by all swimmers, likely reflecting not only the absolute exercise demands but also their previous
experience and expectations (Studies | — I11). In Study I, the internal load (HR and RPE) imposed
by SS duets performed during training was virtually identical to that elicited in a real competitive
situation due to the effects of automaticity—embodied through the replication of the same
movement sequence in practice—, and by the swimmers’ long-term adaptations to specific routine
exercise and apnea. There was a strong positive relationship between RPE and the duration and/or
frequency of bradycardic events during routines (Studies Il and IlI). In fact, the frequency and
duration of immersions, the magnitude of subsequent bradycardic events, the blood lactate
concentration, and the HR recovery during competitive SS routines explained 62% of the variance
in perceived exertion, with cardiorespiratory factors providing a relatively greater neural input as
compared to metabolic factors (Study IlI).

Attending the relationships between physiological parameters and performance, the
magnitude of anticipatory heart rate activation and bradycardic response explained 26% of
variability in performance (Study 1). In Study Il this percentage rose to 53% when immersion
parameters and the lactate concentration in blood were related, supporting the idea that an
augmented diving response is associated with higher performance in SS. The results presented on
this thesis suggest that the higher intensity and the more frequent and longer immersions would be
associated with higher merit and performance results (I and I11).

Keywords: Apnea, breath holding, blood lactate, competition, diving response, heart rate,

immersion, rating of perceived exertion, routine, synchronized swimming, training, elite athletes.
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INTRODUCTION

Synchronized swimming
Synchronized swimming (SS) is a sports discipline that combines swimming, dancing and
gymnastics. Synchronized swimmers perform a choreography called routine which consists of
elaborate moves in the water accompanied by music. According to the number of swimmers
competing at the same time, the SS routines can be categorized in three events — solo (one
swimmer), duet (a couple) or team (eight swimmers). SS is governed by the Fédération
Internationale de Natation (FINA) and was first introduced to the Olympic program as a
demonstration sport in 1948. It became part of the official Olympic program in 1984, initially in the
solo and duet modes, but dropped in 1996 in favor of team competition, and reintroduced in duet
competitions at the 2000 Olympic Games. In each competitive session, swimmers competing above
junior level must perform both a technical and a free program.

The technical routines are composed of 6-10 required elements selected every four years.
They are performed in a specific order and last 2 min in the technical solo (TS), 2:20 min:s in the
technical duet (TD) and 2:50 min:s in the technical team (TT). The free routines allow more
flexibility to demonstrate grace, artistry and creativity, as there are no figure requirements. Their

duration is 3 min in the free solo (FS), 3:30 min:s in the free duet (FD), and 4 min in the free team

(FT) (39).
Competitive
SS
I
[ I 1
Solo Duet Team
Technical Free Technical Free Technical Free
Solo Solo Duet Duet Team Team

Figure 1. Competitive program in elite synchronized swimming. The combination routine has not been included in this

investigation.



It should be pointed out that another free routine, the combo (combination routine), in
which ten synchronized swimmers perform a free choreography lasting 5 min, is included in the
competitive program of international competitions as well as in the World Championships.
However, combo has not been studied in the investigation.

In SS, the total competition score (TCS) is awarded by two judging panels. For the
technical routines, TCS is composed of separate scores for execution and overall impression and for
free routines the TCS is composed of separate scores for technical merit and artistic impression. The
execution and technical merit score rates the technical execution of all moves, including aspects
such as the height of the body out of the water, synchronization with duet/team members and/or to
the music, and the level of difficulty, whereas the overall and artistic impression score rates the
choreography, music interpretation, and the manner of presentation. In both cases, TCS is up to a

maximum of 100 points (39).

Physiological responses in competitive events
Information available on the physiological stress during SS is very scarce and several authors have
noted the methodological difficulties to assess physiological parameters during SS performance (12,
38, 101, 135). This is partly because of the challenges of taking measurements in the pool,
especially when so much time, up to 50%, is spent underwater (56).

Most studies have attempted to address the physiological responses focusing on heart rate
(HR) and blood lactate measurements during different types of SS training such as figure execution
(47, 56, 57), routine elements (120, 134), and simulated competitive routines (12, 26, 64, 99).
However, it is difficult to make any generalization about these results given the differences in the
tests conducted and the methodologies. Moreover, the validity of this research for current

synchronized swimmers may be further limited because the sport has since changed to become



more athletic with the addition of acrobatic elements, increased speed of movement, a requirement
for more power, and a greater level of complexity and difficulty in the routines. On the other hand,
different from training, competition is a challenging situation which usually stimulates higher
psycho-physiological responses in the participant (127). Unfortunately, barely any of these
assessments have been performed during real competition, making it difficult to derive valid
information on the physiological demands of the sport and its different events (64). Then, today’s
competitive demands need to be characterized during real competition, thus requiring a field study
design, with some intrinsic limitations imposed by the competition rules on the one side, and by the
aquatic environment on the other. This thesis is focused on further studying the physiological

responses in modern competitive SS.

Cardiovascular response

A unique aspect of SS is the frequent and often lengthy breath holding (BH) periods while
performing high-intensity exercise underwater. The combination of movements in the pool, with
sequential or simultaneous jumps, strokes, acrobatics, and diving across the SS routines yields HR
values proportional to exercise intensity (64, 99, 120) but also induces a HR decrease (bradycardic
response) similar to diving alone (3) or combined with low intensity exercise (55). Thus, the HR
pattern would vary depending on the exercise intensity, the swimmers’ breathing pattern and the

long term adaption to apnea training.

The diving response

The combination of physiological reflexes elicited by BH in humans and many other air-breathing
animals is collectively called the diving response (33, 49). The characteristics of the classical
human diving response are a reduction in HR or bradycardia (63), a decrease in cardiac output (80),

a redistribution of blood flow due to peripheral vasoconstriction (52) and an increase in mean



arterial blood pressure (37). The diving response is initiated when the head of the human is
submerged.

The two principal sensory inputs have been described as facial neural activity and cessation
of respiratory movements (32). The cessation of breathing per se leads to a reduction in stretch-
receptor activity which initiates the diving response (33, 78). The effects of respiratory arrest and
facial cold stimulation appear to be additive, where a combination of both causes the strongest
diving response (10, 33, 60, 83, 112). Then, BH epochs responds not only to water immersion (1M),

but also to face IM (111).

Bradycardia
In humans as in animals, the initiation of bradycardia at the onset of apnea is a result of interactions
between the respiratory center and the cardiac autonomic centers in the central nervous system (77).
The bradycardia is mediated by the parasympathetic efferent pathway, where increased vagal
activity causes a reduction in HR (78). It is an essential protective reaction of the cardiac system
aimed at economically managing O, (9) whose magnitude is often used to estimate the overall
magnitude of the diving response (33, 78). The economical use of O, results from lowered
myocardial O, demands causing a decrease of the cardiac output (13).

After 25-30 s of apnea and cold stimulation, the bradycardia is fully established (78).
During the first 10-15 s of underwater BH swimming in humans, the cardiovascular response (as
indicated by HR) is similar to that seen during a similar level of exercise while breathing air. From
then on there are a progressively more intense bradycardia which is indicative of an oxygen
conserving response consisting of reduced perfusion of most of the body except the heart, central
nervous system (CNS) and active locomotory muscles.

Several studies have been shown that facial cold stimulation without apnea causes a
bradycardia similar in size as during apnea alone (33, 60, 83). It has been shown that chilling of the
forehead results in a more pronounced bradycardia than that which is obtained when other facial

4



areas of similar size are chilled (114). This has indicated that the receptors involved in triggering
the response are located mainly in the forehead, or are more densely distributed in the forehead than
in other parts of the face (114). The potentiation of the diving response through stimulation of the
cold receptors in the face depends on the difference between water temperature and ambient
temperature (113). In this line, there is no difference in bradycardia between face IM apnea and
whole body IM apnea (88).

The degree and rate of onset of this proposed O, conserving response are influenced by the
intensity of the exercise performed while under water and whether or not the period of underwater
BH swimming is preceded by exercise (23). Studies have been conducted on a host of bradycardia-
modifying factors. For instance, hypoxia, the area of cold stimulation, lung volume, alterations of
the intrathoracic pressure (Valsalva manoeuvres), high metabolic rate (high initial heart rate), level
of physical activity, age, long and short term training, and psychological factors such as anxiety

have influence on the magnitude of apneic bradycardia in humans (49, 54).

Exercise influences

In contrast to apnea at rest or under steady-state exercise, apneas initiated at the same time as the
exercise put two different, conflicting stimuli on the human body simultaneously. One is the
transition from eupnea to apnea, as in resting and steady-state exercise apneas, leading to increased
parasympathetic activity at the heart, which decreases heart rate (49). The other one is the transition
from rest to exercise, leading to parasympathetic withdrawal (41, 68) and increased sympathetic
activity at the heart, which increases HR (61). Since apneic parasympathetic influence on HR does
not change with different workloads, a stronger parasympathetic withdrawal and sympathetic input
on the pacemaker of the heart, as achieved by higher exercise workloads, should attenuate and/or
delay the diving bradycardia. Thus, while apnea and facial IM would increase the parasympathetic
tone causing HR reduction (78, 112), exercise enhances the sympathetic stimulation of the heart

(64) and increases HR.



Long term adaption to apnea

Decreases in HR during exercise and prolonged BH for trained subjects with breath hold diving
experience have been reported in the literature (47, 55, 75). Particularly in SS, Alentejano et al.
(2012) (2) reported higher HR values during exercise with apnea for non BH trained subjects
compared to synchronized swimmers. In addition, it has been suggested that the degree of
bradycardia tends to be high in synchronized swimmers who are skilled and experienced (47, 57).
In this line, the greater HR decrease for the trained swimmers would support a greater adaptation to
BH in the trained swimmers and this would likely translate into a conservation effect of O, (2).
Then, it is plausible to think that their exaggerated diving response and superior apneic ability could

be at least in part a product of their apnea training.

Anaerobic metabolism and performance

In SS, during the exercise bouts in apnea the challenge is to sustain exercise with the best technical
execution during progressive systemic hypoxia. While in the competitive freediving disciplines the
level of exertion is relatively low, in SS the athletes are exposed to hypoxia because the
combination of BH and vigorous exercise (29). Actually, synchronized swimmers need to combine
technically, physically, and esthetically very demanding routines (in the solo, duet or team events),
lasting about 2 to 4 minutes (39) performed at increasingly higher levels of intensity with the 50%
of this time spent underwater (56). Then, the sport seems to require high levels of aerobic and
anaerobic endurance (134), as well as exceptional breath control when upside down underwater
(64). Attending to the intermittent breath pattern of these athletes, characterized by frequent and
intense bouts of dynamic apnea interspersed by short breaths, the Lage concentration should be

analyzed cautiously due to:



1) The specific influence of the BH periods. The function of the diving response is thought to be
temporarily oxygen conserving which it potentially does in several different ways. The reduction in
HR itself could reduce the O, requirements of the heart (78), while the peripheral vasoconstriction
redistributes the blood flow, thus directing the O, mainly toward the most O, dependent organs, the
brain and the heart (33, 37) and during exercise in apnea, also to the working muscles (23). Because
the diving response is characterized by a peripheral vasoconstriction that reduces tissue blood flow,
tissue O, consumption is also reduced, thereby causing a reduced depletion of both the venous and
lung oxygen stores. Affected tissues are forced to derive energy from high-energy phosphates, from
aerobic metabolism with tissue oxygen stores, and from anaerobic metabolism with lactic acid
formation (8, 36, 37). In this line, the oxygen conserving effect of the diving response is further
supported by measurements on blood lactate concentration. In fact, blood lactate concentration has
been shown to increase from control after apnea (8, 37), with an even stronger increase after face
IM apnea (8, 112).

Then, one could speculate that the more reduced peripheral O, delivery due to the longer or
more frequent BH periods (14, 56), the higher the lactate production due to hypoxemia.
Furthermore, according to the time spent underwater in international competitions—solo (62.2 %),
duets (56.1 %), and teams (51.2 %) (56) it is plausible to think that the average values in blood
lactate accumulation may vary depending on the event executed, which is a an important topic of

one of the studies in this thesis (1).

2) The activation of the glycolytic metabolism in the exercising muscles. According to the “lactate
shuttle” hypothesis (22) at the onset of exercise, blood lactate release from working muscles
contributes to the elevation of circulating lactate concentration, but as exercise continues, working
muscle consumes and oxidizes lactate on a net basis as production continues. Because skeletal
muscle is capable of simultaneous lactate production and removal, it should be avoided interpreting

the Lapeax Values in terms of the sole variations of its cellular production because lactate in blood
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samples reflects the balance between production and catabolism (mainly intracellular and in other
organs and less active muscles) (66).

From a mechanistic perspective, lactic acidosis decreases the affinity of myoglobin and
hemoglobin for O,, thus facilitating O, diffusion to muscle mitochondria for sustained oxidative
phosphorylation during the apneic bouts. However, in competitive freediving disciplines, systemic
hypoxia may prevent this, leading to accumulation of lactate at an earlier state. In this case, the
lactate removal from working muscles may be compromised by selective vasoconstriction. As a
result, some peripheral regions may be excluded from perfusion, with the consequent reliance on

anaerobic metabolism (35) and considerable regional differences in lactate concentration (110).

The specific training adaptations

The diving response has been found to be stronger in subjects trained in breath-hold diving
compared to untrained subjects (111). Recent research comparing the physiological effects to BH at
rest and during exercising between synchronized swimmers and controls, showed that the first
exhibited an enhanced ability to breath hold with similar respiratory responses but a lower HR
while BH and during recovery, suggesting a better adaptation to BH in both situations (2, 3).
Several studies in SS have shown a reduction in hypercapnia sensitivity (14), an increase in
tolerance to CO; (3, 38), and a decrease in their ventilatory response to any submaximal exercise
(12) in this kind of athletes.

Although prolonged apnea causes hypoxemia which may lead to severe blood acidosis due
to the association of hypercapnia and increased lactic acid concentration (79), there is some
evidence that trained breath-hold divers exhibit reduced blood acidosis and oxidative stress
compared to non-divers after both static and dynamic apnea as well as after non-apneic control
exercise (67). This may be considered an adaptive mechanism to repeated apnea because both
acidosis and oxidative stress have noxious consequences on cellular and organ functions. Then,

trained swimmers may be more efficient, relying more on aerobic metabolic energy production and
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less on anaerobic glycolysis while BH in comparison to the BH controls (2). This is supported by a
longitudinal study on four elite synchronized swimmers showing a decrease in total net lactate
accumulation along a season of training (120), and by another study in which 5-week technical
training program resulted in increased technical scores obtained in a team routine, but decreased

performance and greater decrease in vo,pea and Lapex in @ 400-m swim (26). Training practice

seems to produce such adaptations improving effectiveness at both peak and submaximal exercise
(76) both in aerobic and anaerobic metabolism, which would explain the improvements in work

economy.

Rating of perceived exertion

Perceived exertion refers to the subjective level of effort during exercise and results from the
cognitive processing of information derived from multiple sources. Work related signals such as
muscle strain and pulmonary ventilation, sensory signals derived from exercise environment, and
cognitive strategies developed by individuals to cope with the stress of exercise are all integrated in
central processing to generate a sense of effort or exertion (94). A RPE score is based on the
understanding that athletes can inherently monitor the physiological stress their bodies experience
during exercise, and thus be able to adjust their training intensity using their own perceptions of
effort (106). Borg scales are based on subjective feelings of exertion and fatigue with the aim of
both prescribing and regulating exercise intensity (16).

The inputs for RPE can be categorize into those of central and local origin (96). Central
factors thought to be linked to RPE are the sensations primarily associated with the
cardiorespiratory system resulting from tachycardia, tachypnea, and dyspnea. Sensory input for
RPE of local origin produce the sensation of strain in the working muscles and joints, and arise

from stimuli of chemically and mechanically sensitive receptors in skeletal muscles, tendons and



joints (137). Meanwhile, local factors supply the primary perceptual input at low to moderate
exercise intensities, while central factors dominate at higher intensities (96).

Previous investigations have proven that RPE scales are useful tools for quantifying
exercise intensity based on their relationship with criterion physiological measures such as HR,
blood lactate concentration, oxygen uptake and minute ventilation (27). Furthermore, there is some
evidence that a very good prediction of subjective increase may be obtained by combining two
simple variables from a work test, e.g., peak HR and blood lactate (18). However, it is well known

that a significant portion of the variability in RPE is explained by non-physiologic factors (90).

Psychological and other factors

The RPE can also be influenced by psychological variables (17, 42, 118) such as mood or affect
(30, 98), as well as by the time of day (34), exercise history (31, 98) and physiological condition
(25), all of which may undermine the relationship between RPE scores and the physiological
indicators of exercise intensity. In fact, Morgan (1973, 1994) (90, 91) suggested that approximately
one-third of the total variance for RPE can be attributed to psychological input while the remaining

two-thirds can be attributed to physiological factors.

Menstrual cycle influence

There are evidences that aspects of the physiological response to exercise, such as
thermoregulation, ventilation, and cardiovascular strain, are influenced by hormonal fluctuations
across the menstrual cycle (9-12). These fluctuations may also be associated with differences in
psychological or subjective responses to physical activity (e.g., perceived exertion and pain) across
the cycle (58). Little is known about the effects of hormonal fluctuations on the more subjective or
psychological response to exercise specially among elite sportive women. Even though most
research suggests that O, consumption, HR and RPE responses to submaximal steady-state exercise

are not affected by the menstrual cycle, several studies report a higher cardiovascular strain during
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moderate exercise in the mid-luteal phase (65). For example, Pivarnik et al. (1992) (100) reported
higher RPE values during the luteal compared to the midfollicular phase, when both progesterone
and estrogen are high. Participants in another study had greater RPE during the ovulatory phase
(days14-16) compared to the midfollicular (days 7-8) and midluteal (days 22-23), when only
estradiol is high (109). In contrast, other studies have found no conclusive evidence for changes in
RPE across the cycle (30, 31, 42, 65). The inconclusive findings could be a result of the use of
small samples of highly active women (typically 8-10 women), which are limited in their power to

detect psychological effects.

Fitness level

It is well known that during exercise athletes with a moderate fitness level perceive exercise to be
relatively more strenuous and feel that they can continue for less time than highly fit athletes at
comparable relative intensities, reflecting an effect on perceived exertion for a given relative
exercise intensity, whereas there is no effect for a given relative exercise duration (46). The

possibility of a category-effect on swimmers’ RPE was addressed in Study | of this thesis.

Exercise with music
In SS, music plays an important role. The simultaneous stimulus of music and cognition of fatigue
caused by exercise are both recognized as sensory information. Thus, listening to music appears to
“relax” the cognition of fatigue due to exercise. Then, music could act as an effective passive
distractor during exercise and would be associated with lower RPE (102). However, during the
exercise at high intensity, the cognition of fatigue may be more predominant than that of music,
which suggests that exercise intensity would exert a more powerful physiological effect than music
(136).

RPE are known to be highly dependent on the size of the muscle groups involved (5, 19, 45,
55, 97, 118). Gamberale (1972) (45) and Pandolf et al. (1984) (97) both suggested that accuracy in
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perceiving the intensity of effort was increased when the activity was performed by a small group of

muscles (the arms rather than legs).

Aquatic environment

In a study, Heithold and Glass (53) compared the RPE during the same aerobic exercises in and out
of water. The duration was identical, being the velocity of performance of each exercise subjective.
The results showed a tendency to lower RPE values in the water environment, especially during
exercises exclusively with the lower limbs. In aquatic disciplines, subjective symptoms such as
difficulty of breathing, heart pounding and exertion in the arms or legs while swimming seem to be
different from those while physical work on land because breathing pattern, body position and use
rate of the legs and arms are different for each exercise (70). Furthermore, the water temperature of
the pool could affect the perception of effort as lower RPE values have been reported during
exercise in cold conditions compared to warmer conditions (51, 125). On the other hand, during
field exercise on an outdoor track, RPE values have been reported significantly different from those
obtained during laboratory testing (25) which indicate the limited usefulness of assessing the RPE
based on laboratory determinations (103). In this context, the environmental conditions seem to

play a role in the way athletes perceive exertion (103).

Internal training load

Importance of monitoring the internal load

Physical training is the systematic repetition of physical exercises, and it can be described in terms
of its outcome (anatomical, physiological, biochemical, and functional adaptations) or its process,
that is, the training load (the product of volume and intensity of training) (126). In elite SS, current
training demands often result in high-volume (averaging about 40 h-week™) (93, 107), high-

intensity training programs (93), including long periods devoted to choreography when much time
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is spent in the pool to perfect synchronization. Then, regulation of exercise intensity during training
is critical to the success of each conditioning program since exercise intensity set too low does not
induce the desired physiological adaptations while an exercise intensity set too high may result in
overtraining fatigue or injuries for overuse in this kind of athletes (28, 92, 93, 131). In this line,
balancing the training components to produce the desired result at competition time without
producing overuse injuries should be the major task for all SS coaches (93). To achieve this goal, it
is critical to monitor and control the training process, with a valid measure of the swimmers’
training load.

There are a variety of monitoring methods used by coaches to measure the physical load
undertaken by athletes during training. However, in sports such as SS, few valid and reliable
methods are available to evaluate the training load. Typically, the majority of training programs are
prescribed using a measure of external load, which is defined as the work completed by an athlete
measured independently of his or her internal characteristics. For example, in SS, coaches often
prescribe training with reference to external measures (e.g., number and duration of sessions, type
and number of elements, sets and repetitions, etc.) despite the fact that the same external load can
elicit different physiological responses and training adaptations depending on the swimmer’s age,
fitness and skill level (15). Thus, although the training process is often described in terms of the
external load prescribed by the coach, the internal load is a key component of the training process in
order to set the optimal dose-response relationship between training stress and adaptation (126).
This is particularly relevant in this kind of aesthetic sports, in which the planned external load is
often different for each team member because of the variety of elements configuring each routine

and the order in which they are executed.

Methods for controlling the internal load
Currently, the most widely used method for evaluating the internal load during training consists of

using HR as a measure of exercise intensity. However, the routine use of HR-based methods is not
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spread due to the time-consuming process of collecting HR data of all swimmers during every
session, the cost of numerous HR telemetric systems, and the fact that using HR transmitter belts is
not permitted during official competitions. In addition, HR monitoring devices often incur in
technical failure in water, and manual pulse palpitation requires interrupting the exercise (104).
Additionally, the HR response can be a poor method for evaluating intensity during high-intensity
exercise such as weight, interval, intermittent, and plyometric training (40).

An alternative strategy to quantify the internal load is the RPE method. The Borg CR-10
scale developed by Borg et al. (1982) (16) is a category-ratio (CR) scale anchored at numbers 1 to
10, the later representing extreme intensities. Previous studies had pointed out high reliability and
validity coefficients between physiological variables and RPE using the CR-10 scale (85, 86, 89,
117). Moreover, some characteristics of this scale, such as its noninvasive, easy administration in
field contexts and lack of requirements of specialized staff, may favor its use to indicate the
intensity avoiding the expensive use of HR monitors. Based on the findings that SS requires high
levels of aerobic and anaerobic endurance (64, 107), the Category-Ratio (CR-10) Scale (17) appears
to be one of the best choices, not only regarding its psychometric characteristics and criterion-
related validity (27) but also for being especially useful in measuring anaerobic efforts (95).

Previous investigations have proven that RPE using the CR-10 scale can be used to assess
the internal load imposed by exercise both during training (85, 86, 89) and competition (21, 89,
117). Additionally, a number of studies have supported the validity, reliability and the practical
application of the RPE scales to quantify exercise training intensity in aquatic disciplines such as
competitive swimming (50, 104, 128), acrobatic diving (85), and recently in SS (124). Tan & Long
(2010) found in five synchronized swimmers that post-training salivary cortisol levels correlated
with RPE (r = 0.64, P < 0.005), which seems a sensible approach considering the use of RPE for

controlling the internal load in SS (124).
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The specific influence of competition

Different from training, competition is a challenging situation which usually stimulates higher
psycho-physiological responses in the participant (127). Research in this field suggests that the
stress due to competition is added to the physiological stress caused by exertion, which in itself is
capable of affecting hormones secretion (62, 127) and autonomic nervous system activity (24)
producing changes in many cardiovascular parameters (e.g. increasing HR) (20, 87). Semin et al.
(2008) (116) and Viru et al. (2009) (127) observed that endurance trained athletes attained similar
mean HR responses between training and competitive sessions. In contrast, several investigations
on taekwondo practitioners (20), basketball players (87) and long distance runners (115) found that
mean HR was higher in competition than during training.

In addition, competitive performance is more affected by decision-making and
psychological aspects, since there are opponents and the result is of greater importance. Prior
mental fatigue and anxiety induced by a challenging competitive event could elevate the RPE
throughout exercise and hastens exhaustion (69, 82). By contrast, motivation, higher degree of self-
efficacy or the willingness to exert effort may counteract any negative influence of higher RPE (69,
132).

In a practical sport setting, the use of markers that precisely reflect the magnitude of the
stress related to different conditions and environments could help coaches to better understand how
the athletes are coping with stressors, thus providing valuable information to optimize training.
Attending the demands of the training schedule in elite SS, comparing the internal load by means of
RPE (perceptual marker) and HR (physiological marker) responses during both specific training and
competition seems adequate to ascertain whether swimmers may achieve the competitive intensity

during training sessions, which is the topic of one of the studies in this thesis (11).
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Effect of immersion on perceived exertion

In our first Study (1), a group of elite synchronized swimmers was shown to exhibit differences in
RPE values during various competitive routines. Team events, both in technical and free program
elicited lower RPE scores compared to solos and duets (P < 0.005) (Figure 3) (107). It is well
known that the time spent underwater in international competitions varies among events—solo
(62.2 %), duets (56.1 %), and teams (51.2 %) (56)—which suggest a possible relationship between
the time spent underwater and the perceived exertion. On the other hand, RPE in elite SS appears
not to be influenced by the competitive stress (108). Ten Olympic SS medalists performed the same
competitive TD or FD in a training session and during an official competition showing non-
significant differences (5%, P > 0.05) in RPE scores between both sessions (Il). These results
suggest that the time spend underwater during the routines would be associated with or even

triggers an increased perceived of exertion in SS, independently from competitive stress.
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Figure 2. Average changes in RPE of elite synchronized swimmers (n= 34) in the events of the competitive program.

Differences among events are depicted by “P < 0.05 and ™ for P < 0.005. (107)
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For the above-cited studies RPE and physiological correlates were analyzed. The moderate
relationship between Lay.x and RPE (107), the inverse relationship between RPE and minimum
HR, and the absence of association with peak HR (108) support the concept that the duration and/or
frequency of bradycardic events may play a more important physiological mediator for RPE than
lactate (108).

Under hypoxic conditions, it has been shown that the peak HR is not significantly related to
either the overall or the peripheral muscular RPE after allowance for the other variables, while the
respiratory minute volume and the relative maximal O, intake become more important determinants
of effort perceptions under these conditions (118). In this line, a recent review showed that
respiration rate is among the best indicators of physical exertion (27). Thus, given the nature of the
routines in which swimmers tend to spend 50% of the routine underwater (56), it seems plausible to
think that the perceptions primarily associated with the cardiorespiratory system resulting from
tachycardia, tachypnea, and dyspnea (137) may provide a relatively greater input for the
synchronized swimmers’ perceived exertion than peripheral effort perceptions (i.e. for arms and
legs) (108). Swimmers under greater physiological strain—and consequently added psychological
input—would be capable of discriminating this information and exhibit specific physiological
responses (125). The use of RPE as a holistic assessment tool for monitoring the internal load in SS

was evaluated in Study Il of this thesis.

Hypoxia related to perceived exertion

There has been very little previous research on the effects of hypoxia on perceived exertion. Lower
levels of RPE have been found during hypoxia using real (59) or simulated (4) altitude, as well as
low oxygen mixtures (48). Reduction of O, could change RPE by 1) dulling cerebral perceptions, 2)
stimulating hyperventilation, 3) shortening task duration, 4) reducing muscle tension at a given
fraction of inspirate-specific peak O, intake, and 5) increasing the local accumulation of hypoxic
metabolites for a given power output (118). Shephard et al. (1992) (118) pointed at a distorting
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influence of hypoxia if respiratory sensations are used to “fine-tune” an exercise prescription. In
their study, subjects, all of whom capable of distinguishing effort ratings for three types of sensation
(overall, respiratory and peripheral muscular), decreased both general and respiratory sensations
after performing exercise in hypoxia as compared to normoxia (118). Accordingly, such variations
of perceptions would limit the possibility of using respiratory sensations as a means of regulating
the relative intensity of exercise (118). However, it is known that the overall average RPE
apparently offers a better basis for exercise prescription and intensity control than muscular or
respiratory perception of effort (118). Thus, it has been proposed that the intensity of prescribed
exercise and its control should be “fine-tuned” by the individual, based upon the conjunctive use of
personally monitored perceptions, either overall perceptions of exertion (105) or breathlessness
(12).

Besides the studies considering the relationship between hypoxia and RPE, the only other
study that particularly referring to changes in RPE with regard to hypoxia in competitive sport is
one that briefly mentions lower RPE values in 11 male competitive middle- and long-distance
runners after 1h treadmill running in hypoxia as compared with normoxia (43). Hence, these results
would suggest a possible “apneic” effect on perceived exertion in SS as a result of the frequent

immersions, which was the main focus of Study III.
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OBJECTIVES AND AIMS

The general objective of this investigation was to characterize the cardiovascular, blood lactate and
perceived of exertion responses during the execution of different competitive routines in elite SS,
with specific focus on the effect of intense exercise in apnea. This general objective can be divided
into the following aims, which are addressed in specific papers (in roman numbers):
(I) Physiological responses in relation to performance during competition in elite
synchronized swimmers:
1) To describe the cardiovascular, lactate and perceived exertion responses in junior and
senior elite synchronized swimmers during an official competition both in technical and
free programs.

2) To relate these physiological parameters with competitive performance.

(1) Monitoring internal load parameters during competitive synchronized swimming duet

routines in elite athletes:

1) To investigate and compare the internal load imposed by duet routines performed during
training and competition by means of heart rate monitoring and perceived exertion
assessment in elite synchronized swimmers.

2) To determine whether there is a relationship between both types of assessment in each of

these conditions.

(111) Perceived exertion, time of immersion, and physiological correlates in synchronized

swimming:

1) To evaluate whether the rating of perceived exertion is an appropriate tool to assess the
internal load in competitive synchronized swimming by determining the relationships
between perceived exertion scores and the physiological response during the most
demanding competitive events (solo and duet).
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2)

3)

To verify whether there is a relationship between body immersion parameters and the rate
of perceived exertion.
To determine which of these parameters can explain the perceived exertion in competitive

events.
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METHODS

Subjects

In total, 34 high-level female synchronized swimmers, including all swimmers in the Spanish
National junior and senior teams—among them Olympic (n=10), absolute (n=4) and junior (n=7)
World Championships medalists—volunteered for these studies. They all had competed at national
and/or international level at least in the previous two years. 24 were juniors (15-18 years) and 10

were seniors (>18 years). Their physical characteristics are presented in Table 1.

Table 1. Physical characteristics of subjects

All swimmers Junior Senior

(n=34) (n=24) (n=10)
Height (cm) 165.2+6.5 163.7+5.1 168.9+£8.0
Body mass (kg) 53.6+5.6 53.2+5.3 54.6 +6.3
Age (years) 175+3.3 159+1.0 21.4+3.6
Training (h-week™) 33.1+10.0 29.9+8.2 40.7 +10.1
Years of practice (years) 9.6+25 87+15 11.7+3.3

The sample of Study | was composed by the entire group of swimmers. The participating subjects in
Study 11 were limited to those that competed at international level and participated in the duet event
at the Spanish Synchronized Swimming National Championships 2011. The sample was composed
by 10 elite swimmers, 7 juniors and 3 seniors. All of them were medalists in the London 2012
Summer Olympic Games during the season of the study, 8 in the free team and 2 also in the free
duet. A group of 17 elite synchronized swimmers including swimmers from the Spanish National
junior and senior teams—among them Olympic (n=7), and junior (n=10) World Championships

medalists—volunteered for Study Ill. They were selected from the entire group of swimmers in
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Study | and were those who competed on the technical, free solo and/or duet event. More

information on specific swimmers’ characteristics can be found in the respective papers (Il and I11).

Procedures

Data collection took place during the third microcycle of the competitive period. These studies were
performed the week before (Study Il) and during the 2011 Spanish Synchronized Swimming
National Championships (Studies I-111). All routines were performed during the actual competition
(n=96) and had the approval of the Refereeing and Organizing Committees of the Royal Spanish
Swimming Federation.

Prior to and at the start of the competitive and training sessions all volunteer swimmers and
their coaches were informed about the scope and methods of the study and delivered a written
informed consent, with parental permission when needed. The studies were conducted in
conformation with the principles of the Declaration of Helsinki and had been approved by the
Ethics Committee for Clinical Sport Research of Catalonia.

To limit the influence of diet on the variables analyzed, especially blood lactate
concentration, all athletes were instructed to ingest similar nutrients before the competition (Studies
I and 111) and the training session (Study Il) and were allowed to drink water ad libitum before each
testing session. Because both ambient and water temperature may influence diving bradycardia in
humans and the overall HR response (113), all the routines took place at similar water (25-26°C)
and air temperature (26-27°C) in a 50-m indoor pool. Due to restrictions imposed by the official
rules and for ecological validity reasons, we were constrained to monitoring HR, post exercise

blood lactate concentration and RPE during the competitive routines.
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Competitive session

Prior to competition (Studies I-111), all swimmers performed 45-60 minutes of general warm-up
including swimming, figures, and monitored routine exercises without music. Additionally, 30 min
before their performance all swimmers were allotted 20 min of specific rehearsal with music,
generally involving the execution of the whole routine and selected parts. In all three studies HR
monitors were placed before the warm up and not removed before 15 min after the routine was
executed. Capillary blood samples were taken after warm-up and immediately before the call to
perform, and 3, 5, 7, and 10 min after each routine (Studies | and I11). The Borg CR-10 category-
ratio scale was shown to the swimmers immediately after completing the routine (Studies I-I11).
Every competitive routine was assessed and marked by the official judges of the competition
according to FINA rules (39) and continuously recorded using a digital video camera. In studies |
and 111 most swimmers performed in more than one event, and thus were included in more than one

routine group.
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Figure 3. Study protocol in studies I, Il and 1l1

Training session

In Study I, after a 30-min standardized warm-up including swimming, figures, and monitored
routine exercises followed by a full passive recovery period, the swimmers completed the same
competitive TD or FD routine with the same partner as in the approaching championships.

Swimmers were informed of the aim of the study and were encouraged to perform at their best. The
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training session was separated by 48 to 72 h the week before. In this case, both routines (training
and competition) were executed in the morning at about the same time of day (% 2 h), and allegedly
at similar points in their ovarian cycles to minimize the difference caused by the biological rhythms

effect (129) and changes in performance ability.

Figure 4. Spanish Olympic duet performing the free program in both situations, during a competitive and a training

session

Testing effect

The week before competition, all participants were given specific instructions on the meaning and
use of the RPE scale, and were assessed repeatedly during at least three training sessions so as to
disclose learning effects (104) and to improve the consistency of the measurements. In addition, to
minimize potential instrumentation bias, swimmers wore the HR monitor during these previous
training sessions. The recordings for monitoring the internal load of the training session (1) were

carried out the last day of that week.
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Parameters and equipment
For the recording of the cardiovascular and ratings of perceived exertion responses, non-invasive

methods were used to monitor HR, RPE, blood lactate, and performance.

Heart rate

HR was measured continuously using waterproof monitors (CardioSwim, Freelap, Fleurier,
Switzerland) which record beat-by-beat R-R intervals and lap times using transmitters’ signaling.
The belt contains two chest electrodes wired to a monitoring device that can be unloaded on a
computer after the recording. Portable beacon transmitters (TX H20O, Freelap, Fleurier,
Switzerland) were placed by the pool at different locations so that the monitors’ microprocessor
units could recall specific positions during the competition and training session. HR was assessed
from R-R intervals, 1-s interpolated, and smoothed by computing a running average for 5-s intervals

using a 1-s window.

Figure 5. Synchronized swimmers wearing the waterproof HR monitors on the platform.

Ratings of perceived exertion
For the assessment of the RPE, the Borg CR-10 category-ratio scale was selected to rate the

perceived intensity of exertion (17). A graphical, colored, verbal-anchored scale was shown to the
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swimmers after completing the routine during blood sampling. As mentioned above, it reminds
unclear whether RPE for a given workload could be influenced by the menstrual cycle. For that
reason, we attempted to control for these variables by testing the swimmers at the same time of day
and under similar temperatures (pool water temperature ~25°C), and avoided testing them from 72

hours before menstruation and during the luteal phase.

Blood lactate

At every competitive session (I and I11), following warm-up and a 5-min recovery period and before
the call to perform, 10 pL of capillary blood were drawn from the ear lobe. Samples were also taken
3, 5, 7 and 10 min after the routine. Blood samples were immediately analyzed using a lactate
photometer (Diaglobal DP100, Berlin, Germany) which had been previously calibrated using lactate
standards obtained by dilution (2, 4, 8, 10, 12, 16, and 20 mmoI-L'l). The highest value was taken as

the peak post-exercise lactate concentration (Lapeax).

Figure 6. Capillary blood sampling

Video recording
Each routine was video recorded using a digital video camera (Panasonic AG-DVX100BE 3-CCD
Mini-DV Cinema Camcorder) at 625-line/50Hz PAL interlaced video mode. The stationary video

camera was placed at an elevated site by the pool, located 1 meter away from the edge, just in front
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of the judges’ podium, and perpendicular to the midpoint of the 30 m area available for competition.
The professionally operated camera recorded all swimmers’ actions during the competitive routine,
including the TCS announcement. A central computer timer was used for time synchronization of
the video and HR and transmitting beacon signals. This was done by filming the timer displayed on

the computer screen, and recording the HR monitor activation time on the same computer.

Analysis

Data Analysis

Absolute values of the HR, lactate and RPE responses were analyzed for each age category (junior
vs. senior). In addition, the differences between training and competition routines for each HR and
RPE parameter were determined (I1). Some IM parameters during the solo and duet events both in
technical and free programs were registered for analysis (l11). For more details on the physiological
and IM variables see the respective papers. Data recording and analysis was done on computers
with the help of data acquisition software (CardioSwim, Freelap, Fleurier, Switzerland). For
identifying and timing IM phases, images were decoded and registered with specific free software
(LINCE, version 1.1, Barcelona, Spain) (44). Spreadsheet software (Excel, Microsoft, USA), signal
processing software which included interpolation functions and smoothed (MATLAB® version
7.10.0. Natick, Massachusetts: The MathWorks Inc., 2010) and statistics software (PASW for

Windows, version 18.0 (SPSS Inc., Chicago) were used data processing.

Statistical analysis

Statistical comparisons consisted of a mixed multiple ANOVA for fixed effects and interactions (I
and I11), and a paired t-test after Shapiro-Wilks test for normality (I1). ANOVA with Bonferroni
correction was used for multiple comparisons when necessary (I and I11). Pearson’s correlation

coefficients and stepwise multiple regression (Pi,= 0.05, Po= 0.10) with TSC and RPE as
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dependent variables and all physiological parameters as predictor variables were used in studies |

and I11. In all studies statistical significance was accepted at P < 0.05.
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RESULTS AND DISCUSSION

Physiological responses in relation to performance during competition in elite

synchronized swimmers (1)

Characterizing the physiological response

HR response

Cardiovascular demands of all SS competitive routines (Figure 7) can be best described as very
high, regardless of their duration and technical content. A very intense anticipatory HR pre-
activation was observed in all swimmers, even more pronounced in juniors. During the execution of
all routines, cardiovascular demands were equally high in both age categories, with HR quickly
approaching maximal levels, and interspersed periods of marked bradycardia during the intense

exercise bouts performed in apnea.
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Figure 7. Heart rate (HR) parameters before (pre), during (peak, mean, minimum, range), and after (post 1, 3, and 5 min)
competitive routines for the entire group of swimmers (n=34). Significant differences (P < 0.05) among routines were

noted only during recovery *FT vs. TS; °FT vs. TD
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During SS, the diving response appears to be powerful enough to override the HR response
to exercise during apnea. Cardiac output is expected to be reduced throughout dynamic apneas,
largely due to bradycardia, whereas the systemic vascular resistance would increase (6). These
cardiovascular responses are obviously interplaying during water IM and BH phases due to intense
exercise combined with BH, which would produce a rapid development of hypercapnia and hypoxia
(55). While apnea and facial IM increase the parasympathetic tone causing HR reduction (79, 112),
exercise increases sympathetic stimulation of the heart (64) and increases HR. Thus, when the
swimmer starts holding breath during the routines, both inputs compete with each other for control
of HR (130).

The observed periods of bradycardia in our swimmers, who reached minimum HR values of
75-95 beats-min™ on average (mean 46% HR reduction) were similar to those found during
dynamic apnea diving (7, 55, 130) and in SS during training exercises (14, 57, 64, 99), and was
more pronounced than the 38% relative HR reduction observed during face IM during low-intensity
(80 and 100 W) cycling exercise (6, 8). The combination of movements in the pool, with sequential
or simultaneous jumps, strokes, acrobatics, and diving across the SS routines, yields HR values
proportional to exercise intensity but also induces a bradycardic response similar to diving alone (3)
or combined with low intensity exercise (55).

In all routines, high HRe.« values indicated a very intense activation of the cardiovascular
system to ensure the high-energy turnover in the exercising muscles. During competition, HR
rapidly increases showing an underlying pattern of exponential increase to asymptotic maximal
levels with marked bradycardic episodes (see Figure 2, Study I). This suggests that BH oxygen
conservation mechanisms would not fully prevent the activation of the cardiorespiratory system to
provide energy for the exercising muscles despite blunting the HR response during the periods of

apnea.
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The fact that HRyea Was not different in juniors and seniors is likely to be an indication that
all routines were performed at maximal intensity by all swimmers despite the observed differences
in performance as quantified by final competition scores.

With respect to HR recovery parameters (HRposts and HRposis), the FT routines show a
slower off kinetics then TS. We can only propose a plausible explanation to this observation, which
is the lower average cardiorespiratory fitness in team swimmers as compared to soloists (all of them
World medalists in our sample). This would be in accordance with previous findings showing that a
lower HR during recovery is a specific adaptation in trained synchronized swimmers (3). Likewise,
since both category groups exhibited similar HR off-dynamics, junior and senior swimmers in this
study seemed to be similarly adapted to SS training. Whether this adaptation derived from similar
levels of general cardiorespiratory fitness or to an enhanced ability to breath hold as a specific

feature of SS training adaptation (3) could not be elucidated.

Blood lactate

This study shows a moderate post-routine blood lactate concentration (ranging from ~5 to 13
mmol-L™" with an overall average of 7.3 mmol-L™") in elite senior and junior synchronized
swimmers (Figure 9), likely deriving from the large number of figures at high execution rate (101)
and intervals of reduced peripheral O, delivery due to BH periods and the subsequent diving

response (14, 56).
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Figure 8. Peak blood lactate (Lagea) after competitive routines for the entire group of swimmers (n=34). Significant

differences (P < 0.05) among routines were noted °FT vs. FD and FS; °FS vs. TD

According to the “shuttle hypothesis” (22) and due to the specific breathing pattern during SS—
alternating intervals of dynamic and , the progressive lactate accumulation during the SS routines,
increased O, supply may be made available, leading to prolongation of oxidative metabolism in
parallel with anaerobic glycolysis (110). This would explain the differences in our data and those
attained by free divers (110) and the similarities with underwater hockey players (8.0 mmol-L™)
(75), whose breath pattern is similar than those of SS.

The highest Layeax Values were obtained in FS and FD (Figure 8) suggesting a more intense
activation of anaerobic glycolysis in solos and duets caused by their higher intensity and longer
duration (~3-3.5 min) (134). Several hypotheses can be advanced to explain these results. On the
one hand, free programs usually start with an underwater sequence which may last in excess of 45 s

in the case of more highly placed contestants (29). In spite of blood flow redistribution, O, stores
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might be reduced at the onset of the routine and, hence, the working muscles would receive less O,
than required due to peripheral vasoconstriction and would then rely more on glycolytic
metabolism. On the other hand, the rate of execution of skill elements tends to be different
according to the event (56, 57) then not being surprising that the choreographies composed by more
figure parts (solos and duets) could imply a higher physiological stress with the concomitant
increase in the net blood lactate accumulation. Although not analyzed in this series of studies, FS
and FD routines may have involved harder elements and figures at the start of the routine with the
concomitant increase in the workload, which would result in higher lactate formation.

In line with other studies (12, 101), we found no differences in Lay.. values between junior
and senior swimmers despite the higher training volume achieved by the seniors. On the one hand,
since all swimmers were participating in an absolute championship and judged under the same
rules, both age groups had to perform similar technical elements in a similar time pattern (39). On
the other hand, the development of an adaptive metabolic adaptation may already be present in

younger swimmers, already exposed to remarkably high training volume and intensity.

RPE

Mean RPE scores ranged from 6.6 (TT) to 8.1 (FD), with quite large inter-individual range of
variation. RPE scores were significantly higher in juniors than in seniors (Figure 9), hence
indicating that seniors perceived their performance to be less strenuous. The fact that all the
swimmers (both age-categories) execute the routines under the same conditions (i. e music, exercise
duration, water temperature, similar menstrual cycle phase) may explain that possible differences in
RPE values if any can thus not be attributed to those parameters but also be possibly experience-

related (46).

33



r 100

10 ~ ook
9 | 5 - 90
8 - 80
7 r 70
6 - F60 o
g £
2 50 &
5 | L
= w
. 3§
4 A F40 B
3 4 - 30
5 - 20
1 - 10
0 0

Figure 9. Average RPE (a.u) and TCS (points) after the competitive routines in ® junior (n=24) and O senior (n=10) elite

synchronized swimmers. Differences between age-categories are depicted by “for P < 0.05 and ~“for P < 0.001

Predicting competitive performance
HRpe and HRyin explained 26% of variability in performance (TCS), supporting the concept that an
augmented diving response is associated to superior performance in SS. Even if this was an absolute
competition, seniors (87.0 = 5 points) were rated higher than juniors (79.1 + 3.4 points) as expected
(Figure 9). In relation to HR parameters, seniors showed a 11.7% decrease in HRp. and 6% in
HRnmi, than juniors. In Study I, the relationship between HR parameters and performance suggests
that a higher skill level was associated with a lower anticipatory HR activation and lower levels of
bradycardia, with subsequent higher HR range of variation. These relationships are consistent with
the notion that the attainment of a proficient level of expertise is related to an improvement of
motor automaticity and reduced attentional demands (1, 133), and also to specific physiological
responses to apnea training, as suggested by previous studies (74, 75).

Lower anticipatory HR activation, has been associated to performance improvements in
self-paced sport activities such as rifle and pistol shooting, archery and golf. The observed negative
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correlation between HR, and performance would reflect decreased afferent inputs to the brain and
would result in more effective external focusing of attention and superior performance (71, 72). In
addition, an elevated metabolic rate would further reduce the limited O, stores during apnea. The
anticipatory HR response would increase the cardiac output before starting the exercise, with the
concomitant increase in the rate of O, depletion limiting aerobic performance.

On the other hand, a more pronounced bradycardic response in the more experienced
swimmers—and hence lower HRyi, and higher HRnge—may be related to more prolonged BH
periods in higher rated routine exercises or to a sharper decrease in HR as a consequence of the
increased O, conservation effect in the more experienced swimmers (3). The results of the present
study suggest show that an augmented diving response is beneficial for SS performance, however it

clearly requires further investigation (see Study I11).

Monitoring internal load parameters during competitive synchronized swimming duet

routines in elite athletes (11)

Overall, the internal load imposed by duet routines assessed by means of objective (HR) and
subjective (RPE) markers and the pattern of interaction between both indicators, were virtually the
same during a real competitive situation and during training in this group of elite synchronized

swimmers.

Comparing the internal load during training and competition
Table 2 shows the relative percent differences in HR parameters and RPE during the execution of

equal routines during competition and training.
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Table 2. Average relative changes (%) in HR parameters and RPE (n=10) during equal duet program execution at training

(T) and competitive (C) session.

‘HRpre HRmean HRpeak HRmin HRpostl HRpostS HRpostS

RPE ‘

Difference T - C ‘ 2.32% | 0.37% 2.27% | 2.85% | 1.14% | 5.06%

0% ’ 0.27%

The absence of differences between training and competition in the anticipatory HR pre-activation
rates could be explained by automaticity. This suggests non-conscious attention to the act itself
while in execution, and unaware of and therefore vulnerability to external and internal distractors
(119). Although stress has been found to have a detrimental effect on performance disrupting
automaticity (84), our results suggest that elite synchronized swimmers are able to self-regulate
competitive anxiety, possibly through regulating expectations, confidence, and attention prior to
and/or during performance (119). Thus, it seems reasonable to hypothesize that the attainment of a
higher skill level—typically in elite swimmers—would be associated with a greater automaticity in
performing motor acts and a lower metabolic energy cost for achieving the task goal, with the
consequent reduction of attentional demands and favoring the use of an energy-efficient preferred
mode (73, 119, 121), which in turn would imply a similar HR pre-activation response in both
conditions.

The similarity in HR parameters during the execution in both experimental situations can be
analyzed in terms of: 1) the specific influence of the diving response during BH periods due to the
close correspondence in the time and duration frame of the frequent and often long BH periods in
both conditions, 2) the lack of uncertainty in both conditions because of SS rules and the
automaticity of the actions because of practice, all of which suggests non-conscious attention to the
act itself while executing and unawareness of and vulnerability to external and internal distractors
(119), and 3) the specific training adaptations. Continuous practice during training reduces the
metabolic energy cost of performance while practice-related refinements to coordination and

control are also associated with significant reductions in muscle activation (73) and HR (122).
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Relationship between heart rate and perceived exertion
Based on recent research (89), we hypothesized that the pattern of interaction between the physical
load (as reflected by the HR response) and the perception of effort during competition would vary
due to the stress of competition. This study showed that RPE scores were inversely related to the
minimum and mean HR levels, and positively related to the range of HR variation during exercise,
whereas they did not relate to the peak or recovery HR. This strongly suggests a positive
relationship between the perceived intensity of exertion and the duration and frequency of
bradycardic events during the routines. In this line, the perceptions primarily associated with the
cardiorespiratory system resulting from tachycardia, tachypnea, and dyspnea (137) might have
provided more powerful stimuli for perceived effort changes than peripheral effort perceptions (i.e.
for arms and legs), given the nature of the routines in which swimmers tend to spend 50% of the
routine underwater (56). Moreover, the cardiovascular responses to apnea during dynamic exercise
occur also during the recovery period (55), which would explain the decrease in swimmers’
perceived exertion, leading them to give lower scores.

On the other hand, the moderate correlations reported would not support this method as a
valid substitute of HR-based monitoring. It should be taken into account how different factors (e.g.
exercise intensity, apnea, and autonomous neural control) contribute to perceived exertion in SS
performance (see Study II1). Thus, this simple method has the potential to become a valuable tool
for coaches, but practice is necessary to get valid information from this internal load quantification

strategy.

Perceived exertion, time of immersion, and physiological correlates in synchronized

swimming (1)
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This study revealed a significant association between RPE scores and the frequency and duration of
immersions, the magnitude of subsequent bradycardic events, post-exercise blood lactate, and HR

recovery during competitive SS routines.

Table 3. Physiological and immersion parameters correlates of RPE during competitive SS routines

R P-value
Lageak (Mmol-L™Y) 0.50" 0.003
Heart Rate Parameters (beats-min™)
HRyre 0.37" 0.023
HRmin -0.53" 0.001
HRmean -0.38" 0.019
HR ez -0.26 0.087
HR ange 0.45" 0.006
HRpost1 0.07 0.360
HRpost3 0.44” 0.008
HRost5 0.45" 0.006
IM Parameters
NIM (times) 0.33 0.036
TIM (s) 0.58" <0.001
MIM (s) 0.30 0.438
RIM% (% of routine duration) 0.31 0.046
IMmax (s) 0.30 0.055
NIM>10s (times) 0.50" 0.003
TIM>10s (s) 0.61" <0.001

R, linear Pearson’s correlation coefficient; Significant linear correlation *P < 0.05, ”P < 0.01 with RPE
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Given the results of the study (Table 1), it seems reasonable to assume that the long and
frequent IM and their impact on HR as a result of the diving response strongly influenced the
perception of effort. This would be further supported by the strong positive correlation found
between RPE and HRyag, Which indicates the range of HR variation between maximum (i.e.,
exercise induced) and minimum (i.e., strongest diving reflex bradycardia). The lack of a significant
(or perhaps negative) relationship of RPE with maximum HR might indirectly indicate that
bradycardia has a greater influence on the perception of effort than tachycardia in SS exercise.
Metabolic fatigue seems to also play an important role in the perceived exertion in SS, as reflected

in the moderate relationship with post-exercise Lageax.

Association between immersion periods and RPE

With respect to the influence of immersion intervals on RPE, characteristics of the routines settings
would influence perceptual responses to exercise as reflected by the fact that technical programs
elicited lower RPE values than free events. The hypothesis that prolonged and frequent immersions
would result in increased RPE and that the central factors would elicit higher RPE values (Il and
I11) is supported by the finding that, despite technical programs (TS, TD) are shorter than free
programs (FS, FD), the longest immersion time (IMmax), the number of the longer immersions
(NIM>10s) and their duration (TIM>10s) were actually found in the free programs. This
observation may be explained by 1) the rules, which favor prolonged immersions in the free
programs (39), 2) the tendency for the free programs to start with the longest possible underwater
sequence (29), and 3) the most rated exercise figures, which would imply more repeated and longer

IM periods, thus eliciting more frequent and intense bradycardic episodes.

A hierarchical explanatory RPE model
A hierarchical multiple linear regression model (TIM>10s, HRpin, and HRposts, and Lapea) explained
62% RPE variance (adj. R,?=0.62; P<0.001):
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RPE =4.232 + 0.03 TIM>10s + 0.02 HRposts — 0.01 HRmin + 0.09 Lageax

The first two reflects the influence of long immersions and the subsequent bradycardia, which is
consistent with the explanation mentioned above, and the latter two a possible training adaption in
this kind of athletes (3, 26, 67, 120). It has been shown previously that trained synchronized
swimmers exhibit longer breath hold periods with similar physiological responses but at a lower HR
during recovery (3). Thus, synchronized swimmers would be less affected and recover quicker from
BH and exercise than woman controls (3). These observations are in accordance with the fact that a
faster response in post-exercise HR recovery reflects a positive adaption to exercise training and
possibly performance capacity in endurance events (123). In addition, the cardiovascular responses
to apnea during dynamic exercise occur also during the recovery period (55). As juniors exhibited
significantly higher RPE values than seniors after competitive SS routines (1), the exaggerated
diving response and superior apneic ability as a result of their specific training adaptation to apnea
appear to have an effect on the perception of effort and, hence, elicited lower scores (II and I11).
However, longitudinal studies are needed to corroborate such possible training effects. The fact that
recovery and minimum HR and repeated long immersions explained 62% of the variance in RPE
suggests that combined HR and RPE monitoring can be more sensitive to changes in internal

workload than any of these methods alone or than poolside lactate assessments.
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CONCLUSIONS

1.

Hear rate responses during synchronized swimming competitive routines are characterized by
intense anticipatory pre-activation and rapidly developing tachycardia up to maximal levels

with interspersed periods of marked bradycardia during the exercise bouts performed in apnea

).

Moderate blood lactate accumulation appears to be related to 1) the specific influence of the
BH periods, 2) the activation of the glycolytic metabolism in the exercising muscles, and 3) the
specific training adaptations attributed to influence of the diving response in synchronized

swimmers (1).

Significant differences in recovery heart rate, blood lactate concentration, and perceived
exertion scores, were found among routines regardless of similar peak heart rate. This would
support the shared concepts that solo and duet routines are physically more demanding than

team routines, and that free routines are generally more so than technical programs (1).

The internal load imposed by duet routines performed during training is virtually identical to
that elicited in competition. It is suggested that the effects of automaticity—embodied through
the replication of the same movement sequence in practice—and the swimmers’ long-term

adaptations to specific routine exercise and apnea could explain these similarities (11).

The use of the CR-10 RPE scale alone does not appear to be a good tool for monitoring the

internal load if peak blood lactate concentration or peak heart are used as criterion variables

(1. The responsible mechanism of the perceived exertion appears not to be mainly related to
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the highest heart rate values attained but, contrarily, to the lowest heart rate during the exercise

(bradycardia) as a consequence of long apnea periods (11 and I11).

Prolonged and frequent immersions combined with intense exercise explained 62% of
variability in perceived exertion (I11), with cardiorespiratory factors providing a relatively
greater neural input as compared to metabolic factors (11 and I11). The results presented in this
thesis suggest that specific training adaptation to apnea have a positive effect on the perception
of effort (I and IIl). Longitudinal studies are needed to corroborate such possible training

effects.

Pre-activation and minimum HR explained 26% of variability in performance (1), rising to 53%
when immersion parameters and the lactate concentration in blood were related (I1),
supporting the idea that an augmented diving response is associated with higher performance
in SS. The results presented on this thesis suggest that the higher intensity and the more
frequent and longer immersions would be associated with higher merit and performance results

(Iand 111).
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FUTURE PERSPECTIVES

The results in this thesis give some indications that there might be a long-term effect of apnea —
specific training on the physiological responses in elite SS. In order to further study such possible
positive effect of apnea-specific training, longitudinal studies are required. Periodically training
measurements of HR and blood lactate concentration on six occasions during the training season
have shown a significant decrease both in blood lactate response and minimum HR (120).
Concerning RPE, the exaggerated diving response and superior apneic ability as a result of their
specific training adaptation to apnea, appear to have also an effect on the perception of effort and,
hence, leading them to lower scores (Il and I1). This simple method has the potential to become a
valuable tool for coaches, but practice is necessary to get valid information from this internal load
quantification strategy. Thus, a similar but more extensive monitoring of training (i.e. during an
entire competitive season) including RPE may provide more information on the behavior of those
parameters and corroborate the validity of RPE as a useful tool for intensity control in SS.

Regarding the external validity of our results, it must be considered that only elite athletes
were monitored. It is well known that the degree of bradycardia tends to be higher in synchronized
swimmers who are skilled and experienced (57). Then, to elucidate how the cardiovascular response
could affect RPE, other populations of synchronized swimmers (e.g., age categories and lower level
competitors) and specific group samples from other competitive apnea disciplines (i.e. underwater
hockey, underwater rugby, and competitive freediving) would require further investigation.

It is well known that modern SS has become more athletic with the addition of acrobatic
elements, increased speed of movement, a requirement for more power, and a greater level of
complexity and difficulty in the routines. In modern SS, during the execution of competitive
routines, the swimmers’ body position tends to vary a lot. It is known that the possible effects on the
cardiovascular changes during apnea are often unaccounted for (81). In this thesis, it was speculated

that the most demanding routines (i.e. FS and FD) may have involved harder elements and figures
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at the start of the routine (I). In addition, the cardiovascular response in SS appears to have an
important influence on RPE (I11). With this in mind, it is plausible to think that changes on body
position during the routine apnea periods would influence not only the cardiovascular responses but
also the perceived exertion of the swimmers. To ascertain this possibility, a time motion analysis
with a well-established categories study is required.

Finally, with the aim of having a more complete approach to the physiological
characterization of the competitive demands in SS, the inclusion of post-exercise oxygen uptake and
energy assessment would also be of great interest to ascertain the impact of bradycardia on the
oxygen supply to the exercising muscles.

Based on Schagatay (2010) (110) and according to the studies of this thesis and the future
perspectives, an overview of the major physiological responses in competitive SS has been

proposed (Figure 10).
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Figure 10. Factors influencing the physiological responses in competitive SS routines. (Arrows indicating interactions between non-adjacent boxes have been

omitted for clarity). Adaptation of Schagatay (2010) (110)
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Abstract

Purpose: We aimed to characterize the cardiovascular, lactate and perceived exertion responses in relation to performance
during competition in junior and senior elite synchronized swimmers.

Methods: 34 high level senior (21.4%+3.6 years) and junior (15.9%1.0) synchronized swimmers were monitored while
performing a total of 96 routines during an official national championship in the technical and free solo, duet and team
competitive programs. Heart rate was continuously monitored. Peak blood lactate was obtained from serial capillary
samples during recovery. Post-exercise rate of perceived exertion was assessed using the Borg CR-10 scale. Total
competition scores were obtained from official records.

Results: Data collection was complete in 54 cases. Pre-exercise mean heart rate (beats-min~") was 129.1+13.1, and quickly
increased during the exercise to attain mean peak values of 191.7%+8.7, with interspersed bradycardic events down to
88.8::28.5. Mean peak blood lactate (mmol-L~") was highest in the free solo (8.5+1.8) and free duet (7.6=1.8) and lowest at
the free team (6.21.9). Mean RPE (0-10+) was higher in juniors (7.8+0.9) than in seniors (7.1*1.4). Multivariate analysis
revealed that heart rate before and minimum heart rate during the routine predicted 26% of variability in final total score.

Conclusions: Cardiovascular responses during competition are characterized by intense anticipatory pre-activation and
rapidly developing tachycardia up to maximal levels with interspersed periods of marked bradycardia during the exercise
bouts performed in apnea. Moderate blood lactate accumulation suggests an adaptive metabolic response as a result of the
specific training adaptations attributed to influence of the diving response in synchronized swimmers. Competitive routines
are perceived as very to extremely intense, particularly in the free solo and duets. The magnitude of anticipatory heart rate
activation and bradycardic response appear to be related to performance variability.
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Introduction there are no figure requirements. Its duration is 3 min for the free
solo (FS), 3:30 min:s for the free duet (FD), and 4 min for the free
Synchronized swimming (SS) combines swimming, dancing and team (FT) [1].

gymnastics. Swimmers (in solo, duet or team events) perform
synchronized routines of elaborate moves in the water accompa-
nied by music. SS became part of the official Olympic program in
1984, initially in the solo and duet modes, was dropped in 1996 in
favor of team competition, and was reintroduced in duet
competitions at the 2000 Olympic Games. In each program,
swimmers competing above junior level must perform both
a technical and a free routine. The technical routine is composed
of various required elements that are selected every four years.
They are performed in a specific order and last 2 min for the

technical solo (T'S), 2:20 min:s for the technical duet (ITD) and been performed during real competition, making it difficult to

2:50 min:s fo.r the technical team (T'1). T.he free routie .allows derive valid information on the physiological demands of the sport
more flexibility to demonstrate grace, artistry and creativity, as and its different events [3].

In modern SS athletes need to combine technically, physically,
and esthetically very demanding exercises, lasting about 2 to 4
minutes, performed at increasingly higher levels of intensity both
breathing freely and holding breath. Almost 50% of this time is
spent in apnea [2]. Consequently, the sport seems to require high
levels of aerobic and anaerobic endurance, as well as exceptional
breath control when upside down underwater [3]. Most studies on
SS have focused on heart rate (HR) and blood lactate measure-
ments after performing single figures [2,4,5] or a routine training
program [6,7]. However, barely any of these assessments have
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Information available on the physiological stress during SS is
very scarce and several authors have noted the methodological
difficulties to assess physiological parameters during SS perfor-
mance [8-11]. Others have suggested that physiological testing in
elite SS athletes could help determining the modern demands of
this sport [12—15]. However, the competitive programs and rules
have changed along the years with the addition of acrobatic
elements and a greater level of complexity, requiring more speed
and power. Today’s competitive demands need to be character-
ized during real competition, thus requiring a field study design,
with some intrinsic limitations imposed by the competition rules
on the one side, and by the aquatic environment on the other.

In this context, rates of perceived exertion (RPE) have been
shown to be a useful tool for determining exercise intensity, as it is
related to physiological indicators of exercise stress, including
lactate concentration and HR [16]. The Borg CR-10 category-
ratio scale [17] has been recently used to quantify training load in
swimming [18] and diving [19]. However, we are not aware of any
such research in SS competitions.

Accordingly, the aims of the study were a) to describe the
cardiovascular, lactate and perceived exertion responses in junior
and senior elite synchronized swimmers during an official
competition both in technical and free programs, and b) to relate
them with SS performance.

Materials and Methods

Study Design

The study was conducted at the 2011 Spanish Absolute Winter
Synchronized Swimming Championships. All routines were
performed during actual competition with the ad-hoc approval
of the Refereceing and Organizing Committees of the RFEN
(Royal Spanish Swimming Federation). Most swimmers performed
in more than one event, and thus are included in more than one
routine group.

Subjects

Thirty-four female synchronized swimmers, including all
swimmers in the Spanish National junior and senior teams—
among them Olympic (n=10), and absolute (n=4) and junior
(n=7) World Championships medalists—volunteered for the study.
They all had competed at national and/or international level at
least in the previous two years. Twenty-four were juniors (15-18
years) and ten seniors (>18 years), although they were competing
at the absolute National Championships and were not classified
according to their age category. The physical characteristics of the
subjects are presented in table 1. All subjects voluntarily
participated in the study after being informed about the scope
and methods of the study, and delivered a written informed
consent, with parental permission when needed. The study was
approved by the Ethics Committee for Clinical Sport Research of
Catalonia.

Due to restrictions imposed by the official rules and for
ecological validity reasons, we were constrained to monitoring
HR, post exercise blood lactate concentration, and RPE during
competition. The testing protocol is summarized in figure 1.
Routines (n=96) were performed in a 50-m indoor pool (water
temperature: 25-26°C) with 30 m available for use. Prior to each
competitive session all swimmers performed 45-60 minutes of
general warm-up, including swimming, figures, and monitored
routine exercises without music. Additionally, 30 min before their
participation, all teams were allotted 20 min of specific rehearsal
with music, generally involving the execution of the whole routine
and selected parts. HR monitors were placed before the warm up
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Table 1. Physical characteristics of the subjects.

All swimmers Junior Senior

(n=34) (n=24) (n=10)
Height (cm) 165.2+6.5 163.7£5.1 168.9+8.0%
Body mass (kg) 53.6*5.6 53.2%53 54.6%6.3
Age (years) 17.5%+33 15.9%1.0 21.4£3.6%
Training (h-week™") 33.1+10.0 29.9+8.2 40.7+10.1*
Years of practice (years) 9.6*2.5 87*1.5 11.7+3.3%

Values are mean = SD.

*Significant differences between senior and junior swimmers (unpaired t-test,
P<0.05).

doi:10.1371/journal.pone.0049098.t001

and not removed before 15 min after the routine was executed.
Capillary blood samples were taken after warm-up and immedi-
ately before the call to perform, and 3, 5, 7, and 10 min after each
routine. Every routine was assessed and marked by the official
judges of the competition according to FINA rules [1]. The total
competition score (T'CS) for technical routines is composed of
separate scores for execution and overall impression; for free
routines the TCS is composed of separate scores for technical
merit and artistic impression. In both cases, TCS is up to
a maximum of 100 points.

Heart Rate Monitoring

HR was measured using waterproof HR monitors (CardioS-
wim, Freelap, Fleurier, Switzerland), which record beat-by-beat
HR and lap times using transmitters’ signaling. The belt contains
two chest electrodes wired to a monitoring device that can be
unloaded on a computer after the recording. Portable beacon
transmitters (TX HyO, Freelap, Fleurier, Switzerland) were placed
by the pool at different locations so that the HR monitors’
microprocessor units could recall specific positions during compe-
tition. To minimize potential instrumentation bias, swimmers
wore the HR monitor during training sessions within one week
before competition. HR was assessed from R-R intervals, 1-s
interpolated, and smoothed by computing a running average for 5-
s intervals using a 1-s window. HR,,. is the average HR for the
minute immediately before the start of the routine, after the
specific warm-up and following 5-min recovery period; HRpeark
and HR,,;, are the highest and lowest 1-s value during the
exercise, and HR .., 1s the arithmetic mean for the competitive
routine. Post-exercise HR are the average at minutes 1, 3, and 5

(HRposll 5 HRposlS 5 HRposlS) .

Blood Lactate

At every competitive session, following warm-up and a 5-min
recovery period and before the call to perform, 10 UL of capillary
blood were drawn from the ear lobe. Samples were also taken 3, 5,
7 and 10 min after the routine. Blood samples were immediately
analyzed using a lactate photometer (Diaglobal DP100, Berlin,
Germany), which had been previously calibrated using lactate
standards obtained by dilution (2, 4, 8, 10, 12, 16, and
20 mmol-L~"). The highest value was taken as the peak post-
exercise lactate concentration (Laycar)-

Rate of Perceived Exertion

The Borg CR-10 category-ratio scale was selected to rate the
perceived intensity of exertion [17]. A graphical, colored,
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Figure 1. Study protocol. La, blood lactate sample (min); RPE, rating of perceived exertion; S, competition score; HR, heart rate monitoring.

doi:10.1371/journal.pone.0049098.g001

verbal-anchored scale was shown to the swimmers after
completing the routine during blood sampling. The week before
competition, all participants were given specific instructions on
the meaning and use of the RPE scale, and were assessed
repeatedly during at least three training sessions so as to disclose
learning effects [18] and to improve the consistency of the
measurements.

Video Recording

All routines were continuously recorded using a digital video
camera (Panasonic AG-DVXI100BE 3-CCD Mini-DV Cinema
Camcorder, 501 PAL) at a rate of 50 Hz at a frame rate of 50 fps
with an interlaced resolution of 720x576, which allows a time
resolution of 0.02 s. For calculations, time values were rounded off
to the nearest 0.02 s. The stationary video camera was placed at
an elevated site by the pool, just in front of the judges’ podium,
and perpendicular to the midpoint of the 30 meters area available
for competition. A central computer timer was used for time
synchronization of the video and HR and transmitting beacon
signals. This was done by filming the timer displayed on the
computer screen, and by recording HR monitor activation time on
the same computer. Blood sampling was timed using conventional
chronographs.

Statistical Analysis

Descriptive statistics are mean, standard deviation (£SD),
minimum value, and range. Differences in HR, Laycar, RPE,
and TCS values were analyzed with a mixed multiple ANOVA
for fixed effects and interactions (2 age categories and 6
competitive routines, with Bonferroni correction for multiple
pairwise comparisons) and Bonferroni post-hoc tests. Pearson’s
correlation coefficients were calculated between all variables for
the entire group of swimmers. Stepwise multiple regression
analysis was conducted and best predictive models developed
(Pin,=0.05, P, =0.10), with TSC (performance) as dependent
variable and all physiological parameters as predictor variables.
Precise P values are reported and P<0.05 was considered
significant.

Results

Although 96 routines were actually monitored, data collection
was complete only in 54 cases, which were those finally included in
the statistical analysis; the majority of missing values corresponded
to failed or poor quality HR recordings.

Heart Rate

Figure 2 shows an example of a HR response profile before,
during, and after a competitive free duet routine on an elite
synchronized swimmer (Olympic and World medalist) in which,

PLOS ONE | www.plosone.org

after a period of anticipatory pre-activation, HR quickly and
progressively increases to high levels of tachycardia, interspersed
with periods of intense bradycardia during the intense exercise
bouts performed while in apnea.

The pattern of HR response during the execution of the six
routine programs (table 2) was similar in most of the HR
parameters for the entire group of swimmers. However, significant
differences were noted in recovery HR (HRp.43 and HRoq5)
between the TS and the FT routines (P<<0.01). Likewise, HR 3
was higher in TD as compared to FT routines (P<<0.01).

Although HR_,,. was significantly higher in juniors than in
seniors (135.710.6 vs. 119.6+10.6 beats'min™', P<<0.001), no
differences were found within routines for the junior (table 3) or
senior (table 4) groups.

Blood Lactate

For the entire group of swimmers, resting blood lactate was
1.72+0.49 mmol-L.”". Maximal values were attained at the 5™ or
7" min during the recovery period in all cases. Table 5
summarizes Lapca values for each routine program. For the
entire group of swimmers Lap., was higher in the FS routine
(8.5=1.8 mmol'L™") than in the TD (6.8+1.8 mmol-L ™",
P<0.01) and FT (6.2%1.9 mmol-L™", P<0.001). Lajca was also
significantly higher in the FD (7.6+1.8 mmol-L™") than in the FT
(6.2+1.9 mmol-L ™", P<0.01) routines. No significant differences
were noted between juniors and seniors (6.7£2.0 and
7.4%+2.1 mmol-L™ ", respectively).

RPE Score

Mean RPE scores (0-10+) are shown in table 5. For the entire
group of swimmers, values for FS (8.0£0.9) and FD (8.1+0.9)
exercises were higher than both team routines (FI' 7.5%1.1,
P<0.05, and TT 6.6%=1.2, P<0.01). In both duet routines, FD
(8.1£0.9) and TD (7.6%0.9), scores were higher than in TT
(6.6%1.2, P<0.01). RPE scores were significantly higher in juniors
(7.8%0.9) than in seniors (7.0%1.4, P<<0.05). No differences were
noted among routines in the junior group. In the senior group,
RPE values were higher in the FS routine (8.5%0.5) than in both
team routines (FT 6.1 1.1, TT 5.7%+0.5, P<0.001). TS (7.3+2.0)
and FD (7.8%1.0) elicited higher RPE values than TT (5.7%0.5,
P<0.01).

Total Competition Score

Mean TSC (points) across all routines are presented in table 6.
Swimmers attained higher scores in the FT' (84.0%+4.2) than in the
TD (81.0%5.7, P<<0.01). Even if this was an absolute competition,
seniors (87.0£5 points) were rated higher than juniors (79.1+3.4,
P<<0.001).
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Figure 2. Heart rate profile before, during, and after a competitive free duet routine on an Olympic and World medalist. HR peak,
heart rate peak during the routine; HR range, heart rate difference between the minimum heart rate and the maximum value during the routine; HR
min, minimum heart rate during the routine; HR mean, the average heart rate during the routine. Line depicts smoothed 5-s averaged values for

clarity.
doi:10.1371/journal.pone.0049098.9002

Physiological Correlates of Performance

TCS performance scores negatively correlated with HR.
(R=-0.41; P<0.001) and HR,;, (R=-0.24; P<0.05), and
positively correlated with HR,,nee (R=0.22; P<0.05). In the
stepwise multiple regression analysis the best model included only
HR,,. and HR 3, (R,?=0.26; P<0.0001; SEE = 4.86). No other
significant bivariate or multivariate correlations were found
between TCS and the rest of HR, La,ca, and RPE variables.

Discussion

To our knowledge, this is the first study in which the
physiological responses to SS routines during an official compe-
tition in high-level swimmers are characterized. We found a very
intense anticipatory HR pre-activation in all swimmers, even more
pronounced in juniors. During the execution of all routines in both
age-category groups, cardiovascular demands were equally high,
with HR quickly approaching maximal levels, and interspersed
periods of marked bradycardia during the intense exercise bouts
performed in apnea. In contrast, differences were noted among
routines in blood lactate levels, with highest values in free solo,
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Table 2. Heart rate (HR) parameters before (Pre), during (Routine), and after (Post) the competitive routines for the entire group of
swimmers.
TS FS TD FD TT FT All Routines
(n=5) (n=6) (n=10) (n=9) (n=5) (n=24) (n=59)
Pre HRpre 122.3+10.8 130.5+15.9 1246125 130.7+9.6 125.9%10.1 132.0£14.7 129.1£13.1
Routine HRpeak 195.5+8.3 189.3+7.6 191.8£10.9 192.5£14.4 1924+73 191.2£5.6 191.7£8.7
HRmean 156.9+9.1 150.1+21.1 161.2+13.1 153.1£20.2 167.2*x7.4 162.5£11.6 159.6*x14.4
HRmin 93.1£21.7 714+354 94.5+28.1 85.4+27.7 91.2+13.8 89.3%31.3 88.8+28.5
HRrange 102.4*17.8 118+34 97.2+25.2 107.1£32.6 101.2£18.8 101.9£31.9 103.5£28.7
Post HRpost1 146.6*21.9 146.5+24.1 157.6*x12.5 155.3%21.5 155.6*£17.0 152.0%£35.9 152.7£26.7
HRpost3 108.0£12.8 117.8x11.5 113.0£13.7 1304£7.1 123.1£129 128.8+11.0%° 1229*134
HRposts 88.3*+18.1 105.1*+4.9 103.2*8.3 111.0£15.5 110.5%£9.0 113.6+12.2° 108.1£13.6
Data are mean =+ SD (beats-min~ ). TS, Technical Solo; FS, Free Solo; TD, Technical Duet; FD, Free Duet; TT, Technical Team; FT, Free Team. HRpre, last minute before
routing; HRpeaks HRmean, HRmins HRrange: Peak, mean, minimum, and range values during routine; HRyost1, HRposts, HRposts: first, third and fifth minutes during recovery.
Significant differences (P<0.05) among routine programs were noted only during recovery: FT vs. TS; °FT vs. TD.
doi:10.1371/journal.pone.0049098.t002
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followed by free duets and technical and team routines. Both HR
pre-activation and bradycardia were moderately related to
performance.

Heart Rate Response

A remarkably high HR pre-activation was observed in all
subjects and routines (table 2). This conspicuous HR dynamics
alteration before the actual start of the exercise is likely due to: 1)
the effect of the previous warm up, 2) the sympathetic activation
and parasympathetic withdrawal necessary to ensure anticipatory
metabolic and cardiovascular responses to a physical effort [20],
and 3) the mental stress and anxiety associated with competition
proximity [21,22]. This anticipatory HR response was even more
pronounced in the junior group (about 8 beats-min~ ' higher on
average) suggesting that senior synchronized swimmers might be
better adapted to competition stress due to higher competitive
experience and/or specific training. This is in accordance with the
conscious processing hypothesis [23], which states that stress
affects performance through a process in which anxiety induces
a conscious reinvestment of explicit knowledge to control the
execution of the skill and, paradoxically, disrupts the automaticity
of performance. This limitation in performance has been
consistently reported in relation to self-focused (internal) attention
[24,25]. Internal attentional focus constrains the motor system by

Table 3. Heart rate (HR) parameters before (Pre), during (Routine), and after (Post) the competitive routines for junior category.
TS FS TD FD TT FT All Routines
(n=2) (n=1) (n=4) (n=8) (n=2) (n=17) (n=34)
Pre HRpre 130. 8+14.2 153.4 135.4*6.1 131.5+9.9 133.8+0.2 137.6+11.5 135.7+10.6
Routine HRpeak 202.7*2.7 180.4 189.1%+8.0 191.4x14.9 193.3x14.1 190.8+5.0 191.3%+9.2
HRmean 158.5+3.0 149.3 164.4+15.4 150.4+19.8 170.2x12.9 166.1+7.4 161.5+13.6
HRmin 97.0x12.1 56.5 90.1%+25.0 81.9+27.3 84.0+9.8 96.7+26.7 90.5+25.4
HR(ange 105.8£14.8 1239 98.9+17.8 109.5£34.0 109.3£23.8 94.1+257 100.7*+26.1
Post HRpost1 135.9£21.0 160.8 167.4*8.2 154.1£22.6 153.1£31.9 158.3%£33.8 156.9£27.5
HRpost3 98.7+18.5 106.0 118.7*x16.7 130.5*+7.6 136.7%0.1 129.8+11.7 126.4+14.3
HRpost5 742+17.4 101.3 108.7%5.2 111.4%=16.5 119.2%+0.5 113.5+13.8 110.2+15.9
Data are mean * SD (beats-min~"). TS, Technical Solo; FS, Free Solo; TD, Technical Duet; FD, Free Duet; TT, Technical Team; FT, Free Team. HRpre, last minute before
routine; HRpeakr HRmean, HRmin: HRrange: Peak, mean, minimum, and range values during routine; HRyost1, HRposts, HRposts: first, third and fifth minutes during recovery.
doi:10.1371/journal.pone.0049098.t003

interfering with natural control processes, whereas an external
focus seems to allow automatic control processes to regulate the
movements associated with optimal performance and is typically
found in expert-level athletes [26]. An alternative explanation is
that in competitive situations novice performers are highly
motivated to do well and this leads to a tendency to focus on
the process of performing [27]. Thus, junior swimmers, who may
be more aware of the importance of precise skill execution, would
have attempted to ensure success by more consciously monitoring
their performance. On the contrary, the attainment of a higher
skill level (i.e. typically in seniors swimmers), would be associated
with a greater automaticity in performing motor acts, related to
a lower metabolic energy cost for achieving the task goal, thus
reducing attentional demands and using an energy-efficient
preferred mode [28-30], which in turn would imply a blunted
HR pre-activation response. Present results are consistent with
previous findings in highly skilled golfers in comparison to novice
players [31-33]. In short, competitive experience and years of
training would have an effect on swimmers’ anticipatory HR pre-
activation related to higher levels of automaticity in task
performance, lower levels of anxiety prior to competition, and
a different pattern of attentional focus. A unique aspect of SS is the
frequent and often lengthy breath holding (BH) periods while
performing high-intensity exercise underwater. A key finding of
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Table 4. Heart rate (HR) parameters before (Pre), during (Routine), and after (Post) the competitive routines for senior category.
TS FS TD FD TT FT All Routines
(n=3) (n=5) (n=6) (n=1) (n=3) (n=7) (n=25)
Pre HRpre 116.7%£3.7 125.9%+125 117.4%£10.2 1244 120.6*9.9 118.4%13.2 119.9£10.6
Routine HRpeak 190.6*6.7 191.1+7.0 193.5+12.9 201.5 191.9%+23 192.1%7.3 192.4+8.0
HRmean 155.8£12.5 150.2*+23.6 159.1£12.3 174.7 165.2x34 153.7£15.5 156.8£15.3
HRmin 90.5£29.0 74.3+38.7 97.4+31.9 113.9 96.1£15.7 71.1%36.1 85.1+x32.4
HRiange 100.1+22.5 116.7+37.8 96.2+30.8 87.6 95.8+17.7 120.9£39.1 107.3%£32.1
Post HRpost1 153.7+234 143.6+25.8 151.1+10.5 164.8 157.2%+7.7 136.5+38.7 147.1£25.0
HRpost3 114.2%+33 121.1£9.2 109.2x11.2 1295 114.04.5 126.0£9.2 118.3£10.7
HRposts 104.9+5.4 99.6+8.2 99.6+8.2 107.3 104.7+5.9 113.9%£7.9 105.4+9.4
Data are mean = SD (beats-min~"). TS, Technical Solo; FS, Free Solo; TD, Technical Duet; FD, Free Duet; TT, Technical Team; FT, Free Team. HRpre, last minute before
routing; HRpeaks HRmean, HRmins HRrange: Peak, mean, minimum, and range values during routine; HRyost1, HRposts, HRposts: first, third and fifth minutes during recovery.
doi:10.1371/journal.pone.0049098.t004
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Table 5. Peak blood lactate (Lapax), and rates of perceived exertion (RPE) of the routines.

Category Variable TS FS D FD TT FT All Routines
(n=9) (n=11) (n=16) (n=16) (n=14) (n=30) (n=96)
All swimmers Lapeak (mmol-L™") 69+1.4 8.5+1.8° 6.8+1.8 76*+1.8 7.1+24 6.2+1.9° 73%+20
RPE (a.u.) 7117 8.0+0.9 7.6+0.9 8.1£0.9 6.6+1.2¢ 7.5+1.1%¢ 70%1.4
Junior Lapeak (mmol-L™") 6.1+1.1 8.1+33 6.5%1.5 6.9+1.7 7.0+27 6.5+1.9 6.7+2.0
RPE (a.u.) 6.711.2 7.4x09 8.1£0.6 8.2+x09 74*1.1 7.9%+0.8 7.8+0.9%
Senior Lapeak (mmol-L™") 74x15 88*1.7 7.0%22 88*14 72%22 53x17 74%2.1
RPE (a.u.) 7.3%2.0 8.5+0.5" 7.0%0.8 7.8+1.0' 5.7+0.5f 6.1x1.19 7114

Lapeak (P<0.05) for all swimmers are: °FT vs. FD and FS; 5FS vs. TD.
RPE for all swimmers are: FT vs. FS; 9TT vs. FS, TD and FD; FT vs. FD.

doi:10.1371/journal.pone.0049098.t005

this study is that the main cardiovascular response to BH (i.e.
bradycardia) was powerful enough to counteract the HR response
during the BH phases of intense exercise (figure 2). It is well known
that BH has marked effects on blood pressure (BP), cardiac output,
and HR during and after dynamic exercise, which do not seem
primarily induced by the resulting hypoxia, where the respiratory
arrest per se is essential for these cardiovascular responses [34,35].
Dynamic apnea, as observed for instance in free diving competi-
tions, has shown to induce an increase in BP, which stimulates the
circulatory baroreceptors provoking bradycardia, peripheral va-
soconstriction and reduced cardiac output, thus decreasing oxygen
uptake [36]. These responses would result in restricted muscle
metabolism and blood flow redistribution to areas where demands
are greatest in order to allow sustained function [37]. However,
BH epochs may respond not only to underwater immersion, but
also to face water immersion [38], as well as to isometric
contraction of the core muscles causing a Valsalva effect.

Thus, during SS, the diving response appears to be powerful
enough to override the HR response to exercise during apnea.
Cardiac output is expected to be reduced throughout dynamic
apneas, largely due to bradycardia, whereas the systemic vascular
resistance would increase [36]. These cardiovascular responses are
obviously interplaying during water immersion and BH phases of

Values are mean * SD. TS, Technical Solo; FS, Free Solo; TD, Technical Duet; FD, Free Duet; TT, Technical Team; FT, Free Team; a.u., arbitrary units (0-10+).
*Significant differences between junior and senior swimmers for all routines. Significant differences among routines in:

RPE (P<<0.05) for the senior group are: 'TT vs. TS, FS and FD; 9FT vs. FS and FD; "FS vs. TD; ‘TD vs. TT.

SS routines due to intense exercise combined with BH, which
would produce a rapid development of hypercapnia and hypoxia
[35]. While apnea and facial immersion increase the para-
sympathetic tone causing HR reduction [34,39], exercise increases
sympathetic stimulation of the heart [3] and increases HR. So
when the swimmer starts holding breath during the routines, both
inputs compete with each other for control of HR [40] and O,
flow to the exercising muscles, though the Oy conservation diving
response would finally prevail until the swimmer is able to breathe
again.

The observed periods of bradycardia in our swimmers, who
reached minimum HR of 75-95 beats'min~ ' on average (mean
46% HR reduction) were similar to those found during dynamic
apnea diving [35,40,41], and in SS during training exercises
[3,5,13,42], and was more pronounced than the 38% relative HR
reduction observed during face immersion during low-intensity (80
and 100 W) cycling exercise [36,43]. We should take into account
that while synchronized swimmers perform several movements
combining isometric and intense dynamic exercise, in most
previous studies the subjects performed low-intensity, steady-state
exercise with face immersion in water to elicit the diving response.
Hence, the combination of movements in the pool, with sequential
or simultaneous jumps, strokes, acrobatics, and diving across the

Table 6. Total competition score and duration of the competitive routines (time).

Category Variable TS FS D FD TT FT All Routines
(n=9) (n=11) (n=16) (n=16) (n=14) (n=30) (n=96)

All swimmers TCS (points) 81.6+7.2 823*7.5 81.0+5.7 82.4+6.6 81.5%£5.3 84.0+4.2° 82.3+5.7
Time (min:s) 2:05+0:08 2:58+0:06 2:29+0:06 3:30%0:11 3:00+0:05 4:05+0:06 -

Junior TCS (points) 75.7*45 76.2+3.4 78.4*3.1 78.0%2.6 785+3.7 81.1+2.5° 79.1+£3.4*
Time (min:s) 1:56*0:10 2:58+0:04 2:27+0:07 3:28+0:09 2:57+0:03 4:04+0:05 =

Senior TCS (points) 87.5+45 88.3+4.8° 85.3+5.7 87.8+6.6 85.8+4.2 88.1+4.5 87.0%5
Time (min:s) 2:09+0:04 2:58+0:08 2:30+0:06 3:34+0:14 3:03+0:04 4:11+0:06 -

differences between junior and senior swimmers for all routines.
Significant differences (P<0.05) are:

For all swimmers: °FT vs. TD.

Among juniors: °FT vs. TS, FS, TD and FD.

Among seniors: FS vs. TT.
doi:10.1371/journal.pone.0049098.t006
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Data are mean * SD. TS, Technical Solo; FS, Free Solo; TD, Technical Duet; FD, Free Duet; TT, Technical Team; FT, Free Team; TCS, total competition score.*Significant
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SS routines, yields HR values proportional to exercise intensity but
also induces a bradycardic response similar to diving alone [15] or
combined with low intensity exercise [35].

In all routines, high HR..x values indicated a very intense
activation of the cardiovascular system to ensure the high-energy
turnover in the exercising muscles. These values are higher than
previously reported by Jamnik (1987) [3] who found HR,c.x values
ranging from 161 to 180 beats'min~ ' during solo, duet and team
training routine exercises, as well as compared to 178.0%£4.2 and
179.5+4.9 beats'min ' during technical and free duets shown by
the same two elite swimmers reported by Pazikas et al. (2005) [13].
They are also higher than those observed during a simulated
training routine consisting on standard SS maneuvers executed
while swimming in straight lines up and down the pool during 4.5
minutes (1767 beat'min~") [6]. We found no references in
literature that can be directly comparable with present results.
During competition, HR rapidly increases showing an underlying
pattern of exponential increase to asymptotic maximal levels with
marked bradycardic episodes (figure 2). This suggests that BH
oxygen conservation mechanisms do not prevent the activation of
the cardiorespiratory system to provide energy for the exercising
muscles despite blunting the HR response during the periods of
apnea.

The fact that we found no differences in HR ¢ between juniors
and seniors is likely to be an indication that all routines were
performed at maximal intensity by all swimmers despite the
observed differences in performance as quantified by final
competition scores. Interestingly, no differences in HR,c.x among
the different routine programs were noted despite the wide range
of exercise duration (roughly 2 to 4 min), in contrast with
significant differences in recovery HR, Lapcar, and RPE, which
would support the shared concepts that solo and duet routines are
physically more demanding than team routines, and that free
routines are generally more so than technical programs.

With respect to HR recovery parameters (HR o5 and HR,o45),
the I'T routines show a slower off-kinetics then T'S. We can only
propose a plausible explanation to this observation, which is the
lower average cardiorespiratory fitness in team swimmers as
compared to soloists (all of them World medalists in our sample).
This would be in accordance with previous findings showing that
a lower HR during recovery is a specific adaptation in trained
synchronized swimmers [15]. Likewise, since both category groups
exhibited similar HR off-dynamics, junior and senior swimmers in
this study seemed to be similarly adapted to SS training. Whether
this adaptation derived from similar levels of general cardiorespi-
ratory fitness or to an enhanced ability to breath hold as a specific
feature of SS training adaptation [15] could not be elucidated.

In summary, cardiovascular demands of all SS competitive
routines, which are described for the first time during actual
competition in a large number of subjects, can be best described as
very high, regardless of its duration and technical content. Since
the HR response is largely depending on BH responses, it seems
logical to assume that non-specific laboratory tests would not
accurately reproduce specific cardiovascular loading and hence
miss an important feature of specific adaptation to SS perfor-
mance. Simulated routines with high technical content in a training
environment would seem to be a better approach if these
adaptations should be assessed or elicited. However, we must
realize that HR—even if a practical and measurable indicator of the
cardiorespiratory adaptation to physical effort-is influenced by
many physiological factors during this unique combination of
intense, finely coordinated exercise, frequent apneic periods, and
sudden changes in body position. They call into play simple
reactions (e.g. diving reflex, Valsalva reflex) and complex
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regulatory mechanisms (e.g. brain and muscle perfusion, cardiac
output and blood pressure regulation).

Blood Lactate

Elite synchronized swimmers are exposed to hypoxia because of
the combination of BH and vigorous exercise [44]. However, the
present results indicated moderate Lagc.x in both age categories,
ranging from ~5 to 13 mmol-L™', with an overall average of
7.3 mmol-L ™! (table 5). Lajca data from competition are very
scarce. Although reports on lactate levels during training are more
extensive [3,6-8,14], only Jamnik et al. (1987) [3] reported an
intriguing average of 12.7+1.3 mmol-L™" in five elite swimmers,
surprisingly higher than the 7.0x1.3 mmol-L ™! when performing
the same routine during practice.

The highest Laj,... values were obtained in free solo and duet
programs. These observations can be analyzed in terms of 1) the
specific influence of the BH periods, 2) the activation of the
glycolytic metabolism in the exercising muscles, and 3) the specific
training adaptations.

First, the peripheral vasoconstriction associated with the diving
response during the BH periods would reduce the blood supply to
the muscles and lower their Oy stores and, as a consequence, if the
energy turnover in the exercising muscles is sustained or increased,
the glycolytic metabolism will be activated and more lactic acid be
produced [43,45,46]. Homma et al. (1994) [2] showed that the
time spent underwater in international competitions was highest in
solo (62.2%), duets (56.1%), and teams (51.2%). Then we could
speculate that the more reduced peripheral Oy delivery due to the
longer or more frequent BH times [2,42], the higher the lactate
production due to hypoxemia. This seems consistent with our
observation that free solo and duet routines induced the highest
Lap,cax values as compared with the team and technical routines.
From a mechanistic perspective, moderate lactic acidosis would
decrease the affinity of myoglobin and hemoglobin for O, thus
facilitating O, diffusion to muscle mitochondria for sustained
oxidative phosphorylation during the apneic bouts. Thus, with
progressive lactate accumulation during the routines, increased Oq
supply may be made available, leading to prolongation of
oxidative metabolism in parallel with anaerobic glycolysis [37].
Moreover, our findings are in line with previous studies in eupneic
aesthetic sports such as rhythmic and sport gymnastic events of
shorter ~ duration (~1.5 min), e.g. competitive aerobic
(7.5 mmol-L™") [47], floor exercises in artistic gymnastics
(8.5 mmol-L ") [48], but also with longer cvents (~4.5 min) such
as figure ice skating (7.4 mmol-L™") [49]. Nevertheless, higher
average values have been described after competition in disciplines
with an intermittent respiration pattern and similar duration, such
as 200 m freestyle swimming (10.5 mmol-L1.™ ") [50], surf lifesaving
(9.0 mmol1™") [51], and even in competitive dynamic apneas
(10.0 mmol-1™"), in which apneic duration is essential and needs to
be prolonged by any means to increase gas storage or tolerance to
asphyxia. In contrast, we noted no difference between our data
and those attained by elite underwater hockey players
(8.0 mmol-L™") [52]. These results may be explained by the
specific training pattern of SS, characterized by frequent and
intense bouts of dynamic apnea interspersed by short breaths with
relatively low tidal volumes compared with free divers. Such
differences may indicate that during eupneic work, part of the
lactate produced in the working muscles is rapidly catabolized by
the less active muscles and other tissues, or used during recovery to
resynthesize glycogen. However during apneic diving, lactate
removal from working muscles may be compromised by selective
vasoconstriction, and restricted blood flow may lead to consider-
able regional differences in lactate concentration [37].
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Second, we should avoid interpreting the Lap, values in terms
of the sole variations of its cellular production because lactate in
capillary blood samples will reflect the balance between pro-
duction and catabolism (mainly intracellular and in other organs
and less active muscles) [53]. The higher La,.x values obtained in
FS and FD competitive routines (~3-3.5 min) suggest a more
intense activation of anaerobic glycolysis [14]. Empirically, many
coaches and swimmers believe that FS and FD are the most
strenuous routine programs. Our data do support this concept, as
Lap,cax is highest in free solo and duet. Several hypotheses can be
advanced to explain these results. On the one hand, free programs
usually start with an underwater sequence which may last in excess
of 45 s in the case of more highly placed contestants [44]. In spite
of blood flow redistribution, Oy stores might be reduced at the
onset of the routine and, hence, the working muscles would receive
less Oy than required due to peripheral vasoconstriction and
would then rely more on glycolytic metabolism. On the other
hand, the rate of execution of skill elements tends to be higher in
the solo event than in duet and team [2]. In fact, in solos, 50% of
the technical merit score depend on the execution [1], then not
being surprising that this event is composed of more figure parts
implying a higher physiological stress than duets (51.9%) and
teams (32.2%) [2,5]. Especially in duets, swimmers generate
actions requiring constant fine-tuned synchronization with music
and couples [54]. Moreover, the difficulty and order of the figures
could have also influenced the course of activation of the glycolytic
metabolism in the exercising muscles. We could only speculate
that I'S and FD routines may have involved harder elements and
figures at the start of the routine with the concomitant increase in
the workload, which would result in higher lactate formation. This
possibility should be addressed in the above mentioned time-
motion analysis.

Third, Lap.x values indicate an equally moderate blood lactate
accumulation in juniors and seniors, evidencing a similar role of
the anaerobic metabolism in energy delivery during SS, as
suggested by previous studies [8,10]. This may be explained by
the fact that both age categories executed similar technical
elements during the routines as they were participating in an
absolute championship and judged under the same rules, implying
the execution of the same mandatory technical figures performed
in the same order within a similar time frame [1]. These results
suggest similar metabolic training adaptations between both age
groups despite the higher training volume of the senior swimmers.
Moreover, there are some similarities between our data and those
reported by authors who studied the effects of SS training in blood
lactate levels, who found a significant decrease in Lapc,, along
a season [6,7]. Training practice seems to produce such
adaptations improving effectiveness at both peak and submaximal
exercise [55], and could explain the improvements in work
economy by promoting greater technique skills.

In short, this study shows a moderate post-routine blood
accumulation in elite senior and junior synchronized swimmers,
likely to result from the large number of figures and high execution
rate [10], paralleled by reduced peripheral O, delivery due to BH
periods and the subsequent diving response [2,42], and an
adaptive mechanism to assure central oxygenation. At this time,
one may only speculate on the progressive development of an
adaptive metabolic response in synchronized swimmers to re-
petitive apneas, which should be explored using longitudinal
studies.

Rate of Perceived Exertion

RPE has been defined as the subjective intensity of effort, strain,
discomfort, and/or fatigue that is experienced during physical
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exercise [56]. It has been suggested that the inputs for perceived
exertion can be categorized into those of central and peripheral
origin [57]. Central factors linked to RPE are the sensations
primarily associated with the cardiorespiratory system resulting
from tachycardia, tachypnea, and dyspnea. Sensory input for RPE
of local origin produce the sensation of strain in the working
muscles and joints.

The CR-10 category ratio scale developed by Borg [58] appears
to be one of the best choices regarding its psychometric
characteristics and criterion-related validity [16]. However, RPE
scales have barely been used during real competition in short-
duration events, and never in SS. Only one study reported RPE
(620 scale) during an international-level tackwondo competition
and found near-maximal HR, high blood lactate levels, and
increases in competitors’ RPE across combats [59]. Mean RPE
values in the present study ranged from 6.6 (I'T) to 8.1 (FD), with
quite large inter-individual range of variation (table 5). These
scores corresponded to ‘“‘very strong” to “extremely strong”
verbal-anchored levels, with only 3% of the swimmers reaching
the absolute maximum intensity (i.e. 10+). Contrarily to HR and
Lap,cax levels, RPE values were significantly higher in juniors than
in seniors, hence indicating that seniors perceived their perfor-
mance to be less strenuous. This can be explained by the greater
number of years in training and the superior competitive
experience in the senior group. This concept is supported by the
observation that, while no differences were noted among routines
in the junior group, IS and FD routines elicited the highest scores
and team routines the lowest in the senior group, and
corresponded well to Lap, values. In fact, RPE was positively
correlated with Lagcax (R =0.26), particularly when controlling for
age category (R=0.55). On the one side, based on a recently
published meta-analysis [16], RPE scores (CR-10) have been
found to be poorly correlated both with HR or blood lactate (mean
R =0.47 and 0.42, respectively), even if the mode of exercise used
in previous studies were mostly progressive or intermittent
running, walking, or swimming.

Performance and Physiological Correlates

The relationship between cardiac parameters and performance
showed that a higher skill level was associated with a lower
anticipatory HR activation and lower levels of bradycardia, with
subsequent higher HR range of variation. These relationships are
consistent with the notion that the attainment of a proficient level
of expertise in SS is related to an improvement of motor
automaticity and reduced attentional demands [26,60], and also
to specific physiological responses to apnea training, as suggested
by previous studies [52,61].

Lower anticipatory HR activation, which has been reported in
tasks with high external attentional focus, was associated to
performance improvements in self-paced sport activities such as
rifle and pistol shooting, archery and golf. Our findings are in line
with these results. The observed negative correlation between
HR,,. and performance would reflect decreased afferent inputs to
the brain and would result in more effective external focusing of
attention and superior performance [62,63]. Moreover, it appears
that juniors, who achieve higher HR anticipatory activation, were
putting greater attentional effort to the routine tasks (i.e. internal
attentional focus) than seniors, although resulting in lower levels of
performance.

A second explanation for increased anticipatory HR activation
in the junior swimmers would rather reflect differences in
cardiorespiratory responses. On the one side, the anticipatory
tachycardic response and hyperventilation may be effective in
preparing the body (particularly the O, delivery system) for
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maximal effort. On the other side, an elevated metabolic rate
would further reduce the limited Oy stores during apnea. As
discussed before, the Ogy-conserving effect of the diving response is
explained by a reduction in cardiac output and a redistribution of
peripheral blood flow. A decrease in cardiac output during apnea
would reduce the pulmonary O, uptake [43,64]. Thus, during
apnea, the rate of arterial Oy desaturation is affected by factors
related to the size of the Oy stores at the beginning, and to the rate
of Oy usage during exercise [41]. Since the anticipatory HR
response is thought to increase the cardiac output before starting
the exercise, this would consequently increase the rate of O2
depletion and could limit aerobic performance. This is also
consistent with our observation that junior swimmers have higher
anticipatory HR pre-activation and lower performance.

On the other hand, we noted an inverse relationship between
the level of bradycardia and HR range of variation with
performance. It can be hypothesized that a more pronounced
bradycardic response-and hence lower HR,,;, and higher
HR,41gc—may be related to more prolonged BH periods in higher
rated routine exercises or to a sharper decrease in HR as
a consequence of the increased Oy conservation effect in the more
experienced swimmers [15]. Bradycardia is an essential protective
reaction of the cardiac system aimed at economically managing
Oy levels during BH [65]. The economical use of Oy results from
lowered myocardial Oy demands causing a decrease of the cardiac
output [66]. It is well known that long-term apnea training
increases hematocrit, erythropoietin concentration, hemoglobin
mass, and lung volumes [39,67,68] indicating adaptation to
hypoxia. An augmented diving response is associated with
a reduced rate of arterial desaturation and a reduced rate of
depletion of the lung Oy stores during apnea at both rest and
exercise, which is thought to reflect the Og-conserving effect of the
human diving response [38,43,64,69]. In SS this mechanism aims
to maintain the Oy delivery in support of the most vital functions
of heart, brain, and lungs. Our results are in accordance with the
observations of pronounced bradycardia in professional skin divers
[38], and underwater hockey players [52], suggesting that their
exaggerated diving response and superior apneic ability is at least
in part a product of their apnea training.

Globally, the fact that the multivariate model included two HR
parameters (HR,.. and HR;;,) and explained 26% of variability
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ABSTRACT

The aim of the study is to compare the heart rafe) (and rate of perceived exertion
(RPE) responses as internal load indicators whaefopming duet routines during
training and competition, both in the technical dnele programs of synchronized
swimming (SS). Participants were ten SS Olympic afists (age: 17.4 + 3.0 years,
height: 164.0 + 6.1 cm, body mass: 52.0 + 6.4 kgining: 36.3 + 6.2 h-weék
experience: 9.2 = 2.6 years). They were monitorbdenperforming the same technical
duet (TD) or free duet (FD), during a training $ess(T) and during an official
competition (C). HR was continuously monitored. RRES assessed using the Borg
CR10 scale. HR responses during T and C were aliestical: pre-exercise mean HR
(beats-mit) was 130.5 + 13.9 (T) and 133.6 + 7.7 (C), anctkjyiincreased vyielding
mean peak values of 184.8 + 5.8 (T) and 184.8 {®)6 with interspersed bradycardic
events down to 86.6 + 4 (T) and 86.3 £ 5 (C). Ruegi were perceived as “hard” to
“extremely hard” by the swimmers in both conditipmmd mean RPE scores (0-10+)
were equally high during C (7.9 + 1.2) and T (7.512) P=0.223). RPE inversely
correlated with minimumR=-0.545;P=0.008) and mean HHR=-0.452;P=0.026), and
positively correlated with HR rang&+£0.520;P=0.011). The internal load imposed by
SS duets performed during training is virtually ndeal to that elicited in a real
competitive situation. Therefore, practicing conipet routines is suitable for
developing and maintaining the cardiovascular fehat is needed for specific
conditioning in elite synchronized swimmers, witte tadded value of favoring exercise

automaticity, inter-individual coordination, andistic expression simultaneously.



Keywords. synchronized swimming, heart rate, rating of pesegi exertion, RPE,

training, competition.



INTRODUCTION

Synchronized swimming (SS) has been an event é&uhaner Olympics since the 1984
Games. The current Olympic program has competitiomluet and team events and
includes free and technical routines. Successftibpeance depends on the swimmers’
ability to execute a synchronized routine of elalb®moves in the water accompanied by
music. To attain this goal, synchronized swimmetstntrain for aerobic and anaerobic
fitness, strength, power, endurance, flexibilitgrfprmance skill and artistic expression
(34). As a result, training demands at an eliteohits level often result in high-volume
(averaging about 40 h-wedk(35, 40), high-intensity training programs (3B)¢luding
long periods devoted to choreography when much tsngpent in the pool to perfect
synchronization. The regulation of exercise intgnduring SS training is critical to the
success of each conditioning program since exengisasity set too low does not induce
the desired physiological adaptations while an @gerintensity set too high may result
in overtraining fatigue or injuries from overusetims kind of athletes (34, 35, 54). For
this reason, balancing the training componentedigireviously to produce the desired
result at the time of competition without producioggeruse injuries should be the major
task for all National Team coaches (35). In thigJito monitor and control the training
process, it'is important to have a valid measurthefswimmers’ internal training load
(12). This is particularly relevant in this kind aksthetic sports, where the planned
external load is often different for each team mentkecause of the variety of elements
configuring each routine as well as the order inciithey are executed.

The use of telemetric heart rate (HR) monitors mles a simple, non-invasive, and

convenient method for a continued assessment dics@ascular load and is widely used



to assess exercise intensity (1), however thetdemised information available on the
physiological stress generated during SS routi2&g. (This is partly because of the
challenges of measuring physiological parametetkerpool, especially considering that
up to 50% of exercise time is spent underwater. (Bésed on HR response both in free
and technical programs, previous reports pointtioat the intensity of routine exercises
is high both during training (19, 38) and competiti(40). However, the most unique
feature of SS is the long time spent holding breetile performing several movements
combining isometric and intense dynamic exercise @0). A recent study from our
group reported average HR peak values of 191.7 & l§m, with interspersed
bradycardic events down to 88.8 + 28.5 bpm, andwarage HR range of 103.5 + 28.7
bpm during the execution of all the competitivetnoess (40). While apnea and facial
immersion increase the parasympathetic tone causRgeduction (23, 42), exercise
enhances the sympathetic stimulation of the hd&t #nd increases HR. Thus, when the
swimmer starts holding breath during the routitesh inputs compete with each other to
control the HR (53), but the diving response is @dul enough to override the intense
HR chronotropic stimulation producing a rapid depehent of hypercapnia and hypoxia
(15).

Different from training, competition is a challengi situation which usually stimulates
higher psycho-physiological responses in the ppdit (50). Research in this field
suggests that stress due to competition is addabtetgphysiological stress caused by
exertion, which in itself is capable of affectingrmone secretion (18, 50) and autonomic
nervous system activity (7) producing changes imynaf the athletes’ cardiovascular

parameters (e.g. increasing HR) (6, 32). In additemmpetitive performance is affected



by decision-making and psychological aspects toreatgr extent, since there are
opponents and the result is of greater importaigse@r mental fatigue and anxiety
induced by a challenging competitive event woulkelate the RPE throughout exercise
and hasten exhaustion (20, 26). However, motiva@ohigher degree of self-efficacy or
the willingness to exert effort may counteract aegative influence of higher a RPE (20,
55). In this context, the feeling of fatigue depenmhrtly upon on the interpretation of
physical sensations. The feeling of fatigue is delpat, therefore, on the individual's
unique interpretation of his or her experience.gBaategory rating of perceived exertion
(RPE) scales based on subjective feelings of exednd fatigue can be used to both
prescribe and regulate exercise intensity. Previousstigations have proven that RPE
scales are a useful tool to quantify exercise sitgnbased on its relationship with
physiological criterion measures such as HR, blacthte concentration, oxygen uptake
and minute ventilation (8). Additionally, previowsork supports the validity, reliability
and the practical application of the RPE scalegquantify exercise intensity in aquatic
disciplines such as swimming (14, 39, 51), and lzatio diving (31). Recently, a
significant relationship between RPE scores anwa#l cortisol (r=0.64, p<0.005) has
been found when tested at a daily pool trainingsisesin a SS duet (49). This
experimental evidence seems a sensible approacsideoing the use of RPE for
controlling the intensity in SS. Moreover, sometdees of this scale, such as its
noninvasive, and easy administration in field cgt#eand that not specialized staff is
required, may favor its use to indicate the intgnaccurately avoiding the expensive use

of telemetric HR monitors.



Attending the demands of the training scheduletaadisk of injuries related to overuse
in elite SS, it is very important to monitor andntol athletes’ internal load to ensure
that each swimmer receives adequate training stisnll straightforward approach is to
compare the response of athletes in training sessiath those in real competition in
order to ascertain whether swimmers may achieve ctimapetitive intensity during
training sessions. Provided that limitations imgbbg SS competition can be overcome,
HR (an objective physiological marker) and RPE ybjective perceptual marker) may
provide a valid insight.

Taking into account all the above-mentioned conaiitens, the purpose of this study
was to investigate and compare the internal logoosed by duet routines performed
during training and competition by means of HR aR&E monitoring in elite
synchronized swimmers. We hypothesized that the petifive situation would
simultaneously alter the heart rate response am&BE assessment in elite synchronized
swimmers. Additionally, we also aimed at determgniwhether there is a relationship
between both types of assessment. Based on rexsdrch (33), we hypothesized that
the pattern of interaction between the physicatl Itz reflected by the HR response) and

the perception of effort during competition woulary due to the stress of competition.

METHODS

Subjects

Ten elite synchronized swimmers volunteered toig@pete in the study. Seven were
juniors (J, 15-18 years) and three were seniors>I8 years), though they were

competing at the National championships at the dsglevel and were not classified



according to their age category. Their age, physaearacteristics, training and
competitive experience, and performance level arensarized in table 1. All of them
were medalists in the London 2012 Summer Olympim&aduring the time of the study
eight in the free team and two also in the freet.dlibis study was approved by the
Ethics Committee for Clinical Sport Research of a@Batia, and each subject
subsequently signed an informed consent documéoitebparticipation.

---Table 1 near here---
Procedures
The study protocol is shown in figure 1. Swimmeefprmed the same competitive
technical duet (TD) or free duet (FD) routines ovo tdifferent occasions, during a
training session (T) and during an official compefi (C) by an interval of 48 to 72 h.
Both routines were executed in the morning at alioeitsame time of day (x 2 h), and
allegedly at similar points in their ovarian cyctesminimize the difference caused by the
effect of biological rhythms (52) and changes imfgrenance ability. The TD routine is
composed of eight required elements in a predeteunorder and lasts 2:20 min:s. The
FD routine allows more flexibility to demonstratgarpretation of the music and skill
and lasts about 3:30 min:s (11). Data collectiavktplace in February, during the third
microcycle of the competition period. All subjedtgested a similar nutrient intake on
both occasions and were allowed to drink watenkatum before each testing session
Because both ambient and water temperature mayemde diving bradycardia in
humans, which in turn may affect the HR respons®, (Both sessions took place at
similar water (25—-26 °C) and air temperature (26QJ)/in a 50-m indoor pool (with 30 m

available for use).



---Figure 1 near here---
Before the chosen T, the participants’ height andybmass were measured according to
the ISAK standard protocol (International Standafais Anthropometric Assessment,
2006). Body mass was measured to the nearest Ousikg an electronic scale (Seca
Instruments Ltd., Hamburg, Germany). Height wassuead to the nearest 0.1 cm using
a stadiometer (Holtain Ltd., Crymych, United Kingap After a 30-min standardized
warm-up including swimming, figures, and monitonexlitine exercises followed by a
full passive recovery period, participants compettee same TD or FD routine with the
same partner as in the approaching championships8ers were informed of the aim
of the study and were encouraged to perform at beest.
For the official competition session (C), measuret®ievere taken during the 2011
Spanish National Winter Championships, qualifyingrg for the recruitment of the team
members representing Spain in the London 2012 Sum@igmpic Games. The
standardized 30 min warm-up was completed withairtecheduled time frame before
competition. The same duet routines (TD or FD) weegformed in the official indoor
pool. Official judges assessed and marked eacimeatcording to FINA rules (11).
Heart rate monitorig
HR was measured using waterproof beat-by-beat HRitors (CardioSwim, Freelap,
Fleurier, Switzerland). The belt strap contains thest electrodes wired to a monitoring
device that can be downloaded onto a computer #ferrecording. Portable beacon
transmitters (Tx BO, Freelap, Fleurier, Switzerland) were placedh®ygool at different
locations so that the HR monitors’ microprocessaitsucould recall specific times and

positions during the competition. To minimize pdiaghinstrumentation bias, swimmers



10

wore the HR monitors during training sessions witbne week before competition. HR
was assessed from R—R intervals, 1-s interpolatedl smoothed by computing a running
average for 5-s intervals using a 1-s window.pidi® the 1-min average recorded after
the specific warm-up and a 5-min recovery periotinediately before the start of the
routine; HReakand HRyin are the highest and lowest 1-s value during trezogse, and
HRmeaniS the arithmetic mean for the entire exercisetdgsrcise HR are the average at
minutes 1, 3, and 5 (HRu, HRyosta HRposm-
Rate of perceived exertion
The Borg CR10 category-ratio scale (4) was seletdechte the perceived intensity of
exertion (Figure 2). A graphical, colored, verbathored scale was shown to the
swimmers shortly after the routine as they weraditey on the edge of the pool waiting
for marks. The week before competition, all papiaeits were assessed repeatedly during
at least three training sessions so as to disdemming effects and to improve the
consistency of the measurements during competition.

---Figure 2 near here---
Statistical analysis
Mean and standard deviation were calculated fon éapendent variable. Once the data
were tested for normality (Shapiro-Wilks test), rpdit-tests were used to evaluate
differences between T and C routines for each HRRIPE parameter. Pearson interclass
product-moment correlation®) were used to examine the relationship betweerahilR

RPE variables. Precisevalues are reported afRg0.05 was considered significant.

RESULTS
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Heart rate response
Figure 3 illustrates the HR profiles correspondiogone of the participants before,
during, and after two FD routines performed duringnd C. An almost identical pattern
was observed, in where HR, after a period of ireeansticipatory pre-activation, quickly
increases to 181.2 and 176.8 bpm, interspersed patitods of marked HR decrease
down to 71.1 and 50.8 bpm, respectively. The végiatames referred to in the text,
tables, and figures are shown graphically.

---Figure 3 near here---
Table 2 shows the individual and group values f& lbéfore, during, and after the duet
routines, as well as post-exercise RPE, in_bothnd@ & conditions. There were no
significant differences in any of the HR paramete¥sorded in either condition. No
differences were observed between routine typesyd.[B-D) either.

---Table 2 near here---
Rate of perceived exertion
Mean RPE scores (table 2) corresponded to the "h@ard'extremely hard” verbal
anchored levels, and differences observed betwe@h9Ct 1.2) and T (7.5 £ 1.2) scores
were not significant. No differences were observetiveen routines (TD vs. FD).
Relationship among variables
Table 2 (bottom) shows the interclass correlati@twieen T and C values for all
parameters. The correlation coefficient was highfest HRange (R=0.97, P<0.001),
followed by HRyin (R=0.95,P<0.001) (Figure 4), HR.an(R=0.80,P=0.006), and lowest

for HRye (R=0.65, P=0.044). HReak correlation closely approached statistical
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significance R=0.058,P=0.058). Recovery HR (Hf3s1,33 in both conditions were not
significantly correlated.

---Figure 4 near here---
RPE during competition was also significantly ctated with RPE during training
(R=0.67,P=0.034). RPE was inversely correlated with j3RR=-0.545;P=0.008) and
HRmean (R=-0.452;P=0.026), and positively correlated with HRe (R=0.520;P=0.011)
(Figure 5).

---Figure 5 near here---

DISCUSSION

The major finding of this study was that the intdripad imposed by duet routines
performed during training assessed by means ofctioge (HR) and subjective (RPE)
markers, and the pattern of interaction betweeh budicators, were virtually the same
as in a real competitive situation among elite syorized swimmers. Additionally, the
findings showed that RPE scores were inverselyaeléo the minimum and mean HR
levels, and positively related to the range of HiRiation during exercise, whereas they
did not relate to the peak or recovery HR. Thisrgjty suggests a positive relationship
between the perceived intensity of exertion and dbeation and / or frequency of
bradycardic events during the routines and notlate@ to competitive stress condition.
Heart rate response

In this study during the execution of the duetsdmvascular demands were equally
high in both T and C conditions, with HR quicklypmpaching maximal levels (184.8 +

5.8 and 184.8 £ 6.6 bpm, respectively), and intensgd periods of marked bradycardia
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during the intense exercise bouts performed in @apd€9.1 + 17.1 and 109.4 +28.0
bpm), all of which resulted in a wide HR range &% 7.4 and 75.3 £ 28.9 bpm),
confirming earlier observations (38, 40). Thesalltssare consistent with reports on the
presence of human diving bradycardia triggeredgmea in synchronized swimmers (2,
13, 17, 19, 38, 40). It is well documented that ensions of the swimmers’ head, with
the concomitant apnea and stimulation of the cetskptors of the upper part of the face,
elicits the diving response (43). This is charazegt by selective vasoconstriction and
heart rate reduction (bradycardia) is the magnguafewhich are often used to estimate
the overall magnitude of the response (9, 23). 8lbow has been shown to be derived
away from organs that can function anaerobically,i® maintained to organs sensitive to
asphyxia such as the heart and brain and to amyviarking muscles (41). The general
differences in magnitude of bradycardia among tiueliss referenced above, may be
explained by the pattern of response to differer@r@se’ intensities as well as by the
duration of the breath holding (BH) periods accogdito performed exercise, e.qg.
execution of complete routines, set of figurestatis positions underwater.

The absence of differences between T and C innlieigatory HR pre-activation rates
suggests that the alteration of HR dynamics ineediynchronized swimmers before
execution is probably due to the simultaneous syngte activation and
parasympathetic withdrawal necessary to ensure cipatory metabolic and
cardiovascular responses to a physical effort (403 not because of mental stress and
anxiety due to competition proximity, as has beaggested by several authors (24, 28).
Automaticity suggests non-conscious attention ® dht itself while in execution, and

unaware of and therefore vulnerability to exterayadl internal distractors (46). Although
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stress has been found to have a detrimental effeperformance disrupting automaticity
(27), our data suggest that elite synchronized smens are able to self-regulate
competitive anxiety, possibly through regulatingpestations, confidence, and attention
prior to and/or during performance (46). This kely to be due to their experience and/or
specific training. Performance limitations have rbeeonsistently reported as a
consequence of self-focused (internal) attenti@ 8). Accordingly, our results suggest
that external focus facilitates automatic controbgesses to regulate the movements
associated with the optimal performance charatters elite athletes (56). Therefore,
elite synchronized swimmers would be highly motgain both conditions because of
repetitive practice of the duets during trainingljaving them of the attentional demands
other athletes face. Thus, it seems reasonableg/dotliesize that the attainment of a
higher skill level —typically in elite swimmers— wiol be associated with a greater
automaticity in performing motor acts and a lowestatolic energy cost for achieving
the task goal, with the consequent reduction @nditthal demands and favoring the use
of an energy-efficient preferred mode (21, 46, 4w)ich in turn would imply a similar
HR pre-activation response in both conditions.

The similarity in the HR parameters during the exien in both experimental situations
can be analyzed in terms of 1) the specific infeeenf the diving response during BH
periods; 2) the automaticity of movements; andh®)gpecific training adaptations. First,
the similar diving response can be explained byctbse correspondence in the time and
duration frame of the frequent and often long BHiquks in both conditions (Figure 3).
Second, it should be highlight that both exerciaese identical in composition and

timing. SS rules demand a stable and standardinedoement as well as required
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mandatory elements for the technical programs and timit (2:20 min:s for TD, and
3:30 min:s for FD) (11). These prescriptions fixethime frame and content
characteristics and avoid the uncertainty that mcen other sport performances. In
addition, although it is well established that a#dn in HR over time reflects the
individuals’ ability to adapt to internal and extal demands (36), the lack of uncertainty
in both conditions and the automaticity of the @a$i because of practice suggests non-
conscious attention to the act itself while exeayiteand unawareness of and vulnerability
to external and internal distractors (46). Thirghahronization with music and between
couples requires many hours of repetition durimintng sessions (about 40 h-weéek
the elite level) (40) for the acquisition of spegecific skills (35). In duets in particular,
swimmers generate motor patterns <that require aohsimicro-adjustments to
synchronize to the tenth of a second, and thergmnénuous programmed anticipations.
This skilled motor performance requires the abitdycomplete the task with minimum
energy expenditure. Continuous practice duringningi reduces the metabolic energy
cost of performance while practice-related refinetego coordination and control are
also associated with significant reductions in neisctivation (21). It follows that, due
to practice, elite swimmers would be able to exedineir routines with a constant
mechanical power output in both conditions, leadinga reduction in their HR and
metabolic energy expenditure (48). Similar to thiasdings, Semin et al. (2008) (45) and
Viru et al. (2009) (50) observed that enduranceéd athletes attained similar mean HR
responses between training and competitive sessiorontrast, several investigations
on taekwondo practitioners (6), basketball play@®) and long distance runners (44)

found that mean HR was higher in competition thanngy training. The remarkably high
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cardiovascular demands during the routine executmther in training (38) and
competition (40) as well as the fact that SS isoatine-based sport, could explain

differences between previous research and therdumelings.

Association between RPE and HR response

The second aim of the study was to examine thecedsm between RPE and HR, and to
identify patterns of interaction between stressc@etion and internal load in SS
competition. In this study, the RPE score was isegrrelated to HR:, and HR\ean and
positively related HRnge during exercise (Figure 5), while it was relatedHRyeax or
recovery HR. This strongly suggests a relationsiepween the perceived intensity of
exertion and the magnitude and / or frequency aflyicardic events during the routines,
and would certainly reflect the psycho-physicalessr imposed by repeated and/or
prolonged BH periods.

The inputs for RPE can be categorized into thoseeatral and peripheral origin (37).
Based on the reasoning discussed before (HR respom& hypothesize that the
perceptions primarily associated with the cardipi@sory system resulting from
tachycardia, tachypnea, and dyspnea (57) might peseded more powerful stimuli for
perceived effort changes than peripheral effort@etions (i.e. for arms and legs), given
the nature of the routines in which swimmers tendspend 50% of the routine
underwater (16). Moreover, the cardiovascular resps to apnea during dynamic
exercise occur also during the recovery period,(9¥8)ich might have decreased the
perceived exertion of swimmers, leading them todowcores. Moreover, previous

research has found RPE scores to be moderatelglai@ad with HR (weighted mean
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R=0.62), even in modes of exercise that are proy®sy intermittent (e.g., running,
walking or swimming), where perception could be entpd to more readily reflect
exertion (8). In any case, inconsistencies conogriine association between RPE and
HR have appeared in the literature since Borg §3tribd to validate his RPE scale

against HR.

PRACTICAL APPLICATIONS

Improved understanding of internal load in sporésning and competition, and how to
use simple markers to monitor it, can be usefulf@ning purposes. Coaches should be
aware that the quantification of internal load dgril and C is necessary to analyze the
periodization of training (29). In SS, some coached athletes believe that “the more,
the better” and would exceed the appropriate tngioad for optimal adaptation (54).
Therefore, monitoring the internal load during riitag and competition might help
coaches to plan appropriate loads maximizing regoaad performance. Our finding
that the execution of practice and competitive irm# is equally demanding is of
considerable relevance for elite coaches to reguke training load, both for fitness and
technical improvement. These results confirm thadcating the routine repeatedly, in
whole or in part, during training workouts is a yepecific method for reproducing the
physiological demands of competition. Furthermgmecticing simulated routines with
the same challenging technical content in a trgirenvironment would seem to be a
more feasible approach if the cardiovascular resg®mr adaptations are to be assessed
as part of a training monitoring procedure. Thigetyf practice has the added value of

favoring exercise automaticity, inter-individual acdination, and artistic expression
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simultaneously. Thus, complete and fractioned neupractice (including BH periods)
should be considered a highly specific type ofnireg overload because of the
swimmer’s exposure to greater psycho-physical sti@s compared to less specific
training modes.

As the routine use of HR-based methods to systealigtimonitor internal load is not
always feasible during both training and competitbessions in SS, the use of the RPE
method seems to be a good alternative strateggdaches to quantify internal load as
this provides a cost-efficient, noninvasive, andlabde method for quantifying the
internal load. Based on our results and the liteeateviewed, RPE might help to control
the internal load during training so as to desigmprapriate and balanced training
programs and to optimize competitive routines, @lpsnatched to swimmers’ level of
fitness and skill. Moreover, when the aim is tonplaining sessions that mimic
competition demands, it would be advisable to ately monitor training loads taking
into account the similarity between T and C. Utig repeated RPE assessments may
also allow coaches to monitor the training respaarsd adaptation in swimmers and to
verify periodization strategies (12). However, thederate correlations reported do not
support this method as a valid substitute of HRedawonitoring. It should be taken into
account how different factors (e.g. exercise intgnsapnea, and autonomous neural
control) contribute to perceived exertion in SSf@enance. Thus, this simple method
has the potential to become a valuable tool fockes, but practice is necessary to get
valid information from this internal load quantditon strategy. To summarize,

monitoring internal load using HR and / or RPE @& &n help coaches to control the



19

intensity of exercise over time with the intentanimize boredom, prevent overtraining,
and reduce injuries (29) and, thus, to optimizéedant aspects of the training load.
CONCLUSIONS

This study shows that the internal load imposeddhgt routines performed during
training is virtually identical to that elicited ia real competitive situation among elite
synchronized swimmers. Results strongly suggesbstipe relationship between the
perceived intensity of exertion and the duratiod Aor frequency of bradycardic events
during routines. These findings can be explainethbyeffects of automaticity—embodied
through the replication of the same movement sempien practice—, and by the
swimmers’ long-term adaptations to specific routexercise and apnea. These findings
can help coaches to optimize the contents, sequandepacing of competitive routines

in accordance  with the physiological charactersstic of  athletes.
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FIGURES LEGENDS
Figure 1. Study protocol. T, Training session; C, Competitiewent; TCS, total

competitive score; RPE, rating of perceive exertldR, heart rate monitoring

Figure 2. The Borg CR10 scale (Borg, 1982, 1998, 2003)

Figure 3. Heart rate profiles before, during (shadowed), aftdr a free duet routine
performed during training (dotted line) and comfpati (solid line) in one of the

swimmers. Line depicts smoothed 5-s averaged vétuedarity

Figure 4. Correlation between heart rate parameters dudungt routines performed
during training and competition in elite synchradz swimmers r=10): (A) mean

(HRmean, (B) minimum (HRin), and (C) range (HR.,9 heart rate. Regression (solid)
and identity (dotted) lines are depicted, and regjom equations and determination

coefficients &%) shown.

Figure 5. Correlation between the rate of perceived exeriBPE) and heart rate
parameters during duet routines in an official cefitipn in elite synchronized
swimmers §=10): RPEvs. (A) mean (HRean, (B) minimum (HR,,), and (C) range
(HRrangd heart rate. Regression (solid) and identity @bttlines are depicted, and

regression equations and determination coeffici@Rfisshown.



Table 1. Physical characteristics of the subjects

Subject Age Body Height  Body Mass BMI Training Expace TCS

(years) (cm) (kg) (kg-ct) (h-week) (years) (points)
1 15 161 51 19.7 33.0 9 76.7
2 24 163 47 17.7 44.0 6 78.4
3 16 160 43 16.8 35.0 9 82.6
4 21 171 54 18.5 45.0 15 85.9
5 15 168 57 20.2 31.0 8 82.6
6 17 158 51 204 30.0 6 76.6
7 15 173 64 21.4 30.0 9 76.7
8 17 169 58 20.3 42.0 11 79.7
9 18 154 45 19.0 42.0 9 81.8
10 16 163 50 18.8 31.0 10 75.4

Mean + SD 17.4+3.0 164.0 £ 6.1 52.0+6.4 19134 36.3+£6.2 9.2+26 79.6 £3.4

BMI, body mass index; TCS, total competition sogmesent National championships)



Table 2. Heart rate parameters before (PRE), during (ROWE)JMNnd after (POST) duet routines, and RPE, initrg and competition

PRE ROUTINE POST
HRore HRmean HRmean HRpeax HRmin HRrange HRpost1 HRpost3 HRposts RPE"
Subject  Routine T Cc T C T C T C T C T C T C T C T C T C
1 FD 113.2 122.8 159.8 165.7 91.1 944 1718755 123.8 143.9 48.0 316 163.4 167.0 143.8 91481275 133.9 8 8
2 TD 132.5 124.7 167.5 156.0 904 84.1 185.476.0 129.0 127.0 56.0 49.0 168.9 164.4 150.0 0139140.2 124.3 5 7
3 FD 122.1 1314 164.6 164.8 86.7 86.8 187.989.8 112.0 109.8 75.5 80.0 166.2 176.1 144.2 7164130.7 1444 9 9
4 TD 110.8 134.9 158.7 159.6 8238 83.3 185.191.6 112.0 117.0 73.4 74.1 1514 157.3 1253 51341154 118.8 8 8
5 FD 153.4 140.8 150.3 137.8 83.0 76.1 181.276.8 71.1 50.8 110.0 125.9 161.6 144.3 136.3 71401252 127.6 8 10
6 FD 135.3 141.0 169.3 1719 879 89.3 186.992.6 103.5 110.9 834 81.6 164.6 168.7 133.7 6144116.7 127.3 8 7
7 FD 135.0 134.7 151.2 154.8 822 84.2 182.883.9 98.6 91.5 84.1 924 172.6 151.7 153.6 150842.7 1415 7 7
8 TD 140.3 133.0 173.3 1712 89.1 88.0 194.387.1 123.0 123.0 72.0 64.0 1819 1724 1582 9154147.3 139.1 8 8
9 TD 118.7 126.3 172.8 1738 925 93.1 186.285.0  120.0- 138.0 67.0 47.0 171.2 169.2 1454 7145137.1 128.0 6 6
10 FD 144.0 146.7 152.8 158.6 80.6 83.7 186.189.5 98.1 81.8 88.5 107.7 163.8 157.7 139.7 1479 1228 136.1 8 9
Mean 130.5 133.6 162.0 1614 86.6 86.3 184.884.8 109.1 109.4 75.8 75.3 166.6 162.9 143.0 2147130.6 132.1 7.5 7.9
D 13.9 7.7 8.7 10.7 4.0 5.0 5.8 6.6 17.1 28.0 74 928 8.0 9.9 9.8 8.6 11.0 8.2 1.2 1.2
Differences T-C 3.1 0.6 0.3 0.0 0.3 0.5 3.7 4.2 0.5 0.4
t (P-value) 0.905 (0.389) -0.293 (0.78)  0.293 (0.78) 0.055 (0.96) 0.062 (0.96) -0.116 (0.91) -1.1528).  1.493 (0.17) 0.486 (0.64)  -1.309 (0.22)
Correlation T-C
R (P-value) 0.65 (0.044) 0.80 (0.006) 0.74 (0.014) 0.62 (0.058) 0.95 (<0.0001) 0.97 (<0.0001) 0.38 (0.277) 0.54 (0.106) 0.48 (0.162)  0.67 (0.034)

T, training; C, competition. HR, last min before routine; HRw HRmean HRmin, HRrange peak, mean, minimum, and range values durindm@uHRyos11, HRpost3 HRyosts 1% 39 5" min during recovery.

T Expressed as % of KR #RPE 0-10 score
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Abstract

v

This study examined the relationship between
ratings of perceived exertion (RPE, CR-10), heart
rate (HR), peak blood lactate (Lape,y), and immer-
sion (IM) parameters in 17 elite synchronized
swimmers performing 30 solo and duet routines
during competition. All were video recorded
(50Hz) and an observational instrument was
used to time the IM phases. Differences in the
measured variables were tested using a linear
mixed-effects model. RPE was 7.7+1.1 and did
not differ among routines, and neither did any
of the HR parameters. There were differences
among routines in Lape,y (F37=16.5; P=0.002),
number of IM (F;,5=14.0; P<0.001), total time

immersed (F316=26.6; P<0.001), percentage of
time immersed (F3,3=6.5; P=0.007) and number
of IM longer than 10s (F;;9=3.0; P=0.04). RPE
correlated positively to HR pre-activation, range
of variation and recovery, IM parameters and
Lapeay, and inversely to minimum and mean HR.
A hierarchical multiple linear regression (MLR)
model (number of IM >10s, HR recovery, mini-
mum HR, and Lapea) explained 62% RPE vari-
ance (adj. R;2=0.62; P<0.001). A stepwise MLR
model (Lage,,, mean IM time and pre-exercise
HR) explained 46 % of performance variance (adj.
Ry2=0.46; P<0.001). Findings highlight the psy-
cho-physical stress imposed by the combination
of intense dynamic exercise with repeated and
prolonged apnea intervals during SS events.

Introduction

v

The ultimate goal of sports is to produce a winning
or personal best performance at a specific time
during competition. Monitoring the internal load,
i.e., the acute physiological response induced by
exercise on the athlete, is crucial for understand-
ing the physiological and mental requirements for
sporting success. Furthermore, internal load mon-
itoring is a key component of the training process
for the purpose of setting the optimal dose-
response relationship between training stress and
adaptation. In modern synchronized swimming
(SS), performances depend on advanced water
skills and require great strength, endurance, flexi-
bility, grace, artistry and precise timing, as well as
exceptional breath control when upside down
underwater [18]. As a result, training require-
ments at the elite level often result in high-volume
(averaging about 40h per week) and high-inten-
sity training programs [41]. As such, elite synchro-
nized swimmers need to engage in a well-designed
and balanced training program, to optimize per-
formance and to reduce the risk of overtraining,
burnout and injury [40,41].

Several studies have addressed the physiological
responses during different types of SS training such
as figure execution [20,23,24], routine elements
[56,60] and simulated competitive routines
[5,12,28,44] with the aim of quantifying the inter-
nal training load. However, the addition of acro-
batic elements, the increase in movements speed,
the complexity and difficulty of routines, the syn-
chronization to each other (in duet and team
events), as well as the fact that swimmers spend
almost 50% of the routine time underwater [23]
have made it difficult to monitor swimmers' physi-
ological parameters during competition. Addition-
ally, the use of such physiological measures in
training sessions on a daily basis is often limited by
the lack of appropriate equipment and the fact that
training needs to be interrupted to obtain these
measurements [46]. For these reasons, coaches
usually monitor the training process based on the
administered external load (e.g., number and dura-
tion of training sessions, type and number of ele-
ments, sets and repetitions) despite the fact that
the same external load can elicit different physio-
logical responses and training adaptations, depend-
ing on the athlete’s age, fitness and skill level [7].

Rodriguez-Zamora L et al. Perceived Exertion, Time of ... Int ] Sports Med
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Table 1 Characteristics of participants.

All swimmers (n=17)

height (cm) 165.1+£6.3
body mass (kg) 52.4+55
age (years) 17.9+35
training (h-week™") 37.4+6.4
sports-specific practice (years) 9.8+3.1

Values are mean+5D

In this context, the rating of perceived exertion (RPE) appears to
be a useful tool for prescribing exercise intensity based on its
relationship with physiological indicators including lactate,
heart rate (HR) and oxygen uptake. A RPE is based on the under-
standing that athletes can inherently monitor the physiological
stress their bodies experience during exercise, and thus be able
to adjust their training intensity using their own perceptions of
effort [48]. The validity thereof has been claimed for different
modes of exercise such as running, rowing, cycling and swim-
ming with the use of the aforementioned physiological meas-
ures as criteria [13]. Furthermore, several attempts have been
made to study physiological correlates with perceived exertion
during sports competition [10, 54]. Unfortunately, however, lit-
tle is known concerning aesthetic sports such as SS. Based on the
findings that SS requires high levels of aerobic and anaerobic
endurance [28] due to the very demanding exercises, lasting
about 2-5 min (FINA; Synchronized swimming rules; [Internet];
[cited 2012 Dec 5]; Available from: http://www.fina.org(), the
Category-Ratio (CR-10) Scale [8] appears to be one of the best
choices, not only regarding its psychometric characteristics and
criterion-related validity [13] but also for being especially useful
in measuring anaerobic efforts [42]. Given these advantages, it
seems logical to explore the utility of RPE as a holistic assess-
ment tool for monitoring internal load in SS.

The utility of using submaximal RPE to quantify training load has
been widely tested in aquatic disciplines such as swimming
[30,46,58] and acrobatic diving [37], with our group having
recently published descriptive data on SS during competition
[49]. Elite synchronized swimmers are exposed to hypoxia
because of the combination of breath holding during IM periods
and vigorous exercise [14]. There has been very little previous
research on the effects of hypoxia on perceived exertion. Shep-
hard et al. [55] stated a distorting influence of hypoxia if respira-
tory sensations are used to “fine-tune” an exercise prescription.
Chen et al. [13] in a recent meta-analysis reviewed the criterion-
related validity of Borg's RPE scales in healthy individuals, sug-
gesting that, even if not explaining a high proportion of the
variance in RPE scores, respiration rate might be the best indicator
of physical exertion (R=0.72) compared to ventilation (R=0.61),
VO, (R=0.63), blood lactate concentration (R=0.57) and HR
(R=0.62). Homma [23] reported that the time of IM in interna-
tional SS competitions was different according to the event: solo
(62.2%), duets (56.1 %) and teams (51.2%). Based on differences in
recovery HR, Lape, and RPE, Rodriguez-Zamora et al. [49] reported
that solo and duet competitive events, were physically more
demanding than team routines, and that free routines were gen-
erally more so than technical programs. Viewing these results col-
lectively, it seems plausible to think that the perception of effort
in SS could be influenced by apnea due to IM.

Therefore, the aims of this study were (a) to evaluate whether
RPE would be an appropriate tool for assessing the internal load
in competitive SS and determining the relationships between

Rodriguez-Zamora L et al. Perceived Exertion, Time of ... Int | Sports Med

RPE and the physiological response during the most demanding
SS events; (b) to verify whether there is a relationship between
immersion periods and RPE; and (c) to determine which param-
eters can explain the perceived exertion in competitive SS. The
hypothesis was that RPE in SS is influenced by duration and/or
frequency IM periods of the routines, with the concomitant
impact being on the relationships between RPE and the physio-
logical response. A secondary hypothesis is that bradycardia due
to the diving response has a significant effect on swimmers' per-
ceived exertion.

Methods

v

Participants

17 synchronized swimmers, including swimmers from the
Spanish national junior and senior teams — among them Olym-
pic (n=7), and junior (n=10) World Championships medalists —
volunteered for the study. Each had competed on the national
and international level at least in the previous 2 years. All sub-
jects voluntarily participated in the study and provided written
informed consent, with parental permission when needed. The
study was conducted according to the requirements stipulated
in the Helsinki Statement [22] and approved by the Ethics Com-
mittee for Clinical Sport Research of Catalonia. Participants’ pri-
mary physical and training level characteristics are shown
in © Table 1.

Study design

The study was conducted at the 2011 Spanish National Winter
Synchronized Swimming Championships, a qualifying event for
participation in the London 2012 Olympic Games. All routines
were performed during the competition with the ad hoc
approval of the Refereeing and Organizing Committees of the
Royal Spanish Swimming Federation. Most swimmers per-
formed in more than 1 event, having a minimum 2-h rest period
between each, and are thus included in more than 1 program.
The study protocol is summarized in & Fig. 1. Routines (n=30)
were performed in a 50-m indoor pool (water temperature
25-26°C) with 30 m available for use. Each swimmer performed
a coach-prescribed standard warm up within their scheduled
time frame. Capillary blood samples were taken from the ear-
lobe following a 5-min passive rest interval and immediately
before the call to perform. After warming up the swimmers
dressed in their competition suits and were advised to keep
warm but not to exercise heavily. Heart rate (HR) monitors were
placed on each swimmer's chest before the warm-up and
removed 10min after the routine was executed. Each routine
was assessed and marked by the official judges of the competi-
tion according to FINA rules (FINA. Synchronized swimming
rules; [Internet]; [cited December 5, 2012]; Available from:
http://www.fina.org(), and total competition scores (TCS) were
awarded.

Procedure and instrumentation

Rating of perceived exertion: The Borg CR-10 category-ratio
scale was chosen for rating the perceived intensity of exertion
[8]- A graphical, colored, verbally anchored scale was shown to
the swimmers immediately after they completed the routine
and were aware of the TCS. The week before competition, all par-
ticipants were assessed repeatedly during at least 3 training ses-
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Platform
Corridor
Pre Competitive Routine Post

| | | | | |
5 (~2:00-3:30 min:s) (~307) 3 5° 7 107

Resting Lactate T T A A A A

L Lactate Sampling
RPE

4‘ Heart Rate Monitoring 4‘

Fig. 1 Study protocol TCS: total competition score; RPE: rating of perceived exertion; Corridor and platform: swimmers’ location at the pool.

sions to disclose learning effects [46] and to improve the
consistency of the measurements during competition.

Heart rate monitoring: HR was measured beat-by-beat using
waterproof monitors (CardioSwim, Freelap, Fleurier, Switzer-
land). To minimize potential instrumentation bias, swimmers
wore the HR monitor during training sessions within 1 week
before competition. HR was assessed from R-R intervals, 1-s
interpolated, and smoothed by computing a running average for
5-s intervals using a 1-s window. HRpp is the average HR for the
minute immediately before the start of the routine, after the
specific warm-up, and following a 5-min recovery interval.
HRpeax and HR iy are the highest and lowest 1-s value during the
exercise, while HRpean is the mean for the whole competitive
routine, and HRrapge is the difference between HRpeax and HR i
values during the routine. Heart rate recovery was determined
with HRpos1, HRpost3, and HRpoq5 being mean recovery HR at
minutes 1, 3 and 5 [45].

Blood lactate: At every competitive session 10pl of capillary
blood were drawn from the earlobe following warm-up and a
5-min recovery period and before the call to perform. Sampling
was repeated 3, 5, 7 and 10 min after the routine as it has been
shown to be an adequate time span for detecting post-exercise
peak lactate accumulation in blood in SS athletes [49]. Capillary
samples were analyzed using a calibrated lactate photometer
(Diaglobal DP100, Berlin, Germany). The highest value was taken
as the peak post-exercise lactate concentration (Lapeay).

Video recording and observational instrument: Each routine
was video recorded using a digital video camera (Panasonic AG-
DVX100BE 3-CCD Mini-DV Cinema Camcorder) at 625-line/50Hz
PAL interlaced video mode. The stationary video camera was
placed at an elevated site by the pool, located 1 m away from the
edge, just in front of the judges’ podium, and perpendicular to
the midpoint of the 30-square meter area available for competi-
tion. The professionally operated camera recorded each swim-
mer's actions during the competitive routine, including the TCS
announcement. A central computer timer was used for time
synchronization of the video and HR and transmitting beacon
signals. This was done by filming the timer displayed on the
computer screen, and recording the HR monitor activation time
on the same computer. Recorded images were decoded and reg-
istered with specific free software (LINCE, version 1.1, Barcelona,
Spain) [17]. Data were registered and evaluated according to the
following immersion (IM) phases: face in (complete facial IM,
chin and forehead included); face out (non IM or partial IM, not
including the forehead) [52]. The following IM parameters were
computed for all routines for each swimmer: the number of

times the swimmer immersed her face (NIM), the total (TIM)
and the mean time of immersion (MIM), the percentage of the
routine duration in which the swimmer had her face immersed
(RIM %), the longest time of immersion ([Mmax), the number of
immersions longer than 10s (NIM=>10s) and the total time
spent immersed for longer than 10s (TIM > 10s). For the purpose
of this analysis, IM periods were considered when the swim-
mer's face was immersed, i.e., she was holding her breath or
exhaling underwater with her forehead underwater. Inter- and
intra-observer reliability was determined in four routines by
two expert coaches and researchers who had previously been
trained in using the observation instrument. Cohen's kappa val-
ues were above 0.90 in all cases.

Performance: According to FINA rules (FINA. Synchronized
swimming rules; [Internet]; [cited 2012 Dec 5]; Available from:
http:/fwww.fina.org/), the entire performance time of each rou-
tine was set as follows: technical solo (TS), 2min; free solo (FS),
3min; technical duet (ID), 2:20min:s; and free duet (FD),
3:30min:s (£15s were allowed in each performance). TCS for
technical routines is composed of separate scores for execution
and overall impression, while for free routines TCS is composed
of separate scores for technical merit and artistic impression. In
both cases, TCS is up to a maximum of 100 points.

Statistical analysis

Because of the unbalanced design and the existence of intra-
subject correlated data (most swimmers participated in more
than one routine), a linear mixed-effects model (restricted max-
imum likelihood method) was used to compare group means
among routines (TS, FS, TD, and FD). Pairwise comparisons with
Bonferroni correction were used to identify significant differ-
ences between pairs of estimated means. Pearson’s correlation
coefficients were calculated between RPE and each studied vari-
able for the entire group of swimmers. First, an exploratory algo-
rithmic multiple regression analysis (MLR) was conducted
(stepwise selection) with RPE as dependent variable and pri-
mary physiological and IM parameters as predictor variables
(P;,=0.05, P,,=0.10). After checking for collinearity among pre-
dictor variables and after considering their partial correlation
coefficients and tolerance levels, a hierarchical MLR analysis was
performed to construct an explanatory model of RPE scores as
the predicted variable. The same procedure was followed for TCS
as predicted variable. Results are presented as mean+standard
deviation (s). Statistical analyses were conducted using PASW
Statistics for Windows (v.18; SPSS Inc., Chicago, IL). Precise
P-values are reported, and P<0.05 was considered significant
(bilateral).

Rodriguez-Zamora L et al. Perceived Exertion, Time of ... Int ] Sports Med
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Technical solo Free solo Technical duet

(n=5) (n=6) (n=10)
RPE (a.u) 7.0:04 7.9:04 7.4£0.3
HRpre (bpm) 123.8+45 139.1+53 126.2+3.2
HR,rir, (bpm) 92.4+11.4 85.0£12.4 95.7+8.4
HR nean (bpm) 154.046.4 158.56.9 159.7+47
HR ek (bpm) 196.2+4.6 187.7£5.0 188.7+3.4
HRrange (bpm) 103.6x12.2 104.9+13.6 94.1+8.9
HRpost1 (bpm) 144.7+8.1 152.2+9.8 159.1£57
HR pos3 (bpm) 106.5%5.0 111.6%6.0 113.8%35
HR posts (bpm) 88.4+53 106.7£5.6 105.0£3.6

Free duet All routines Table 2 Perceived exertion and
(n=9) (n=30) heart .rate res.pons.e during Sy!‘l:
chronized swimming competitive
7.9:0.4 7711 gt

128.5+5.2 127.2+12.0
83.0£11.7 87.7+28.1
158.6+6.5 157.1£15.3
194.8+4.7 191.1£10.5
101.3+129 103.4+27.2
161.7+95 154.4+18.1
129.7+58 118.1+13.6
110.4+53 103.0+13.5

Values are means+ 5D; RPE: rating of perceived exertion score; a.u.: arbitrary units (0-10+ ); HR: heart rate; bpm: beats-min~"; HRpee!

mean HR for the last minute before the start of the routine, after warm-up and a 5-min recovery period; HR o5 and HRy;,: highest

and lowest 1-s value during the exercise; HRp..,: mean for the whole competitive routine; HR gz, HR oo Minus HR it values during

routine; HRpgst1, HRposts, HRposts: post-exercise HR at minutes 1, 3, and 5 of recovery

Technical solo (TS)  Free solo (FS) Technical duet (TD)  Free duet (FD) Al routines ;Tbolzf Post-szercise peak
ood lactate and immersion time
(n=5) (n=6) (n=10) (n=9) . (n=30) parameters in synchronized swim-
Lapeak (mmol-L~") 7.620.5 6.7+0.5 5.920.51 7.9+0.5 7.0+1.8 ming competitive routines.
NIM (times) 17.1£1.9 26.4+2.21 21.0£1.3 333+2.1° 244169
TIM (s) 82.7+3.9 105.3+4.61 85.0+2.81t 125.1+4.5" 100.1£18.8
MIM (s) 5.0+0.3 42403 4102 41403 43+09
RIM% (% of routine duration) ~ 69.5:2.3 57.9+2.6f 58.7+1.71t 60.7£2.4 61.2£6.0
IMmax (s) 19.6+1.8 23.1%2.1 18.8+1.3 226+1.9 20.6%4.1
NIM>105s (times) 29405 4.0+0.6 3.9+03 5.2+0.6" 41+13
TIM>10s(s) 452+7.0 63.7:8.4 53.5£5.0 76.6+8.2 61.1£18.0

Values are mean +50; Lageq: post-exercise peak blood lactate; NIM: number of immersions; TIM: total time face immersed; MIM: mean

immersion time; RIM %: percentage of routine duration; IMmax: longest time of immersion; NIM > 10s: number of immersions longer

than 10s; TIM>10s: total time immersed for longer than 10s. Significant differences among routines (P<0.05, see text for precise

P-values) are:

Lapeg “vs. TD, Tfvs, TS

NIM: *vs. TD and TS, Tvs. TS

TIM: *vs. FS, TD and TS, Tfvs. FS, Tus. TS
RIM%: Tivs. TS, Tus. TS

NIM>10s: *vs. TS

Results

v

RPE, physiological responses and immersion
parameters

RPE scores for all routines (7.7+1.1) ranged from 6 (“hard-very
hard") to 10 (“extremely hard”), and did not differ among the
four different routines (® Table 2). Likewise, the pattern of the
HR response was not different among routines for any of the
studied parameters (¢ Table 2).

Differences were noted among routines in Lapg,y (¢ Table 3)
(F37=16.5;P=0.002), withlowervaluesinTD(5.9+0.5 mmol-171)
thaninTS(7.6+0.5mmol-1"};P=0.01)andFD(7.9+0.5 mmol-1"};
P=0.003). © Table 3 also shows the IM parameters during the
competitive routines. No significant differences were observed
among routines in MIM, IMmax and TIM > 10s. NIM was higher
in FD (33.3+£2.1 times) than in TD (21.0£1.3 times; P=0.001)
and TS (17.1£1.9; P<0.001) and also higher in FS (26.4+2.2)
thaninTS(17.1+1.9 times; P=0.003) (F5 ;5=14.0; P<0.001). Dif-
ferences were also observed in TIM (F; 15=26.6; P<0.001), with
higher values in FD (125.1%£4.5s) than in FS (105.3+4.6s;
P=0.006), and in both technical routines (P<0.001), TD
(85.0£2.8s) and TS (82.7+3.9s). Differences were also noted in
RIM% (F313=6.5; P=0.007), which was higher in TS (69.5+£2.3%)
than in TD (58.7+1.7%; P=0.004) and FS (57.9+2.6%; P=0.02).
Finally, TS (2.9+£0.5 times) showed lower NIM=>10s than FD
(5.2£0.6 times; P=0.04) (F3 ;5=3.0; P=0.04).
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RPE and immersion correlates

RPE positively correlated to several immersion parameters
(TIM=>10s:R=0.61; P<0.001; TIM: R=0.58; P<0.001; NIM>10s:
R=0.50; P=0.003; NIM: R=0.33; P=0.04; and RIM%: R=0.31;
P=0.05), Lapeax (R=0.50; P=0.003), and some HR parameters
[HRrange (R=0.45, P=0.006), HRpost3 (R=0.44; P=0.008), HRposts
(R=0.45; P=0.006), and HRpr (R=0.37; P=0.02)]. Furthermore,
RPE scores inversely correlated to HR;, (R=-0.53, P=0.001)
and HRpes, (R=0.38; P=0.02). However, neither HRpeqy
(R=-0.26; P=0.09) nor HR;ost; (R=0.07; P=0.36) correlated to
RPE. © Fig. 2 shows the regression graphs for RPE vs. some of
those variables (TIM > 10s, Lapeak, and HRppp).

Since there was evidence that RPE scores were associated with
various physiological and IM parameters, a MLR analysis was
performed to determine which variables played the most sig-
nificant role in explaining RPE variance. The exploratory algo-
rithmic MLR analysis (stepwise procedure) produced a best-fit
model (R2=0.80; adj. R%;=0.50; SEg=0.69; F35;=14.5;
P<0.001) that included TIM>10s, HRpn and HRposts (beta coeff.
0.46, —0.39 and 0.31, respectively) and can be described by the
following equation:

RPE=4.878+0.027TIM>105-0.015HRn + 0.024 HRpost5 (1)

For the hierarchical MLR analysis it was decided to additionally
introduce Laye, considering its high correlation with RPE



a 120-
= y=10.085x-16.874
@ R=0.61 : =
= 1001 P<0.001
g N=30
5 g0l :
£ - . b
- .’ -
g 601 i i 8
E - - o
E S50
W 3 o |
g e
=
E 20
0 e —
0 1 2 3 4 5 6 7 8 9 10 11
RPE Score
b 12
y=0.8444x+0.5196 :
101 R=0.50 .
P=0.003 . .
- N=30 1 .
'l;l 84 L} ;‘, . -
E
E 5 .
- L | [ | N
8 44
2_
0 S——————————..
0 1 2 3 4 5 6 7 8 9 10 1
RPE Score
€ 180
160
1401 .
E 120 RS
= = .
I 100 . o I "
E 8o R
E .M
= ] ™
s y=-13.814x+194.57 1.
404 R=0.53 -
P=0.001 .
204 N=30 .
0 -
0 1 2 3 4 5 6 7 8 9 10 1
RPE Score

Fig. 2 Linear Regression Regression analysis between RPE scores and a
total time immersed for longer than 10s (TIM=>10s) during the routine,

b peak post-exercise lactate concentration (Lapea) and ¢ minimum heart
rate during the routine (HR;,). Linear regression equations and Pearson’s
correlation coefficients (R) are shown.

(R=0.50, P=0.003) and its fair tolerance level (0.88), although it
ended up not being a significant predictor (beta coeff. 0.30). This
explanatory model (R;2=0.79; adj. R?;=062; SE;=0.72;
F425=10.1; P<0.001; beta coeff. 0.41, 0.29, -0.31 and 0.15,
respectively) can be described as:
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Table 4 Significant correlations between performance (TCS), and physi-
ological and immersion parameters during synchronized swimming routines
during competition.

TCS (points)
R P-value
Lapeak (mmol-L~1) 0.55 0.002
Heart rate parameters (bpm)
HRpe -0.37 0.047
Immersion parameters
NIM (times) 0.39 0.033
MIM (s) -0.50 0.005
IMmax (s) 0.48 0.007

TCS: total competition score; La,,: peak blood lactate concentration; HR: heart
rate (bpm); HR,..: mean HR for the last minute before the start of the routine, after
warm-up and a 5-min recovery period; NIM: number of immersions; MIM: mean
immersion time; IMmax: longest time of immersion; R: linear Pearson’s correlation
coefficient

RPE=4.232+0.025 TIM > 105+0.023 HRjgsts—0.012 HRypyp
+0.090 Lapey, 2)

Performance correlates

© Table 4 reports linear correlation coefficients between competi-
tive performance (TCS) and physiological parameters and IM
parameters. TCS positively correlated with Lapeax and 2 immersion
parameters (NIM and IMmax), and inversely correlated to MIM and
HR. A stepwise selection MLR model included three predictor
variables: Lapear, MIM, and HRpe (Ry?=0.72; adj. R%;=046;
SEg=4.64; F356=9.07; P<0.001; beta coeff. 0424, -0.325,
and —3.15, respectively). The best-fit hierarchical explanatory MLR
model including all correlated variables (MIM, NIM, Lapey,, IMmax,
and HR,,) slightly improved the predictive strength of the model
(Rp2=0.78; adj. R%,=0.53; SEz=4.33; F5,,=7.44; P<0.001; beta
coeff. —0.59, -044, 043, 0.37, -0.20, respectively), although
IMmax, and HR;r were not significant predictors (P>0.05).

Discussion

v

This study evaluated the adequacy of RPE in assessing the internal
load in competitive SS in relation with the physiological responses
during the most demanding SS events during competition. Our
results suggest that the independent use of RPE to determine
exercise intensity may underestimate the degree of physiological
strain in sports such as SS. In addition, the use of the CR-10 RPE
scale does not appear to be a good tool for monitoring the internal
load if peak lactate or peak HR alone are taken as criterion varia-
bles. The present findings confirmed the initial hypotheses of a
significant relationship between RPE and the cardiovascular
response during exercise and recovery, the frequency of longer
immersions and the peak blood lactate concentration during
competition, which explained 62 % of the variance in RPE scores.

RPE, physiological responses and immersion
parameters

RPE has been defined as the subjective intensity of effort, strain,
discomfort, and/or fatigue that is experienced during physical
exercise [47]. As in previous reports both during competition
[49] and training [61] present results show that elite synchro-
nized swimmers perceive exertion during competitive routines
as “hard-very hard” to “extremely hard”, with no significant dif-
ferences existing among technical and free solo and duet events.
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The somewhat greater scores obtained (+9.1% on average) com-
pared to our previous report [49] can be explained by the exclu-
sion of the team events in that study, which were found to elicit
lower RPE values compared to solo and duet events. It was then
suggested that the lower RPE in the team events could be due to
the lower rate of skill elements (32.2%) [24], the lower blood lac-
tate levels attained [28,49,60], and the shortest number of
apnea periods [23].

It is noteworthy that no differences were found among routines
despite their different duration (from about 2min in the TS to
about 3:30min:s in the FD). This can be explained by the fact
that athletes with a moderate fitness level perceive exercise to
be relatively more strenuous and feel that they can continue for
less time than high-fitness level athletes at comparable relative
intensities, reflecting an effect on perceived exertion for a given
relative exercise intensity, whereas there is no effect for a given
relative exercise duration [19].

RPE, physiological responses and immersion correlates
With respect to the possible IM influence on RPE, characteristics
of the routines settings would influence perceptual responses to
exercise as reflected by the fact that technical programs elicited
lower RPE values than free events despite almost equal cardio-
vascular response (© Table 2). The reason for this disparity could
be explained by the nature of the routines, as the rules favor pro-
longed immersions in the free programs. According to FINA rules
(FINA; Synchronized swimming rules; [Internet]; [cited 2012
Dec 5]; Available from: http://www.fina.org(), the technical rou-
tines are composed by mandatory elements, executed in a spe-
cific order representing 70% of the score, with the remaining
30% for the overall impression. However, in the free programs
there are no restrictions, thus giving more merit to exercise dif-
ficulty and variety of movements, as well as to synchronization,
creativity and originality. Both Davies et al. [14] and Alentejano
etal. [1] support this concept as they reported a tendency for the
free programs to start with the longest possible underwater
sequence, which may last in excess of 45s in the case of more
highly placed contestants [14].

It is worth noting that, similarly to RPE, none of the HR parame-
ters studied differed significantly between events (solo, duet
and team) nor programs (technical and free). The HR response
was characterized by intense anticipatory pre-activation and
rapidly developing tachycardia up to maximal levels, with inter-
spersed periods of marked bradycardia during the exercise bouts
performed in apnea [49]. While apnea and facial immersion
causes HR reduction [32,51], exercise increases sympathetic
stimulation of the heart and increases HR [26]. Thus, when the
swimmer starts holding her breath during the exercise, both
inputs compete with each other for control of HR [59] and O,
flow to the exercising muscles, though the O, conservation div-
ing response would finally prevail until the swimmer is able to
breathe again [49]. This would be in accordance with previous
findings showing that cardiovascular demands of SS competitive
routines can be described as very high, regardless of the dura-
tion, technical content, category — junior (15-18 years) and sen-
ior (218 years), and condition - during training [28,44,56] and
competition [49]. This fact would play a role in the specific adap-
tation to this particular physiological condition by routine repe-
tition-based training as previously suggested [2,3,49].

It has been suggested that the inputs for RPE can be categorized
into those of central and local origin [43]. Central factors thought
to be linked to RPE are the sensations primarily associated with
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the cardiorespiratory system resulting from tachycardia, tachyp-
nea and dyspnea. Sensory input for RPE of local origin produce
the sensation of strain in the working muscles and joints and
arise from stimuli of chemically and mechanically sensitive
receptors in skeletal muscles, tendons and joints [62]. It is worth
noting that local factors supply the primary perceptual input at
low to moderate exercise intensities, while central factors domi-
nate at higher intensities [43]. In competitive SS routines, obvi-
ously pertaining to the latter, the opposed chronotropic influence
of intense exercise (positive) and frequent and long immersions
(negative) are accompanied by strong tachypneic and dyspneic
neural stimuli after the IM intervals, which can be assumed to be
directly proportional to its duration and to the intensity of the
exercise involved in apnea.

The hypothesis that prolonged and frequent immersions would
result in increased RPE, and that the central factors would elicit
higher RPE values, is supported by the finding that, despite tech-
nical programs (TS, TD) being shorter than free programs (FS,
FD), the longest immersion time (IMmax), the number of the
longest immersions (NIM>10s) and their duration (TIM>10s)
were actually found in the free programs (¢ Table 3). It is well
documented that immersions of the swimmers' heads, with the
concomitant apnea and stimulation of the cold-receptors of the
upper part of the face, elicits the diving response [52]. This is
characterized by selective vasoconstriction and HR reduction
(bradycardia) the magnitude of which is often used to estimate
the overall magnitude of the response [16,32]. An additional
explanation would be that the most rated exercise figures would
imply more repeated and longer IM periods, thus eliciting more
frequent and intense bradycardic episodes. This concept is sup-
ported by the observation that, while the solo event is composed
of more figure parts implying a higher physiological stress than
duets (51.9%) and teams (32.2%) [23,24], the events’ IM per-
centages reported by Homma (1994) [23] - solo (62.2%), duets
(56.1%), and teams (51.2%) — would be in accordance with the
rated figure execution mentioned above.

According to our results, and given these observations, the less
frequent and longer apnea periods would explain the lower per-
ception of effort in teams compared to solos and duets [49].
Thus, the responsible mechanism of the RPE in SS appears not to
be primarily related to the highest HR values attained but rather
to the lowest HR during the exercise as a consequence of long
apnea periods.

A unique aspect of SS is the frequent and often lengthy breath-
holding periods while performing high-intensity exercise
underwater. As previously mentioned, this aspect of the sport
elicits the diving response [16,21] with the concomitant brady-
cardia [27]. Several studies have shown that facial cold stimula-
tion without apnea causes a bradycardia similar in magnitude as
during apnea alone [16,25,34]. The effects of respiratory arrest
and facial cold stimulation appear to be additive, where a com-
bination of both causes the strongest diving response
[4,16,25,34,51]. Furthermore, the chilling of the forehead
results in a more pronounced bradycardia than that obtained
when other facial areas of similar size are chilled [53]. This has
indicated that the receptors involved in triggering the response
are located mainly in the forehead, or are more densely distrib-
uted in the forehead than in other parts of the face [53]. The
results from this study are consistent with these observations
since free programs elicited lower HR;, values than technical
events (G Table 2) and bradycardia (HR,;,) negatively correlated
to RPE while being the second best predictor of RPE (® Fig. 2).



On the other hand, metabolic fatigue seemed to also play an
important role in the perceived exertion in our swimmers, as
reflected in the moderate relationship with post-exercise Lapeay
(R=0.50; P=0.003). Even if Layey is closely related to RPE, it may
be the case that, as in apneic diving, lactate removal from work-
ing muscles may be compromised by selective vasoconstriction,
and restricted blood flow may lead to considerable regional dif-
ferences in lactate concentration [50]. Along these lines, Joulia et
al. [29] indicated that post-apnea and also post-exercise blood
acidosis and the production of oxygen free radicals were attenu-
ated in trained breath-hold divers. Similarly, Yamamura et al.
[60] reported that it could be beneficial for synchronized swim-
mers to undergo lactate tolerance training to improve hydrogen
ion buffering. In other terms, subjects involved in a long dura-
tion training program of breath-hold diving would show reduced
blood acidosis and oxidative stress as a result of an adaptive
mechanism to repeated apnea.

Multivariate analysis also provided new insights into the mecha-
nisms involved in the perception of effort in SS. The algorithmic
approach to MLR analysis (Eq. (1)) resulted in a compact model
to predict RPE based on only three variables (TIM >10s, HR ;..
and HRpo5), the first 2 reflecting the influence of long immer-
sions and the subsequent bradycardia, and the third reflecting
the slower HR recovery due to a possible training adaption in
this type of athlete [3]. It is known that a faster response in post-
exercise HR recovery reflects a positive adaption to exercise
training and possibly performance capacity in endurance events
[57]. Additionally, it has been reported that trained synchro-
nized swimmers exhibited longer breath hold periods with sim-
ilar physiological responses but at a lower HR during recovery in
comparison to women who are not trained in breath holding [3].
Thus, synchronized swimmers would be less affected and
recover quicker from breath holding and exercise compared to
controls [3]. At this point a plausible explanation to this obser-
vation can be suggested, where the exaggerated diving response
and superior apneic ability would be a result of their training
adaptation to apnea [2], affecting the perception of effort and,
hence, RPE scores. This seems to be consistent with our observa-
tion that RPE values were significantly higher in juniors than in
seniors after competitive SS routines [49] and corresponded to a
tendency for reporting lower post-exercise HR recovery values
in seniors than juniors. On the other hand, given that swimming
performance is strongly related to energetic profile [6], we
believe that the hierarchical approach (Eq. (2)), where Lapg,, was
included among the predictor variables, even if it not signifi-
cantly increasing the predictive capacity of the model (62% vs.
60% of the RPE variance), offers a better explanatory view of the
main factors involved in the perception of effort in elite SS,
where blood lactate accumulation represents a peripheral meta-
bolic mediator. Considering all these factors, and taking into
account the results, where RPE scores positively correlated to
most IM parameters (particularly to TIM=>10s, NIM>10s and
TIM, reflecting long and frequent immersions) and inversely cor-
related to minimum (& Fig. 2c) and mean HR (both reflecting
the influence of intense and frequent bradycardic episodes), it
seems reasonable to assume that the long and frequent IM and
their impact on HR as a result of the diving response have
strongly influenced the RPE. This would be further supported by
the strong positive correlation found between RPE and HRpapge,
which indicates the range of variation between maximum (i.e.,
exercise induced) and minimum (i.e., strongest diving reflex
bradycardia) HR. The lack of a significant (or perhaps negative)
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association of RPE with maximum HR (R=-0.26; P=0.09) might
indirectly indicate that bradycardia has a greater influence on
the perception of effort than tachycardia in SS exercise. In short,
the more frequent and intense the apneic episodes and the more
intense and frequent the diving response-induced bradycardic
epochs, the greater the perceived effort.

Performance correlates

Although the relationship between selected physiological
parameters and performance have been previously reported in a
large sample of elite synchronized swimmers [49], this is the
first report in which IM parameters have been related to per-
formance. In our previous report, HRpre and HR i explained 26%
of variability in performance (TCS), supporting the idea that an
augmented diving response is associated with higher perform-
ance in SS [49]. In this study, 46 % of TCS variance could be pre-
dicted by Lapeak, MIM, and HRpre and raised to 53% by adding
NIM and IMmazx (i.e., number of and longest IM during the rou-
tine). The greater HR decrease for the highest performing swim-
mers, reflected in the relationship between TCS and the number
of immersions (NIM), and longest time of immersion (IMmax)
(© Table 4), suggests that best swimmers show a greater adapta-
tion to breath holding, which would likely translate into a more
efficient O, conservation effect [2]. In summary, the higher the
lactate, the number of immersions and longest IM time, and the
lower the mean time immersed and the pre-exercise HR, the
better the performance during competition. This finding is in
line with the coaches and judges' idea that, in addition to the
very important aesthetic components, the higher intensity and
the more frequent and longer immersions would be associated
with higher merit and performance results.

Regardless of the potential mechanisms involved, the findings of
this study suggest that the independent use of RPE to determine
exercise intensity may underestimate the degree of physiologi-
cal strain in sports such as SS. The independent use of the CR-10
RPE scale does not appear to be a good tool for monitoring the
internal load if peak lactate or peak HR alone is used as criterion
variable. However, the fact that recovery and minimum HR and
repeated long immersions explained 62 % of the variance in RPE
suggests that combined HR and RPE monitoring can be more
sensitive to changes in internal workload than any of these
methods alone or than poolside lactate assessments.

Limitations of the study

Certain issues and limitations regarding the design, methodo-
logy and overall validity of this study need to be considered. To
preserve the ecological and external validity of the design, it was
decided to conduct an observational field study during a real
competition, a national championships qualifying for the Lon-
don 2012 Olympic Games. Hence, there were restrictions
imposed by the official rules to measurements that would not
disturb the athletes and the competition itself, e.g. HR monitor-
ing, post-exercise blood lactate concentration and RPE, and
video analysis. Previous studies had pointed out relatively high
reliability and validity coefficients between physiological varia-
bles and RPE (CR-10 scale) [36,37,39,54]. Moreover, it has been
shown that a very good prediction of subjective increase may be
obtained by combining 2 simple variables from a work test, e.g.,
peak HR and blood lactate [9]. Among the relationships between
perceived exertion and physiological variables studied here,
those with HR might be of the greatest practical importance
because both parameters are commonly used to assess the train-

Rodriguez-Zamora L et al. Perceived Exertion, Time of ... Int ] Sports Med




Training & Testing

ing internal load imposed by exercise. An important practical
limitation in this design was the reliability of the HR measure-
ments. A total of 56 routines were recorded, while only 30 could
ultimately be used for analysis due to low quality recordings or
failure of the waterproof monitors, most likely caused by the
very intense movements during the routines and the suboptimal
technical design for such demanding environmental conditions.
There is definitely room for technical improvement in this kind
of waterproof devices for research and monitoring purposes.
Concerning blood lactate, certain limitations beyond the inter-
pretative challenges already discussed must be acknowledged
regarding the exact sampling time in those cases when the ath-
letes were kept by the pool waiting for marking. To control this,
we discarded measurements exceeding a reasonable delay
(more than ~1min).

Other points of concern were related to time-motion analysis.
First, based on Match Vision Studio 3.0 software [11], LINCE has
been designed to improve its software utilities in the time-
action analysis of sports events using an observational method-
ology in naturalistic contexts. Second, specific criteria had to be
established for data analysis. On the one hand, the IM phase in
this study was defined as a complete immersion of the swim-
mers' face (chin and forehead included). This criteria seemed to
be appropriate as the 2 main sensory inputs eliciting the diving
response [16,21] have been described as facial neural activity
and cessation of respiratory movements [15]. The cessation of
breathing per se leads to a reduction in stretch-receptor activity
which initiates the diving response [16,32]. In humans as in ani-
mals, the initiation of bradycardia at the onset of apnea is a
result of interactions between the respiratory center and the
cardiac autonomic centers in the central nervous system [31].
Thus, there is no difference in the bradycardic response between
face IM apnea and whole body IM apnea [38]. On the other hand,
IM periods greater than 10 s were chosen as longer periods
based on the only time motion study in SS, which reported that
soloists spent 46 % of the routine in IM over 6.8 s [1]. Finally, the
potential effects of body position on the cardiovascular changes
during apnea [33] must also be considered. For instance, Martins
et al. [35] found that HR acute response was dependent on the
type of motor skill, at least in infant swimming. However, the
relative importance of body position to cardiovascular response
in SS and how this could affect to RPE is an area that has yet to be
investigated. Regarding the external validity of the design, it
must be considered that only elite athletes were monitored. It
has been reported that the degree of bradycardia tends to be
higher in synchronized swimmers who are skilled and experi-
enced [24]. Thus, to elucidate how the cardiovascular response
could affect RPE in other populations (e.g., age categories and
lower level competitors) would require further investigation
involving cohort groups.

Conclusions

v

The study shows a significant association between the rating of
perceived exertion and the frequency and duration of immer-
sions, the magnitude of subsequent bradycardic events, the
blood lactate accumulation, and the HR recovery during com-
petitive SS routines. Prolonged and frequent immersions com-
bined with intense exercise explain changes in perceived
exertion, with cardiorespiratory factors providing a relatively
greater neural input as compared to metabolic factors. Viewed
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collectively, these findings highlight the great psycho-physical
stress imposed by the unique combination of intense dynamic
exercise with repeated and prolonged breath-holding intervals
during SS competitive events.

Acknowledgements

v

The study was supported by grants from the Agency for Manage-
mentofUniversity and Research Grants (AGAUR) (IUE[2365/2009)
and the Catalonian Women's Institute (Institut Catala de les
Dones) (U-34/10), Generalitat de Catalunya, and the Spanish
Higher Sports Council (Consejo Superior de Deportes) (001/
UPB10/11) and Secretaria de Estado de Investigacién, Spanish
government (DEP2012-32124). The authors would like to
express their gratitude to the swimmers who participated in the
study, as well as to the technical staff and judging officials of the
Royal Spanish Swimming Federation and the Catalan Swimming
Federation. The video recording by Roger Cabezas and the tech-
nical assistance of Pilar Clapés, Sandra Montes and Olalla de
Pedro are greatly appreciated. We are also grateful to Professor
Erika Schagatay for her support to LRZ and help with the revi-
sion of some parts of the manuscript.

References
1 Alentejano T, Marshall D, Bell G. A time-motion analysis of elite solo
synchronized swimming. Int | Sports Physiol Perform 2008; 3: 31-40
2 Alentejano TC, Bell GJ, Marshall D. A comparison of the physiological
responses to underwater arm cranking and breath holding between
synchronized swimmers and breath holding untrained women. ] Hum
Kinet 2012; 32: 147-156
3 Alentejano TC, Marshall D, Bell GJ. Breath holding with water immer-
sion in synchronized swimmers and untrained women. Res Sports
Med 2010; 18: 97-114
4 Andersson |, Schagatay E, Gislén A, Holm B. Cardiovascular responses to
cold-water immersions of the forearm and face, and their relationship
to apnoea. Eur ] Appl Physiol 2000; 83: 566-572
5 Bante S, Bogdanis GC, Chairopoulou C, Maridaki M. Cardiorespiratory
and metabolic responses to a simulated synchronized swimming rou-
tine in senior (>18 years) and comen (13-15 years) national level
athletes. ] Sports Med Phys Fit 2007; 47: 291-299
6 Barbosa TM, Bragada JA, Reis VM, Marinho DA, Carvalho C, Silva AJ.
Energetics and biomechanics as determining factors of swimming
performance: updating the state of the art. ] Sci Med Sport 2010;
13: 262-269
7 Bompa TO. Periodization: theory and methodology of training. 4% ed.
Champaign, IL: Human Kinetics, 1999
8 Borg G. Borg's perceived exertion and pain scales. 1% ed. Champaign,
IL: Human Kinetics, 1998
9 Borg G. Bore's range model and scales. Int ] Sport Psychol 2001; 32:
110-126
10 Bridge CA, Jones MA, Drust B. Physiological responses and perceived
exertion during international taekwondo competition. Int ] Sports
Physiol Perform 2009; 4: 485-493
11 Castellano J, Perea A, Alday L, Mendo AH. The measuring and observa-
tion tool in sports. Behav Res Methods 2008; 40: 898-905
12 Chatard |C, Mujika 1, Chantegraille MC, Kostucha J. Performance and
physiological responses to a 5-week synchronized swimming tech-
nical training programme in humans. Eur ] Appl Physiol 1999; 79:
479-483
13 Chen M, Fan X, Moe S. Criterion-related validity of the Borg ratings
of perceived exertion scale in healthy individuals: a meta-analysis. |
Sports Sci 2002; 20: §73-899
14 Davies BN, Donaldson GC, Joels N. Do the competition rules of syn-
chronized swimming encourage undesirable levels of hypoxia? Br ]
Sports Med 1995; 29: 16-19
15 Dykes RW. Factors related to the dive reflex in harbor seals: respi-
ration, immersion bradycardia, and lability of the heart rate. Can ]
Physiol Pharmacol 1974; 52: 248-258
16 Elsner R, Gooden B. Diving and asphyxia. A comparative study of ani-
mals and man. Monogr Physiol Soc 1983; 40: 1-168



17 Gabin B, Camerino O, Anguera MT, Castarier M. Lince: multiplatform
sport analysis software. Procedia Soc Behav Sci 2012; 46: 4692-4694

18 Gabrilo G, Peric M, Stipic M. Pulmonary function in pubertal synchro-
nized swimmers: 1-year follow-up results and its relation to competi-
tive achievement. Med Probl Perform Art 2011; 26: 39-43

19 Garcin M. Influence of Aerobic Fitness Level on Measured and Esti-
mated Perceived Exertion During Exhausting Runs. Int | Sports Med
2004; 25: 270-277

20 Gemma KE, Wells CL. Heart rates of elite synchronized swimmers. Phys
Sportsmed 1987; 15: 99-106

21 Gooden B. Mechanism of the human diving response. Integr Psychol
Behav Sci 1994; 29: 6-16

22 Harriss DJ, Atkinson G. Update — Ethical standards in sport and exercise
science research. Int ] Sports Med 2011; 32: 819-821

23 Homma M. The components and the time of ‘face in' of the routines in
synchronized swimming. Med Sport Sci 1994; 39: 149-154

24 Homma M, Takahshi G. Heart rate response during exercise with
breath holding in synchronized Swimming (in Japanese with English
abstract). Undogaku Kenkyu, Univ of Tsukuba 1999; 11: 27-38

25 Hurwitz BE, Furedy [J. The human dive reflex: an experimental, topo-
eraphical and physiological analysis. Physiol Behav 1986; 36: 287-294

26 lellamo F. Neural mechanisms of cardiovascular regulation during
exercise. Auton Meurosci 2001; 90: 66-75

27 Irving L. Bradycardia in human divers. ] Appl Physiol 1963; 18: 489-
491

28 Jamnik V, Gledhill N, Hunter I, Murray P. Physiological assessment of
synchronized swimming and elite synchronized swimmers. Med Sci
Sports Exerc 1987; 19: S65

29 Joulia F, Steinberg |G, Wolff F, Gavarry 0, Jammes Y. Reduced oxidative
stress and blood lactic acidosis in trained breath-hold human divers.
Respir Physiol Neurobiol 2002; 133: 121-130

30 Kurokawa T, Ueda T. Validity of ratings of perceived exertion as
an index of exercise intensity in swimming training. Ann Physiol
Anthropol 1992; 11: 277-288

31 Levy MN, DeGeest H, Zieske H, Levy D. Effects of Respiratory Center
Activity on the Heart. Circ Res 1966; 18: 67-78

32 Lin YC. Breath-hold diving in terrestrial mammals. Exerc Sport Sci Rev
1982; 10: 270-307

33 Manley L. Apnoeic heart rate responses in humans. A review. Sports
Med 1990; 9: 286-310

34 Marsh N, Askew D, Beer K, Gerke M, Muller D, Reichman C. Relative
contributions of voluntary apnoea, exposure to cold and face immer-
sion in water to diving bradycardia in humans. Clin Exp Pharmacol
Physiol 1995; 22: 886-887

35 Martins M, Silva AJ, Marinho DA, Pereira AL, Moreira A, Sarmento P,
Barbosa TM. Assessment of heart rate during infants' swim session.
Int Sportsmed ] 2010; 11: 336-344

36 Minganti C, Capranica L, Meeusen R, Amici S, Piacentini MF. The validity
of session rating of perceived exertion method for quantifying training
load in teamgym. ] Strength Cond Res 2010; 24: 3063-3068

37 Minganti C, Capranica L, Meeusen R, Piacentini MF. The use of session-
RPE method for quantifying training load in diving. Int ] Sports Physiol
Perform 2011; 6: 408-418

38 Moore TO, Lin YC, Lally DA, Hong SK. Effects of temperature, immersion,
and ambient pressure on human apneic bradycardia. ] Appl Physiol
1972; 33: 36-41

39 Moreira A, McGuigan MR, Arruda AF, Freitas CG, Aoki MS. Monitor-
ing internal load parameters during simulated and official basketball
matches. ] Strength Cond Res 2012; 26: 861-866

40 Mountjoy M. The basics of synchronized swimming and its injuries.
Clin Sports Med 1999; 18: 321-336

Training & Testing

41 Mountjoy M. Injuries and medical issues in synchronized Olympic
sports. Curr Sports Med Rep 2009; 8: 255-261

42 Noble BJ, Robertson RJ. Perceived Exertion. Champaign, IL: Human
Kinetics, 1996

43 Pandolf K. Influence of local and central factors in dominating rated
perceived exertion during physical work. Percept Mot Skills 1978;
46: 683-698

44 Pazikas MGA, Curi A, Aoki MS. Behaviour of physiological variables in
synchronized swimming athletes during a training session preparing
for the Athens 2004 Olympic Games. Rev Bras Med Esporte 2005;
11: 357-362

45 Perini R, Orizio C, Comande A, Castellano M, Beschi M, Veicsteinas A.
Plasma norepinephrine and heart rate dynamics during recovery from
submaximal exercise in man. Eur | Appl Physiol 1989; 58: 879-883

46 Psycharakis SG. A longitudinal analysis on the validity and reliability
of ratings of perceived exertion for elite swimmers. ] Strength Cond
Res 2011; 25: 420-426

47 Robertson R], Noble BJ. Perception of physical exertion: methods,
mediators, and applications. Exerc Sport Sci Rev 1997; 25: 407-452

48 Robinson DM, Robinson SM, Hume PA, Hopkins WG. Training inten-
sity of elite male distance runners. Med Sci Sports Exerc 1991; 23:
1078-1082

49 Rodriguez-Zamora L, Iglesias X, Barrero A, Chaverri D, Erola P, Rodriguez
FA. Physiological Responses in Relation to Performance during Com-
petition in Elite Synchronized Swimmers. PLoS ONE 2012; 7: e49098

50 Schagatay E. Predicting performance in competitive apnea diving. Part
II: dynamic apnea. Diving Hyperb Med 2010; 40: 11-22

51 Schagatay E, Andersson ], Nielsen B. Hematological response and diving
response during apnea and apnea with face immersion. Eur | Appl
Physiol 2007; 101: 125-132

52 Schagatay E, Holm B. Effects of water and ambient air temperatures on
human diving bradycardia. Eur ] Appl Physiol 1996; 73: 1-6

53 Schuitema K, Holm B. The role of different facial areas in eliciting
human diving bradycardia. Acta Physiol Scand 1988; 132: 119-120

54 Serrano MA, Salvador A, Gonzalez-Bono E, Sanchis C, Suay F. Relation-
ships between recall of perceived exertion and blood lactate concen-
tration in a judo competition. Percept Mot Skills 2001; 92: 1139-1148

55 Shephard R], Vandewalle H, Gil V, Bouhlel E, Monod H. Respiratory,
muscular, and overall perceptions of effort: the influence of hypoxia
and muscle mass. Med Sci Sports Exerc 1992; 24: 556-567

56 Smith D. Heart rate and blood lactate concentration response to an
in-water routine by synchronized swimmers. Can ] Appl Physiol 1988;
13: 2

57 Sugawara |, Murakami H, Maeda S, Kuno S, Matsuda M. Change in
post-exercise vagal reactivation with exercise training and detraining
in young men. Eur ] Appl Physiol 2001; 85: 259-263

58 Wallace LK, Slattery KM, Coutis AJ. The ecological validity and appli-
cation of the session — RPE method for quantifiying training loads in
swimming. | Strength Cond Res 2009; 23: 33-38

59 Wein |, Andersson |, Erdéus J. Cardiac and ventilatory responses to
apneic exercise. Eur ] Appl Physiol 2007; 100: 637-644

60 Yamamura C, Matsui N, Kitagawa K. Physiological loads in the team
technical and free routines of synchronized swimmers. Med Sci Sports
Exerc 2000; 32: 1171-1174

61 Yamamura C, Miyagi O, Zushi S, Ishiko T, Matsui N, Kitagawa K. Exercise
intensity during a free routine in well trained synchronized swim-
mers. Jpn | Phys Fit Sport 1998; 47: 199-208

62 Zeni Al, Hoffman MD, Clifford PS. Relationships among heart rate, lac-
tate concentration, and perceived effort for different types of rthythmic
exercise in women. Arch Phys Med Rehabil 1996; 77: 237-241

Rodriguez-Zamora L et al. Perceived Exertion, Time of ... Int ] Sports Med




128



Back cover picture: Just me.

Photography by Pau Erola



Institut Nacional d’Educaci6 Fisica de Catalunya — Centre de Barcelona (Universitat de Barcelona)

2013





