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ABSTRACT ARTICLE HISTORY
This study aimed to analyse the stability of elite male long-distance Received 8 January 2020
swimmers (1500 m), and to identify the main predictors related to the Accepted 12 August 2020
pace. The performance of 16 elite male swimmers (22.59 + 2.10 years- KEYWORDS

old) participating in the 1500 m event at the 2016 (London) and 2018 Swimming; stroke
(Glasgow) LEN European Aquatic Championships were analysed. The mechanics; competition;
lap performance, clean swim performance, turn performance, and a set performance

of stroke mechanics variables were assessed. The lap performance

presented a significant and moderate variation with all laps included

(p < 0.001) and deleting the first and last lap (p = 0.002). Swimmers

were significantly faster in the first half in comparison of the second.

The total turn also presented a significant and moderate variation. The

hierarchical linear modelling retained the time (estimate = 0.0019,

p = 0.007), stroke frequency (estimate = —27.49, p < 0.001) and stroke

length (estimate = —6.55, p < 0.001) as the main predictors of the clean

swim performance. By contrast to the analysis based on the lap

performance, clean swim performance presented a non-significant

variation. Coaches should be aware that stroke length maintenance

could negatively affect the clean swim performance, whereas a small

increase of stroke frequency may present a meaningful enhancement

of the total race time.

Introduction

Excellent performance in sports is the major aim for every athlete and coach. Researchers
and coaches try to innovate training methods based on the performance determinants,
and understand how these determinants might be monitored helping athletes to improve
(Skorski & Abbiss, 2017). The best way to learn how elite athletes behave is by analysing
their performance. Video analysis of major events is an essential tool for all the support
around athletes responsible for the athlete’s performance (O Donoghue, 2006).
Moreover, this information will clearly be important and useful to athletes and coaches
that will take part in similar competitions.
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In swimming, there are studies that video-analysed the swimmers’ performances in
major events such as the Olympic Games (e.g., Arellano et al., 2001; Hellard et al., 2008),
World Championships (e.g., Simbafia-Escobar et al., 2018a; Veiga & Roig, 2016), and
European Championships (e.g., Morais et al., 2019a). In a swimming race the perfor-
mance includes the start, clean swim, turn(s), and finish (Hay & Guimaraes, 1983).
Nonetheless, such studies based on video-analysis only analysed short- (50 m and
100 m), and/or middle-distance events (200 m and 400 m) (e.g., Arellano et al., 1994;
Mauger et al.,, 2012). It cannot be found in the literature substantial information about
long-distance events (such as the 800 m and 1500 m). Nonetheless, the information that
is possible to retrieve from this kind of analysis is of substantial importance for athletes,
coaches, and sport analysts.

Studies can be found in the literature about pacing in 800 m freestyle events (Lipinska
et al., 2016a; Morais et al., 2019a), and 1500 m freestyle events (Lipinska et al., 2016b;
Lipinska & Erdmann, 2009; Oliveira et al., 2019). Overall, they showed that parabolic
pacing is generally used in freestyle events of 800 m and 1500 m, with the highest
swimming speed at the beginning and end of the race. Nonetheless, best classified
swimmers may exhibit a speed ascending pattern; while remaining ones presented
a descending profile (Lipinska & Erdmann, 2009). However, these studies are only
based on the lap times (time between the start and the touch in the wall, and so on
until the finish), and not on kinematic variables.

Pacing is considered as the distribution of work, or pattern of energy expenditure
where during competitions athletes must regulate their rate of work output optimis-
ing their overall performance (Abbiss & Laursen, 2008). In swimming, pacing
profiles are typically characterised by plotting split times or speed over each lap of
the event. However, this approch may not be suitable for swimming performance
since external factors (e.g., the presence of an opponent) may interfere with
a swimmer’s pacing strategy (McGibbon et al.,, 2018). Additionally, pacing behaviour
is associated with the different biomechanical and physiological limitations of each
athlete (Menting et al., 2019). However, pacing analysis is usually performed based
on the wall-to-wall time as mentioned earlier. Thus, one can argue if the pacing
analysis in swimming should rely on the lap performance since the clean swim and
turn phases are mixed togheter.

For instance, in all swimming races the first lap is conditioned by the start (Morais
et al., 2019a). Therefore, the first lap should be analysed with some caution because the
corresponding lap time will be positively affected by the start, and not only by the
swimmer’s clean swim performance (Lipinska et al., 2016b). Consequently, after each
turn the clean swim performance (during the initial strokes) will also be positively
affected by the swimmer’s wall push-oft while performing the turn. As in the 1500 m
freestyle events swimmers spent almost all the race time performing the clean swim and
turn phases, one might claim that the pacing analysis should be more precise. That is,
not based on the lap performance, but in the two phases that characterise each lap: (i)
the clean swim performance, and; (ii) the turn(s). The clean swim performance is
considered as the swim speed that is not influenced by the turn (i.e., swim speed/time
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achieved in the intermediate length of the swimming pool without the advantage of the
wall push-off) (Hay & Guimaraes, 1983). The turn is assumed as the sum of the last 5 m
of the previous lap, and the first 15 m of the current lap (Morais et al., 2019a). Indeed, it
was indicated that slight improvements in turn’s performances affect final performance
(Mason & Portus, 2005).

Literature reports few studies about stroke kinematics in elite long-distance swimmers
(e.g., Craig et al,, 1985; Jesus et al., 2011; Rushall et al., 1994). For instance, the studies of
Craig et al. (1985) and Rushall et al. (1994) could be seen as outdated, since it shows
performances from more than thirty and twenty years ago, respectively. Indeed, swim-
ming performance has evolved based on swimmers’ nature (Charles & Bejan, 2009), and
nurture (Hellard et al,, 2005). The study by Jesus et al. (2011) reported the stroke
mechanics of elite swimmers racing the 1500 m freestyle event but based on the lap
performance (wall to wall time). Thus, it seems that literature is lacking of substantial
information about elite long-distance swimmers’ stroke kinematics. A recent study
highlighted that other variables (such as technical and/or biomechanical determinants)
should be used (Oliveira et al., 2019).

Additionally, stability assessment (i.e., analysis of the variation) is a feasible way
to gather insights about swimmer’s performance over time (Costa et al., 2011).
This indicates if swimmers significantly change (i.e., intra-swimmer variation)
their performance or other variables over the race distance (i.e., laps). To the
best of our knowledge only one study reported this kind of data in elite long-
distance swimmers, but for the 800 m event (Morais et al., 2019a). It was high-
lighted that despite being an endurance race, that is characterised by the ability of
maintaining a inherent movement or pattern, the swimmers presented a low
stability (i.e., significant variaiton) of the stroke mechanics variables (Morais
et al., 2019a). In this sense, one can claim that 1500 m swimmers might present
a similar pattern.

Hence, the aims of this study were to: (i) analyse the stability of the lap performance,
and a set of clean swim performance and turn variables of elite male long-distance
swimmers during a 1500 m freestyle race, and; (ii) identify the main predictors of the
clean swim performance. It was hypothesised that a non-significant variability would
be verified for the lap performance, clean swim performance, and turn performance.
Additionally, that the stroke length would be the main predictor of the clean swim
performance.

Methods
Participants

Sixteen elite male swimmers (all event finalists: 22.59 + 2.10 years-old at the time of each
event) participating in the 1500 m event at the 2016 (London) and 2018 (Glasgow) LEN
European Aquatic Championships (LCM-long course metre, 50 m swimming pool) were
assessed. The swimmers’ performance, obtained in this event, corresponded to 97.62% of
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the world record time (871.04 s) at the time of the Championships (FINA points:
834.56 + 28.50 in the 1500 m freestyle event).

Data collection

Spiideo (https://www.spiideo.com) was responsible for the footage. The Championships
organisation (Ligue Européenne de Natation) made available all the videos for the race
analysis on a dedicated network. The video system included high-definition cameras
(f = 50 Hz), and real-time multi-angle recordings. Each lane had a pan-tilt-zoom camera
(AXIS v5915, Lund, Sweden) tracking back and forth the correspondent swimmer. Two extra
cameras (AXIS q1635, Lund, Sweden) were fixed at the ends of the swimming pool. This
enabled the single recording of the start and the turns. An in-house customised software for
swimming was used to perform each race analysis (Morais et al., 2019b). The starting lights
were synchronised with the official timer, which were visible by all cameras, and were used as
reference to set the time-stamp on the race analysis software. Each race analysis (including all
start, clean swim, turn, and finish variables) is performed based on time and distance
variables, being each one analised by two expert analysts. The Intra-Class Correlation
Coeflicient (ICC, with 95% confidence interval—95 CI) was used to assess the agreement
between the measures related to time (ICC = 0.994; 95 CI: 0.992;0.995), and distance
(ICC = 0.992; 95 CI: 0.991;0.994).

Lap performance

The swimmers’ official times (the final race time and each 50 m split time) was retrieved
from the official website of each the event (2016: www.london2016.microplustimming.
com; 2018: www.europeanchampionships.com).

Clean swim performance and stroke mechanics/efficiency

For this LCM 1500 m event 30 laps were analysed. In each lap, the clean swim perfor-
mance was considered as time spent to travel the distance between the 15" and 45"
metre (Morais et al., 2019a). This is done to avoid hypothetical advantages from the
previous turn and spatial-temporal adjustments to the next one. Thus, in each lap the
following pace variables were analysed: (i) the clean swim performance (s); (ii) the clean
swim speed (v, m/s); (iii) the stroke frequency (SF, Hz); (iv) the stroke length (SL, m),
and; (v) the stroke index (SI, m%/s). Afterwards, the mean of all complete strokes, during
such middle 30 m was used for analysis. The v was calculated as: v = d/t, where d is the
distance and t the time swum. The SF was assessed in the race analysis software. It was
obtained by computing the period of the time spent to complete a full stroke cycle
(during the intermediate 30 m), having as reference always the hand closest to the
camera. The SL was calculated as SL = v/SF (Craig & Pendergast, 1979), and the SI as
SI = v - SL (Costill et al., 1985).
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Turn

In the LCM 1500 m freestyle event, 29 turns are performed (and hence analysed). In each one,
the following turning variables were assessed: (i) the 5 m-in (s); (ii) the water break time (s);
(iii) the water break distance (m); (iv) the underwater speed (m/s); (v) the 15 m-out (s) and;
(vi) the total turn (s, selected as the turn main outcome) (Morais et al., 2019a). The distance
variable (i.e., water break distance) was estimated based on the pool’s marks (5 m and 15 m
marks in the swim lanes) (Morais et al., 2019a, 2019b).

Statistical analysis

The normality of the distribution was assessed with the Shapiro-Wilk test, and the Levene
test was used to analyse the homoscedasticity. The descriptive statistics included the
mean * 1 standard deviation (SD), the 95% confidence interval (95CI), and the difference
between pairwise (A, in %). The paired-samples t-test (p < 0.05) was used to verify
differences between the first and the second half of the race. The Cohen’s d was computed
to verify the magnitude of the effect size, and it was interpreted as: (i) small if 0 <|d|< 0.2;
(ii) medium if 0.2 <|d|< 0.5 and; (iii) large if |d|> 0.5 (Cohen, 1988).

The stability was assessed with the ANOVA repeated measures measuring the varia-
tion lap per lap. The effect size index (eta square—n*) was computed and interpreted as:
(i) without effect if 0 < n*> < 0.04; (ii) minimum if 0.04 < n* < 0.25; (iii) moderate if 0.25
< n® < 0.64 and; (iv) strong if n* > 0.64 (Ferguson, 2009). The Bonferroni post-hoc test
was used to verify significant differences between each pairwise (p < 0.05) (Morais et al.,
2019a). The coeflicient of variation (CV, in %) was used to measure the clean swim
variation along the race. It was calculated from lap to lap, and the mean of the total race
was used for analysis.

Since repeated data could be considered hierarchical (repeated measures are nested in
individuals) the hierarchical linear model (HLM) was used to verify the clean swim
performance predictors. This method handles with variables that change over time.
Therefore, the model may include predictors for the trajectories of each swimmer. The
clean swim speed was not included in the model to avoid a multicollinearity phenom-
enon, since it was computed based on the clean swim performance. Only one level was
used (i.e., trajectories), and the model was computed without the first and last laps. The
final model only retained significant predictors. Maximum likelihood estimation was
calculated with HLM7 software (Raudenbush et al., 2011).

Results
Lap performance

Table 1 presents the descriptive statistics (mean + one standard deviation) and 95 CI for
the lap performance during the total race. In the total race, the lap performance was
0.78 £ 1.19% faster in the first half of the race (T0-750 m: 444.41 + 3.13 s) in comparison
to the second (T750-1500 m: 447.98 + 7.32 s). Deleting the first and last lap the first half of
the race was still faster in comparison to the second (A = 0.66 £ 1.14%; T0-750 m:
416.71 £ 3.24 s; T750-1500 m: 419.53 + 6.73 s) (Table 2 and Figure 1).
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Figure 1. Intra-swimmer variation of the turning variables assessed. Left panels include all turns, and
right panels exclude the first and last turn. For the variables that presented a significant intra-swimmer

variation: *—

highest and significant differences (p <

significant differences (p > 0.05) between pairwise.

0.05) between pairwise; #—Ilowest and non-

Table 2 presents the data variation for the total race and deleting the first and last lap.
In the total race a significant and strong variation was verified in the lap performance

(F = 46.64, p < 0.001,1° =

0.76). Deleting the first and last lap, a significant and moderate

variation was verified (F = 5.86, p < 0.001, n* = 0.28). The CV presented a variation of
1.85% for the total race, and 0.96% after deleting the first and last laps (Table 2).

Clean swim performance

Table 1 presents the descriptive statistics (mean + one standard deviation) and 95 CI for the
clean swim performance and stroke kinematics during the total race.The clean swim
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(intermediate 30 m in each lap) account 60.93 + 0.89% of the total race time. In the total race
time, between the first and second half of the race, the mean clean swim time increased but
not significantly (T0-750 m: 18.04 £ 0.42 s; T750-1500 m: 18.21 * 0.38 s; A = 0.84 £ 3.60%;
t=-0.99; p = 0.340; d = 0.42), consequently the v decreased (Table 2 and Figure 1). Deleting
the first and last lap, the trend was the same for the time (T0-750 m: 18.08 + 0.44 s; T750-
1500 m: 18.25 £ 0.39 s; A = 0.88 + 3.78%, t = —1.00, p = 0.330, d = 0.41) (Table 2 and Figure 1).

Table 2 presents the data variation for all the clean swim performance variables
assessed, for the total race and deleting the first and last lap. In the total race
a significant and moderate variation was verified for the clean swim performance
(F = 941, p < 0.001, qz = 0.44), and all the remaining variables assessed (Table 2).
Moreover, non-significant differences were observed between the first and last lap
(p = 1.000). Deleting the first and last lap, a non-significant and minimum variation
(F=1.72,p =0.158, 1> = 0.12) was verified for the clean swim performance (Table 2). The
CV presented a variation of 1.71% for the total race, and 1.31% after deleting the first and
last laps (Table 2).

Turn

Table 1 presents the descriptive statistics (mean * one standar deviation) and 95 CI for
the turn performance during the total race.The turn main outcome (total turn time)
accounts 36.87 + 0.61% of the total race time. Including all turns (29 turns in the total
race), swimmers were significantly faster (with moderate effect) in the first half of the race
in comparison to the second (Turn 1-15: 11.24 * 0.30 s; Turn 16-29: 11.43 + 0.18 s;
A =1.67 £2.73%; t = -2.29; p = 0.040; d = 0.77) (Table 2 and Figure 2). Deleting the first
and last turn, the trend was the same (Turn 2-15:11.24 + 0.32 s; Turn 16-28: 11.45 + 0.18
s; A =1.82 + 2.85%; t = —2.38; p = 0.033; d = 0.81).

The data variation for the turn variables assessed is presented in Table 2. The total turn
presented a significant and moderate variation in the total race (F = 4.23, p = 0.002,
n° = 0.28). Remaining turn variables presented a similar trend, except the underwater
speed (Table 2). Excluding the first and last turn, the total turn also presented a significant
and moderate variation (F = 3.67, p = 0.005, n* = 0.25). Remaining turn variables presented
a similar trend, except the underwater speed and the 15 m-out (Table 2). The CV presented
a variation of 1.36% for the total race, and 1.25% after deleting the first and last laps
(Table 2).

Clean swim performance predictors

The HLM retained as clean swim performance predictors the time, i.e., lap (esti-
mate = 0.0019, 95 CI: 0.0009;0.0029, p = 0.007), the SF (estimate = -27.49, 95 CI:
—28.68;-26.29, p < 0.001), and the SL (estimate = —6.55, 95 CI: —6.90;-6.20, p < 0.001)
(Table 3). The prediction equation is as follows:

Clean swim performance = 52.81+4(0.0019 * Lap)—(27.49 % SF)—(6.55% SL) (1)

Where clean swim performance is the time spent between the 15" and 45™ metre of the
swimming pool (s), Lap is the lap number (ordinal), SF is the stroke frequency (Hz), and
SL is the stroke length (m).
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Figure 2. Intra-swimmer variation of the lap performance, clean swim performance, clean swim speed,
and all independent variables assessed. Left panels include all laps, and right panels exclude the first
and last lap. For the variables that presented a significant intra-swimmer variation: *—highest and
significant differences (p < 0.05) between pairwise; #—Ilowest and non-significant differences
(p > 0.05) between pairwise.

Table 3. Fixed effects of the clean swim performance model computed with
standard errors (SE) and 95% confidence intervals (95 Cl).

Fixed Effect Estimate (SE) 95 Cl p value

Clean swim performance

Intercept 52.81 (0.44) 51.95;53.67 <0.001
Time 0.0019 (0.0005) 0.0009;0.0029 0.007
Stroke frequency —27.49 (0.61) —28.68;-26.29 <0.001
Stroke length —6.55 (0.18) —6.90;-6.20 <0.001
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Discussion and implications

The aims of this study were to: (i) analyse the stability of the lap performance, and a set of
clean swim performance and turn variables of male elite long-distance swimmers during
a 1500 m freestyle race, and; (ii) verify the main predictors responsible for the clean swim
performance. For the total race time, a significant and strong variation was verified for
the lap performance, and a significant and moderate variation for the clean swim
performance. In the turning performance, the total turn presented a significant and
moderate variation in the total race, and excluding the first and last lap. The clean swim
model included the SF and the SL main predictors.

Lap performance

Lap performance revealed a significant and strong variation in the total race, and
a significant and moderate variation after excluding the first and last laps (Table 2).
The first lap is highly influenced by the start, and the last lap by a strong enhancement in
the swimming speed to finish the race (Lipinska et al., 2016a). Our data shows this
phenomenon as the variation decreased (Table 2). Nevertheless, after excluding the first
and last laps, a significant variation (moderate effect) was still verified. In both cases,
a positive pacing strategy was shown, i.e., the first half of the race is faster than the second
one (Table 2 and Figure 1). This pacing strategy is characterised by a gradual decline of
the athlete’s speed throughout the race distance (Abbiss & Laursen, 2008). This is
a common race strategy among male long-distance athletes in other sports like running
(Diaz et al., 2019), and cycling (Abbiss & Laursen, 2008). Despite it cannot be found in
the literature up-to-date information about elite 1500 m race stability, it was indicated
that if swimmers could change their lap profile (reducing their lap variation) their
performance could be improved (Lipinska et al., 2016b). This was also noticed in shorter
distance as the 200 m (Simbana-Escobar et al., 2018a).

Clean swim performance

In swimming, pacing analysis should be performed in a deeper approach rather than
based only in the official laps. The lap performance includes several variables related to
the race (Morais et al., 2019a). Hence, the clean swim performance should be differ-
entiated from lap performance. Indeed, our data show that when both trends are over-
lapped, they do not exactly correspond (Figure 1). This is even highlighted when the first
and last lap are excluded from the analysis. Indeed, while the lap performance presented
a significant and moderate variation, the clean swim performance presented a non-
significant and minimum variation (Table 2 and Figure 1).

For instance, between T400-450 m and T450-500 m the lap performance increased
(lower performance), and the clean swim improved (higher performance). An opposite
trend was verified between T850-900 m and T900-950 m, where the lap performance
decreased (higher performance), and the clean swim declined (lower performance). This
indicates that clean swim analysis should not be assessed based on lap time performance,
since different trends may be verified. Even when the trend is similar the proportion of
increase/decrease may not always be equivalent (Figure 1). Studies that assessed the
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pacing effect in long-distance swimmers (800 m or 1500 m freestyle) used the lap times as
a pace indicator (Lipinska et al., 2016a, 2016b). Therefore, based in such differences it
should be suggested that these two concepts should not be analysed as one. At least for
200 m races this rational is reinforced by the studies of Simbafia-Escobar et al. (2018a)
and Simbafia-Escobar et al. (2018b). These authors showed that besides an inter-lap
variation, an intra-lap variation also occurs. That is, swimmers changed their stroke
kinematics not only between laps, but also within the same lap.

After excluding the first and last lap, the remaining variables (SF, SL, and SI) presented
a significant variation. Indeed, these variables responsible for the stroke mechanics
presented a sinusoidal profile (increases and decreases) (Figure 1). With this kind of
data, only one study can be found about long-distance elite swimmers (800 m), where
a significant variation was also verified (Morais et al., 2019a). The authors indicated that
swimmers racing long-distance events presented a significant lap effect (high variation
between laps) (Morais et al., 2019a). By contrast to other long-distance sports, such as
cycling (Ansley & Cangley, 2009) and running (Diaz et al., 2019), elite long-distance
swimmers do not maintain a similar stroke mechanics pattern (with non-significant
differences) during the clean swim performance (pace). Moreover, a J-shape was
observed in the second half of the race, specifically between T1050-1100 m and T1450-
1500 m (Figure 1).

This J-shape pattern refers to athletes” tendency to decrease effort during a physical
task, followed by an increase of their effort back again, leading to an end-spurt (swim
speed) (Abbiss & Laursen, 2008; Edwards & Polman, 2013). Indeed, it was reported that
elite swimmers manage their stroking profile within and between laps to functionally
adapt themselves to the environmental constraints (Seifert et al., 2014). In the case of elite
long-distance swimmers this management seems to be related mainly to energetic
constraints. That is, along the race, swimmers tend to dose the amount of energy they
have in order to maintain their ideal pacing throughout the use of the SL or SF (Barden &
Kell, 2009). This was notably verified in the second half of the race, where their energetic
indexes naturally might decrease. During a long-distance race the oxygen uptake, venti-
lation, and phosphocreatine levels decrease, and lactate levels increase (Zamparo et al.,
2005). A study that evaluated the presence of the slow-component in elite male long-
distance swimmers during a 6 x 500 m series revealed that during the first interval (6
X 300 m) performed at the lactic threshold rate showed a slow component allowing them
to reach ~92% of the peak of maximum oxygen consumption (Hellard et al., 2010). By
contrast, the high percentage of VO, sustained during the 6 x 500 m interval can be
interpreted as being related to an increase in the cost of ventilation, which has been
shown to contribute approximately 20% to the slow-component (Demarie et al., 2001).

Turn

All turning variables presented a sinusoidal profile (increases and decreases), and
a significant and minimum-moderate variation, except the underwater speed (Table 2
and Figure 2). To the best of our knowledge only one study assessed the turning stability
of elite long-distance swimmers, but for the 800 m freestyle (Morais et al., 2019a). It was
possible to note that during the race swimmers tend to increase their total turn time. The
same trend was verified in our study. As the turn includes surface and underwater phases,
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and accounted by nearly 37% of the total race time, it can be suggested that fatigue not
only affect the clean swim but also the turn (Lomax et al., 2019). Indeed, the 5 m-in and
15 m-out (surface phase) did increase along the race. Moreover, swimmers did not take
any advantage from the underwater break time and distance to probably save themselves
energy as it happens with their sprinter and middle-distance counterparts (Marinho
et al., 2020). That is, swimmers decreased their water break time and distance along the
race, and hence started the swim stroke sooner. There is delicate balance between
physiological and hydrodynamic responses (Mullen, 2018; Zamparo et al., 2008). If
swimmers maintain themselves underwater during a longer period of time, the wave
drag decreases. If they break the water earlier, they can oxygenate sooner. However, there
is there is no evidence about which one will be more important and should be preferred.
In our data this particular case swimmers did choose to break the water sooner in order
to hypothetically oxygenate themselves. Despite no information exists for long-distance
races, this trend was also verified in 200 m elite freestyle swimmers from the first to the
last turn (Veiga & Roig, 2016). This could be related to energetic constarint as afore-
mentioned for the clean swim (Hellard et al., 2010; Zamparo et al., 2005).

Indeed, swimmers are submitted to inspiratory muscle fatigue while swimming which
might induce a deficit in their energetics (Hellard et al., 2010; Lomax et al., 2019). On the
other hand, it was shown that an increase in the race distance (between 100 m and 400 m
freestyle), did not significantly influenced the degree of inspiratory muscle fatigue
(Brown & Kilding, 2011). Thus, one might claim that if long-distance swimmers do
not have a precocious need to ventilate, they could take some advantage from the impulse
performed on the turning wall. This will lead to a higher break distance, and hence less
time spent on swim stroke. Training focused on the control of frequency breathing
appeared to prevent inspiratory muscle fatigue (Burtch et al., 2017). Additionally, it was
indicated that endurance training with a reduced breathing frequency improved the
toleration to CO,, and hence the necessity to breath (Kapus et al., 2013). Therefore, based
on the short under water distance that swimmers covered in comparison to shorter race
distance (Marinho et al., 2020), one can suggest that swimmers may exercise this type of
drills which could help them in saving energy for the swim stroke.

Clean swim performance predictors

The HLM retained as main predictors the SF and the SL (Table 3). The SL showed
a positive effect to the pace, i.e., an increase in one unit by the SL imposed a decrease by
6.55 s in the clean swim performance. The SL is seen as the practical outcome of the force
exerted by the swimmer. That is, increasing the amount of force applied by the swimmer,
he/she will increase their SL, and hence performing fewer strokes per length of the pool
(Barden & Kell, 2009). However, it could be suggested that in long-distance races
swimmers may not be capable of maintaining their strength indexes during an entire
race, and hence their SL (Ikuta et al., 2010). Indeed, Figure 1 shows that the SL started
decreasing from the 750 m onwards. On the other hand, our data showed that an increase
in one unit (Hz) by the SF, decreased the clean swim time in 27.49 s (converting to cycles
per minute: an increase in one cycle per minute imposed a 0.46 s decrease in the clean
swim time, i.e., better performance). Therefore, in 28 laps (without the first and last lap)
a swimmer may reduce his/her final race time in 12.88 s. Indeed, the relationship between
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the SL and SF management in long-distance swimming races could be related to inter-lap
constraints (Seifert et al., 2014).

There are two basic strategies for increasing speed: or increasing stroke length or
increasing stroke frequency (or both combined) (Craig & Pendergast, 1979). Long-
distance events depend heavily on swimming savings (more energy cost, lower perfor-
mance). It is known that increases in speed due to the increase in stroke frequency induce
sharp increases in energy costs. On the other hand, increases in the stroke length lead to
lower increases in energy costs (Barbosa et al., 2008). Therefore, it was expected that SL
would be a better predictor of performance because it allows speed increases with lower
energy costs. However, was pointed out that long-distance elite athletes such as cyclists
(as a cyclic and closed sport like swimming) seem to privilege the SF over the SL (Abbiss
et al., 2009). It was highlighted that elite cyclists that maintained a higher cadence
increased their power output based on a high mechanical efficiency and maximal aerobic
capacity (Reed et al., 2016). Our data seems to also suggest this rational for long-distance
swimmers. In this sense, studies about the energy cost of long-distance swimming
comparing both strategies (i.e., focus on SL or SF) are required to understand if
swimmers can improve their performances based on the SF strategy.

This research highlights that coaches should be advised about this SF/SL relationship
in long-distance races. A study indicated that the SF maintenance was the key-factor in
preventing the swim speed to decrease in a higher magnitude (Ikuta et al., 2010). Indeed,
it was noted that the fastest swimmer from this sample was the one presenting the highest
SE. If swimmers could maintain the mean SL showed until this distance (without the first
lap: 50-750 m) and increase the SF by one cycle per minute until the 1400-1450 m lap
(excluding the last lap effect as previously argued), they could increase their clean swim
performance in 7.05% (less 16.90 s to cover the distance). It can be suggested: (1) the
analysis of elite female swimmers to understand if the trend is similar (or not) to their
male counterparts; (2) perform a stroke per stroke variation to give deeper insights about
swimmers’ stroke mechanics variation; (3) registering the number of breaths by each
swimmer during the clean swim performance could give an insight about the reasoning
for the decrease of time spent in the turn underwater phase, and; (4) use a much larger
sample to classify (by cluster analysis per example) the different types of pacing and relate
them to performance and technical parameters.

Conclusion

Elite long-distance male swimmers exhibit a positive pacing strategy where the first half of the
race was faster than the second. The lap performance and clean swim performance showed
a significant variation (i.e., low stability), but this was lower in the clean swim performance.
This highlights that long-distance swim pace analysis may present different results depending
on the conceptualisation used. The total turn presented a significant variation (i.e., low
stability). The SF was the main factor responsible for the clean swim performance.

Acknowledgments

To LEN (Ligue Européenne de Natation) and Spiideo AB for providing the videos.



16 (&) J.E.MORAISET AL.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This project was supported by the National Funds through FCT - Portuguese Foundation for
Science and Technology [UIDB/DTP/04045/2020].

ORCID

Jorge E. Morais (1) http://orcid.org/0000-0002-6885-0648

Tiago M. Barbosa (1) http://orcid.org/0000-0001-7071-2116

Pedro Forte (1) http://orcid.org/0000-0003-0184-6780

José A. Bragada (1) http://orcid.org/0000-0001-7020-0583

Flavio A. de Souza Castro (1) http://orcid.org/0000-0003-0848-8226
Daniel A. Marinho () http://orcid.org/0000-0003-2351-3047

References

Abbiss, C. R., & Laursen, P. B. (2008). Describing and understanding pacing strategies during
athletic competition. Sports Medicine, 38, 239-252. doi:10.2165/00007256-200838030-00004
Abbiss, C. R., Peiffer, J. J., & Laursen, P. B. (2009). Optimal cadence selection during cycling.

International SportMed Journal, 10, 1-15.

Ansley, L., & Cangley, P. (2009). Determinants of “optimal” cadence during cycling. European
Journal of Sport Science, 9, 61-85. doi:10.1080/17461390802684325

Arellano, R., Brown, P., Cappaert, J., & Nelson, R. C. (1994). Analysis of 50-, 100-, and
200-m freestyle swimmers at the 1992 Olympic Games. Journal of Applied Biomechanics, 10,
189-199. doi:10.1123/jab.10.2.189

Arellano, R., Cossor, J., Wilson, B., Cjatard, J., Riewald, S., & Mason, B. (2001). Modelling
competitive swimming in different strokes and distances upon regression analysis: A study of
the female participants of Sydney 2000 Olympic Games. In J. R. Blackwell & R. H. Sanders
(Eds.), XIX International Symposium on Biomechanics in Sports: Proceedings of Swim Sessions
(pp- 53-56). San Francisco, USA.

Barbosa, T. M., Fernandes, R. J., Keskinen, K. L., & Vilas-Boas, J. P. (2008). The influence of stroke
mechanics into energy cost of elite swimmers. European Journal of Applied Physiology, 103,
139-149. doi:10.1007/s00421-008-0676-2

Barden, J. M., & Kell, R. T. (2009). Relationship between stroke parameters and critical swimming
speed in a sprint interval training set. Journal of Sports Sciences, 27, 227-235. doi:10.1080/
02640410802475205

Brown, S., & Kilding, A. E. (2011). Exercise-induced inspiratory muscle fatigue during swimming:
The effect of race distance. Journal of Strength and Conditioning Research, 25, 1204-1209.
doi:10.1519/JSC.0b013e3181d67ab8

Burtch, A. R., Ogle, B. T., Sims, P. A, Harms, C. A., Symons, T. B, Folz, R. J., & Zavorsky, G. S.
(2017). Controlled frequency breathing reduces inspiratory muscle fatigue. Journal of Strength
and Conditioning Research, 31, 1273-1281. doi:10.1519/JSC.0000000000001589

Charles, J. D., & Bejan, A. (2009). The evolution of speed, size and shape in modern athletics.
Journal of Experimental Biology, 212, 2419-2425. do0i:10.1242/jeb.031161

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed.). Lawrence
Earlbaum Associates.


https://doi.org/10.2165/00007256-200838030-00004
https://doi.org/10.1080/17461390802684325
https://doi.org/10.1123/jab.10.2.189
https://doi.org/10.1007/s00421-008-0676-z
https://doi.org/10.1080/02640410802475205
https://doi.org/10.1080/02640410802475205
https://doi.org/10.1519/JSC.0b013e3181d67ab8
https://doi.org/10.1519/JSC.0000000000001589
https://doi.org/10.1242/jeb.031161

SPORTS BIOMECHANICS (&) 17

Costa, M. J., Marinho, D. A., Bragada, J. A, Silva, A. J., & Barbosa, T. M. (2011). Stability of elite
freestyle performance from childhood to adulthood. Journal of Sports Sciences, 29, 1183-1189.
doi:10.1080/02640414.2011.587196

Costill, D. L., Kovaleski, J., Porter, D., Kirwan, J., Fielding, R, & King, D. (1985). Energy
expenditure during front crawl swimming: Predicting success in middle-distance events.
International Journal of Sports Medicine, 6, 266-270. doi:10.1055/s-2008-1025849

Craig, A. B., & Pendergast, D. R. (1979). Relationships of stroke rate, distance per stroke, and
velocity in competitive swimming. Medicine and Science in Sports, 11, 278-283.

Craig, A. B, Skehan, P. L., Pawelczyk, J. A., & Boomer, W. L. (1985). Velocity, stroke rate, and
distance per stroke during elite swimming competition. Medicine and Science in Sports and
Exercise, 17, 625-634. doi:10.1249/00005768-198512000-00001

Demarie, S., Sardella, F., Billat, V., Magini, W., & Faina, M. (2001). The VO2 slow component in
swimming. European Journal of Applied Physiology, 84, 95-99. doi:10.1007/s004210000348

Diaz, J. J., Ferndndez-Ozcorta, E. J., Torres, M., & Santos-Concerejo, J. (2019). Men vs. women
world marathon records’ pacing strategies from 1998 to 2018. European Journal of Sport Science,
19, 1297-1302. doi:10.1080/17461391.2019.1596165

Edwards, A. M., & Polman, R. C. J. (2013). Pacing and awareness: Brain regulation of physical
activity. Sports Medicine, 43, 1057-1064. doi:10.1007/540279-013-0091-4

Ferguson, C. J. (2009). An effect size primer: A guide for clinicians and researchers. Professional
Psychology, Research and Practice, 40, 532-538. doi:10.1037/a0015808

Hay, J. G., & Guimaraes, A. C. S. (1983). Quantitative look at swimming biomechanics. Swimming
Technique, 20, 11-17.

Hellard, P., Avalos, M., Millet, G., Lacoste, L., Barale, F., & Chatard, J.-C. (2005). Modeling the
residual effects and threshold saturation of training: A case study of Olympic swimmers. Journal
of Strength and Conditioning Research, 19, 67-75. doi:10.1519/14853.1

Hellard, P., Dekerle, J., Avalos, M., Caudal, N., Knopp, M., & Hausswirth, C. (2008). Kinematic
measures and stroke rate variability in elite female 200-m swimmers in the four swimming
techniques: Athens 2004 Olympic semi-finalists and French National 2004 Championship
semi-finalists. Journal of Sports Sciences, 26, 35-46. d0i:10.1080/02640410701332515

Hellard, P., Houel, N., Avalos, M., Nesi, X., Toussaint, J. F., & Hausswirth, C. (2010, June). Modeling
the slow component in elite long distance swimmers at the velocity associated with lactate threshold.
In P. L. Kjendlie, R. K. Stallman, & J. Cabri (Eds.), Proceedings of the XIth International Symposium
for Biomechanics and Medicine in Swimming (pp. 196-198). Oslo, Norway.

Ikuta, Y., Matsuda, Y., Yamada, Y., Kida, N., & Oda, S. (2010). Relationship between changes of
swimming velocity, stroke rate, stroke length and muscle activities in front crawl swimming.
Japanese Journal of Physical Fitness and Sports Medicine, 59, 427-438. doi:10.7600/jspfsm.59.427

Jesus, S., Costa, M., Marinho, D., Garrido, N., Silva, A., & Barbosa, T. (2011). 13th FINA World
Championship finals: Stroke kinematical and race times according to performance, gender and
event. Portuguese Journal of Sport Sciences, 11, 275-278.

Kapus, J., Usaj, A., & Lomax, M. (2013). Adaptation of endurance training with a reduced
breathing frequency. Journal of Sports Science & Medicine, 12, 744-752.

Lipinska, P., Allen, S. V., & Hopkins, W. G. (2016a). Modeling parameters that characterize pacing
of elite female 800-m freestyle swimmers. European Journal of Sport Science, 16, 287-292.
doi:10.1080/17461391.2015.1013996

Lipinska, P., Allen, S. V., & Hopkins, W. G. (2016b). Relationships between pacing parameters and
performance of elite male 1500-m swimmers. International Journal of Sports Physiology and
Performance, 11, 159-163. doi:10.1123/ijspp.2015-0117

Lipinska, P., & Erdmann, W. (2009). Kinematics of tactics in the Men’s 1500 m freestyle swimming
final at the Beijing 2008 Olympic Games. In D. Harrison, R. Anderson, & I. Kenny (Eds.),
Proceedings of the 27th International Conference on Biomechanics in Sports (pp. 467-470).
Limerick, University of Limerick.

Lomax, M., Kapus, J., Webb, S., & Usaj, A. (2019). The effect of inspiratory muscle fatigue on
acid-base status and performance during race-paced middle-distance swimming. Journal of
Sports Sciences, 37, 1499-1505. doi:10.1080/02640414.2019.1574250


https://doi.org/10.1080/02640414.2011.587196
https://doi.org/10.1055/s-2008-1025849
https://doi.org/10.1249/00005768-198512000-00001
https://doi.org/10.1007/s004210000348
https://doi.org/10.1080/17461391.2019.1596165
https://doi.org/10.1007/s40279-013-0091-4
https://doi.org/10.1037/a0015808
https://doi.org/10.1519/14853.1
https://doi.org/10.1080/02640410701332515
https://doi.org/10.7600/jspfsm.59.427
https://doi.org/10.1080/17461391.2015.1013996
https://doi.org/10.1123/ijspp.2015-0117
https://doi.org/10.1080/02640414.2019.1574250

18 (&) J.E.MORAIS ET AL.

Marinho, D. A., Barbosa, T. M., Neiva, H. P,, Silva, A. J., & Morais, J. E. (2020). Comparison of the
start, turn and finish performance of elite swimmers in 100 m and 200 m races. Journal of Sports
Science & Medicine, 19, 397-407.

Mason, B. R., & Portus, M. (2005). Essay: Biomechanical support in sport. The Lancet, 366, S25-
$26. d0i:10.1016/S0140-6736(05)67834-8

Mauger, A. R, Neuloh, J., & Castle, P. C. (2012). Analysis of pacing strategy selection in elite
400-m freestyle swimming. Medicine and Science in Sports and Exercise, 44, 2205-2212.
doi:10.1249/MSS.0b013e3182604b84

McGibbon, K. E., Pyne, D. B, Shephard, M. E., & Thompson, K. G. (2018). Pacing in swimming:
A systematic review. Sports Medicine, 48, 1621-1633. doi:10.1007/s40279-018-0901-9

Menting, S. G. P., Elferink-Gemser, M. T., Huijgen, B. C., & Hettinga, F. J. (2019). Pacing in
lane-based head-to-head competitions: A systematic review on swimming. Journal of Sports
Sciences, 37, 2287-2299. doi:10.1080/02640414.2019.1627989

Morais, J. E., Barbosa, T. M., Neiva, H. P., & Marinho, D. A. (2019a). Stability of pace and turn
parameters of elite long-distance swimmers. Human Movement Science, 63, 108-119.
do0i:10.1016/j.humov.2018.11.013

Morais, J. E., Marinho, D. A,, Arellano, R., & Barbosa, T. M. (2019D). Start and turn performances
of elite sprinters at the 2016 European Championships in swimming. Sports Biomechanics, 18,
100-114. doi:10.1080/14763141.2018.1435713

Mullen, G.J. (Ed.). (2018). Swimming science: Optimizing training and performance. University of
Chicago Press.

O’Donoghue, P. (2006). The use of feedback videos in sport. International Journal of Performance
Analysis in Sport, 6, 1-14. d0i:10.1080/24748668.2006.11868368

Oliveira, G. T., Werneck, F. Z., Coelho, E. F., Simim, M. A. M., Penna, E. M., & Ferreira, R. M.
(2019). What pacing strategy 800m and 1500m swimmers use? Revista Brasileira De
Cineantropometria E Desempenho Humano, 21, e59851. doi:10.1590/1980-0037.2019v21e59851

Raudenbush, S. W., Bryk, A. S., Cheong, A. S., Fai, Y. F., Congdon, R. T., & Du Toit, M. (2011).
HLM 7: Hierarchical linear and nonlinear modeling. Scientific Software International.

Reed, R,, Scarf, P., Jobson, S. A., & Passfield, L. (2016). Determining optimal cadence for an
individual road cyclist from field data. European Journal of Sport Science, 16, 903-911.
doi:10.1080/17461391.2016.1146336

Rushall, B. S., Sprigings, E. J., Cappaert, J., & King, H. A. (1994). Crawl stroke body dynamics in
male champions. Swimming Science Bulletin, 26.

Seifert, L., Komar, J., Barbosa, T., Toussaint, H., Millet, G., & Davids, K. (2014). Coordination
pattern variability provides functional adaptations to constraints in swimming performance.
Sports Medicine, 44, 1333-1345. doi:10.1007/s40279-014-0210-x

Simbaia-Escobar, D., Hellard, P., & Seifert, L. (2018a). Modelling stroking parameters in compe-
titive sprint swimming: Understanding inter-and intra-lap variability to assess pacing
management. Human Movement Science, 61, 219-230. doi:10.1016/j.humov.2018.08.002

Simbarfia-Escobar, D., Hellard, P., Pyne, D. B., & Seifert, L. (2018b). Functional role of movement
and performance variability: Adaptation of front crawl swimmers to competitive swimming
constraints. Journal of Applied Biomechanics, 34, 53-64. do0i:10.1123/jab.2017-0022

Skorski, S., & Abbiss, C. R. (2017). The manipulation of pace within endurance sport. Frontiers in
Physiology, 8, 102. doi:10.3389/fphys.2017.00102

Veiga, S., & Roig, A. (2016). Underwater and surface strategies of 200 m world level swimmers.
Journal of Sports Sciences, 34, 766-771. doi:10.1080/02640414.2015.1069382

Zamparo, P., Bonifazi, M., Faina, M., Milan, A., Sardella, F., Schena, F., & Capelli, C. (2005).
Energy cost of swimming of elite long-distance swimmers. European Journal of Applied
Physiology, 94, 697-704. doi:10.1007/s00421-005-1337-0

Zamparo, P., Lazzer, S., Antoniazzi, C., Cedolin, S., Avon, R., & Lesa, C. (2008). The interplay
between propelling efficiency, hydrodynamic position and energy cost of front crawl in 8 to
19-year-old swimmers. European Journal of Applied Physiology, 104, 689. doi:10.1007/s00421-
008-0822-7


https://doi.org/10.1016/S0140-6736(05)67834-8
https://doi.org/10.1249/MSS.0b013e3182604b84
https://doi.org/10.1007/s40279-018-0901-9
https://doi.org/10.1080/02640414.2019.1627989
https://doi.org/10.1016/j.humov.2018.11.013
https://doi.org/10.1080/14763141.2018.1435713
https://doi.org/10.1080/24748668.2006.11868368
https://doi.org/10.1590/1980-0037.2019v21e59851
https://doi.org/10.1080/17461391.2016.1146336
https://doi.org/10.1007/s40279-014-0210-x
https://doi.org/10.1016/j.humov.2018.08.002
https://doi.org/10.1123/jab.2017-0022
https://doi.org/10.3389/fphys.2017.00102
https://doi.org/10.1080/02640414.2015.1069382
https://doi.org/10.1007/s00421-005-1337-0
https://doi.org/10.1007/s00421-008-0822-7
https://doi.org/10.1007/s00421-008-0822-7

	Abstract
	Introduction
	Methods
	Participants
	Data collection
	Lap performance
	Clean swim performance and stroke mechanics/efficiency
	Turn

	Statistical analysis
	Results
	Lap performance
	Clean swim performance
	Turn
	Clean swim performance predictors

	Discussion and implications
	Lap performance
	Clean swim performance
	Turn
	Clean swim performance predictors

	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References



