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Several studies have investigated biomechanical and energetic parameters in
competitive swimming. Among these studies, it is possible to identify the 400-m
front crawl as a useful test to assess these parameters. The present study provided
a meta-analysis assessing representative variables for the kinematic, arm-stroke
efficiency, coordination, and energetic parameters of the 400-m front crawl test.
PubMed, Embase, Web of Science, and SPORTDiscus were the databases used to
select the studies published between January 1970 and December 2022. Forty
studies (n = 651 swimmers) were selected according to the eligibility and inclusion
criteria. The variables chosen to represent each parameter were: clean swim speed
(kinematics); index of coordination (coordination); arm-stroke efficiency (efficiency);
and oxygen consumption (energetic). Swimming speed was moderate (1.34 m s7)
compared to the world’s records performers. Thus, this speed contributed for the
swimmers in remaining at high efficiency (35%), imposing a capture coordination
model (index of coordination: —11%) with high oxygen consumption (58.8 ml-kg™t
min™). High heterogeneity (>75%) was found among the outcome parameters in
the studies. The different average speeds that represented the kinematic parameters
seem to be the most responsible and influential in the arm-stroke efficiency,
coordination, and energetic parameters for high 400-m freestyle (front crawl)
performance. This meta-analysis can help researchers, coaches, and swimmers
improving competitive performance, and developing further research in the sports
sciences area, specifically in the swimming.
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Introduction

The swimming performance is influenced by kinematic, arm-stroke efficiency, coordination,
and energetic parameters (1) and those have been investigated in scientific research (2-5). The
synthesis of scientific research results on such parameters can be useful for coaches and
researchers to monitor, improve performance, and develop future research. The 400-m, even
test (front crawl) or competitive event (freestyle), is a middle-distance swimming distance (6).
The descriptive and quantitative summary of 400-m front crawl test specific performance
parameters (such as kinematic, arm-stroke efficiency, coordination, and energetic) seems to
have not been explored yet.

The 400-m test and competitive event has a prevalence of a parabolic pacing patterns or a fast-
even of swimming speed (7), and is performed under the severe intensity domain (8). The mean
swimming speed is the product of the mean stroke rate (SR) and mean stroke length (SL),
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without the effect of the wall push-off, turns and start effects (2). In a
middle-distance event, SR and SL can vary (9) according to gender
(male and female), categories (age-groups or adults), training
experience, and levels of swimming technical skills. The 400-m front-
crawl test is widely used in different competitive levels and the elite
swimmers in this event can reach speeds ranging from 1.58 to 1.76 m
st (10). In addition, to reach such speeds, a refined technique can
help the swimmer in reduce hydrodynamic drag and generating
propulsion. The relation between the swimmer’s applied force and
effective propulsion is the arm-stroke efficiency (mp). There are
different possibilities to estimate mp (11) as the percentage of the
force generated by the swimmers that is actually propulsive. A model
previously proposed (3) considers the stroke cycle as a paddle wheel
producing force to propel the swimmer forward. With this method,
the np values for the 400-m front crawl were around 30%-40% (12—
14). Three dimensional (3D) np analysis, which considers both the
3D centre of mass speed and 3D hand speed, can be applied too (11).
The coordination parameters can be represented, in the front crawl,
by the index of coordination (IdC) (4). The IdC characterizes what
coordination model the swimmer adopts, i.e., the IdC negative
(catch-up model), null (opposition model), and positive
(superposition model). In the 400-m front crawl test, studies (14-16)
indicated that swimmers adopt a non-propulsive interval between the
actions of the arm-stroke, the catch-up model. Expert swimmers in
this distance present an IdC from —20% to —10% (17, 18).

However, performing any swimming stroke, under any coordination
model, to reach a certain swimming speed requires an amount of metabolic
energy. In this way, the bioenergetics profile can be determined by VO, in
supra-maximal tests (to reach the VO, peak) or by exhaustive protocols (to
achieve maximum O, consumption—VO,max—even with an increase in
intensity, VO, does not increase) (19). Previous studies have identified the
400-m front crawl as a reliable test to assess the maximum aerobic power
and anaerobic contribution (20-22). As the average speed in the 400-m
front crawl test is similar to the minimum speed to reach the VO, max,
the energy profile of this test deserves attention in relation to the
possibilities of its use to prescribe training intensities, for example (20).
Meta-analysis and systematic reviews are scarce in research concerning
observational studies related to sport performance, and specifically
swimming (23, 24). Therefore, the purposes of this study were to
summarize, analyse, and evaluate results of studies involving 400-m
front crawl kinematic, arm-stroke efficiency, coordination, and energetic
parameters, tthrough a systematic review with meta-analysis. This meta-
analysis can provide to coaches and sports scientists an overview of the
400-m front crawl test.

Methods

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement check list was used for this meta-
analysis, following the established criteria (25).

Data strategy and sources

The search strategy used in the PubMed, Embase, SPORTSDiscus
and Web of Science databases for study collections were: swimmer
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AND swimming OR “front crawl” OR “middle distance” OR “400
m” AND energy OR kinematic OR coordination OR efficiency.
Only complete original articles were selected and they were
published between January 1970 and December 2022. The Boolean
operators “AND” and “OR” were used for tracing during the
searches in the electronic databases.

Eligibility criteria

that:
observational analysis; (ii) analyzed competitive swimmers of both

The meta-analysis included studies (i) performed
sexes; (iii) used the 400-m crawl test as a protocol. On the other
hand, studies were excluded when: (i) participants’ age were equal
and less than 12 years old and did not clearly show the age mean;
(ii) results were incomplete for standard deviation on the results;
(iii) were without information from anthropometric data; (iv)
described paralympic swimmers; (v) duplicate from the same

authors and sample size.

Performance outcomes parameters

To facilitate the construction of the meta-analysis, only one main
outcome representing each performance parameter was determined
in agreement with the research team. Therefore, the performance
outcomes extracted from these studies were: (i) kinematics (clean
swim speed); (ii) arm-stroke efficiency; (iii) coordination (index of
coordination); (iv) energy (peak and maximal oxygen
consumption). The swimming speed was chosen to represent the
kinematic parameters by representing the performance in the 400-
m front crawl test. The extraction of the values (m-s™') for meta-
analysis were of the studies that evaluated the clean swim speed
either by photogrammetry or by the chronometer. The np ((v-0.9)
(2n-SR-1)-2A(m)*100) in %) was obtained by the paddle wheel
method in all the selected studies (3).

The selection of studies regarding coordination parameters were
those that presented the results of the IdC (%). All selected studies
used the qualitative class model previously proposed (4).

The representative variable of the energy parameters was the
VO,peak or VO,max obtained in the 400-m front crawl test. The
methodological protocols for obtaining VO, peak values were by
retro-extrapolation and direct method during the test. The first is
obtained after the end of the test. The second consists of obtaining
the VO, breath-by- breath during the entire test. The VO,peak is
the highest value considered until the end of the test and the
VO,max is derived from incremental protocols to exhaustion. Both

methods have already been previously reported (20, 21).

Results extraction and assessing risk of bias

The data were extracted by two independent researchers with
experience in systematic review and meta-analysis. In the first
phase, the studies were selected and gathered by analyzing the
databases described in the search strategy. In the second phase, the
exclusion criteria established in the previous extraction were
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applied. First, duplicates were excluded and then, by reading the
abstract and, if necessary, the full paper, which did not include the
eligibility criteria. A third researcher was requested when there
were divergences in the inclusion and exclusion criteria. All
researchers maintained the same pattern in the extraction of meta-
analysis data.

In addition, the researchers evaluated the methodological quality
of the selected articles. For this, the Downs and Black Quality
Checklist  (26) for with
randomization was used. The original version of the scale includes

Assessment studies and without
27 items referring to the classification of the methodological
quality of the studies. However, some adaptations were made to
better fit the focus of this research: (i) item 27 was not used for
evaluating whether the negative findings from the study could be
due to chance; (ii) replacement of “patient” by “participant” and
“treatment” by “testing”. These changes in the assessment of the
quality were also carried out in previous studies (24, 27, 28). The
points obtained were totaled (fraction between the total number of
points reached and total number of applicable points), followed by
conversion into percentages, like previous study (24).

Data analysis

The kappa index was used to demonstrate the reliability between
the researchers in the scoring procedure. The interpretations of the
degrees are: (i) very low: 0 <K <0.19, (ii) considerable: 0.20 <K<
0.39, (iii) moderate: 0.40 < K< 0.59, (iv) substantial: 0.60 < K < 0.79,
and (v) excellent: 0.80 <K <1.00 (29). For the meta-analysis, the
mean and standard deviation of kinematics, arm-stroke efficiency,
coordination, and energy parameters obtained from the selection of
studies were used. When necessary, a conversion to equal units of
measure was performed. A random effect model was developed for
the data statistics (30). The heterogenicity, represented by the
inconsistency test (I?), was applied among the selected studies
whose results represent: 0%-25% low; 25%-50% moderate; 50%-
75% high, over 75%, very high (30). The weight quality of the
studies (31) was calculated by the inverse of the square standard
error (1/SE*) and converted into per cent. The risk of data bias
was observed by the forest plot (developed manually in Graph
Prism 8.0) and statistic results (I, SE and CI95%) were provided
by the software Open Meta Analyst (32). Subgroup analyses were
performed to minimize the effect of inconsistency. The alpha was
set at 5%.

Results

The research first identified 6,323 studies, of which, after the
exclusion of duplicates, 4,488 remained. With the analysis by
means of the titles and abstracts, 2,591 studies were excluded
(1,897 studies included). Subsequently, 68 studies were identified in
the analysis of the complete articles following the eligibility criteria.
Afterwards, 28 studies were excluded for the following reasons: (i)
results did not correspond to the maximum 400-m front crawl test;
(ii) swimmers of very young age; (iii) when it was not possible to
identify the described results; (iv) articles that did not provide
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sample characterisation data (for example: body mass to convert
the unit of measurement of oxygen consumption); (v) articles by
the same author, but with the same sample characterisation (in
this case only one was chosen). Thus, 40 studies completed the
final analysis and inclusion criteria for the meta-analysis (Figure 1).

In total, 40 articles were examined extensively because they fitted
the previously established inclusion criteria. Of these, 28 studies were
classified as moderate and 12 as high quality. No studies were
considered low or very high quality. The reliability between both
reviewers showed an almost perfect agreement (k = 0.85—excellent;
p<0.001). Table 1 describes the studies with the quality score,
swimmers’ competitive level, sample size, time trial, swimming
speed, np, IdC and VO,.

Kinematic, arm-stroke efficiency,
coordination, and energetic parameters

Due to the large number of studies describing swimming speed, it
was possible to carry out subgroup analyses to verify the mean
swimming speed responses, as well as the variability of the studies
divided into categories. Figure 2 shows the forest plot with the
inclusion of the 40 overall studies (1 =611) representing the clean
swim speed in the 400-m front crawl. The mean swimming speed
was considered moderate (1.34 m-s~! and SE=0.02; 95% CI: 1.31
to 1.37 m-s™'). The heterogeneity was considered high (I* = 98%,
P <0.01), which shows a high variability across the studies.

Next, an analysis by subgroup of the gender (male and female)
for swimming speed (Figure 3A,B) was developed. So, the meta-
analyses were performed with 22 studies for male swimmers (n =

Pubmed (n = 1,153)
Embase (n = 2,960)
SPORTDiscus (n = 1,176)
Web of Science (n = 1,015)
Additional records identified through other sources (n = 19)
Overall (n = 6,323)

A Records
Records after duplicates removed excluded 9qts'de
(n = 4,488) > competitive
! swimming
(n=2,591)

v

Records screened
(n=1,897)

Records excluded based
on title and abstract
(n=1,829)

!

Full-text articles assessed
for eligibility
(n=68)

!

Studies included in qualitative
synthesis metanalysis
(n = 40)

Full-text articles excluded,
by qualitative analysis of
eligibility for metanalysis

(n=28)

FIGURE 1
Flowchart summary of the studies selection process.
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8, male; @, female; S, senior swimmers; Y, young swimmers.
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244) and five studies for female (n =70). The mean swimming speed
of male swimmers was 139 m-s™' (SE=0.02; 95% CI: 1.35 to
1.43 m-s™"), higher when compared to the mean swimming speed
of female swimmers: 1.24 m-s™' (SE=0.07; 95% CL 1.11 to
1.37 m=s™"). The heterogeneity was considered high for both
genders (male: 12 =97.0%, p<0.01; female: 12 =97.6%, p<0.01),
while the high variability between studies in each category remained.

Subsequently, the analysis by subgroup was developed by senior
(over 18 years old) and junior (under 18 years old) categories for
swimming speed (Figures 3C,D, respectively). The criteria used by
the junior and senior categories was the age group based on the
previous study (62). Twenty-six studies were included in the senior
category (n=205) and 14 studies in the junior category (n=242).
The senior category showed a higher mean swimming speed of
1.36 m-s~! (SE=0.03; 95% CI: 1.32 to 1.40 m-s™ ') compared to the
junior category swimming speed, which had a mean of 1.28 m-s™"
(SE=0.03; 95%CI: 1.21 to 1.34 m-s™"). The heterogeneity remained
large for both categories (senior category: I°=98.2%, p<0.01;
junior category: I*=97.3%, p<0.01), demonstrating a large
variability of studies in both categories.

Figure 4A,B shows the 7p and the IdCs meta-analysis
(respectively). There was a total of three studies with np (n=67)
and five with IdC (n =73). The np was considered high, with mean
of 35% (SE=2.97; 95% CI: 28.8% to 40.5%). The heterogeneity was
considered high (I*=95.4%, p<0.001) due to the high variability
of the studies. The IdC showed that swimmers have adopted the
catch-up coordination model, with an IdC mean of —11% (SE =
1.65; 95% CI: —14.3% to —7.8%). The heterogeneity was high (I* =
89.5%, p <0.001 for IdC).

Figure 5A shows 17 studies (n=211) that were selected in the
VO, meta-analysis. The overall mean of VO, was high,
corresponding to 58.5 ml-kg™"-min~" (SE = 2.06). The heterogeneity
was considered high (I> =96.7%, p <0.01) due to the variability of
studies. Figure 5B,C shows the analysis of subgroups by age
category (senior and junior, respectively). In the senior category,
nine studies were included (n =82), and the VO, mean was higher,
60.4 mlkg "min~" (SE=2.06; 95% CI: 54.7 to 64.2 ml-kg '-min")
when compared with the junior category (eight studies; n =129),
where VO, average was 56.9 ml-kg”"-min~" (SE =2.5; 95% CI: 52.0
to 61.8 ml.kg~"min™"). The heterogeneity remained high for both
subgroups (senior: I” = 96.2%, p < 0.01; junior: I* = 93.3%, p < 0.01).

Discussion and implications

The purposes of this study were to summarize, analyse, and
evaluate results of studies involving 400-m front crawl kinematic,
arm-stroke efficiency, coordination, and energetic parameters,
through a systematic review with meta-analysis. This study tried to
demonstrate an overview of the performance parameters of the
400-m front crawl test. Swimming speed, np, IdC, and VO, results
were analyzed. In an overall analysis of the results, independent of
gender, the results indicated that the 400-m front crawl mean
speed was moderate (1.34 m-s™ ), with large mp (35%), IdC was in
the catch-up coordination model (—11%), and swimmers reached
high VO, values (59 mlkg "min~"'). However, when compared
with only the best results found, these mean results are below of
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Forest plots derived from continuous random-effects models depicting the kinematics parameters represented by clean swim speed (m-s7%) in 400-m front

' of seven trained male

those reported previously: speed 1.56 m-s™
swimmers (9); mp: 40.0% of 33 open water and triathletes,
(12); 1dC: —59% in 26
competitive male swimmers (18); VO, =68.1 ml'kg "min~" in 14

competitive male swimmers (20). This comparison is limited by

male and female swimmers

the gender, but the cited values were the highest of each parameter
analyzed in this meta-analysis.

The assessment of bias risk from the selected studies was
performed with the checklist previously reported (26). The score
results (converted to percentage for better understanding of the
parts by the whole) of study similar (27) to the present one were
approximately 45%. Studies related to swimming performance
(27, 63) obtained from 35% to 41%. This can be explained by the
fact that most studies were not as rigorous in terms of delineation
(e.g., clinical and randomized trials). Implications of group
analysis, intervention and blinding of participants, for example,
common to these types of trials mentioned, had to be considered
null within the scale score. In addition, some items had to be
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adapted to better suit observational studies (24). Therefore, the
lack of with  better
methodological quality. It is clear that randomized, clinical, and

meta-analysis pointed to a studies
longitudinal studies can provide better cause and effect responses
of parameters that are responsible for the performance of a given
event in any type of competitive sport, as previously pointed out
(27, 64). Research in the area of sport performance, and
swimming, has the difficulties of recruited high sample sizes,
making studies with more robust qualities difficult (63). On the
other hand, it is understood that such methodologies are often not
in accordance with the aims of the studies that were analyzed in
the present meta-analysis. Future researches should use more
directed to the area scales of evaluation of the quality of studies
and that encompass the reality of studies related to sports
performance, specifically in competitive swimming.

Over the decades,
investigated to help swimmers and coaches improve performance

the 400-m front crawl test has been

in competitive events (20, 59). It is already known that swimming
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FIGURE 3
Forest plots and subgroup analyses (gender category = A: male and B: female, respectively; divided by age category = C: senior and D: junior swimmers
derived from continuous random effects models depicting the swimming speed (m-s™%) in 400-m front crawl test.
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FIGURE 4

Forests plots derived from continuous random-effects models depicting the efficiency (A: % np = arm-stroke propelling efficiency) and coordination (B: % 1dC
= index of coordination) parameters in 400-m front crawl test.

speed is the parameter that best represents a swimmer’s performance ~ which is reflected in the best performance. Thus, the swimming
(46). The faster the swimmer is (and the more able to sustain high  speed was chosen to represent the kinematic parameters. The
speed), the shorter the time to complete the desired distance, average result of the swimming speed (male and female together)
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FIGURE 5

Forest plots and subgroups analysis (A: mean overall VO,; B: senior
category and C: junior category, respectively) derived from continuous
random-effects models depicting the energy parameters (VO,: oxygen
consumption expressed in ml-kg™-min7?).

reached ~75.7% of the average speed of the world records of the 400-
m freestyle (this speed was calculated as the average of the speeds,
with start and turn contributions, of the world records of the 400-
m freestyle in 50 and 25-m swimming pools for male and female,
retrieved from www.fina.org). This result could be explained by: (i)
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lower competitive level swimmers are more available to assess in
laboratories; (ii) test conditions that do not provide a competitive
environment; (iii) the open turns and lacking underwater phase
after turns when using a snorkel with valve for respiratory gas
analysis. Therefore, a subgroup analysis was conducted to identify
whether any factor would reduce heterogeneity and raise mean
swimming speed values. Following the eligibility criteria, it was
possible to divide the studies into two subgroups: (i) gender (male
and female); (ii) age-group categories (senior and junior). No
analysis was able to reduce heterogeneity and there was still great
variability among the studies (however, as expected, male
swimmers reached higher speeds than female swimmers).

Male swimmers can achieve higher speeds than female swimmers
in competitive swimming events (65). This is explained by the fact
that male swimmers have larger body segments and increased
muscle strength. In addition, male swimmers can perform higher
SR and SL, to overcome hydrodynamic drag (66). About the
subgroup of competitive categories, senior swimmers reached
higher swimming speeds (even higher than the mean of all general
studies) compared to junior swimmers. This can be explained by
the training and competitive experience over the years in the sport
(67). In one of the studies that showed the highest speed in the
400-m was (9), the swimmers selected were part of the French
national team and obtained high performance in the test (2256 s).
The study that reported the poorest test (~378 s) (46) assessed
male junior swimmers. Furthermore, only in five studies (9, 52, 54,
55, 58) swimmers reached swimming speeds over 1.50 m-s™';
however, the swimmers of these cited studies were of optimal
technical level. Therefore, more studies are needed to include high-
performance swimmers and separated groups to perform analysis
of performance (e.g., technical level, genders, and competitive
categories), and to verify which performance parameters reflect the
actual performance.

It was not possible to carry out an analysis of subgroups in 7p,
due to the small number of studies. The mean result (34.6%)
shows that expert swimmers, in the 400-m front crawl test, keep
their 7p high and close to the values previously referenced of
~40% (3). In addition, one of the studies included (12) reported
the same 7p with the use of a swimsuit by the swimmers and
concluded that the high np obtained at this event is due to the
large SL. Only five selected studies evaluated coordination
parameters with the IdC. The mean result (—11.0%) indicated the
catch-up model, previously described (4), as that performed by the
swimmers. It is already known that the different coordination
models do not represent the best or the worst performance, but
can be an adaptation that swimmers acquire to overcome
hydrodynamic drag oscillations, mainly when speed is increased.
However, two studies obtained higher IdC compared to the mean.
Previous study (18) reported IdC=6%. However, the same study
reported a mean speed of 1.42 m-s™', which does not represent the
best test performance among the studies included in the meta-
analysis. Possibly, the high IdC value is related to the increased SR.
Regarding both, 7p and IdC, more studies that verify this
parameter are needed for a better understanding of the results.

VO, was the chosen energy parameter. Seventeen studies were
selected and the VO, mean was 58.8 ml~kg_1-min_1, which
represents great aerobic power. The division of the subgroup
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indicated that the VO, of senior swimmers was like that of junior
swimmers. So, the age difference has no influence on the values
achieved. However, one should consider the swimming speed
related to the VO, values. In the study (9) that reported the

highest swimming speed, the swimmers reached up to
67.0 mlkg "min~' at 1.56 m:s~'. Study with junior male
competitive swimmers (46) reported 62.0 ml'kg 'min~' at

1.05 m-s™', with high VO,, but low swimming speed. High VO,
values could be related to test duration (from ~ 242 s to ~ 378 s).
Improved buffering conditions (68), recruitment of fast-contractile
muscle fibres, and aerobic power development (69) are some
examples of the high VO, values’ importance in swimming
performance. In addition, high swimming speed and high VO, are
targets to be reached in training for middle- and long-distance
specialist swimmers, mainly to develop improved metabolic power.
Therefore, future studies should direct a better analysis to the
speed reached in the permanence of VO, next to maximum.

The results indicated that the 400-m front crawl test presented
sub-maximum speeds, required a high arm-stroke efficiency, is
performed under catch-up coordination model, and reached high
energy demand. However, arm-stroke efficiency and aerobic power
do not support the best 400-m front crawl test performance (here
represented by the swimming speed). The analysis of subgroups (to
identify which factors influence the heterogeneity of the studies),
showed that swimmers can reach higher speeds and, consequently,
by swimming technical level and specialty, they can decrease the
test time and increase performance. Thus, we understand that the
swimming speed seems to be the more influential in changing
other parameters (efficiency, coordination, energy) in the 400-m
front crawl performance.

However, many researchers of sport sciences get stuck in the
sample size requirements to have robust and demanding inferential
statistics. In this context, the individuals selected to participate in
the research are swimmers with easy accessibility, so it is possible
to reach the required sample number (for example: university,
regional, and national swimmers of age categories, master
swimmers). Those of international and elite level are more difficult
to assess due to competitive and training schedules. In this regard,
the present meta-analysis also pointed out that these level
differences determine the high heterogeneity found in the
performance parameters. Moreover, the results demonstrated the
400-m front crawl performance parameters’ characteristics. Thus,
this meta-analysis results can help coaches and researchers to
monitor and improve performance, and develop further research in
the field of swimming. On the other hand, we can indicate the lack

References

1. 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. J Sci Med Sport. (2010) 13(2):262-9. doi: 10.1016/j.jsams.2009.01.003

2. Craig AB Jr, Pendergast DR. Relationships of stroke rate, distance per stroke, and
velocity in competitive swimming. Med Sci Sport. (1979) 11(3):278-83.

3. Zamparo P, Bonifazi M, Faina M, Milan A, Sardella F, Schena F, et al. Energy cost of
swimming of elite long-distance swimmers. Eur ] Appl Physiol. (2005) 94(5-6):697-704.
doi: 10.1007/s00421-005-1337-0

Frontiers in Sports and Active Living

10.3389/fspor.2023.977739

of appropriate evaluation scales for studies with the characteristics
of those that fit the eligibility criteria of the present study. Such
studies respond very well to the proposed objectives but end up
having moderate evaluation in recognized scales.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

RC and FC contributed to the conception and design of the
study. RC and WF organized the database. RC performed
the statistical analysis. RC, WF and FC wrote sections of the
manuscript. All authors contributed to the revision of the

manuscript, read and approved the submitted version.

Acknowledgments

The authors acknowledge the support provided by the Graduate
Program in Human Movement Sciences (PPGCMH) of the School of
Physical Education, Physical Therapy and Dance (ESEFID); Federal
University of the Rio Grande do Sul (UFRGS).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

4. Chollet D, Chalies S, Chatard JC. A new index of coordination for the crawl:
description and usefulness. Int | Sports Med. (2000) 21(1):54-9. doi: 10.1055/s-2000-
8855

5. Lavoie JM, Montpetit RR. Applied physiology of swimming. Sports Med. (1986) 3
(3):165-89. doi: 10.2165/00007256-198603030-00002

6. Ribeiro JP, Cadavid E, Baena J, Monsalvete E, Barna A, De Rose EH. Metabolic
predictors of middle-distance swimming performance. Br J Sports Med. (1990) 24
(3):196-200. doi: 10.1136/bjsm.24.3.196

frontiersin.org


https://doi.org/10.1016/j.jsams.2009.01.003
https://doi.org/10.1007/s00421-005-1337-0
https://doi.org/10.1055/s-2000-8855
https://doi.org/10.1055/s-2000-8855
https://doi.org/10.2165/00007256-198603030-00002
https://doi.org/10.1136/bjsm.24.3.196
https://doi.org/10.3389/fspor.2023.977739
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Correia et al.

7. Mauger AR, Neuloh J, Castle PC. Analysis of pacing strategy selection in elite 400-m
freestyle swimming. Med Sci Sport. (2012) 44(11):2205-12. doi: 10.1249/mss.
0b013e3182604b84

8. Rodriguez FA, Chaverri D, Iglesias X, Schuller T, Hoffmann U. Validity of
postexercise measurements to estimate peak VO2 in 200-m and 400-m maximal
swims. Int J Sports Med. (2017) 38(6):426-38. doi: 10.1055/5-0042-123707

9. Laffite LP, Vilas-Boas JP, Demarle A, Silva J, Fernandes R, Billat VL. Changes in
physiological and stroke parameters during a maximal 400-m free swimming test in
elite swimmers. Can J Appl Physiol. (2004) 29:517-31. doi: 10.1139/h2004-055

10. Zheng W, Zhang Z, Liao T, Zhao T, Ma Y. Study on the division tactics of top
swimming athletes home and abroad in the 400 m freestyle swimming race. Third
international conference on intelligent information hiding and multimedia signal
processing (IIH-MSP 2007). IEEE (2007).

11. Silveira RP, Soares SM, Zacca R, Alves FB, Fernandes RJ, Castro FAS, et al. A
biophysical analysis on the arm stroke efficiency in front crawl swimming: comparing
methods and determining the main performance predictors. Int J Environ Res Public
Health. (2019) 16(23):4715. doi: 10.3390/ijerph16234715

12. Gay A, Lopez-Contreras G, Fernandes RJ, Arellano R. Is swimmers’ performance
influenced by wetsuit use? Int J Sports Physiol Perform. (2019) 15(1):1-6. doi: 10.1123/
ijspp.2018-0891

13. Arsoniadis GG, Bogdanis GC, Terzis G, Toubekis AG. Acute resistance
exercise: physiological and biomechanical alterations during a subsequent swim
training session. Int J Sports Physiol Perform. (2020) 15(1):105-12. doi: 10.1123/ijspp.
2018-0897

14. Barbosa TM, de Jesus K, Abraldes JA, Ribeiro J, Figueiredo P, Vilas-Boas JP, et al.
Effects of protocol step length on biomechanical measures in swimming. Int J Sports
Physiol Perform. (2015) 10(2):211-8. doi: 10.1123/ijspp.2014-0108

15. Schnitzler C, Seifert L, Chollet D. Arm coordination and performance level in the
400-m front crawl. Res Q Exerc Sport. (2011) 82(1):1-8. doi: 10.1080/02701367.2011.
10599716

16. Schnitzler C, Seifert L, Chollet D, Toussaint H. Effect of aerobic training on inter-
arm coordination in highly trained swimmers. Hum Mov Sci. (2014) 33(1):43-53.
doi: 10.1016/j.humov.2013.12.004

17. Schnitzler C, Brazier T, Button C, Seifert L, Chollet D. Effect of velocity and added
resistance on selected coordination and force parameters in front crawl. J Strength Cond
Res. (2011) 25(10):2681-90. doi: 10.1519/JSC.0b013e318207ef5¢

18. Strzala M, Tyka A, Krezalek P. Physical endurance and swimming technique in 400
metre front crawl race. ] Hum Kinet. (2007) 18:73-85.

19. Sousa AC, Figueiredo P, Oliveira NL, Oliveira J, Silva AJ, Keskinen KL, et al. VO2
kinetics in 200-m race-pace front crawl swimming. Int ] Sports Med. (2011) 32
(10):765-70. doi: 10.1055/s-0031-1279772

20. Correia RA, Feitosa WG, Figueiredo P, Papoti M, Castro FAS. The 400-m front
crawl test: energetic and 3d kinematical analyses. Int J Sports Med. (2020) 41(1):21-6.
doi: 10.1055/a-1023-4280

21. Zacca R, Azevedo R, Peterson Silveira R, Vilas-Boas JP, Pyne DB, Castro FAS,
et al. Comparison of incremental intermittent and time trial testing in age-
group swimmers. ] Strength Cond Res. (2019) 33(3):801-10. doi: 10.1519/jsc.
0000000000002087

22. Kalva-Filho C, Campos E, Andrade V, Silva A, Zagatto A, Lima M, et al.
Relationship of aerobic and anaerobic parameters with 400 m front crawl swimming
performance. Biol Sport. (2015) 32(4):333-7. doi: 10.5604/20831862.1188611

23. Ferreira MI, Barbosa TM, Costa M]J, Neiva HP, Marinho DA. Energetics,
biomechanics, and performance in masters’ swimmers: a systematic review. ] Strength
Cond Res. (2016) 30(7):2069-81. doi: 10.1519/JSC.0000000000001279

24. Feitosa WG, Correia RA, Barbosa TM. Castro FAS. Performance of disabled
swimmers in protocols or tests and competitions: a systematic review and meta-
analysis. Sports Biomech. (2019) 21(3):1-23. doi: 10.1080/14763141.2019.1654535

25. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for
systematic reviews and meta-analyses: the prisma statement. J Clin Epidemiol. (2009)
62(10):1006-12. doi: 10.1016/j.jclinepi.2009.06.005

26. Downs SH, Black N. The feasibility of creating a checklist for the assessment of the
methodological quality both of randomised and non-randomised studies of health care
interventions. ] Epidemiol Community Health. (1998) 52(6):377-84. doi: 10.1136/jech.
52.6.377

27. Costa MJ, Balasekaran G, Vilas-Boas JP, Barbosa TM. Physiological adaptations to
training in competitive swimming: a systematic review. ] Hum Kinet. (2015) 49:179-94.
doi: 10.1515/hukin-2015-0120

28. Hébert-Losier K, Supej M, Holmberg HC. Biomechanical factors influencing the
performance of elite alpine ski racers. Sports Med. (2014) 44(4):519-33. doi: 10.1007/
$40279-013-0132-z

29. Landis JR, Koch GG. The measurement of observer agreement for categorical data.
Biometrics. (1977) 33(1):159-74. doi: 10.2307/2529310

30. Borenstein M, Hedges LV, Higgins JP, Rothstein HR. Introduction to meta-analysis.
Hoboken: John Wiley & Sons (2011).

31. Junior NKM. Meta-analise para os estudos do esporte e da atividade fisica. Rev Bras
Prescr Fisiol Exerc. (2014) 8(49):732-61.

Frontiers in Sports and Active Living

1

10.3389/fspor.2023.977739

32. Wallace BC, Schmid CH, Lau J, Trikalinos TA. Meta-analyst: software for meta-
analysis of binary, continuous and diagnostic data. BMC Med Res Methodol. (2009)
9:80. doi: 10.1186/1471-2288-9-80

33. Bassan NM, César TE, Denadai BS, Greco CC. Relationship between fatigue and
changes in swim technique during an exhaustive swim exercise. Int ] Sports Physiol
Perform. (2016) 11(1):33-9. doi: 10.1123/ijspp.2014-0310

34. Bentley DJ, Roels B, Hellard P, Fauquet C, Libicz S, Millet GP. Physiological
responses during submaximal interval swimming training: effects of interval duration.
J Sci Med Sport. (2005) 8(4):392-402. doi: 10.1016/51440-2440(05)80054-4

35. Campos E, Kalva C, Loures ], Manchado-Gobatto F, Zagatto A, Papoti M.
Comparison between peak oxygen consumption and its associated speed determined
through an incremental test and a 400-m effort: implication for swimming training
prescription. Sci Sports. (2016) 32(1):e37-e41. doi: 10.1016/j.scispo.2016.06.007

36. Chatard JC, Collomp C, Maglischo E, Maglischo C. Swimming skill and stroking
characteristics of front crawl swimmers. Int ] Sports Med. (1990) 11(2):156-61.
doi: 10.1055/s-2007-1024782

37. Chatard JC, Chollet D, Millet G. Performance and drag during drafting swimming
in highly trained triathletes (performance et sillage cree par le corps pendant la nage en
groupe de triathletes tres bien entraines). Med Sci Sports Exercise. (1998) 30(8):1276-80.
doi: 10.1097/00005768-199808000-00015

38. Chollet D, Hue O, Auclair F, Millet G, Chatard JC. The effects of drafting on
stroking variations during swimming in elite male triathletes. Eur J Appl Physiol.
(2000) 82(5-6):413-7. doi: 10.1007/s004210000233

39. Dalamitros AA, Zafeiridis AS, Toubekis AG, Tsalis GA, Pelarigo JG, Manou V,
et al. Effects of short-interval and long-interval swimming protocols on performance,
aerobic adaptations, and technical parameters: a training study. J Strength Cond Res.
(2016) 30(10):2871-9. doi: 10.1519/js¢.0000000000001369

40. Dekerle ], Sidney M, Hespel JM, Pelayo P. Validity and reliability of critical speed,
critical stroke rate, and anaerobic capacity in relation to front crawl swimming
performances. Int J Sports Med. (2002) 23(2):93-8. doi: 10.1055/s-2002-20125

41. Deminice R, Gabarra L, Rizzi A. Baldissera V. Série de treinamento intervalado de
alta intensidade como indice de determinagio da tolerancia a acidose na predi¢iao da
performance anaerdbia De natagdo. Rev Bras de Medicina do Esporte. (2007) 13:185-9.
doi: 10.1590/51517-8692200700030001 1

42. Fernandes RJ, Sousa M, Machado L, Vilas-Boas JP. Step length and individual
anaerobic threshold assessment in swimming. Int J Sports Med. (2011) 32(12):940-6.
doi: 10.1055/s-0031-1283189

43. Franken M, Figueiredo P, Silveira RP, de Souza Castro FA. Biomechanical,
coordinative, and physiological responses to a time-to-exhaustion protocol at two
submaximal intensities in swimming. J Phys Educ. (2019) 30(1):e3704. doi: 10.4025/
jphyseduc.v30i1.3074

44. Funai Y, Matsunami M, Taba S. Physiological responses and swimming technique
during upper limb critical stroke rate training in competitive swimmers. ] Hum Kinet.
(2019) 70:61-8. doi: 10.2478/hukin-2019-0026

45. Greco CC, Pelarigo JG, Figueira TR, Denadai BS. Effects of gender on stroke rates,
critical speed and velocity of a 30-min swim in young swimmers. ] Sports Sci Med. (2007)
6(4):441-8.

46. Jurimae J, Haljaste K, Cicchella A, Latt E, Purge P, Leppik A, et al. Analysis of
swimming performance from physical, physiological, and biomechanical parameters in
young swimmers. Pediatr Exerc Sci. (2007) 19(1):70-81. doi: 10.1123/pes.19.1.70

47. McCabe CB, Sanders RH. Kinematic differences between front crawl sprint and
distance swimmers at a distance pace. J Sports Sci. (2012) 30(6):601-8. doi: 10.1080/
02640414.2012.660186

48. Mezzaroba PV, Papoti M, Machado FA. Gender and distance influence
performance predictors in young swimmers. Mot Rev Educ Fis. (2013) 19(4):730-6.
doi: 10.1590/51980-65742013000400010

49. Obert P, Falgairette G, Bedu M, Coudert J. Bioenergetic characteristics of swimmers
determined during an arm-ergometer test and during swimming. Int J Sports Med.
(1992) 13(4):298-303. doi: 10.1055/s-2007-1021270

50. Oliveira MFM, Caputo F, Dekerle J, Denadai BS, Greco CC. Stroking parameters
during continuous and intermittent exercise in regional-level competitive swimmers.
Int J Sports Med. (2012) 33(9):696-701. doi: 10.1055/s-0031-1298003

51. Papoti M, Silva A, Kalva C, De Araujo G, Santiago V, Martins L, et al. Tethered
swimming for the evaluation and prescription of resistance training in young
swimmers. Int ] Sports Med. (2017) 38:125-33. doi: 10.1055/5-0042-105017

52. Petibois C, Deleris G. Fourier-transform infrared spectrometry determination of
the metabolic changes during a maximal 400-meter swimming test. Int J Sports Med.
(2003) 24(5):313-9. doi: 10.1055/s-2003-40707

53. Rodriguez F, Mader A. Energy metabolism during 400 and 100-m crawl swimming:
computer simulation based on free swimming measurement. Biomech Med Swim VIII.
(2003):373-8.

54. Rodriguez F. Maximal oxygen uptake and cardiorespiratory response to maximal
400-m free swimming, running and cycling test in competitive swimmers. ] Sports
Med Phys Fitness. (2000) 40(2):87.

55. Samson M, Monnet T, Bernard A, Lacouture P, David L. Kinematic hand
parameters in front crawl at different paces of swimming. ] Biomech. (2015) 48
(14):3743-50. doi: 10.1016/j.jbiomech.2015.07.034

frontiersin.org


https://doi.org/10.1249/mss.0b013e3182604b84
https://doi.org/10.1249/mss.0b013e3182604b84
https://doi.org/10.1055/s-0042-123707
https://doi.org/10.1139/h2004-055
https://doi.org/10.3390/ijerph16234715
https://doi.org/10.1123/ijspp.2018-0891
https://doi.org/10.1123/ijspp.2018-0891
https://doi.org/10.1123/ijspp.2018-0897
https://doi.org/10.1123/ijspp.2018-0897
https://doi.org/10.1123/ijspp.2014-0108
https://doi.org/10.1080/02701367.2011.10599716
https://doi.org/10.1080/02701367.2011.10599716
https://doi.org/10.1016/j.humov.2013.12.004
https://doi.org/10.1519/JSC.0b013e318207ef5e
https://doi.org/10.1055/s-0031-1279772
https://doi.org/10.1055/a-1023-4280
https://doi.org/10.1519/jsc.0000000000002087
https://doi.org/10.1519/jsc.0000000000002087
https://doi.org/10.5604/20831862.1188611
https://doi.org/10.1519/JSC.0000000000001279
https://doi.org/10.1080/14763141.2019.1654535
https://doi.org/10.1016/j.jclinepi.2009.06.005
https://doi.org/10.1136/jech.52.6.377
https://doi.org/10.1136/jech.52.6.377
https://doi.org/10.1515/hukin-2015-0120
https://doi.org/10.1007/s40279-013-0132-z
https://doi.org/10.1007/s40279-013-0132-z
https://doi.org/10.2307/2529310
https://doi.org/10.1186/1471-2288-9-80
https://doi.org/10.1123/ijspp.2014-0310
https://doi.org/10.1016/s1440-2440(05)80054-4
https://doi.org/10.1016/j.scispo.2016.06.007
https://doi.org/10.1055/s-2007-1024782
https://doi.org/10.1097/00005768-199808000-00015
https://doi.org/10.1007/s004210000233
https://doi.org/10.1519/jsc.0000000000001369
https://doi.org/10.1055/s-2002-20125
https://doi.org/10.1590/S1517-86922007000300011
https://doi.org/10.1055/s-0031-1283189
https://doi.org/10.4025/jphyseduc.v30i1.3074
https://doi.org/10.4025/jphyseduc.v30i1.3074
https://doi.org/10.2478/hukin-2019-0026
https://doi.org/10.1123/pes.19.1.70
https://doi.org/10.1080/02640414.2012.660186
https://doi.org/10.1080/02640414.2012.660186
https://doi.org/10.1590/s1980-65742013000400010
https://doi.org/10.1055/s-2007-1021270
https://doi.org/10.1055/s-0031-1298003
https://doi.org/10.1055/s-0042-105017
https://doi.org/10.1055/s-2003-40707
https://doi.org/10.1016/j.jbiomech.2015.07.034
https://doi.org/10.3389/fspor.2023.977739
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Correia et al.

56. Schnitzler C, Ernwein V, Seifert L, Chollet D. Comparison of spatio-temporal,
metabolic, and psychometric responses in recreational and highly trained swimmers
during and after a 400-m freestyle swim. Int ] Sports Med. (2007) 28(02):164-71.
doi: 10.1055/s-2006-924208

57. Tsalis G, Toubekis AG, Michailidou D, Gourgoulis V, Douda H, Tokmakidis SP.
Physiological responses and stroke-parameter changes during interval swimming in
different age-group female swimmers. ] Strength Cond Res. (2012) 26(12):3312-9.
doi: 10.1519/JSC.0b013e31824e1724

58. Wakayoshi K, Ikuta K, Yoshida T, Udo M, Moritani T, Mutoh Y, et al
Determination and validity of critical velocity as an index of swimming performance
in the competitive swimmer. Eur ] Appl Physiol Occup Psychol. (1992) 64(2):153-7.
doi: 10.1007/bf00717953

59. Zacca R, Fernandes R, Pyne D, Castro FC. Swimming training assessment: the
critical velocity and the 400-m test for age-group swimmers. J Strength Cond Res.
(2016) 30(5):1365. doi: 10.1519/js¢.0000000000001239

60. Zacca R, Azevedo R, Silveira RP, Vilas-Boas JP, Pyne DB, Castro FAdS, et al.

Comparison of incremental intermittent and time trial testing in age-group swimmers.
J Strength Cond Res. (2019a) 33(3):801-10. doi: 10.1519/js¢.0000000000002087

61. Zacca R, Toubekis A, Freitas L, Silva AF, Azevedo R, Vilas-Boas JP, et al. Effects of
detraining in age-group swimmers performance, energetics and kinematics. J Sports Sci.
(2019b) 37(13):1490-8. doi: 10.1080/02640414.2019.1572434

62. Kojima K, Stager J. Competitive systematization in age-group swimming: an
evaluation of performances, maturational considerations, and international paradigms.
Biomechanics Medicine in Swimming XI (2010). p. 267-9

Frontiers in Sports and Active Living

12

10.3389/fspor.2023.977739

63. Yu Kwok W, So BCL, Tse DHT, Ng SSM. A systematic review and meta-analysis:
biomechanical evaluation of the effectiveness of strength and conditioning training
programs on front crawl swimming performance. J Sports Sci Med. (2021) 20
(4):564-85. doi: 10.52082/jssm.2021.564

64. Junior V, Medeiros A, de Jesus K, Garrido N, Corredeira R, Daly DJ, et al.
Biomechanical characterization of swimmers with physical disabilities. Motricidade.
(2018) 14(4):103-12. doi: 10.6063/motricidade.16033

65. Seifert L, Chollet D, Chatard JC. Kinematic changes during a 100-m front crawl:
effects of performance level and gender. Med Sci Sports Exercise. (2007) 39
(10):1784-93. doi: 10.1249/mss.0b013e3180f62{38

66. Toussaint HM, Hollander AP, Van den Berg C, Vorontsov A. Biomechanics of
swimming. In: WE Garrett, DJ Kirkendall, editors. Exercise and sport science.
Philadeplphia, PA: Lippincott Williams & Wilkins (2000). p. 639-60.

67. Aspenes S, Kjendlie PL, Hoff J, Helgerud J. Combined strength and endurance
training in competitive swimmers. J Sports Sci Med. (2009) 8(3):357-65.

68. Temesi ], Maturana FM, Peyrard A, Piucco T, Murias JM, Millet GY. The
relationship between oxygen uptake kinetics and neuromuscular fatigue in high-
intensity cycling exercise. Eur ] Appl Physiol. (2017) 117(5):969-78. doi: 10.1007/
s00421-017-3585-1

69. Saunders MJ, Evans EM, Arngrimsson SA, Allison JD, Warren GL, Cureton KJ.
Muscle activation and the slow component rise in oxygen uptake during cycling.
Med Sci Sports Exerc. (2000) 32(12):2040-5. doi: 10.1097/00005768-200012000-
00012

frontiersin.org


https://doi.org/10.1055/s-2006-924208
https://doi.org/10.1519/JSC.0b013e31824e1724
https://doi.org/10.1007/bf00717953
https://doi.org/10.1519/jsc.0000000000001239
https://doi.org/10.1519/jsc.0000000000002087
https://doi.org/10.1080/02640414.2019.1572434
https://doi.org/10.52082/jssm.2021.564
https://doi.org/10.6063/motricidade.16033
https://doi.org/10.1249/mss.0b013e3180f62f38
https://doi.org/10.1007/s00421-017-3585-1
https://doi.org/10.1007/s00421-017-3585-1
https://doi.org/10.1097/00005768-200012000-00012
https://doi.org/10.1097/00005768-200012000-00012
https://doi.org/10.3389/fspor.2023.977739
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Kinematic, arm-stroke efficiency, coordination, and energetic parameters of the 400-m front-crawl test: A meta-analysis
	Introduction
	Methods
	Data strategy and sources
	Eligibility criteria
	Performance outcomes parameters
	Results extraction and assessing risk of bias
	Data analysis

	Results
	Kinematic, arm-stroke efficiency, coordination, and energetic parameters

	Discussion and implications
	Data availability statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


