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Abstract
Background Swimming performance depends on a wide variety of factors; however, the interaction between these factors 
and their importance varies between events. In sprint events, the characterized pacing underlines its specific development, 
as swimmers must achieve the highest possible speed while sustaining it to the greatest extent possible.
Objectives The aim of this review was to identify the key factors underlying sprint swimming performance and to provide 
in-depth and practical evidence-based information to optimize performance.
Methods The review protocol was not registered. PubMed, Web of Science and Scopus databases were searched up to Octo-
ber 31, 2023. Studies involving competitive swimmers and investigating sprint swimming performance were included, while 
studies conducted with young or masters’ swimmers, triathletes or waterpolo players or not investigating sprint swimming 
performance were excluded. The Downs and Black Quality Assessment Checklist was performed on the included articles 
to assess the methodological quality.
Results After applying the PICOS framework, 39 of the 1330 articles initially identified were included according to the 
PRISMA guidelines. The included records focused mainly on dry-land strength and in-water forces of both upper and lower 
limbs. A wide range of kinematic variables were also examined, together with the importance of anthropometric and various 
physiological parameters.
Conclusion This review highlights the importance of developing muscular strength and effectively transferring it to perfor-
mance in the water. The evidence suggests that muscular development should prioritize enhancing velocity and effective 
displacement, rather than merely increasing force and performance in loaded tests. However, further research is needed to 
confirm this. While in-water forces have been well studied, there is a notable lack of analysis regarding drag. The optimal 
balance between stroke rate and stroke length should be determined individually, with a primary focus on achieving a high 
stroke length from a high stroke rate. Although anthropometry may play an important role in performance, the interaction 
of these traits appears to be complex, suggesting that other factors may be more important in determining performance out-
comes. From a physiological perspective, the results indicate that the lactate peak and rate of accumulation should be thor-
oughly developed. Notwithstanding, this review shows the lack of a solid body of knowledge on the importance of anaerobic 
and especially aerobic factors. Finally, the absence of a list of potential confounders, together with the lack of high-quality 
studies involving elite swimmers (level 1 and 2), complicates the interpretation of the results.
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Key Points 

Research emphasizes the importance of developing 
muscular strength in the upper and lower limbs, which 
appears to be velocity-oriented rather than load-oriented 
to enhance swimming performance, although further 
research is needed to confirm this.

Stroke length and stroke rate play a crucial role in the 
development of better performance and need to be 
optimally combined, together with other stroke-specific 
factors, but the intrinsic changes that occur during their 
modification remain unknown.

The review highlights the need for more comprehensive 
studies that include elite swimmers in all four swimming 
strokes, as well as the lack of a thorough understanding 
of relevant physiological factors.

1 Introduction

The goal in competitive swimming is to cover a given dis-
tance in the shortest possible time. Swimming events range 
from 50 to 1500 m, lasting from ~ 20 s to ~ 15 min being 
classified as sprint (50–100 m), middle (200–400 m), and 
long distance (800–1500 m) events [1]. Despite the evident 
difference in effort times, performance in each one of these 
events depends on biomechanical, physiological, and anthro-
pometric factors [2]. Although these factors may be com-
mon across distances, their interaction and importance vary 
between the events [1, 3]. Therefore, these factors need to be 
addressed independently for each event considering the spe-
cific energetic requirements [4]. Sprint events, for instance, 
are characterized by an all-out or positive pacing [1]; hence, 
swimmers must achieve the highest possible speed while 
also sustaining it to the greatest extent possible [4].

To enhance swim speed, swimmers must increase pro-
pulsive forces and/or decrease drag forces [5, 6], with 
both dependent on a wide range of factors [2]. The com-
plex interplay between these factors renders it exceed-
ingly challenging to develop effective training programs 
[7], especially for sprinters. Swimming is predominantly 
considered an aerobic-based sport and, consequently, 
swimming coaches commonly prescribe high volumes of 
low-intensity aerobic training [5, 8]. Nowadays, despite 
a shift towards lower volume training at the highest per-
formance levels, most training programs are still pre-
dominantly based on aerobic work [9]. While this aero-
bic work is indeed necessary to tolerate other types of 

training and enhance recovery capacity, it does not satisfy 
the energetic demands during actual races [10]. Thus, this 
circumstance has led to a discussion on whether sprint 
swimmers should be trained in a completely different way 
to match the energy systems, technical skills, and motor 
abilities relevant to the events. This specificity is exempli-
fied in training modalities where intensities closely mirror 
an athlete's best competitive performance velocity (e.g., 
intermittent sprint workouts) and specific stroke aspects 
are emphasized during repetitions, aligning with skill 
acquisition principles and deliberate practice for optimal 
athlete development [11]. In this sense, a large amount of 
research in sprint swimming has emerged with the aim of 
understanding the key factors in performance.

To overcome the water resistance in short race distances, 
research has particularly focused on the effect of force pro-
duction and strength on speed development [12]. These 
studies emphasize muscular strength, with special attention 
on the choice of exercises that are associated with in-water 
performance development [13, 14]. However, the impact 
of dry-land strength training on performance depends not 
only on the exercises used but also on the type of training 
and the adaptations produced. For optimal transfer to sprint 
performance, low-volume with high-force or high-velocity 
resistance training programs are recommended [15]. Yet, the 
specific adaptations from these training types differ [16–18], 
requiring careful consideration of the evaluated metrics.

Technological advancements have enabled the develop-
ment of different methodologies and parameters to evaluate 
force in the water and these offer a wide range of possibili-
ties with varying feasibility [19, 20]. The force application is 
intrinsically related to the movement, as propulsion depends 
not only on the force itself but also on the ability to apply 
this force effectively [21, 22]. Thus, kinematics plays an 
essential role in sprint performance. Since swimmers move 
at considerably higher stroke rates in sprints compared with 
other distances, special attention needs to be paid to the 
stroke mechanics. Otherwise, inefficient movements can 
result in energy wastage and a loss of propulsion [23–25].

Despite the short duration of the effort, sprint swimmers 
must maximize the energy gained [10, 26]. From the physi-
ological perspective, given that swimming is considered an 
aerobic-based sport, research has primarily focused on mid-
dle- and long-distance events. However, the importance of 
physiology in short distances is still crucial [27, 28] and 
needs to be reviewed to better understand its determinants. 
Finally, all these factors are influenced by anthropometric 
characteristics, considered determinants of sprint perfor-
mance [2, 29]. While somatic attributes are largely inher-
ited, some can be modified, impacting sprint performance. 
Because of that, the anthropomorphological characteristics 
of swimmers have played an important role in the recent 
swimming literature that needs to be reviewed.
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As comprehension of the factors in sprint would lead 
to better development and optimization of performance, it 
is necessary to provide an up-to-date review of the factors 
relating to sprint performance. Therefore, the aims of this 
systematic review were (i) to identify the dry-land strength, 
biomechanical, anthropometric and/or physiological fac-
tors that have been identified in the literature as influencing 
sprint swimming performance and (ii) to provide in-depth 
and practical evidence-based information to optimize sprint 
swimming performance.

2  Methods

This systematic review was completed in accordance with 
the guidelines provided in the Preferred Reporting Items for 
Systematic Review and Meta-Analyses (PRISMA) statement 
[30]. The review was not registered nor was the protocol 
prepared beyond what is presented in this methods section.

2.1  Search Strategy

A comprehensive and extensive search of original articles 
was performed encompassing publications up to October 
31, 2023 in three international electronic databases: Pub-
Med, Web of Science, and Scopus. The complete search 
strategy with the Boolean search method (including AND/
OR) used in PubMed was as follows: ((sprint) AND (swim-
ming)) AND ((((((((((kinematics) OR (anthropometric)) 
OR (strength)) OR (biomechanics)) OR (physiology)) OR 
(race)) OR (lactate)) OR (training)) OR (propulsion)) OR 
(drag)) AND (performance). Moreover, the specific search 
terms were modified to adjust to the nuances or require-
ments of the other databases as specified in Supplementary 
Table S1 (see electronic supplementary material [ESM]).

2.2  Eligibility Criteria

The Population, Intervention, Comparison, Outcomes and 
Study (PICOS) framework [30], together with the inclu-
sion and exclusion criteria, are described in Table 1 [31]. 

Furthermore, reviews (of any kind), case studies, posters, 
conference abstracts, or presentations were not included to 
ensure peer review. Studies not written in English were also 
excluded.

2.3  Study Selection

The selection of relevant articles was carried out by two 
independent researchers, both PhD holders with previous 
experience in conducting systematic reviews. First, all 
studies retrieved from the databases were screened, dupli-
cate articles were removed, and titles and abstracts were 
inspected independently. The eligibility criteria (Table 1) 
were applied by both researchers and disagreements were 
discussed until a consensus was reached. The same proce-
dure was then followed after the full-text screening of the 
remaining articles for the final decision. Finally, the refer-
ence lists of the included articles were reviewed to identify 
articles that might not have been found in the initial search. 
However, no further articles were identified for inclusion.

2.4  Data Extraction

The extraction process was conducted by one researcher 
and double-checked by another independent researcher. The 
items extracted were (i) study reference; (ii) main purpose; 
(iii) number of participants per sex, age, and competitive 
level; (iv) assessment protocol; and (v) main findings.

2.5  Quality Assessment

Two independent reviewers performed the quality assess-
ment of each study. In case of disagreements and uncer-
tainty, a third reviewer was consulted. The Downs and Black 
Quality Assessment Checklist [32] was used based on the 
following criteria: reporting, external validity, internal valid-
ity (bias and confounding), and power. This tool has been 
employed in systematic reviews within the sports domain 
[19, 33, 34].

In alignment with the study focus and previously adapted 
versions, the following adjustments were made [19, 33, 35]: 

Table 1  Inclusion and exclusion criteria based on the PICOS framework

Item Inclusion criteria Exclusion criteria

Population Healthy competitive swimmers
Juvenile A or older (≥ 14.9 years)

Animals, disabled swimmers, young swimmers (< 14.9 years), triathletes, waterpolo 
players, or masters swimmers

Intervention Sprint swimming, performance assessment Middle or long distance events, open water events, nutrition, physiotherapy, health, 
warm-up or recovery, methodological studies (e.g., validation and reliability stud-
ies)

Comparison Swimming distance (up to 100 m), sex Swimming distance (longer than 100 m), age, sports, start, turn, strokes, genetics
Outcome Sprint performance or related to it Not related to sprint performance
Study design Cross-sectional Longitudinal (intervention)



 J. J. Ruiz-Navarro et al.

replacing ‘patient’ with ‘participant’ and ‘treatment’ with 
‘testing’; items not applicable to the study design i.e., cross-
sectional study were excluded (4, 8, 9, 14, 15, 17, 19 and 
22–26); and the response format for item 27 was simplified 
to ‘yes’ (1 point) or ‘no’ (0 points), rather than offering five 
options (Supplementary Table S2 in the ESM). Methodolog-
ical quality was categorized as low (≤ 50%), good (51–75%), 
or excellent (> 75%) [36] with the percentages calculated as 
(manuscript score / 16 (maximum score)) × 100.

Inter-rater reliability, reflecting the degree of agreement 
between reviewers during the scoring process, was assessed 
using Cohen’s Kappa coefficient (κ) [37]. Interpretation fol-
lowed Landis and Koch’s suggestion [38]: no agreement 
if κ < 0; poor agreement if 0 < κ < 0.19; fair agreement if 
0.20 < κ < 0.39; moderate agreement if 0.40 < κ < 0.59; sub-
stantial agreement if 0.60 < κ < 0.79; and almost perfect 
agreement if 0.80 < κ < 1.00.

3  Results

3.1  Article Identification

The initial search identified 1330 records. After duplicate 
removal, 738 records were manually screened by title and 
abstract, which resulted in the exclusion of 634 records. The 
full texts of 104 records were assessed for eligibility and 
65 of those were excluded. For instance, the study by Gatta 
et al. (2012) [39] was potentially considered as it provided 
valuable information about flutter kick propulsion; how-
ever, this was not integrated in whole body propulsion. Also 
excluded was the study by Flatt et al. (2017) [40], which 
examined changes in heart rate variability and wellness 
parameters in response to different training periods but did 
not assess their impact on performance. Hence, a total of 39 
articles were considered for further analysis. The complete 
and detailed search process is shown in Fig. 1.

3.2  Quality of Included Studies

The inter-rater reliability analysis showed an almost perfect 
agreement (κ = 0.83) among raters in the scoring process 
using the quality index. A comprehensive summary of the 
quality index for each study is presented (%) in Table 2 while 
the individual quality index outcomes are presented in Sup-
plementary Table S3 (see ESM). The overall quality index 
exhibited a mean (± standard deviation) percentage score of 
55.1 ± 9.7% (ranging from 37.5% to 75%). Notably, several 
studies lacked a list of potential confounders and reporting 
statistical power. On the other hand, the studies consistently 
presented clear descriptions of the main outcomes to be 
measured, stated their main findings, and provided estimates 
of random variability.

3.3  Description of the Included Articles

The characteristics of the records included are presented in 
Table 2, which has been structured by the main outcome 
domain (please note that some articles cover different 
domains), within which studies are ordered from high to low 
performance level to facilitate the results comparison from 
different studies. There were no eligible records prior to 
1993. Most of the eligible records (35 of 39) were published 
between 2013 and 2023. The study populations, following 
the proposed classification model [41], were as follows: 
53.8% Level 4 (21/39) [3, 14, 42–60], 17.9% Level 3 (7/39) 
[13, 61–66], 10.2% Level 5 (4/39) [67–70], 7.6% Level 2 
(3/39) [71–73], and 2.5% Level 1 (1/39) [74]; 7.7% did not 
report the swimmers’ performance level (3/39) [75–77]. 
Please note that two of the manuscripts [53, 72] reported 
samples with two different levels and only the highest level 
has been used to provide the percentages. Regarding sex, 17 
of the records had both male and female participants [3, 48, 
50, 53, 58, 60, 61, 64, 65, 67–70, 72, 74, 75, 77], 20 had all 
male participants [13, 14, 42–47, 49, 51, 52, 54–57, 59, 62, 
66, 73, 78], one had all females [63], and the participants’ 
sex in the remaining study was not reported [76]. The sample 
mean age ranged from 16 to 25 years, with 18 records hav-
ing swimmers with a mean age under 18 years [3, 13, 14, 
42, 46–49, 53, 58–60, 67–70, 75, 76] (two of them had both 
under and over 18 years) [50, 72].

The most studied stroke was front crawl, being explored 
in 35 of the studies [3, 13, 14, 42–54, 56, 58–61, 63–73, 
75–77]. Butterfly [55, 61, 62, 64, 68, 72, 75, 77] and breast-
stroke [57, 61, 64, 68, 72, 74, 75, 77] were analyzed in eight 
studies, and backstroke in only six of the records [61, 64, 
68, 72, 75, 77]. Full-stroke swimming was analyzed in 38 of 
the studies [3, 13, 14, 42–53, 55–77], arm-only swimming 
in eight [42, 52, 54, 59, 63, 69, 75], and leg kick in five of 
them [51, 56, 59, 69, 75].

Five subsections of studies were identified. (i) Dry-
land strength: of the 39 studies included in the review, 16 
explored the relationship between resistance exercises (i.e., 
body weight or non-body weight exercise) and sprint per-
formance or kinematics [13, 14, 42, 46, 50, 51, 53, 55, 56, 
59, 67, 68, 72, 74–76]. Five of the aforementioned studies 
analyzed body weight exercises [50, 51, 53, 55, 56], seven 
focused on both body weight and non-body weight exer-
cises [13, 14, 42, 59, 68, 72, 74, 75], and four explored only 
non-body weight exercises [42, 46, 67, 76]. (ii) Kinetics: 
the relationship between tethered parameters and swimming 
performance was explored in 12 studies [14, 47–49, 52, 53, 
56, 59, 67, 70, 73, 76], while semi-tethered was analyzed 
in three manuscripts [13, 43, 62]. Active drag was meas-
ured in three studies [3, 54, 70]. (iii) Kinematics: a wide 
range of kinematic factors were explored in 18 of the records 
included in this review [3, 42, 44, 46, 49, 53, 55, 57, 58, 60, 
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63, 65–67, 70–72, 74]. (iv) Anthropometrics: the anthropo-
metrics was an object of study in 11 articles [46, 50, 55, 56, 
60, 61, 68, 70, 72, 74, 77]. (v) Physiological factors: physi-
ological measurements were taken in eight studies [3, 45, 
49, 50, 58, 64, 68, 69].

4  Discussion

This systematic review aimed to identify the neuromuscu-
lar, biomechanical, anthropometric, and/or physiological 
factors that have been identified in the literature as influenc-
ing sprint swimming performance and to provide in-depth 
and practical evidenced-based information to optimize 

sprint swimming performance. A considerable amount of 
research has been conducted to address the importance of 
dry-land strength, kinetics, kinematics, and anthropometrics. 
However, other factors such as active drag or physiological 
measurements require further research. Overall, the included 
studies demonstrated good methodological quality. However, 
the quality ranged from low to good, with none reaching an 
excellent standard.

4.1  Dry‑Land Strength

In swimming, most of the applied force (of the upper body) 
stems from the back muscles [79], and as such, arm pull 
tests are crucial for evaluating upper body strength and 
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Fig. 1  Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart of the study selection process
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endurance. Research indicates that the pull-up and lat pull-
down exercises are positively associated with performance 
across various factors [51, 53, 59, 74]. These exercises target 
the latissimus dorsi, a key muscle involved in the vertical 
plane of motion [5]. It is therefore not surprising that the 
aforementioned are two of the most prescribed exercises by 
elite strength and conditioning coaches in swimming [80, 
81]. Nevertheless, among the different parameters that can 
be measured from these exercises, research shows that the 
velocity and power developed during the concentric phase of 
a single arm pull-up and lat pull-down or a maximum num-
ber of repetitions test show the strongest associations with 
performance [51, 53, 59, 74], whereas other factors such as 
the total number of pull-ups do not show any association 
[51]. This discrepancy may be attributed to neuromuscular 
differences between force and speed production and their 
respective maintenance over time. In light of these findings, 
it appears essential for swimmers to prioritize rapid force 
production, regardless of the actual movement speed, to 
evoke the greatest improvements in swimming speed [82]. 
The results suggest that the benefits derived from dry-land 
strength training are not solely dependent on the exercise 
selected but more importantly on the characteristics of the 
movement execution, specifically the maximal intended 
velocity.

The repetition maximum of a weighted push-up as well 
as bench press, both exercises that stimulate the pectoralis 
major which is highly involved in propulsion [83], were pos-
itively associated with front crawl swimming performance 
[13, 42, 67]. The association is stronger when absolute val-
ues are used rather than when values are relativized to body 
mass [13]. The reason for this higher association could be 
attributed to the effect of buoyancy (a force influenced by 
the body's specific mass and density), which counteracts 
body weight in the water and, consequently, its effect on 
swimming [84]. It is important to note that in the scien-
tific literature, the bench press is likely the most studied 
upper-body exercise in terms of force/load-velocity profile 
[85, 86]. However, there is only one study specific to sprint 
swimming [67]. The results showed that the velocity of the 
movement evidenced a slightly better association with swim-
ming performance than force production. Hence, in line with 
the pull-up results [51, 53, 74], swimmers might need a more 
oriented velocity profile. Notwithstanding, the literature 
remains scarce regarding the study of load/force–velocity 
profile in dry-land exercises for swimming. Thus, based on 
findings from other disciplines [87], swimming research 
should aim to explore in-depth load/force–velocity profiles 
to better orientate dry-land strength training.

To a lesser extent, the studies included in this systematic 
review also examined isokinetic and isometric exercises [14, 
72, 76]. The findings indicate, except for handgrip, which is 
an indicator of overall strength [88], that the force generated 

at zero velocity (i.e., isometric) is not associated with per-
formance, whereas the force developed at various speeds, 
particularly at very high speeds, shows a positive relation-
ship with performance. Overall, these findings are in line 
with previous results, underscoring the importance of the 
velocity as swimmers need to apply a higher amount of force 
at relative high velocities, especially considering that the 
underwater hand path should be performed with progres-
sively increasing speed [89]. Hence, the highest propulsion 
should be achieved at the end of the stroke when the hand 
speed is the highest [5, 90]. Yet, the low number of studies 
investigating this type of exercise means further research is 
required.

Core muscle development is one of the main goals of elite 
swimming strength and conditioning coaches during dry-
land training [80, 81]. In this regard, the two included stud-
ies examining core strength found positive associations with 
swimming performance using a maximal and an endurance 
sit-up test [68, 75]. This phenomenon relies on the basis 
that a stronger core is crucial to overcome the unstable and 
dynamic nature of the water [91], as well as to ensure the 
transference of force between the upper and lower limbs, 
hence granting an efficient locomotion [91]. Moreover, 
despite the non-specificity of the exercise, this result might 
indicate that the core plays a role in propulsion beyond the 
transfer of force. Indeed, torso twist was highlighted as a 
supplementary function by the torso muscles [23]. There-
fore, designing exercises that challenge the torso muscles to 
generate torques that produce or resist longitudinal rotation 
of the upper and lower torso could transfer to improvements 
in swimming performance [92].

When exploring the relationship between sprint swim-
ming performance and lower limb strength, mixed findings 
are shown. Several studies evidenced association for all four 
strokes in a wide variety of factors (jump height, work, or 
flight time) and exercises (countermovement jump, squat 
jump, squat horizontal jump, squat, loaded squat jump) [13, 
14, 53, 68, 72, 74, 75], while a large number of other studies 
showed a lack of such correlations [50, 51, 55, 56, 59]. The 
potential explanation for these contradictory results may lie 
in the propulsive role of the leg kick. Despite swimming 
speed increasing when kicking [63], the propulsion gener-
ated by the lower limbs (except in breaststroke) is consid-
erably lower than the propulsion contributed by the upper 
limbs [63, 93–95]. Hence, swimmers that highly rely on 
upper limb propulsion may benefit less with little benefit of 
improved leg strength on swimming velocity. Furthermore, 
when kicking, no changes are evoked on the hand’s kinemat-
ics but a decline in drag is observed due to the reduction in 
trunk inclination [63], which indicates that other technical 
factors such as body position, leg-kicking technique, and 
ankle flexibility may play more important roles than lower-
limb strength [96]. Interestingly, the association between leg 
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strength and kicking performance was stronger in swimmers 
with higher performance level [53, 72]. Swimmers with 
higher performance level, and hence higher technical skills, 
may have a larger benefit of muscle power in the lower limbs 
as a fundamental aspect of enhancing sprint performance. 
Hence, these findings support the development of kicking 
and intensive effort put into leg series during training as this 
higher propulsion and drag reduction seems crucial in the 
pursuit of success; however, future research should elucidate 
the impact of lower limb strength across populations with 
varying performance and skill levels.

4.2  Kinetics

Tethered swimming is a reliable method for measuring 
mechanical outputs in aquatic environments, being exten-
sively recognized as a powerful tool to assess the specific 
forces applied by swimmers during specific movements [14, 
73]. As such, tethered swimming showed a close associa-
tion with sprint performance in a large number of studies 
using different parameters [14, 47–49, 52, 53, 56, 59, 67, 
70, 73, 76]. From a mechanical point of view, it is expected 
that swimmers capable of applying higher amounts of force/
power against the water will achieve higher swimming 
speed [97]. However, the force applied not only depends 
on the swimmers’ muscular force production [14, 53, 56, 
59, 98] but also on their ability to apply that force [12, 21, 
52]. Hence, swimming kinematics has an impact on the 
propulsion generated [2]. For instance, the peak force is 
typically achieved at a single point within the arm stroke 
cycle. While this point at which the peak force occurs is 
crucial for propulsion, swimmers increase their hand speed 
throughout the underwater path [89, 90], which results in 
a more continuous force production. In contrast to on-land 
sports such as running that aim for maximal force production 
within minimal ground contact time, swimmers that sustain 
lower force levels throughout longer arm strokes can yield 
comparable, if not greater, momentum changes than those 
resulting from higher forces applied over shorter durations 
[99]. Since the impulse takes both force and time of applica-
tion into account, it seems that the impulse of force should 
be considered, especially with higher-level swimmers, as 
they may take advantage from every part of the underwater 
path [21, 49].

Technological advancements have facilitated the meas-
urement of force while swimming. As such, semi-tethered 
swimming allows the swimmers to move forward while dis-
placing an external load [100, 101]. This approach appears 
to overcome the missing specificity of force production dur-
ing tethered swimming (due to the fixed position), meas-
uring the velocity with different external loads to generate 
load-velocity profiles [62, 101]. From the load-velocity 
profile, both  V0 (the maximum velocity at zero load) and 

 L0 (maximum load at zero velocity) showed positive asso-
ciation with swimming performance in butterfly and front 
crawl [43, 62]. However, the association was indeed lower 
in  L0 than in  V0. This implies that swimmers need to apply a 
large force to the water, but this force needs to be effectively 
applied to produce high speed [43, 52]. In this sense, moni-
toring of these two parameters would likely indicate whether 
swimmers have maximized propulsion or minimized resist-
ance [43].

It is important to note that the highest speed during the 
stroke is not achieved at the highest propulsion, as the lat-
ter may occur under conditions of elevated drag, thereby 
resulting in diminished velocity [60]. Despite the impor-
tance of drag, its impact during sprint swimming has been 
explored to a lesser extent than propulsion [3, 54, 70]. No 
direct association between drag and performance has been 
observed. However, drag is often included in more complex 
predictive models, which underscores its importance [3, 54]. 
This can be explained by the fact that displacement through 
the water depends on both propulsion and drag. Therefore, 
low levels of drag per se cannot produce high speeds unless 
accompanied by a certain level of propulsion. Indeed, the 
power to drag ratio showed a better association with swim-
ming speed than propulsion or drag alone [54]. This result 
suggests that any training intervention aiming to increase 
propulsion must therefore be conducted with consideration 
of its effects on drag. Nevertheless, these aspects need to be 
explored in greater depth and integrated to better understand 
their relationship and impact on performance.

4.3  Kinematics

Swimming speed is determined by the product of stroke rate 
and stroke length [102]. The stroke rate has been related 
to neuromuscular power and energy capacities [103], while 
stroke length has been associated with force/strength and 
the ability to apply that force [53]. Both variables were 
positively associated with swimming performance, dry-
land strength, and in-water force production [3, 42, 44, 49, 
53, 55, 57, 58, 60, 63, 65, 67, 70, 72, 74]. Notwithstand-
ing, the complex interaction between the two variables and 
their dependency on multiple factors (i.e. swimming stroke, 
technical skill level, physiological and muscular develop-
ment [44, 53, 71, 72, 74, 103]) results in mixed and in parts 
contradictory effects of these two variables in a large num-
ber of studies [3, 42, 44, 49, 53, 55, 57, 58, 60, 63, 65, 67, 
70, 72, 74]. However, it is clear that each swimmer should 
find the optimal combination of these parameters to improve 
performance [2, 60], which appears to be found at submaxi-
mal levels of both stroke rate and stroke length [60] and 
the difference lies in the capacity to increase one without 
negatively affecting the other [104].
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Although not directly affected, both stroke rate and stroke 
length present a negative tendency when breathing during 
front crawl [44]. Swimmers tend to be slower overall when 
breathing since the inclusion of this action induces kine-
matic differences and likely kinetic asymmetries that affect 
the application of force during the strokes [47]. Kinematic 
differences observed in the ipsilateral side include lower 
shoulder flexion, abduction, and roll in the breathing trial 
during the entry phase, extended pull phase because of a 
shallower hand path, diminished shoulder abduction, slower 
hand vertical acceleration, and shortened push phase dura-
tion [44]. In general terms, a loss of 0.02–0.03 s per stroke 
cycle is estimated [44, 105], which, with such fine margins 
defining success, suggests that swimmers should control the 
number of breaths taken. In particular, in 50-m sprint events, 
the number of breaths should be reduced to none [94]. How-
ever, this result is from a single study conducted in front 
crawl and future research should be conducted to corroborate 
this fact and analyze the impact of breathing in butterfly.

In this review, only one study explored the effect of the 
initial speed after the start and turn on the subsequent swim-
ming speed [66]. The results revealed the lack of influence 
of the initial speed (i.e., horizontal take-off velocity) in front 
crawl events [66]. However, there is a small difference in the 
transition phase (i.e., from the last underwater kick to the 
beginning of the stroke) that disappears as soon as the swim-
mers start stroking and a similar swimming speed is reached 
[66]. It is important to consider that from the initial speed in 
the work of Takeda et al. (2009) [66], the stroke speed was 
greater (in eight of the swimmers) than the transition speed. 
This lower speed during the transition not only evoked a 
lower performance (due to the momentaneous lower speed) 
but also a loss of energy, as swimmers need to accelerate 
during the first strokes until reaching the desired swimming 
speed [66].

Another distinguishing factor among sprinters is their 
peak speed, which has been shown to positively correlate 
with performance [71]. From biomechanical and energetic 
perspectives, it is more economical to swim at a constant 
speed than to have intra-cyclic speed variations. In this 
regard, research has revealed how proficient swimmers can 
adjust their coordination index at increasing speeds while 
maintaining a low and stable value of intra-cyclic speed 
variations [106]. However, in the case of sprint swimming, 
those swimmers that reached higher peak speed and stayed 
longer at the upper part of the speed curve were those that 
achieved higher performance [71]. Conversely, neither mini-
mum speed nor intra-cyclic speed variations were associ-
ated with sprinters’ performance as both high- and low-level 
swimmers were able to reach similar minimum speed with 
differences in peak speed [71]. As a result, swimmers with a 
higher performance level showed higher intra-cyclic velocity 
variation compared with slower swimmers. Similar results 

were reported in elite breaststrokers, who presented higher 
intra-cyclic velocity variations than non-experts because of 
a combination of higher peak speeds with similar minimum 
speeds [107]. Hence, considering that intra-cyclic speed 
variation is associated with swimming efficiency [108, 109], 
these findings suggest that sprinters should prioritize train-
ing regimens that contribute to achieving and maintaining 
the highest possible speed rather than adopting the economi-
cal style typically found in middle- and long-distance [71].

4.4  Anthropometrics

The anthropomorphological characteristics of swimmers 
have played an important role in the recent sprint swim-
ming literature. Studies indicate that the fastest swimmers 
typically exhibit greater height, wider arm span, and larger 
body dimensions relative to their upper limbs and body 
mass [61, 77, 110]. The benefit of this higher dimension is 
attributed to the influence of body length on wave drag as 
greater height tends to decrease the Froude number, result-
ing in lower wave-making resistance [111]. Moreover, these 
effects are also mediated by body shape. For instance, torso 
morphology affects drag as the indentation at the waist and 
curvature of the buttocks may result in greater drag force 
and negatively affect swimming performance [112]. Hence, 
the interplay of these factors may be more intricate than 
expected, thereby complicating the relationship between 
anthropometric characteristics and [100] performance in all 
swimming strokes [61, 68].

Although the fastest swimmers tend to exhibit greater 
body dimensions [61, 77, 110], the anthropometric factors 
found to be predictive of performance varied considerably 
among strokes in females [68, 72, 77] and males, who also 
showed a lack of direct association [50, 55, 56, 68, 70, 72]. 
Although at first glance these results might seem contradic-
tory, it is important to consider that the relationship between 
anthropometrics and performance might be mediated by 
other factors such as muscular strength or skill level [46, 
60]. For instance, longer forearms may present a mechani-
cal disadvantage, as they require the involved muscles to 
apply greater force and energy to overcome the drag associ-
ated with a longer length [29, 60, 113]. In this sense, Dop-
saj et al. (2020) [61] found an association between front 
crawl performance and muscle mass in level 3 swimmers. 
Considering this performance level, it can be expected that 
swimmers had an excellent body position in the water and 
that these muscle masses were related to higher propulsion 
without a significant negative impact on drag. Moreover, 
considering the intricacy of certain strokes, such as butterfly, 
with respect to coordination, it is plausible that other fac-
tors may play a more substantial role in this context [55]. 
Future research should aim to study a homogeneous sample 
of high-level swimmers to further explore these associations 
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while controlling for other factors that may influence these 
associations.

4.5  Physiological Factors

In sprint swimming events, most of the energy is obtained 
via anaerobic pathways [114], with a clear domination of 
anaerobic carbohydrate catabolism [115]. In this regard, 
the research showed that higher  [La−] seems to be related 
to higher swimming speeds [3, 58, 64, 69, 116]. Moreo-
ver, when the  [La−] response was explored in depth, the 
results showed the importance of the  [La−] reached but also 
its accumulation rate (denoted as  VLamax), which has been 
positively associated with swimming speed [64]. Indeed, 
given the short duration of the effort, this parameter might 
be even more relevant. Despite the traditional belief that 
 [La−] takes some minutes to reach its peak, level 1 swim-
mers reached extremely high values of  [La−] (> 15 mmol/L) 
30 s after ultra-short efforts (< 7 s) [117]. Such an extremely 
fast lactate production rate has also been shown in track 
and field athletes, with considerably higher  [La−] values 
observed in top-level compared with sub-elite athletes [118]. 
These rapid responses following brief bouts of high-intensity 
efforts could be attributed to the activation of fast-twitch 
muscle fibers, which possess a range of metabolic profiles 
and robust power capabilities [119]. Although these results 
suggest that training should focus on both high  [La−] values 
and  VLamax, swimming research should explore in depth 
the lactate response across different performance levels and 
whether improvements in these metrics correlate with better 
sprint performance. It is important to note that  [La−] is the 
balance between production and removal within the cell. 
Hence, these  [La−] values may also increase by a reduction 
in the removal capability (associated with aerobic capabili-
ties) [120]. Thus, although the aerobic pathway may play 
a less important role in sprint events (especially 50 m), it 
should be considered to develop a better understanding of 
the lactate response in sprint swimmers [121].

The aerobic component plays a less important role in 
sprint events than middle- or long-distance events and as a 
consequence of that, aerobic kinetics have not been highly 
explored in sprint events. However, its contribution can be 
as high as 50% in 100-m events [26, 122]. Indeed, only one 
study included in this review analyzed aerobic kinetics. The 
results revealed an association between aerobic kinetics and 
100-m performance [69]. There was a positive association 
between performance and the amplitude of the fast compo-
nent as well as a negative association with the time delay of 
the fast component. Indeed, both together accounted for 46% 
of the variance in 100-m performance, which suggests that 
swimmers should enhance their capacity to efficiently acti-
vate the aerobic system in addition to the anaerobic pathways 
to maximize the rate at which energy can be acquired [69]. 

Furthermore, pulmonary function may play an important 
role in these associations and respiratory muscle training 
was demonstrated to improve swimming performance [123]. 
In this context, forced inspiratory volume in the first second 
was highly associated with swimmers’ performance [50], 
which might be related to the limited time that each stroke 
allows the swimmer to inhale air [124], and the amount of 
oxygen inhaled per breath.

In contrast to findings in endurance athletes, Merati et al. 
[45] reported a positive correlation between vagal tone 
(NN50 and pNN50) and 50-m freestyle performance among 
sprinters. Specifically, lower vagal tone was associated with 
enhanced performance in the 50-m front crawl event. In that 
sense, the type of training impacts autonomic modulation. 
High-volume and low-intensity training periods typically 
result in parasympathetic predominance, while low-volume 
and high-intensity phases are associated with sympathetic 
predominance [125]. Hence, in this case, the type of training 
developed by sprinters likely induces a predominance of the 
sympathetic system, suggesting that the rapid suppression 
of cardiac vagal activity to elevate HR and enhance cardiac 
output is crucial for achieving optimal performance in sprint 
events, such as the 50-m front crawl [45]. Furthermore, post-
training sympathetic activity showed a correlation with per-
formance in the 100-m event, likely due to the heightened 
activation of the sympathetic nervous system in response to 
exercise during the preceding training session [45].

Training requires enough volume and intensity to develop 
the physiological parameters required to succeed [8]. For 
this reason, specific training sets are considered to develop 
these precise characteristics [126]. Terzi et al. (2021) [58] 
explored the suitability of a 4 × 50 m set (with 2 min of 
rest) to develop 100-m performance. They found that speed, 
lactate, SR and SI recorded during this test and 100 m were 
correlated with each other [58]. Therefore, the authors sug-
gested this set as a suitable one to not only stimulate anaero-
bic metabolism but also to monitor 100-m performance. In 
this regard, it is important to note that swimmers evidenced 
higher speed,  [La−], and stroke rate during the 4 × 50 m than 
during the 100-m test [58]. This might be seen as an appro-
priate stimulus to improve specific technical skills while 
dealing with related fatigue generated [11, 127].

4.6  Limitations

The diverse methodologies and perspectives employed in 
sprint swimming literature, while expanding knowledge, 
also complicate our understanding of performance factors. 
While some domains (i.e., subsections) were thoroughly 
explored, others, such as the physiological aspects, were not. 
In this case, several of the findings discussed in this review 
are based on single studies, which limits their strength and 
highlights the need for further research. Many studies lacked 
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a complete list of potential confounding factors on the study 
outcomes, which additionally complicates the interpretation 
of the results. Additionally, the lack of high-quality studies 
involving high-level swimmers (i.e., levels 1 and 2 [41]) 
further hampers the interpretation of the findings. Although 
these findings are of great interest to the overall swimming 
community, future research should focus on high-level sam-
ples to confirm the effects found at lower performance levels.

Regarding the methodological limitations, publications 
were limited to English, which may have caused relevant 
works on the subject to be missed. Although some of the 
authors are native speakers of other languages and could 
have accurately extracted the information, we made this 
decision to ensure that readers could re-read and understand 
all the research papers included in this systematic review. 
This has important implications for the verification of the 
results and further development in the field of research. Fur-
thermore, three articles were excluded due to lack of access 
to the manuscripts. We contacted the authors multiple times 
via email, but had to exclude the articles due to no response. 
Finally, not including other databases such as conference 
proceedings databases may have precluded us from finding 
relevant studies on the subject.

5  Conclusion

The current literature shows that sprint swimming perfor-
mance depends on a wide variety of factors. Based on the 
findings, sprinters need to develop their muscular strength 
and properly transfer it to the water. However, it is important 
to note that the most effective way to accomplish this goal 
is still unclear. The velocity of the movement seems to be 
better related to performance than the load that can be dis-
placed. This fact is of vital interest, as the whole dry-land 
training process may change considerably and need to be 
further investigated in the future, for example by compar-
ing the effects of velocity and load-oriented trainings. Force 
application in the water is crucial; mastering the ability to 
apply the highest amount of force in a coordinated way 
(i.e., matching movements of the upper and lower limbs, 
together with an optimally streamlined body position) is 
key to achieving the highest speed. To do that, it is impor-
tant to measure both propulsion and drag. Nevertheless, the 
majority of the studies focused on in-water forces or related 
aspects, leaving a small gap in the analysis of drag during 
maximal speed swimming.

Among the kinematic variables, stroke length and stroke 
rate play a crucial role in the development of better perfor-
mance. These two parameters need to be optimally com-
bined, together with other factors, but the intrinsic changes 
that occur with their modification are unknown. Hence, 
despite being widely explored, these parameters need to be 

explored in more depth. Swimmers’ anthropometry may 
play an important role in their performance; nevertheless, 
the interaction of these attributes appears to be intricate, 
suggesting that other factors may mediate or hold greater 
importance in determining performance outcomes.

It is important to highlight metabolic considerations for 
enhancing sprint performance. As such, swimmers should 
improve not only their lactate peak production but also its 
accumulation rate. A similar perspective might be consid-
ered in relation to the aerobic energy pathway. However, 
studies in this area are limited, and further research is needed 
to corroborate the existing evidence. The majority of the 
sprint-related research focused on front crawl, while the 
other strokes are significantly less explored. Indeed, some of 
the aspects applied to front crawl might be transferable to the 
others, but each stroke has its peculiarities and as such needs 
to be explored independently. Finally, the absence of a list of 
potential confounders, together with the lack of high-quality 
studies involving elite swimmers (level 1 and 2), complicates 
the interpretation of some results.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40279- 024- 02172-4.

Acknowledgements To all the researchers whose efforts have con-
tributed to advancing knowledge and have enabled us to delve deeper 
into this review.

Funding Funding for open access publishing: Universidad de Granada/
CBUA.

Declarations 

Funding This study is part of the Project PID2022-142147NB-I00 
(SWIM III) funded by MICIU/AEI/10.13039/501100011033 and, by 
the “European Union NextGenerationEU/PRTR” and supported by the 
Spanish Ministry of Universities: FPU19/02477 grant.

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

Author Contributions All authors (JJRN, CCS, DPB, OLB, FCF, RS, 
RA) contributed to the original idea and study design of the manu-
script, including the development of the search strategy. JJRN and CCS 
performed the search and quality assessment, and RA was consulted in 
case of disagreements. JJRN prepared the first draft of the manuscript, 
which was then reviewed in detail by the rest of the authors (CCS, 
DPB, OLB, FCF, RS, RA). All authors read and approved the final 
version of the manuscript.

Data Availability The data supporting the findings of this study are 
available within the article and its supplementary materials.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 

https://doi.org/10.1007/s40279-024-02172-4


Key Factors in Sprint Swimming Performance

otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. McGibbon KE, Pyne DB, Shephard ME, Thompson KG. Pacing 
in swimming: a systematic review. Sports Medicine [Internet]. 
2018;48:1621–33. https:// doi. org/ 10. 1007/ s40279- 018- 0901-9.

 2. Barbosa TM, Costa MJ, Marinho DA. Proposal of a determinis-
tic model to explain swimming performance. Int J Swim Kinet. 
2013;2:1–54.

 3. Morais JE, Barbosa TM, Bragada JA, Ramirez-Campillo R, 
Marinho DA. Interaction of kinematic, kinetic, and energetic 
predictors of young swimmers speed. Int J Sports Physiol Per-
form. 2023;18:833–9.

 4. Arellano R, Ruiz-Navarro JJ, Barbosa TM, López-Contreras G, 
Morales-Ortíz E, Gay A, et al. Are the 50 m Race Segments 
Changed From Heats to Finals at the 2021 European Swim-
ming Championships? Front Physiol. 2022;13:1–24.

 5. Maglischo EW. Swimming fastest. Champaign, Illinois: Human 
Kinetics; 2003.

 6. Toussaint H, Beek P. Biomechanics of competitive front crawl. 
Sports Med. 1992;13:8–24.

 7. Aspenes ST, Karlsen T. Exercise-training intervention studies 
in competitive swimming. Sports Med. 2012;42:527–43.

 8. Nugent JF, Comyns TM, Burrows E, Warrington GD. Effects 
of Low Volume, High-Intensity Training on Performance in 
Competitive Swimmers: A Systematic Review. J Strength Cond 
Res. 2017;31:837–47.

 9. Nugent FJ, Comyns TM, Warrington GD. Quality Versus Quan-
tity Debate in Swimming: Perceptions and Training Practices 
of Expert Swimming Coaches. J Hum Kinet. 2017;57:147–58.

 10. Zamparo P, Capelli C, Pendergast D. Energetics of swimming: 
A historical perspective. Eur J Appl Physiol. 2011;111:367–78.

 11. Nugent F, Comyns T, Kearney P, Warrington G. Ultra-Short 
Race-Pace Training (USRPT) in swimming: current perspec-
tives. Open Access J Sports Med. 2019;10:133–44.

 12. Dominguez-Castells R, Izquierdo M, Arellano R. An updated 
protocol to assess arm swimming power in front crawl. Int J 
Sports Med. 2013;34:324–29.

 13. Keiner M, Wirth K, Fuhrmann S, Kunz M, Hartmann H, 
Haff GG. The Influence of Upper- and Lower-Body Maxi-
mum Strength on Swim Block Start, Turn, and Overall Swim 
Performance in Sprint Swimming. J Strength Cond Res. 
2019;35:2839–45.

 14. Loturco I, Barbosa AC, Nocentini RK, Pereira LA, Kobal R, 
Kitamura K, et al. A correlational analysis of tethered swimming, 
swim sprint performance and dry-land power assessments. Int J 
Sports Med. 2016;37:211–8.

 15. Crowley E, Harrison AJ, Lyons M. The Impact of Resistance 
Training on Swimming Performance: A Systematic Review. 
Sports Med. 2017;47:2285–307.

 16. Schoenfeld BJ, Peterson MD, Ogborn D, Contreras B, Sonmez 
GT. Effects of low- vs. high-load resistance training on muscle 
strength and hypertrophy in well-trained men. J Strength Cond 
Res. 2015;29(10):2954–63.

 17. González-Badillo JJ, Sánchez-Medina L, Ribas-Serna J, Rod-
ríguez-Rosell D. Toward a new paradigm in resistance training by 
means of velocity monitoring: a critical and challenging narra-
tive. Sports Med Open [Internet]. 2022. https:// doi. org/ 10. 1186/ 
s40798- 022- 00513-z.

 18. Jukic I, Castilla AP, Ramos AG, Van Hooren B, McGuigan MR, 
Helms ER. The Acute and Chronic Effects of Implementing 
Velocity Loss Thresholds During Resistance Training: A Sys-
tematic Review, Meta-Analysis, and Critical Evaluation of the 
Literature [Internet]. Sports Medicine. Springer International 
Publishing; 2023. Available from: https:// doi. org/ 10. 1007/ 
s40279- 022- 01754-4

 19. Santos CC, Marinho DA, Neiva HP, Costa MJ. Propulsive forces 
in human competitive swimming: a systematic review on direct 
assessment methods. Sports Biomech [Internet]. 2021. https:// 
doi. org/ 10. 1080/ 14763 141. 2021. 19535 74.

 20. Amaro NM, Morouço PG, Marques MC, Fernandes RJ, Marinho 
DA. Biomechanical and bioenergetical evaluation of swimmers 
using fully-tethered swimming: a qualitative review. J Human 
Sport Exerc [Internet]. 2017;12:1346–60. Available from: http:// 
hdl. handle. net/ 10045/ 71966. Accessed Nov 2023.

 21. Ruiz-Navarro JJ, Morouço PG, Arellano R. Relationship between 
tethered swimming in a flume and swimming performance. Int J 
Sports Physiol Perform. 2020;15:1087–94.

 22. Vorontsov Andrei, Popov Oleg, Binevsky Dimitry, Dyrko Val-
entina. The Assessment of Specific Strength in Well-Trained 
Male Athletes During Tethered Swimming in the Swimming 
Flume. Revista Portuguesa de Ciencias do Desporto [Internet]. 
2006;6:275–7

 23. Andersen J, Sinclair P, Fernandes RJ, Vilas-boas JP, Sanders 
R, Andersen J, et al. Is torso twist production the primary role 
of the torso muscles in front crawl swimming? Sports Biomech 
[Internet]. 2021;00:1–15. Available from: https:// doi. org/ 10. 
1080/ 14763 141. 2021. 19253 34

 24. Sanders RH, Psycharakis SG. Rolling rhythms in front crawl 
swimming with six-beat kick. J Biomech. 2009;42:273–9.

 25. Psycharakis SG, Cooke CB, Paradisis GP, O’hara J, Phillips G. 
Analysis of selected kinematic and physiological performance 
determinants during incremental testing in elite swimmers. J 
Strength Cond Res. 2008;22:951–7.

 26. Zamparo P, Capelli C, Cautero M, Di Nino A. Energy cost of 
front-crawl swimming at supra-maximal speeds and underwater 
torque in young swimmers. Eur J Appl Physiol. 2000;83:487–91.

 27. Zamparo P, Cortesi M, Gatta G. The energy cost of swimming 
and its determinants. Eur J Appl Physiol [Internet]. 2020;120:41–
66. Available from: https:// doi. org/ 10. 1007/ s00421- 019- 04270-y

 28. Peyrebrune MC, Toubekis AG, Lakomy HKA, Nevill ME. Esti-
mating the energy contribution during single and repeated sprint 
swimming. Scand J Med Sci Sports. 2014;24:369–76.

 29. Alves M, Carvalho DD, Fernandes RJ. How Anthropometrics of 
Young and Adolescent Swimmers Influence Stroking Parameters 
and Performance A Systematic Review. Int J Environ Res Public 
Health. 2022;19:1–14.

 30. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, 
Mulrow CD, The PRISMA, et al. statement: An updated guide-
line for reporting systematic reviews. The BMJ. 2020;2021:372.

 31. Methley AM, Campbell S, Chew-Graham C, McNally R, Cher-
aghi-Sohi S. PICO, PICOS and SPIDER: A comparison study 
of specificity and sensitivity in three search tools for qualitative 
systematic reviews. BMC Health Serv Res. BioMed Central Ltd.; 
2014.

 32. 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. J Epidemiol 
Community Health. 1978;1998(52):377.

 33. Costa MJ, Balasekaran G, Vilas-Boas JP, Barbosa TM. Physi-
ological adaptations to training in competitive swimming: A 
systematic review. J Hum Kinet. 2015;49:179–94.

 34. Costa MJ, Bragada JA, Marinho DA, Silva AJ, Barbosa TM. 
Longitudinal interventions in elite swimming: a systemic review 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40279-018-0901-9
https://doi.org/10.1186/s40798-022-00513-z
https://doi.org/10.1186/s40798-022-00513-z
https://doi.org/10.1007/s40279-022-01754-4
https://doi.org/10.1007/s40279-022-01754-4
https://doi.org/10.1080/14763141.2021.1953574
https://doi.org/10.1080/14763141.2021.1953574
http://hdl.handle.net/10045/71966
http://hdl.handle.net/10045/71966
https://doi.org/10.1080/14763141.2021.1925334
https://doi.org/10.1080/14763141.2021.1925334
https://doi.org/10.1007/s00421-019-04270-y


 J. J. Ruiz-Navarro et al.

based on energetics, biomechanics and performance. J Strength 
Cond Res. 2012;26:2006–16.

 35. Hébert-Losier K, Supej M, Holmberg HC. Biomechanical fac-
tors influencing the performance of elite alpine ski racers. Sports 
Medicine. Adis International Ltd; 2014. p. 519–33.

 36. Sarmento H, Clemente FM, Araújo D, Davids K, McRobert A, 
Figueiredo A. What Performance Analysts Need to Know About 
Research Trends in Association Football (2012–2016): A Sys-
tematic Review. Sports Med. 2018;48:799–836.

 37. Cohen J. A coefficient of agreement for nominal scales. Educ 
Psychol Meas. 1960;20:37–46.

 38. Landis JR, Koch GG. The measurement of observer agreement 
for categorical data. International Biometric Society Stable. 
1977;33:159–74.

 39. Gatta G, Cortesi M, Di Michele R. Power production of 
the lower limbs in flutter-kick swimming. Sports Biomech. 
2012;11:480–91.

 40. Flatt AA, Hornikel B, Esco MR. Heart rate variability and psy-
chometric responses to overload and tapering in collegiate sprint-
swimmers. J Sci Med Sport. 2017;20:606–10.

 41. Ruiz-Navarro JJ, López-Belmonte Ó, Gay A, Cuenca-Fernández 
F, Arellano R. A new model of performance classification to 
standardize the research results in swimming. Eur J Sport Sci. 
2023;23(4):478–88.

 42. Amara S, Chortane OG, Negra Y, Hammami R, Khalifa R, Chor-
tane SG, et al. Relationship between swimming performance, 
biomechanical variables and the calculated predicted 1-rm push-
up in competitive swimmers. Int J Environ Res Public Health. 
2021;18:1–10.

 43. Gonjo T, Njøs N, Eriksrud O, Olstad BH. The Relation-
ship Between Selected Load-Velocity Profile Parameters and 
50 m Front Crawl Swimming Performance. Front Physiol. 
2021;12:1–10.

 44. McCabe CB, Sanders RH, Psycharakis SG. Upper limb kin-
ematic differences between breathing and non-breathing con-
ditions in front crawl sprint swimming. J Biomech [Internet]. 
2015;48:3995–4001. https:// doi. org/ 10. 1016/j. jbiom ech. 2015. 
09. 012.

 45. Merati G, Maggioni MA, Invernizzi PL, Ciapparelli C, Agnello 
L, Veicsteinas A, et al. Autonomic modulations of heart rate 
variability and performances in short-distance elite swimmers. 
Eur J Appl Physiol. 2015;115:825–35.

 46. Morais JE, Forte P, Nevill AM, Barbosa TM, Marinho DA. 
Upper-limb kinematics and kinetics imbalances in the deter-
minants of front-crawl swimming at maximal speed in young 
international level swimmers. Sci Rep [Internet]. 2020;10:1–8. 
https:// doi. org/ 10. 1038/ s41598- 020- 68581-3.

 47. Morouço PG, Marinho DA, Fernandes RJ, Marques MC. Quan-
tification of upper limb kinetic asymmetries in front crawl swim-
ming. Hum Mov Sci. 2015;40:185–92.

 48. Morouço PG, Vilas-Boas JP, Fernandes RJ. Evaluation of ado-
lescent swimmers through a 30-s tethered test. Pediatr Exerc Sci 
[Internet]. 2012;24:312–21. Available from: http:// www. ncbi. 
nlm. nih. gov/ pubmed/ 22728 420. Accessed Nov 2023

 49. Morouço P, Marinho DA, Keskinen KL, Badillo JJ, Marques MC. 
Tethered swimming can be used to evaluated force contribution 
for short-distance swimming performance. J Strength Cond Res. 
2014;28:3093–9.

 50. Noriega-Sánchez SA, Legaz-Arrese A, Suarez-Arrones L, San-
talla A, Floría P, Munguía-Izquierdo D. Forced inspiratory vol-
ume in the first second as predictor of front-crawl performance 
in young sprint swimmers. J Strength Cond Res [Internet]. 
2015;29:188–94. Available from: https:// journ als. lww. com/ nsca- 
jscr. Accessed Nov 2023.

 51. Perez-Olea JI, Valenzuela PL, Aponte C, Izquierdo M. Rela-
tionship between dryland strength and swimming performance: 

pull-up mechanics as a predictor of swimming speed. J Strength 
Cond Res. 2018;32:1637–42.

 52. Ruiz-Navarro JJ, Andersen JT, Cuenca-Fernández F, López-Con-
treras G, Morouço PG, Arellano R. Quantification of swimmers ’ 
ability to apply force in the water : the potential role of two new 
variables during tethered swimming. Sports Biomech [Internet]. 
2022. https:// doi. org/ 10. 1080/ 14763 141. 2022. 20892 20.

 53. Ruiz-Navarro JJ, Gay A, Cuenca-Fernández F, López-Belmonte 
Ó, Morales-Ortíz E, López-Contreras G, et al. The relationship 
between tethered swimming, anaerobic critical velocity, dry-land 
strength, and swimming performance. Int J Perform Anal Sport. 
2022;22:407–21.

 54. Schreven S, Smeets JBJ, Beek PJ. Sprint performance in arms-
only front crawl swimming is strongly associated with the power-
to-drag ratio. Front Sports Act Living. 2022;4:1–10.

 55. Strzała M, Stanula A, Krȩzałek P, Ostrowski A, Kaca M, Głąb 
G. Butterfly Sprint Swimming Technique, Analysis of Somatic 
and Spatial-Temporal Coordination Variables. J Hum Kinet. 
2017;60:51–62.

 56. Strzała M, Stanula A, Krężałek P, Sadowski W, Wilk R, Pałka 
T, et al. Body composition and specific and general strength 
indices as predictors of 100-m front crawl performance. Acta 
Bioeng Biomech. 2020;22:51–60.

 57. Strzała M, Stanula A, Ostrowski A, Kaca M, Krzałek P, 
Głodzik J. Propulsive limb coordination and body acceleration 
in sprint breaststroke swimming. J Sports Med Phys Fitness. 
2017;57:1564–71.

 58. Terzi E, Skari A, Nikolaidis S, Papadimitriou K, Kabasakalis 
A, Mougios V. Relevance of a Sprint Interval Swim Training 
Set to the 100-Meter Freestyle Event Based on Blood Lactate 
and Kinematic Variables. J Hum Kinet. 2021;80:153–61.

 59. Morouço P, Neiva H, González-Badillo JJ, Garrido N, Marinho 
DA, Marques MC. Associations between dry land strength and 
power measurements with swimming performance in elite ath-
letes: a pilot study. J Hum Kinet. 2011;29A:105–12.

 60. Morais JE, Barbosa TM, Nevill AM, Cobley S, Marinho DA. 
Understanding the role of propulsion in the prediction of front-
crawl swimming velocity and in the relationship between stroke 
frequency and stroke length. Front Physiol. 2022;13:1–11.

 61. Dopsaj M, Zuoziene IJ, Milić R, Cherepov E, Erlikh V, Masiu-
lis N, et al. Body composition in international sprint swim-
mers: are there any relations with performance? Int J Environ 
Res Public Health. 2020;17:1–14.

 62. Gonjo T, Eriksrud O, Papoutsis F, Olstad BH. Relationships 
between a load-velocity profile and sprint performance in but-
terfly swimming. Int J Sports Med. 2020;41:461–7.

 63. Gourgoulis V, Boli A, Aggeloussis N, Toubekis A, Antoniou P, 
Kasimatis P, et al. The effect of leg kick on sprint front crawl 
swimming. J Sports Sci. 2014;32:278–89.

 64. Mavroudi M, Kabasakalis A, Petridou A, Mougios V. Blood 
lactate and maximal lactate accumulation rate at three sprint 
swimming distances in highly trained and elite swimmers. 
Sports. 2023;11:1–9.

 65. Simbaña-Escobar D, Hellard P, Seifert L. Influence of stroke 
rate on coordination and sprint performance in elite male and 
female swimmers. Scand J Med Sci Sports. 2020;30:2078–91.

 66. Takeda T, Ichikawa H, Takagi H, Tsubakimoto S. Do differ-
ences in initial speed persist to the stroke phase in front-crawl 
swimming? J Sports Sci. 2009;27:1449–54.

 67. Chalkiadakis I, Arsoniadis GG, Toubekis AG. Dry-land force–
velocity, power–velocity, and swimming-specific force relation 
to single and repeated sprint swimming performance. J Funct 
Morphol Kinesiol. 2023;8:1–10.

 68. Özkadı T, Demirkan E, Can S, Alagöz I, Demir E. Contri-
bution of motoric and anthropometric components to the 

https://doi.org/10.1016/j.jbiomech.2015.09.012
https://doi.org/10.1016/j.jbiomech.2015.09.012
https://doi.org/10.1038/s41598-020-68581-3
http://www.ncbi.nlm.nih.gov/pubmed/22728420
http://www.ncbi.nlm.nih.gov/pubmed/22728420
https://journals.lww.com/nsca-jscr
https://journals.lww.com/nsca-jscr
https://doi.org/10.1080/14763141.2022.2089220


Key Factors in Sprint Swimming Performance

fifty-meter four swimming styles: Model approaches. Sci 
Sports. 2022;37:316.e1-316.e10.

 69. Rodríguez FA, Lätt E, Jürimäe J, Maestu J, Purge P, Räm-
son R, et al. VO2 kinetics in all-out arm stroke, leg kick and 
whole stroke front crawl 100-m swimming. Int J Sports Med. 
2016;37:191–6.

 70. Silva AF, Ribeiro J, Vilas-Boas JP, Figueiredo P, Alves F, 
Seifert L, et al. Integrated analysis of young swimmers’ sprint 
performance. Mot Control. 2019;23:354–64.

 71. Barbosa AC, Barroso R, Gonjo T, Rossi MM, Paolucci LA, 
Olstad BH, et al. 50 m freestyle in 21, 22 and 23 s: What 
differentiates the speed curve of world-class and elite male 
swimmers? Int J Perform Anal Sport. 2021;21:1055–65.

 72. Carvalho DD, Monteiro AS, Fonseca P, Silva AJ, Vilas-Boas 
JP, Pyne DB, et al. Swimming sprint performance depends on 
upper/lower limbs strength and swimmers level. J Sports Sci. 
2023;41:747–57.

 73. Gatta G, Cortesi M, Swaine I, Zamparo P. Mechanical power, 
thrust power and propelling efficiency: relationships with elite 
sprint swimming performance. J Sports Sci. 2018;36:506–12.

 74. Nicol E, Pearson S, Saxby D, Minahan C, Tor E. The associa-
tion of range of motion, dryland strength-power, anthropom-
etry, and velocity in elite breaststroke swimmers. Int J Sports 
Physiol Perform. 2022;17:1222–30.

 75. Keiner M, Yaghobi D, Sander A, Wirth K, Hartmann H. The 
influence of maximal strength performance of upper and 
lower extremities and trunk muscles on different sprint swim 
performances in adolescent swimmers. Sci Sports [Internet]. 
2015;30:e147–54. https:// doi. org/ 10. 1016/j. scispo. 2015. 05. 
001.

 76. Rozi G, Thanopoulos V, Dopsaj M. Relatinship between force 
parameters and performance in 100m front crawl swimming. 
Sport Science. 2018;11:57–60.

 77. Siders WA, Lukaski HC, Bolonchuk WW. Relationships among 
swimming performance, body composition and somatotype in 
competitive collegiate swimmers. J Sports Med Phys Fitness. 
1993;33:166–71.

 78. Barbosa AC, Barroso R, Gonjo T, Rossi MM, Paolucci LA, 
Olstad BH, et al. 50 m freestyle in 21, 22 and 23 s: What dif-
ferentiates the speed curve of world-class and elite male swim-
mers? Int J Perform Anal Sport [Internet]. 2021. https:// doi. org/ 
10. 1080/ 24748 668. 2021. 19715 09.

 79. Nuber GW, Jobe FW, Perry J, Moynes DR, Antonelli D. Fine 
wire electromyography analysis of muscles of the shoulder dur-
ing swimming. Am J Sports Med. 1986;14:7–11.

 80. Crowley E, Harrison AJ, Lyons M. Dry-land resistance training 
practices of elite swimming strength and conditioning coaches. 
J Strength Cond Res. 2018;32:2592–600.

 81. Raineteau Y, Pla R, Bideau B, Bideau N, Nicolas G. From dry-
land to the water: training and testing practices of strength and 
conditioning coaches in high level French sprint swimmers. Front 
Sports Act Living. 2023;5:1–13.

 82. Blazevich AJ, Wilson CJ, Alcaraz PE, Rubio-Arias JA. Effects 
of Resistance Training Movement Pattern and Velocity on Iso-
metric Muscular Rate of Force Development: A Systematic 
Review with Meta-analysis and Meta-regression. Sports Med. 
2020;50:943–63.

 83. Martens J, Figueiredo P, Daly D. Electromyography in the four 
competitive swimming strokes: A systematic review. J Electro-
myogr Kinesiol. 2015;25:273–91.

 84. Taylor S, Lees A, Stratton G, Maclaren D. Reliability of force 
production in tethered freestyle swimming among competitive 
age-group swimmers. J Sport Sci. 2001;19:12–3.

 85. García-Ramos A, Pestaña-Melero FL, Pérez-Castilla A, 
Rojas FJ, Haff GG. Differences in the load–velocity profile 

between 4 bench-press variants. Int J Sports Physiol Perform. 
2018;13:326–31.

 86. Martínez-Cava A, Morán-Navarro R, Hernández-Belmonte 
A, Courel-Ibáñez J, Conesa-Ros E, González-Badillo JJ, et al. 
Range of motion and sticking region effects on the bench press 
load-velocity relationship. J Sports Sci Med. 2019;18:645.

 87. Samozino P, Rejc E, Di Prampero PE, Belli A, Morin JB. Opti-
mal force-velocity profile in ballistic movements-Altius: Citius 
or Fortius? Med Sci Sports Exerc. 2012;44:313–22.

 88. Cronin J, Lawton T, Harris N, Kilding A, Mcmaster DT. A brief 
review of handgrip strength and sport performance. J Strength 
Cond Res [Internet]. 2017;31:3187–217. Available from: www. 
nsca. com. Accessed Nov 2023.

 89. Gourgoulis V, Boli A, Aggeloussis N, Antoniou P, Toubekis A, 
Mavromatis G. The influence of the hand’s acceleration and the 
relative contribution of drag and lift forces in front crawl swim-
ming. J Sports Sci [Internet]. 2015;33:696–712. https:// doi. org/ 
10. 1080/ 02640 414. 2014. 962571.

 90. Kudo S, Matsuda Y, Sakurai Y, Ikuta Y. Rapid change in the 
direction of hand movement to increase hand propulsion during 
front crawl swimming. J Appl Biomech. 2023;39(2):90–8.

 91. Willardson JM. Core stability training: applications to sports 
conditioning programs. J Strength Cond Res. 2007;21:979–85.

 92. Andersen JT, Sinclair PJ, McCabe CB, Sanders RH. Kine-
matic differences in shoulder roll and hip roll at different front 
crawl speeds in national level swimmers. J Strength Cond Res. 
2020;34:20–5.

 93. Morouço PG, Marinho DA, Izquierdo M, Neiva H, Marques MC. 
Relative contribution of arms and legs in 30 s fully tethered front 
crawl swimming. Biomed Res Int. 2015;2015:1–6.

 94. Silveira RP, de Souza Castro FA, Figueiredo P, Vilas-Boas JP, 
Zamparo P. The effects of leg kick on swimming speed and arm-
stroke efficiency in the front crawl. Int J Sports Physiol Perform. 
2017;12:728–35.

 95. Carvalho D, Fagundes Goethel M, Ferreira F, Fernandes A, Pyne 
DB, Fernandes RJ, et al. Upper and lower limbs contribution 
during maximal front crawl swimming: a frequency approach. 
In: Witt M, editor. Proceedings of the XIV BMS Symposium on 
BIOMECHANICS AND MEDICINE IN SWIMMING. Leipzig, 
Germany; 2023. p. 83–8.

 96. Dalamitros AA, Manou V, Pelarigo JG. Laboratory-based tests 
for swimmers: Methodology, reliability, considerations and rela-
tionship with front-crawl performance. J Human Sport Exerc. 
2014;9:172–87.

 97. Sharp RL, Troup J, Costill DL. Relationship between power and 
sprint freestyle swimming. Med Sci Sports Exerc. 1982;14:53–6.

 98. Keskinen KL, Tilli LJ, Komi PV. Maximum velocity swimming: 
Interrelationships of stroking characteristics, force production 
and anthropometric variables. Scand J Sport sci. 1989;11:87–92.

 99. Formosa DP, Mason B, Burkett B. The force-time profile of elite 
front crawl swimmers. J Sports Sci. 2011;29:811–9.

 100. Cuenca-Fernández F, Gay A, Ruiz-Navarro JJ, Arellano R. The 
effect of different loads on semi-tethered swimming and its rela-
tionship with dry-land performance variables. Int J Perform Anal 
Sport [Internet]. 2020;20:90–106. https:// doi. org/ 10. 1080/ 24748 
668. 2020. 17144 13.

 101. Olstad BH, Gonjo T, Njøs N, Abächerli K, Eriksrud O. Reli-
ability of load-velocity profiling in front crawl swimming. Front 
Physiol. 2020;11:1–8.

 102. Craig AB, Pendergast DR. Relationships of stroke rate, distance 
per stroke, and velocity in competitive swimming. Med Sci 
Sports. 1979;11:278–83.

 103. Wakayoshi K, D’Acquisto LJ, Cappaert JM, Troup JP. Relation-
ship between oxygen uptake, stroke rate and swimming velocity 
in competitive swimming. Int J Sports Med. 1995;16:19–23.

https://doi.org/10.1016/j.scispo.2015.05.001
https://doi.org/10.1016/j.scispo.2015.05.001
https://doi.org/10.1080/24748668.2021.1971509
https://doi.org/10.1080/24748668.2021.1971509
http://www.nsca.com
http://www.nsca.com
https://doi.org/10.1080/02640414.2014.962571
https://doi.org/10.1080/02640414.2014.962571
https://doi.org/10.1080/24748668.2020.1714413
https://doi.org/10.1080/24748668.2020.1714413


 J. J. Ruiz-Navarro et al.

 104. Barbosa AC, Valadão PF, Wilke CF, de Martins FS, Silva 
DCP, Volkers SA, et al. The road to 21 seconds: a case report 
of a 2016 Olympic swimming sprinter. Int J Sports Sci Coach. 
2019;14:393–405.

 105. Pedersen T, Kjendlie L. The effect of the breathing action 
on velocity in front crawl sprinting. Portuguese J Sport Sci. 
2006;6:75–7.

 106. Schnitzler C, Seifert L, Alberty M, Chollet D. Hip velocity and 
arm coordination in front crawl swimming. Int J Sports Med. 
2010;31:875–81.

 107. Leblanc H, Seifert L, Tourny-Chollet C, Chollet D. Intra-cyclic 
distance per stroke phase, velocity fluctuations and acceleration 
time ratio of a breaststroker’s hip: A comparison between elite 
and nonelite swimmers at different race paces. Int J Sports Med. 
2007;28:140–7.

 108. Barbosa TM, Lima F, Portela A, Novais D, Machado L, Colaço P, 
et al. Relationships between energy cost, swimming velocity and 
speed fluctuation in competitive swimming strokes. Portuguese 
J Sport Sci. 2006;6:192–4.

 109. Barbosa TM, Keskinen KL, Fernandes R, Colaço P, Lima AB, 
Vilas-Boas JP. Energy cost and intracyclic variation of the veloc-
ity of the centre of mass in butterfly stroke. Eur J Appl Physiol. 
2005;93:519–23.

 110. Nevill AM, Negra Y, Myers TD, Sammoud S, Chaabene H. Key 
somatic variables associated with, and differences between the 
4 swimming strokes. J Sports Sci [Internet]. 2020;38:787–94. 
https:// doi. org/ 10. 1080/ 02640 414. 2020. 17343 11.

 111. Toussaint HM, de Looze M, Van Rossem B, Leijdekkers M, Dig-
num H. The effect of growth on drag in young swimmers. J Appl 
Biomech. 1990;6:18–28.

 112. Papic C, McCabe C, Gonjo T, Sanders R. Effect of torso mor-
phology on maximum hydrodynamic resistance in front crawl 
swimming. Sports Biomech. 2023;22:982–96.

 113. Nevill AM, Oxford SW, Duncan MJ. Optimal body size and limb 
length ratios associated with 100-m personal-best swim speeds. 
Med Sci Sports Exerc. 2015;47:1714–8.

 114. Gastin PB. Energy system interaction and relative contribution 
during maximal exercise. Sports Med. 2001;31:725–41.

 115. Mougios V. Exercise Biochemistry. IL, USA: Human Kinetics: 
Champaign; 2020.

 116. Avlonitou E. Maximal lactate values following competitive per-
formance varying according to age, sex and swimming style. J 
Sports Med Phys Fitness. 1996;36:24–30.

 117. Affonso HO, Silva AS, Fernandes RJ. Can blood lactate con-
centrations rise significantly after very short duration swimming 
bouts ? Ann Sports Med Res. 2019;6:7–9.

 118. Santos JA, Affonso HO, Boullosa D, Pereira TMC, Fernandes 
RJ, Conceição F. Extreme blood lactate rising after very short 
efforts in top-level track and field male sprinters. Res Sports Med 
[Internet]. 2021;30:566–72. https:// doi. org/ 10. 1080/ 15438 627. 
2021. 19174 06.

 119. Trappe S, Luden N, Minchev K, Raue U, Jemiolo B, Trappe TA. 
Skeletal muscle signature of a champion sprint runner. J Appl 
Physiol. 2015;118:1460–6.

 120. Di Prampero PE, Ferretti G. The energetics of anaerobic muscle 
metabolism: a reappraisal of older and recent concepts. Respir 
Physiol. 1999;118:103–15.

 121. Olbrecht J. The science of winning: planning, periodizing and 
optimizing swim training. Tienen: F&G Partners; 2015.

 122. Rodríguez FA, Mader A. Energy systems in swimming. World 
Book of Swimming: From Science to Performance [Internet]. 
2010. p. 225–40. Available from: https:// www. resea rchga te. net/ 
publi cation/ 25669 6190. Accessed Nov 2023.

 123. Kilding AE, Brown S, McConnell AK. Inspiratory muscle train-
ing improves 100 and 200 m swimming performance. Eur J Appl 
Physiol. 2010;108:505–11.

 124. Wells GD, Plyley M, Thomas S, Goodman L, Duffin J. Effects of 
concurrent inspiratory and expiratory muscle training on respira-
tory and exercise performance in competitive swimmers. Eur J 
Appl Physiol. 2005;94:527–40.

 125. Pla R, Aubry A, Resseguier N, Merino M, Toussaint JF, Hellard 
P. Training organization, physiological profile and heart rate vari-
ability changes in an open-water world champion. Int J Sports 
Med. 2019;40:519–27.

 126. Cuenca-Fernandez F, Boullosa D, Ruiz-Navarro JJ, Gay A, 
Morales-Ortiz E, López-Contreras G, et al. Lower fatigue and 
faster recovery of ultra-short race-pace swimming training ses-
sions. Res Sports Med. 2023;31(1):21–34.

 127. Ribeiro J, Figueiredo P, Morais S, Alves F, Toussaint H, Vilas-
Boas JP, et al. Biomechanics, energetics and coordination dur-
ing extreme swimming intensity: effect of performance level. J 
Sports Sci [Internet]. 2017;35:1614–21. https:// doi. org/ 10. 1080/ 
02640 414. 2016. 12270 79.

Authors and Affiliations

Jesús J. Ruiz‑Navarro1  · Catarina C. Santos2,3  · Dennis‑Peter Born4,5,6  · Óscar López‑Belmonte1  · 
Francisco Cuenca‑Fernández1,7  · Ross H Sanders8  · Raúl Arellano1 

 * Jesús J. Ruiz-Navarro 
 jesusruiz@ugr.es

1 Aquatics Lab, Department of Physical Education and Sports, 
Faculty of Sport Sciences, University of Granada, Granada, 
Spain

2 Department of Sport Sciences, Higher Institute 
of Educational Sciences of the Douro (ISCE-Douro), 
Penafiel, Portugal

3 Higher Education School, Polytechnic of Coimbra, Coimbra, 
Portugal

4 Section for High-Performance Sports, Swiss Swimming 
Federation, Bern, Switzerland

5 Department for Elite Sport, Swiss Federal Institute of Sport 
Magglingen, Magglingen, Switzerland

6 Faculty of Science and Medicine, University of Fribourg, 
Fribourg, Switzerland

7 Department of Sports and Computer Sciences, Universidad 
Pablo de Olavide, Seville, Spain

8 Faculty of Medicine and Health, The University of Sydney, 
Sydney, Australia

https://doi.org/10.1080/02640414.2020.1734311
https://doi.org/10.1080/15438627.2021.1917406
https://doi.org/10.1080/15438627.2021.1917406
https://www.researchgate.net/publication/256696190
https://www.researchgate.net/publication/256696190
https://doi.org/10.1080/02640414.2016.1227079
https://doi.org/10.1080/02640414.2016.1227079
http://orcid.org/0000-0002-0010-7233
http://orcid.org/0000-0003-4592-8091
http://orcid.org/0000-0002-1058-4367
http://orcid.org/0000-0003-4292-2460
http://orcid.org/0000-0003-2942-4862
http://orcid.org/0000-0003-0489-3048
http://orcid.org/0000-0002-6773-2359

	Factors Relating to Sprint Swimming Performance: A Systematic Review
	Abstract
	Background 
	Objectives 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Methods
	2.1 Search Strategy
	2.2 Eligibility Criteria
	2.3 Study Selection
	2.4 Data Extraction
	2.5 Quality Assessment

	3 Results
	3.1 Article Identification
	3.2 Quality of Included Studies
	3.3 Description of the Included Articles

	4 Discussion
	4.1 Dry-Land Strength
	4.2 Kinetics
	4.3 Kinematics
	4.4 Anthropometrics
	4.5 Physiological Factors
	4.6 Limitations

	5 Conclusion
	Acknowledgements 
	References


