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Abstract

The objectives of this study were to examine the effects of a moderate intensity strength

training on changes in critical velocity (CV), anaerobic running distance (D'), sprint perfor-

mance and Yo-Yo intermittent running test (Yo-Yo IR1) performances. Methods: two recrea-

tional soccer teams were divided in a soccer training only group (SO; n = 13) and a strength

and soccer training group (ST; n = 13). Both groups were tested for values of CV, D', Yo-Yo

IR1 distance and 30-m sprint time on two separate occasions (pre and post intervention).

The ST group performed a concurrent 6-week upper and lower body strength and soccer

training, whilst the SO group performed a soccer only training. Results: after the re-test of all

variables, the ST demonstrated significant improvements for both, YoYo IR1 distance (p =

0.002) and CV values (p<0.001) with no significant changes in the SO group. 30-m sprint

performance were slightly improved in the ST group with significantly decreased perfor-

mance times identified in the SO group (p<0.001). Values for D' were slightly reduced in

both groups (ST -44.5 m, 95% CI = -90.6 to 1.6; SO -42.6 m, 95% CI = -88.7 to 3.5). Conclu-

sions: combining a 6-week moderate strength training with soccer training significantly

improves CV, Yo-Yo IR1 whilst moderately improving 30-m sprint performances in non-pre-

viously resistance trained male soccer players. Critical Velocity can be recommended to

coaches as an additional valid testing tool in soccer.

Introduction

One of the most important variables for measuring performance in soccer is physical condi-

tioning [1]. A significant relationship between the maximal aerobic conditioning of a player
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and both, the number of sprints attempted and the distance covered during a game has been

established [2].

Critical to the success in soccer are strength and power actions [3,4]. These have been dem-

onstrated to develop through specific training and are intrinsically linked to improved overall

match performances [5–7]. The performance levels of such actions expressed as maximum

strength can distinguish between competitive levels of soccer players and a strong relationship

between maximal strength and sprint times has been suggested [8].

Another important factor of soccer specific skills is power with the two main components of

velocity and strength and recent researchers demonstrated the positive effects of a strength

training (ST) on indices of performance [9–11]. However, to-date there is only limited evidence,

which suggests similar results for soccer. Helgerud et al. [12] demonstrated a 51.7% maximal

resistance improvement (1-RM) after 8 weeks of half-squat training, which also translated in

sprint performance improvements. In rugby, Barr et al. [13] emphasized a strong relationship

between lower-body strength and sprint speed. Moreover a 3-week maximal ST has been rec-

ommended as an effective method to improve sprint and aerobic performances in soccer [14].

Soccer coaches commonly use the Yo-Yo intermittent recovery test (Yo-Yo IR1) to monitor

chances in aerobic performance capacities. Whilst Critical Velocity (CV) testing is not typically

performed, it has been suggested as a worthwhile and easily accessible additional testing tool

[15]. For an intermittent sport such as rugby, the same researchers [15] demonstrated CV to be

an appropriate test which reflects the highest rate of aerobic metabolism without a progressive

loss in metabolic steady-state. CV once exceeded results in the utilization of the anaerobic run-

ning distance (D'; expressed in meters). CV furthermore demarcates the boundary between the

heavy and the severe exercise intensity [16]. Importantly a CV and D' enhancing training is

beneficial for players whilst the values of CV and D' can be utilized as an easy tool to monitor

changes in performance capacities as well as aid in the prescription of training [17] Whilst the

tests of CV/D' and Yo-Yo IR1 might differ in variation of energetics used and in character of

locomotion, i.e. continuous versus intermittent, the relationship between these has only been

investigated in women’s rugby [15]. The study identified a high correlation (r = 0.86) between

CV and YoYo IR1 results.

To-date the limited evidence on the effects of ST on CV has only been analyzed in continu-

ous-cyclic sports. In cycling Bishop and Jenkins [18] demonstrated a positive, albeit a non-sig-

nificant, impact of such intervention on Critical Power (the analogous of CV) and a significant

increase inW' (the analogous of D'). Supporting this Sawyer et al. [19] also demonstrated a

non-significant change in CP whilst significant improvingW' and time-to-exhaustion dura-

tions after an 8-weeks ST intervention. More recently, Karsten et al. [20] found a non-signifi-

cant but meaningful 3% improvement for CV with a significant decrease in D' in recreational

runners. Research that addresses the impact of ST on intermittent sports, measured in changes

of CV and D' has yet to be undertaken.

The objective of the study was therefore to investigate the effectiveness of a ST intervention

on Yo-Yo IR1 results, 30-m spring performance and CV and D' in soccer players. Additionally

the relationships between test results for the Yo-Yo IR1 and CV and for the 30-m sprint perfor-

mance and D' were investigated. Based on previous findings an improvement in all variables

but D' and a strong relation between CV and Yo-Yo IR1 results was hypothesised.

Methods

Subjects

Twenty-six recreational field soccer players from two Turkish Soccer Federation Third League

teams participated in the present study which took place during the preparatory period of the
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soccer season (Fig 1). All players were regularly involved in competitive soccer games and had

been training for a minimum of two years. At the time of the investigation players were per-

forming 3 weekly training sessions containing low intensity aerobic training (i.e. 70–85

HRmax), plyometric, agility and soccer specific drills with no ST as integrated as part of physi-

cal conditioning program. Players were not familiar with maximal ST.

The teams were divided into an experimental strength and soccer training (ST, n = 13:

18 ± 1 yr., height 174.8 ± 5.4 cm, body mass 72.4 ± 6.6 kg) and a soccer only training group

(SO, n = 13: 19 ± 1 yr., height 177.3 ± 5.2 cm, body mass 73.2 ± 7 kg).

Subjects agreed to refrain from intense exercise and alcohol consumption on the day pre-

ceding any tests and not to consume a major meal or caffeine 3 hours prior testing. In addition

subjects were not allowed to perform any other exercises than those required in the partaking

of the investigation. All subjects were fully informed about the study procedure, protocols, ben-

efits and risks. A health history questionnaire was used to ensure subjects were healthy and free

of any musculoskeletal injury or cardiovascular disease. The study was carried out in accor-

dance with the guidelines contained in the Declaration of Helsinki and was approved by the

faculty of sports science ethic committee of Hacettepe University, Turkey. Participants had to

provide a full written consent prior to testing.

Procedures

This study utilized a two parallel-group controlled design, where two between-participant con-

ditions ST and SO were tested. Subjects were instructed to maintain a similar soccer training

throughout the experimental period. Prior to the start of the study, the ST group completed a

familiarization period for all resistance training exercises. This was followed by two testing ses-

sions, where CV/D' (test 1) and the 30-m sprint test followed by the Yo-Yo IR1 (test 2) were

performed. All testing sessions were carried out with a 48 h recovery period. Players were

familiar with the Yo-Yo IR1 test and had performed the test prior to the present study at least

once. Consequently the ST group performed on separate days a twice-weekly ST training in

Fig 1. Testing timeline: testing period at baseline and after the intervention. ST = experimental group (performing ST + soccer training from week 2–7;
SO = soccer training group (soccer training from week 2–7).

doi:10.1371/journal.pone.0151448.g001
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addition to the thrice-weekly soccer training and the SO group continued with their regular

thrice-weekly soccer training. After the experimental period of 6 weeks, both testing sessions

were repeated (Fig 1).

Measurements

30-m sprint test and Yo-Yo IR1 test. After a standardized warm-up (5-min self-paced

jogging followed by a 5-min stretching routine), from a standing start, players performed three

repeated 30-m sprints using a 60 s recovery between sprints outdoor on a football field. Times

were recorded using timing gates and the best individual sprint time was used for data analysis.

This was followed by the Yo-Yo IR1 test where 3–4 players performed the test together. Consis-

tent with Bangsbo, Iaia and Krustrup [21] players had to run repeatedly 20-m runs back and

forth between the starting, turning and finishing line on the outdoor soccer field. Starting a 10

km�h-1, the pace at which players had to run progressively increased throughout the test and

followed audio bleep clues played from a CD player. Between each bout of running, players

had a 10-s active resting period, which consisted of 2 times 5 m jogging pace. The testing dis-

tance was marked by cones, having a width of 2 m and a length of 20 m. Another cone placed 5

m behind the finishing which marked the running distance during the active recovery period.

Tests were terminated when players twice failed to reach the finish line in time. Distance cov-

ered was recorded to the nearest meter. All players were familiarized to the test by one pre-test.

CV tests. Subjects had to run 3000 m, 1800 m and 1000 m in a fastest possible time around

an athletic track, using a 30 minutes recovery method between trials [22]. Runs were conducted

in this order and repeated after the experimental period (7.5, 4.5 and 2.5 laps). Distances cho-

sen attempted to induce exhaustive runs between 2 and 15 min. Trials were performed individ-

ually and used the standardized warm-up (5-min self-paced jogging followed by a 5-min

stretching routine). Players were strongly verbally encouraged throughout each trial and time

was recorded using timing-gates. A 5-minute cool-down at self-paced speeds were performed

before passively resting for another 25 minutes. Testing was not performed if wind speed

exceeded 2 m�s-1. Linear regression was used to determine CV and D' (SE = 0.15 m�s-1) using

the distance—time relationship [(d = CV � t) + D'], where: d = distance run and t = total run-

ning time.

Strength Training. The ST group performed a 6-week ST program involving three-resis-

tance lower body (parallel squat, lunges, romanian deadlift) and two-resistance upper body

(dumbbell upright row and bench press) exercises. The ST program was performed twice-

weekly on non-consecutive days (12 sessions in total). In order to determine the training load

of each of the selected exercise, subjects included in ST group performed a maximal strength

test (1-RM) for all five selected exercises. The 1-RM value for each of the 5 resistance exercises

was determined according to the methodology proposed by Baechle, Earle and Wathen [23].

During the first two weeks, players performed 3 sets of 12 repetitions at 60–65% 1RM for each

exercise at. During the following 4 weeks subjects performed 3 to 4 sets of 70–75% 1RM for all

exercises. Loads were adjusted based on the rate of perceived exertion [RPE OMNI-Res Scale;

[24]]. When subjects expressed a value lower than 9 at the end of the last set, load was increased

between 5% to a maximum of 15%, depending on the players feedback. Subjects were

instructed to perform exercises as fast as possible using a proper technique. A certified Strength

and Conditioning Coach supervised all ST workouts.

Statistical Analysis

A descriptive analysis was performed and subsequently the Kolmogorov-Smirnov and Sha-

piro-Wilk test were applied to assess normality. The same mixed Analysis of Variance
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(ANOVA) model was applied to test the differences in each dependent variable (CV, D', YoYo

IR1, and 30 m sprint) compared by group (ST vs. SO) and over time (pre vs. post). Pairwise

comparisons were used to determine differences between time points. Generalized eta squared

(Z2

G
) and Cohen’s d values were reported to provide an estimate of standardized effect size

(small d = 0.2, Z2
G
= 0.01; moderate d = 0.5, Z2

G
= 0.06; and large d = 0.8, Z2

G
= 0.14). The signifi-

cance level was set to p<0.05. Results are reported as mean ± SD unless stated otherwise. IBM

SPSS statistics version 20.0 package was used to perform descriptive statistics and ANOVA.

Effect sizes were calculated by hand based upon Bakeman [25]. Relationships were assessed

using Pearson product moment correlation coefficients.

Results

All data were normally distributed. Average running times for the 3000 m were 13.95 ± 1.37

min, for the 1500 they were 7.26 ±0.6 min and for the 1000 m they were 3.53 ± 0.47 min.

Table 1 shows the values measured for CV, D', YO-YO IR1 and sprints for the experimental

and the control group. When converting the YoYo IR1 from distance run (m) into final speed

(m/s) a mean moderate relationship (r = 0.31) between the variables was identified (Table 1).

YoYo IR1 test

The ANOVA results showed a significant interaction effect between group and time, F(1,24) =

11.22, p = 0.003, Z2

G
= 0.01. Pre to post differences were significant (F(1,24) = 12.2, p = 0.002,

Z
2

G
= 0.01) but we did not find statistically significant group effect (F(1,24) = 2.33, p = 0.140, Z2

G

= 0.09). Although the SO group showed a non-significant improvement (95% CI = -59.9 to

66.1 m/s, t(24) = 0.1, p = 0.921, d = 0.02), the ST group covered 147.7 m more (95% C.I. = 84.7

to 210.7) at the YoYo IR1 test after completing the specific training, t(24) = 4.84, p<0.001,

d = 0.95. Using the predictive maximal aerobic capacity (VO2max) equation for the Yo-Yo IR1

test (VO2max = IR1 distance (m) × 0.0084 + 36.4) the prior and post intervention values for the

ST group were 49.4 ± 2.6 mL�min�kg and 50.6 ± 2.6 mL�min�kg and for the SO group they were

48.4 ± 3.1 mL�min�kg and 48.4 ± 2.6 mL�min�kg. In order to determine the statistical power, a

post-hoc analysis was conducted of the primary outcome (Yo-Yo IR1) for the ST group

(n = 13, d = 0.95). Assuming a significance level of 0.05 we reached a power of 0.88.

Table 1. Baseline and post intervention values for YoYo IR1, CV,D' and 30-m sprint performances (±SD) for the experimental and control group
(P < 0.05).

ST (n = 13) SO (n = 13)

Pre Post Pre Post

Yo-Yo IR1 (m) 1547.7 ± 315.1 1695.4 ± 307* 1427.7 ± 368.2 1430.8 ± 309.5

Yo-Yo IR1 (m/s) 4.44 ± 0.2 4.48 ± 0.1 4.38 ± 0.2 4.39 ± 0.1

CV (m/s) 3.43 ± 0.29 3.75 ± 0.23* 3.23 ± 0.34 3.35 ± 0.27

D' (m) 300.8 ± 64.8 256.3± 39.2 337.1 ± 80.7 294.5 ± 111.8

30-m (s) 4.68 ± 0.2¥ 4.56 ± 0.24 4.53 ± 0.14 4.56 ± 0.22**

* Significantly improved pre and post test results;

**Significantly decreased pre and post test results;
¥ Significantly different between groups

doi:10.1371/journal.pone.0151448.t001
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Critical velocity

Significant differences by group (F(1,24) = 9.81, p = 0.005, Z2
G
= 0.23) and time (F(1,24) =

15.48, p = 0.001, Z2

G
= 0.11) were found. The interaction effect was not significant (F(1,24) =

3.34, p = 0.080, Z2
G
= 0.03). The SO players’ changes in CV after six weeks was not significant

(95% CI = -0.16 to 0.48 m/s, t(24) = 1.48, p = 0.152, d = 0.29). In contrast, ST players improved

CV by 0.32 m/s (95% C.I. = 0.16 to 0.48) after completing the specific training, t(24) = 4.05,

p<0.001, d = 0.79.

Anaerobic running distance

Only the pre-post effect was found to be significant (F(1,24) = 7.59, p = 0.011, Z2
G
= 0.07), but

no significant difference between groups (F(1,24) = 1.98, p = 0.172, Z2
G
= 0.06) or interaction

effects (F(1,24) = 0.003, p = 0.953, Z2
G
�0) were found. Anaerobic running distance was slightly

reduced in both groups (ST -44.5 m, 95% CI = -90.6 to 1.6; SO -42.6 m, 95% CI = -88.7 to 3.5),

showing similar trends in the ST group (t(24) = -1.99, p = 0.058, d = -0.39) and SO group

(t(24) = -1.91, p = 0.069, d = -0.37).

30-m Sprint test

The ANOVA results showed a significant interaction effect between group and time, F(1,24) =

88.78, p<0.001, Z2
G
= 0.28. Pre to post effect (F(1,24) = 144.14, p<0.001, Z2

G
= 0.31) group effect

(F(1,24) = 75.82, p<0.001, Z2
G
= 0.49) were also significant. SO players worsened their perfor-

mance at the sprint test (t(24) = 15.25, p<0.001, d = 2.99) by about 0.98 m/s (95% CI = -1.11 to

-0.84). In contrast, no significant differences were observed for the ST group (t(24) = 1.84,

p = 0.078, d = 0.36; 0.12 m/s, 95% CI = -0.25 to 0.15) with some players (n = 11) demonstrating

improved sprint performances.

Discussion

The main findings of the present study were that a 6-week, twice-weekly performed ST train-

ing program resulted in a significant increase in YoYo IR1 and CV performances in male soc-

cer players (Table 1). Values for 30-m sprint performances decreased by a mean non-

significant 0.12 ± 0.14 s in the experimental group only, whilst values of D' significantly

decreased by a mean of 45 ± 82 m and 43 ± 80 m in both, the experimental and the control

group respectively. When converting the Yo-Yo IR1 distance results into running velocity, the

mean performance changes expressed as a percentage do not reflect the overall improvements,

when compared to changes in distance covered and CV values in both groups (ST 0.75 ± 1.9%;

SO 1.23 ± 1.62% vs ST 9.8 ± 3.7 m/s; SO 4.23 ± 8.86 m/s for YoYoIR1 and CV values respec-

tively). This suggests that Yo-Yo IR1test running velocities are less sensitive to changes in per-

formance capacity.

Our findings are supported by Karsten et al. [20] who reported a 2.9% increase in CV after a

6-week ST intervention in moderately training runners. The present study resulted in markedly

larger significant improvements (Table 1; 9.8%), which might have been caused by different

training levels or by the differences in ST exercises as Karsten et al. [20] only applied lower

body exercises. Whilst not part of the present investigation Støren et al. [26] demonstrated

improvements in running economy after an implementation of upper-body maximal ST,

which can be suggested to have influenced the comparatively higher changes in CV values in

the ST group. In contrast to our findings Bishop and Jenkins [18] and Sawyer et al. [19]

reported non-significant changes in CP after a ST intervention using 6-weeks and 8-weeks

respectively. Bishop and Jenkins [18] implemented only lower-body ST exercises whist Sawyer

Strength and Soccer Training
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et al. [19] included some upper-body ST exercises. Unlike the present study both aforemen-

tioned interventions were performed using untrained subjects. Moreover, the differences

between continuous and intermittent activities, such as change intensities, change of directions

and acceleration and deceleration, might account for the divergent findings.

Deemed as a suitable fitness test for an intermittent sport such as rugby [15] results of the

present study demonstrate that CV testing can also be applied in soccer. However, the present

study only identified a moderate correlation between CV and Yo-Yo IR1 tests results. Unlike

the present study, Clarke et al. [15] utilised running distances of 100 m, 400 m and 1500 m for

the determination of CV which resulted in shorter mean running times (13.8 s, 1.24 min and

7.85 min respectively). Poole et al. [16] recommended a minimum exhaustive trial duration of

2 minutes which might explain the discrepancies between findings, as shorter exhaustive trials

produce higher CV values [27].

The Yo-Yo IR1 has demonstrated its reliability and ability to discriminate between several

age groups as well as playing positions [28–30]. Our novel findings suggest an equal testing

sensitivity of CV, as both variables improved by the same magnitude (YoYo IR1 [m]) 10.2%;

CV [m/s] 9.8%). CV may therefore offer an additional valid and ecologically enhanced useful

testing tool as athletes are not required to perform a systematically increase in running velocity

to exhaustion, a physiological stress that is only limited reflective of the game of soccer. More-

over CV can be used as a non-invasive method to determine the lactate turnpoint [31] as well

as it provides an objective, valid, reliable, accurate and sensitive testing method [32] to monitor

changes in endurance fitness [33]. It can furthermore be used as a reference value to determine

the boundary between the heavy and severe endurance training zone [16].

It is widely accepted that the implementation of ST improves sprint performances at 10–

40 m [34] and our findings of a mean 2.6 ± 0.02% albeit non-significant sprint performance

increase are supported by several investigations. [12] demonstrated a significant 1.6% sprint

performance improvement over a distance of 20 m using a half-squat exercise in elite soccer

players after 8 weeks (twice weekly training). Ronnestad et al. [6] in professional soccer play-

ers found an increase of 1.3% in 40-m sprint performance after a 7-week intervention (twice

weekly training) of half-squat and hip flexor exercises. The higher magnitude improvement

in sprint performance in the present study may be either due to the number of relevant ST

exercises or the level of players as the duration, volume and intensity of the interventions

are similar. Kotzamanidis et al. [35] however reported conflicting 30-m results as players

demonstrated only small improvements in sprint performance (0.46%). The training con-

sisted of half-squat, leg curl and step-up exercises over a 9-week period using a periodized

heavy RT. The authors did not report the level of players, which may explain the different

findings.

Our study also identified notable decreases in D' in both groups (Table 1). Consistent with

Karsten et al. [20] who reported a decrease for this parameter after a 6-weeks ST intervention

in moderately trained runners our findings are in contrast to those of Bishop and Jenkins [18]

and Sawyer et al. [19]. These conflicting results support a current disagreement in the literature

on the reliability, true constitution and adaptive behaviour of this parameter of the time-dis-

tance relationship [36–39]

Limitation to the study

The limited access to players did not allow for a post intervention 1-RM test of the ST exercises.

The study design furthermore does not allow us to definitive state, whether the presented

improvements are solely due to the ST treatment, as training loads were not equalised between

groups.
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Conclusions

To significantly improve performance capacities, a 6-week concurrent soccer and ST program

using moderate (60–65% 1 RM) to heavy (70–75% 1RM) loads can be recommended to soccer

players with no experience in resistance training during the preparatory period of the soccer

season. Determining the transition between heavy and severe exercise and exercise tolerance,

the present study also demonstrated the usefulness of CV as a tool to detect changes in perfor-

mance capacities induced by the ST intervention. CV can therefore be recommended to soccer

coaches as additional suitable, valid, sensitive and reliable test, which can additionally be used

for the purpose of training prescription. Future studies are recommended which equalize train-

ing loads, to investigate the optimal duration and hence an optimal performance improvement

of such sports specific ST training.

Supporting Information

S1 Table. Supporting data set.

(PDF)

S1 Fig. Flow diagram.

(PDF)

Author Contributions

Conceived and designed the experiments: FN BK AK. Performed the experiments: GK TH.

Analyzed the data: ELZ BK. Contributed reagents/materials/analysis tools: GK TH AK. Wrote

the paper: BK ELZ FN.

References
1. Rösch D, Hodgson R, Peterson TL, Graf-Baumann T, Junge A, Chomiak J, et al. Assessment and eval-

uation of football performance. Am J Sports Med. 2000; 28:S29–39. PMID: 11032105

2. Bangsbo J. The physiology of soccer with special reference to intense intermittent exercise. Acta Phy-
siol Scand Suppl. 1994; 619:1–155. PMID: 8059610

3. Haugen T, Tønnessen E, Hisdal J, Seiler S. The role and development of sprinting speed in soccer. Int
J Sports Physiol Perform. 2014; 9(3):432–41. doi: 10.1123/ijspp.2013-0121 PMID: 23982902

4. Stølen T, Chamari K, Castagna C, Wisløff U. Physiology of soccer: an update. Sports Med. 2005; 35
(6):501–36. PMID: 15974635

5. Impellizzeri F, Marcora S, Castagna C, Reilly T, Sassi A, Iaia F, et al. Physiological and Performance
Effects of Generic versus Specific Aerobic Training in Soccer Players. Int J Sports Med. 2006; 27
(6):483–92. PMID: 16767613

6. Rønnestad BR, Kvamme NH, Sunde A, Raastad T. Short-term effects of strength and plyometric train-
ing on sprint and jump performance in professional soccer players. J Strength Cond Res. 2008; 22
(3):773–80. doi: 10.1519/JSC.0b013e31816a5e86 PMID: 18438241

7. Shalfawi SAI, Haugen T, Jakobsen TA, Enoksen E, Tønnessen E. The effect of combined resisted agil-
ity and repeated sprint training vs. strength training on female elite soccer players. J Strength Cond
Res. 2013; 27(11):2966–72. doi: 10.1519/JSC.0b013e31828c2889 PMID: 23442286

8. Wisløff U, Helgerud J, Hoff J. Strength and endurance of elite soccer players. Med Sci Sports Exerc.
1998; 30(3):462–7. PMID: 9526895

9. Damasceno M., Lima-Silva AE, Pasqua LA, Tricoli V, Duarte M, Bishop DJ, et al. Effects of Resistance
Training on neuromuscular characteristics and pacing during 10 km running time trial. Eur J Appl Phy-
siol. 2012; 115(7):1513–22.

10. Mikkola J, Vesterinen V, Taipale R, Capostagno B, Häkkinen K, Nummela A. Effect of resistance train-
ing regimens on treadmill running and neuromuscular performance in recreational endurance runners.
J Sports Sci. 2011; 29(13):1359–71. doi: 10.1080/02640414.2011.589467 PMID: 21854344

Strength and Soccer Training

PLOS ONE | DOI:10.1371/journal.pone.0151448 March 25, 2016 8 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151448.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0151448.s002
http://www.ncbi.nlm.nih.gov/pubmed/11032105
http://www.ncbi.nlm.nih.gov/pubmed/8059610
http://dx.doi.org/10.1123/ijspp.2013-0121
http://www.ncbi.nlm.nih.gov/pubmed/23982902
http://www.ncbi.nlm.nih.gov/pubmed/15974635
http://www.ncbi.nlm.nih.gov/pubmed/16767613
http://dx.doi.org/10.1519/JSC.0b013e31816a5e86
http://www.ncbi.nlm.nih.gov/pubmed/18438241
http://dx.doi.org/10.1519/JSC.0b013e31828c2889
http://www.ncbi.nlm.nih.gov/pubmed/23442286
http://www.ncbi.nlm.nih.gov/pubmed/9526895
http://dx.doi.org/10.1080/02640414.2011.589467
http://www.ncbi.nlm.nih.gov/pubmed/21854344


11. Taipale RS, Mikkola J, Nummela A, Vesterinen V, Capostagno B, Walker S, et al. Strength training in
endurance runners. Int J Sports Med. 2010; 31(7):468–76. doi: 10.1055/s-0029-1243639 PMID:
20432192

12. Helgerud J, Rodas G, Kemi OJ, Hoff J. Strength and endurance in elite football players. Int J Sports
Med. 2011; 32(9):677–82. doi: 10.1055/s-0031-1275742 PMID: 21563031

13. Barr MJ, Sheppard JM, Agar-Newman D, Newton RU. The transfer effect of strength and power training
to the sprinting kinematics of international rugby players. J Strength Cond Res. 2014; 28(9):2585–96.
doi: 10.1519/JSC.0000000000000423 PMID: 24552802

14. Hoff J, Helgerud J. Endurance and Strength Training for Soccer Players. Sport Med. 2004; 34(3):165–
80.

15. Clarke AC, Presland J, Rattray B, Pyne DB. Critical velocity as a measure of aerobic fitness in women’s
rugby sevens. J Sci Med Sport. 2014; 17(1):144–8. doi: 10.1016/j.jsams.2013.03.008 PMID: 23608044

16. Poole DC, Ward SA, Gardner GW, Whipp BJ. Metabolic and respiratory profile of the upper limit for pro-
longed exercise in man. Ergonomics. Taylor & Francis; 1988; 31(9):1265–79.

17. Clark IE, West B, Reynolds S, Murray SR, Pettitt RW. Applying the Critical Velocity Model for an Off-
Season Interval Training Program. J Strength Cond Res. 2013; 27(12):3335–41. doi: 10.1519/JSC.
0b013e31828f9d87 PMID: 23478481

18. Bishop D, Jenkins DG. The influence of resistance training on the critical power function & time to
fatigue at critical power. Aust J Sci Med Sport. 1996; 28(4):101–5. PMID: 9040899

19. Sawyer BJ, Stokes DG, Womack CJ, Morton RH, Weltman A, Gaesser G. Strength Training Increases
Endurance Time to Exhaustion During High-Intensity Exercise Despite no Change in Critical Power. J
Strength Cond Res. 2013; 28(3):601–9.

20. Karsten B, Stevens L, Colpus M, Larumbe-Zabala E, Naclerio F. The Effects of a Sports Specific Maxi-
mal Strength and Conditioning Training on Critical Velocity, Anaerobic Running Distance and 5-km
Race Performance. Int J Sports Physiol Perform. 2015;

21. Bangsbo J, Iaia FM, Krustrup P. The Yo-Yo Intermittent Recovery Test Intermittent Sports. 2008; 38
(1):37–51.

22. Galbraith. A Novel Field Test to Determine Critical Speed. J Sports Med Doping Stud. 2011; 01(01):1–
4.

23. Baechle T, Earle R, Wathen D. Essentials of Strength Training and Conditioning 3rd Edition: In:
Baechle T, Earle R, editors. 3rd ed. Champaign (IL): Human Kinetics Publishers; 2008. p. 381–412.

24. Robertson RJ, Goss FL, Rutkowski J, Lenz B, Dixon C, Timer J, et al. Concurrent Validation of the
OMNI Perceived Exertion Scale for Resistance Exercise. Med Sci Sport Exerc. 2003; 35(2):333–41.

25. Bakeman R. Recommended effect size statistics for repeated measures designs. Behav Res Methods.
2005; 37(3):379–84. PMID: 16405133

26. Støren O, Helgerud J, Støa EM, Hoff J. Maximal strength training improves running economy in dis-
tance runners. Med Sci Sports Exerc. 2008; 40(6):1087–92. doi: 10.1249/MSS.0b013e318168da2f
PMID: 18460997

27. Jenkins D, Kretek K, Bishop D. The Duration of Predicting Trials Influences Time to Fatigue at Critical
Power. J Sci Med Sport. 1998; 1(4):213–8. PMID: 9923729

28. Deprez D, Coutts AJ, Lenoir M, Fransen J, Pion J, Philippaerts R, et al. Reliability and validity of the Yo-
Yo intermittent recovery test level 1 in young soccer players. J Sports Sci. 2014; 32(10):903–10. doi:
10.1080/02640414.2013.876088 PMID: 24479712

29. Fanchini M, Castagna C, Coutts AJ, Schena F, McCall A, Impellizzeri FM. Are the Yo-Yo intermittent
recovery test levels 1 and 2 both useful? Reliability, responsiveness and interchangeability in young
soccer players. J Sports Sci. 2014; 32(20):1950–7. PMID: 25333679

30. Markovic G, Mikulic P. Discriminative Ability of The Yo-Yo Intermittent Recovery Test (Level 1) in Pro-
spective Young Soccer Players. J Strength Cond Res. 2011; 25(10):2931–4. doi: 10.1519/JSC.
0b013e318207ed8c PMID: 21804423

31. Smith CGM, Jones AM. The relationship between critical velocity, maximal lactate steady-state velocity
and lactate turnpoint velocity in runners. Eur J Appl Physiol. 2001; 85(1–2):19–26. PMID: 11513315

32. Jones AM, Poole DC. Physilogical demands of endurance exercise. In: Maughan RJ, editor. Olympic
Textbook of Science in Sport. Chichester, UK: Wiley-Blackwell Publishing, Chichester, UK; 2009. p.
43–55.

33. Stickland MK, Petersen SR, Dressendorfer RH. Critical aerobic power during simulated 20 km bicycle
racing. Sport Med Train Rehabil. 2000; 9(4):289–301.

34. Silva JR, Nassis GP, Rebelo A. Strength training in soccer with a specific focus on highly trained play-
ers. Sport Med—Open. Sports Medicine—Open; 2015; 2(1).

Strength and Soccer Training

PLOS ONE | DOI:10.1371/journal.pone.0151448 March 25, 2016 9 / 10

http://dx.doi.org/10.1055/s-0029-1243639
http://www.ncbi.nlm.nih.gov/pubmed/20432192
http://dx.doi.org/10.1055/s-0031-1275742
http://www.ncbi.nlm.nih.gov/pubmed/21563031
http://dx.doi.org/10.1519/JSC.0000000000000423
http://www.ncbi.nlm.nih.gov/pubmed/24552802
http://dx.doi.org/10.1016/j.jsams.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23608044
http://dx.doi.org/10.1519/JSC.0b013e31828f9d87
http://dx.doi.org/10.1519/JSC.0b013e31828f9d87
http://www.ncbi.nlm.nih.gov/pubmed/23478481
http://www.ncbi.nlm.nih.gov/pubmed/9040899
http://www.ncbi.nlm.nih.gov/pubmed/16405133
http://dx.doi.org/10.1249/MSS.0b013e318168da2f
http://www.ncbi.nlm.nih.gov/pubmed/18460997
http://www.ncbi.nlm.nih.gov/pubmed/9923729
http://dx.doi.org/10.1080/02640414.2013.876088
http://www.ncbi.nlm.nih.gov/pubmed/24479712
http://www.ncbi.nlm.nih.gov/pubmed/25333679
http://dx.doi.org/10.1519/JSC.0b013e318207ed8c
http://dx.doi.org/10.1519/JSC.0b013e318207ed8c
http://www.ncbi.nlm.nih.gov/pubmed/21804423
http://www.ncbi.nlm.nih.gov/pubmed/11513315


35. Kotzamanidis C, Chatzopoulos D, Michailidis C, Papaiakovou G, Patikas D. The effect of a combined
high-intensity strength and speed training program on the running and jumping ability of soccer players.
J Strength Cond Res. 2005; 19(2):369–75. PMID: 15903377

36. Dekerle J, Brickley G, Hammond AJP, Pringle JSM, Carter H. Validity of the two-parameter model in
estimating the anaerobic work capacity. Eur J Appl Physiol. 2006; 96(3):257–64. PMID: 16261386

37. Gaesser GA, Carnevale TJ, Garfinkel A, Walter DO, Womack CJ. Estimation of critical power with non-
linear and linear models. Med Sci Sports Exerc. 1995; 27(10):1430–8. PMID: 8531615

38. Galbraith A, Hopker J, Lelliott S. A Single-Visit Field Test of Critical Speed. Int J Sports Physiol Perform.
2014; 9(6):931–5. doi: 10.1123/ijspp.2013-0507 PMID: 24622815

39. Vanhatalo A, Jones AM, Burnley M. Application of Critical Power in Sport What Is the Critical Power
Concept ? Int J Sports Physiol Perform. 2011; 6:128–36.

Strength and Soccer Training

PLOS ONE | DOI:10.1371/journal.pone.0151448 March 25, 2016 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/15903377
http://www.ncbi.nlm.nih.gov/pubmed/16261386
http://www.ncbi.nlm.nih.gov/pubmed/8531615
http://dx.doi.org/10.1123/ijspp.2013-0507
http://www.ncbi.nlm.nih.gov/pubmed/24622815

