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Abstract: The effectiveness of combining strength-specific training with endurance training to
enhance the performance of endurance runners remains uncertain. This study aimed to analyze
effect of practising maximum-strength (MAX), explosive strength (EXP) or both combined (COMB)
on seven runners’ performance-indicators: vertical jump (V]), one-repetition-maximum-squat
(1IRM), peak-velocity/peak-running-speed (PV), lactate-threshold (over incremental-test-protocols,
LT), middle-distance-time-trial (TT), maximum-oxygen-consumption (VOzmax), running-economy
(RE). Systematic-review (Scopus, Wed of Science, Sports Discuss, PubMed) with meta-analysis was
conducted following PRISMA standards. Inclusion-criteria (PICOS) were: recreational or well-
trained athletes aged 18-45 performing concurrent-training >five-week. Used search-terms were
related to different types of strength/endurance, participants” age, sport-modality. 20 manuscripts
were selected, quality-assessed with PEDro. MAX training is more effective than EXP, COMB in
improving V], 1RM, PV, while COMB is more effective than MAX, EXP to enhance TT. MAX is more
effective than EXP in improving LT. Concurrent-workouts do not provide additional benefits to
VOomax. It is unknown which strength-modality (MAX, EXP or COMB) is more effective in
improving RE. Concurrent-training is more effective than single-mode-endurance-training for
enhancing specific performance-variables in adult-endurance-runners. Middle-, long-distance-
runners may consider incorporating MAX-training to target specific goals, e.g., improving VJ, 1RM,
LT, PV while utilizing COMB-training to enhance TT. Certain variables may benefit from EXP. New
randomized-controlled-trials are required to confirm these findings.

Keywords: endurance; running; concurrent training; maximum strength; explosive strength

1. Introduction

The objective of middle- and long-distance running is to enhance athletic performance.
Traditionally, the critical factors believed to determine endurance performance have included
maximum oxygen uptake (VOzmax), running economy (RE) and lactate threshold (LT [1,2]). However,
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in recent years, regular improvements in endurance performance have been observed without a
proportional increase in VOzmax [3] and weak correlations have been found between VOamax and
endurance performance in experienced athletes [4]. Furthermore, modern endurance runners exhibit
VOomax and LT values similar to previously seen [2,5]. Therefore, the current approach uses RE,
velocity at VOzmax (vVO2max) and endurance-specific muscle power as key indicators of endurance
performance [5]. Similarly, Jones et al. [6] note that individual factors like VOzpeax, the oxygen cost of
running [7], and lactate-related metrics lack significant correlations with marathon performance,
combining these variables can predict marathon times effectively. Additionally, some authors argue
that peripheral factors such as enhanced neuromuscular function, increases in motor neuron
excitability and musculotendinous stiffness are crucial for sustaining high running speeds when a
greater contribution of the anaerobic system is required, particularly in the final phases of the race or
end-spurt [2,8,9].

Therefore, adding strength training to the endurance training programs of middle- and long-
distance runners —known as concurrent training [10]— plays an essential role. When endurance
athletes incorporate strength training, they can achieve several important adaptations as described
in the literature [3,4,11-16]. These adaptations include reducing the required force for the same
workload, resulting in energy conservation and delayed onset of fatigue. They include enhanced
neuro-muscular function, characterized by improved motor unit recruitment and synchronization,
activation frequency, intermuscular coordination, neural inhibition and rate coding. At the muscle-
tendon level, there is a delayed activation of type Ila fibres due to the prolonged utilization of type I
fibres. This may result in a potential transformation of fast-twitch fibres into intermediate fibres (Ila),
an improved muscle stretch-shortening cycle, enhanced muscle-tendon stiffness and an increased
cross-sectional area of the Achilles tendon [17].

Furthermore, strength training increases muscle glycogen availability and augments anaerobic
enzyme activity. These combined improvements can lead to enhanced performance across key
indicators such as LT, RE [3,5], and particularly vVOzmax, an essential performance variable that
combines VOzmax and running economy and allows the identification of aerobic differences among
runners, which cannot be attained with VO:max or RE alone [18].

However, successfully combining strength and endurance represents one of the greatest
challenges in training prescriptions for coaches due to its complexity [10]. Indeed, strength and
endurance events have traditionally been categorized as opposing activities when considering
performance duration and energy metabolism [19]. The potential endurance and strength
adaptations obtained may be attenuated. This phenomenon is called interference or concurrent
training effect [3,20]. Thus, it must be considered that while endurance training increases the capillary
luminal diameter and number, increases mitochondrial density and decreases the muscle fibre size
[21], strength training generates the opposite effects [19,22].

Whereas there is support for the beneficial effects of incorporating strength training into
endurance programs, there is also evidence of potential interference effects. Some studies have found
that strength programs improved endurance athletes” performance [3,23], whereas others have not
[24-26]. The discrepancies found between studies could be related to the following aspects:
developing different types of strength, using different training methods [11,19,27], athletes’ training
history, modality of aerobic training, intervention duration [28] and difficulties in transferring
strength gains to running technique [13,29].

Thus, there is a lack of consensus on the types of strength training suitable for concurrent
programs in endurance athletes. Maximum strength (MAX), explosive strength (EXP) or a
combination of both (COMB) are commonly used in concurrent training protocols. Maximum
strength refers to the highest force exerted during a single lift or an isometric contraction [30] and
explosive strength results from the relationship between the force produced and the needed time for
its application [31].

Some previous studies concluded that EXP could yield better results than maximum strength
[32], whereas other research reported the opposite [33]. However, due to limited research, it was
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impossible to determine which type of strength enhances further endurance performance [12].
Moreover, studies recommend combining MAX and EXP with endurance training for better results
[2,34]. Therefore, further research is needed [2,5]. New research should include adequate training
protocols and assessments, and the interventions should be longer than in the current publications
[5]. New studies could also be useful to clarify the effects of adding COMB training to endurance
training [2].

Furthermore, it is also necessary to conduct new systematic reviews since recent randomized
controlled studies have not been included yet. Also, some systematic reviews included different
sports despite the existing differences between activities such as cross-country skiing, cycling and
running [11]. Moreover, some reviews have exclusively focused on RE [11,35]. As a result, it is
necessary to examine the effect of concurrent training programs on a comprehensive range of
endurance performance variables and to compare the effect of adding MAX or EXP strength or
COMB to endurance training. Thus, on the one hand, it could be expected that MAX training
enhances endurance athletes’ performance by improving agonist-antagonist muscle coactivation
[36], intra- and intermuscular coordination and running technique. Additionally, MAX training may
reduce the relative workload due to increased strength [37,38]. On the other hand, EXP could enhance
endurance athletes' performance by improving motor unit synchronization, increasing muscle power
and elastic return and improving muscle-tendon rigidity [37,39]. Finally, combining COMB training
with endurance training protocols could benefit both regimens (MAX and EXP) and might be useful
to promote a post-activation potentiation response [40].

Therefore, this study aims to systematically review the literature and conduct a meta-analysis to
determine the effect of MAX, EXP or COMB on various performance indicators of endurance runners.
Specifically, we aimed to compare the effects of these three strength regimes on vertical jump (V]),
one-repetition maximum squat (1IRM), peak velocity or peak running speed (PV), LT (measured in
incremental test protocols), middle-distance time trial (TT), VO2max and RE. We hypothesized that
concurrent training combining endurance and MAX, EXP or COMB strength training would improve
specific performance variables of adult endurance runners compared to single-mode endurance
training. We further hypothesized that concurrent training would not confer an advantage in
improving VOzmax. Finally, we hypothesized that adding COMB to resistance training would be more
effective than adding only MAX or EXP.

2. Materials and Methods

A systematic review with meta-analysis was conducted following the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) checklist and statement. The study was
registered under code PSU IRB-2022-11-0134 at Prince Sultan University's Institutional Review Board.

The PICOS (Population, Intervention, Comparison, Outcomes, Study design) tool for quality
systematic reviews was used to elaborate with rigour and accuracy the inclusion and exclusion
criteria applied in the selection of the manuscripts finally included in the present study (Table 1 [41]).

Table 1. PICOS strategy for the inclusion and exclusion criteria.

Categor Inclusion criteria Exclusion criteria
y

Population Recreational and professional Recreational or professional
endurance runners of both sexes athletes under the age of 18 or
aged between 18 and 45. above 45. Non-runners.

Individuals suffering from
injuries or medical

conditions.
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4
Intervention Concurrent strength training Concurrent training
(MAX, EXP, or COMB) combined protocols or cohorts that
with endurance training. Training underwent muscular
protocols of at least five weeks. endurance, body weight, or

isometric training sessions.
Strength interventions
performed using electrical
muscle  stimulation  or
vibratory plates. Training
protocols of less than five
weeks.

Comparison Research involving a minimum of = Absence of a minimum of
two groups, either one
experimental and one control
group, or two experimental

two groups, either one

experimental and one control

groups. group, or two experimental
groups.  Studies  where
different experimental

groups perform the same
concurrent  training at
different times or days.
Studies using ergogenic aids.
Outcomes Studies wherein at least one  Studies that did not report

performance  parameter (i.e, any performance parameter,
VO2max,  running  economy,

and it was not possible to
lactate threshold) was reported. P

obtain such data after
contacting their authors.
Study design Randomized and nonrandomized Cross-sectional studies.
controlled studies. Interventions published in
sources classified as grey
literature, such as reports,
conference proceedings not
subjected to peer review, or
publications not issued by

commercial publishers.

For the screening process, the following electronic databases were searched: PubMed, SPORT
Discus, Web of Science and Scopus. The period screened was until June 30, 2023.

The search process involved an examination of the title, abstract and full-text fields of the
manuscripts. Each of these sections was evaluated according to predetermined inclusion and
exclusion criteria. The search algorithm used in the previously mentioned databases was: (adult OR
middle-aged OR college-aged) AND (concurrent OR concomitant OR combined OR added OR
complex) AND (maximum strength OR explosive strength OR resistance OR plyometric OR reactive
strength) AND (performance OR running OR function OR effect OR gain OR improvement OR
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adaptation OR indicator OR parameter OR variable OR response OR race OR running economy OR
energy cost) AND (runner OR endurance athlete OR middle-distance OR long-distance) NOT (youth
OR elderly OR adolescent OR patient OR disease OR syndrome OR injury OR sedentary OR obese
OR supplementation OR animal).

The screening was limited to articles published in English or Spanish. The search and selection
process of the articles was conducted by two of the main researchers of this study, using the double-
blind method (PP-G and JS-I) Possible discrepancies between both researchers were solved
consensually by another researcher (FHY). The flow diagram of the study selection is shown in Figure
1.

Regarding the data collection process from the selected studies, the means and standard
deviations before and after the implementation of the training protocols were recorded (pre- and
post-test). This information was obtained directly from the tables provided in the articles. In those
publications where the data were not available, the authors of the articles were contacted to request
this information. When the authors did not respond, the GetData Graph Digitizer and Plot Digitizer
programs obtained means and standard deviations. When the information was flagged or
incomplete, it was not included in the meta-analysis. In the cases where more than one measurement
of the same variable was provided, we chose the test with the highest validity and reliability index,
according to the age and characteristics of the subjects in the present study.

The variables analyzed in the meta-analysis of the present study were seven: vertical jump (V]),
1RM, RE, VO2max, TT, LT (measured in incremental test protocols) and PV.

The PEDro (Physiotherapy Evidence Database) scale was utilized to examine the internal
validity, risk of bias and methodological quality of the studies selected for this research [42]. Two
investigators carried out this evaluation process independently, and once completed, the inter-rater
reliability was calculated. The PEDro scale is composed of 11 dichotomous items. The first is not
evaluable, whereas the remaining 10 are scored with 0 or 1. Therefore, the final result is between 0
and 10. A higher score indicates high methodological quality, and a lower score a risk of bias. PEDro
scores were interpreted as follows: 0-3: poor quality, 4-5: fair quality, 6-8: good quality, 9-10: excellent
quality [43].

All analyses were performed using the Comprehensive Meta-Analysis software, version 2
(Biostat Inc., Englewood, United States). Hedges' g effect size (ES) —a variation of Cohen's d— was
used to correct for sampling bias, considering the small sample size. The values of 0.2, 0.5, 0.8 or 1.2
for ES indicate small, medium, large or very large overall effects, respectively [44]. ES values and
their 95% confidence intervals [CI] were calculated using the mean from study groups and pre- and
post-test trials, standard deviation and total sample size. Between-group comparisons were
performed when the same variable (i.e., VO2max, RE) was reported at least in two different studies for
each group (CON, MAX, EXP or COMB). The heterogeneity was determined by examining the Q test
and the I? value. The heterogeneity represents the percentage of variance due to between-study
factors rather than sampling error. Therefore, it was calculated as I [45]. The heterogeneity (I?) values
of 25%, 50, and 75% were used for the small, medium and large levels [46]. The fixed effects model
was used when there was no significant heterogeneity between studies, and the random effects model
was applied when significant heterogeneity was found [47]. The significance level was set as p<0.05.
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Figure 1. Flowchart of the study search, identification, screening, selection and inclusion
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3. Results

3.1. Study selection

In the initial search, a total of 1185 articles were identified. Furthermore, three studies were
included as they were identified in previously published articles (systematic reviews and primary
research). Subsequently, 182 duplicate articles were removed. The publications were then filtered
based on title (n=137) and abstract (n=691) and further refined by population (n=53), intervention
(n=44), comparison (n=17), outcomes (n=26) and study design (n=38). Consequently, an additional
178 articles were excluded. Thus, the final number of articles included in the present study was 20
(see Figure 1). The interrater reliability (IRR) was estimated at 95.1% and the Cohen's kappa was 0.89.

3.2. Study Characteristics

As explained in Table 1, only the experimental groups that performed MAX, EXP or COMB
interventions were included in the meta-analysis. The total number of subjects included in the study
was 451 (342 males and 109 females). All of them were middle- or long-distance runners (recreational
or well-trained), aged between 18 and 45 (See Table 2).

Table 2. Descriptive characteristics of the subjects and the studies included in the present research.

Authors n Age Level Intervention Randomized | Duration | PEDro
(years) (weeks) | score

Johnston et | 12F 30.30 Endurance I: MAX+END Yes 10 6
al. (1997) runners CON: END
Steren et al. | 17(9M,8F) 29.18 Well-trained | I: MAX+END Yes 8 6
(2008) [29] endurance CON: END

runners
Ferrauti et | 22(16M,6F) | 40 Recreational | I: MAX+END Yes 8 6
al. (2010) runners CON: END
Damasceno | 19M 33.50 Recreational | I: MAX+END Yes 8 6
et al. (2015) endurance CON: END

runners
Vikmoen et | 19F 32.93 Well- I: MAX+END Yes 11 6
al. (2016) training CON: END

endurance

athletes
Li et al |28M 20.71 Well-trained | I: MAX+END Yes 8 6
(2019) endurance 1:COMB+END

runners CON: END
Paavolainen | 18M 23.44 Elite cross- | I: EXP+END Yes 9 6
et al. (1999) country CON: END

runners
Spurrs et al. | 17M 25 Endurance I: EXP+END Yes 6 6
(2003) runners CON: END




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2024

d0i:10.20944/preprints202403.0094.v1

Saunders et | 15M 24.20 Highly- I: EXP+END Yes 9 6
al. (2006) trained CON: END

endurance

runners
Ramirez- 36(22M,14F) | 22.10 Highly I: EXP+END Yes 6 6
Campillo et competitive | CON: END
al. (2014) endurance

runners
Pellegrino 22(14M,8F) | 33.35 Experienced | I: EXP+END Yes 6 6
et al. (2016) endurance CON: END

runners
Berryman et | 28M 29.85 Moderately | Ii:EXP+END Yes 8 6
al. (2010) to well- | 2MAX+END

trained CON: END

endurance

runners
Taipale et | 28M 35.37 Recreational | I:EXP+END Yes 8 6
al. (2010) endurance I2MAX +END

runners
Mikkola et | 27M 35.55 Recreational | I:EXP+END Yes 8 6
al. (2011) endurance 2MAX +END

runners
Barnes et al. | 42(23M,19F) | 19.72 Cross- I11: MAX+END | Yes 10 6
(2013) country 12:

runners COMB+END
Taipale et | 30M 34.57 | Recreational | I1: MAX+END | Yes 8 6
al. (2013) endurance 12: EXP+END

runners 13:

COMB+END
CON: END

Lum et al. | 26(18M,8F) | 26 Endurance 11:EXP+END Yes 6 6
(2022) runners CON: END
Sedano et | 18M 23.70 Well- 11:COMB+END | Yes 12 6
al. (2013) training CON: END

runners
Taipale at | 34(16M,18F) | 32.14 Recreational | . COMB+END | Yes 8 6
al. (2014) endurance CON: END

runners




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2024 d0i:10.20944/preprints202403.0094.v1

9
Beattie et al. | 20M 28.55 Competitive | . COMB+END | No 40 5
(2017) distance CON: END
runners

Legend: n: sample size; F: Female; M male; I intervention group; CON: Control group; MAX
maximum strength; EXP Explosive strength; END: Endurance; COMB: Combined maximum and
explosive strength.

Moreover, the strength and endurance training programs undergone by the groups included are
shown in Table 3. Of all the studies selected, 11 included experimental groups that performed MAX
training [2,8,15,24,27,29,34,37,48-50], 10 EXP training [1,30,34,39,49-53] and six studies included
experimental groups performing COMB training [2,4,20,36,46,54]. The intervention periods in 19 of
the 20 studies were between 6 and 12 weeks, whereas, in the remaining research, the intervention
lasted 40 weeks [4]. MAX groups performed non-running specific strength training exercises,
focusing mainly on the lower extremities, except in four studies [24,36,46,48], where some trunk and
upper body exercises were also practised. In most studies, multi- and single-joint exercises were used,
except in two studies where only half-squat was performed [29,34]. Regarding the resistance used, in
some studies, more emphasis was placed on the neural factors of strength [1,9,24,29] and in two
studies on metabolic factors [2,34]. In other articles, the resistance applied was suitable for both neural
and metabolic adaptations [26,36,46,48,49]. EXP training protocols included —in some cases — only
exercises performed with one's own body, such as jumping, bounding and hopping [30,34,52,53]. In
contrast, weight-training machines were also used in other interventions in addition to the previously
mentioned exercises [39,46,49-51]. Most protocols consisted of performing between two and four sets
and between five and 10 repetitions. Finally, the groups that underwent COMB training performed
strength sessions where MAX exercises (mainly multi-joint) were combined with EXP exercises (i.e.,
horizontal or vertical jumps, hops and bounds). As for endurance training, many of the study
participants in the 20 selected studies were required to continue their regular endurance training (see
Table 3).

Table 3. Study characteristics and training programs undergone by the different experimental

groups.
Study Duration// Training parameters Exercises
Frequency

Johnston | 10 weeks// | ST: (MAXG) 2x20/2" (bent-leg heel raise); | Squat, knee flexion,

et al. | ST:3/wk; 2x12/2" (straight-leg heel raise); 2x15/2" (sit- | knee extension,

(1997) E:4-5/wk up, abdominal curl); 3x8/2" (Leg extension, | seated  press, lat
leg curl, seated row, lat pulldown; 3x6/2" | pulldown, hummer
(squat, lunge, bench press, seated press, | curl, sit-up, lunge,
hammer curl) heel raise, bench
ET:20-30km/week at steady pace press

Steren et |8  weeks// | ST: (MAXG) 4x4RM/3’ Half-squat

al. (2008) | ST:3/wk ET: Continue with their normal endurance
training (60-95%HRmax)

Ferrauti et | 8 weeks// | ST: (MAXG) 4x3-5RM/3" (leg press, leg | Leg press, leg

al. (2010) ST:2/wk extension, leg curl, ankle extension, hip | extension, leg curl,
extension); 3x20-25RM/90"" (bench press, | hip extension, ankle
lateral flexion, trunk flexion, trunk extension, | extension, reverse fly
trunk rotation, reverse fly). bench press, trunk
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ET: 240(121) min/wk flexion, trunk
extension, lateral

flexion, trunk rotation

Damascen
o et al
(2015)

8  weeks//
ST:2/wk

ST: (MAXG) Wks 1-2: 3x8-10RM/3’; wks 3-4:
3x6-8 RM/3’; wks 5-6: 3x4-6 RM/3’; wks 7-8:
2x3-5 RM/3’

ET: Maintained their endurance training

program on different days than ST

Half-squat, leg-press,
plantar flexion, and

knee extension

Vikmoen
et al.
(2016)

11 weeks//
ST:3/wk;
ET: 6/wk

ST: (MAXG) Wks 1-3: 3x10RM and 6RM; wks
4-6: 3x8RM and 5RM; wks 7-11: 3x6RM and
4RM

ET: Weekly training: 1:3.7(1.6) h at 60%-82%
HRuax; 1.1(0.5) h at 83%-87%, 3:0.8(0.5) h; 88%-
100% of maximal HR

Half squat, leg press,
standing one-legged
hip flexion, ankle

plantar flexion

Li et al
(2019)

8  weeks//
ST:3/wk

ST: MAXG: 5x5(80-85%1RM)/3"; COMBG:
3x5(80-85%1RM)/4" (Back squat, Bulgarian
squat, Romanian deadlift); 3x6/4" (drop jump,
single leg hop, double leg hurdle hop)

ET: Continuous training (70-85%HRmax), and
interval training (90-95% HRmax). Total

distance: 77.25(2.33) km/wk

MAXG: Back squat,
Bulgarian squat,
Romanian deadlift

COMBG: Back squat,
drop jump, Bulgarian
squat, single leg hop,
deadlift,
double leg hurdle hop

Romanian

Paavolain
en et al
(1999)

9 weeks

ST:

countermovement, drop and hurdle jumps,

(EXPG) Alternative jumps, bilateral

and 1-legged 5-jump, leg-press, leg extension,
leg curl without additional weight or with the
barbell on the shoulders. Leg-press, leg
extension, leg curl: 5-20reps(0-40%1RM)

ET: 30-120" at <84%HRmax

Alternative

bilateral

jumps,

countermovement,
and hurdle
jumps, and 1-legged

drop

5-jump, leg-press, leg

extension, leg curl

Spurrs et
al. (2003)

6  weeks//
ST:2/wk the
first 3 wks,
3/wk
the last 3

and

wks

ST: (EXPG) 2x10 (Squat jump); 2x10-12 (split
scissor jump); 2-3x10-12 (double leg bound);
2-3x10-15 (alternate leg bound, single leg
forward hop); 2-3x6-10 (depth jump); 2-3x10
(double leg hurdle jump, single leg hurdle
hop)

ET: 60-80km/wk

Squat jump, split
scissor jump, double
leg bound, alternate
leg bound, single leg
forward hop, depth
double

hurdle jump, single

jump, leg

leg hurdle hop

Saunders
et al.
(2006)

9  weeks//
ST:3/wk

ST: (EXPG) 1-2x15 (back extension); 2-5x6-8
(leg press); 1-3x6 (countermovement jumps);
1-3x20 (knee lifts); 1-3x10 (ankle jumps); 1-
3x10 (hamstring curls); 4-6x10m (alternate-leg
bounds); 1-5x20-30m (skip for height); 1-4x20

Back extension, leg
press,
countermovement
lifts,

jumps, knee

ankle

jumps,
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(single-leg ankle jumps); 5x5 (continuous
hurdle jumps); 5x8 (scissor jumps for height)
ET: 107(43) km/wk including continuous

training and interval training

hamstring curls,

alternate-leg bounds,

skip  for  height,
single-leg ankle
jumps,  continuous

hurdle jumps, scissor

jumps for height
Ramirez- |6  weeks// | ST: (EXPG) 2x10/2" from a 20cm box; 2x10/2" | Bounce drop jumps
Campillo | ST:2/wk from a 40cm box; 2x10/2" from a 60 cm box
et al. ET: 67.2(18.9) km/wk
(2014)
Pellegrino | 6  weeks// | ST: (EXPG) 60-228 jumps/session Deep and box jumps
et al. | ST:15sessio
(2016) ns/6wks
Berryman |8  weeks// | ST: MAXG: 3x8/3"; EXPG: Drop jumps from | MAXG: Concentric
et al. | ST:1/wk; 20, 40, or 60 cm boxes half-squat; EXPG:
(2010) ET:3/wk ET: Session 1: 10-6x200-800m at 96-105% of | drop jumps
peak treadmill speed; session: 6-1x5-30min at
70-80% of peak treadmill speed; session 3: 30-
60min at 70% peak treadmill speed
Taipale et | 8 weeks// | ST: MAXG: 3x4-6 (80-85%1RM) (squat and leg | MAXG: squat, leg
al. (2010) | ST:2/wk; press) and 2x12-15 (50-60%1RM) (calf | press, calf exercise;
ET: in non- | exercise); EXPG group: 3x6 (30-40%1RM) | EXPG: explosive
strength (explosive squats and leg press); 2-3x10 | squats, scissor jump,
training (20kg) (scissor jump); 2-3x5 (maximal | maximal individual
days individual squat jumps); 2-3x5 (20kg between | squat jumps, maximal
wks 4-8) (maximal squat jumps) squat jumps
ET: Wks 0-4: 20(5)-26(4.6) km/wk; wks 4-8:
29.8(7.8)-38.3(4.8) km/wk
Mikkolaet | 8 weeks// | ST: MAXG: Wks 1-4: 3x6/2-3"; wks 5-8: 3x4/2- | MAXG: Squat and leg
al. (2011) | ST:2/wk 3. EXPG group: 3x6/2-3" (squat and leg | press; EXPG: squat,
press); 2x5/2-3" (squat jumps (singles and | leg press, squat jumps
non-stop)); 2x10/2-3" (scissor jumps) (singles and non-
ET: Most of the endurance training (>95%) | stop), scissor jumps
was of low intensity and was performed
below the lactate aerobic threshold
Barnes et | 10 weeks// | ST: MAXG: 2-4x6-20; COMBG: 1-4x6-20 MAXG: Back squat,
al. (2013) | ST:1-2/wk; calf raise, dumb bell
ET: 6/wk military press,

glute/hamstring raise,

lateral pull down, box

step-up, dead lift, calf
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dumb  bell

incline bench press,

raise,

resisted monster
walk, pull-up,
Bulgarian split squat.

COMBG: Same

exercises as MAXG
plus: forward hop,
countermovement

alternate leg

tuck

jump,
bound, jump,

box  jump, side

shuffle, scissor jump

Taipale et | 8 weeks// | ST: MAXG: 3x4-6(80-85%1RM)/2" (squat and | MAXG: Squat, leg
al. (2013) | ST:1-2/wk; | leg press); 2x12-15(50-60%1RM)/2" (calf | press, calf exercise,
ET: On non- | exercise); 3x20-30(body weight)/2" (Sit-ups, | sit-ups, back-
strength back-extension); EXP+END: 3x6(30- | extension. EXPG: Leg
training 40%1RM)/2" (squat and leg press); 2-3x10sec | press, scissor jump,
days (20kg) (scissor jump); 2-3x5 (body weight)/2" | maximal squat jump,
(maximal squat jump); 3x20-30 (body | single body weight,
weight)/2’ (Sit-ups, back-extension); | maximal squat jump,
COMBG: wks 0-4: 2x6RM/2" (squat and leg | sit-ups, back-
press); wks 4-8: 3x4RM/2" (squat/leg press); 2- | extension. COMBG:
3x8-10/2" (box jumps, vertical jumps); 3x20-30 | Squat and leg press,
(body weight)/2" (Sit-ups, back-extension) box jumps, vertical
ET: 5:38(0:56) h per week below lactate | jumps, sit-ups, back-
threshold extension
Lum et al. | 6 weeks// | ST (EXPG): 2-4x5/3 Depth jump, single
(2022) ST:2/wk leg bounding, side
split jump
Sedano et | 12 weeks// | ST (COMBG): 3x7 reps (70 %1RM) + 10 reps/5” | Barbell =~ squat  +
al. (2013) | ST:  2/wk; | ET: cross-country or road running (0.5-1.5h), | Vertical jumps over
ET: 6/wk fartlek (0.5-1.5h), and interval training. hurdles (40 cm);
Lying leg curl +
Horizontal  jumps;

Seated calf raises +
Vertical jumps over
hurdles (40cm); leg

extension + horizontal

jumps
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Taipale at | 8 weeks// | ST (COMBG): Wks 1-4: 2x6RM/3" (squat and | Squat, leg press, box
al. (2014) | ST:1-2/wk; | leg press); 2X8/2-3" (box jumps, vertical | jumps, vertical jumps,
ET:2-4/wk | jumps), 3x20-30/2" (sit-ups and back | sit-ups, back

extension). Wks 5-8: 2x4RM/3’ (squat and leg | extension

press); 2X10/2-3" (box jumps, vertical jumps),

3x20-30/2" (sit-ups and back extension)

ET: M: 18(11) km/wk; F: 23(13) km/wk
Beattie et | 40 weeks// | ST (COMBG): Wks 1-12: 2-3x3-6 (pogo | Pogo jumps, back
al. (2017) | ST:2/wk jumps); 2-3x3-8 (back squat); 2-3x6-12 | squat, Romanian

(romanian deadlift); 1-3x6-12 (split squat). | deadlift, split squat,

Wks 13-20: 3x5-6 (drop jump); 2-3x3-8 (back | drop jump,

squat); 1-3x5-12 (romanian deadlift); 1-3x5-10 | countermovement

jump, reverse lunge,

1-3x3 (jump squat); 1-3x3-5 (back squat); 1- | skater squat, jump
3x5-8 (single leg Romanian deadlift); 1x8
(single leg squat). Wks 33-40: 1-3x4-5 (drop

jump); 1-3x3 (jump squat); 1-3x3-5 (back

squat,

squat); 1-3x5-8 (single leg Romanian deadlift);

1x8 (single leg squat)

Legend: n: sample size; F: Female; M: Male; I intervention group; C: control group; MAXG:
experimental group that underwent a concurrent training of maximum strength and endurance;
EXPG: experimental group that underwent a concurrent training of explosive strength and
endurance; COMBG: experimental group that underwent a concurrent training of maximum and
explosive strength and endurance; ET: endurance training; HRmax: maximum heart rate; IRM: one-
repetition maximum squat; Wk: week.

3.3. Risk of Bias within Studies

No studies were excluded based on PEDro score. In 19 of the studies included, the PEDro score
obtained was 6, which reflects good quality, whereas, in one study, the score assigned was 5, which
indicates fair quality (see Table 2). Therefore, the average PEDro score was 5.95+0.21. Moreover, the
inter-rater reliability was IRR=96.66%, while Cohen's kappa was k=0.933.

3.4. Synthesis of Results

No significant differences were found at baseline for any parameters included in the meta-
analysis. The results of the post-test are detailed below.

3.4.1. Vertical Jump

In the meta-analysis, it was found that MAX presented significantly better results than CON in
the post-test: Hedges g [95%CI] -0.504 [-0.972--0.036]; ES=0.239; p=0.035; Q=4.097; I>=26.775; Figure 2).
The ES and level of heterogeneity were small. Similarly, EXP marks were significantly better than
those of CON (Hedges g [95%CI] -0.365 [-0.715--0.016]; ES=0.178; p=0.041; Q=8.469; 1>=40.96%) being
the ES very small and the heterogeneity small (Figure 2). No significant differences were found
between CON and COMB (Figure 3), between MAX and EXP (Figure 3) and between MAX and
COMB (Figure 4).
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Model  Study name Qutcome Time point Statistics for sach study Hedges's g and 96% CI
Hedges’s Standard Lower Upper
] error  Varlance Wmit  Nmit Z-Value p-Value
Vikmoan el al. (2016) Vartical Jump T0 -1386 0498 0248 -2,361 0411 -2785 0005
Ligtal (2019) Vertical Jump TO 0148 0450 0202 0733 1020 0329 0742
Barryman at al (2010)Vertical Jump TO 0135 0506 025 -085% 1,126 0267 0790
Taipale et al. (2013) Vertical Jump TO -0,750 0477 0228 -1685 0188 -1,511 0,116
Fixed <0441 0,241 0058 0913 0030 -1,835 0,066
Random 0,455 0369 0136 -1178 0269 -1.232 0218
4,00 -2,00 0,00 2,00 4,00
MAX CoN
Model  Study name Outcome: Time point Statistics for sach study Hedges's g and 95% CI
Hedges's Standard Lower Upper
"] error  Variance Nmit  Wmit  Z-Value p-Value
Vikmoen el al. (2016) Vertical Jump T1 0460 0450 0203 -1343 0422 -1023 0306
Li et al. (2019) Vertical Jump T1 0,331 0452 0205 1,217 0556 -0731 0465
Berryman et al. (2010)Vertical Jump T1 0050 0505 0255 -D,940 1041 0100 0921
Tawpale et al. (2013) Vertical Jump T1 -1,352 0513 0263 2357 -0347 2638 0008
Fuxad 0,504 0230 0057 0072 -0038 2110 0035
Randon 0,509 0,280 0,078 -1057 0039 -1819 0069
4,00 -2,00 0,00 2,00 4,00
MAX CON
Model  Sudrsame Dutcoms Time point Syt for sach stady
Hedges's  Standard Lowsr  Upper
0 efmor  Varisnce  Gmit  Gmt  ZVale  pValue
Spums e al. (2003 Vercal Jump  T0 0943 0489 0239 1901 0015 1929 0084 _._
RamirezCampillo stal (2014)  Veticallump  TO 0,308 038 0108 0349 03W 093 035 '
Pellogring ot al. (2015} verical Jump  TH 0,950 0435 0189 0089 1802 21T 0020
Berman elal (2010) vefical ump  TO 02 051 022 0784 121 Qam  0gEd .
Taipale etal (2013) Vefical Jump  TO 0842 0481 0231 584 0300 33 D2 .
Lum etal (2022) vemeal ump  TO 0432 0467 0218 0484 1347 0824 0355 -
Foed 0,055 0478 0032 D404 02 Q37 075
Rangom 0045 0283 0pE 0509 0508 0961 0§72 :‘
200 100 L 100 200
EXP CON
Model  Swdy name Ouicome  Time point Statistics for each study Hedges's g and G5% CI
Heages's  Standar Lower  Upper
] eror Veriasce  Gmit  Gmit  ZVale pValue
Spurs stal (2003 vedicaijumg T4 e 0827 0278 282 0487 2807 0,008
Ramirez-Campilio stal Z0%)  Vedicallumg  T1 0387 039 008 -1033 025 1477 023
Pellagiin ot al {2015) vercal jump 1 0248 0412 04T0 0862 1053 0496 084
Bemyman etal. (2010) veicalume T 0025 050 0260 1025 0974 0089 096
Taipals # al (2013) Vedical umg T 0831 0499 023 708 0M2T 1689 0090
Lumetal (2022) vedical Jump T 0088 0451 0213 0993 06 0182 08
Fitea 0365 018 0032 0715 006 2007 004
Random 0288 0237 s 0852 076 -1EN D102
400 20 w0 200 40
EXP CON

Figure 2. Forest plot comparison between MAX vs. CON and EXP vs. CON groups. Data are reported
as Hedges' g with effect sizes (ES) and 95% confidence interval (CI). The diamond at the bottom shows
the overall effect. The drawn squares show their 95% CI for ES and whiskers for ES; TO: pre-test; T1:
post-test.
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Modsl  Study name Outcoma Time point Statistics for aach study Hedges's g and 95% C|
Hedges's Standard Lower Upper
] ermor  Variance limit limit Z-Value p-Value
Lietal (2019) Vertical Jump TO 0,597 0,449 0,202 -0,284 1478 1320 0,184
Taipale at al_ (2013\Verical Jump TO 1486 0544 0206 2552 D419 2731 0,006
Sedano et al. (2013Wertical Jump TO 0724 0,553 0,306 0360 1808 1309 0,190
Taipale at al. (2014)Vertical Jump TO -0,032 0,335 0,113 -0690 0825 -0,096 0923
Beathe et al. (2017)Verical Jump TO 0,195 0,432 0,186 0650 1041 0453 0651
Fived 0,041 0,197 0,039 -0,344 0427 0210 0,834
Random 0,020 0,337 0,114 0641 0681 0050 0953
-4,00 -2,00 000 2,00 400
cOoMB CON
Model Study name Qutcome Time point Statistics for each study Hedges's g and 95% CI
Hedges's Standard Lower Upper
] error  Variance limit  limit Z-Value p-Value
Lietal (2019) Vertical Jump T1 -0,059 0,438 0,193 0920 0801 -0,135 0893
Taipale et al (2013)Vertical Jump T1 -1,555 0,550 0303 2634 -0477 -2828 0,005
Sedano el al. (2013Wertical Jump T1 0,000 0,533 0,284 -1,045 1,045 0000 1,000
Taipale at al. (2014)Vertical Jump T1 -2,858 0482 0233 -3,803 -1,912 -5925 0,000
Beattie et al. (2017)Vertical Jump T1 0,205 0432 0,186 -1,051 0641 0475 0634
Fored 0869 0215 0,046 -1200 0,448 -4045 0,000 <
Random 0,827 0561 0315 2,028 0173 -1651 0,000
-4,00 200 0,00 2,00 400
COMB CON
Model Study name Qutcome Time point Statistics for sach study Hedges's g and 96% C|
Hedges's Standard Lower Upper
'] effor  Variance lmit  limit ZValue p-Value
Barryman ef al. (2010)Vertical Jump TO 0,018 0402 0,162 0770 0807 0,045 0,964
Taipale et al. (2010) Vertical Jump TO -0,135 0420 0,176 -0958 0680 -0320 0,749
Taipale ef sl (2013) Verical Jump TO 0,115 0420 0176 0937 0708 0273 0,785
Fined -0,074 0,239 0,057 -0542 0394 -0311 0758
Random -0,074 0,239 0,057 0542 0394 0311 0756
-2,00 1,00 0,00 1,00 2,00
MAX EXP
Modsl  Study name Outcoms Time point Statistics for sach study Hedges's g and 96% CI
Hedges's Standard Lower Upper
a emor  Variance fimit  mit  Z-Value p-Value
Berryman et al, (2010)Vertical Jump T1 -0,076 0402 D162 -0865 0713 0189 0,850
Taipale el al. (2010)  Verucal Jump T1 -0,053 0420 0176 0875 0770 -0125 0900
Taipaks ef al. (2013)  Vertical Jump T1 0,323 0422 DATB -0505 1,151 0765 D444
Fixed 0,060 0.239 0057 -0409 0529 0248 0,800
Random 0,060 0.239 0057 -0409 0529 0249 0,803
-2,00 -1,00 0,00 100 200
MAX EXP

Figure 3. Forest plot comparison between COMB vs. CON and MAX vs. EXP groups. Data are
reported as Hedges' g with effect sizes (ES) and 95% confidence interval (CI). The diamond at the
bottom shows the overall effect. The drawn squares show their 95% CI for ES and whiskers for ES;

TO: pre-test; T1: post-test.
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Modal  Study nams Outcome Time point Statistics for sach study Hedges's g and 95% CI
Hedges's Standard Lower Upper
9 emror  Variance limit  limit Z-Value p-Value
Liat al. (2019) Vertical Jump TO 0,435 0,445 0,198 -0436 1307 0979 0,327 .
Taipale et al (2013)Vertical Jump TO -0.785 0,448 0201 -1664 0093 -1753 0,080 =
Fixed 0,170 0316 0100 -0,7860 0448 -0540 0,589
Random 0474 010 0373 1370 1023 0285 0776
200 1,00 0,00 100 200
MAX COMB
Model  Study name ‘Outcome Time point ‘Statistics for sach study Hedges's g and 85% CI
Hedges's Standard Lower Upper
] emmor Varance limit  fimit  Z-Value p-Value
Li ol al. (2019) Vertical Jump T1 0,283 0441 0,195 -0,582 1,148 0641 0522 D —
Taipake at al. (2013)Vertical Jump T1 0,483 0437 0191 -1,340 0373 1106 0269 —
Fixed 0,104 031 0096 -0.713 0505 0,335 0738
Random -0.103 0,383 0,147 0854 0648 0268 0,789
2,00 -1.00 0.00 100 200
MAX COMB

Figure 4. Forest plot comparison between MAX vs. COMB groups. Data are reported as Hedges' g
with effect sizes (ES) and 95% confidence interval (CI). The diamond at the bottom shows the overall
effect. The drawn squares show their 95% CI for ES and whiskers for ES; TO: pre-test; T1: post-test.

Moreover, of the 20 studies included in the meta-analysis, MAX [1,2,26,34,46,49] and COMB
[2,4,20,46,54] training significantly improved V] in all studies where those training regimes were
applied, and V] was assessed. In contrast, EXP training improved seven of eight studies
[1,30,34,39,46,49,52,53]. Additionally, one study observed that the effect size of the improvement was
larger in MAX than in EXP [1]. In another research, V] improved significantly only during the
preparatory period [49].

3.4.2. One-Repetition Maximum Squat

In the meta-analysis, we observed that MAX results were significantly better than those of CON
in the post-test (Hedges g [95%Cl]=-1.102 [-1.857--0.346]; p=0.004; Q=16.506; I>=69.708), being the effect
size large and the level of heterogeneity medium (Figure 5). COMB marks were also significantly
better than CON results (Hedges g [95%CI]=-0.653 [-1.043--0.263]; p=0.001); Q=4.967; I’=19.46%) with
a medium effect size and low level of heterogeneity (Figure 6). Finally, there were also significant
differences between MAX and EXP in favour of the first group (Hedges g [95%CI]=1.108 [0.589-1.628];
p<0.001; Q=3.331; I>=39.955), with a small effect size and low heterogeneity (Figure 6). No significant
differences were reported between EXP and CON (Figure 5) and MAX and COMB (Figure 7).
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Modsl  Study name Outcomas Tima point Statistics for sach study Hadges's g and 95% CI
Hedges's Standard Lower Upper
] error  Varlance limit  limit Z-Value p-Value
Vikmoen et al (2016) IRM (kg) TO -0182 0445 0,198 -1,05¢ 0690 -0409 0,683 L
Li et al. (2019) IRM (kg) TO 0285 0426 0181 -1,120 0540 0671 0,502 .
Taipale et al. (2013) IRM (kg) TO -0,275 0,463 0,214 -1182 0632 -0595 0552 -
Johnston et al (1997) IRM (kg) TO 0088 0533 0284 -1.113 0977 -0128 0898
Storen et al. (2008)  IRM (kg) TO 0708 0481 023 0145 1,741 1650 0007
Damasceno et al, (2015)RM (kg) TO 0155 0450 0202 0726 1036 0345 0730 1
Fixed 0007 0189 0036 -0363 0377 0037 097
Random 0007 0180 0038 -0363 0377 0037 097
2,00 1,00 0,00 1,00 200
MAX CcoN
Wodel name Outcome Time point Statistics for each study Hedges's g and 85% CI
Hedges's Standard Lower Upper
] error  Varlance limit  limit  2-Value p-Value
Vikmoen et al (2016) IRM (kg) T1 1,810 0532 0283 2863 -0767 3401 0,001
Lietal (2019) IRM (k) T 0625 0431 0189 -1476 0226 -1440 0,150 —+
Taipale el al (2013)  IRM (kg) T 0419 0486 0217 -1332 0493 -0901 0,368 —H—
Johnston et al. (1997) IRM (kg) T1 373 0930 0864 5555 -1910 -4014 0,000
Storen etal (2008) 1AM (k) T 0148 D482 0213 1,053 0757 032 0748 ——
Damasceno et al. (2015)RM (k) T4 1,112 0486 0236 -2084 -0,160 -2280 0,022
Fived 0908 0206 0043 1,32 0504 -4405 0,000 <
Random 1,02 0386 0143 -1857 -0346 -2857 0,004 .‘-
-4,00 -2,00 0,00 2,00 4,00
MAX CON
Model  Study name Outcome Time point Statistics for each study Hedges's g and 96% €I
Hedpes's Standard Lower Upper
'] error  Variance fimit limit Z-Value p-Value
Taipsle et al. (2013) IRM (kg) TO 0170 0469 0,220 -0748 1089 0384 0TI6
Saunders el al. (20060RM (ka) TO 0362 0320 0108 -1.006 0282 -1,102 0271
Fined 0187 0260 0072 0714 0341 -0693 0488
Random 0187 0269 0072 0714 0341 -0693 0488
4,00 2,00 0,00 2,00 400
EXP CON
Model  Study name Outcome Time point Stetistics for each study Hedges's g and 95% CI
Hedges's Standard Lower Upper
'] arror Variance limit  Imit Z-Valus p-Value
Taipala etal (2013) IRM (kg) T1 0066 0468 0219 0851 0984 07142 0887
Saunders et al. (20064RM (kg) T -0,180 0327 0,107 -0820 0461 -0550 0583
Fixed 0099 0268 0072 0624 0426 0389 0712
Random 0089 0268 0072 -0624 0426 0369 0712
4,00 2,00 0,00 2,00 4,00
EXP CON

Figure 5. Forest plot comparison between MAX vs. CON and EXP vs. CON groups. Data are reported
as Hedges' g with effect sizes (ES) and 95% confidence interval (CI). The diamond at the bottom shows
the overall effect. The drawn squares show their 95% CI for ES and whiskers for ES; TO: pre-test; T1:

post-test.
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Model Study name Outcome Time point Statistics for each study Hedges's g and 85% C|
Hedges's Standard Lower Uppsr
g error Varlance limit  limit  Z-Value p-Value
Lietal (2019)  IRM (kg) TO 0339 0442 0196 -0528 1208 0767 0443
Taipale e al, (2013)IRM (kg) TO 0806 0407 0247 -1781 0,188 -1621 0,105
Sedano et al. (2013¥RM (kg) TO 0222 0535 0286 -0826 1270 0415 0678
Taipaie at al (2014)IRM (kg) TO 1037 0358 0128 0335 1739 2805 0,004 —.—
Beatie ot al. (2017) IRM (kg) TO 1139 0467 0218 0225 2054 2442 0015 ——
Fixed 0502 0200 0040 0110 0894 2510 0012 <49
Random 0423 0343 0118 -0250 1008 1232 0218
4,00 2,00 0,00 2,00 4,00
COMB CON
Model Study name Qutcome Time point Statistics for each study Hedges's g and 95% CI
Hadges's Standard Lower Upper
] error  Varlance limit limit Z-Value p-Value
Lietal (2019)  IRM (ka) T1 0571 0440 0201 -1450 0308 -1274 0208 —.—-—
Taipale et al. (2013)IRM (kg) T1 41019 0508 025 -2,018 -0021 -2001 0045 +
Sedano et al (2013)RM (kg} T1 0,644 0548 0301 -1,720 0432 1174 0241 _.__
Taipale ot al. (2014)IRM (kg) T1 41057 0358 0129 -1,761 -0353 -29844 0,003 —.—
Beatie ot al. (2017) IRM (ka) T1 0111 043 0186 0733 0856 0250 079 ——
Fired 0653 0199 0040 1043 0263 3282 0,001 <
Random 0645 0224 0050 -1084 -0207 2885 0,004 <
-4,00 -2,00 0,00 2,00 4,00
coMB CON
Maodel  Study name Outcome Time point Statistics for sach study Hedpges's g and 85% CI
Hedges's Standard Lower Uppsr
'] error  Varance Hmit  limit ZValue p-Value
Taipale et al. (2010) IRM (kg) TO 0854 0440 0193 -0007 1716 1943 0,052
Taipale et al (2013) IRM (kg) TO 0496 0426 0,182 -0340 1331 1,183 0245
Mikkola et al. (2011) IRM (kg) T0 1,508 0487 0237 0644 2562 3284 0,001
Fixed 0933 0250 0067 0425 1441 3600 0,000 ’
Randem 0048 0315 0100 0330 1566 3006 0,003 -‘
4,00 200 0,00 2,00 4,00
MAX EXP
Model Study name Outcome Time point Stntistics for each study Hedges's g and 95% CI
Hedges's Standard Lower Upper
'] emmor  Varlance limit limit Z-Value p-Value
Taipale el al. (2010) IRM (ka) T1 1418 0473 0224 0491 26 2998 0003
Taipale of al. (2013) IRM (kg) T1 0503 0427 0182 0333 1339 1178 0239
Mikkola et al. (2011) IRM (kg) T1 1,564 0484 0204 0615 2512 3231 0,001
Fixed 1108 0265 0070 0589 1628 4182 0,000 ‘
Random 1130 033 0118 0458 1803 3206 0001 ‘
4,00 2,00 0,00 2,00 400
MAX EXP

Figure 6. Forest plot comparison between COMB vs. CON and MAX vs. EXP groups in the pre- and
post-measurements in 1IRM. Data are reported as Hedges' g with effect sizes (ES) and 95% confidence
interval (CI). The diamond at the bottom shows the overall effect. The drawn squares show their 95%
CI for ES and whiskers for ES; TO: pre-test; T1: post-test.
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Model  Study name Quicome Time point Statistics for each study Hedges's g and 95% CI
Hedges's Standard Lower Upper

a emor  Variance fimit limit Z-Value p-Value
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Figure 7. Forest plot comparison between MAX vs. COMB groups in the pre- and post-measurements
in 1RM. Data are reported as Hedges' g with effect sizes (ES) and 95% confidence interval (CI). The
diamond at the bottom shows the overall effect. The drawn squares show their 95% CI for ES and
whiskers for ES; TO: pre-test; T1: post-test.

Furthermore, in all the studies included in the meta-analysis where the experimental groups
performed MAX and 1RM was assessed [1,2,8,24,26,29,37,46,48], the subjects significantly improved
1RM. In one study, performing MAX produced greater improvements than EXP [1]. Another study
also observed that performing MAX training provided larger improvements than COMB training
[37]. Likewise, significant improvements were observed in all studies where COMB training was
performed and 1RM assessed [2,4,20,37,46,54]. In contrast, in the case of EXP, there were significant
improvements in three out of four studies [1,46,49,51].

3.4.3. Running Economy

No significant differences were found in the meta-analysis between CON and the three
experimental groups (MAX, EXP and COMB; p>0.05). Similarly, no significant differences were found
between the three experimental groups (p>0.05; Figures 8-10).
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Figure 8. Forest plot comparison between MAX vs. CON and EXP vs. CON groups in the pre- and

post-measurements in running economy. Data are reported as Hedges' g with effect sizes (ES) and
95% confidence interval (CI). The diamond at the bottom shows the overall effect. The drawn squares

show their 95% CI for ES and whiskers for ES; TO: pre-test; T1: post-test.
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Figure 9. Forest plot comparison between MAX vs. CON and COMB vs. CON groups in the pre- and
post-measurements in running economy mL/kg/min. Data are reported as Hedges' g with effect sizes
(ES) and 95% confidence interval (CI). The diamond at the bottom shows the overall effect. The drawn
squares show their 95% CI for ES and whiskers for ES; TO: pre-test; T1: post-test.

doi:10.20944/preprints202403.0094.v1

21



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2024

doi:10.20944/preprints202403.0094.v1

Mogel  Suay name Quicome Time point SUBBYICH 107 SBCH STy MHeapes's g and #5% CI
Hedgew's  Sandard Lower  Upper
] emor  Variance  ImE  mi ZVawe p-Vale
Talpsiselal (2010)  Running Economy mLkgimin - TO 0,000 D418 0476 -DBZ2  DEZ2 000 1000
Mikkgiael a (2011)  Running EconomymLkgimin - TO a7 DAZE OME0 D4 1240 0983 033
Fized 0208 0ZI8 0089 03TE  OTM 0EM 0469
Random 0206 0Z8B  O0BY D378 0791 0EM  04B9
200 400 woo 100 200
MAX EXP
Model  Study name Cutcome Tume powt Statistics or sach Hedges's g ond 95% C1
Hodges's  Standard Lowss  Upper
] emor  Varance  bmit  mil  Zvalse pValse
Tagaie etal. (2010)  Running Economy mLkgmIn T 1087 0452 0205 884 D211 2426 0018
Makola gtal (2011)  Running Ecsnomy mUkgimin " as3s D43 0186 0208 1483 148t 0139
Fred 0087 0312 0067 0TED  Dam 0800 054
Randorn 0234 0,858 0753 1825 1477 D258 0786
400 200 000 200 400
MAX EXP
Model  Sidy name Duicoma Time poini Staistics for ach shudy Hodges's § and 5% C1
tedges's  Standard Uppsr
[ emor  Wariance  mA  kmd  ZValue pValue
Lietal (2019 Running Economy mLgimin 0 0,304 Dadz 0195 163 0582 0687 04
Bames et al. (3013)  Rumning Economy mLkgimin  TO 0,465 0307 B084 BAV 1067 15 04M
Feed 0214 052 B0G4 0ZE0 07D 08B 03
Random 0,145 DITH B3 DS 05D 0380 06w
200 100 L] . 200
MAX COMB
Model  Siudy name Ouicome Time point Siniistics for each Hedges's g and 95% CI
Hedgea's  Standard Lowss  Upper
] emor  Varance  Emit  lmit  ZVaue piale
Lietal (2018} Running Ecanomy migimin T 0507 0,447 0489 0368 1382 1135 0287
Bames etal (2013)  Running Economy mLikgimin Ti 0,186 0304 0092 0440 0TS 052 0508
Faxod aze7 0,251 0063 0236 0768 1061 0268
Random aze7 0251 0063 0236 078 1061 0268
200 1,00 000 100 200
MAX COMB

Figure 10. Forest plot comparison between MAX-EXP, and MAX vs. COMB groups in the pre- and
post-measurements in running economy mL/kg/min. Data are reported as Hedges' g with effect sizes
(ES) and 95% confidence interval (CI). The diamond at the bottom shows the overall effect. The drawn
squares show their 95% CI for ES and whiskers for ES; TO: pre-test; T1: post-test.

Furthermore, 10 of the 20 studies selected for the current meta-analysis included experimental
groups that underwent MAX training and RE was assessed [1,2,8,24,26,29,34,37,48,49]. In six of them,
MAX training produced significant improvements in RE. EXP training generated improvements in
RE in five of the seven studies in which this training protocol was applied [1,30,34,39,49,51,53] and
RE was evaluated. Finally, COMB training generated improvements in RE in three of the four studies
wherein this training methodology was applied and RE was measured [2,4,37,54]. However, Barnes
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et al. found that MAX training improved RE significantly better than COMB [37]. Berryman et al.
ascertained that EXP was significantly better than MAX [34] in enhancing RE.
3.4.4. Maximum Oxygen Consumption

The meta-analysis showed no significant differences in VOzmax between study protocols (CON
vs. MAX, CON vs. EXP, CON vs. COMB, MAX vs. EXP and MAX vs. COMB; p>0.05; Figures 11-13).
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Figure 11. Forest plot comparison between MAX vs. CON and EXP vs. CON groups in the pre- and
post-measurements in VOzmax. Data are reported as Hedges' g with effect sizes (ES) and 95%
confidence interval (CI). The diamond at the bottom shows the overall effect. The drawn squares show
their 95% CI for ES and whiskers for ES; TO: pre-test; T1: post-test.
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Figure 12. Forest plot comparison between COMB vs. CON and MAX vs. EXP groups in the pre- and
post-measurements in VOamax. Data are reported as Hedges' g with effect sizes (ES) and 95%
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confidence interval (CI). The diamond at the bottom shows the overall effect. The drawn squares show
their 95% CI for ES and whiskers for ES; TO: pre-test; T1: post-test.
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Figure 13. Forest plot comparison between MAX vs. COMB groups in the pre- and post-
measurements in VOzmax. Data are reported as Hedges' g with effect sizes (ES) and 95% confidence
interval (CI). The diamond at the bottom shows the overall effect. The drawn squares show their 95%
CI for ES and whiskers for ES; TO: pre-test; T1: post-test.

Of the 20 studies included in the meta-analysis and where VOzmax was assessed, MAX training
generated improvements in only one out of nine [1,2,8,24,26,29,34,48,49]. Of the studies where EXP
was performed and VOomax evaluated, significant improvements were observed in two out of six
[1,34,39,49,51,53]. Additionally, in one research conducted by Taipele et al. [49], it was observed that
VOzmax improved in the EXP group but not in the MAX group. Significant improvements were
observed only in one of the five studies where COMB was applied and VO:zmax was assessed
[2,4,20,37,54]. Finally, significant improvements in VOzmax were observed in two studies in the control
group (CON [46,50]).

3.4.5. Time Trial

On the one hand, the meta-analysis revealed that MAX and EXP training protocols did not
generate significant improvements (p>0.05, Figure 14). However, COMB training produced
significant improvements (Hedges g [95%CI]=3.072 [0.585-5.56], ES=1.269; p=0.015; Q=4.589;
I>=78.208) with a very large effect side and high heterogeneity (Figure 15). On the other hand, in all
studies where EXP [30,34,39,50,52,53] and COMB [2,54] training protocols were applied and TT was
measured, significant improvements were observed in this variable. In the case of MAX training, such
improvements were observed in two out of three studies [2,26,34].
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Figure 14. Forest plot comparison between MAX vs. CON and EXP vs. CON groups in the pre- and
post-measurements in TT. Data are reported as Hedges' g with effect sizes (ES) and 95% confidence
interval (CI). The diamond at the bottom shows the overall effect. The drawn squares show their 95%
CI for ES and whiskers for ES; TO: pre-test; T1: post-test.
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Figure 15. Forest plot comparison between COMB vs. CON groups in the pre- and post-
measurements in TT. Data are reported as Hedges' g with effect sizes (ES) and 95% confidence interval
(CI). The diamond at the bottom shows the overall effect. The drawn squares show their 95% CI for
ES and whiskers for ES; TO: pre-test; T1: post-test.

3.4.6. Peak Velocity
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The meta-analysis observed that MAX, EXP and COMB training did not produce significant
improvements compared with CON (p>0.05). In addition, no significant differences were found
between MAX, EXP and COMB in PV (p>0.05; Figures 16-18). In addition, in all the studies where
MAX [8,34,37,46], EXP [34,46] and COMB [20,37,46,54] training protocols were used and PV was
measured, significant improvements in this variable were observed. Likewise, in the study conducted
by Barnes et al. [37], the improvements attained by the MAX group were higher than those of the

COMB group.
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Figure 16. Forest plot comparison between MAX vs. CON and EXP vs. CON groups in the pre- and
post-measurements in PV. Data are reported as Hedges' g with effect sizes (ES) and 95% confidence
interval (CI). The diamond at the bottom shows the overall effect. The drawn squares show their 95%
CI for ES and whiskers for ES; TO: pre-test; T1: post-test.
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Figure 17. Forest plot comparison between COMB vs. CON and MAX vs. EXP groups in the pre- and
post-measurements in PV. Data are reported as Hedges' g with effect sizes (ES) and 95% confidence
interval (CI). The diamond at the bottom shows the overall effect. The drawn squares show their 95%
CI for ES and whiskers for ES; TO: pre-test; T1: post-test.
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Model  Study name Outcome Time point Statistics for each study Hedges's g and 96% Ci
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Figure 18. Forest plot comparison between MAX vs. COMB groups in the pre- and post-
measurements in PV. Data are reported as Hedges' g with effect sizes (ES) and 95% confidence interval
(CI). The diamond at the bottom shows the overall effect. The drawn squares show their 95% CI for
ES and whiskers for ES; TO: pre-test; T1: post-test.

3.4.7. Lactate Threshold

The meta-analysis showed that MAX and EXP training protocols did not significantly improve
this variable (p>0.05, Figure 19). Moreover, MAX training significantly improved LT in those studies
where this training protocol was applied and LT was assessed [1,24,29]. In contrast, EXP training only
improved LT in one of three studies [1,39,50]. Likewise, one study reported improvements in LT in
CON [24].
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Figure 19. Forest plot comparison between MAX vs. CON and EXP vs. CON groups in the pre- and
post-measurements in LT. Data are reported as Hedges' g with effect sizes (ES) and 95% confidence
interval (CI). The diamond at the bottom shows the overall effect. The drawn squares show their 95%
CI for ES and whiskers for ES; TO: pre-test; T1: post-test.
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Based on the results, MAX could be more effective than EXP and COMB in enhancing VJ. This
may seem surprising as some of the EXP groups in the meta-analysis did not show significant
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improvements in V], despite performing deep or squat jumps [49,54]. However, evidence indicates
that explosive strength training improves V] [55]. One possible explanation for the lack of V]
improvement in some EXP training studies is the forward movement in the explosive strength
exercises (see Table 3 [53]). Moreover, concurrent training protocols might have attenuated the V]
improvements, as seen in previous studies [56,57]. V] is a valuable indicator for monitoring
neuromuscular interferences from concurrent training [56]. Significant V] improvements cannot
occur in recreational [49] and well-trained athletes [53]. Furthermore, the effect size of V]
improvements in the meta-analysis in MAX groups was small and in EXP groups very small. This
reinforces the notion of potential attenuation of adaptions due to concurrent training protocols
[58,59]. Additionally, evidence suggests that concurrent training is more likely to attenuate power
adaptations than MAX adaptations [60].

As for COMB training, although the five studies in the meta-analysis reported significant
improvements in V] after performing COMB protocols [2,4,20,46,54], the pooled effect in the meta-
analysis showed no significant improvements. The reason for this discrepancy could be the small size
of the improvements. It is plausible that COMB combined with endurance training might not be the
most effective strategy to improve V] since, while COMB can favour post-activation potentiation [40],
some studies also indicate that higher weekly concurrent training volume can lead to greater
interference with V] improvements [1,20,33].

Based on the results, it was found that MAX training leads to greater improvements than COMB
and EXP protocols in 1IRM. These improvements are of great magnitude in both recreational and well-
trained athletes. This large increase may be because middle- and long-distance runners do not
habitually engage in strength training [63]. After all, they were concerned about developing two
opposing fitness components, which could lead to interference effects and potentially deteriorate
their performance [54,62]. COMB protocols have also proven effective in enhancing 1RM, but the
effect size is smaller than MAX training. This could be attributed to the potential attenuation in maxi-
mal strength adaptations when combining three training modalities (MAX, EXP and endurance). In
the case of the EXP training protocols included in the present meta-analysis, no significant
improvements in 1RM were observed when the study participants were highly trained subjects [53].
This outcome was expected and reflected that experienced athletes may require heavy loads and
specific training to enhance their maximal strength.

One of the primary goals of endurance runners when incorporating strength training is to
enhance running economy (RE), as it is considered a better indicator of endurance performance than
VOamax [4]. Nevertheless, based on the results, none of the three modalities (MAX, EXP, COMB)
demonstrated superiority in improving RE. Accordingly, in one study by Barnes et al. [37], MAX was
more effective than COMB in improving RE, whereas in the research conducted by Berryman et al.
[34], EXP outperformed MAX. Also, the pooled effect was not statistically significant in the three
cases (MAX, EXP and COMB). There are a couple of potential reasons for this. Firstly, the magnitude
of the improvements in RE was relatively small; secondly, in some studies, significant improvements
in RE were observed only at specific running speeds [2]. Researchers such as Lum et al. consider that
the absence of significant RE enhancements after EXP training could be attributed to the training
methodology due to the reduced percentage of work applied in each stride in trained athletes [30].
Regarding MAX and COMB training, the reasons for the absence of significant improvements in RE
observed in some of the 20 studies analyzed remain unclear. Mikkola et al. propose that this might
be linked to differences in the athletes” training backgrounds [1] and the limited improvements in
explosive strength, which could hinder the efficient use of elastic energy in the stride.

As expected, the meta-analysis reflected the absence of significant improvements across groups.
These results are consistent with the fact that in most of the 20 studies analyzed, no significant
improvements were detected either after applying concurrent training protocols or with single-mode
endurance training. Moreover, these results align with previous research showing limited
enhancements in VOzmax with concurrent training in most cases [3]. Thus, concurrent training may
not confer a significant advantage in enhancing VOzmax compared with single-mode endurance
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training. Further, it is essential to consider that strength training can lead to undesired adaptations
in middle- and long-distance runners, such as muscle hypertrophy and reductions in capillary
diameter and number [22]. Therefore, applying concurrent training to these athletes should avoid
negatively impacting their VOzmax. At this point, it is worth noting that despite VOzmax being a key
performance variable in endurance runners, its trainability is conditioned by genetic factors [63].
Additionally, specific endurance training methods, like interval training, are essential for improving
VOzmax [64], and not all of the endurance protocols in the 20 studies included these methods
consistently. Also, it is important to acknowledge that improvements in VOzmax are more likely to
occur in individuals with lower levels of aerobic fitness [65]. However, this statement only partially
agrees with the current study’s result. Of the six studies carried out with recreational subjects,
significant improvements in VOzmax were observed in three of them [20,46,49].

Endurance runners aim to enhance their TT as a primary objective and achieve partial goals like
improving LT, VOzmax and RE. According to the results of this study, COMB training may be more
effective in improving TT than MAX and EXP training. The reason might be that combined MAX and
EXP training favors the post-activation potentiation by improving the myosin regulatory light chains
phosphorylation [66]. Thus, it is possible that COMB training —which is a time-efficient training
method [2] — can be transferable more easily to running technique than EXP and MAX training. This
aspect is relevant since transferring strength gains to the actual running performance is a significant
challenge for endurance runners practising concurrent training. Currently, there is no clear evidence
of this transfer. Researchers like Trowell et al. suggest that improvements in TT following MAX and
COMB training could be attributed to exercises like squats, which enhance MAX and peak power,
leading to a reduction in the force applied by the runner in each stride [13]. This implies that TT
improvements are related to gains in strength rather than improvements in VO:ma, which is
consistent with the fact that, in most of the 20 studies analyzed, TT improved without a
corresponding increase in VOzmax [2,34,39,50]. Finally, it is important to highlight that one of the
studies included in the meta-analysis did not show a significant improvement in TT after MAX
training. The reasons for this are unclear, but the absence of improvements in RE might be related to
the lack of statistical significance in TT improvement [26].

PV is a valuable performance indicator in endurance sports [50]. It enables middle- and long-
distance runners to sustain a constant velocity or execute technical actions with reduced force
application [2]. This variable relates RE and VO:max in a single figure, offering insights into
performance [20]. The results of this investigation demonstrate the utility of all three training
protocols (MAX, EXP, COMB) in enhancing PV. However, the meta-analysis findings reveal only
modest improvements, notably smaller than the substantial gains observed in 1RM. This outcome
difference may be because concurrent training may interfere more with anaerobic power-related
adaptations than MAX adaptations, as observed in a recent study involving recreationally active
males [67]. Moreover, one of the 20 studies analyzed reported that MAX training was more effective
than COMB in improving PV. This difference could be because MAX has a greater effect on
improving muscle rigidity [37].

Improving LT is one of the main objectives of endurance athletes due to its correlation with
sports performance [68]. However, based on the meta-analysis, LT improvements were small in size
in this research. The reason could be that neither MAX nor EXP significantly enhances anaerobic
enzymes’ functioning and muscle’s buffering capacity [69,70]. Interestingly, MAX training showed
improvements in all three studies where it was assessed, whereas EXP training resulted in
improvements in only one out of three studies. Consequently, MAX may be more effective than EXP
in enhancing LT. Concerning the impact of COMB training on LT, while COMB protocols were
included in five of the 20 studies chosen for the meta-analysis, none specifically evaluated LT.
Therefore, further research is needed to investigate the effect of COMB training on LT and compare
it with the effects of MAX and EXP training.

Additionally, it is important to recognize that one of the primary reasons for implementing
concurrent training programs in endurance runners is the role of striated skeletal muscles in
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managing and eliminating lactic acid [71]. Therefore, based on the findings of this study, focusing on
muscular endurance, as opposed to MAX and EXP training, might be a more suitable approach to
achieve this physiological objective in middle- and long-distance runners due to its greater specificity
regarding lactate concentration, training exercises performed and metabolic pathway used [72,73].

Concurrent training seems more effective than single-mode endurance training for enhancing
endurance performance in middle- and long-distance runners. MAX training is more useful than EXP
and COMB training in achieving specific objectives. These objectives include increasing maximum
and explosive lower body strength and improving LT and PV. These findings are consistent with
prior research [1,33,37] and can be attributed to the benefits of MAX training. MAX training improves
the recruitment and synchronization of motor units, increases firing frequency, enhances tendon
stiffness and enlarges the cross-sectional area of the Achilles tendon. This enlargement improves
force distribution in the tendon, reducing both tendon stress and energy expenditure during
submaximal speeds [17]. Consequently, these adaptations may reduce athletes' force in each stride
[4,74].

The meta-analysis findings also suggest that COMB training may be more effective in improving
TT, a critical variable for endurance athletes, given its relevance in real performance scenarios.
However, this circumstance is likely to occur only in more highly trained athletes [2,75] as excessive
strength training volume can potentially hinder adaptations in recreational athletes [1,20]. In trained
athletes, due to the law of diminishing returns [65], that is, their lower margin to attain
improvements, higher workloads are required to obtain adaptations [76].

The study results also reveal that, except for 1RM, the pooled effect of the improvements
obtained for most performance variables is small. This finding aligns with the research conducted by
Blagove et al. [11]. It underscores the importance of incorporating strength training into the regimen
of middle- and long-distance runners, and carefully designing training periodization to prevent
interferences between strength and endurance adaptations [77]. Furthermore, it is essential to create
strength training protocols that are more specific to enhance the transfer of strength gains to running
performance [19]. The overall findings of this study only partially align with the conclusions drawn
by Beattie et al. [5]. These authors concluded that middle- and long-distance runners with lower
strength levels should engage in general strength training. In contrast, athletes with higher strength
levels should focus on explosive strength training. However, the present study found that MAX is
beneficial not only for recreational athletes, but also for trained athletes in improving VJ, 1RM, PV
and LT. The reason could be that experienced athletes may need to enhance their intramuscular
coordination to reduce the relative force applied while running, which requires maximum strength
training with higher loads. In contrast, explosive strength training often involves bodyweight
exercises or lower loads (see Table 3), which may yield different strength adaptations.

The study findings indicate that COMB training might be more effective for enhancing TT,
whereas MAX training shows superiority in improving 1RM, V], PV and LT. However, considering
the study's limitations, it's important to interpret these results cautiously. Whereas the quality of 19
of the 20 included studies is good (and fair in the remaining one), this research has limitations. The
screening was conducted in two languages, which can be seen as a strength. However, it also
represents a limitation since articles published in languages other than Spanish or English were not
considered. Some studies have small sample sizes. The training protocols designed to improve the
same performance capacity vary slightly among studies. The duration of the interventions also differs
between studies. Likewise, several studies did not measure specific performance variables (i.e., LT,
TT, PV). Therefore, future randomized controlled studies are required to address these aspects. Thus,
more accurate conclusions can be drawn.

5. Conclusions

Concurrent training is more effective than single-mode resistance training for enhancing
selected performance variables in adult endurance runners. Specifically, MAX is more effective than
EXP and COMB in improving 1RM, V], PV and LT. Conversely, COMB may outperform MAX and
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EXP in terms of improving TT. However, except for 1IRM, the improvements obtained are generally
modest. In addition, it remains unclear which type of strength is more effective in improving RE. As
for VOomax, including strength training in endurance runners' training regimens may not yield
additional benefits. Consequentially, endurance athletes may opt for MAX training to target specific
objectives, such as improving their maximal and explosive strength in the lower limb, LT and PV.
Subsequently, recreational and well-trained athletes could consider COMB to improve their TT
(monitoring the training load for recreational athletes). EXP training can also be a viable choice for
improving certain performance variables. Furthermore, the validation of these findings necessitates
additional randomized controlled trials.

6. List of Abbreviations

1RM: one-repetition maximum squat

IC: confidence interval

COMB: combined maximum and explosive strength

COMBG: experimental group that underwent concurrent training of maximum
and explosive strength and endurance

CON: control group

ES: effect size

END: endurance

ET: endurance training

EXP: explosive strength

EXPG: experimental group that underwent concurrent training of explosive strength and endurance
F: female

HRmax: maximum heart rate

I: intervention group

IRR: inter-rater reliability

LT: lactate threshold

MAX: maximum strength

MAXG: experimental group that underwent a concurrent training of maximum strength and
endurance

M: male

n: sample size

PICOS: Population, Intervention, Comparison and Outcomes

PV: peak velocity

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses
RE: running economy

VJ: vertical jump

VOzmax: maximum oxygen consumption

vVOzmax: Velocity at VOzmax

Wk: week
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