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Preseason neuromuscular versus endurance
training leads to greater improvements

in isokinetic strength, muscle damage,

and inflammation parameters in highly
trained female soccer players

Ali Belamjahad', Claire Tourny', Anthony C. Hackney? Nidhal Jebabli®, Naoual Chariba*, Fatiha Laziri>, Ayoub Saeidi®,
Ismail Laher”, Urs Granacher® ® and Hassane Zouhal®'%"

Abstract

Background The preseason offers an opportunity to achieve an optimal level of physical fitness for the entire season.
The question arises whether the training programs induce muscle damage and inflammatory processes which may
have a negative impact on players'readiness at the beginning of the season.

Objectives To examine the effects of a preseason neuromuscular training program (NMT) versus endurance training
(ET) on measures of isokinetic strength, muscle damage, and blood parameters in female soccer players.

Methods Twenty-two highly trained female soccer players with a mean age of 17.0+ 1.3 years were randomly
assigned to a NMT (n=11) or ET group (n=11). NMT and ET programs lasted six weeks with three sessions per week,
each 45-60 min. NMT included strength, power, linear sprint and change-of-direction speed, and dynamic stability
exercises. ET comprised running, circuit drills, coordination, aerobic circuit, interval-training, speed-endurance
exercises, and dynamic stretching. isokinetic knee flexor/extensor parameters (e.g., peak torque) were tested pre- and
post-training. Blood samples were analyzed for muscle damage markers: creatine kinase (CK), lactate dehydrogenase
(LDH), and inflammation markers: C-reactive protein (CRP), and interleukin-6 (IL-6).

Results Significant group-by-time interactions were found for all isokinetic parameters (0.001 <p<0.012,
1.35<d <4.17). Post-hoc tests revealed significant improvements following NMT but not ET (0.001 < p < 0.045,
0.81<d<246). Additionally, there were also significant group-by-time interactions for IL.-6 (p=0.005; d=0.31), CK
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(p=0.026;d=1.0),and LDH (p < 0.003; d=1.44). Variations in IL.-6, CK, and LDH determined by post-hoc tests indicated
decreases in NMT but not ET (IL-6: p=0.005, d=1.27; CK: p=0.023,d=1.01; LDH: p=0.002, d=1.42).

Conclusions Six weeks of preseason NMT produced larger improvements in isokinetic strength and less muscle
damage and inflammation in highly-trained female soccer players compared to ET group.

Keywords Football, Season, Training, Torque, Power

Introduction

Soccer is the most practiced and popular sport in the
world [1]. It is widely recognized as a high-intensity
intermittent activity that requires players to undertake
metabolically demanding efforts over the duration of a
2x45 min match [2, 3]. Besides aerobic and anaerobic
demands, explosive activities such as jumps, sprints, and
rapid changes-of-direction (CoD) are required for suc-
cessful soccer performance [3].

Over the past years, the physical demands of female
soccer players have increased enormously with approxi-
mately 9 to 11 km of total distance per match, 30% of
which is high intensity with over 1,300 changes in activ-
ity patterns, 423 accelerations and 430 decelerations [4].
Female soccer players’ level of physical fitness is related
to match performance [5]. Accordingly, training related
physical fitness development becomes more important in
female soccer. The preseason can be used to lay a foun-
dation of physical fitness to be used during the entire
season [3, 4]. Traditionally, soccer coaches implement
preseason training programs such as endurance training
(ET) to lay a solid foundation of aerobic capacity for the
entire soccer season. Previously, ET programs applied
in soccer focused on low-intensity continuous exercises
such as steady-state or variable-paced running, combined
with moderate- and high-intensity interval training bouts
[6]. There is ample evidence in the literature indicating
that particularly high-intensity interval training has the
potential to improve players’ physical performance [6].

These training-related challenges highlight the impor-
tance of training and testing measures of physical fitness
such as muscle strength, linear sprint and CoD speed
before and after the preseason. In this context, it is not
only important to test and train fitness from a perfor-
mance perspective but also from an injury preventive
point of view. In fact, there is evidence that the knee flex-
ors (hamstrings) are most commonly affected by muscle
injuries in soccer [7]. This muscle group plays an essen-
tial role in the stability of the knee joint through balanced
agonist-antagonistic activation of the thigh muscles. For
instance, when shooting a ball, the quadriceps produces
muscle strength which is balanced by the eccentric mus-
cle strength of the hamstrings [8]. Indeed, the hamstring
muscle group makes it possible to decelerate the exten-
sion of the knee and control the excessive contractions of
the quadriceps. These active muscle actions protect the

ligaments by avoiding anterior tibial translation to ensure
knee stability [8, 9].

Accordingly, additionally applied neuromuscular train-
ing programs during the preseason may have positive
effects on performance development and injury preven-
tion. At the same time, the additional and often high-
intensity training contents may induce muscle damage
or inflammatory processes due to overreaching or over-
training which could hinder players’ readiness at the start
of the season. Of note, training-induced adaptations are
mainly explained by physiological stressors causing dis-
orders of the homeostasis [10] and thus muscle damage
and inflammatory responses [11]. Previous studies have
shown, that intensive soccer training applied during the
preseason increases markers of inflammation and muscle
damage [12, 13]. The increase in creatine kinase (CK)
and lactate dehydrogenase (LDH) activity at the end
of the preseason has often been linked with damage of
the muscle cells (myocyte) following a period of intense
training, incomplete recovery and increased oxidative
stress [14]. This increase in muscle damage markers can
be explained by the changes at the level of the muscle cell
membrane due to the effect of hypoxia and muscle isch-
aemia caused by the intensive soccer training period, and
by the increase in intracellular calcium which would acti-
vate calcium-dependent proteases [15].

Neuromuscular training (NMT) is a multimodal inter-
vention program including sprint, CoD, balance, muscle
strength and power exercises. NMT has proven to be
highly effective in enhancing physical fitness components
such as muscle strength and power as well as linear sprint
and CoD speed in male and female soccer players [16].
In a previous study, the same group of researchers has
shown that the integration of 45 to 60 min of preseason
NMT, three times per week, for 6 weeks, can improve
physical fitness and prevent injuries in highly trained
female soccer players [6].

Accordingly, this study, aimed to examine the impact
of a preseason NMT program versus an endurance
training (ET) program on isokinetic muscle strength
and blood markers in highly trained female soccer play-
ers. Based upon the relevant literature [17-21], we
hypothesized that particularly NMT improves isokinetic
strength parameters more than ET and leads to less mus-
cle damage and inflammation in highly trained female
soccer players. This article is a companion to an earlier
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Table 1 Characteristics of the study participants

Group Number Age (years) Body height (cm) Body mass (kg) Body fat (%) BMI (kg/m’)
ET n=11 17.0+15 166.3+54 60.6+5.7 226+3.1 219420
NMT n=11 170+1.2 1649+5.1 57.7+45 20.7+34 212413

ET, endurance training group; NMT, neuromuscular training group; Data are presented as mean + standard deviation; BMI, body mass index

ET group (n=11)

Recruitment of

young female

soccer players
(N=22)

. defenders n=4
. midfielders n=4
0 strikers n=3

Randomization
according to playing
position:
Defenders (n=8)
Midfielders (n=8)

Strikers (n=6)

NMT group (n=11)

. defenders n=4
. midfielders n=4
. strikers n=3

Fig. 1 Study design

Pre-test

Blood sample

Isokinetic tests

ET program Post-test

Blood sample

NMT program

Isokinetic tests

ET, endurance-dominated training; NMT, neuromuscular training; n, number of participants

published article [6] involving the same participant sam-
ple, as well as incorporating similar methods and pro-
cedures of the aforementioned article. However, the key
research outcomes are different between the earlier work
and the present study.

Methods

Participants

Twenty-two U19 female soccer players were recruited
from a professional soccer club (Renaissance sportive de
Berkane 1st Division) to participate in this study. Accord-
ing to the classification of McKay et al., [22], our athletes
are ranked at a highly trained level. The anthropometric
data of the participants are presented in Table 1. Par-
ticipants were randomly assigned by their playing posi-
tion into one of the two intervention groups (NMT, ET)
(Fig. 1). Overall, this study included eight defenders,
eight midfielders, and six strikers. Goalkeepers were
excluded because they already received a position-spe-
cific preseason conditioning program. Irrespective of
group allocation, all participating players additionally
performed five weekly technical and tactical soccer train-
ing sessions. The participating players typically trained
between ten and eleven months per year, with overall six
to eight weekly training sessions and one match per week
on the weekend. During the four week off-season period,
players performed a strength and conditioning program
with three weekly sessions, primarily consisting of gen-
eral muscle strengthening exercises and aerobic training
at low volume and intensity. All players and their par-
ents were advised of the study protocol, potential risks as

well as benefits of the study before signing the informed
consent. The study utilized and incorporated the ethi-
cal standards of the Declaration of Helsinki and was
approved by the Local Ethics Committee for Biomedi-
cal Research of Oujda (CERBO; ethical approval code:
05/2022), Morocco.

An a priori power analysis was computed to deter-
mine the required sample size (G#Power, Version 3.1,
University of Dusseldorf, Germany) (see earlier pub-
lished companion article [6]). The analysis indicated that
a total sample size of N=20 players would be required
to achieve significant group-by-time interactions, given
the above-specified conditions. The sample size was
increased by 10% (from 20 to 22) to allow for potential
dropouts of study participants.

Estimation of the menstrual cycle phases

We estimated the menstrual cycle phase of each player
using the calendar calculation method [23]. The play-
ers had to specify the start of their menstruation for the
three menstrual cycles preceding the study. From this,
we calculated the average cycle length of each player. We
assumed the players to have a regular ovulatory men-
strual cycle if the standard deviation of the length of each
cycle did not exceed three days [23]. During the experi-
ment and the pre/post-test the phases of the menstrual
cycle were noted (Table 2) and divided according to the
methodological recommendations of Elliott-Sale et al.
[24] into the early follicular phase (day 1 to 4), the late
follicular phase (day 10 to 13), and the mid-luteal phase
(day 20 to 23) based on an average cycle of 28 days [25].
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Table 2 The phases of the menstrual cycle during pre and post tests
Group  Pre-test Post-test
EF phase LFphase MLphase Other phases EF phase LFphase MLphase Otherphases
Isokinetic testing ET 2 (18%) 2 (18%) 5 (46%) 2 (18%) 0 (0%) 2 (18%) 4 (36%) 5 (46%)
NMT 3(27%) 1 (9%) 6 (55%) 1 (9%) 1 (9%) 2 (18%) 5 (46%) 3 (27%)
Total 5(22%) 3(14%) 11 (50%) 3(14%) 1(5%) 4 (18%) 9 (41%) 8 (36%)

ET, endurance-dominated training group; NMT, neuromuscular training group; EF, Early follicular; LF, Late follicular; ML, Mid-luteal

We did not, however, confirm that our participants were
ovulatory during the study.

Isokinetic testing of the knee flexors and extensors
Laboratory-based tests were applied before (pre) and
after (post) the six-week intervention to determine the
effects of NMT versus ET on players’ physical fitness and
physiological responses. Isokinetic tests were scheduled
during the week preceding the study. A 15-minute warm-
up consisting of running and dynamic stretching was
scheduled before the tests started. The isokinetic tests
were performed and monitored by the same examiner.
The tests were performed in the same test sequence and
at the same time of day pre- and post- training.

Peak torque of the knee extensors and flexors was
obtained on an isokinetic dynamometer (Con-Trex
M] isokinetic dynamometer, Schnaittach, Germany).
We followed the isokinetic strength testing protocol as
described by Cotte and Ferret [26]. The female soccer
players were placed in an upright seated position on the
adjustable Con-Trex® MJ isokinetic dynamometer chair
with the hip joint at 100°, the motor axis aligned to the
knee joint axis and the arms placed in neutral position
alongside the body. They were firmly stabilized through
belts around the torso, pelvis, and thigh (1/3 distal) to
limit the compensatory movements so that only the knee
to be tested was movable with a single degree of freedom.
The machine’s lever arm was attached to the lower leg
and standardized at 0.30 m in relation to the axis of rota-
tion of the dynamometer [26]. The players performed a
warm-up on a bike ergometer for 5 min at an intensity of
75 to 100 W before the test started [27]. Thereafter, the
concentric peak torque of the extensor muscles (quad-
riceps) and the flexor muscles of the knee (hamstrings)
were evaluated in three maximal trials at 60 °/s, with five
maximum repetitions at 240 °/s [28].

The eccentric torque of the flexors was evaluated in
three maximal trials at 30 °/s. Three trials were con-
ducted at each angular velocity. The test results were
expressed in absolute (Nm) and relative (Nm/kg) values,
with the best peak torque value of the three repetitions
defined as maximal strength. A recovery of one minute
between sets was allowed. This procedure was performed
for both the dominant leg (DL) and the non-dominant
leg (NDL). The players were asked to perform a maxi-
mal contraction during the test. A conventional and

mixed ratio was calculated to identify unilateral lower
limb strength imbalances. The conventional hamstring
concentric / quadriceps concentric (Hcon / Qcon) ratio
was estimated at 240 °/s. and the mixed ratio hamstring
eccentric (Hecc, 30 °/s) / Qcon (240 °/s) was also mea-
sured. The procedure described by Croisier et al. [28] was
used to determine the pathological threshold for conven-
tional and mixed ratios. The conventional ratio should be
>0.45 and the mixed ratio should be >0.89 [28]. The ICCs
for test—retest trials for all indices of maximal torque (30,
60, 240 °/s) was between 0.872 and 0.868.

Additionally, the “time to peak torque” of the knee
flexors and extensors was analyzed for the three angular
speeds (30, 60, 240 °/s), and was defined as the time taken
for the muscle to reach its peak torque during extension
or flexion and is considered a reliable indicator of the
explosive quality of players and is used to evaluate mus-
cle performance [29]. It is important to note that a lon-
ger time to peak torque can be a risk factor for Anterior
cruciate ligament (ACL) injuries in female soccer players
[30]. Time to peak torque is often estimated using an iso-
kinetic dynamometer or force platform to assess muscu-
lar performance of a specific movement [29].

Blood samples

Blood samples were taken pre- and post-training to
analyze markers of muscle damage (CK and LDH) and
inflammation (CRP and IL-6). The first blood sample was
taken prior to the start of the study and the second sam-
ple at the end of the six-week training program. Venous
blood samples (15 ml) were collected within a 24-hour
period before and after the training protocol. The sam-
ples were taken between 9:00 a.m. and 10:30 a.m., after
an overnight fast and after having not exercised for 12 h
from an antebrachial arm vein, using a standard veni-
puncture technique collected with an ethylenediamine-
tetraacetic acid (EDTA) tube. Samples were centrifuged
for 10 min at 4 °C and 3000 rpm to obtain plasma, and
CRP, CK, and LDH activities were determined using
a multiparametric analyzer (Konelab 30TM, Thermo
Electron Corporation, Holliston, USA). CRP activity
was determined using an immunoturbidimetry method,
with an intra-assay coefficient of variation of 1.7% for the
CRP kit. CK activity was determined with a UV method
(IFCC) using N-acetyl-cysteine, and the intra-assay coef-
ficient of variation for the CK kit was 1.8%. LDH activity
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was determined by applying the enzymatic rate method
(IFCC), with an intra-assay coefficient of variation of
1.1% for the LDH. IL-6 activity was determined using the
immune-chemiluminescence method (Roche clia cobas
e411).

Training programs

Details on the contents of the training programs can be
found in our previously published article [6]. In brief,
players completed between six to eight weekly training
sessions over the course of the six-week preseason train-
ing period. The training sessions were scheduled in the
morning at approximately 9 AM (lasting ~45-60 min)
and in the afternoon at approximately 5 PM (last-
ing ~ 60—-80 min). A minimum of 48 h of rest was granted
between the training sessions for both groups. Training
volumes were similar between the two intervention groups
(ET vs. NMT) which was realized through similar session
duration. Over the course of the six week training pro-
gram, training volumes and intensities were gradually
increased to avoid overtraining or increase the risk of
sustaining injuries. All training sessions were supervised
by a professional strength and conditioning coach. The
strength and conditioning coach monitored participants
to ensure they performed the exercises with correct
movement techniques (e.g., lower limb alignment).

Endurance-dominated training (ET)

The participants assigned to the ET group (n=11) fol-
lowed a traditional six weeks ET program with three
weekly sessions, each session lasted 45-60 min. The
training emphasized aerobic capacity during weeks 1, 2,
and 3. Thereafter, speed endurance was developed dur-
ing weeks 4, 5, and 6. More detailed information on the
training program can be found in the companion article
[6].

Neuromuscular training (NMT)

The participants assigned to the NMT group (n=11)
exercised for six weeks with three weekly sessions
(Table 3), each lasting 45-60 min. NMT included a
warm-up (joint mobility, high knees, butt kicks, hip rota-
tion, side skips, backward run and shuttle runs), muscle
strengthening exercises (half-squat, forward lunge, nor-
dic hamstring, copenhagen exercise, calve extension
and hip thrust), plyometrics (forward leap over a 25 and
45 cm obstacle, side jump over cone obstacle and side
jump over 35 cm obstacle), CoD speed (180° shuttle runs,
45° and 90° COD speed), and dynamic stability exercises
(proprio BOSU ball, plank on swissball, side plank with
legs apart, crunch on swissball and lumbar extension).
More detailed information on NMT programming can be
found in the companion article [6].
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Statistical analyses

To confirm the normality of data distributions, the Sha-
piro—Wilk test was used. All data are presented as means
and standard deviations (SDs). A 2 x 2 analysis of variance
(ANOVA) was utilized to assess the data, with the fac-
tors being, group (NMT, ET) and time (pre, post). If sig-
nificant group-by-time interaction effects were detected,
Bonferroni adjusted post-hoc tests (t-tests) were com-
puted. Cohen’s d was calculated to quantify meaningful
differences for effect size in the data. The interpretation
of effect size were; trivial (d<0.2), small (0.2<d<0.5),
medium (0.5<d<0.8), large (d>0.8) [31]. Test re-test
reliability of the variables was assessed using Cronbach’s
model of ICCs and SEMs according to the method previ-
ously described [32]. Statistical significance was set at a
p level of <0.05. Data were analyzed using SPSS software
(SPSS, version 22, Chicago; IL).

Results

At pre-test, no significant between-group differences
were found for any of the parameters measured. All
participants completed their training as prescribed. No
training or test-related injuries occurred over the course
of the study.

Isokinetic testing
Results of the isokinetic strength assessment are summa-
rized in Table 4.

Significant group-by-time interactions were observed
for peak torque of the knee flexors/ extensors of the
DL and the NDL for Conc./Conc. (30°/s; 60°/s; 240°/s;
0.001<p<0.012,1.35<d <4.17).

Post-hoc analyses showed significant increases in the
NMT group for peak torque of DL and NDL knee flexors/
extensors in Conc./Conc. mode at 30°/s, 60°/s, and 240°/s
angular velocities (p<0.001, 1.34<d<2.46). Further-
more, significantly shorter time to reach DL and NDL
knee flexor/extensor peak torque in Conc./Conc. mode
at 60°/s and 240°/s angular velocities (0.001<p<0.03,
0.81<d<1.11). Additionally, a significant increase was
found at post for the conventional ratio H conc. (240°/s)
/ Q conc. (240°/s) of the DL (p=0.016, d=1.06), NDL
(p=0.049, d=0.79), and for the mixed ratio H ecc. (30°/s)
/ Q conc. (240°/s) of the DL (p=0.045, d=0.86), NDL
(p=0.023, d=1.26).

Blood responses

The results of the analysis of the markers of inflamma-
tion and muscle damage are displayed in Table 5. Signifi-
cant main time effects were observed for CRP (p <0.001;
d=2.92). There were significant group-by-time interac-
tions for IL-6 (p =0.005; d=0.31), CK (p =0.026; d =1.00),
and LDH (p=0.003; d=1.44). Post-hoc tests revealed
decreased IL-6, CK, and LDH responses in the NMT
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Table 3 Neuromuscular training program
Distance Repetition/Time
Warm-up (7' and 10’)
- Joint mobility (Spine, hip, knee, ankle) 2x15 s perjoint
- High knees, reps 10m 2
- Butt kicks, reps 10m 2
- Hip rotation, reps 10m 2
- Side skips, reps 10m 2
- Backward run, reps 0m 2
- Shuttle runs, reps 5-5m 2
Strength (10’and 15’)
- Half-squat, reps 2x15 3x15 4x15 3x15 3x15 1x15
- Forward lunge, reps 10m 2 3 4 3 3 1
- Nordic hamstring, reps 4 6 8 6 6 4
- Copenhagen exercise (right side), s 2%x15s 2%x20s 2%30s 2%30s 2%x20s 1%15s
- Copenhagen exercise (left side), s 2%x15s 2%x20s 2%x30s 2%x30s 2%x20s 1%15s
- Calve extension, reps 2x15 3x15 4x15 4x15 3x15 1x15
- Hip thrust, reps 2x15 3x15 4x15 4x15 3x15 1x15
Plyometrics (7'to 107)
- Forward leap over a 25 cm obstacle, reps %6 2X6 3%6 2X6 2X6
- Side jump over a cone obstacle (right), reps 1%6 2X6 3%X6 2X6 2X6
- Side jump over a cone obstacle (left), reps 1x6 2X6 3x6 2X6 2X6
- Forward leap over a 45 cm obstacle, reps x4 2x4 3x4 2x4 2x4
- Side jump over 35 cm obstacle (right), reps 1x4 2x4 3x4 2x4 2x4
- Side jump over 35 cm obstacle (left), reps 1x4 2x4 3x4 2x4 2x4
Change-of-direction speed (7'to 10)
- shuttle runs (angle 180°) 10m 1 3 4 1
- change-of-direction speed (angle 45°) 20m 1 3 4 1
- change-of-direction speed (angle 90°) 20m 1 3 4 1
Core stability and balance (7' to 15’)
- proprio bosu ball (right leg), s 2%x155-15s 3%x20s-10s 3x30s-10s 2x45s-15s 2x45s-15s5s 1x45s-15%
- proprio bosu ball (left leg), s 2Xx155-15s5s 3%x20s-10s 3x30s-10s 2x45s-15s 2x45s-15s 1x45s-15s
- plank on swissball, s 2x15s5-15s 3x20s-10s 3x30s-10s 2x45s-15s 2x45s5-15s5 1x45s5-15s
- side plank with legs apart (Right side), s 2%x155-15s 3%x20s-10s 3x30s-10s 2x45s-15s 2x45s-15s 1x45s-155
- side plank with legs apart (Left side), s 2x155-15s 3x20s-10s 3x30s-10s 2x45s-15s 2x45s-15s5 1x455-155
- crunch on swissball, s 2%x155-15s 3%x20s-10s 3x30s-10s 2x45s-15s 2x45s-15s5s 1x45s-15%
- lumbar extension, s 2X155-15s 3x20s-10s 3x30s-10s 2%x45s5-15s 2x45s5-15s 1x45s-155s

Reps, repetitions; s, seconds; m, meter;

but not in the ET group (IL-6: p=0.005, d=1.27; CK:
p=0.023,d=1.01; LDH: p=0.002, d =1.42).

Training load

Specific details on the internal and external training loads
were published prior in our companion article [see refer-
ence 6].

Discussion

This study compared the effects of NMT versus ET
focused training programs applied during the preseason
on isokinetic strength parameters, and blood markers
of muscle damage, and inflammation in highly trained
female soccer players. The main findings of this study
were that the six weeks of specialized NMT showed
larger improvements in measures of isokinetic strength,

muscle damage, and inflammation blood markers com-
pared with the ET group. It is important to note that the
menstrual cycle phases may have an impact on players’
physical performance. However, findings in the scientific
literature are controversial with regards to the impact
of the menstrual cycle on performance [33]. Previously,
authors reported improved linear sprint speed (10, 20,
and 30 m) during the late follicular phase and mainte-
nance of lower limb strength and agility during the dif-
ferent phases of the menstrual cycle when performing
the vertical jump test (squat-jump) and the 15-m agility
test with and without a ball [23]. In the present study, the
majority of female soccer players were in the mid-luteal
phase during pre and post tests. Furthermore, during the
post-test period, only 5% of players, mainly in the NMT
group, were in the early follicular phase. Thus, we assume
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Table 4 Effects of 6 weeks of neuromuscular (NMT) vs. endurance-dominated (ET) training on isokinetic peak torque (means+SDs)

Variables Group Pre Post Change% Cohen’sd ANOVA p-value (Cohen’s d)
Time Group Interaction
Peak torque
Extensors 60°/s conc. DL
Peak torque (Nm) ET 1174+£147 1325+134 1383 1.14 <0.001(6.78) 0.014(1.24) 0.008(2.24)
(Nm/kg) 19+03 22402
(Nm) NMT  1193+167 1567£16 3131 228
(Nm/kg) 2+03 27+03
Extensors 60°/s conc. NDL
Peak torque (Nm) ET 107.7£158 1292+161  19.96 1.34 <0.001(5.06) 0.049(1.47) 0.012(2.12)
(Nm/kg) 1.8+0.2 22+02
(Nm) NMT 1088+16.1  1504+153 38.18 264
(Nm/kg) 19403 26+03
Flexors 60°/s conc. DL
Peak torque (Nm) ET 756+7.8 833+10.7 10.25 0.83 <0.001(4.66) 0.02(2.39) <0.001(3.23)
(Nm/kg) 1.2+0.1 14+0.1
(Nm) NMT 74.8+9.1 100.7£7.1 34.65 3.16
(Nm/kg) 13+0.1 1.7+0.1
Flexors 60°/s conc. NDL
Peak torque (Nm) ET 72764 80+8.1 9.96 0.99 <0.001(1.17) 0.046(0.89) <0.001(2.43)
(Nm/kg) 12+0.1 13+0.1
(Nm) NMT 703+7 935+7.7 3297 313
(Nm/kg) 1.2+0.1 1.6+0.1
Extensors 240°/s conc. DL
Peak torque (Nm) ET 84.1+9.3 914+115 8.74 0.70 <0.001(3.86) 0.037(1.04) <0.001(2.82)
(Nm/kg) 14+02 1.5+02
(Nm) NMT 822+7 106.8+5.2 29.84 3.96
(Nm/kg) 14+0.1 1.8+0.1
Extensors 240°/s conc. NDL
Peak torque (Nm) ET 79.5+94 89+11.1 11.95 092 <0.001(2.51) 0.041(1.13) <0.001(2.89)
(Nm/kg) 13+£02 15+02
(Nm) NMT 80.9+9.6 1026+59 26.92 271
(Nm/kg) 1.40+0.14 1.78+0.12
Flexors 240°/s conc. DL
Peak torque (Nm) ET 53+95 59.7+99 12.70 0.69 <0.001(2.67) 0.004(1.03) <0.001(3.11)
(Nm/kg) 0.88+0.14 1.01+0.17
(Nm) NMT 55112 82.7+85 50.24 2.65
(Nm/kg) 0.95+0.21 143+£0.17
Flexors 240°/s conc. NDL
Peak torque (Nm) ET 514+9.1 59.6+13.9 15.95 0.69 <0.001(3.11) 0.023(1.06) <0.001(2.28)
(Nm/kg) 0.85+0.12 1.00+0.21
(Nm) NMT 534494 782+112 46.45 240
(Nm/kg) 092+0.15 1.36+£0.23
Extensors 30°/s ecc. DL
Peak torque (Nm) ET 1059+14.1 1176+£139  11.05 0.83 <0.001(10.20)  0.031(0.70)  0.007(1.49)
(Nm/kg) 1.78+0.31 1994033
(Nm) NMT 104.7£11.1 1341+£55 28.01 334
(Nm/kg) 1.81+£0.21 235+0.15
Extensors 30°/s ecc. NDL
Peak torque (Nm) ET 100.1+£156  107£135 6.83 047 <0.001(3.61) 0.028(0.64) 0.003(1.35)
(Nm/kg) 1671027 1.81+£0.31
(Nm) NMT 99.8+12.1 1287135 2892 225
(Nm/kg) 1.73+0.23 2231025
Flexors 30°/s ecc. DL
Peak torque (Nm) ET 15094339 1632+423 815 032 <0.001(2.92) 0.016(1.24) <0.001(4.17)

(Nm/kg) 2.54+0.68 2.77+0.83
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Table 4 (continued)
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Variables Group Pre Post Change% Cohen'sd ANOVA p-value (Cohen’s d)
Time Group Interaction

(Nm) NMT 147.8+28.2  2334+33 57.82 278

(Nm/kg) 2544042 403+0.55

Flexors 30°/s ecc. NDL

Peak torque (Nm) ET 1453+353  1624+426 11.76 044 <0.001(3.97) 0.022(0.78) <0.001(1.46)

(Nm/kg) 245+0.70 2.76+0.83

(Nm) NMT 146+ 28.7 2224+18 52.30 3.18

(Nm/kg) 2.52+044 3.85+0.30

Time to peak torque

Extensors 60°/s conc. DL ET 061+0.12 059+0.16 -3.28 0.14 0.012(1.81) 0.364(0.94) 0.044(1.81)
NMT 0.64+0.11 0.48+0.06 -25 1.81

Extensors 60°/s conc. NDL ET 0.64+0.11 0.56+0.09 -12.50 0.80 <0.001(2.26) 0.673(0.59) 0.044(1.20)
NMT 0.66+0.07 051+0.10 -22.73 1.74

Flexors 60°/s conc. DL ET 042+0.07 0.36+0.07 -14.29 0.86 <0.001(3.61) 0.133(0.32) 0.133(0.15)
NMT 0.40+0.06 0.30+0.07 -25 1.53

Flexors 60°/s conc. NDL ET 035+0.07 0.33+£0.06 -5.71 031 0.004(1.18) 0.331(0.42) 0.038(1.01)
NMT 0.36+0.06 0.27+0.07 -25 1.38

Extensors 240°/s conc. DL ET 0.27+0.04 0.25+0.03 -741 057 <0.001(3.17) 0.324(0.91) 0.044(1.19)
NMT 0.28+0.05 0.21+£0.03 -25 1.70

Extensors 240°/s conc. NDL ~ ET 0.28+0.04 0.24+0.02 -14.29 1.26 <0.001(4.41) 0.954(0.11) 0.005(1.32)
NMT 0.32+0.06 0.20+0.02 -37.50 2.68

Flexors 240°/s conc. DL ET 0.21£0.09 0.17+0.02 -19.05 061 0.001(1.96) 0.019(1.77)  0.387(0.89)
NMT 0.18+0.05 0.11+0.02 -38.89 1.84

Flexors 240°/s conc. NDL ET 0.22+0.05 0.18+0.05 -18.18 0.8 <0.001(2.33) 0.025(1.61)  0.123(0.54)
NMT 0.20+0.08 0.11+0.01 -45.00 1.58

Extensors 30°/s ecc. DL ET 249+0.27 233+£043 -6.43 045 0.022(1.51) 0.395(1.55) 0.482(1.20)
NMT 246+0.27 2.17+0.36 -11.79 0.91

Extensors 30°/s ecc. NDL ET 252+0.20 244+0.28 -3.17 033 0.005(3.61) 0.067(0.64) 0.062(1.35)
NMT 249+0.20 2.13+037 -14.46 1.21

Flexors 30°/s ecc. DL ET 2.00+0.25 1.96+0.33 -2 0.14 0.027(3.23) 0.444(0.14) 0.116(0.43)
NMT 2.03+0.31 1.77+0.14 -12.81 1.08

Flexors 30°/s ecc. NDL ET 208+0.22 1.96+0.30 -5.77 046 0.021(2.84) 0.484(0.29) 0.407(0.43)
NMT 2.08+0.30 1.85+0.16 -11.06 0.96

Ratios

Conventional ratio H conc. 240°/s / Q conc. 240°/s

DL ET 063+0.13 0.65+0.11 3.17 0.17 <0.001(2.07) 0.078(0.49) 0.013(1.63)
NMT 0.66+0.12 0.79+0.08 19.70 1.27

NDL ET 0.65+0.13 0.67+£0.17 3.08 0.13 <0.001(0.90) 0.3(0.09) 0.015(1.45)
NMT 0.66+0.10 0.77+0.11 16.67 1.05

Mixed ratio H ecc. 30°/s / Q conc. 240°/s

DL ET 1.80+042 1.81+0.53 0.56 0.02 0.007(2.56) 0.238(0.82) 0.008(1.40)
NMT 1.79+0.31 2.18+0.29 21.79 1.30

NDL ET 1.84+£046 1.84+0.53 0 0 <0.01(2.07) 0.338(0.79) <0.01(0.82)
NMT 1.81+0.34 2174024 19.89 1.22

ET, endurance-dominated training group; NMT, neuromuscular training group; conc., concentric; ecc., eccentric; H, hamstring; Q, Quadriceps; DL, Dominant leg;
NDL; Non-dominant leg; significant outcomes are highlighted in bold.

that the menstrual cycle did not have a substantial influ-  Isokinetic testing
ence on the physical performance of the players during Peak torque of the knee extensors and flexors
the testing periods, but we acknowledge we have to be  Findings from this study indicate that knee flexor/exten-

tentative on this point.

sor peak torque improved at different angular veloci-
ties (Con 60°/s, Con 240°/s, Ecc 30°/s) and for DL, NDL
ratios in the NMT group only. This improvement can be
ascribed to the effects of NMT which strengthens the
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Table 5 Values for inflammation and muscle-damage markers measured before and after 6 weeks of neuromuscular (NMT) or

endurance-dominated (ET) training (means =+ SDs)

Variables Group Pre Post Change % Cohen’sd ANOVA p-value (Cohen’s d)
Time Group Interaction

CRP (mg/L) ET 0.84+0.23 207+1.07 146.43 0.85 <0.001(2.92) 0.721(0.16) 0.803(0.11)
NMT 0.87+0.36 220+0.79 152.87 0.98

IL-6 (pg/mL) ET 099+0.15 443+1.52 34747 1.83 <0.001(0.96) 0.008(0.28) 0.005(0.31)
NMT 1.02+0.11 3.90+0.53 282.35 243

CK (UI/L) ET 95.1+15.7 1843+32.1 939 6.91 <0.001(3.66) 0.06(0.84) 0.026(1.00)
NMT 98.5+208 148.3+38.9 50.6 7.50

LDH (UI/L) ET 99.6+18.0 2094+259 1103 10.22 <0.001(3.77) 0.016(1.12) 0.003(1.44)
NMT 1054+16.6 168.1+31.9 594 9.73

ET, endurance-dominated training group; NMT, neuromuscular training group;

dehydrogenase; significant outcomes are highlighted in bold

interplay between the nervous system and the muscles,
resulting in improved recruitment and synchronization
of motor units. Thus, NMT contributes to a better pro-
duction of the peak torque [34, 35]. Our results agree
with several other investigations which demonstrated
that NMT can improve knee extensors and flexors peak
torque in soccer players [36—38].

It is important to note that a greater knee extensor and
flexor peak torque could allow players to improve their
performance of specific movements in soccer, such as
sprinting, shooting, and jumping [39]. Morevover, Zhang
et al. [35] observed that NMT improved the knee iso-
kinetic peak torques at different angular velocities and
allowed for improved balance of peak torque during rapid
angular velocity tests. These changes can be related to the
specificity of NMT exercises aimed at improving muscle
strength and power (explosive actions in the stretch-
shortening cycles), jumping, and agility [35].

Furthermore, improving the knee isokinetic peak
torque ratio (flexors/extensors) is a vital component of
physical fitness and injury prevention. Of note, the NMT
program improved the conventional and the mixed ratio
[36, 40]. A conventional ratio below 0.6 and a mixed ratio
below 1.0 can lead to hamstring and anterior cruciate
ligament injuries [28, 29, 36]. Our study reports improve-
ments in the ratios to values higher than the thresholds
defined in the literature [28]. A higher ratio, as such, is
associated with a longer professional training level and
also with high technical quality in soccer [41]. Our find-
ings are in agreement with the results of several other
studies that demonstrated that six to eight-week NMT
improves the conventional and the mixed hamstring/
quadriceps ratios in soccer players [36, 40, 42, 43].

Time to peak torque

Our study demonstrates a significant reduction in the
time required to reach maximum peak torque in the
NMT group compared to the ET group (i.e., at differ-
ent angular velocities in both limbs, dominant and non-
dominant leg). This improvement agrees with other

CRP, C-reactive protein; IL-6, interleukin-6; CK, creatine-kinase; LDH, lactate

reports that multimodal NMT including plyometrics,
dynamic stability, linear sprint and change-of-direction
speed exercises improves time to peak torque. In addi-
tion, NMT improves time to peak torque by improving
strength, power, and muscle activation timing, resulting
in faster development of strength to achieve peak torque
[44]. Our study reinforces this view that NMT improves
aspects of physical fitness related to soccer performance.

Blood analysis

Our results show increases in the extent of muscle dam-
age and inflammation from pre to posttest in both study
groups, which is in agreement with other findings that a
period of preseason or intensive training increased mark-
ers of inflammation and muscle damage [45, 46]. These
increases can mainly be explained by damage to the mus-
cle cell membrane caused by hypoxia, muscle ischemia
after an intensive training period, and also by increases
in intracellular calcium levels that can activate calcium-
dependent proteases [46].

However, our results contrast with those of Coppalle
et al. [47] who reported no differences in biomarkers of
inflammation and muscle damage biomarkers in profes-
sional male soccer players following two six-week pre-
season training periods. Specifically, their study found
no changes in CK and CRP levels between the start and
end of the preseason period (p>0.05), although there
were increases in LDH levels during the early season
of preparation (p=0.007, d=0.904) [47]. However, the
blood samples in the study by Coppalle et al. [47] were
not taken immediately after the end of the preseason, but
a week later, which might have been sufficient time for
biomarker levels to return to baseline values.

We report that participants in the NMT group had
lower levels of muscle damage (CK and LDH) and
inflammation (IL-6) compared to the ET group at post
tests (i.e., an interaction effect). This could have been due
to structural adaptations of the musculoskeletal and ner-
vous systems in response to neuromuscular training [48],
as supported by the findings of Clarkson et al. [49] that a
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single session of eccentric exercise causes muscles to be
more resistant to future muscle damage (“precondition-
ing”). This positive adaptation can improve muscle pro-
tection and possibly accounts for the greater reduction of
muscle damage in participants in the NMT group com-
pared to those in the ET group.

Study limitations

We recognize that a limitation of the present study is
that we utilized small sample sizes within each research
group. Therefore, further research with a larger sample
is required to confirm or refute the effects of the NMT
versus ET programs we observed. For a better under-
standing of the underlying physiological mechanisms
of NMT-related adaptations in female soccer players, a
more rigorous assessment of neuromuscular adaptations
using procedures such as electromyography (muscle
activation), ultrasound (muscle hypertrophy), or other
imaging technology is desirable. Finally, the lack of an
objective assessment of the menstrual phase, such as hor-
monal measurements, must also be considered a weak-
ness within our study.

Practical applications and conclusions

The results herein indicate that the integration of NMT
during the preseason preparation period can be consid-
ered an effective approach to improve isokinetic strength
parameters. Moreover, NMT compared to ET causes less
marked increases in muscle damage and inflammatory
responses in highly-trained female soccer players (Tier
3).
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