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Featured Application: Surface electromyography is a valid and useful tool to assess quadriceps
and hamstring muscle activation in professional male and female soccer teams. This methodol-
ogy can be used in hamstring and knee injury prevention and rehabilitation programs.

Abstract: (1) Background: this study aimed to determine if there are differences in quadriceps and
hamstring muscle activation in professional male and female soccer players. (2) Methods: muscle
activation was recorded by surface electromyography in 27 professional soccer players (19 male and
8 female). The players performed the Bulgarian squat and lunge exercises. Vastus medialis, vastus
lateralis, rectus femoris, semitendinosus, and biceps femoris were the muscles analyzed. (3) Results:
The statistical analysis of the hamstring:quadriceps ratio showed no significant differences (p > 0.05).
Significant differences were found in the vastus medialis:vastus lateralis ratio for both the lunge
exercise (tyg = 3.35; p = 0.001; d = 1.42) and the Bulgarian squat (to3 = 4.15; p < 0.001; d = 1.76). For the
intragroup muscular pattern in the lunge and Bulgarian squat exercises, the female players showed
higher activation for the vastus lateralis muscle (p < 0.001) than the male players and lower muscle
activation in the vastus medialis. No significant differences were found in the rectus femoris, biceps
remoris, and semitendinosus muscles (p > 0.05). (4) Conclusions: Differences were found in the
medial ratio (vastus medialis: vastus lateralis). Moreover, regarding the intramuscular pattern, very
consistent patterns have been found. In the quadriceps muscle: VM>VL>RF; in the hamstring muscle:
ST>BE. These patterns could be very useful in the recovery process from an injury to return players
to their highest performance.

Keywords: electromyography; ratio; prevention; injury

1. Introduction

There have been numerous epidemiological studies in soccer for estimating that
hamstring strain injuries (HSI) in soccer represent 10-12% of all injuries [1], which indicates
five to six injuries per team per season [1]. The cost per injury is estimated to €6355 [2], of
which 46% of the players are from relapse [3].

In turn, hamstring breaks have been significantly associated with a low hamstring:
quadriceps (H:Q) ratio [4,5]. In soccer, quadriceps injury represents 19% of total injuries
and approximately 16% of hamstring injuries [6]. To date, the main risk factors reported for
HSI in soccer are previous injuries [7-9], muscle power imbalance [5,10], neuromuscular
disorders [11], and fatigue [12-14]. Focusing on soccer, male soccer players get 1.9 times
more hamstring injuries than female soccer players, with a 12% absence rate in the season
compared to an absence of 6% for female counterparts [15]. Moreover, female soccer players
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have two times more quadriceps injuries than male soccer players, with an 8% absence rate
compared to 3% for males [8].

Another important injury in soccer is the anterior cruciate ligament (ACL), which
affects 2-9 times more females than males [16,17]. If we focus on knee injury and specifically
ACL injury, noncontact ACL injury in athletes has a multifactorial etiology [18]. The factors
reported as important are hamstring muscle weakness, excessive quadriceps strength,
medial and lateral imbalances, and age [19,20]. In addition, muscular fatigue may increase
the risk of the noncontact ACL [18]. In addition, Wojtys and Huston [21] reported that
female athletes have a slower response of hamstring activation to anterior stress on the ACL
(using anterior tibia translation tests) compared to male athletes in a physical examination.
Cowling and Steele [22] reported sex differences in muscle activation strategies of the
hamstrings musculature that do not coincide with the findings of [21], who found no
significant differences in either segmental alignment or temporal characteristics of the
quadriceps muscles shown by males and females on landing. The inter-limb differences in
muscle recruitment patterns, muscle strength, and muscle flexibility tend to be greater in
females than in males [23].

There are differences between the competition of males and females, and therefore, the
incidence of injuries is not the same between the two groups. For males, the most frequent
injury is a minor one (65%), while for females the most frequent injury is a moderate one
(51%) [12]. Generally speaking, more injuries occur in male’s soccer, but it is in female
soccer players that the most serious injuries occur [24]. It has been established that the H:Q
ratio not only helps to prevent damage to the posterior thigh muscles but also helps to
reduce the stress on the ACL of the knee [25]. To help reduce stress on the knee, not only is
the H:Q ratio important, but also how each of the quadriceps and the hamstrings muscles
are activated, which is called the activation pattern [26].

If attention is paid to the muscle imbalance factor, isokinetic machines have mainly
been used to evaluate the relationship between the quadriceps and the hamstrings [27].
These machines measure the maximum total flexor and extensor strength of the knee but
do not take into account the participation of each muscle group separately [28]. Another
disadvantage of isokinetic machines is that they produce a lot of fatigue in the athlete,
which makes it difficult to use them during moments of the season with a lot of intensity of
training and official matches [29]. Another tool that has been used to evaluate the muscle
activation between the quadriceps and the hamstrings is surface electromyography (SEMG)
has also been used as a tool to evaluate muscle activation between the quadriceps and the
hamstrings [30-32]. In sEMG studies, basic movements (e.g., forward lunge, Bulgarian
squat, and lateral step-ups) are often used to make them easily reproducible [33,34], and
these exercises do not cause excessive fatigue, allowing soccer teams to use them at any
time during the season. These are simple exercises used to strengthen the hamstring and
quadriceps muscles, and their study can provide information on the activation of the
different muscles of these muscle groups and see the differences in activation in the phases
of exercise [30]. These exercises can be decisive for soccer players, taking into account
the muscle group they are targeting, since recording the electrical activity of each of the
muscular bellies would help reduce the time in the process of recovery from an injury and
also help in its prevention [30].

Exercises with higher H:Q activation ratios may be preferred during early rehabilita-
tion after injury [35]. Previous studies have suggested that the H:Q force ratio should be
at least 0.6 to prevent injuries to both the hamstrings and the knee [36]; however, this has
been studied using isokinetic machines rather than sEMG. With the use of SEMG, some
studies have been carried out with soccer players, most of them males, reporting H:Q ratios
from 0.21 to 0.81 [31,32,37] and few studies have compared the ratio of males to females
and with a non-soccer specific sample [37,38].

Therefore, the main objective of this study was to determine if there are differences in
muscle activation patterns between female and male soccer players for better understand-
ing and application. The following hypotheses were formulated: (1) the H:Q ratio will be
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different between male and female soccer players; (2) the vastus medialis (VM):vastus later-
alis (VL) ratio will be different between male and female soccer players; and (3) there would
be a different pattern of intra-hamstrings and intra-quadriceps muscle group coactivation
between male and female soccer players.

2. Materials and Methods
2.1. Ethical Considerations

All athletes signed the informed consent form before the study. The study followed
the guidelines of the Declaration of Helsinki and was approved by the Ethics Committee of
the Universidad Politécnica de Madrid (Spain).

2.2. Participants

Twenty-seven (19 male and 8 female) professional soccer players conducted the study.
The male group was made up of players from the Atletico de Madrid youth soccer team.
The team was composed of 24 players at the time of data collection, but 5 of them could
not perform the test because they were injured and did not have the authorization of the
medical staff. The female group was made up of players of the First and Second Spanish
Soccer Divisions (Liga Iberdrola and Reto Iberbrola, respectively). All players had medical
clearance to conduct the study and were completely healthy and uninjured at the time of
data collection. The male soccer team completed the test in the 2015-2016 season. On the
other hand, the data collection with female athletes was carried out in the 2018-2019 season.
The players who participated in the study were both regular starters and substitutes. How-
ever, all players had the same training load, which was 5 days a week plus a regular league
match. Both male and female football players had strength training throughout the season,
although its frequency varied depending on the time of the season and physical condition
to regulate their load control. Inclusion criteria were shown as follows: (1) having medical
clearance to conduct the study; (2) not having suffered a musculoskeletal injury one year
prior to the date of the protocol (i.e., checked through a previous exclusion questionnaire);
(3) presenting neither any cardiovascular, musculoskeletal, and/or neurological disease
nor previous ones that could affect participation in the study.

2.3. Study Design

A descriptive study was conducted in the sports biomechanics laboratory, where
players had to perform two exercises while quadriceps and hamstring muscle activation
was recorded.

Lunge: The starting position was one leg forward and the other leg backward. The
knee and the hip were at 90 degrees, both in the front and back legs. The Lafayette Gollehon
(Lafayette Instrument Company; Lafayette, IN, USA) goniometer was used in our study
to determine degrees. Before starting the exercise, the starting position was established
and the distance between each player’s feet was measured and marked on the ground.
From the starting position, the athletes had to bend the forward leg while keeping their
backward leg straight at all times. It is important to note that in our study, we performed
the lunge exercise, not the front lunge.

Bulgarian squat: The starting position was one leg forward and the other leg backward
placed on a raised surface. As in the lunge exercise, the Lafayette Gollehon goniometer
(Lafayette Instrument Company; Lafayette, IN, USA) was used to determine the 90 degrees
of the knee and hip. From the initial position, the athletes had to bend the forward leg
while keeping their backward leg straight at all times.

2.4. Procedure

The athletes, once they arrived at the laboratory, were measured and weighed only in
their underwear. Later, always guided by the club’s physical trainer, the players performed
a warm-up consisting of a continuous run, followed by joint mobility and core work. The
warm-up consisted of a continuous run for 7 min, followed by joint mobility exercises for
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3 min and light dynamic stretching. To warm up the central area of the body, the players
performed core planks (3 repetitions) for 30 s with 15 s breaks between each plank. After
warming up, sSEMG sensors were placed on both thighs, on the rectus femoris (RF), vastus
lateralis (VL), vastus medialis (VM), semitendinosus (ST), and biceps femoris (BF). The
areas where the sensors were going to be placed were shaved and cleaned with alcohol.
The physical trainer was responsible for always placing the sensors on the athletes. For the
placement of the sensors, the guidelines of the Seniam protocol were followed [39]. sSEMG
data were recorded using Trigno™ Wireless System (Delsys, Inc., Boston, MA, USA). Data
were captured at 1500 Hz.

The players had to repeat the exercise 5 times (Figure 1) with a rhythm of execution
of each of the phases (descent, isometric, and ascent phase) of 2 s. The exercises were
performed with an external load of 30% of each player’s weight.

Figure 1. Starting position (left) and execution (right) of the Bulgarian squat exercise.

2.5. Data Processing

The processing of the data was carried out with EMGWORKS® software (Version 4,
Delsys, Inc., Boston, MA, USA). Signal filtering was the first step in data processing using
a 2nd-order bandpass Butterworth filter [40] with an attenuation of 40 dB and a cutoff
frequency between 20 and 300 Hz [41]. A root mean square (RMS) [42] with a window
width of 0.05 s and a window overlap of 0.025 s was later applied to the filtered signal, and
the signal offset was removed.

2.6. Statistical Analysis

Dependent variables were calculated following the procedures based on the normal-
ization without the maximum voluntary isometric contraction (MVIC) [32]. A total of
seven dependent variables were compared between male and female soccer players in
both exercises, H:Q and VM:VL ratios and intragroup muscular ratio. The H:Q ratio was
calculated by dividing the mean activity (RMS) of the hamstring muscles by the mean
activity of the quadriceps muscles measured in this study. The VM:VL ratio was calculated
by dividing the mean activity (RMS) of the VM by the mean activity of the VL. The intra-
group muscular pattern expressed the activation of each muscle with respect to the total
surface activity of the muscle group. To calculate the intragroup pattern, the activation
of each muscle (RMS) was normalized by dividing it by the total activity of the muscle
group written as: %RF = RE/RF + VM + VL x 100. The muscle activity selected to calculate
the ratio was the mean of the concentric, isometric, and eccentric phases of the 3 central
repetitions, following procedures similar to other authors [33].

To compare the differences between the male and female soccer players in H:Q ratios,
VM:VL ratios, and intramuscular activations in both exercises, t-tests for independent
measures were performed for each variable.

The SPSS software 23.0 (Armonk, NY, USA: IBM Corp) was used to perform the
statistical analyses. The significance level was set at 0.05, and effect sizes were determined
using Cohen’s D [43]. Microsoft Excel (Version 2019, Microsoft Corporation, Redmond,
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WA, USA) was used to calculate Cohen’s D using the means and standard deviation of the
samples.

3. Results

The male group was composed of 19 players (age = 19.2 &+ 0.5 years, height =
179.7 £ 5.3 cm, weight = 71.0 £ 5.9 kg), and the female group had 8 players (age =
27.3 £ 6.5 years, height = 161.0 &= 0.6 cm, weight = 56.7 £ 4.9 kg). Differences were found
between groups in age (tp5 = 5.55; p < 0.001; d = 2.33), weight (tp5 = 6.02; p < 0.001; d = 2.54),
and height (t)5 = 9.84; p < 0.001; d = 4.15).

The statistical analysis of the H:Q ratio showed no significant differences (Table 1)
between the female and male soccer players in both the lunge and Bulgarian squat exercises
(p > 0.05).

Table 1. Hamstring: quadriceps (H:Q) ratio (mean & SD).

Female Players =~ Male Players
Mean SD Mean SD

Significance Effect Size (d)

H:Q ratio in the lunge
exercise
H:Q ratio in the Bulgarian
squat exercise

0.25 0.18 0.18 0.10 p>0.05 -

0.24 0.16 0.18 0.06 p>0.05 -

Significant differences were found in the VM:VL ratio (Table 2) for both the lunge
exercise (tyg = 3.35; p = 0.001; d = 1.42) and the Bulgarian squat (tp3 = 4.15; p < 0.001;
d =1.76).

Table 2. VM:VL ratio (mean =+ SD).

Female Players = Male Players
Mean SD Mean SD

Significance Effect Size (d)

VM:VL ratio in the lunge
exercise
VM.:VL ratio in the
Bulgarian squat exercise

1.12 0.36 2.64 1.88 p =0.001 1.42

1.10 1.88 2.04 0.72 p <0.001 1.76

For the intragroup muscular pattern in the lunge exercise (Figure 2), the female group
showed higher activation for the VL muscle (t3 = 4.1; p < 0.001; d = 1.75) than the male
group and lower muscle activation in the VM (Table 3) (tp3 = —3.8; p = 0.001; d = 1.62)
compared to the male group. No significant differences were found in the RF, BE, and ST
muscles (p > 0.05). Similarly, in the Bulgarian squat exercise (Table 3 and Figure 3), the
females also showed higher VL activation (ty3 = 3; p = 0.006; d = 1.29) and lower muscle
activation in the VM (tp3 = —3.9; p = 0.001; d = 1.67). In the same way, no significant
differences were found in the RF, BF, and ST muscles (p > 0.05).
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Figure 2. Intragroup muscular pattern (mean + SD) in percentage. The intragroup muscular

pattern expresses the activation of each muscle belly in relation to the total muscle (quadriceps and

hamstrings). The asterisk (*) shows that there is a significant difference.

Table 3. Intragroup muscular pattern in percentage.

Female Players Male Players
Exercise Muscle Significance Effect Size (d)
Mean (%) SD (%) Mean (%) SD (%)
RF 19.52 10.69 15.54 6.47 p>0.05 -
VL 38.42 5.29 26.53 7.33 p <0.001 1.75
Lunge VM 42.07 9.75 57.93 9.82 p =0.001 1.62
BF 46.87 12.92 44.64 9.08 p>0.05 -
ST 53.13 12.92 55.36 9.08 p>0.05 -
RF 21.70 10.16 15.90 6.32 p>0.05 -
VL 36.99 5.57 28.87 6.57 p =0.006 1.29
Bulgarian squat VM 41.31 8.91 55.23 8.08 p=0.001 1.67
BF 49.92 1.57 44.64 9.08 p>0.05 -
ST 50.08 13.57 55.36 9.08 p>0.05 -
80- Bulgarian Squat
2 ® Female Players
13
3
E 60 & B Male Players
E
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E t
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Figure 3. Intragroup muscular pattern (mean + SD) in percentage. The intragroup muscular

pattern expresses the activation of each muscle belly in relation to the total muscle (quadriceps and
hamstrings). The asterisk (*) shows that there is a significant difference.
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To calculate the intragroup pattern, the activation of each muscle (RMS) was normal-
ized by dividing it by the total activity of the muscle group.

4. Discussion

In the present work, an analysis of the muscular activity in different exercises used
in both prevention and rehabilitation was carried out with the aim of finding differences
between the male and female professional soccer players. The main objective of this study
was to determine if there were differences in muscle activation patterns between female
and male soccer players for better understanding and application; however, no significant
differences were found. Significant differences in the medial ratio (VM:VL ratio) between
the two groups were found for the two exercises. Significant differences were found
between both groups for VM and VL activations.

4.1. H:Q Ratio

The results showed no significant differences (Table 1) between the female and male
soccer players’ H:Q ratios in the lunge and Bulgarian squat exercises. This is perhaps
due to the good training and prevention of this muscle in both sexes. Similar studies
have been carried out with a team of only males and similar exercises [31]. They carried
out the same exercises to professional players and obtained similar results to ours; in the
case of those authors, the Bulgarian squat promoted a higher H:Q ratio. Navarro, Chorro,
Torres, Navandar, Rueda and Veiga [31] used another type of signal normalization (MVIC)
so a possible comparison of results must be done with caution. In our case, the ratios
(lunge: female group 0.25; male group 0.18. Bulgarian squat: female group 0.24; male
group: 0.18) were slightly lower than those reported by them. Authors, such as McCurdy,
et al. [44], set the ideal H:Q ratio in sEMG at 1.67 (unnormalized results). Likewise and
more specifically, they concluded that to consider a greater strength of the hamstring with
respect to the quadriceps and its decompensation, in females, it should be equal to or
greater than 0.71, where our players, neither males nor females, presented such a strength.
More recent studies [45] determine the optimum H:Q ratio between 55% and 64% (0.55
and 0.64), and an alteration in the H:Q ratio when there is a difference equal to or greater
than 10% between these muscle groups. However, Ruas, Pinto, Haff, Lima, Pinto and
Brown [36] reported an H:Q ratio of 0.6 with a range of 0.45-0.59. The results in both studies
were too high for our sample. Even so, Ruas, Pinto, Haff, Lima, Pinto and Brown [36]
provided insufficient scientific evidence and standardization in this respect, and these
ratios mentioned above are not reliable to be used since the methodology in the different
studies varied considerably, leading to significantly different results. In addition to the
controversy over the ideal H:Q ratio, there is also a controversy over the standardization of
electromyographic data [46,47]. The most commonly used signal normalization method is
the MVIC [48]. Some studies did not normalize [44] or did so by expressing themselves
as a percentage contribution to the total electrical activity of all the muscles tested [30].
Other studies used the highest integrated EMG value among the concentric and eccentric
contractions of all exercises, noting that the normalized peak EMG data follow a trend
similar to the integrated data [49]. Other authors have used the total activity of each of the
muscles (total activity of the quadriceps and the hamstrings) to normalize the signal from
each muscular belly [30]. This type of normalization gives us information on how the total
workload is distributed on the synergies that occur in the muscle. Another advantage is
that this type of normalization can be used at any time during the season. In our case, we
considered that not using MVIC has benefits when the sample is elite-professional or when
there are injured players.

Studies, such as that of El-Ashker, et al. [50], with isokinetic and SEMG machines,
concluded that the functional H:Q ratio was significantly lower in female groups compared
to male groups, regardless of the velocity of momentum and the angle of the joint. [51]
reported, in the analysis by gender, female soccer players produced lower peak torque H:Q
ratios than males involved in the same sport at low speeds. However, at high speeds, there
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was no difference between the sexes. Different from most of the results presented so far by
different authors, Kong and Burns [52] concluded that neither isometric nor isokinetic H:Q
ratios differed between males and females, and they pointed out that other characteristics
of the subject, such as age and training, may be more relevant.

On the other hand, Gobbij, et al. [53] compared the isokinetic strength between males
and females operated on the ACL with two different surgical techniques (i.e., ST and
gracilis tendons, or bone-patellar tendon-bone). The authors found that those females who
obtained a goosefoot graft (i.e., ST and gracilis tendons) showed worse results in terms of
isokinetic forces of knee flexors and extenders than males. No significant differences were
found, when the patellar tendon was used as a graft. There are some results presented by
various authors that differ from those of the present study; however, it is necessary to point
out that the methodology used in all of them is through an isokinetic evaluation.

Electromyographical studies have demonstrated that females may have sex-related
differences in the muscle onset time during athletic movement [21,54]. Furthermore,
unbalanced medial-to-lateral muscle activations have been associated with increased knee
valgus in the frontal plane [54].

4.2. VM:VL Ratio

Studies with female soccer players point out that disproportionate increases in activa-
tion of the VL may also result in a low quadriceps medial-to-lateral ratio and an increase in
the anterior shear force and the load on the ACL [55]. Considering that the ideal VM:VL
ratio is higher than one, our results (Table 2) showed a significantly better VM:VL ratio
in male soccer players than in female soccer players. This suggests that the female in our
study may be more predisposed to ACL injury.

Deficient motor control, meaning the distribution of electrical activity within the mus-
cles between each of the muscular bellies and also the moment of activation, is problematic,
because it affects the load carried by the joints [56]. The activation balance between the
medial and lateral parts of the quadriceps is also very important to prevent patellofemoral
pain syndrome (PFPS). The stability of the knee is maintained by the dynamic balance
between the two muscles [57]. A greater predominance of one of the muscles means that
the patella is not aligned and does not make a correct movement. Most problems in the
patella arise, when the VM is unable to counteract the activation of the VL. In our case,
on the basis of the results, females may be at greater risk of suffering PFPS than males in
line with other authors [58]. Although a VM:VL ratio greater than one could be beneficial
in reducing joint problems, most studies have reported values slightly below or slightly
above one, in both females and males; however, the sample used had a very low sporting
level [59,60].

4.3. Intragroup Muscular Pattern

The same intramuscular pattern was repeated in both the lunge and Bulgarian squat.
The muscle with the highest weight within the total activation of the quadriceps was the
VM, followed by the VL and finally the RF. Similarly, the pattern was repeated in the
hamstrings for both exercises, with a higher percentage for ST than for BE. The results are in
line with those obtained by other researchers for both the lunge [32,34] and the Bulgarian
squat [30,31].

Activation patterns have been used in soccer as a tool in the process of recovery from
an injury. One of the ways that were used was to compare the injured leg with the uninjured
one, and it was established that when the differences were less than 10-15%, the subject
had already recovered from the injury [61,62]. In addition, the activation pattern can be
used after an injury as a way to quantify when the player has regained his initial form, so
it is important that EMG tests are performed at different times during the season. This can
be applied in the case of recurrent pain at the patellar tendon level, where the activation of
the vast medialis is the main goal in the early stages of recovery [63].
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Other studies have been carried out with female athletes having more analytical
exercises, such as quadriceps extension. Those studies give percentages similar to ours (RF:
20-30%; VM: 40-50%; BF: 45-50%; ST: 50-60%), with the only difference being that the VL
played a greater role in the total activation when compared to our results (VL: 40-45%) [42].
Other authors, however, point out that it is not correct to establish a relationship between
electrical activity and force production in biarticular muscles [64,65]. In short, their results
seem to indicate that there are normal activation patterns in the female soccer population.
These intramuscular ratios allow both the knee joint and the hamstring muscles to develop
their normal activity.

The results obtained for male players are in line with those obtained by other au-
thors [30,34,65,66], with the activation in the order of the VM > VL > RF patterns. In the
hamstrings, the ST was more active than the BE. When we compared the data of females
and males, we observed that, although they had similar patterns, significant differences
were found in the VM and the VL.

Differences in the activation of VM and VL may mainly affect the knee joint, as these
muscles are intensively involved in its proper functioning. These differences in magnitude
are related to the different compositions of muscle fibers between females and males and
their physiological differences [56]. Evidence shows that females have a higher proportion
of slow fibers than males [66], which could lead to a change in the activation pattern with a
different electromyographic signal distribution than males. It could be expected that the
differences between males and females would be greater than those obtained in the study.
One of the explanations for these small differences could be that the exercises and loads
proposed were of moderate intensity, and in these ranges of effort, no great differences
were shown. The greater differences at higher intensity are due, among other things, to the
proportion of fast fibers in males [56]. One of the biggest problems when trying to compare
the EMG data between males and females is the type of signal normalization. Generally,
the MVIC has been used for signal normalization; however, this type of normalization
has some problems. The biggest one is its requirement, as it cannot be used with players
who are recently injured or at critical times of the season (e.g., near an important match).
Another problem is that females sometimes show higher percentages than males in this
type of normalization, because the contribution to this specific slow fiber test is greater
in females than in males, resulting in data that are difficult to compare between the sexes.
That is why many authors are starting to use the same kind of signal normalization [30,32]
as we have done in the present study.

The same differences between the male and female groups were observed in the
Bulgarian squat exercise (Figure 3), with differences found in VM and VL. Differences in
the activation patterns between VM and VL are important primarily to reduce the risk of
knee injury. A change in both the activation pattern and the intensity of the quadriceps
contraction could increase the stress supported by the ACL [67]. The greater weight in
the total activation of the quadriceps by the VM could be good for the stabilization of the
knee [67]. Therefore, in both lunge and Bulgarian squat, the patterns found are ideal in a
rehabilitation work plan.

The results of our study are in line with other studies [68], although there are differ-
ences in the type of normalization and exercises, as most studies use highly analytical
exercises, such as isometric tests or quadriceps extension.

In both males and females, the patterns were repeated in the hamstrings, with a greater
weight in the total activation by the ST [31,32,69] The increased activation of the ST relative
to that of the BF may help to reduce the stress of the latter and reduce its potential for
injury, as most hamstring injuries are caused in the BF [70]. The increased activation of
the ST may be due to the fact that in both the lunge and Bulgarian squat exercises, the
ST is activated to reduce the external rotation of the tibia. In view of the results, both the
Bulgarian squat and lunge can be good exercises to implement for both injury prevention
and rehabilitation for injured players.
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5. Conclusions

The sEMG H:Q ratios in the lunge and Bulgarian squat exercises between profes-
sional male and female soccer players did not show differences. However, we observed
significant differences between sex in the medial ratio (VM:VL ratio). Moreover, regarding
the intramuscular pattern, very consistent patterns have been found with differences in
VM and VL between males and females. In this sense, the female group showed higher
activation in the VL muscle and lower activation in the VM muscle than the male group,
without significant differences in the RE, BF, and ST muscles. These patterns could be very
useful in the recovery process from an injury to return players to their highest performance.

To generalize our conclusions, future research with a higher sample size, composed
of high-level and recreationally trained athletes from different sport modalities and both
sexes, is needed.

Author Contributions: Conceptualization, G.T., E.A.-C., AES.J. and E.N.; methodology, G.T., E.A.-
C., AFES]. and E.N,; formal analysis, J.R.; investigation, G.T., E.A.-C., J.R., AES]J. and E.N,; resources,
G.T., E.A.-C. and E.N,; data curation, G.T., E.A.-C.,, J.R.,, A.[FES]. and E.N.; writing—original draft
preparation, G.T., E.A.-C,, J.R.,, A[FS]. and E.N.; writing—review and editing, G.T., E.A.-C,, J.R,,
AFS].and E.N,; visualization, G.T., E.A.-C., J.R., A.ES]. and E.N.; supervision, A.FES.J. and EN.;
project administration, A.ES.J. and E.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of Universidad Politécnica de
Madrid (Spain).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ekstrand, J.; Waldén, M.; Hagglund, M. Hamstring injuries have increased by 4% annually in men’s professional football, since
2001: A 13-year longitudinal analysis of the UEFA Elite Club injury study. Br. J. Sports Med. 2016, 50, 731-737. [CrossRef]

2. Nouni-Garcia, R.; Asensio-Garcia, M.R.; Orozco-Beltran, D.; Lopez-Pineda, A.; Gil-Guillen, V.E,; Quesada, J.A.; Bernabeu Casas,
R.C,; Carratala-Munuera, C. The FIFA 11 programme reduces the costs associated with ankle and hamstring injuries in amateur
Spanish football players: A retrospective cohort study. Eur. J. Sport Sci. 2019, 19, 1150-1156. [CrossRef]

3. Askling, C; Karlsson, J.; Thorstensson, A. Hamstring injury occurrence in elite soccer players after preseason strength training
with eccentric overload. Scand. ]. Med. Sci. Sports 2003, 13, 244-250. [CrossRef]

4. Brockett, C.; Morgan, D.; Proske, U. Predicting hamstring strain injury in elite athletes. Med. Sci. Sports Exerc. 2004, 36, 379-387.
[CrossRef]

5. Croisier, J.L.; Ganteaume, S.; Binet, J.; Genty, M.; Ferret, J.-M. Strength imbalances and prevention of hamstring injury in
professional soccer players: A prospective study. Am. J. Sports Med. 2008, 36, 1469-1475. [CrossRef] [PubMed]

6.  Ekstrand, J.; Hagglund, W. Injury incidence and injury patterns in professional football: The UEFA injury study. Br. ]. Sports Med.
2011, 45, 553-558. [CrossRef] [PubMed]

7.  Engebretsen, A.H.; Myklebust, G.; Holme, I.; Engebretsen, L.; Bahr, R. Intrinsic risk factors for hamstring injuries among male
soccer players: A prospective cohort study. Am. J. Sports Med. 2010, 38, 1147-1153. [CrossRef] [PubMed]

8. McCall, A,; Carling, C.; Davison, M.; Nedelec, M.; Le Gall, F.; Berthoin, S.; Dupont, G. Injury risk factors, screening tests and
preventative strategies: A systematic review of the evidence that underpins the perceptions and practices of 44 football (soccer)
teams from various premier leagues. Br. J. Sports Med. 2015, 49, 583-589. [CrossRef]

9. Navarro, E.; Chorro, D.; Torres, G.; Garcia, C.; Navandar, A.; Veiga, S. A review of risk factors for hamstring injury in soccer:
A biomechanical approach. Eur. |. Hum. Mov. 2015, 34, 52-74.

10. Fousekis, K.; Tsepis, E.; Poulmedis, P.; Athanasopoulos, S.; Vagenas, G. Intrinsic risk factors of non-contact quadriceps and
hamstring strains in soccer: A prospective study of 100 professional players. Br. J. Sports Med. 2011, 45, 709-714. [CrossRef]

11.  Cameron, M.; Adams, R.; Maher, C. Motor control and strength as predictors of hamstring injury in elite players of Australian
football. Phys. Ther. Sport 2003, 4, 159-166. [CrossRef]

12.  Greco, C.; Silva, W.L.; Camarda, S.R.; Denadai, B.S. Fatigue and rapid hamstring/quadriceps force capacity in professional soccer
players. Clin. Physiol. Funct. Imaging 2013, 33, 18-23. [CrossRef] [PubMed]

13.  Greig, M; Siegler, J.C. Soccer-specific fatigue and eccentric hamstrings muscle strength. J. Athl. Train. 2009, 44, 180-184. [CrossRef]


http://doi.org/10.1136/bjsports-2015-095359
http://doi.org/10.1080/17461391.2019.1577495
http://doi.org/10.1034/j.1600-0838.2003.00312.x
http://doi.org/10.1249/01.MSS.0000117165.75832.05
http://doi.org/10.1177/0363546508316764
http://www.ncbi.nlm.nih.gov/pubmed/18448578
http://doi.org/10.1136/bjsm.2009.060582
http://www.ncbi.nlm.nih.gov/pubmed/19553225
http://doi.org/10.1177/0363546509358381
http://www.ncbi.nlm.nih.gov/pubmed/20335507
http://doi.org/10.1136/bjsports-2014-094104
http://doi.org/10.1136/bjsm.2010.077560
http://doi.org/10.1016/S1466-853X(03)00053-1
http://doi.org/10.1111/j.1475-097X.2012.01160.x
http://www.ncbi.nlm.nih.gov/pubmed/23216761
http://doi.org/10.4085/1062-6050-44.2.180

Appl. Sci. 2021, 11,738 110f 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Small, K.; McNaughton, L.; Greig, M.; Lovell, R. Effect of timing of eccentric hamstring strengthening exercises during soccer
training: Implications for muscle fatigability. J. Strength Condit. Res. 2009, 23, 1077-1083. [CrossRef] [PubMed]

Larruskain, J.; Lekue, J.A.; Diaz, N.; Odriozola, A.; Gil, S.M. A comparison of injuries in elite male and female football players:
A 5-Season prospective study. Scand. . Med. Sci. Sports 2017, 28, 237-245. [CrossRef]

Arendt, E.A.; Agel, ].; Dick, R.J. Anterior cruciate ligament injury patterns among collegiate men and women. J. Athl. Train. 1999,
34, 86.

Waldén, M.; Hagglund, M.; Werner, J.; Ekstrand, J. The epidemiology of anterior cruciate ligament injury in football (soccer):
A review of the literature from a gender-related perspective. Knee Surg. Sports Traumatol. Arthrosc. 2011, 19, 3-10. [CrossRef]
Alentorn-Geli, E.; Myer, G.D.; Silvers, H.J.; Samitier, G.; Romero, D.; Lazaro-Haro, C.; Cugat, R. Prevention of non-contact
anterior cruciate ligament injuries in soccer players. Part 1: Mechanisms of injury and underlying risk factors. Knee Surg. Sports
Traumatol. Arthrosc. 2009, 17, 705-729. [CrossRef]

Boling, M.C.; Padua, D.A.; Marshall, S.W.; Guskiewicz, K.; Pyne, S.; Beutler, A. A Prospective Investigation of Biomechanical Risk
Factors for Patellofemoral Pain Syndrome:The Joint Undertaking to Monitor and Prevent ACL Injury (JUMP-ACL) Cohort. Am. J.
Sports Med. 2009, 37, 2108-2116. [CrossRef]

Kaeding, C.C.; Pedroza, A.D.; Reinke, E.K.; Huston, L.J.; Spindler, K.P. Risk Factors and Predictors of Subsequent ACL Injury in
Either Knee After ACL Reconstruction:Prospective Analysis of 2488 Primary ACL Reconstructions From the MOON Cohort.
Am. |. Sports Med. 2015, 43, 1583-1590. [CrossRef]

Wojtys, E.M.; Huston, L.J. Neuromuscular performance in normal and anterior cruciate ligament-deficient lower extremities.
Am. |. Sports Med. 1994, 22, 89-104. [CrossRef] [PubMed]

Cowling, E.J.; Steele, ].R. Is lower limb muscle synchrony during landing affected by gender? Implications for variations in ACL
injury rates. J. Electromyogr. Kinesiol. 2001, 11, 263-268. [CrossRef]

Letafatkar, A.; Rajabi, R.; Tekamejani, E.E.; Minoonejad, H.J.T.k. Effects of perturbation training on knee flexion angle and
quadriceps to hamstring cocontraction of female athletes with quadriceps dominance deficit: Pre—post intervention study. Knee
2015, 22, 230-236. [CrossRef] [PubMed]

Cross, K.M.; Gurka, K.K;; Saliba, S.; Conaway, M.; Hertel, ]. Comparison of hamstring strain injury rates between male and female
intercollegiate soccer athletes. Am. J. Sports Med. 2013, 41, 742-748. [CrossRef] [PubMed]

Markolf, K.L.; O’'Neill, G.; Jackson, S.R.; McAllister, D.R. Effects of Applied Quadriceps and Hamstrings Muscle Loads on Forces
in the Anterior and Posterior Cruciate Ligaments. Am. ]. Sports Med. 2004, 32, 1144-1149. [CrossRef] [PubMed]

Landry, S.C.; McKean, K.A.; Hubley-Kozey, C.L.; Stanish, W.D.; Deluzio, K.J. Neuromuscular and Lower Limb Biomechanical
Differences Exist between Male and Female Elite Adolescent Soccer Players during an Unanticipated Side-cut Maneuver. Am. |.
Sports Med. 2007, 35, 1888-1900. [CrossRef]

Van Dyk, N.; Bahr, R.; Whiteley, R.; Tol, ].L.; Kumar, B.D.; Hamilton, B.; Farooq, A.; Witvrouw, E. Hamstring and quadriceps
isokinetic strength deficits are weak risk factors for hamstring strain injuries: A 4-year cohort study. Am. J. Sports Med. 2016, 44,
1789-1795. [CrossRef]

Evangelidis, P.E.; Pain, M.T.; Folland, J. Angle-specific hamstring-to-quadriceps ratio: A comparison of football players and
recreationally active males. J. Sports Sci. 2015, 33, 309-319. [CrossRef]

Kannus, P. Isokinetic evaluation of muscular performance. Int. ]. Sports Med. 1994, 15, S11-518. [CrossRef]

Caterisano, A.; Moss, R.E.; Pellinger, T.K.; Woodruff, K.; Lewis, V.C.; Booth, W.; Khadra, T. The effect of back squat depth on the
EMG activity of 4 superficial hip and thigh muscles. ]. Strength Condit. Res. 2002, 16, 428—432.

Navarro, E.; Chorro, D.; Torres, G.; Navandar, A.; Rueda, J.; Veiga, S. Electromyographic activity of quadriceps and hamstrings of
a professional football team during Bulgarian Squat and Lunge exercises. ]. Hum. Sport Exerc. 2020, 1. [CrossRef]

Torres, G.; Chorro, D.; Navandar, A.; Rueda, J.; Fernandez, L.; Navarro, E. Assessment of Hamstring: Quadriceps Coactivation
without the Use of Maximum Voluntary Isometric Contraction. Appl. Sci. 2020, 10, 1615. [CrossRef]

Begalle, R.L.; DiStefano, L.]J.; Blackburn, T.; Padua, D.A. Quadriceps and Hamstrings Coactivation During Common Therapeutic
Exercises. J. Athl. Train. (Allen Press) 2012, 47, 396—405. [CrossRef]

Pincivero, D.M.; Aldworth, C.; Dickerson, T.; Petry, C.; Shultz, T. Quadriceps-hamstring EMG activity during functional, closed
kinetic chain exercise to fatigue. Eur. J. Appl. Physiol. 2000, 81, 504-509. [CrossRef] [PubMed]

Santana, J. Single-leg training for 2-legged sports: Efficacy of strength development in athletic performance. Strength Condit. |.
2001, 23, 35. [CrossRef]

Ruas, C.V;; Pinto, R.S.; Haff, G.G.; Lima, C.; Pinto, M.D.; Brown, L.E. Alternative Methods of Determining Hamstrings-to-
Quadriceps Ratios: A Comprehensive Review. Sports Med. 2019, 5, 11. [CrossRef]

Nimphius, S.; McBride, ].M.; Rice, PE.; Goodman-Capps, C.L.; Capps, C.R. Comparison of Quadriceps and Hamstring Muscle
Activity during an Isometric Squat between Strength-Matched Men and Women. ]. Sports Sci. Med. 2019, 18, 101-108.

Youdas, J.W.; Hollman, J.H.; Hitchcock, J.R.; Hoyme, G.J.; Johnsen, J.J. Comparison of hamstring and quadriceps femoris
electromyographic activity between men and women during a single-limb squat on both a stable and labile surface. J. Strength
Condit. Res. 2007, 21, 105-111. [CrossRef] [PubMed]

Hermens, H.J.; Freriks, B.; Disselhorst-Klug, C.; Rau, G. Development of recommendations for SEMG sensors and sensor
placement procedures. J. Electromyogr. Kinesiol. 2000, 10, 361-374. [CrossRef]


http://doi.org/10.1519/JSC.0b013e318194df5c
http://www.ncbi.nlm.nih.gov/pubmed/19528859
http://doi.org/10.1111/sms.12860
http://doi.org/10.1007/s00167-010-1172-7
http://doi.org/10.1007/s00167-009-0813-1
http://doi.org/10.1177/0363546509337934
http://doi.org/10.1177/0363546515578836
http://doi.org/10.1177/036354659402200116
http://www.ncbi.nlm.nih.gov/pubmed/8129117
http://doi.org/10.1016/S1050-6411(00)00056-0
http://doi.org/10.1016/j.knee.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25709088
http://doi.org/10.1177/0363546513475342
http://www.ncbi.nlm.nih.gov/pubmed/23408592
http://doi.org/10.1177/0363546503262198
http://www.ncbi.nlm.nih.gov/pubmed/15262635
http://doi.org/10.1177/0363546507300823
http://doi.org/10.1177/0363546516632526
http://doi.org/10.1080/02640414.2014.942680
http://doi.org/10.1055/s-2007-1021104
http://doi.org/10.14198/jhse.2021.163.08
http://doi.org/10.3390/app10051615
http://doi.org/10.4085/1062-6050-47.4.01
http://doi.org/10.1007/s004210050075
http://www.ncbi.nlm.nih.gov/pubmed/10774875
http://doi.org/10.1519/1533-4295(2001)023&lt;0035:SLTFLS&gt;2.0.CO;2
http://doi.org/10.1186/s40798-019-0185-0
http://doi.org/10.1519/00124278-200702000-00020
http://www.ncbi.nlm.nih.gov/pubmed/17313276
http://doi.org/10.1016/S1050-6411(00)00027-4

Appl. Sci. 2021, 11,738 12 0f 13

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Robertson, R.; Dowling, J. Design and responses of Butterworth and critically damped digital filters. |. Electromyogr. Kinesiol.
2003, 13, 569-573. [CrossRef]

De Luca, C.; Gilmore, L.D.; Kuznetsov, M.; Roy, S.H. Filtering the surface EMG signal: Movement artifact and baseline noise
contamination. J. Biomech. 2010, 43, 1573-1579. [CrossRef]

Fukuda, T.Y.; Echeimberg, ].O.; Pompeu, J.E.; Lucareli, P.R.G.; Garbelotti, S.; Gimenes, R.O.; Apolinario, A. Root mean square
value of the electromyographic signal in the isometric torque of the quadriceps, hamstrings and brachial biceps muscles in female
subjects. . Appl. Res. 2010, 10, 32-39.

Cohen, J. A power primer. Psychol. Bull. 1992, 112, 155. [CrossRef] [PubMed]

McCurdy, K.; O’Kelley, E.; Kutz, M.; Langford, G.; Ernest, J.; Torres, M. Comparison of lower extremity EMG between the 2-leg
squat and modified single-leg squat in female athletes. J. Sport Rehab. 2010, 19, 57-70. [CrossRef] [PubMed]

Liporaci, R.E; Saad, M.C.; Bevilaqua-Grossi, D.; Riberto, M.].B.O.S.; Medicine, E. Preseason intrinsic risk factors—associated odds
estimate the exposure to proximal lower limb injury throughout the season among professional football players. BM] Open Sport
Exerc. Med. 2018, 4, €000334. [CrossRef] [PubMed]

Marras, W.S.; Davis, K.G. A non-MVC EMG normalization technique for the trunk musculature: Part 1. Method development.
J. Electromyogr. Kinesiol. 2001, 11, 1-9. [CrossRef]

Suydam, S.M.; Manal, K.; Buchanan, T.S. The advantages of normalizing electromyography to ballistic rather than isometric or
isokinetic tasks. J. Appl. Biomech. 2017, 33, 189-196. [CrossRef]

Robertson, G.E.; Caldwell, G.E.; Hamill, J.; Kamen, G.; Whittlesey, S. Research Methods in Biomechanics; Human Kinetics:
Champaign, IL, USA, 2013.

Wright, J.; Delong, T.; Gehlsen, G. Electromyographic Activity of the Hamstrings During Performance of the Leg Curl, Stiff-Leg
Deadlift, and Back Squat Movements. J. Strength Condit. Res. 1999, 13, 168-174.

El-Ashker, S.; Carson, B.; Ayala, F.; De Ste Croix, M. Sex-related differences in joint-angle-specific functional hamstring-to-
quadriceps strength ratios. Knee Surg. Sports Traumatol. Arthrosc. 2017, 25, 949-957. [CrossRef]

Andrade, M.D.S.; De Lira, C.A.B.; Koffes, ED.C.; Mascarin, N.C.; Benedito-Silva, A.A.; Da Silva, A.C. Isokinetic hamstrings-
to-quadriceps peak torque ratio: The influence of sport modality, gender, and angular velocity. J. Sports Sci. 2012, 30, 547-553.
[CrossRef]

Kong, PW.; Burns, S.F. Bilateral difference in hamstrings to quadriceps ratio in healthy males and females. Phys. Ther. Sport 2010,
11, 12-17. [CrossRef]

Gobbi, A.; Domzalski, M.; Pascual, ]. Sports Traumatology, Arthroscopy. Comparison of anterior cruciate ligament reconstruction
in male and female athletes using the patellar tendon and hamstring autografts. Knee Surg. Sports Traumatol. Arthrosc. 2004, 12,
534-539. [CrossRef] [PubMed]

Myer, G.D.; Ford, K.R.; Hewett, T.E. The effects of gender on quadriceps muscle activation strategies during a maneuver that
mimics a high ACL injury risk position. J. Electromyogr. Kinesiol. 2005, 15, 181-189. [CrossRef] [PubMed]

Monajati, A.; Larumbe-Zabala, E.; Goss-Sampson, M.; Naclerio, F. Surface electromyography analysis of three squat exercises.
J. Hum. Kinet. 2019, 67, 73-83. [CrossRef] [PubMed]

Krishnan, C.; Huston, K.; Amendola, A.; Williams, G.N. Quadriceps and hamstrings muscle control in athletic males and females.
J. Orthop. Res. 2008, 26, 800-808. [CrossRef]

Jaberzadeh, S.; Yeo, D.; Zoghi, M. The Effect of Altering Knee Position and Squat Depth on VMO: VL EMG Ratio During Squat
Exercises. Physiother. Res. Int. 2016, 21, 164-173. [CrossRef]

Panagiotopoulos, E.; Strzelczyk, P.; Herrmann, M.; Scuderi, G.J. Sports Traumatology, Arthroscopy. Cadaveric study on static
medial patellar stabilizers: The dynamizing role of the vastus medialis obliquus on medial patellofemoral ligament. Knee Surg.
Sports Traumatol. Arthrosc. 2006, 14, 7-12. [CrossRef]

Mostamand, J.; Bader, D.L.; Hudson, Z. Reliability testing of vasti activity measurements in taped and untaped patellofemoral
conditions during single leg squatting in healthy subjects: A pilot study. J. Bodyw. Mov. Ther. 2013, 17, 271-277. [CrossRef]
Souza, D.R.; Gross, M.T. Comparison of vastus medialis obliquus: Vastus lateralis muscle integrated electromyographic ratios
between healthy subjects and patients with patellofemoral pain. Phys. Ther. 1991, 71, 310-316. [CrossRef]

Aratjo, S.R.S.; Medeiros, EB.; Zaidan, A.D.; Pimenta, E.M.; Abreu, E.A.d.C.; Ferreira, ].C. Comparison of two classification criteria
of lateral strength asymmetry of the lower limbs in professional soccer players. Rev. Brasil. Cineantropometria Desempenho Hum.
2017, 19, 644-651.

Menzel, H.-J.; Chagas, M.H.; Szmuchrowski, L.A.; Araujo, S.R.; de Andrade, A.G.; de Jesus-Moraleida, F.R. Analysis of lower
limb asymmetries by isokinetic and vertical jump tests in soccer players. J. Strength Condit. Res. 2013, 27, 1370-1377. [CrossRef]
[PubMed]

Crossley, K.; Bennell, K.; Green, S.; McConnell, J. A systematic review of physical interventions for patellofemoral pain syndrome.
Clin. J. Sport Med. 2001, 11, 103-110. [CrossRef] [PubMed]

Dimitrova, N.; Arabadzhiev, T.; Hogrel, J.-Y.; Dimitrov, G.V. Fatigue analysis of interference EMG signals obtained from biceps
brachii during isometric voluntary contraction at various force levels. J. Electromyogr. Kinesiol. 2009, 19, 252-258. [CrossRef]
[PubMed]

Fukuda, T.Y.; Alvarez, A.S.; Nassri, LEG.; Godoy, C.M.G. Quantitative electromyographic assessment of facial muscles in
cross-bite female children. Rev. Bras. Eng. Biomed. 2008, 2008, 121-129. [CrossRef]


http://doi.org/10.1016/S1050-6411(03)00080-4
http://doi.org/10.1016/j.jbiomech.2010.01.027
http://doi.org/10.1037/0033-2909.112.1.155
http://www.ncbi.nlm.nih.gov/pubmed/19565683
http://doi.org/10.1123/jsr.19.1.57
http://www.ncbi.nlm.nih.gov/pubmed/20231745
http://doi.org/10.1136/bmjsem-2017-000334
http://www.ncbi.nlm.nih.gov/pubmed/29955374
http://doi.org/10.1016/S1050-6411(00)00039-0
http://doi.org/10.1123/jab.2016-0146
http://doi.org/10.1007/s00167-015-3684-7
http://doi.org/10.1080/02640414.2011.644249
http://doi.org/10.1016/j.ptsp.2009.09.004
http://doi.org/10.1007/s00167-003-0486-0
http://www.ncbi.nlm.nih.gov/pubmed/15156305
http://doi.org/10.1016/j.jelekin.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/15664147
http://doi.org/10.2478/hukin-2018-0073
http://www.ncbi.nlm.nih.gov/pubmed/31523307
http://doi.org/10.1002/jor.20592
http://doi.org/10.1002/pri.1631
http://doi.org/10.1007/s00167-005-0631-z
http://doi.org/10.1016/j.jbmt.2012.08.005
http://doi.org/10.1093/ptj/71.4.310
http://doi.org/10.1519/JSC.0b013e318265a3c8
http://www.ncbi.nlm.nih.gov/pubmed/22796999
http://doi.org/10.1097/00042752-200104000-00007
http://www.ncbi.nlm.nih.gov/pubmed/11403109
http://doi.org/10.1016/j.jelekin.2007.08.007
http://www.ncbi.nlm.nih.gov/pubmed/17931886
http://doi.org/10.4322/rbeb.2012.054

Appl. Sci. 2021, 11,738 13 of 13

66.

67.

68.

69.

70.

Bilodeau, M.; Schindler-Ivens, S.; Williams, D.; Chandran, R.; Sharma, S.S. EMG frequency content changes with increasing force
and during fatigue in the quadriceps femoris muscle of men and women. J. Electromyogr. Kinesiol. 2003, 13, 83-92. [CrossRef]
Urabe, Y.; Kobayashi, R.; Sumida, S.; Tanaka, K.; Yoshida, N.; Nishiwaki, G.A.; Tsutsumi, E.; Ochi, M. Electromyographic analysis
of the knee during jump landing in male and female athletes. Knee 2005, 12, 129-134. [CrossRef]

Krishnan, C.; Williamns, N. Sex Differences in Quadriceps and Hamstrings EMG-Moment Relationships. Med. Sci. Sports Exerc.
2009, 41, 1652-1660. [CrossRef]

Ninos, ].C.; Irrgang, ].].; Burdett, R.; Weiss, J.R. Electromyographic analysis of the squat performed in self-selected lower extremity
neutral rotation and 30 of lower extremity turn-out from the self-selected neutral position. J. Orthop. Sports Phys. Ther. 1997, 25,
307-315. [CrossRef]

Thelen, D.G.; Chumanov, E.S.; Sherry, M.A.; Heiderscheit, B.C. Neuromusculoskeletal models provide insights into the mecha-
nisms and rehabilitation of hamstring strains. Exerc. Sport Sci. Rev. 2006, 34, 135-141. [CrossRef]


http://doi.org/10.1016/S1050-6411(02)00050-0
http://doi.org/10.1016/j.knee.2004.05.002
http://doi.org/10.1249/MSS.0b013e31819e8e5d
http://doi.org/10.2519/jospt.1997.25.5.307
http://doi.org/10.1249/00003677-200607000-00008

	Introduction 
	Materials and Methods 
	Ethical Considerations 
	Participants 
	Study Design 
	Procedure 
	Data Processing 
	Statistical Analysis 

	Results 
	Discussion 
	H:Q Ratio 
	VM:VL Ratio 
	Intragroup Muscular Pattern 

	Conclusions 
	References

