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Symmetry of electromechanical delay, peak torque
and rate of force development in knee flexors
and extensors in female and male subjects
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Purpose: The aim of the study was to evaluate electromechanical delay (EMD), peak torque (PT) and rate of force development
(RFD) in selected muscles of right and left lower extremities in groups of female and male subjects. Methods: The study evaluated
9 volunteer female subjects (mean + SD: age: 21.67 £ 0.87 years; height: 168 + 7 cm; body mass: 59.44 + 4.8 kg) and 10 male university
students (mean + SD: age 22 + 1.25 years; height: 179 = 6 cm; body mass: 74.3 + 5.1 kg) from the Faculty of Physical Education. Muscle
torques and electromyographic activity were measured for knee flexors and extensors in static conditions, separately for the right and the
left lower extremities. During the measurements, the subjects generated the maximum torque as fast as possible. Surface electrodes were
placed on the right and left lower extremities on the following muscles: rectus femoris, vastus lateralis (m.VL), vastus medialis and
biceps femoris. Results: Symmetry of EMD, RFD and “flexors-extensors” ratio was found in the muscles of the right and left lower
extremities (with an exception of m.VL) in the group of male and female subjects. Statistical analysis demonstrated the presence of
asymmetry in PT (297.66 vs. 272.05 N-m) and relative force in knee extensors in the group of men (3.90 vs. 3.54 N-m-kg™). Conclu-
sions: Symmetry of EMD and asymmetry of PT might suggest that the cause of asymmetry of the muscular force is mainly morphologi-

cal characteristics of the muscle rather than the process of controlling its activity.
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1. Introduction

The problem of upper extremity movement sym-
metry has been the focus of numerous research stud-
ies, whereas the methodology of the research stems
from Berstein theory [13]. Humans are asymmetric by
their nature. One of the manifestations of the asym-
metry is the presence of dynamic and functional
asymmetries. Functional asymmetry is understood as
preference for using upper and lower extremities as
well as sensory organs located at one side of the body.
This is caused by a dominance of motor centres in the
cerebral cortex of the opposite brain hemisphere. The
dynamic asymmetry manifests itself in different pos-
sibilities of generating the force and muscular con-

traction by, e.g., right and left lower or upper ex-
tremities [19]. Another manifestation of this type of
asymmetry is differentiation of kinematic and kinetic
parameters of the right and left extremities during
walking [24], strength abilities of the muscles pres-
ent on the right and left sides of the body [14], [16]
as well as precision of movement of right and left
upper extremities [11]. There are professional sports
with symmetrical and asymmetrical movement tech-
niques [23]. One consequence of asymmetric tech-
nique in sports is asymmetric development of strength
abilities in the muscles of right and left body sides.
With the lack of compensation training, this might
lead to a variety of injuries.

Muscular strength depends on the type of muscle
tissues as well as control of tissue excitation. Quality
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of control can be evaluated based on EMG signal, with
one of the essential parameters being electromechanical
delay (EMD). EMD has been defined as a time be-
tween electrical excitation of the muscle and the onset
of force generation. Cavanagh and Komi [5] demon-
strated that EMD for skeletal muscles ranges from 30
to 60 ms. EMD is also affected by such factors as the
type and structure of skeletal muscles and fatigue [12],
[20], initial muscle length [22] or the type of muscular
activity [5]. EMD might also change for various types
of physical efforts and age [26]. There have also been
studies that pointed to the relationship between EMD
and musculotendinous stiffness [7] and even lifestyles
[9]. There is also no unequivocal explanation among
the researchers about the causes of EMD. One of the
causes of EMD is elasticity of the contractile compo-
nents, which causes that elasticity of the muscular ten-
don determines EMD levels [26].

EMD values are substantially important during
practical evaluation of muscular function, especially
during evaluation of the strength and endurance of
muscles in professional sports. Numerous studies have
demonstrated the essential correlation of EMD with
peak torque (PT) and rate of force development (RFD)
[3], [20], [22].

The force generated by muscles depends on a vari-
ety of factors: structure and length of the muscle, length
of the lever arm of force, number of contracting muscle
tissues (excited motor units) and pulse frequency for
excited motor units. Control of muscular excitation
is evaluated based on the electromyographic signal
(EMG), which allows, among other parameters, EMD
values to be determined. The aim of the study was to
answer to the question whether asymmetry of the pa-
rameters studied results from morphological character-
istics of the muscle or the method of controlling the
activity. In order to answer the above questions, the
authors evaluated symmetry of EMD, PT and RFD in
selected muscles in both right and left limbs, separately
in the groups of women and men. Based on the data
available in the literature, a hypothesis can be proposed
that the above parameters should point to the asymme-
try in both male and female groups.

2. Material and methods

2.1. Subjects

Nine women participated in the study (age: 21.67
+ 0.87 years; height: 168 = 7 cm; body mass: 59.44
+ 4.8 kg) and 10 men (age: 22 £ 1.25 years; height:

179 £ 6 cm; body mass: 74.3 + 5.1 kg), who were
university students from the Faculty of Physical Edu-
cation. The subjects were informed about the aim and
procedure of the study and gave written consent to
participate in the experiment. The subjects were in-
volved in physical activity at a high level that resulted
from the character of the university course. However,
none of them practised sports at professional level.
Furthermore, none of the students had been injured for
6 months before the study and had not undergone any
surgical intervention in the area of right or left lower
extremities. All the women studied pointed to the
right lower extremity as the preferred one, whereas in
the group of men, eight subjects pointed to the right
and two pointed to the left extremity as a preferred
one.

2.2. Experimental procedure

The study used the surface electromyography
method and the method of measurement of muscle
torques under static conditions. The measurements of
static muscle torque and EMG activity were per-
formed on a multifunctional chair. The measurement
system included torque meter with strain gauge head
(measurement range: 0 to 500 Nm, relative error of
the strain gauge bridge: 0.5%), direct current amplifier
(calibrated amplification k& = 470; bandwidth 0 to
1 kHz; zero drift: 0.6 uV/°C).

The subjects were examined in the sitting position.
The angle in the hip joints was set at 90°, whereas the
angle in the knee joints was 75° (for the measurement
of PT in extensors) and 30° (for the measurement of
PT in flexors). 0° was adopted as an angle of full ex-
tension in the knee joint. According to the principles
of measurement, the axis of the knee joint coincides
with the axis of the dynamometer. In order to elimi-
nate the effect on the measurement of other muscle
groups through muscular transfer, upper extremities
were crossed on the chest while the body trunk and
thighs were immobilized with stabilizing belts (Figs. 1
and 2). Resistance of the measurement equipment was
located:

e at the anterior part of the calf near the ankle joint
— for the measurement of EMG and PT in calf ex-
tensors (Fig. 1),

o at the posterior part of the calf near the ankle joint
— for the measurement of EMG and PT in calf
flexors (Fig. 2).

Length of the lever arm of the external force for
each subject was chosen according to the generally
adopted principles of measurements of muscle torques
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in statics. The subjects were asked to respond to a cue
by producing a maximum torque of flexors and exten-
sors of the knee in the sagittal plane, separately for the
right and left lower limb. During the measurements,
the subjects were encouraged by the investigators to
produce the maximum torque as fast as possible.

Fig. 1. Measurement of PT and EMG signal
in extensors of the calf in the knee joint

Fig. 2. Measurement of PT and EMG signal
in flexors of the calf in the knee joint

2.3. EMG data processing

Double disposable surface electrodes were glued
to the skin over the muscle belly and along the direc-
tion of muscle tissues. Sixteen active electrodes were
glued (Noraxon Inc., No 272, Scottsdale, USA;
Spacing = 20 mm) on the muscles studied and 1 refer-
ence electrode on the head of the right fibula. Active
electrodes (self-adhesive, silver—silver chloride) were
glued using a bipolar configuration on the muscles
that represent a group of flexors and extensors of the
calf in the knee joint in right and left leg as follows:

e muscle rectus femoris (m.RF) — on the line from
the anterior spina iliaca superior to the superior
part of the patella,

e muscle vastus lateralis (m.VL) — approximately at
2/3 on the line from the anterior spina iliaca supe-
rior to the lateral side of the patella,

e muscle vastus medialis (m.VM) — approximately
at 80% on the line between the anterior spina iliaca
superior and the joint space in front of the anterior
border of the medial ligament,

e muscle biceps femoris (m.BF) — approximately at
50% on the line between the ischial tuberosity and
the lateral epicondyle of the tibia.

The skin was prepared for the experiment accord-
ing to the recommendations of SENIAM project [8].
A 16-channel electromyographic device TeleMyo
2400T G2 (Noraxon Inc., USA) was used to acquire
EMG signals. The amplifier bandwidth ranged from
10 to 1,500 Hz and the common-mode rejection
ratio was 100 dB. The EMG signals were sampled
at 1,000 Hz by using an analog-to-digital converter
based on a 16-bit analog-to-digital board.

2.4. Data collection

Based on the EMG signal and muscle torque re-
corded in the muscles studied, the following parame-
ters were selected for the analysis (Fig. 3):

e clectromechanical delay (EMD), defined as the
time between the onset of EMG activity and the
onset of torque generation [s],

e peak torque (PT), the resultant value of maximum
torque in groups of flexors (m.BF) and extensors
(m.RF, m.VL, m.VM) of the knee joint [N-m],

e rate of force development (RFD), calculated as
a quotient of the peak torque and time to reach the
peak torque [N'm-s '],

e relative force, calculated as a quotient of peak
torque and body mass of a subject [N-m-kg '],
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e “flexors-extensors” ratio, calculated as a quotient
of the PT of the flexor muscles to the extensor.
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Fig. 3. Parameters analysed in the study (description in the text)

2.5. Torque and EMG signal processing

The raw EMG signal and torque were both re-
corded on a PC computer with BioWare® (V.3.2.6)
software. The data collected were exported to files
with *.tbd format and then Analizator software dedi-
cated for numerical analysis of continuous signals
sampled by BioWare was used. Analizator software
allowed the module of muscle torque and electrical
signal of the muscles to be determined as well as the
moving average to be computed with the step 101.
Moving average can be considered as an outcome of
low-pass filtration. This method allowed phase lags to
be avoided, which are typical of one-way filtering [6],
[14], [15]. Results of calculations from Analizator
software were moved to a spreadsheet where the data
for statistical analysis were prepared.

2.6. Statistical analysis

The Wilcoxon signed-rank test was used to assess
the effect of symmetry and gender on EMD, PT, RFD,
relative force and “flexors-extensors™ ratio. The re-
sults of the statistical analysis included: N (the number

of subjects), and p (the probability level for the Wil-
coxon test). Tables contain the median (Me — middle
value) and quartile deviation (Qc). The level of sig-
nificance (@) was set at 0.05. In the correlation analy-
sis, the authors used Spearman’s rank correlation co-
efficient.

3. Analysis of the results

3.1. Electromechanical delay

Comparative analysis for EMD between the mus-
cles of right and left lower extremities is presented in
Table 1. Statistical analysis revealed the presence of
EMD asymmetry only for the VL muscle, both in the
female group (0.035 vs. 0.06 ms, p = 0.0381), and the
male group (0.048 vs. 0.012 ms, p = 0.005). Further-
more, medians for EMD of the muscles of the right
lower extremity were longer in each case in men
compared to women (differences were not statistically
significant). The same analysis performed for the
muscles of lower extremity showed longer EMD in
the muscles in women compared to men, with signifi-
cant differences between women and men recorded
only for m. VL (0.06 vs. 0.012 ms, p = 0.0208).

3.2. Peak torque, rate
of force development, relative force
and “flexors-extensors” ratio

Statistical analysis with Wilcoxon test did not re-
veal statistically significant differences between the
value of PT measured for the right and left extremities
in the female group (Table 2). Differences in PT re-
corded between the right and left extremities in the
group of men were statistically significant only for the
extensors of the knee joint.

Comparative analysis of PT in the muscles in fe-
male and male subjects revealed significant differ-
ences between the groups in all muscle groups ana-
lysed. The PT values achieved by men were higher in
all the cases compared to the group of women. Since
the level of muscular PT is significantly correlated to
body mass, in order to eliminate its effect (comparing
the group of women and men), the relative force was
calculated. The analysis revealed statistically signifi-
cant differences between women and men only for
one muscular group, i.e., flexors of the knee joint
in the right extremity (1.57 vs. 2.17 N-mkg', at
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Table 1. Medians (Me) and quartile deviations (QC) of the EMD values
between muscles of the right and left extremities in female (N = 9) and male (N = 10) subjects

65

EMD [s]

Right lower extremity

Left lower extremity

m.VL m.VM m.RF m.BF

m.VL

m.VM

m.RF

m.BF

Females | 0.035+0.011 | 0.029 +0.010 | 0.036 £+ 0.008

0.044 £ 0.016

0.060 + 0.026*

0.055 +0.020

0.050 +0.020

0.046 +0.010

Males |0.048 £0.016|0.047 +0.0250.051 + 0.023

0.045+£0.016

0.012 £ 0.013*#

0.041 £0.018

0.037 +£0.012

0.040 £0.013

Note: * Indicates significant differences between the right and left lower extremity;

# Indicates significant differences between females and males.

Table 2. Medians (Me) and quartile deviation (QC) of peak torque, rate of force development,
relative force and “flexors-extensors” ratio in the muscle groups in male (N = 10) and female (N = 9) subjects

Right lower extremity Left lower extremity
Gender — — — .
Knee joint extensors | Knee joint flexors | Knee joint extensors | Knee joint flexors

Peak torque Females 201.07 £+ 14.01 92.46 +£9.78 186.35 + 14.07 92.88 +9.45
[N'm] Males 297.66 + 26917 157.20+39.15" 272.05+13.79%" 143.24+21.09
Relative force Females 3.21+0.15 1.57+0.52 3.19+0.08 1.61+£0.49
[N'mkg™] Males 3.90 + 0.85 2.17+0.91% 3.5440.57* 1.89+0.52
Rate of force Females 122.43 +43.41 76.66+£23.02 101.34+16.37 67.60+17.99
?;Ygi?ﬁwm Males 137.10 + 13.15 91.45426.12 121.75+15.26 75.34+41.40
“Flexors-extensors” | Females 0.485+0.11 0.518+0.09
ratio Males 0.551 +0.26 0.558+0.19

Note: * Indicates significant differences between the right and left lower extremity;
# Indicates significant differences between females and males.

p = 0.02). Analysis of relative force with respect to
symmetry showed only one statistically significant
difference, i.e., the difference between extensors of
the right and left lower extremity in the group of men
(3.90 vs. 3.54 N'm’kg ', at p = 0.03). This analysis
confirms statistically significant differences in PT in
extensors in the group of men (Table 2).

The study also measured “flexors-extensors” ratio
(Table 2). The statistical analysis revealed a symmetry
in this ratio between the right and left lower extremity
in the group of female subjects (0.485 vs. 0.518 at
p = 0.269) and the group of male subjects (0.551 vs.
0.558 at p = 0.862). A symmetry was also found for
the ratio between women and men for the right (0.485
vs. 0.551 at p = 0.268) and left extremity (0.518
vs. 0.558 at p = 0.291).

Statistical analysis of RFD also revealed symmetry
of this parameter for all the muscle group studied in
men compared to women (right lower extremity: ex-
tensors 137.1 vs. 122.43 N'm's ™' at p = 0.77; flexors:
91.45 vs. 76.66 N'm's ' at p = 0.37; left lower extrem-
ity: extensors 121.75 vs. 101.34 N'm's” at p = 0.31;
flexors: 75.34 vs. 67.6 N'm's ' at p = 0.21), and be-
tween right and left muscle groups in lower extremi-
ties (women: extensors 122.43 vs.101.34 N'm's ™' at
p = 0.14, flexors: 76.66 vs. 67.6 N-m's™' at p = 0.76;

men: extensors: 137.1 vs.121.75 N'-m's ™' at p = 0.14,
flexors: 91.45 vs. 75.34 N'm's' at p = 0.96) (Table 2).

3.3. Electromechanical delay
vs. peak torque and rate
of force development

At another stage of the study, the authors evalu-
ated the strength of correlation between EMD and PT
and between EMD and RFD. Analysis of correlation
between EMD and PT in the muscles of both lower
extremities turned out to be statistically insignificant
in the group of men. Furthermore, a statistically sig-
nificant correlation was found in the female group
between EMD and the PT for m.RF in the right lower
extremity (r =—0.78; p = 0.012) and m.VM (r = 0.73;
p =0.024) and m.BF (r =-0.76; p = 0.016) of the left
lower extremity.

Analysis of correlation between EMD and RFD
revealed a significant correlation for two muscles of
lower extremity: m.RF (» = 0.66; p = 0.037) and m.BF
(r = 0.78; p = 0.007). Furthermore, only one correla-
tion was found in the female group betwen EMG and
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RFD, for m.VM of the right lower extremity (negative
correlation, 7 =—-0.70, p = 0.035).

4. Discussion

4.1. Symmetry
of electromechanical delay,
peak torque and rate
of force development

Although there have been a number of publica-
tions concerning evaluation of the symmetry of
strength abilities in different muscle groups, it is diffi-
cult to compare our results with the findings obtained
by other authors in terms of EMD symmetry since
many authors have analysed muscular activity on one
side of the body or one lower or upper extremity,
choosing usually the preferred one. The analysis of
evaluation of symmetry between EMD values re-
vealed statistically significant differences only be-
tween the right and left m.VL, both in the group of
women and men. The results of our previous studies
[16] have demonstrated EMD symmetry in rectus
abdominis and erector spinae muscle. In a study by
Szpala et al. [17] the EMD value was analysed before
and after strength training of abdominal muscles. The
results of the study have also shown the symmetry of
the EMD values between the right and left side of the
rectus abdominis muscle and external abdominal
oblique muscle, both before and after the completion
of the training program. However, the asymmetry of
EMD value for the untrained antagonist muscle group
(m. erector spinae) was observed, however, only after
the completion of the training program.

This study also demonstrated the symmetry of PT
values in the muscles of the right and left lower ex-
tremities in women, while asymmetry in PT in knee
extensors was found in the group of male subjects.
Asymmetry also concerned the value of the relative
force. Furthermore, the symmetry was observed for
RFD in both female and male groups.

The study also calculated “flexors-extensors” ratio
for the knee joint. The studies in the literature empha-
size that this index has an improved diagnostic value,
which is especially useful in prevention of injuries
compared to the values of torque [18]. The results of
our study showed a symmetry of values of “flexors-
extensors” ratio in both men and women and the
results might be different than those contained in
a study by Trzaskoma and Trzaskoma [18], where

statistically significant values were found for “flexors-
extensors” ratio in the group of women compared to
men (0.47 vs. 0.43). The authors explain this with
greater strength of knee flexors compared to extensors
in the female group. However, it should be empha-
sized that the studies of the above authors evaluated
professional athletes from different sports.

4.2. Female vs. male subjects

Effect of elasticity of muscular tendon on EMD
value might be one of the causes of differences in
sports results obtained by women and men. From the
standpoint of physiology, the particular type of mus-
culotendinous elasticity, typical of female muscles is
connected with the effect of oestrogen hormones on
collagen synthesis [26]. Oestrogens affect the struc-
ture of the tendon [4], which consequently leads to
lower values of stiffness and Young’s modulus of the
synthesized collagen in women compared to men [10].
One negative effect of this phenomenon is increased
number of injuries in women practising professional
sports [1], which additionally justifies the research in
the groups with division into genders. The results of
our study demonstrated that the EMD values in the
muscles of right lower extremity are in each case
longer in men compared to women. Furthermore, for
the left lower extremity, all the EMD values were
longer in female subjects. However, only in one case
(left m.VL) the differences between women and men
turned out to be statistically significant. Studies by
other authors have suggested the relationship between
genders and EMD times. In a study by Winter and
Brooks [25], significantly longer EMD times were
found in women compared to men. These authors
made their observations by testing the triceps surae
muscle (m.TS) in only one lower extremity, termed
“dominant extremity”. They argued that the different
EMD values in women and men might have been
caused by differences in neuromotor control which
involves the conduction of the action potential along
the T tubule system, the release of Ca™ by the sarco-
plasmic reticulum, cross bridge formation between
actin and myosin filaments, the subsequent tension
development in the shortening elements and the series
elastic component which in men is more resistant to
stretch. Bell and Jacobs [2] found longer EMD in
women compared to men in the biceps brachii muscle
in the right upper extremity. These authors suggest
that the factor that causes differences in EMD is
dominant type of muscle tissues. Other authors point
to the lack of differences in EMD between males and
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females. In a study by Blackburn et al. [3], no differ-
ences were found in EMD between women and men
(127.49 vs. 125.43 ms, at p = 0.788) during the ex-
amination of the activity of m.BF in the right lower
extremity. Similar findings were presented by Yavuz
et al. [26], who analysed the activity of m.TS in the
left lower extremity. The aim of the study is to deter-
mine whether longer EMD might be the cause of
a high tendon injury ratio in women. However, no
significant differences were demonstrated between
EMD value in women and men. Furthermore, More
at al. [12] found that the EMD both before and after
a research fatigue procedure is shorter in women
compared to men. Results suggest that males and fe-
males may respond differently to isokinetic fatigue,
with males having a greater capacity to compensate
for contraction force failure when responding to me-
chanical perturbations.

This study attempted to evaluate the relationships
of EMD with PT and RFD. The results of our study
demonstrated significantly higher PT values in males
in each muscle group studied. Furthermore, the analy-
sis of the relative force index showed statistically
significant differences between men and women in
knee flexors of the right extremity.

RFD describes dynamics of releasing muscular
force and represents the measure of mean rate of the
increase in muscular force. The analysis of RFD re-
vealed higher values in all muscle groups studied in
men compared to women. However, none of the differ-
ences observed was statistically significant. The studies
of other authors pointed to the relationship between
EMD and PT and between EMD and RDF. A study by
Bell and Jacobs [2] found a weak but significant corre-
lation of EMD with RFD and PT. The study also dem-
onstrated significant differences between women and
men in the values of relative force calculated as a prod-
uct of maximum force and body mass. In a study by
van Dieen et al. [20], a reverse proportion was observed
for the relationship between EMD and RFD, which was
explained by the researchers with time necessary to
extend series elastic component. Another explanation
may be found in differences in recruitment strategy at
different rates of force development or contraction
velocities: at a higher rate or speed more type II fibres
will be activated, resulting in a shorter EMD. In a study
by Viitasalo and Komi [21], a positive correlation be-
tween EMD and PT and a negative correlation between
EMD and RFD were demonstrated. These researchers
made the observations by testing m. VL in the right
lower extremity. Similar conclusions were obtained by
Vint et al. [22], who found a decline in EMD with the
increase in PT and RFD.

5. Conclusions

Among the parameters analysed for the right and
left lower extremities, statistically significant symme-
try was found for EMD in the muscles studied (with
an exception of m. VL) and for RFD in both female
and male groups. Furthermore, a statistically signifi-
cant asymmetry in PT of knee extensors was found in
the male group. This might suggest that the asymme-
try of muscular force is likely to be caused by mor-
phological characteristics rather than the process of
controlling its excitation.
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