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Abstract

Purpose To examine effects of the peak torque angle (PTA) on the bilateral deficit (BD) index at two low velocities of
contraction.

Methods Twenty young men performed right and left knee concentric extension—flexion (1 set, 5 repetitions) unilaterally
and bilaterally in an isokinetic dynamometer at 30°/s and 60°/s. The peak torque (PT) from right, left and bilateral tests and
their respective PTA were registered. Two BD indexes were determined as the bilateral PT divided by the summation of right
and left PT (BDI,) and by the summation of left and right torque values found at the bilateral PTA (BDI,). Additionally, the
mean of the absolute differences (MAD) between bilateral and unilateral PTAs was calculated as the mean of the modulus
of the difference between bilateral minus right and bilateral minus left values divided.

Results The knee extensors showed difference between bilateral and unilateral PTA (p <0.01) and effect of velocity on
bilateral PTA (p <0.05). MAD was not influenced by the direction of movement (p =0.673), whereas on knee flexors it
depended on velocity (p=0.01). Knee extensors and flexors presented higher BDI, than BDI, at both velocities (p < 0.001).
The difference between BDI, and BDI, was strongly correlated with MAD (p <0.01).

Conclusion The BD is generally attributed to neural mechanisms, whereas the BD index was influenced by the PTA. Hence,
it is suggested that the angle—torque relationship plays a role on the BD reported because it may enhance the BD index.

Keywords Isokinetic contraction - Muscle mechanics - Biomechanics

Introduction

The bilateral deficit (BD) describes the difference in maxi-
mal force generating capacity of muscles when they are con-
tracted alone, or together with the contralateral muscle group
and the deficit occurs when the summed unilateral forces is
greater than the bilateral force [12, 20, 34]. As higher is the
difference between the summed and bilateral forces, greater
is the BD, which is quantified by the BD index [5]. Among
the investigated possible influencing factors on the BD, such
as age [10, 21, 25] and gender [10, 29], only physical fitness
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status [3, 12, 29] and type of contraction [11, 14, 26, 34]
showed to significantly affect the BD [21, 25, 34].

Some theories try to explain the causal mechanisms
behind BD, although no consensus is established to date.
It has been proposed that this phenomenon may be caused
by differences between unilateral and bilateral movement
control [11, 14, 29]. In addition, it is suggested that dur-
ing bilateral exertion spinal reflex are enabled [17, 23] and
furthermore it is proposed that an inhibition of the central
nervous system at the brain level provokes lower level of
cerebral hemispheres activation during bilateral contractions
[25, 27, 32]. Such conditions would lead to both activate the
antagonist muscles [13, 22, 26] and reduce the amount of
motor units recruited by the agonists [20, 33]. Nevertheless,
besides neural mechanisms, one could not neglect the influ-
ence of muscle mechanical properties and biomechanical
issues as, among others, the torque produced by other mus-
cles to body adjustments and stabilization during bilateral
vs. unilateral condition [30].
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Some studies have employed maximal isokinetic out-
comes as maximal torque or force to investigate effects of
velocity of exertion on the BD of knee extensors or flex-
ors [5, 9, 25, 33], aiming to prove that and/or muscle fiber
elicit the BD, but conflicting outcomes are reported. Dickin
and Too [9] measured isokinetic torque of knee extensors at
60°/s, 90°/s, 120°/s, 150°/s and 180°/s and reported that the
BD increased with the velocity. Conversely, Brown et al. [5]
reported a reduction of the BD in knee extensors and flex-
ors as the angular velocity increased (60°/s, 120°/s, 180°/s,
240°/s). On the other hand, Owings and Grabiner [25] com-
pared 30°/s to 150°/s and found no difference on the BD
of knee extensors. Such conflicting results may potentially
be attributed to the fact that isokinetic machine does not
account for the limb inertial moment and acceleration. Thus,
measuring the peak torque (PT) or force at high velocity
notwithstanding the angular position may lead to erroneous
conclusions about the maximal capacity of torque generation
of the tested muscle group [2, 15]. As high is the velocity,
wider is the time window of angular acceleration and, thus,
if the joint angle where the PT is found—known as the peak
torque angle (PTA) [19, 28]—is within such a window, the
actual PT may not be recognized as this tends to occur ear-
lier in the range of movement [2]. Moreover, as the bilateral
torque is provided by homologous unilateral muscles acting
simultaneously, hence the bilateral PTA could be different
from the PTA of the unilateral tests and this difference could
lead to misestimating the BD index.

Although studies have employed isokinetic machine to
investigate BD, none of them have addressed the effect of
PTA on their results. Additionally, PTA has been showed
to depend on testing velocity [15] and furthermore there is
no information on PTA of knee extensors or flexors during
bilateral tasks. Therefore, this study measured the unilateral
and bilateral PT and PTA of knee extensors and flexors dur-
ing isokinetic exertion at two low angular velocities aiming
at investigate the effect of PTA on BD index. Additionally,
effects of velocity of movement on BD are examined.

Materials and methods
Participants

The sample of this study comprised 20 volunteers males with
mean (SD) age 29.1 (5.00) years, height 175.1 (6.10) cm and
body mass 81.3 (11.10) kg. All self-reported right leg domi-
nance, which was determined as the participants’ preferred
kicking leg. The inclusion criteria were: (a) to be regularly
recreational resistance training practitioners (2-3 sessions per
week); (b) between 20 and 40 years old and (c) right leg domi-
nance. The exclusion criteria were (a) history of knee and/or
muscle injuries or (b) any disabling health problem to perform
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the tests. The test protocol was previously approved by local
Ethics Committee for Human Study (allowance n. 477.583).
Before participation in the study, the aims and procedures were
explained to the volunteers, who subsequently provided writ-
ten informed consent.

Test procedures

All torque signals were acquired by the isokinetic dynamom-
eter CSMI HUMAC NORM (USA). Participants were seated
barefoot with their trunk reclined at approximately 90° and
secured by seat-belts. Regular calibration procedures were
completed before each test and the limb weight was meas-
ured. Prior to each test, participants accomplished a warm-up
familiarization protocol comprising movements of knee exten-
sion and flexion unilaterally (right and left) and bilaterally.
Each test consisted of one set of five repetitions of concen-
tric—concentric exertion (extension followed by flexion) at the
velocities 30°/s and 60°/s. A between-tests recovery period
of 10 min was allowed. The bilateral test was carried out by a
custom-made apparatus (Fig. 1).

Torque signal processing and variables calculation

The recorded signals of torque and angular position were
transferred into a computer, so that all calculation procedures
were accomplished by a custom-built routine developed in
MatLab 7.02c (MathWorks Inc., USA). The torque signal of
each test was first filtered by a second-order low-pass But-
terworth filter applied in the forward and reverse directions,
allowing zero-phase, with a cutoff frequency of 10 Hz. After
that it was measured the PT from the torque signal of each
repetition accomplished by each subject. From the five repeti-
tions, the one that presented the highest PT had the torque and
angle signals stored. The variables extracted from those signals
to be employed in the calculations are illustrated in Fig. 2,
which were the PT of right, left and bilateral tests, their cor-
responding PTA and the values of the right and left torque at
the bilateral PTA. All variables were extracted from extensors
and flexors signals at each velocity.

The BD index was computed by Eq. 1 (BDI,), previously
described by Brown et al. [5] and Eq. 2 (BDI,)—proposed
in the present study—which takes into account the unilateral
torques found at BA:

BPT x 100
RPT + LPT

where BPT is the bilateral, RPT the right and LPT the left
peak torque:

BDI, = — 100, €))

BPT x 100

BDL, = —— -~ _
27 RTBA + LTBA

100, @)
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Fig. 1 Illustration of the unilat-
eral (right and left) and bilateral
tests, showing the apparatus
employed to bilateral accom-
plishment. The knee angle dif-
ferences caused by the different
positions of the unilateral and
bilateral bars at the ankle(s)
were included during calibra-
tion procedures to be considered
within all calculations
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&
3

130 14
Knee angle (degrees)

Fig.2 Signals of bilateral (BT), right (RT) and left (LT) torques from
one subject, illustrating the variables obtained, which were the right
(RPT=157 Nm), left (LPT=112 Nm) and bilateral (BPT=252 Nm)
peak torque, together with their respective peak torque angle (RA
right angle; LA left angle; BA bilateral angle) and the torque value
measured at the BA from the right (RTBA) and left (LTBA) unilateral
torque signals

where BPT is the bilateral PT, RTBA and LTBA are, respec-
tively, the right and left unilateral torque values at the peak
torque angle of the bilateral test (see Fig. 2).

Additionally, the relative difference between the two BD
indexes was calculated by Eq. 3. Further, the mean absolute
difference (MAD) between the PTA of the right and left vs.
bilateral test was determined by Eq. 4:

%DI = (|BDI, — BDL,|/BDI, ) x 100, 3)
where %DI is the relative difference between the BD indexes
BDI, and BDI, with respect to BDI:

MAD = (|RA — BA| + |LA — BA|)/2, 4)

where RA is the right, LA the left and BA the bilateral peak
torque angle.

Statistical procedures

The Shapiro—Wilk test was applied to the variables investi-
gated, which showed to be normally distributed (p > 0.05).
The effect of velocity on right, left and bilateral PT and
their corresponding PTA was investigated by paired ¢ test
applied to the knee extensors and flexors. In addition, the
effect size (ES) was also calculated as Cohen’s d, by Eq. 5.
The PTA from bilateral and from right and left unilateral
tests were compared by 1-way repeated measures ANOVA
applied to extensors and flexors at both velocities. The
interaction between velocity and BD indexes (BDI, and
BDI,) was tested by 2-way repeated measures ANOVA
applied to extensors and flexors. The influence of veloc-
ity and movement direction (extension and flexion) on
MAD and %DI was tested by 2-way repeated measures
ANOVA. All repeated measures ANOVA were previously
tested for esphericity and if this could not be assumed the
Greenhouse—Geisser correction for degree of freedom was
employed. Further, post hoc of Bonferroni for pairwise
comparison was achieved when necessary. The association
between MAD and %DI was tested by Pearson correla-
tion coefficient. All calculations were carried out in IBM
SPSS for windows (USA) and the graphics were produced
in Graphpad Prism (USA). The significance level was set
at 0.05:

d = (Xeo — X30)/S30 )
where d is the Cohen’s d (ES), X, is the mean of the vari-
able measured at 60°/s, X5, at 30°/s and Sy, is the standard
deviation of the variable measured at 30°/s.
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Table 1 Mean (SD) peak torque

. X Extensor Flexor
(Nm) of bilateral (BPT), right
(RPT) and left (LPT), together 30°/s 60°/s p ES 30°/s 60°/s p ES
with the mean (SD) peak torque
angle (°) of bilateral (BA), BPT 325(88.3) 313 (71.9) 0.301 -0.14 239 (49.4)  230(37.8) 0.237 -0.18
and right (RA) and left (LA) RPT 225(75.3) 200 (53.1) 0.011 -0.33 159 (50.3) 146 27.4) 0.166  —0.26
unilateral tests LPT  207(654) 197(460) 0160 —0.15 150(29.0) 140(250) 0.039 —0.34
BA 126 (9.9) 133 (11.1)  <0.001 0.71 147 (10.4) 145 (6.6) 0.238 -0.19
RA 122 (7.9) 126 (8.1) 0.021 0.51 150 (9.3) 146 (6.8) 0.145 -043
LA 122 (9.4) 128 (8.2) 0.009 0.64 151 (6.8) 147 (4.2) 0.036 —0.59
The data are from knee extensors and flexors at the two velocities. The p values and effect size (ES) regard
to comparisons between velocities. Significant p values are highlighted
0 o BDI, Results
o BDl, . .
10- From the unilateral tests, only right knee extensors and
—_ o left knee flexors presented significantly higher PT at 30°/s
S 20 & [u] than at 60°/s, whereas no effect of the velocity was found
g ) E N I i 4 on extensors and flexors of the bilateral test (Table 1). The
b bilateral test showed the PTA of knee extensors to be sig-
-304 nificantly higher at 60°/s than 30°/s, but no effect of the
velocity was found on knee flexors (Table 1). The PTA of
-40 T T T Y knee extensors from the bilateral test was significantly dif-

30°/s 60°/s 30°s 60°/s
EXT FLE

Fig.3 Mean and 95% confidence interval of bilateral deficit indexes
(BDI) calculated without (BDI;) and with (BDI,) accounting for
the effect of peak torque angle of the bilateral test, for both speeds,
knee extensor (EXT) and flexors (FLE). BDI, presented significantly
higher absolute values than BDI, on extensors and flexors at both
speeds

A

20+

[ 30°s

164 B e0%s
T
= T T

5- T

0

EXT FLE

Fig.4 Mean and 95% confidence interval of a mean of absolute dif-
ference (MAD) between bilateral PTA and left PTA and between BA
and right PTA, determined by Eq. 4 and b difference between BDI,
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ferent of the right and left unilateral tests at 30°/s (p =0.005)
and at 60°/s (p <0.008), but the PTA of knee flexors showed
no significant difference among the three tests (p =0.3231).

One subject did not show BD on knee extensors and flex-
ors at both velocities, i.e., presented positive values of BDI;.
One more subject presented positive values of BDI, on knee
flexors at both velocities. BDI; showed significantly higher
absolute value than BDI, (p <0.001), at both velocities and
both directions (Fig. 3). No interaction was found between
the BD indexes (BDI, and BDI,) and velocity (p=0.590) for
knee extensors and flexors. The %DI (Fig. 4) was not affected
by velocity (0.672) or direction of movement (0.057) and,
among all tests and participants, %DI reached values as high

B EXT FLE
0
5-

2 104

2-15- J_ J_
-20- J‘ 1L
.25

and BDI, expressed as percentage of BDI, (%DI) obtained from knee
extensors (EXT) and flexors (FLE) at both speeds
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as 57%. The MAD value (Fig. 4) was not affected by muscle
group (p=0.673) and only MAD of flexors was influenced
by the velocity (p=0.012).

The test of correlation between %DI and MAD resulted in
the following results: from knee extensors at 30°/s, r=—0.64
(p=0.009) and at 60°/s, r=—0.85 (p <0.001); from knee
flexors at 30°/s, r=—0.64 (p=0.007) and at 60°/s, r=—0.93
(p<0.001).

Discussion

The measurement of isokinetic PT has been widely
employed to assess muscular strength [11, 26, 31] and inves-
tigations on BD have also been carried out by this method
[20, 26], including studies aiming at examine the effect of
testing velocity on the BD [5, 9, 25, 33]. Besides the isoki-
netic PT, the present study assessed the PTA of unilateral
and bilateral tests in order to investigate if part of the BD
could be elicited by the angle X torque (muscle length X ten-
sion) relationship. Furthermore, the investigation included
two velocities as PTA from unilateral tests has been showed
to be velocity dependent [15]. The two velocities elected
were low in order to avoid the influence of initial accelera-
tion in the PTA, since high velocities lead to produce earlier
PT within the range of movement [2].

The PTA of unilateral tests showed the average values to
be in accordance with previous reports for knee extensors [1,
6, 8, 18] and flexors [4, 6, 7]. In terms of effect of velocity,
the knee extensors showed the PT to occur latter at 60°/s
when compared to 30°/s, whereas knee flexors presented a
contrasting trend. Kannus and Beynnon [15] reported PTA
as being affected by angular velocity of knee extensors and
flexors, but they compared velocities with greater difference
(60°/s against 180°/s). Thus, the results of the present work
appears to be surprising and further indicates that despite
the choice of two low velocities to avoid effect of accelera-
tion on the PTA, even being small, the difference between
the velocities elicited effect on such an angle. Concerning
the bilateral test, there is no information in the literature
about PTA, whereas in the present study this occurred earlier
at 30°/s than 60°/s on knee extensors. In addition, at both
velocities, it was found higher bilateral than unilateral PTA
on knee extensors.

The present study showed no effect of velocity and
direction of movement on the BD when measured by
BDI,, the usual method employed to calculate the BD
index [5] and BDI,, while studies on effect of velocity
on the BD show conflicting results. In this context, the
results of such effects have been employed to propose neu-
ral mechanisms and/or muscle fiber types as eliciting the
BD. Brown et al. [5] investigated the BD of knee extensors

and flexors at 60°/s, 120°/s, 180°/s, 240°/s and 330°/s, and
observed a decrease of BD index as the velocity increased.
The authors [5] attributed this behavior to the reduction
of activation of slow-twitch fibers. Conversely, Vander-
voort et al. [33] evaluated the BD during leg press exercise
and reported that the BD index increased together with
velocity. Similarly, Dickin and Too [9] reported higher BD
index of knee extensors at higher velocities when compar-
ing 30°/s, 60°/s, 90°/s, 120°/s, 150°/s and 180°/s. In both
studies [9, 33], the BD was attributed to less activation of
fast-twitch fibers. On the other hand, Owings and Grabiner
[25] found no BD index difference from knee extensors
when comparing 30°/s against 150°/s, whereas after induc-
ing muscular fatigue the index increased at the velocity
30°/s. To the authors [25], their findings do not support
the theory that the BD is caused by depressed activation of
fast-twitch fibers. Vandervoort et al. [34] applied a similar
protocol employed previously [33], but for upper limbs
no effect of velocity on BD was observed. According to
Vandervoort et al. [34], the disagreeing results obtained
between their study and that conducted by Vandervoort
et al. [33] may have grounds on different patterns of mus-
cular activation of arms and legs.

The hypotheses proposed to explain the mechanisms
behind the BD do not seem to be fully elucidative. Most
investigators have suggested that the BD is associated to
neural issues such as neural inhibition of agonist [14, 16,
17,23, 24, 33], increased activation of antagonist [13, 20,
22, 26] and lower activation of type II muscle fibers [14,
16, 20, 23, 33]. Nonetheless, the influence of biomechani-
cal variables on the BD appears to be ignored, while non-
harmonious mechanical behavior of right and left limb act-
ing simultaneously may modify the production of maximal
muscle force or torque exerted bilaterally. One of such sit-
uations approached by the present study was the PTA. As
joint angle depends on muscle length, which determines
the muscle capacity of force production, we hypothesized
that part of the BD could be explained by the different
PTAs from the bilateral and unilateral tests. The results
showed that BDI, (which took into account the PTA) had
significantly absolute lower value than BDI,. Addition-
ally, the relative difference between BDI,; and BDI, (%DI)
reached 57%, which means that while considering the PTA
in the calculation of the BD index, this could be much
lower. Furthermore, good correlation values were found
between %DI and the absolute mean difference between
unilateral and bilateral PTA, at both velocities and muscle
groups. These results strongly indicate that angle—torque
relationship may highlight the BD indexes reported in the
literature. These findings also provide insights that effects
of biomechanical variables on the BD should be further
investigated.
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Conclusion

This study showed that the BD of knee extensors and flex-
ors at 30°/s did not significantly differ from that at 60°/s,
whereas the PTA of knee extensors was significantly influ-
enced by the testing velocity in all tests. Lower values
of BD indexes were found when taking into account the
PTA in their calculation. Furthermore, good correlations
were found between the difference of the two BD indexes
and the mean absolute difference between bilateral and
unilateral PTA. Hence, while the BD phenomenon is not
completely understood, albeit it is proposed that neural
and fiber type issues elicit the BD, the results of this study
suggest that the angle—torque relationship plays an impor-
tant role on the BD reported because it may potentially
enhance the BD index. These results give grounds to future
investigation of effects of biomechanical variables on the
BD.
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