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Abstract

simplicity and proper muscle involvement.

exercise in an iso-kinetic mode.

Background: Hip abduction is considered an effective exercise to strengthen the gluteus medius muscle due to its performance

Objectives: The present parametric study aimed at the assessment of the hip abductor muscle activity in two different modes of
exercise, two muscular strength conditions (normal and weak) and three weight loads (0, 2.5, and 5 kg).

Methods: A comprehensive musculoskeletal model (AnyBody, version 5.3.1) was used to calculate the activities of the gluteus medius
muscle based on the optimized inverse dynamics approach. The model performed side-lying and upright standing hip abduction

Results: The side-lying exercise required 40% activation of the muscle in the no-weight normal case while the standing exercise
needed lower than 20% in the same condition. The addition of extra weights to the abducting leg caused a considerable increase in
the muscle recruitment and the muscle weakness induced greater endeavor of the gluteus medius.

Conclusions: The rehabilitation of the weak hip abductor muscles may start with standing no-weight cases and continue by adding
extra weights. The side-lying exercise may extremely involve the muscle, specifically in weaker individuals.
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. Background

Muscular weakness may adversely affect several func-
tionalities that are expected to perform by gluteal muscles.
The most important activities of the gluteal muscles (GM),
mainly gluteus maximus and gluteus medius (GMd), are to
extend and abduct the hip joint during human gait (1, 2),
and also to provide stability for the pelvis the standing po-
sition and during some phases of the gait (3, 4). Further-
more, the stability and right positioning of the femur rely
on the appropriate activation of the GM (5, 6). It was re-
ported that the GM frailty might influence other muscles,
joints, and soft tissues in the vicinity of the pelvic region
in addition to constraining hip joint kinesiological maneu-
vers (7). Several disorders such as low back pain (8, 9), frac-
ture of the tibia (10), and injury to the anterior cruciate lig-
ament (5, 11) are related to malfunction of the GM.

Prescription of physical therapeutic exercise is an in-
fluencing route to recover the ability of contraction of a
certain muscle (12). Different exercises, e.g. lunge, single-
limb squat, pelvic drop, and hip abduction, have been pro-

posed to strengthen the GM (12-15). Hip abduction has
gained several regards among the exercises with different
ranges of motion (ROM) from 25 to 45 degrees (16-18) be-
cause it is easy to do and appropriately involves the GMd
muscle (19-21). Nevertheless, researchers have reported
controversial results with respect to the level of GMd acti-
vation (22, 23). Boren et al. compared a variety of proposed
exercises to find the GMd activation and gluteus minimus
muscles using surface electromyography (24). They found
that hip abduction exercise in side plank position requires
the activation of 71% maximum voluntary isometric con-
traction (MVIC). In contrast, Park et al. have found that the
maximum activation for the GMd muscle is less than 30%
MVIC in the same position. They also suggested that the
use of the pelvic compression belt could enhance the acti-
vation level (22). Hip abduction tests in the side-lying posi-
tion have resulted in the GMd activity of 39% MVIC in aver-
age inanother study(25). Moreover, Bolglaand Uhl demon-
strated that the activation of the GMd muscle in the side-
lying position of the hip abduction exercise is about 44%
MVIC (12). The mean = SD activity of this muscle in the side-
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lying exercises was reported as 45.2 +16.2% (26).
Computer simulations have been widely used to sim-
ulate the biomechanical behavior of the human muscu-
loskeletal system due to its straight-forward implementa-
tions, ability to perform a parametric study, reducing the
cost and problems of experiments, etc. (27-29), though its
validity and precision are doubtable. The goal of such mod-
elsis to determine the muscle force shares needed to bring
the body into the equilibrium. These models often use op-
timization techniques due to the greater number of un-
known muscle forces than the degrees of freedom in the
model. The minimization of energy or summation of other
consumptive parameters like muscle tensions can assist to
achieve more-reliable results (30). The application of such
a technique, in general, can shed light on the response of
the musculoskeletal system to the kinematic constraints
and motions, and bypass some routine involvements that
might emerge in experimental techniques; however, the
precision of the model in geometrical coordination of the
constituents is a prerequisite to reach valid results (31).

2. Objectives

Experimental studies have developed useful results;
however, they did not consider performance details like
the strengths of the muscles and weight-bearing effects
in the same conditions. In addition to the relatively di-
verse experimental results, lack of a comparison existed
between the hip abduction modes, effects of weight bear-
ings, and muscle weakness. Therefore, in details, this pa-
per aimed at numerically assessing the muscular activity
of the GMd during two modes of hip abduction exercise by
considering the effects of different muscle strengths and
extra weights. It was hypothesized that the extra weights
or exercise modes considerably influence the GMd recruit-
ment. The rationale for doing this was to investigate the
most influential factors in different cases of rehabilitation
Or sports training.

3. Methods

3.1. Biomechanical Models

Since hip exercise is not a complicated and multi-
factorial biomechanical task, its computer simulation
could confer useful information about the muscular acti-
vation. To this end, a precise model of the human body
was employed based on the model of AnyBody software
(version 5.3, Aalborg, Denmark) to calculate the hip ab-
ductor muscle activation during the exercise using opti-
mized inverse dynamics. The model incorporated bone
segments (20 links) and major muscles (44 muscles in the

lower limbs) whose contractions result in routine move-
ments of the locomotion system. The recruitment pattern
of the muscles in the body was imitated from the human
central nervous system by considering a cost function that
minimizes the squared muscle tensions as follows:

Gm) =3 (1@)2 (1)

with f,, as the muscle forces and N, as the muscle
cross-sectional areas, under the constraints

ij = d

which C denotes the unknown force coefficient matrix
and d is the known forces vector. Moreover,

fi>o0

is considered for every muscle within the model. De-
tails of similar models can be found in references (27, 28).

3.2. Parameters and Conditions

The movement of the hip in abduction direction was
set to start from the rest position to the end of the ROM,
i.e. 45 degrees. The exercise simulations were performed in
two modes: (1) one-leg hip abduction in upright standing
(US), and (2) one-leg hip abduction in side-lying (SL) posi-
tion. In the US model mode, the abducting leg commenced
its movement from the normal standing posture in five de-
grees of hip abduction to the maximum limit of the ROM,
i.e. 45 degrees (A6 = 40 degrees), and then returned to its
original posture. In the SL mode, the model was laid on the
ground on one side so that the legs were in their rest po-
sition with zero abduction angles. The abducting leg was
moved into the maximum limit of the ROM or 45 degrees
(AB =45 degrees) and returned to the initial position. Fig-
ure 1 demonstrates the models used to perform the exer-
cise in two modes of DS and SL.

In both modes of the DS and SL, the model performed
the exercise by a certain velocity profile during two sec-
onds accordingto the plot of Figure 1C. The exercise simula-
tion considered three weightlevels (0, 2.5,and 5 kg weight)
attached to the shank. The study was done in two muscle
strength conditions of normal (33.2 N/cm? muscle tension
(32,33)) and weak (half muscle tension of 16.6 N/cm?).

3.3. Statistical Analysis

The paired-sample t-test analysis was used to compare
the results of our simulations in the domain of time. Since
there were similar time intervals of muscle activation to
follow their trend over the exercise, the time remained
fixed between all outputs. Differences in time trends of the
muscle efforts could be disclosed using this type of statis-
tical analysis. The P values of < 0.05 were considered sig-
nificant.
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Figure 1. [llustration of the model that performed the exercise in two modes of (A) upright standing and (B) side-lying, with the roughly constant velocity profile (C)

4. Results

4.1. Effect of Exercise Modes

Figure 2 shows the no weight (W0) normal (Nr) condi-
tions of the side lying and the upright standing modes of
the hip abduction. The SL mode resulted in higher levels
of the GMd force generation rather than the US one. The
maximum of the US hip abduction occurred at the most
abducted angle, i.e. 45 degrees, by a magnitude of 0.19. In
contrast, the SL mode experienced its peak activation at the
start of the exercise (0 degrees) with a value of 0.40, which
is roughly two times greater than the US value. The maxi-
mum of the US activation was lower than the minimum of
the SL-induced effort of the GMd muscle.

4.2. Effect of Extra Weight Addition

The heavier weights attached to the abducting leg led
to the further recruitment of the GMd muscle in both
modes of the exercise. The maximum 5 kg added weight
increased the muscle activation up to 52% for the SL and
27% for the US mode in normal muscle persons (Figure 3).

4.3. Effect of Muscle Weakness

Figure 4 plots the GMd activation based on the strength
of the muscles separated by the added weights. The weaker
model required more effort of the hip abductor muscle
to overcome the weight moments. The initiation of the
side-lying abduction for added 2.5 and 5 kg weights needed
high efforts of the GMd muscle in the weaker ones.

Zahedan | Res Med Sci. 2019; 21(1):e68977.
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Figure 2. Comparison of gluteus medius activity in the basic (no weight, normal
muscle) condition between two modes of exercise

4.4. Relations Between the Conditions

The Pearson coefficient between the different weights
and the muscle strength was near 1.0 to indicate a direct
correlation between the effect of adding extra weights or
physical conditions of the muscle. This measure between
the exercise modes was near-1.0, meaning an inverse corre-
lation between the side-lying and the upright standing hip
abduction. The paired t-test also unveiled that the regime
of the GMd activation against the time is not similar (P <
0.000) between the majority of the abductions with differ-
ent weights or muscle strength conditions. Table 1 repre-
sents the results of the paired-sample t-test.
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Figure 3. The gluteus medius (GMd) activation for two normal strength conditions
(Nr) in side-lying (SL) and upright standing (US) with three added weights of 0, 2.5,
and 5 kg (W0, W2.5, W5, respectively)

5. Discussion

A precise model of human body dynamics was used to
evaluate the effects of hip abduction exercise on the acti-
vation of gluteal muscles. Two modes of dynamic standing
and side-lying abduction for the left hip with two muscular
strength conditions and three different weights were de-
fined based on therapeutic exercises. The focus was, how-
ever, on the generated force of the GMd muscles as the prin-
cipal hip abductor.

The GMd muscle, in general, was more recruited by the
side-lying mode of exercise. The initiation of the hip ab-
duction was very different. The maximum amount of the
GMd effort occurred at the beginning of the side-lying ex-
ercise due to the longer weight moment arm to the hip
joint as the center of rotation. In contrast, the upright
standing exercise commenced with the lowest weight mo-
ment arm and therefore, its lowest GMd activation. The
mean = SD activity of GMd in standing hip abduction was
reported as 31.5 £ 22%. The addition of 3% body mass ex-
tra weight (~2.5 kg) to this exercise increased this value

Table 1. Results of Paired-Sample t-test Between Independent Variables (Mode, Extra
Weight, and Muscle Condition)

Paired Samples tStat. t Critical (1- 2 Tail) PValue
SL-WK-WO vs. SLWk-W2.5 7.1 1.65-1.97 0.000%
SL-Wk-WO vs. SLWk-W5 9.43 1.65-1.97 0.000?
SL-Wk-W2.5 vs. SLWk-W5 21 1.65-1.97 0.036°

US-Wk-W0 vs. US-Wk-W2.5 3.88 1.65-1.97 0.000°
US-Wk-W0 vs. US-Wk-W5 -5.03 1.65-1.97 0.000%
US-Wk-W2.5 vs. US-Wk-W5 131 1.65-1.97 0.190

SL-Nr-Wo0 vs. SL-Nr-W2.5 127 1.65-1.97 0.203

SL-Nr-Wo vs. SL-Nr-W5 -6.46 1.65-1.97 0.000%
SL-Nr-W2.5 vs. SL-Nr-W5 -4.99 1.65-1.97 0.000%
US-Nr-Wo vs. US-Nr-W2.5 3.72 1.65-1.97 0.000%
US-Nr-Wo vs. US-Nr-W5 -4.98 1.65-1.97 0.000?
US-Nr-W2.5 vs. US-Nr-W5 -1.40 1.65-1.97 0.163

SL-Wk-WO vs. SLNr-Wo 18.71 1.65-1.97 0.000°
SL-Wk-W2.5 vs. SL-Nr-W2.5 -21.85 1.65-1.97 0.000"
SL-WK-W5 vs. SL-Nr-W5 20.46 1.65-1.97 0.000?
US-Wk-W0 vs. US-Nr-Wo -8.97 1.65-1.97 0.000"
US-Wk-W2.5 vs. US-Nr-W2.5 -8.86 1.65-1.97 0.000°
US-Wk-WS5 vs. US-Nr-W5 -8.63 1.65-1.97 0.000"
SL-Wk-WO vs. US-Wk-Wo 19.65 1.65-1.97 0.000%
SL-Wk-W2.5 vs. US-Wk-W2.5 18.30 1.65-1.97 0.000?
SL-Wk-W5 vs. US-Wk-W5 18.19 1.65-1.97 0.000%
SL-Nr-Wo vs. US-Nr-Wo 19.87 1.65-1.97 0.000%
SL-Nr-W2.5 vs. US-Nr-W2.5 13.96 1.65-1.97 0.000%
SL-Nr-W5 vs. US-Nr-W5 15.66 1.65-1.97 0.000"

Abbreviations: Nr, normal; SL, side-lying; US, upright standing; W, weight ; Wk,
weak.
*Denotes a statistical significance.

to 42 £ 27% (26). This study reported 20 and 27% activa-
tion for the same conditions. These differences may be ex-
plained by the intrinsic variability of subjects in the experi-
ments and non-existence of confounding errors in the sim-
ulations. The model in the computer simulations could
not consider different conditions of the subjects like their
strength. Modeling of the weak models was because of tak-
ing one limit of these factors into account, which owned
greater GMd activity as 40% thatis nearer to the mentioned
empirical data. Reversely, the end-range exercise (the full-
abducted position with an angle of 45 degrees) imposed
the lowest and highest activation of the hip abductor mus-
cle, respectively for the side-lying (SL) and upright stand-
ing (US) modes. Remarkably, the SL mode activation was
much greater than the US one that unveils the lighter na-

Zahedan | Res Med Sci. 2019; 21(1):e68977.
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Figure 4. The activation of the GMd muscle for side-lying (SL, top blue curves) and upright standing (US, bottom red ones) for weak (Wk, dashed lines) and normal (N, solid

lines) conditions separated by the weights born (W0, W2.5, and W5) against the time

ture of the standing hip abduction. When no extra weight
was attached to the abducting leg and in normal muscu-
lar strength, the SL mode needed about 40% MVC of the
GMd. This value was relatively in accordance with the ex-
perimental data reported by Bolgla and Uhl and Park et al.
who measured it between 30 and 42% (12, 22).

After subduing the primary resistance of the weight
moment, the moment arm was reduced by the abduction
of the leg because the center of mass of the lower leg ap-
proached the center of rotation, i.e. the hip joint. The
reduction in the moment arm caused lower activation of
GMd muscle in the following exercises. The GMd muscle
was recruited more muscle fibers to act due to the growth
in the moment arm of the leg. The decrease in activa-
tion of the GMd muscle in adduction was similar to the
increase in the abduction part and the graph seemed be-
came vertically mirrored. Such a mirrored pattern of acti-
vation was due to the nature of isokinetic exercises, i.e., the
physical activity in which the velocity of performance re-
mained constant and the exercise experienced no acceler-
ation or deceleration. Hence, the inertial effects were omit-
ted and the muscle had to provide certain moment around
the joint to overcome moments of external loads including
gravity either in abduction or in adduction.

The addition of extra weights to the abducting leg led
to increased activation of the GMd muscle, as expected.
Nevertheless, the extent of the effects was different be-
tween the exercises. In the SL mode, adding a 5 kg weight
caused a considerable increase in the activation while a 2.5
kg weight made a difference in the US mode with the no-
weightborn case (W0). The overall trend of muscle activity
remained the same in all cases.

The strength of the muscles was an influencing factor
to choose the type of exercise. The normal ones (solid lines
in Figure 4) could overcome the external moments due to
lower levels of the GMd activation. However, the weaker
musculature (dashed lines in Figure 4) was forced to re-

Zahedan | Res Med Sci. 2019; 21(1):e68977.

cruit considerably more fibers to counteract the weight of
the abducting leg. The addition of extra weights notably
worsened the case in which the weaker persons may not be
able to start hip abduction in the side-lying position with 5
and even 2.5 kg weights attached to the shank. This finding
emphasized the importance of the physiotherapeutic plan
for persons with different muscular conditions.

The present study evaluated the activity of gluteus
medius in two modes of hip abduction exercise; however,
several limitations existed in the simulation. No joint stiff-
nessor viscoelasticity was considered at the hip. The valida-
tion of the results of recently developed AnyBody software
with experimental data attracted less attention in recent
years (34). Manders et al. validated gait forces calculated by
AnyBody software using experiments on the hip joint dur-
ing gait and found that software developed results close to
the literature (35). In addition, Dubowsky et al. presented
a patient-specific upper body model for calculating shoul-
der joint forces in wheelchair propulsion using AnyBody
and validated their results with experiments on three par-
ticipants (36). Muscular activity was the measure they com-
pared between simulations and experiments leading to
the mean absolute error of 0.165 averaged between 12 mus-
cles involved in the study. By developing a musculoskele-
tal model of lifting techniques, Mirakhorlo et al. compared
the activation of several role-playing muscle groups in lift-
ing with experimental EMG data and reported Pearson co-
efficients between 0.72 and 0.92 indicating a good agree-
ment of AnyBody results with the experimental outcomes
(37).

It is of crucial practical importance to mention that al-
though the standing hip abduction involved the GMd by
about 33% in normal and 59% in weaker individuals, the
right leg as the fixed bearing may also be loaded. The ab-
ducting leg GMd muscle merely withstood against the ex-
ternal moment of the weight of one leg (16% BW) in no-
weight cases; however, the fixed left leg should sustain the
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weight of the upper extremities (63% BW). These loadings
should be evened off by the activation of muscle as inter-
nal forces in which the right GMd muscle played an impor-
tant role. A compensatory mechanism of the human mus-
culoskeletal system was thus to reduce the moment arm
of the exerted load by shifting the COP toward the right leg
(12). Furthermore, although the main function of gluteus
maximus was the hip extension, they assisted the left and
right GMd muscles in abduction exercise. The right gluteus
maximus in the abduction phase acted up to 11% and un-
dertook a considerable share of external moments around
the hip joint even in the frontal plane.

In conclusion, this study indicated that the hip ab-
duction exercise could sufficiently involve gluteus medius
muscle either in standing or in side-lying mode. There-
fore, the abduction of the hip may be efficient in rehabil-
itative plans to strengthen the weakened gluteus medius
muscle. The side-lying mode due to its initial and overall
higher needs of muscle activation may not be appropriate
for severely damaged cases. Indeed, standing hip abduc-
tion can be more beneficial to start a rehabilitation plan.
The addition of extra weights affected more standing exer-
cise than the side-lying mode.
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