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Abstract

Purpose Fatigue-induced hip-abductor weakness may exacerbate lower-limb misalignments during different dynamic single-
leg tasks. We sought to evaluate the effects of fatigue and task on lower limb kinematics and muscle activation and to find
associations between measurements obtained in two tasks.

Methods One-group pretest—posttest design. Seventeen healthy adults (9 W) performed the single-leg squat (SLgquar)
and the single-leg hop (SLyp) before and after a hip-abduction fatigue protocol. Hip adduction, knee frontal plane projec-
tion angle (knee FPPA) and heel inversion displacement were measured during the eccentric phase of the SLgqgyar and the
SLyop, as well as activation of the gluteus medius (GMed), tensor fascia latae (TFL), peroneus longus (PER) and tibialis
anterior (TA). Moments and tasks were compared using a repeated-measures two-way ANOVA. Correlation between tasks
was evaluated using Spearman’s correlation.

Results No differences in kinematics or activation were found between moments. Hip-adduction displacement (P =0.005),
GMed (P=0.008) and PER (P=0.037) activation were higher during SLgqyar, While TA activation was higher during SLyop
(P <0.001). No differences were found between tasks in knee FPPA and heel inversion. Hip-adduction and knee FPPA were
not correlated between tasks, while ankle inversion displacement was positively correlated (r,=0.524-0.746).

Conclusion Different characteristics of SLggyar (slower and deeper) seem to have led to increased hip adduction displace-
ment, GMed, and PER activation and decreased TA activation, likely due to higher balance requirements. However, hip-
abductor fatigue didn’t influence lower-limb alignment during the tasks. Finally, evaluations should be performed with
different single-leg tasks since they don’t give the same lower-limb alignment information.

Keywords Hip-abductor weakness - Lower limb alignment - Single-leg - Localized fatigue

Introduction

Dynamic single-leg weight-bearing tasks are commonly
used in the literature to identify misalignments that have
been considered risk factors for lower limb injuries [1-5].
It has been suggested that hip-abductor weakness is associ-
ated with increases in the dynamic knee valgus measured
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by the frontal plane projection angle (FPPA), likely due to
the resulting greater hip adduction [6]. In turn, excessive
dynamic knee valgus has been associated with patellofemo-
ral pain [1] and higher risk of anterior cruciate ligament
injury in athletes [7]. In addition, altered ankle biomechan-
ics have been found in individuals with lower hip-abductor
strength, due to a higher contribution required from this joint
to maintain balance [8].

When in the single-leg stance, the trunk tends to tilt medi-
ally about the acetabulum, dislocating the center of mass
(CoM) outside the base of support. To counteract this ten-
dency and avoid loss of balance, the hip-abductors contract,
generating a force that repositions the CoM inside the base
of support [9]. This role of stabilizing the pelvis and trunk
to maintain balance is performed in large part by the hip-
abductors (approximately 66%), which include the gluteus
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medius and the tensor fascia latae [10]. In addition, the
peroneus longus and the tibialis anterior also play a role in
maintaining balance, by acting on the ankle joint to fine-tune
the CoM’s position and preserve adequate foot contact to the
supporting surface [8, 11].

Several studies have used fatigue protocols of the hip-
abductors to try to understand how decreased force produc-
tion capacity of these muscles influence frontal plane kin-
ematics during different landing tasks, however, the findings
weren’t consistent. Jacobs et al. [12] found increased hip-
adduction displacement but no differences in knee valgus
during single-leg landing after fatigue. Meanwhile, Geiser
et al. [3] also observed greater hip displacement after fatigue
in different landing tasks, however, they also found greater
knee abduction displacement in the same conditions. Simi-
larly, another study reported greater knee abduction angle
after fatigue at 60 ms after initial contact in a single-leg
jumping task, finding no differences in hip adduction angle
[5]. Additionally, Lee and Powers [13] reported increased
center of pressure displacement in a single-leg landing task
when the hip muscles were fatigued. The lack of agree-
ment between studies is likely due to the different tasks
performed, as well as to the different fatiguing protocols
used, which ranged from maximal exercises performed
in an isokinetic dynamometer to protocols performed for
many repetitions with no extra load. It is important to note,
though, that hip abductor fatigue is used only as a surrogate
of muscle weakness and is not an exact replication. Although
isolated fatigue protocols decrease force production capac-
ity [14, 15], subjects with natural weakness can develop
compensation mechanisms that may alter lower limb align-
ment [3]. However, fatigue-induced hip abductor weakness
allows researchers to identify a cause-and-effect relationship
between weakness and biomechanics, which is not possible
when cross-sectionally evaluating subjects that already pre-
sent hip-abductor weakness [5].

A high number of functional tasks have been adopted in
the literature to assess lower limb alignment. The single-leg
squat (SLgquar) 1s @ very popular task due to its simplicity
and strong correlation to knee valgus angles during running
and cutting tasks [2]. However, because of the low veloci-
ties achieved during this test, the SLgqyar may give differ-
ent information regarding lower limb alignment than other
single-leg tasks. The single-leg hop (SLyp) test presents as
a more dynamic alternative [16]. Although the jumps’ land-
ing phases are more often used in the literature (because of
the higher loads involved), the propulsion phase also puts
enough stress on the lower limbs to expose eventual mis-
alignments, which is the ultimate goal of functional tasks
[17]. Furthermore, the SLyp propulsion phase is somewhat
similar to the SLggyar, making comparisons more viable.

Although single-leg tasks seem to be an important tool
to evaluate lower limb misalignments in both pre- and
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post-fatigue situations, it is not clear how kinematic param-
eters change when performing similar tasks at different
speeds. Therefore, the primary aim of this study was to com-
pare lower limb alignment parameters (hip adduction, knee
FPPA, and heel inversion angles), as well as the activation
of four muscles acting on the joints of interest, between the
SLgquar and the SLyp and before and after a hip-abductor
fatigue protocol. A secondary aim was to identify if the
measurements obtained during the two tasks are correlated
to each other, to understand if results obtained from one task
can be extrapolated to the other.

Methods
Participants

The appropriate sample size was estimated a priori with
the G*Power software (version 3.1.9.6; University of Trier,
Trier, Germany). The ANOVA: Repeated measures, within-
between interaction, set with a significance level of P=0.05,
power 1-B=0.85 and an effect size f of 0.42 (according to
the results from Geiser et al. [3] for a pre/post hip fatigue
knee abduction displacement comparison) indicated a sam-
ple size of 16. One additional participant was recruited to
account for possible data loss. Recruitment was performed
through publications on social media, local gyms, and the
university campus. Participants had no history of lower limb
injuries and had been participating in strength training pro-
grams for at least 3 months at the moment of data collec-
tion. No participant reported executing the study’s tasks in
their routine training. The study followed the principles of
the Declaration of Helsinki and, after having the procedures
explained to them, all participants gave written consent to
participate in the study, which was approved by the univer-
sity’s ethics committee (number 76759817.7.0000.5668).

Procedures

STROBE guidelines were followed to strengthen the report-
ing of this study (Supplementary material 1). The study
presents a one-group pretest—posttest design in which all
subjects attended the laboratory in 3 days, with an interval
of at least 7 days between each meeting. All data were col-
lected between the months of September and November of
2018. On the first day, participants underwent body compo-
sition assessment and completed a ten-repetition maximum
test (10RM) in the side-lying hip-abduction exercise, which
was the exercise chosen for the fatigue protocol. On day
two, subjects were familiarized with the maximum volun-
tary isometric contractions (MVICs) and the two single-leg
tasks. And on the third day, participants performed: (1) the
MVICs to be used for normalization of the EMG signal,
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(2) the two pre-fatigue single-leg tests, (3) the hip-abductor
fatigue protocol and (4) the post-fatigue single-leg tests. A
flow chart of the protocol steps is presented in Fig. 1. All
tasks and measurements were performed on the subject’s
dominant limb, which was defined with the question “which
foot would you use to kick a ball as far as possible?”.

Load definition

On the first day, the load to be used for the fatigue protocol
was determined by performing the 10RM test of the side-
lying hip abduction exercise. In the lateral decubitus posi-
tion, subjects warmed-up and were familiarized with the
movement speed. They were instructed to abduct the hip to
the maximum of their range of movement at a 60 beats per
minute tempo (2 beats =concentric phase; 2 beats =eccen-
tric phase), which was controlled by a metronome. The
10RM was defined as the load with which subjects could
perform 10 well-executed repetitions, reaching concentric
fatigue in the 11th repetition. An initial load was chosen
based on the subjects’ previous experience. According to
the number of repetitions performed with the initial load, the
one used for the next trial was determined, until the precise
number of repetitions was reached. All loads were deter-
mined using a maximum of three trials, with a 5-min rest
between them [18].

Familiarization

On the second day, participants were familiarized with the
MVICs and the single-leg tasks. After having the single-leg
squat and the single-leg hop explained, participants executed
them until they felt comfortable in performing both tasks.
Afterwards, they were asked to perform the future proto-
col two times, executing five repetitions of the single-leg
squat and three valid repetitions of the single-leg hop with
an interval of approximately 10 min between the two blocks.

Fig. 1 Flow chart of the proto-
col steps

Body composition assessment
Hip abduction 10RM Test

Three MVICs trials were performed for each muscle prior
to the single-leg tasks.

EMG data acquisition

A Miotool-400 electromyographer (Miotec—Biomedi-
cal Equipment, Porto Alegre, Brazil), with four channels,
sampling rate of 2 kHz and 14-bits resolution, was used.
During MVICs and the single-leg tests, activation of the
gluteus medius, tensor fascia latae, peroneus longus and
tibialis anterior were measured using pairs (interelectrode
distance =2 cm) of pre-amplified surface electrodes with
a bipolar configuration (Kendall Mini Medi-Trace 100—
Tyco Healthcare, Sao Paulo, Brazil). Skin preparation
and electrode positioning were performed following the
recommendations from the Surface ElectroMyoGraphy
for the Non-Invasive Assessment of Muscles (SENIAM)
[19]. A reference electrode was also positioned at the tibial
tuberosity.

Maximal voluntary isometric contractions

Three MVICs were performed for each of the four muscles
of interest. Gluteus medius and tensor fascia latae maximal
activations were determined with isometric hip-abduction
in the lateral decubitus position (Fig. 2A). Peroneus longus
maximal activation was measured during isometric ankle
eversion in the seated position (Fig. 2B) and tibialis ante-
rior was determined with an isometric dorsiflexion while
standing up (Fig. 2C). All MVICs were performed for 5 s
while verbal encouragement was given, with a 2-min interval
being observed after each contraction. For each muscle, the
highest recorded EMG value obtained in the three trials was
considered the maximal activation and used for normaliza-
tion of the EMG data during the single-leg tests. Isometric
hip-abduction was also performed after the fatigue protocol
to verify its effects on the gluteus medius and tensor fascia
latae muscles.
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Fig.2 Isometric contractions used for EMG normalization for the gluteus medius and the tensor fascia latae (A), the peroneus longus (B) and

the tibialis anterior (C)

Kinematic analysis of the single-leg tasks

Two-dimensional kinematic analysis was used to evaluate
the angles during the two single-leg tasks: a metronome-
controlled squat (SLgquar) and the propulsion phase of a
single-leg hop (SLygp). To measure hip adduction angle
and knee FPPA, non-reflective markers were positioned
on the anterior superior iliac spines (ASISs), on the center
of the patella and at the midpoint of the ankle malleoli
[20]. To evaluate heel inversion angle, a modified version
of the protocol proposed by Perry & Lafortune [21] was
employed. Markers were positioned (1) 20 mm from the
ground in the central region of the calcaneus, (2) 50 mm
from the ground in the central region of the calcaneus,
(3) in the Achilles tendon at lateral malleolus height and
(4) in the center of the leg, 150 mm above the previous
mentioned marker.

When performing the SLgguar, participants were
instructed to keep both feet on the ground until the research-
er’s command. When the command was given, they shifted
their weight to the dominant side and flexed the contralateral
knee, while keeping the trunk in a vertical position [20].
Participants then performed five, maximal depth, single-leg
squats in sequence. Speed was controlled using a metronome
(2 beats =eccentric phase; 2 beats =concentric phase) and
participants were allowed to move their arms as desired dur-
ing the movement.

For SLyop execution, the starting instructions and arm
position were the same. However, in this case, participants
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were instructed to perform a single-leg hop as far as pos-
sible and to land without losing balance [16]. Three valid
hops were performed with no rest between trials.

The order in which the tasks were performed was rand-
omized for all participants by choosing one of two pieces
of paper. For every participant, the order chosen for the
pre-fatigue moment was repeated for the post-fatigue
moment. The post-fatigue tasks were performed no more
than two minutes after the post-fatigue hip-abduction
MVICs, which, in turn, were performed no more than one
minute after the end of the last set of hip-abductor fatigue
exercise.

Three cameras recorded the execution of the trials to
measure hip, knee and heel angles and to synchronize the
phases of the movement with the EMG signal. One camera
(JVC EverioS GZ-MS110; 30 Hz) was positioned in the
frontal plane, 3 m away at a 1 m-height, with an anterior
view of the participants. Another camera (Nikon CoolPix
S203; 30 Hz) was positioned in the frontal plane, 1 m away
at 30 cm-height, with a posterior view of the subject’s feet.
The third camera was the webcam of the computer where
the EMG signal was being recorded (Sony Vaio PCG-
71911X). It was positioned two meters from the subjects
in the sagittal plane at a 1 m-height and primarily used
to synchronize the EMG data with the kinematic meas-
urements. Additional camera settings (e.g., shutter speed,
zoom) were kept at their default values for all subjects and
all trials. A light signal was used to synchronize the three
cameras prior to each test.
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Hip-abductors fatigue protocol

After baseline squats were performed, participants were
submitted to the hip-abductor fatigue protocol. They were
positioned in the lateral decubitus position and performed
four sets of side-lying hip abduction until concentric
fatigue (10RM load), with a 2-min interval between sets.
The cadence was controlled by the metronome, with each
phase having the duration of two beats (60 bpm). This
exercise was chosen because it presents a high level of
activation of the hip-abductor musculature [22]. Mean-
while, the protocol was chosen because it has been shown
to be effective in decreasing strength in single-joint move-
ments [23].

Data analysis

EMG data were analyzed using Miotec Suite (version 1.0,
Miotec—Biomedical Equipment, Porto Alegre, Brazil) with
a band-pass digital filter (5th order Butterworth with cut-off
frequencies of 20-500 Hz) applied to the signals. The EMG
signal was full-wave rectified and the Root Mean Square
(RMS) of the activation during the MVICs was calculated,
where the highest value was considered the maximal acti-
vation of each of the four muscles. For SLgqja1, the mean
activation of three squats (2nd, 3rd and 4th) was used for
evaluation, whereas the mean values of the three hops were
evaluated in the SLy;p task. During both tasks, the RMS of
the whole eccentric phases was calculated (using the syn-
chronizing computer to define the beginning and end of the
phase) and the mean activation value was computed for both
the pre- and post-fatigue conditions.

All kinematic data were analyzed using Kinovea (version
0.8.15, Kinovea Organization, France). For both tasks, the
difference between the angles measured in the final phase
(end of the eccentric phase) and at the initial phase (uni-
pedal support) was the variable of interest (joint displace-
ment angle). The end of the eccentric phase was defined as
the last frame before the subject starts to rise (initiating the
concentric phase), identified in the sagittal view. The angle
formed between the femur and the line that connects the two
ASISs was adopted as the hip adduction angle, where greater
negative values represented displacement towards adduction
(Fig. 3A, B). The angle formed between the femur and the
tibia was adopted as the knee FPPA, with greater negative
values representing greater displacement towards knee val-
gus (Fig. 3A, B). The heel inversion displacement angle was
calculated as the difference of the angle of tibiocalcaneal
segments in bipedal support and the end of the eccentric
phase of the single-leg tasks, where greater negative values
represented greater displacement towards inversion (Fig. 3C,
D).

Fig.3 Measurements of hip adduction and knee FPPA displacement
angles (A and B). Measurements of heel inversion displacement angle
(C and D). The displacements were calculated by subtracting the val-
ues of the initial positions (A and C) from final position values (B
and D). Left panels show the SLgqyar movements while right panels
show the SLyop

Statistical analysis

A Shapiro—Wilk test was performed to verify the normal-
ity of the kinematic and electromyographical data. The sum
of the activation of the two hip-abductor muscles (gluteus
medius and tensor fascia latae) during the MVICs before
and after the fatigue protocol was compared using a paired
samples z-test [24]. Hedges “g,,”, calculated from Cohen’s
“d,,” was used to measure the effect sizes of these compari-
sons, values of 0.2, 0.5 and 0.8 were considered to be small,
medium, and large, respectively [25]. A repeated measures
two-way analysis of variance was used to evaluate differ-
ences between the two tasks at the pre- and post-fatigue
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moments (factors: task and moment) [26]. In addition, effect
sizes (Partial Eta Squared “npz”) were calculated to assess
the magnitude of the significant differences. Values >0.01
indicate a small effect size, 0.06 > indicate medium effect
size and > 0.14 indicate a large effect size [25]. Spearman’s
rank correlation coefficient was used to verify the asso-
ciation between the two tasks in the pre- and post-fatigue
moments and were classified as follows: < 0.1 =trivial,
0.1-0.3 =small, 0.3-0.5=moderate and > 0.5 =large. Analy-
ses were performed using SPSS 20.0 (SPSS Inc., Chicago,
USA) while adopting a significance level of 0.05 (5%).

Results

Seventeen participants (nine women) were recruited and
completed all portions of the study (age: 28.41 +6.05 years;
body mass: 71.91 +12.88 kg; height: 1.69 +0.08 m;
body fat: 22.57 +4.47%; strength training experience:
6.11+4.24 years).

All data used in this manuscript are available as a sup-
plementary material (Supplementary material 2). In the
MVICs performed before and after the fatigue protocol,
hip abductors (gluteus medius + tensor fascia latae) acti-
vation decreased significantly (pre: 1120.8 +530.3; post:
919.8+592.1 mV; P=0.012; g,,=0.34, medium).

Hip adduction displacement toward adduction (Fig. 4A)
was greater in SLgqyar than in SLyqp (P=0.005; ’7p2 =0.39,
large). No differences were found between the pre- and post-
fatigue moments (P =0.145) and no interaction was found
between the factors (P =0.610). The two tasks were not sig-
nificantly correlated between each other in neither the pre-
nor the post-fatigue moments (Fig. 4D).

Knee FPPA displacement (Fig. 4B) was not significantly
different between tasks (P =0.380) or moments (P =0.243)
and no interaction was found between factors (P =0.523).
No significant correlations were found between the two tasks
in the pre- and post-fatigue moments (Fig. 4E).

There were no significant differences in heel inversion
displacement angle (Fig. 4C) between tasks (P=0.617),
moments (P=0.201) or interaction between factors
(P=0.175). The two tasks were positively correlated in
both the pre-fatigue (r,=0.746, large; P=0.001) and the
post-fatigue moments (r,=0.524, large; P=0.031) (Fig. 4F).

Normalized activation of the hip-abductor muscles during
the tasks were not different between the pre- and post-fatigue
moments (gluteus medius: P=0.794; tensor fascia latae:
P =0.975) and no interactions were found between factors
(gluteus medius: P=0.907; tensor fascia latae: P=0.502).
However, the gluteus medius muscle (Fig. SA) had greater
activation during the SLggyar than during the SLyop
(P=0.008; np2 =0.36, large). Meanwhile, tensor fascia latae
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activation (Fig. 5B) was also not different between tasks
(P=0.705).

For peroneus longus and tibialis anterior, there were no
significant differences between moments (peroneus lon-
gus: P=0.561; tibialis anterior: P=0.861) or interactions
(peroneus longus: P=0.312; tibialis anterior: P=0.136).
However, both muscles presented differences between the
tasks. Peroneus longus activation (Fig. 5C) was higher
during SLgquar than SLyop (P=0.037; np2=0.24, large).
Whereas tibialis anterior activation (Fig. 5D) was greater
during SLyop than SLgquar (P=0.037; 5, =0.66, large).

Discussion and conclusions

In this study, we found that healthy young individuals pre-
sent a greater hip adduction displacement when performing
a slower single-leg task than when performing a faster one.
We also observed that the knee and heel frontal plane angles
do not differ when performing the two tasks nor after fatigue
of the hip-abductor muscles. Furthermore, we identified that
hip and knee displacement angles are not correlated between
the two tasks, but the heel ones are. And finally, we found
that the gluteus medius and the peroneus longus muscles
are more activated during SLgqyar than SLyop, whereas the
opposite behavior was found for the tibialis anterior.
Excessive hip adduction can contribute to increased patel-
lofemoral joint pressure, due to the resulting smaller contact
areas [27]. It is also accepted that hip position affects the
forces experienced by the knee joint [28], consequently also
influencing injury risk. In our study, hip joint displacement
towards adduction did not seem to be influenced by hip-
abductors’ fatigue level. These results go against those found
in previous studies that have evaluated the landing phase
of single-leg tasks using hip-fatigue protocols. Jacobs et al.
[12] found that a similar population increased hip adduction
displacement angle when landing after a fatigue protocol,
while females evaluated by Geiser et al. [3] increased hip
adduction during the weight acceptance phase of three dif-
ferent landing tasks. These contrasting results are likely due
to the more stable tasks performed in our study, since land-
ing tasks may not allow participants to adapt their muscle
activation levels to stabilize the pelvis prior to the start of
the eccentric contractions. In contrast, during our tasks, in
which participants were already supporting their weight in
a single-leg stance prior to the beginning of the movement,
they were able to reach similar activation levels of the glu-
teus medius and the tensor fascia latae in the pre- and post-
fatigue moments. In addition, the fatigue-induced weakness
in the study may have been different. In our study, partic-
ipants reported concentric failure at the end of each hip-
abduction exercise set and the activation of the hip-abductor
muscles during the MVICs immediately after the fatiguing
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Fig.4 Effects of tasks and moments on hip adduction angle (A), fron-
tal plane projection angle (B) and heel inversion angle (C) displace-
ment. Correlation between single-leg squat and single-leg hop meas-

protocol was decreased, indicating neuromuscular fatigue
[24]. However, the percentage of fatigue-induced weakness
at the moment of the exercises was not quantified. Therefore,
there is a possibility that the participants in the other studies
were less capable of producing hip-abduction force during
their post-fatigue tasks [3, 12].

There were, however, differences between the two tasks
on the hip joint. Hip adduction displacement was 5.7°
greater in the SLgoyar than in the SLyp. Talarico et al.
[29] found that both squat speed and squat depth influence
center of pressure sway range and area in the mediolateral
axis. Briefly, slower speeds and greater depths resulted in an
increase in these dynamic postural control parameters [29].

urements in the pre- and post-fatigue moments at the hip (D), knee
(E) and heel (F). *=SLgquar higher than SLygp. n=17

In our study, SLgquar had a controlled slower speed, and
consequent greater duration, than the more dynamic SLy;qp.
Furthermore, participants were instructed to squat as deep as
possible during the SLgqguar. While no such instruction was
given during the SL;;qp, since the goal was to jump forward.
These characteristics probably required the participants to
use greater hip adduction as a balance mechanism during
the slower and deeper task (SLgquar), Which is likely a con-
sequence of the other segments (including the upper body)
having more opportunity to shift throughout the movement,
altering the position of the center of mass. Conversely, the
SLyops as it is a faster and less deep task, may have not been
as influenced by other frontal plane moments, resulting in
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lower hip adduction displacement and lower activation of
the gluteus medius muscle.

Excessive knee valgus has been associated with patel-
lofemoral pain [1] and higher risk of anterior cruciate liga-
ment injury in athletes [7]. In our study, the FPPA displace-
ment did not change after fatigue of the hip-abductors. Our
results agree with those of Jacobs et al. [12], who also did
not find differences in knee abduction displacement. On the
other hand, our results differ from those found by Geiser
et al. [3] and by Patrek et al. [5], who, after hip-abductors
fatigue, found greater abduction displacement during the
weight acceptance phase and greater knee abduction angle
60 ms after initial contact, respectively. The tasks performed
in these two studies involved a much higher vertical compo-
nent than the ones performed by Jacobs et al. and by us. In
the Geiser study, participants landed from a height equiva-
lent to their maximal vertical countermovement jump, while
in the Patrek study subjects consistently landed from a 40 cm
height [3, 5]. The landing performed by Jacobs was after
a hop, with length and height of the jump being equiva-
lent to 40% and 15% of their height, respectively (average
height: 173.1 cm) [12]. It is possible that, in tasks with a
lesser vertical component, the adjustments required from the
lower limbs to control the eccentric movement and maintain
balance do not occur at the knee. In addition, the possible
discrepancy in hip-abductor fatigue-induce weakness, in our
study, may also have led to these differences.

@ Springer
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Hip-abductor weakness has been associated with lateral
ankle sprains (inversion sprains) [30], as increased postural
sway has been regarded as an important risk factor for this
type of injury [31]. In one of their studies, Lee and Powers
[8] found increased center of pressure medial-lateral dis-
placement in subjects with diminished hip-abductor strength
during a balance task and, in their previous study, using a
landing task, observed that the same was true when decreas-
ing participants’ strength using a hip-abductor fatigue proto-
col [13]. They have also reported an increased contribution
of the peroneus longus muscle to compensate for the larger
invertor and evertor moments that resulted from proximal
instability [8], although invertor muscles were not measured.
In our study, the displacement towards inversion was not sig-
nificantly different after the fatigue protocol, suggesting that
participants were able to maintain their ankle joints stable
during the tasks.

When comparing the two tasks, there were also no dif-
ferences in inversion displacement, however, significant dif-
ferences in activation were observed. During the SLgquars
peroneus longus activation was higher while tibialis anterior
activation was lower than in SLyqp. One possible explana-
tion for these findings is that there could have been greater
inversion moments during the slower task due to a higher
balance requirement [29], and the higher peroneus longus
activation and lower tibialis anterior activation could have
been a strategy to maintain the joint in an optimal position.
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Conversely, during the faster task, there could have been
eversion moments and the muscles could have behaved
accordingly in order to stabilize the joint. However, this
hypothesis should be further investigated in studies meas-
uring ankle joint moments with the use of a force plate.

The displacement angles measured at the hip and the knee
were not correlated between the two tasks. These results sug-
gest that the two tasks performed at two speeds, even if they
are somewhat similar, give different information regarding
the frontal plane hip and knee angles. Some athletes may
present greater lower limb misalignments when performing
a more dynamic task with a forward goal while some might
present greater values when performing a task that is slower.
In practice, this means that athletes should be evaluated
using tasks performed at different speeds, as using a single
one might result in neglection of important information. The
displacement angles measured at the heel were strongly cor-
related between the tasks. However, caution should be taken
when extrapolating this result to clinical practice, since the
values found during our two tasks were low and tasks with
greater ankle inversion displacement may present lower cor-
relation when performed at different speeds.

To the best of our knowledge, this was the first study that
evaluated frontal plane lower limb alignment when execut-
ing two similar tasks performed at different speeds. Further-
more, we chose to use a fatigue protocol that has been shown
to reduce force in single-joint muscles [23] and is within
the recommendations for strength training from the Ameri-
can College of Sports Medicine [32]. However, we must
acknowledge some limitations. Although two-dimensional
analysis of lower limb kinematics in the frontal plane is valid
and reliable [33], other measurements performed with three-
dimensional analysis have also been shown to be relevant
to the risk of patellofemoral and ankle joint injuries [34].
Furthermore, the trunk position during the tasks influences
the position of the CoM in relation to the base of support,
and, consequently, the balance. Therefore, measurements of
the upper body kinematics may have contributed to a better
understanding of the CoM position and the demands that
were being placed in the lower limbs throughout the move-
ment. Furthermore, we were unable to measure the partici-
pants’ level of force before and after the fatigue protocol, so
we did not have a quantifiable measurement of how much
weaker the muscles were after fatigue. However, the fatigue
protocol consisted of four sets using a load that resulted
in concentric failure at the tenth repetition and hip-abduc-
tor activation during post-fatigue MVIC was decreased,
which indicates that a high level of neuromuscular fatigue
was reached [24, 35-37]. Finally, even though localized
muscle fatigue decreases muscle strength, it is not an exact
replication of how individuals with hip-abductor weakness
would perform during these tasks. Individuals with natu-
ral weakness would have had time to create compensatory

mechanisms that our subjects did not. However, the fatigue-
induced weakness generated in our protocol allowed an iden-
tification of a cause-and-effect relationship, which would not
have been possible when evaluating participants that already
presented hip-abductor weakness [5].

In the present study, we have found that participants
presented greater hip adduction displacement when per-
forming a slower task, likely because of a mechanism to
maintain balance. We have also found that a hip-abductor
fatigue protocol does not change lower limb alignment dur-
ing a single-leg squat or during the propulsion phase of the
single-leg hop. Finally, we found that hip and knee frontal
plane displacement angles are not correlated between the
two similar tasks performed at different speeds. Based on
these results, clinicians should consider different options
when measuring lower limb alignment. Since the hip and
knee displacement angles are not correlated and significantly
different proximal and distal muscle activation were found,
it might be more appropriate to perform more than one task,
so that information that could be found only in one of the
speeds is not neglected.
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