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Research Paper
The Effect of Core Fatigue on Lower Extremity Kinematic 
Variables During Squats in Female Body Builders

Purpose: Muscle fatigue of the neuromuscular core can change the lower extremity kinematics 
and increase the risk of lower extremity injuries during squat movement. However, it is unclear 
how core muscle fatigue can change lower extremity kinematics. 

Methods: Sixteen female bodybuilders were included in this one-group pre-test-post-test quasi-
experimental study. Subjects performed double leg squats twice before and immediately after 
the core muscles fatigue protocol. Kinematic variables of lower extremity motion in sagittal and 
frontal planes were recorded using two 21 megapixels digital video cameras with a sampling 
frequency of 50 Hz. The obtained data were analyzed for kinematics variables by Quinoa Motion 
Analysis Software. Paired sample t-test was used to compare kinematic variables before and after 
the fatigue protocol.

Results: The results of this study showed that core muscles fatigue can lead to significantly 
decreased knee flexion (P=0.001) and increased knee valgus angels during double leg squats 
movement, but no difference was observed in hip flexion and ankle dorsiflexion before and after 
the fatigue protocol (P=0.001).

Conclusion: The results showed that core muscle fatigue can negatively affect the alignment of 
the lower extremity and increase the risk of injury in female bodybuilders. 
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1. Introduction

oint stability in the lower extremity de-
pends on neuromuscular control of other 
involved segments, including trunk con-
trol throughout all dynamic movements, 
such as squatting maneuvers [1]. 

Core stability and function referred to bedrock for trunk 
dynamic control that helps generate, control, and transfer 
forces, and also it can control dynamic motion in distal 
segments of the lower limb kinetic chain [2].

Any impairment of core muscle function can result 
in uncontrolled movement of the trunk and other ex-
tremities through the functional activity that can place 
the lower extremity in a faulty movement pattern and 
increase the risk of lower extremity injury [3-5]. One 
of the most common deficiencies in athletes is neuro-
muscular core muscle fatigue. Neuromuscular fatigue is 
defined as the reduction of the maximum force produced 
voluntarily by a muscle or group of muscles resulting 
from exercise. Research has shown that a deficit in mus-
cle activation patterns resulting from fatigue can lead 
to kinematic changes in the lower extremities, result-
ing in an increased risk of injury [6]. It has been shown 
that fatigue can reduce the ability of muscles to create 
strength and change neuromuscular control during vari-

ous activities, such as squats. On the other hand, studies 
have shown that lower extremity neuromuscular fatigue 
leads to changes in knee flexion, knee valgus angle, and 
internal rotation of the femur during double and single-
legged squat maneuvers [6, 7].

Squats are a fundamental movement in athletic perfor-
mance and are one of the most widely used exercises in 
bodybuilding for the development of lower extremity 
muscles. This exercise is used in resistance training pro-
grams as well as to assess the control of the lower extrem-
ity in transitional and dynamic movements [8]. Extensive 
use of squats for training and evaluation purposes has led 
to this movement being considered a fundamental part of 
athletes’ training, evaluation, screening, and diagnosis of 
musculoskeletal problems. Core muscle function is vital in 
performing squat movements. For example, the amount of 
trunk leaning forward is a crucial factor in increasing shear 
force on the spinal column [9] and it seems that the good 
performance of core muscles can affect this situation. 

 In recent years, the effect of musculoskeletal condi-
tions and related factors such as pain, fatigue, and mus-
cle stiffness on squat performance has been repeatedly 
investigated [8, 10]. In this regard, it has been reported 
that fatigue as one of the negative factors affecting core 
muscle function alters the kinematics of the lower and 
upper extremities in various movements. Considering 
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Highlights 

• The results showed that the fatigue of the core muscles in female bodybuilders can affect the movement pattern of 
the pelvis and lower limbs.

• Core muscle fatigue decreased the knee flexion angle and increased the knee valgus angle of female bodybuilders 
during the squat movement.

• This change in movement pattern can indicate an increased risk of injury in female bodybuilders.

Plain Language Summary 

When extra pressure is applied to the muscles during physical training, the muscles or muscle groups involved suffer 
from fatigue and loss of performance. Muscle fatigue can increase the risk of injury for athletes by changing the pattern 
of execution of movements. The present study investigated the effect of central body muscles (core muscles) fatigue in 
female bodybuilders and the changes in their movement patterns during squatting.

 The results showed that the fatigue of the core muscles can be associated with a decrease in the amount of knee 
bending and an increase in the lateral movement of the knee (valgus) during the squat movement, but no significant 
difference is observed in the amount of hip and ankle bending before and after the fatigue protocol. As a result, it is sug-
gested that therapists and trainers consider the effect of fatigue on the muscles in the central region of the body along 
the lower limbs during the squat movement in female athletes in designing their exercises.
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the importance of squat movement in training, reha-
bilitation, and musculoskeletal screening protocols, ex-
amining the direct effects of fatigue in core muscles on 
lower and upper limb kinematics during squatting can 
be a critical first step in the screening for sports injuries 
and further guidance on future sports injury prevention 
studies. Moreover, some factors, such as gender-related 
anatomical differences or differences in lower extrem-
ity muscle activation patterns make female athletes more 
vulnerable to above mention injury in any movement, 
such as squatting [11, 12]. Therefore, it is clinically im-
portant to appraise the main effects of neuromuscular 
core fatigue on functional movement kinematics in fe-
male athletes. Because this can be considered in better 
designing of training programs to increase performance 
and prevent injuries, hence this study was conducted to 
investigate the effect of core muscles fatigue on lower 
extremity kinematic variables of the squatting move-
ment in female bodybuilders.

2. Methods and Methods

The present study is a quasi-experimental pre-test-post-
test study design and the study population included fe-
male bodybuilders in Alborz Province, Iran who exer-
cised professionally and regularly. Based on the results 
of Weeks et al.’s study [7] and using G-Power software, 
version 3.1 and considering the Mean±SD of knee val-
gus in healthy women before and after core fatigue, 
assuming α=0.05 and 1-β=0.95, 16 female athletes of 
Alborz Province were considered as study samples. 
All samples were included in the research based on the 
entry variables according to the inclusion criteria and 
sampling method and took part in the study voluntarily. 
The Mean±SD of demographic variables, such as age, 
height, and mass of the participants was 23.31±1.6 years, 
168.51±3.65 cm, and 62.93±3.65 kg, respectively. The 
inclusion criteria included being in the desired age range 
of motions, and a history of regular physical activity in 
the field of bodybuilding for at least 2 years. The ex-
clusion criteria included an abnormal range of motion in 
the ankle dorsiflexion [13], history of any musculoskel-
etal injury in the past 6 months that makes movement 
restriction [14, 15], obvious postural abnormalities [16, 
17], having an abnormal BMI between 18 to 24 [18]. In 
the briefing session before participating in the study, the 
informed consent form and voluntary participation were 
completed by the subjects.

The kinematic data of the lower extremity in frontal and 
sagittal planes obtain by two digital cameras (Sony cyber-
shot DSC HX400V made in Japan) with 50 Hz image re-
cording speed and 21 megapixels Kinova motion analysis 

software, version 8.0.15 was used to analyze the obtain 
date. In this regard, the reliability between the examiner 
of this software was reported 0.95-0.99 and the internal 
reliability of the examiner was reported 0.99-99.98 [19].

Squatting motion analysis

All subjects performed a squat movement in front of 
two professional digital video cameras before and im-
mediately after the fatigue protocol. The video camera 
was placed on a fixed base at a distance of 1.5 m from 
the person’s frontal and lateral view and at the height of 
the person’s pelvis in a standing position. The captured 
video images were analyzed by Quinoa software to eval-
uate two-dimensional kinematic for frontal and sagittal 
plane movements. The height of the cameras was adjust-
ed using a tripod equal to the hip joint and perpendicular 
to the movement plane of each subject. Reflective mark-
ers are set on the right and left large trochanter, patella 
center, anterior superior iliac spine (ASIS), both ends of 
the barbell, the lateral part of the patella, and ankle [20]. 
As the samples were all female professional athletes in 
the field of bodybuilding and fitness, they were familiar 
enough with how to perform the squat movement, but to 
get acquainted with the weight and conditions, each sub-
ject had a brief time to do some experimental tries before 
performing the main movements. To measure the joint 
angles, three squats were performed each time, and the 
average of different angles in performing three move-
ments was considered joint angles.

Before measuring, subjects used standard warm-ups on 
a stationary bicycle for 5 minutes at a power of 50 (W) 
and speed of 60 (RPM) [7]. The saddle height was also 
adjusted for all subjects so that when the pedal was in 
the bottom position, the flexion angle of the knee was 
approximately 30 degrees [21].

The number of weights that each subject had to lift 
while squatting was equal to 15% of their body weight 
[22]. Subjects were also instructed to squat at a normal 8-s 
speed (8 s of the squat: 3 s of descent, 2 s of pause, and 3 
s of ascent) to approximately 60 degrees of knee flexion.

In the present study, the hip and knee flexion, knee val-
gus, and dorsiflexion of the ankle were measured as kine-
matic variables. To evaluate the hip angle, the marker on 
the ASIS was considered as the apex, and the marker at the 
end of the barbell and the lateral part of the patella were 
considered as the angle arms. To evaluate the knee angle, 
the marker on the lateral part of the patella was consid-
ered as the apex, and the marker on the ASIS and the ankle 
were considered as the angle arms [20]. Also, to evalu-
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ate the knee dynamic valgus in the frontal plane during 
squat movement, the angle between the ASIS patella and 
the lateral part of the ankle was measured. To evaluate the 
ankle angle, the marker was placed on the lateral part of 
the ankle as the apex, and the marker located on the lateral 
part of the patella and the head of the fifth metatarsal was 
considered angular [20]. All kinematic data were mea-
sured at maximum knee flexion angle during descending. 

Core muscles fatigue protocol

In the present study, to exhaust the stabilizing core mus-
cles of the body, the modified fatigue protocol of Abt et al. 
was used. The validity and ability of this exercise protocol 
to induce core muscle fatigue were demonstrated by iso-
kinetic strength testing of trunk muscles [23].The protocol 
duration was 32 minutes and consisted of four consecutive 
sets of seven exercises, such that the subject performed 
each exercise 20 times for 40 s (each repetition in two sec-
onds) with 20 s of rest between each exercise [23]. 

This protocol exercise included rotation of the trunk 
while sitting with a physioball, extension of the trunk 
while prone lying with a physioball, lateral sit-ups with 
a physioball, sit-ups with weights, bending to the sides 
(lateral flexion of the trunk) while standing with dumb-
bells, extension of the trunk with weights while prone ly-
ing, and rotating the trunk against the pulling resistance 
while standing.

To ensure the fatigue of the core muscles of the body 
in the fourth set of the fatigue protocol, the subject was 
asked to perform each movement until reaching com-
plete exhaustion, and two criteria were considered to end 
each exercise, the subject may not be able to continue to 
move in the correct form or may not be able to move at a 
rate of one repetition per two seconds. 

Statistical methods

Excel 2016 and SPSS software, version 21 was used 
for statistical analysis. The significance level in the pres-
ent study was considered at 95% level with an α≤0.05. 
The descriptive Mean±SD were used to describe respon-
dents’ demographic characteristics and the Shapiro-Wilk 
test was used to assess the normality of data distribution. 
In addition, Levene’s test was used to examine the ho-
mogeneity of variances. Finally, a paired sample t-test 
was used to compare the results of the kinematic vari-
ables in pre and post-tests.

3. Results

Table 1 presents the demographic characteristics of the 
study subject.

Figure 1 shows the statistical data related to the mean 
joint angles of the research samples in performing squats, 
before and after the implementation of the core muscle 
fatigue protocol.

Figure 1. Some of the exercises related to the core muscle fatigue protocol
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The results of the Shapiro-Wilk test showed that the vari-
ables had a normal distribution, the paired samples t-test 
was then used to compare the kinematic data before and 
after the implementation of the fatigue protocol. The re-
sults of the statistical test showed a significant difference 
in the mean angle of flexion and valgus of the knee in squat 
movement before and after the protocol of core muscles 
fatigue, but no significant change was found in the mean 
angle of hip flexion and ankle dorsiflexion (Table 2).

4. Discussion 

The present study investigated the effect of core muscle 
fatigue on selected lower extremity kinematic variables 
in the squat movement of professional female body-
builders. The results indicated that core muscles fatigue 
may be related to impaired knee flexion (P=0.001) and 
increased knee valgus (P=0.001) during squatting, but 
with a difference in hip flexion (P=0.371) and ankle dor-
siflexion (P=0.078) were not observed before and after 
the fatigue protocol.

Correct positioning of the pelvis in the coronal plane is 
essential to avoid excessive and uncontrolled knee val-
gus movement during a dynamic task [24]. Abnormal or 
incorrect pelvis or upper extremity movements can af-
fect the moments acting on the knee structure [25]. Dur-
ing functional tasks, such as a double-leg squat, exces-
sive trunk movements in the sagittal and frontal planes, 

which occurs due to insufficient core muscles function 
due to core muscles fatigue, can lead to produce com-
pensatory adjustments and limitations of movement in 
the distal joints to compensate for the lack of pelvic con-
trol [26]. Inadequate control of trunk stability which may 
be due to core muscle function can lead to the increased 
dynamic valgus alignment of the lower extremities [27]. 
Previous studies have shown that core muscle underper-
formance results in poor control of hip adduction and hip 
internal rotation during functional weight-bearing activi-
ties, such as double-leg squats, and increased lower ex-
tremity valgus collapse [26, 28, 29]. 

Hewett et al. found that trunk movement can affect 
knee kinematics through mechanical and neuromuscu-
lar mechanisms [27]. Any lateral movement of the trunk 
during functional activities due to a deficit in the core 
muscle function can deflect the ground reaction force 
vector laterally and create a higher lever arm that is 
higher than the center of the knee joint [27]. This devia-
tion has the potential to increase knee abduction loading 
and medial displacement of the knee joint, leading to an 
increase in knee valgus angle during dynamic movement 
[27, 30]. To counteract the excessive lateral trunk motion 
and maintain an upright posture and also good balance, 
the neuromuscular system increased hip adductor torque 
by activating the hip adductor muscle [31]. This can in-
crease knee abduction moments [32]. Depending on the 

Table 1. Demographic characteristics of the participants 

Variables Mean±SD

Age (y) 23.31±1.26

Weight (kg) 62.93±3.65

Height (cm) 168.51±3.43

Body mass index (kg/m2) 22.25±0.53

Experience in sports activities (y) 2.35±0.78

Table 2. Paired t-test results from lower extremity kinematic data during squat before and after fatigue protocol

Variables Pre-test Post-test t P

Max. hip flexion (º) 89.87±2.72 89.43±2.25 0.923 0.371

Max. knee flexion (º) 69.37±2.75 61.81±4.01 9.382 0.001*

Max. knee valgus (º) 16.25±6.03 19.54±8.03 11.582 0.001*

Max. ankle dorsi-flexion (º) 26.62±1.82 25.81±2.04 1.888 0.078

*P<0.05, showed a significant difference.
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factors listed, they can increase the knee valgus during a 
dynamic task, such as the double-leg squat. 

Another finding of the current study revealed that core 
muscle fatigue can produce less knee flexion angle dur-
ing double-leg squats. 

Our results are consistent with the idea of a feedfor-
ward recruitment pattern of proximal to distal muscula-
ture. Hodges et al conducted a series of studies showing 
that activity of the trunk muscles, particularly the trans-
versus abdominis and multifidus muscles, precede lower 
and upper extremity muscle activity in healthy individu-
als, while this function is absent or reversed in individu-
als with movement disorders associated with back pain 
[33, 34]. This core muscle recruitment pattern is thought 
to provide a more stable neuromuscular basis for move-
ment. Similarly, other authors have described increased 
neuromuscular control of the hip as a significant con-
tributor to knee kinematics [26, 35, 36]. The interpreta-
tion of reduced knee flexion during the double-leg squat 
can be explained by this theory, the results of the current 
study support this theory of proximal stability promot-
ing greater distal mobility in the lower extremities and 
vice versa [37]. However, the extent to which the core 
muscles involved prepare or influence lower extremity 
movement is not fully understood.

The results regarding the hip joint angle showed that 
the fatigue of the core muscles did not affect the amount 
of hip flexion before and after the fatigue protocol during 
squat movement. In this regard, it has been reported that 
muscle fatigue in the core region disrupts pelvic control 
at the sagittal plane and will affect the flexion angles of 
the hip and trunk [38], but in the present study, no sig-
nificant difference was observed in hip flexion before 
and after fatigue protocol. The probable reason for non-
compliance with this study is related to the type of evalu-
ated task and the special subjects who always do squats 
in their routine exercises.

The current study had some limitations. It was initially 
performed on female subjects, while it has been shown 
that differences are observed in lower extremity kine-
matics between genders [39] and on specific athletes 
(bodybuilders) and these factors can affect the generaliz-
ability of the obtained results. 

5. Conclusion:

 The result of the current study showed that core muscle 
fatigue can negatively affect lower extremity kinemat-
ics in squatting and increase the risk of related injuries. 

Clinicians and coaches must consider this factor when 
designing the workout for bodybuilders. 

Clinical implications: Many bodybuilding athletes per-
form their core muscle exercises at beginning of their 
workout and then move to other segment exercises, 
based on the current results, this routine can increase the 
risk of lower extremity injury in these athletes, especial-
ly on leg days’ exercise. 
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