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Abstract
Introduction and objective. Low back pain (LBP) is a problem which causes human suffering and entails costs for treatment. 
Chronic LBP is considered a civilization diseases in developed countries and one of the major  public health  problem 
worldwide. Squatting is a part of such daily activities as sitting down, standing up or lifting objects. In this study, hip, knee, 
and ankle joint motions during squatting are analyzed in the sagittal plane. The aim of the study was to find a relationship 
between the function of the lower limb during squatting and LBP incidence.�  
Materials and method. Eleven healthy subjects and eight subjects suffering from low back pain were enrolled in tes study. 
Participants performed squat while maintaining heel contact with the ground throughout the movement. The participants 
attempted to make a squat as deep as possible. Kinematic data were captured using a Vicon optical motion capture system. 
Results. The low back pain group had a greater range of motion of the hip and knee with reference to the ankle joint 
motion, compared to the control group. There was no statistically significant difference in ankle dorsiflexion between 
groups. Control group reached maximal ankle dorsiflexion at higher point of descent than LBP group.�  
Conclusion. The findings support the hypothesis that the strategy of movement is different in subjects with and without 
back pain. They may suggest that subjects with low back pain in maximal squat use the hip joint and knee joint to a greater 
extent than subjects without back pain, with comparable ankle dorsiflexion. Clinicians should take into consideration the 
influence of ankle motion and timing on exercise biomechanics in persons suffering from low back pain.
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INTRODUCTION

Low back pain (LBP) is a problem which causes human 
suffering and entails costs for treatment. About 80% of adults 
have experienced LBP at least once in their lifetimes [1]. 
Thus, chronic LBP is considered as a one of the civilization 
diseases in developed countries. Clinicians and researchers 
seek to determine the sources and causes of LBP based on 
posture and movement tests, and to provide guidelines for the 
management of LBP [2]. In LBP, a limited range of hip motion 
can lead to compensation in the lumbopelvic area during 
lower limb movement [3]. It was also observed that different 
movement patterns occurred during forward bending 
in subjects with and without LBP [4, 5]. This confirms a 
biomechanical connection between low back disorders and 
the function of other joints during dynamic tasks. Manual 
material handling and lifting activities have been associated 
with LBP [6]. One of the techniques involved is lifting with 
flexed knees (squat technique) [7]. Squatting is also part of 
such daily activities as sitting down and standing up.

Squatting exercises are an important component of 
programmes in physical therapy and in sports training [8]. 
Weight-bearing exercises are more functional than open 

chain exercises without weights. They have been included 
in several protocols to treat musculoskeletal disorders, such 
as patellofemoral pain syndrome, iliotibial band syndrome, 
and other dysfunctions [9–12]. Squatting is also used for 
examination of muscular activation and motor control [13, 
14] because it is a complicated activity generating hip flexion, 
knee flexion, and ankle dorsiflexion. There is connection 
between low back pain and the lower limbs muscle activity 
[15]. Many papers have investigated the squatting technique 
and its parameters and provide a comparison of kinematic 
data during the squatting exercise in various groups: male 
and female [16] and healthy older adults [17]. The effectiveness 
of motion during squatting was analyzed on the basis of the 
healthy group and of patients with various diseases [18–21].

The foot and ankle joints are the most distal elements of the 
closed kinetic chain during functional activities. The trunk 
position and activity of the muscles are linked with the lower 
extremity function in the kinematics closed chain movement, 
such as lifting and squatting, when a foot is stabilized on the 
ground [22, 23]. Previous studies suggest that restrictions in 
the available ankle range of motion (ROM) may cause changes 
in sagittal and frontal plane kinematics at the knee joint [1, 
21]. The foot and ankle position may be also considered as 
a contributing factor for changes of pelvic tilt [24]. The foot 
and ankle may influence the position of the upper segments 
of the lower limb and the trunk [23]. Moreover, previous 
studies have documented that the descent phase of a squat is 
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initiated with an activity of the tibialis anterior [11]. However, 
the aforementioned papers lack computed correlation of the 
joint angles in the lower limbs during the full squat. The 
authors of the presented study hypothesize that the ankle is 
the element which determines the strategy of the squatting 
movement. The current study presents results indicating 
correlation between the clinical symptoms (in this case LPB) 
and the movement parameters of the lower limbs.

OBJECTIVE

The aim of the study was to analyze hip knee and ankle 
joint motions during squat in the sagittal plane, and to find 
a relationship between lower limbs joints ROM, squat depth 
and LBP incidence. It was hypothesized that the range of 
motion in lower limbs joints are different in subjects with 
and without LBP. Therefore, different movement patterns 
were observed.

MATERIALS AND METHODS

Subjects. Nineteen subjects: 11 healthy (3 female and 8 male) 
and 8 with LBP (4 female and 4 male) participated in the 
study (Tab. 1). The LBP group had physical examinations 
before the investigation and consisted of young subjects 
(students  recruited from a  local university) with pain 
persisting for longer than 6 weeks. In order to assess the 
pain, the Numerical Rating Scale (NRS) containing 11 
degrees of pain intensity was used. The scale was from 0 
– 10, 0 indicating absence of pain and 10 for maximum 
pain. The characteristics were elaborated on the basis of the 
answers given by the patients during examination. Subjects 
who reported the onset of back pain secondary to trauma 
were excluded. Also excluded were the subjects who had 
undergone spinal surgery, radicular symptoms, or specific 
posture training as part of treatment or any other methods 
of low back pain physical therapy. The third exclusion factor 
included subjects with pain greater than 5/10 on the NRS 
scale in order to limit the influence of avoiding pain on the 
movement performance. The study included only participants 
who had experienced low back pain for longer than 6 weeks 
to eliminate subjects with acute LBP. Volunteer students took 
part in the study as a asymptomatic control group.

Approval for the research was obtained from the Medical 
University of Lublin and Lublin University of Technology 
Ethical Committees, Nos. 6/2015 and KE-0254/331/2015, 
respectively. All participants were informed about the study 
procedures in detail and signed informed consent prior to 
the measurements.

Instrumentation. 3D kinematic data were captured using 
a Vicon optical motion capture system equipped with 8 
NIR T40S cameras (2 cameras mounted on each wall of the 
motion recording room), and 2 reference Bonita cameras 
on tripods. Vicon Nexus 2.0 software was used for data 
collection and post-processing. Data were sampled at 100 Hz. 
Each patient had 39 markers placed on his/her body, as 
specified in the Plug-in Gait Model documentation. The 
markers were fixed to the skin using Vicon double-sided 
tape. Each patient was measured in compliance with the Plug-
in Gait Model specification (leg length, knee width, ankle 
width, shoulder offset, elbow width, wrist width, hand width, 
weight and height), so that the subjects created in the Vicon 
Nexus software could be scaled and calibrated. All motion 
recordings were made in a room without daylight access.

The Plug-in Gait Model computes the subject kinematics 
and kinetics data. The model is divided into 4 rigid body 
segments: kinematic lower body, kinematic upper body, 
kinetic lower body and kinetic upper body. The kinematic 
models define the rigid body segments and allow the 
calculation of joint angles between segments. The kinetic 
models are responsible for computing moments of inertia of 
the segments which are used in turn for computing segment 
reactions. For the purpose of this study, 3 computed angles 
(hip, knee and ankle) were used to evaluate the patient’s 
mobility (Fig. 1).

Procedure and data capture. Each participant’s initial 
position was standing, with hands along the trunk, feet at 
shoulder width apar, and toes at a 15 -20 degree angle. The 
patient was then instructed to extend both arms anteriorly, 
perform a full squat, and return to the initial standing 

Table 1. Group characteristics

Variables
LBP (n=8)
mean (DS)

Controls (n=11)
mean (SD)

Age (years) 22.43 (1.51) 23.00 (2.24)

Body lenghth (cm) 171.86 (9.14) 174. 43 (11.12)

Body weight (kg) 61.00 (11.60) 65.88 (8.07)

BMI (kg/m2) 20.47 (1.83) 21.77 (1.99)

Figure 1. The angles under consideration
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position. During the squat, the participants were barefoot 
and maintained heel contact with the ground throughout 
the movement. The participants tried to perform as deep a 
squat as possible.

The squat was considered to have been performed correctly 
if there was no loss of balance and the motion was fluent. 
Each participant was allowed to start the exercise whenever 
he/she felt comfortable. Participants had 3 practice trials 
before the recording was made. No time restriction was set.

Data analysis. Recorded 3D data were post-processed and 
each marker properly labelled. Gaps in marker trajectories 
were filled-in. The Plug-in Gait dynamic model was executed. 
The recorded and generated data were then exported to a 
C3D file that contained markers’ positions and model output 
for each frame of the recording. Since this study examined 
relations between different joint angles, a custom piece of 
software was created to compute a set of selected joint angles 
for a given set of ‘control’ joint angles. The software was 
written in C++ using B-TK (Biomechanical Toolkit) and 
Eigen libraries.

Only the results of the descent phase of the squat were 
analyzed in this study. The angles under consideration are 
depicted in Figure 1, where: αa – ankle angle, αk – knee angle, 
αh – hip angle. Because controls at the beginning of the 
movement (at the initial position) had more than 5 degrees 
of ankle dorsiflexion, knee and hip angles were analyzed 
only when the range of ankle dorsiflexion was from 10–30 
degrees. The ankle was selected as the referent joint for the 
movement of other joints because foot-ankle complex is the 
last, fixed segment in the closed kinematic chain during 
squatting. The retro-reflective marker S2 (second sacral 
spinous process) height was used to measure the depth of 
the squat. The maximum value of the ankle joint angle was 
determined for each patient (maxαa). The difference Dh was 
calculated as shown in equation 1, where parameters hmin and 
hmax respectively stand for the minimal and maximal height of 
S2 reached during the squat. The custom software computed 
Dh for all moments of time when the vertical (Z) coordinate 
of S2 expressed in centimetres had an integer value.

	 Dh = hmax – hmin� (1)

This parameter was used to define a new indicator (F) for 
each prticipant. Its definition is presented in equation 2. This 
is the quotient of the squat depth and the maximal ankle 
angle that the patient reached.

	 F =   Dh        � (2)
	 maxaa

Data analysis was conducted using Statistica software (ver. 
13.1) and significance level was set at p = 0.05. The Shapiro-
Wilk test was used to evaluate the normal distribution for 
each investigated group. Due to lack of normal distribution, 
a U-Mann-Whitney non-parametric test for 2 independent 
samples was used.

RESULTS

The LBP group had a significantly greater angle of knee 
flexion during maximal squat for 10,15, 20 degrees of ankle 

dorsiflexion (p<0.01; p<0.05 respectively). Hip angle was also 
significantly greater in LBP group than in controls in 20 and 
25 degrees of ankle dorsiflexion (p<0.05; p<0.01, respectively). 
In the same ankle dorsiflexion, hip and knee joints angles 
were generally greater in LBP participants, compared to 
controls (Fig. 2).

The control group demonstrate greater maximal range of 
ankle dorsiflexion of about 4 degrees, compared with LBP 
group. However, this data was not statistically significant 
(p=0.36) (Tab. 2). Difference in maximal squat depth, defined 
as Max Dh, was not significant between groups. There were 
statistically significant differences in the depth of squat when 
the ankle reached maximal angle of dorsiflexion (p=0.03 in 
left ankle and p=0.02 in both ankles) (Tab. 2). Control group 
reached maximal ankle dorsiflexion at a higher point of 
descent (83.31% of max delta h) than the LBP group (93.84% 
of max delta h). Indicator F was higher for the LBP group in 
all cases (left, right and both) (p<0.05).

Table 2. Maximal ankle joint dorsiflexion, squat depth and indicator Fav

Control Group
N=11

Mean (SD)

LBP Group
N=8

Mean (SD)
P 

value

Left ankle
max αa [°]

41.44 (10.91) 36.34 (6.94) 0.48

Right ankle
max αa [°]

39.06 (8.56) 35.53 (5.81) 0.46

Both ankles (average)
max αa [°]

40.25 (9.39) 35.93 (5.66) 0.36

Max Dh [mm] 580.00 (110.72) 618.75 (87.25) 0.43

Left Dh [mm] 490.91 (60.57) 581.25 (90.94) 0.03

Right Dh [mm] 475.45 (96.58) 580.00 (114.14) 0.05

Left and right (average) Dh [mm] 483.18 (63.89) 580.63 (97.78) 0.02

Fh left side 12.43 (2.84) 16.15 (2.12) 0.01

Fh right side 12.39 (2.49) 16.40 (2.52) 0.006

Left and right (average) Fh 12.41 (2.27) 16.28 (1.91) 0.006

Bold values indicate statistical significance (p<0.05).
max αa [°] – maximal ankle dorsiflexion angle
Max Dh – maximal squat depth
Left Dh – squat depth when left ankle reached maximal dorsiflexion
Right Dh – squat depth when right ankle reached maximal dorsiflexion
Dh left and right – average squat depth for both ankles when they reached maximal dorsiflexion
Fh left side, Fh right side, Fh right and left indicator F – squat depth when ankle reached maximal 
dorsiflexion divided by range of ankle dorsiflexion – for left ankle, right ankle and both of 
them, respectively.

Figure 2. Hip flexion (A) and knee flexion (B) during maximal squat with reference 
to ankle joint dorsiflexion. *-p<0.05; **- 0<0.01.
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DISCUSSION

The current study shows that LBP and function of the lower 
limb during squatting can be related. These findings support 
the hypothesis that the movement pattern is different in 
subjects with and without LBP.

Previous studies report that limited ankle-dorsiflexion 
ROM during the squat resulted in the inability to achieve 
full knee flexion [21]. The presented study shows that the LBP 
group had a greater range of motion of the hip and knee with 
reference to the same ankle joint dorsiflexion, compared to 
control group. These findings may suggest that subjects with 
LBP in maximal squat use the hip and knee joint to a greater 
extent than subjects without LBP (hip dominant squat). 
Therefoer, they show different movement patterns during 
squatting than non-LBP subjects with the same angle in the 
ankle joint during motion. Mechano-receptors of ligaments 
of the ankle are one of the most important factors when the 
upper segments of the body are moved with the foot fixed on 
ground. Ankle proprioception is the regulatory mechanism 
for stabilization of the body [25, 26]; therefore, deficits in the 
ankle complex proprioception in LBP can affect movement 
strategy during a dynamic task for keeping balance. How 
ankle proprioception is related to LBP occurrence can be a 
challenge for future research.

In this study there were no significant differences in 
the range of ankle dorsiflexion during squatting, when 
comparing the participants suffering from low back pain 
and those who were healthy. The study supports previous 
results which reported that the average ankle dorsiflexion 
required during a squat was 38.5±5.9° [10, 27].

To achieve larger angles in the hip and knee joints, 
backward displacement of the center of pressure (COP) 
has to occur. In this position, the trunk tilts forward to 
keep COP within the base of support. That position causes 
greater activity of the gluteus maximus as the strongest 
extensor of the hip [28, 29]. Dorsiflexion of ankle and knee 
flexion displaces the thigh and shank anteriorly, favouring 
displacement of the COP towards the direction of the toe 
tip. This is a more balanced position than the hip-dominant 
squat observed in the LBP group. Kasuyama et al. reported 
that ankle dorsiflexion flexibility is strongly associated 
with the ability to assume the deep squat posture. When 
limitation in dorsiflexion is observed, it is necessary to 
move the centre of gravity forward by compensating with 
trunk and hip flexion [30]. Patients suffering from back pain 
demonstrated a compensation strategy to increase hip flexion 
with a stiffened lumbar spine in the sagittal plane during 
squatting [31]. Therefore, it is believed that the increased hip 
motion observed in LBP subjects is a compensation related 
to lumbopelvic dysfunction. How ankle joint motion during 
dynamic activities affects the motion of lower limb and pelvic 
joints needs to be investigated further.

Maximal squat depth proved to be comparable in both 
groups. However, the depth was different among the groups 
when descent to the point where ankle joint dorsiflexion was 
maximal was taken into account. This means that healthy 
controls reached a maximal range of ankle dorsiflexion 
in higher position during squat than LBPs. Participants 
suffering from back pain reached a maximal range almost 
at the deepest point of the descent. In the current study, 
the descent in millimetres by one degree of dorsiflexion in 
subjects with LBP was significantly greater compared to the 

control group. Differences observed in depth when maximal 
ankle dorsiflexion was reached may support previously 
reported schematic movement patterns in LBP patients [23]. 
A possible explanation of the presented findings can be more 
synchronous motion of the joints of the lower limbs in LBP 
patient during squatting.

The study has some limitations. First, the study was 
performed on a relatively small number of patients; therefore, 
the results must be interpreted with caution. Second, passive 
ankle ROM was not measured because the aim of the study 
was to examine the range of motion in a closed cinematic 
chain. As previously reported, the range of motion depends 
on the position [32], and it is different in weight-bearing 
and non-weight-bearing tasks [33]. Thus, the active and 
passive ranges of motion were not compared. Moreover, 
other authors consider that the squat can be used to examine 
the ankle dorsiflexion ROM [30]. More research on a larger 
sample size may explain the obtained results and confirm 
the authors’ suppositions.

CONCLUSIONS

The obtained findings may suggest that subjects with low back 
pain in maximal squat use the hip and knee joints to a greater 
extent than subjects without back pain. This information may 
have implications for the proper executing of exercises during 
the rehabilitation of patients suffering from LBP. Patients with 
low back pain reached maximal ankle dorsiflexion in the lower 
position of squat than the controls. Clinicians should take 
into consideration the influence of ankle motion on exercise 
biomechanics in persons suffering from low back pain.
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