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ABSTRACT

Introduction: The squat is a compound exercise used in sports, physiotherapy,
and activities of daily living. Posterior pelvic tilt during the squat, commonly referred
to as ,,butt wink® can potentially increase the risk of spinal injury when performing

a squat with posterior pelvic tilt.

The objective: The main goal of the thesis is to objectively assess the effect the
immediate effect of the exercise intervention on the total pelvis ROM in the sagittal plane
(mainly posterior pelvic tilt) during squat. The secondary aim of the thesis is to determine

the relationship between the initial pelvic position and the occurrence of PPT.

Methodology: This was a controlled experiment with 42 participants (21 females and 21
males) divided into an experimental group (n = 23) and a control group (n = 19). The
division was made according to the incidence of posterior pelvic tiltduring the
performance of the bodyweight squat. A baseline measurement that included three-
dimensional kinematic motion analysis and a physiotherapy examination and an outocme
measurement that included only three-dimensional kinematic motion analysis were
performed. Both groups underwent a twenty-minute exercise intervention aimed
at strengthening stabilizing muscles, improving squat technique and body awareness
in space. Data from the three-dimensional kinematic motion analysis were statistically
processed using Restricted Maximum Likelihood analysis of linear mixed models

and repeated measures analysis of variance (rANOVA).

Results: There was no statistically significant difference in the range of motion
of posterior pelvic tilt before and after the exercise intervention (p = 0.89 and p = 0.42).
Only the individual repetitions of the squat were statistically significantly different from
each other (p <0.001) and no statistically significant relationship between posterior pelvic

tilt and initial pelvic position was found (p = 0.13).

Conclusion: The short exercise intervention did not affect the range of motion
of posterior pelvic tilt during squatting, but it is still worth investigating this issue further
and looking for possible associations between different variables of squat execution

and the incidence of posterior pelvic tilt.

Keywords: exercise intervention, posterior pelvic tilt, squat, three-dimensional kinematic

motion analysis



ABSTRAKT

Uvod: Diep je komplexni cvik, ktery se vyuzivd nejen v oblasti sportu, ale také
fyzioterapie a je 1 soucasti béznych dennich aktivit. Retroverze panve béhem drepu, bézné
oznacovana jako ,,butt wink* mize potencidlné zvysit riziko zranéni pateie pii provadéni

dfepu s retroverzi.

Cil prace: Hlavnim cilem dizertacni prace je objektivizace okamzitého t¢inku pohybové
intervence na celkovy rozsah pohybu panve v sagitalni rovin€ (zejm. retroverze panve)
pti provadeéni diepu. Druhotnym cilem prace je urcit vztah mezi pocatacenim postavenim

panve a vyskytem retroverze panve pii diepu.

Metodika: Jedna se o kontrolovany experiment, do kterého bylo zafazeno 42 ucastnikti
(21 zen a 21 muzi), kteti byli rozd€leni na experimentalni (n = 23) a kontrolni (n = 19)
skupinu. Rozdéleni bylo provedeno podle vyskytu retroverze panve pfi provadéni diepu
s vlastni vahou. Bylo provedeno vstupni méfeni zahrnujici tfirozmérnou kinematickou
analyzu pohybu a fyzioterapeutické vysetfeni a vystupni méfeni zahrnujici jiz pouze
tiirozmérnou kinematickou analyzu pohybu. Ob¢ skupiny podstoupili 20minutovou
pohybvou intervenci zamétenou na posileni stabilizacnich svald, zlepSeni techniky diepu
auvédomeéni si vlastniho téla v prostoru. Data z tfirozmérné kinematické analyzy pohybu
byla statisticky zpracovana pomoci Restricted Maximum Likelihood analyzy linearnich

mixovanych modelti a pomoci analyzy rozptylu pro opakovana méteni (rANOVA).

Vysledky: Nebyl shledan statisticky vyznamny rozdil v rozsahu retroverze panve pred
a po pohybov¢ intervenci (p = 0.89 and p = 0.42). Pouze se od sebe statisticky vyznamné
lisila jednotliva opakovani diepu (p < 0.001) a nebyl shledan zadny statisticky vyznamny

vztah mezi rozsahem retroverze panve a vychozim postavenim panve (p = 0.13).

Zavér: Kratka pohybova intervence neovlivnila rozsah retroverze panve béhem diepu,
presto je vhodné se touto problematikou dale zabyvat a snazit se hledat mozné spojitosti

mezi riznymi prom&nnymi v provedeni dfepu a vyskytem retroverze panve.

Klicova slova: diep, pohybova intervence, retroverze panve, tfirozmérna analyza pohybu
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1 INTRODUCTION

The squat is considered a compound exercise used in a variety of sports. It is also a part
of physiotherapy/rehabilitation for various musculoskeletal conditions and is also
a common movement stereotype of the human species (Chelly et al., 2009; Havel et al.,

2009; Kolaf et al., 2020).

Squat safety involves a number of factors, including e.g. warm-up, proper footwear,
and most importantly, a proper squat technique (Myer et al., 2014). And this is where we
have seen a discussion over the last decade or so on the topic of posterior pelvic tilt (PPT)
in the squat, colloquially known as the ,,butt wink* (Henoch, 2014; Nielsen, 2015;
Todoroft, 2017).

The term PPT includes both the term for physiotherapy (posterior position or movement
of the pelvis in the sagittal plane, with lumbar lordosis flattening or even becoming
kyphotic) and the term for squatting, which is a movement that occurs during the
descending phase of a deep squat, with the pelvis moving below the thigh axis during this

movement (Snasel, 2017; Vasickova, 2024).

The reason why this topic is often discussed is mainly because of the risk of injury to the
athlete who squats with PPT. Very often the premise is that the lumbar flexion (lumbar
lordosis flattening or even becoming kyphotic) that occurs with PPT is dangerous to the
intervertebral discs, or that it increases the risk of disc herniation (Jesenicka, 2018;

McGill, 2021; Sedlakova, 2023).

However, there is often no precise explanation of this phenomenon and possible ways
to correct it are only vaguely mentioned. The aim of this thesis is certainly not to describe
or clarify the exact mechanisms of the phenomenon, but to try to objectify the
phenomenon by means of three-dimensional (3D) kinematic motion analysis and, based
on the research already carried out (Kushner et al., 2015), to try to influence this

phenomenon with a short exercise intervention.
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2 THEORETICAL BACKGROUND

2.1 SQUAT

Often referred to as the king of all exercises, the squat is a fundamental, compound
and multi-joint exercise that predominantly trains the muscles of the lower limbs
(Contreras, 2014; Doll, 2024; Kral, 2017; Krc¢ova, 2019; Pavluch & Frolikova, 2004; Petr
& St’astny, 2012; Roubik, 2012; Schwarzenegger & Dobbins, 2018; Smejkal, 2015;
Stackeovd, 2014; Stoppani, 2016; Tlapak, 2022a).

The key is to master the correct technique of the bodyweight squat before moving on
to the externally loaded squat (Myer et al., 2014). There are a multitude of squat variations
with external load, the most common being the back squat with a barbell on the back
with variations of high bar and low bar squat, followed by the front squat with, Zercher
squat, Hack squat, box squat, Sissy squat, skater squat, squats performed with dumbbells,
kettlebells, expanders or medicine balls, squats performed in a Smith machine or other
apparatus. Squats can also be performed on one leg, with elevated support (Bulgarian
squat), with support against a wall, in a lunge, or a jump squat (Carr & Feit, 2024;
Contreras, 2014; Diamond-Walker, 2019; Doll, 2024; Kral, 2017; Pavluch & Frolikova,
2004; Stoppani, 2016; Tlapak, 2022a). When squatting, it is possible to stand on various
balance supports, e.g. balance hemisphere ball, air pads, cylindrical, conical or circular
pads, gymnastic ball, balance step, or one can stand on solid ground and use unstable
tools filled with water or sand instead of barbell or dumbbells, e.g. aqua training bag
or aqua training tube. The goal of such squats is to develop coordination, postural stability
and neuromuscular control (Glass & Albert, 2018; Havel et al., 2010a; Jebavy & Zumr,
2014). However, these balancing supports may not always result in increased muscle
activity, especially in the core and deep stabilization muscles, and may even limit
hypertrophy, strength, and power output (Clark et al., 2012; Hamlyn et al., 2007; Nuzzo
et al., 2008).

Some authors point out that squatting with a barbell on the back with a load puts the
athlete at increased risk of injury, typically to the knee joint and lumbar spine, and is
therefore not recommended for beginners who are inexperienced with the exercise or who
do not have a well-trained core and strengthened gluteal muscles (Carr & Feit, 2024;
Smejkal, 2015; Stackeova, 2014; Tlapak, 2022a). At first, performing squats

with a kettlebell or dumbbell held in front of the body may be a solution, as it is easier
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to perform, teaches proper technique, and minimizes the risk of injury (Carr & Feit, 2024;
Smejkal, 2015). Or, start by squatting in a smaller range of motion (ROM) (Tlapak,
2022a). Despite the potential risks, squats should be incorporated into a beginner's
training plan as early as possible (Tlapéak, 2022b). Some authors disagree with this view
(Comfort et al., 2018; Myer et al., 2014; Petr & St’astn}’/, 2012; Schoenfeld, 2010)
and point out that the risk is mainly due to inadequate load and poor squatting technique,
or adding load quickly while not mastering proper squatting technique, and that fatigue
also plays a role, especially when trying to determine one repetition maximum (1RM),
where the benefit of knowing the 1RM doesn't necessarily outweigh the potential risk

of injury.

The squat is commonly used to develop strength and speed and should be included
in training for basketball, futsal, gymnastics, long jump, shot put, swimming,
and downhill skiing (Havel et al., 2009; Havel et al., 2010a). The squat can also be used
to test strength endurance in the Burpee test (Havel et al., 2010b). Thus, the squat
is an excellent exercise for developing muscle hypertrophy and strength, particularly
in the extensor muscles of the knee and hip joints, which can then be transferred to other
areas of sports performance such as sprinting or jumping (Chelly et al., 2009; Choe et al.,

2021; Roubik, 2012; Styles et al., 2016).

In addition, squat can also be labeled as a common (physiological) human movement
pattern, as it appears around the tenth month of the child's life as an uprighting mechanism
for the child to become bipedal (Hellbriigge et al., 2010; Kacirkova & Rybova, 2022;
Kolaf et al., 2020; Palas¢akova Springrova, 2024). Squatting is also an essential part
of activities of daily living (ADL), such as sitting down and getting up from a chair, toilet
etc., and it is very important to include it in a general physical preparation (GPP) exercise
unit/conditioning, as it is an important factor in preventing the development of geriatric

frailty (Liebenson, 2019).

Related to this is the fact that the squat is also used as a diagnostic tool in physiotherapy,
where core muscle activation can be inferred from the performance of the squat,
or different deviation in performance can be observed — e.g. accentuation of thoracic
and lumbar lordosis, failure to maintain a neutral position of the head, chest and pelvis,
or the occurrence of valgus/varus deformity of the knees or ankles. The squat is also used

as a therapeutic exercise in physiotherapy, either as a static position (e.g. squatting
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or lunging on one lower limb, stopping in the transition from the quadruped position
to the bipeal position, etc.) but also as regular dynamic exercise with various
modifications (performing the squat in front of the ladders with correction of the pelvic
position, sumo squat, front squat, etc.). The goal of such therapy is often to teach the
patients correct stabilization of the trunk and lumbar spine in the sagittal plane (training
the activation of intra-abdominal pressure or abdominal hydraulics), or training
of interconnection of individual body segments (Hagovska et al., 2016; Kolaf et al., 2020;

Palas¢akova Springrova, 2024; Svejcar & Stastny, 2013; Tlapak, 2022b).

It is also beneficial to include the squat and its variants, such as the wall-supported squat,
in physiotherapy after knee injury given that squatting is known to be safe for the knee
joint (Biscarini et al., 2022; Kolaf et al., 2020). Single-leg squats performed on a lateral
oblique and decline plane may also be beneficial for patients with sacroiliac and knee
joint pain (Yoo, 2016). Squatting is even safe for patients after total hip arthroplasty,
as there was no abnormal ROM that could lead to subluxation or impingement syndrome
(mean hip flexion was 80.7° with mean PPT of 12.8°), and the surgery itself allowed more
patients to perform squats than before surgery (only 23.5% of patients were able to squat
before surgery and after surgery, 46% of patients) (Harada et al., 2022). The combination
of squats with other exercises (bridge and stability ball exercises for anterior and PPT
training) can also affect sphincter function in children, with a significant reduction
in daytime and nighttime bedwetting (86% of children were completely free of symptoms

after four months) (Garcia-Fernandez & Petros, 2020).

The most active muscle during the squat is the quadriceps femoris, but the hamstrings,
hip adductors, gluteal muscles, lumbar spine erectors and triceps surae are also involved
(Contreras, 2014; Kral, 2017). In general, it can be assumed that the greater the depth
of the squat and the load applied, the greater the muscle activation. This is supported,
for example, by the research of Gorsuch et al. (2013), who found that the activation
of the rectus femoris and erector spinae muscles was greater in the parallel squat than
in the partial squat. The hamstrings and gastrocnemius muscles then show similar levels
of activation in both variants. Gender was found to play no role in muscle activation.
However, other authors (Contreras et al., 2016; Gullett et al., 2009) report that the effect
of the squat variant used (back — front squat) does not play a major role in muscle
activation, despite the fact that different loads (higher in the back squat) or squat depths

are used. The difference in muscle activation when using loads of 80, 90 and 100% 1RM
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is also negligible, and increasing the load causes a increase in forward lean of the trunk,
which increases the load on the lumbar spine. A load of 90% IRM is sufficient
for adequate muscle stimulation as it is comparable to a 100% 1RM load and may even
reduce the risk of injury (Yavuz & Erdag, 2017). The activation of all muscles can be
increased by up to 43% when the squat is performed with a barbell compared to a Smith

machine (Schwanbeck et al., 2009).

The contraindications for squatting are not clearly defined, but caution should be
exercised in athletes with (low) back pain and in pregnant women (Sikorova, 2009;

Stackeova, 2014).

2.1.1 PROPER SQUAT TECHNIQUE

Correct alignment of multiple segments of the human body is essential for proper squat
technique/performance (Kushner et al., 2015; Myer et al., 2014). The classification
of segments into stable and mobile zones is often used (Contreras, 2014; Diamond-
Walker, 2019; Horschig et al., 2022; Vancura, 2024). Squat performance can then be
assessed using, for example, the Back Squat Assessment (BSA) or Functional Movement

Screen (FMS) protocol (Breen et al. 2016; Myer et al., 2014; Peterson, 2018).

A large number of variables determine the specific execution of the squat and the
maximum squat strength, but anthropometric factors, such as fat-free mass normalized
to height, and lower limb length, or the Crural index (ratio of tibia to femur length), seem
to be the most relevant, and only then do biomechanical and psychological parameters
come into play (Vigotsky et al., 2019). Abelleira-Lamela et al. (2021) have a similar view,
although not in relation to squatting, but in relation to outdoor fitness equipment,
indicating that anthropometric parameters, namely the Cormic index (ratio of sitting
height to height) and height, play a crucial role in the position of the spine and pelvis,
respectively, that individuals with a higher value of this index tend to have an increase
in thoracic kyphosis, a flattening of the lumbar lordosis and a decrease in anterior pelvic

tilt when using outdoor fitness equipment.

The squat itself is divided into a descending (eccentric) and an ascending (concentric)
phase. The descent phase can resemble a movement like sitting in a chair (Bertram, 2018;
Stoppani, 2016). It begins with simultaneous flexion of the knees and hips and then the
straight trunk descends down (Contreras, 2014; Diamond-Walker, 2019; Stackeova,
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2014). Doll (2024) and Tlapak (2022b) state that it is preferable to begin the squat by
pushing the buttocks backward. During the flexion, the knee joints should remain above
the ankles (Carr & Feit, 2024; Doll, 2024). The depth of the squat should at least
,parallel®, this means that the thighs are parallel to the ground (Bertram, 2018; Carr, 2024;
Clémenceau & Delavier, 2021; Diamond-Walker, 2019; Pavluch & Frolikova, 2004;
Schwarzenegger & Dobbins, 2018; Stackeova, 2014; Stoppani, 2016; §Vejcar & §t’astn}'/,
2013). A more accurate description of the correct squat depth is as deep as the athlete can
maintain the lumbar spine without flexion (i.e., in lordosis) (Comfort & Kasim, 2007;
Contreras, 2014; Straub & Powers, 2024). At the end of the descent phase, the knees
and head should be above the toes (Svejcar & Stastny, 2013). Then follows an ascending
phase, which starts with a strong push of the heels into the ground with an upward
movement of the pelvis, which must precede the movement of the knees (Stoppani, 2016).
Breathing in is done during the descending phase, breathing out during the ascending
phase (Clémenceau & Delavier, 2021; Pavluch & Frolikova, 2004; Stackeova, 2014;
Stoppani, 2016; Svejcar & Stastny, 2013; Tlapak, 2022a, 2022b).

Certain mistakes can be made when performing the squat. Common ones include
positioning the knees in front of the toes, misalignment of the lower limb joints, excessive
forward lean of the trunk, improper breathing, excessive head / cervical spine flexion
or extension, excessive or very low ROM, quick execution of the descent phase
with rebound in the lowest phase, and improper placement of the barbell (it should be
placed on the top of the shoulder blades) (Stackeova, 2014; Svejcar & Stastny, 2013).
However, opinions on some of the above-mentioned mistakes, especially the positioning
of the knee joints and the trunk, are not unanimous and will be discussed in the following

text.

Stance width

The width of the stance is most often shoulder width (Bertram, 2018; Diamond-Walker,
2019; Doll, 2024; Kral, 2017; Pavluch & Frolikova, 2004; Popowychova, 2023;
Schwarzenegger & Dobbins, 2018; Stoppani, 2016) or slightly wider (Bertram, 2018;
Carr & Feit, 2024; Stoppani, 2016), one can also find pelvic width (Bertram, 2018;
Stackeovd, 2014; Tlapéak, 2022a, 2022b) or hip width (Clémenceau & Delavier, 2021;
Jarkovska & Jarkovska, 2016; Svejcar & Stastny, 2013) stances.
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If the stance is hip width, squat depths up to 80° of knee flexion can be achieved
without PPT. Increasing the squat depth requires either a wider stance or PPT, which
is not recommended when training with a load (Svejcar & Stastny, 2013). Increasing the
stance width, to at least twice the width of the anterior superior iliac spine (ASIP), creates
a more vertical shank position and also changes the angular alignment of the trunk (less
forward leaning is required) and the lumbar spine, where a more upright posture is found,
reducing its load (Escamilla et al., 2001; McKean et al., 2010; Swinton et al., 2012). Thus,
the wide stance squat appears to be more appropriate for those athletes who have
sufficient ROM at the hip joint, but lack ROM at the ankle joint and are therefore unable
to descend to a sufficient depth with the rest of the body positioned correctly (Swinton et
al., 2012). Lorenzetti et al. (2018) present a slightly different view, namely that the overall
ROM in the lumbar spine is virtually identical at different stance widths, although the
smallest ROM was indeed observed in the widest stance variant (twice the ASIP width)
combined with extreme (42°) external rotation of the feet, these findings are valid for both

beginners and experienced athletes.

Foot position

It should be such that the toes point forward (Carr & Feit, 2024; Clémenceau & Delavier,
2021; Doll, 2024; Schwarzenegger & Dobbins, 2018; Tlapak, 2022b), or the whole foot
can be externally rotated (Bertram, 2018; Contreras, 2014; Kral, 2017; Pavluch
& Frolikova, 2004; Stackeova 2014). The feet can be supported under the heels
with a disk or wedge, and weightlifting shoes can also be used, with the amount of support
being individualized and depending on the ROM in dorsiflexion at the ankle (Kral, 2017).
Heel support can reduce forward leaning of the trunk, which can be dangerous for the
lumbar spine (increasing shear forces) (Charlton et al., 2017; Stackeova, 2014). However,
maintaining a neutral spine position appears to be a far more important factor
in minimizing the risk of lumbar spine injury, and this factor is not affected by heel
support (Charlton et al., 2017). In another finding (Mata et al., 2021), heel support of 4.5
cm allows for a deeper squat and greater ROM at the knee and ankle joints, but hip flexion
ROM and the occurrence of PPT are not affected by heel support, also the PPT occurs
almost always at the same time with and without heel support. Thus, PPT is most likely

a compensatory mechanism that occurs when the femur hits the acetabulum at the moment
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of maximum possible hip flexion. Conversely, Tlapak (2022b) states that heel support
may be detrimental because it overloads the articular cartilage between the femur

and patella.

The effect of footwear used on squat performance was also examined by Southwell et al.
(2016), who found that running and weightlifting shoes showed a statistically
significantly greater knee extension moment than performing the squat barefoot,
and weightlifting shoes showed a statistically significantly greater knee external rotation
moments than the other two footwear conditions. At the hip joint, barefoot squatting
showed a statistically significantly greater internal rotation and less external rotation
moments than the other two footwear conditions. In terms of lumbosacral compression
and shear forces, no differences were found between the footwear types, with only the

barefoot squat showing a greater forward leaning of the trunk.

Oshikawa et al. (2018) hypothesized that squatting with the toes pointed outward
(i.e., external rotation at the hip joint) brings the iliotibial band and the and attachments
of the gluteus maximus muscle closer together, increasing hip flexion ROM. Thus,
external rotation at the hip joint may indirectly prevent PPT during squats by increase the
hip flexion ROM, thereby decreasing lumbar kyphosis during deep squats. However, this
hypothesis was not confirmed because even with external rotation at the hip joint during
deep squat, no difference in lumbar lordosis angle was found compared to normal stance.
In parallel squat, however, lumbar kyphosis actually decreased with external rotation

of the hip joint.

Knee joint

The knee is the largest synovial joint in the human body. It is a compound joint consisting
of the patellofemoral and tibiofemoral joints and a large number of passive stabilizers —
menisci and ligaments. High demands are placed on the joint in terms of stability, but also
in terms of ensuring a sufficient ROM. These conflicting requirements can only be met
by a combination of the specific shape of the articular surfaces, the presence of passive
stabilizers, and the muscles that cross the joint. The knee joint can move in flexion,
extension, and external and internal rotation. The ranges of motion are roughly as follows:

standing flexion is 120°, the flexion with the hip joint flexion is up to 140° and passive
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flexion can reach up to 160°, extension is 0° but can be 5-10°, and both rotations are

around 60—70° (Standring, 2020).

During the descending phase of the squat, the knees should point above the toes without
lateral deviation (Pavluch & Frolikova, 2004; Tlapak 2022a, 2022b). In other words, the
hips, knees, and ankles are in the same line (Bertram, 2018; Stackeova, 2014). However,
Contreras (2014) states that the knees should be pushed outward so that they are further
from the center of the body than the center of the foot. Jarkovskd & Jarkovska (2016)

then state that the knees should not be pushed too far forward.

However, it is generally agreed that the movement of the knee joint should not be
restricted, i.e. the knee should be able to go over the toes, otherwise there will be more
load on the lumbar spine and hip joint (Comfort & Kasim, 2007; Comfort et al., 2018;
List et al., 2013). According to List et al. (2013), unrestricted squats result in less stress
in lumbar spine because more motion occurs at the knee joint, reducing segmental motion
between the pelvis and thoracic spine while also reducing forward leaning of the trunk.
Conversely, limited squats increase forward leaning of the trunk, which increases the
stress on the lumbar spine. Similar findings apply to parallel high bar squats
with unrestricted knee movement, which show greater knee torque, whereas restricted
squats result in greater hip torque. The restricted squat also resulted in a more vertical
shank position and a greater forward leaning of the trunk, while less flexion was observed
at the knee and hip joints. Therefore, it is advisable to allow the knees to slightly exceed
the toes during the parallel squat in order to optimize the forces on all joints involved (Fry

et al., 2003).

The fact that half squats show less movement of the lumbar spine into flexion at the
L3-L5 segments and less forward leaning of the trunk and less lumbosacral flexion
compared to unrestricted half squats also contributes to the use of unrestricted squats.
However, despite these findings, the entire lumbar spine showed movement into flexion
from start to finish in both variants. Although unrestricted squats place less stress on the
spine as a whole, it is recommended not to perform squats at all if the athlete is unable

to flex the spine (e.g., with disc herniation) (Hebling Campos et al., 2017).
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Hip joint

The hip joint is a large, weight-bearing, ball-and-socket, three-axis joint with a relatively
limited ROM (so called enarthrosis). The reason for the limited ROM is that the femoral
head fits into a relatively deep socket called the acetabulum (Dylevsky, 2021; Eliska,
2023). The hip joint is anatomically and functionally related to the lumbar spine
and pelvis, or their curvature / position, and therefore it is necessary to examine the pelvis
and lumbar spine and vice versa when assessing the correct function of the hip joint

(Jesenicka, 2018; Kapandji, 2019a; Muscolino, 2023; Pirola, 2024; Stackeova, 2023).

The hip region is essential for proper force distribution and ensuring overall stability when
performing the squat, where limited ROM into hip flexion and weakness of the gluteal
muscles can be limiting factors for proper squat performance (Contreras, 2014). We know
that ROM and muscles around the hip show greater values and involvement when
performing a standard back squat, whereas muscles around the knee joint and muscles
involved in trunk stabilization are more involved in the front squat and squats performed
with the safety bar (Braidot et al., 2007; Johansson et al., 2024). Similar results were
found when comparing the squat with the hex bar deadlift, i.e. the hip joint shows greater
muscle involvement and greater ROM with less forward leaning of the trunk (Stahl et al.,
2024). Regarding the variations of the low bar squat and the high bar squat, the low bar
squat seems to be preferable because it also increases the muscle activation around the
hip joint and also allows the use of higher loads compared to the high bar squat. High bar
squat, on the other hand, results in greater activation of the muscles around the knee joint
and requires a more upright posture. Greater activation of the muscles around the hip joint
may reduce forward leaning of the trunk and increases stability, potentially reducing the
stress on the lumbar spine and ankle compared to the high bar squat (Glassbrook et al.,

2019).

If we want to increase the activation of the muscles around the hip joint, we can perform
the counterbalanced squat, where the load is held in the extended upper limbs in front
of the body (Lynn & Noffal, 2012). However, Sinclair et al. (2017) reported that there
were no statistically significant differences in joint kinematics and muscle activation
levels (quadriceps femoris and hamstrings) between the back squat and front squat,

and the kinematic data were very similar.
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Although a connection between the hip joint muscles and their influence on the position
of the pelvis and lumbar spine is often reported (Cihak, 2011; Jesenicka, 2018; Kapandji,
2019a; Stackeova, 2023), an isometric activation of the abductor group of the hip joint
muscles before performing a squat does not lead to an influence on the ROM of the

lumbar spine (Kelly et al., 2018).

Chest and back

The chest is braced and held upright during the squat (Carr & Feit, 2024; Contreras, 2014;
Stoppani, 2016). The back should be kept as straight as possible (Bertram, 2018;
Clémenceau & Delavier, 2021; Diamond-Walker, 2019; Kral, 2017; Pavluch
& Frolikova, 2004; Schwarzenegger & Dobbins, 2018; Stoppani, 2016) and the
abdominal wall should be consciously activated (Stackeova, 2014; Stoppani, 2016).
Limited extension ROM in the thoracic spine can be a limiting factor for proper squat

performance (Contreras, 2014).

Head and eye gaze

The head follows the axis of the straight trunk and faces forward (Bertram, 2018;
Clémenceau & Delavier, 2021; Stoppani, 2016; Tlapak, 2022b) or is aligned with the
spine (Jarkovska & Jarkovskd, 2016; Stackeova, 2014; Svejcar & St’astny, 2013)
and should not be leaning forward (Schwarzenegger & Dobbins, 2018; Stackeova, 2014;
Tlapak, 2022a). When the head follows the axis of the straight trunk, activation of the
abdominal muscles is increased; conversely, head extension facilitates superficial spinal
extensors (Tlapak, 2022b). Related to this is the eye gaze, which should be directed
forward or slightly upward (Comfort & Kasim, 2007; Comfort et al., 2018; Stackeova,
2014; Tlapék, 2022a).

2.2 POSTERIOR PELVIC TILT DURING SQUAT

The term PPT generally refers to the posterior position or movement of the pelvis in the
sagittal plane, with lumbar lordosis flattening or even becoming kyphotic and thoracic

kyphosis increasing eventually leading to hyperkyphosis, depending on the degree of PPT
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(Vasickova, 2024). From a physiotherapy point of view, specific palpatory findings are
present when the ASIP are at the same level or even higher than the posterior superior
iliac spine (PSIP) and the pubic symphysis shifts cranially (Gross et al., 2023; Jedlickova,
2019; Jesenicka, 2018; Kolaf et al., 2020; Véle, 2006).

PPT during a squat, colloquially known as the ,,butt wink®, is a phenomenon that occurs
when performing a deep squat. It is sometimes reported to be quite common, but if the
degree of PPT is excessive and/or occurs prior to parallel squat depth, it can potentially
increase the risk of lumbar spine injury. Conversely, if the athlete focuses too much
on eliminating it, compensatory mechanisms such as increased lumbar extension
or severely limited squat depth may occur, making the whole situation worse. Standard
causes include anatomical predisposition, limited ROM in the hip and ankle joints,
impaired function of the core muscles or impaired neuromuscular control in the lumbar
spine and pelvis, and a suboptimal starting squat position in terms of excessive anterior
pelvic tilit and lumbar hyperlordosis. It may also be due to a lack of instruction on how
to hold the trunk and pelvis during squat. At the same time, it is important to remember
that not every athlete can achieve full squat depth, mainly due to individual anatomical
differences (Boyce, 2018; English, 2023; Henoch, 2014; Lau, 2022; Mahaffey, 2021,
Phili, 2023; Rippetoe, 2018; Snasel, 2017; Todoroft, 2017).

2.2.1 CAUSES OF POSTERIOR PELVIC TILT

Femoroacetabular impingement syndrome (FAI)

Femoroacetabular impingement syndrome (FAI) is a relatively new diagnosis
and is usually defined as a condition of the hip joint that occurs as a result of physiological
movement in the hip joint, most often caused by an incorrect shape or orientation of the
articulating joint surfaces. It is therefore a mechanical conflict between the two
articulating ends of the hip joint. There are two types — Cam and Pincer. Cam pathology
is the result of a lack of sphericity of the femoral head and/or an excess of protruding
bone tissue at the edge of the femoral head. Pincer pathology is caused by poor orientation
of the acetabulum — the acetabulum does not have the normal depth and anteversion. Both
types most often lead to premature contact of the acetabular rim with the femoral head

during flexion and internal rotation of the hip joint, resulting in gradual degeneration
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of the articular cartilage of the acetabulum and subsequently of the femoral head.

However, both types can occur simultaneously (Chladek, 2016; Rychlikova, 2019).

The prevalence is reported to be up to 15%, but is significantly higher in athletes
(50-95%). Cam type is typical for athletes and is more common in runners and jumpers
and less common in climbers and swimmers (Chladek, 2016). Rychlikova (2019) reports
that FAI is generally more common in young athletes, where repetitive sudden

movements occur and in sports where there is uneven loading of the hip joints.

There is evidence (Bagwell et al., 2016; Catelli et al., 2018, 2021; Kolber et al., 2018;
Yoshimoto et al., 2018) that FAI alters the squat technique. In general, authors agree that
FAI causes a change in pelvic positioning, limits ROM in flexion and internal rotation
at the hip joint, and decreases squat depth and velocity of the descent phase of the squat.
However, the change in pelvic posture is more complex, as Catelli et al. (2021) reported
that participants with FAI had a greater PPT in their pelvic posture during squatting, but
on the other hand, Bagwell et al. (2016) reported that participants with FAI had
a decreased PPT during the descent phase of the squat at 90° of hip flexion. Kobayashi et
al. (2021) then further report in their 3D simulation of computed tomography scan data
that reducing anterior pelvic tilt by 10° in standing has a comparable effect to surgery
on ROM into internal rotation, which increased after surgery and after 3D simulation

of the data.

Catelli et al. (2018) also noted that the differences in squat performance between patients
with FAI and patients with Cam pathology without subjective symptoms are primarily
in terms of differences in activation and strength of muscles around the hip joint,
differences in pelvic ROM in the sagittal plane, and differences in squat depth. Patients
with FAI have greater hamstring activity, less pelvic ROM, and less squat depth than
participants with Cam pathology without subjective symptoms. Patients with Cam
pathology have greater activity of the gluteal muscles, which are able to tilt the pelvis into
PPT during squatting and thus avoid impingement to some extent. A follow-up study by
the same author (Catelli et al., 2021) then describes the fact that the Cam pathology alone
may not be the cause of the limited ROM in the hip joint, with the limited ROM being
attributed more to a combination of muscle contractures and the clinical manifestations
of FAI, especially pain and the attempt to avoid pain during movement. Asymptomatic

participants with Cam pathology showed greater pelvic mobility toward anterior pelvic
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tilt (comparable to the control group), greater hip flexion ROM, and greater hip extensor
strength, allowing them to perform a deeper squat than patients with clinically
manifesting FAI. Yoshimoto et al. (2018) describe the squat performance
of a 46-year-old patient with a Pincer pathology, both before and after surgery. Before
surgery, the patient reported pain in the right hip joint, and at maximum squat, the hip
flexion value was 70.8° with a PPT of 24°. After surgery, the pain disappeared and flexion
was 63.3° with 23.3° of PPT. The pre- and post-operative values still do not show the
values of the healthy population, which may be due to contracture in the soft tissues

around the joint.

Pastucha et al. (2024) report that the only solution for the FAI with symptoms is surgery.
This is in contrast to the findings of other authors (Brekke et al., 2021; Grant et al., 2024),
where exercise intervention aimed at activating the core muscles, stretching and
strengthening the muscles around the hip joint to reduce excessive anterior pelvic tilt
showed an increase in squat depth, an increase in knee flexion ROM, and a decrease
in anterior pelvic tilt at eight weeks in patients with symptomatic acetabular retroversion,
which may cause FAI in the future. And when we look at the exercise intervention versus
surgery, the exercise intervention showed similar results to surgical management of FAI,
with an effect on pelvic and trunk motion in the sagittal plane, particularly a reduction

in excessive anterior pelvic tilt.

Limited range of motion in the hip joint

ROM in the hip joint is influenced by the anatomical configuration, but also by the
condition of the surrounding soft tissues — muscles, fascia, and ligaments (Nelson
& Kokkonen, 2023). Most ROM can be increased by engaging the pelvis and lumbar
spine, and movements such as abduction, adduction, and external and internal rotation
can be increased with simultaneous hip flexion. ROM are generally given as: flexion
with the knee extended up to 90°, flexion with the knee flexed up to 120-140°, extension
10-15°, abduction 40-60°, adduction 10-30°, internal rotation 20-50°, and external
rotation 15-75°. Circumduction, i.e. combining all movements, is also possible (Cihdk,

2011; Dylevsky, 2021; Pirola, 2024; Rychlikova, 2019).

Kaminoff & Matthews (2024) suggest that if the ROM at the hip joint is restricted, the

lumbar spine will move in the opposite direction to the rotation of the thoracic spine
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and shoulder girdle, and the movement will generally originate from the thoracolumbar
junction. Conversely, if the pelvis is able to move freely over the hip joints, the rotation
of the spine will be more evenly distributed and the movement will involve the lumbar

spine.

The congenital anatomical angles of the femur — the femoral neck-shaft angle and the
femoral torsion angle, also play a role. The femoral neck-shaft angle is the angle that the
axis of the femoral head-neck makes with the long axis of the femoral shaft, and its
average value in adulthood is approximately 125°. Changes in this angle affect the
abduction and adduction ROM and can also cause the length of the lower limb to be
relatively shorter or longer. The femoral torsion angle is the angle between the axis of the
femoral neck and the line joining the femoral condyles in the horizontal plane. In adults,
the average value is about 10°. Changes in this angle have a fundamental effect on the
rotation ROM of the hip joint. Any deviation of both angles from the average values leads
to suboptimal alignment of the articular surfaces in the hip joint, which reduces the ability
to absorb shocks and may lead to more rapid degenerative changes (Cihdk, 2011;
Dylevsky, 2021; Muscolino, 2023; Pirola, 2024). Kapandji (2019a) distinguishes two
types of hip joints based on the values of these two angles: the rangy type, which has
a greater ROM and reflects the body's adaptation to speed performance during running,
and the squat type, which, on the contrary, has a more restricted ROM, lower speed
of movement, but a significant increase in the ability to absorb the loads to which the joint

1s exposed, and is therefore a morphology predisposing to strength performance.

Limited hip flexion ROM may be one of the main limiting factors in achieving
a technically correct deep squat (Breen et al., 2016; Contreras, 2014; Kim et al., 2015).
PPT occurs when the maximum possible hip flexion ROM is exhausted and is associated

with flexion of the lumbar spine, which increases compression and shear forces in this

region (Straub & Powers, 2024; Todoroff, 2017).

Limited range of motion in the ankle joint

Normal ROM of the talocrural joint is approximately 40—90°, with dorsiflexion typically
in the 20-30° range and plantar flexion in the 40—60° range. The function and movements
of'this joint are always closely related to the movements of the subtalar joint and the distal

and proximal tibiofibular joints, as well as to the movements of the knee joint when the
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lower limbs are loaded during standing position (Bartak et al., 2024; Vareka & Vaiekova,
2009).

Limited dorsiflexion at the ankle can be a limiting factor in proper squat performance
(Breen et al., 2016; Carr & Feit, 2024; Comfort et al., 2018; Contreras, 2014; Ishida et
al., 2022; Kim et al., 2015; Schoenfeld, 2010). Carr & Feit (2024) literally describe that
if an athlete has limited ankle dorsiflexion, they will be forced to compensate during the
descending phase of the squat through toe adduction, increased foot pronation, tibial
internal rotation, and femoral adduction, which can actually cause a valgus position at the
knee joint with subsequent overloading of the medial aspect of the knee joint. Breen et al.
(2016) further add that when testing the deep squat within the FMS, individuals
with limited dorsiflexion showed lower scores in the quality of squat performance (either
inability to perform the squat as instructed or performance with some compensation) than
participants with full ROM. This suggests that ankle ROM, as well as hip ROM, may be
one of the factors leading to lower performance on the deep squat test. Therefore,
treatment aimed at increasing ROM in the sagittal plane of the hip and ankle joints seems
to be an appropriate therapy. According to Comfort et al. (2018), there is a relationship
between limited dorsiflexion at the ankle and increased forward leaning of the trunk.
Static stretching of the triceps surae muscle or the use of weightlifting shoes

with an elevated heel may be a solution.

Schoenfeld (2010) states that limited ankle dorsiflexion can cause compensatory
movements in the knee and hip joints or spine, potentially increasing the risk of injury
at higher loads. It further states that the dorsiflexion ROM for full squat performance
should be 38.5+5.9°. According to Kim et al. (2015), the dorsiflexion ROM, along
with the hip flexion ROM, is one of the main parameters for achieving an appropriate
squat depth in males, while in females it is the dorsiflexion ROM and the strength of the
dorsal flexors; in other words, if we want to increase the depth of the squat, we should
focus on increasing both ROM in males, while in females we should focus on increasing
the ROM and strengthening the dorsal flexors. However, Endo et al. (2020) state that
there is no correlation between the ankle dorsiflexion ROM, knee extensor strength, hip
flexor strength, and maximal squat depth. The mean ankle dorsiflexion of the enrolled
participants was 23.4-25.9°, and the right ankle dorsiflexion ROM was a significant

predictor of the right hip flexion angle and vice versa.
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Ishida et al. (2022) add that the antero-posterior localization of the Center of Pressure
(COP) determines the magnitude of the extensor moment forces in the knee joint during
squatting, and also that in the rehabilitation of knee joint disorders it is advisable to work
with this localization so as not to unnecessarily increase the forward leaning of the trunk.
It is also desirable to work on increasing the ankle dorsiflexion ROM, since an increase

in this ROM corresponds to an increase in the extensor moment of the knee joint.

Starting position of the pelvis and lumbar spine
Pelvis

The pelvis is often referred to as a stable center of the body (Reichert, 2021), a load
transducer that provides a firm and stable base for the spine (Tlapak, 2022a), a differential
that transmits force moments to the lower limbs by means of a powerful muscular
apparatus (Krucky, 2017), and a place where the center of gravity of the body is located
(Marek et al., 2005), or as a place that ensures the correct posture of the whole body (Véle,
2012), or as a junction where almost all deviations of the trunk and lower limbs are
projected (Janda, 1984), and we cannot forget the fact that it forms an anatomical
and functional unit with the spine (Levitova & Hoskova, 2015; Lewit, 2024). Based
on this, it can be seen that the position of the pelvis is very important not only in terms

of physiotherapy, but also for the correct execution of the squat.

For the correct position of the pelvis and lumbar spine, the cooperation of muscles is very
important, namely pelvic floor muscles, diaphragm, abdominal muscles (especially rectus
abdominis), lumbar extensors, but also the muscles in the hip joint area — hip flexors
(especially iliopsoas), hip extensors (especially gluteus maximus). If there is a muscular
imbalance in this area, e.g. lower crossed syndrome, which typically leads to the
development of lumbar hyperlordosis, it can cause pain or even accelerate the
development of degenerative changes (Kapandji, 2019b; Levitovd & Hoskova, 2015;
Muscolino, 2023; Stackeova, 2011; Striano, 2022; Tichy, 2017). This imbalance can be
further exacerbated by performing exercises that load the spine in the axial direction while
causing excessive extension of the lumbar spine, a typical example being squats

performed with poor technique (Tlapak, 2022a).
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In general, authors agree that the physiological standing pelvic position is a slight anterior
pelvic tilt that also ensures a physiological depth of lumbar lordosis, and that the palpable
bony landmarks (ASIP, PSIP and iliac crests) are symmetrical on both sides in the frontal
plane, and that the ASIP and PSIP should be aligned in the sagittal plane with a possible
tolerance of deviation of up to 1 cm (Bimbi-Dresp, 2009; Chaitow, 2017; Gross et al.,
2023; Jedlickova, 2019; Jesenicka, 2018; Lewit, 2024; Malanga & Mautner, 2017; Marek
et al., 2005; Stackeova, 2018, 2023; Tichy, 2017; Tlapak, 2022a; Véle, 2006, 2012).

In clinical practice, however, the pelvic position is very often pathological
or asymmetrical. Most commonly, there is excessive anterior pelvic tilt (see above)
or PPT (ASIP and PSIP are at the same level or PSIP are even higher than ASIP), as well
as pelvic rotation (when viewed from above, the pelvis is tilted clockwise
or counterclockwise), lateral shift of the pelvis (the whole pelvis is shifted to one side
or the other), oblique pelvis (all of the bony landmarks are lower on one side than on the
other), and pelvic torsion (one pelvic bone is in anterior tilt and the other in posterior tilt).
Most problematic is the fact that each author describes the pathology in a slightly different
way, and in some cases even by name (e.g., pelvic torsion — fixed nutation of the pelvis).
However, there is a consensus on the causes of these findings, with the authors agreeing
that the cause is most often a functional musculoskeletal disorder (typically muscle
imbalance, with certain muscles being stiff/tense and others weakened, functional joint
blockages, inadequate neuromuscular control, poor function of the core muscles, etc.),
but in some cases there may also be a structural disorder/deformity (e.g. anatomically
uneven lower limb length, asymmetrically flat feet, scoliosis, congenital defects such
as lumbarization of first sacral vertebra, sacralization of fifth lumbar vertebra, redundant
lumbar vertebra, history of diseases such as developmental dysplasia of the hip, etc.)
(Gross et al., 2023; Guth, 2020; Janda, 1984; Jedlickova, 2019; Kolaf et al., 2020; Marek
et al., 2005; Véle, 2006, 2012).

Suboptimal pelvic positioning may also be a result of poor motor development in the first
year of life. For example, if a child adopts a fencer's position with an opisthotonic trunk
posture at 6 weeks of age, the child will continue to develop normally in terms of gross
motor skills, but may be diagnosed with, for example, lumbar hyperlordosis or other
postural disorders in the preschool years — these children account for approximately

25% of the population (Vojta & Peters, 2010).
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According to Reichert (2021), the deeper structures (multifidus muscle, transversus
abdominis muscle and thoracolumbar fascia) play a more important role in stabilizing the
lumbar spine. Pilny (2018) suggests the same, stating that the deep muscles need to be
activated/strengthened when practicing proper breathing and sitting, as during lifting
and exercise it is required of these deep muscles to activate first and then the superficial
muscles should be activated. However, determining the ideal degree of lumbar lordosis
is difficult because it creates a conflict between the two main functions of the spine —
stability and mobility. A flattened curvature is disadvantageous, especially when we need
to move; on the other hand, a greater curvature could theoretically increase flexibility, but
on the other hand, it places increased demands on the intervertebral foramen (Rasev,
1992). Although hyperlordosis of the lumbar spine is often considered a sign of poor
posture, it provides greater stability to the lumbar spine due to the tucking of the articular
processes of the vertebrae into each other, and on the contrary, the flattening of the lumbar
lordosis (leading to kyphosis) is more vulnerable to the spine, as the articular processes
become more distant apart and the risk of disc herniation increases, especially in the case
of the lumbar spine. The risk of disc herniation is higher with torsion and flexion-

extension loading mechanisms (Jesenicka, 2018).

Exercise intervention that target the lumbar spine, pelvis, and abdominal muscles
to improve stability and flexibility can prevent the development of this imbalance
(Sedlakova, 2023; Striano, 2022). Specific exercises can also increase the lumbar lordosis
angle by several degrees (from an average of 21.2° to 25.1°), which can be considered
a positive phenomenon, as a reduced lumbar lordosis angle is often associated with the

occurrence of low back pain (Kadono et al., 2017).

The position of the pelvis when squatting is important for both safety and maximum
performance. It is advisable to maintain proper pelvic position to maintain neutral lumbar
lordosis (to reduce the risk of injury). Excessive anterior pelvic tilt can cause low back
pain and excessive PPT can reduce the maximum performance during the squat. Ensuring
proper pelvic alignment not only increases the effectiveness of strength training, but also
minimizes the risk of injury (Rippetoe, 2009). Other authors have a similar view (Braidot
et al., 2007; Edington, 2017; Masi, 2020; Stackeova, 2014; Stoppani, 2016; Todoroff,
2017) and recommend maintaining a neutral or slight anterior pelvic tilt position
to minimize excessive lumbar motion, therefore it is desirable to avoid excessive flexion

and extension. Other authors (Jarkovska & Jarkovska, 2016; Tlapak, 2022a) then state
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that the pelvis should not be in excessive anterior pelvic tilt. Only the Carr & Feit (2024)
state that the starting position of the squat should be in a slight PPT. In the deepest squat
position, i.e. maximum flexion at the knee and hip joints, the pelvis is indeed in PPT, the
lumbar lordosis is flattened (11.7° in squat vs. 32.9° in standing), and the sacrum

is vertical (Moon et al., 2021).

Because there are anatomical differences between men and women, the execution of the
squat may differ slightly between men and women. The sacrum is slightly longer in men
than in women, but not as wide. Overall, the female pelvis is wider and more oval,
and the lumbar vertebrae are shorter, allowing women more flexibility in movement. The
flexion ROM in the lumbar spine is two times greater in men than in women, likely due
to the limited motion of the sacrum in men, who compensate for this limited motion
specifically in the lumbar spine (McKean et al., 2010; Paulsen & Waschke, 2018).
Stackeova (2023) adds that women have a physiologically more anteriory tilted pelvis,
which, along with other anatomical differences, makes them more susceptible to gluteus
maximus weakness. Men, on the other hand, are more prone to weakening of the gluteus

medius and minimus muscles.

The differences between men and women are also highlighted in a study by Weeks et al.
(2015), where women show a greater ROM in pelvic rotation, internal rotation,
and adduction at the hip joint when performing single-leg squats. After subjecting the
participants in this study to performing lunges to maximal exhaustion, it was found that
fatigue significantly affected the way in which single-leg squats were performed,
with increased ROM in trunk flexion, rotation and lateroflexion, as well as anterior pelvic
tilt, pelvic rotation and obliquity in both genders. This suggests that pelvic position

(or stability) is essential for maintaining stability during squatting.

Other studies conducted have examined the differences between high bar and low bar
squats (Edington, 2017), the differences between partial and full depth squats (Marchetti
etal., 2017), and the effect of pelvic position on iliopsoas muscle thickness and activation
(Miyachi et al., 2021). In summary, it can be concluded that the high bar squat causes
a greater forward lean of the trunk, the low bar squat shows a greater flexion ROM in the
lumbar spine, partial squats show a motion more into anterior pelvic tilt (mean
32.4£10.9°) and, on the other hand, full squats show a motion more into PPT (mean value

21.7+£12.3°). The initial position of the pelvis in anterior tilt causes an increase in the
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thickness of the iliopsoas muscle and an increase in the hip flexion ROM at a squat depth

of 60° of knee flexion and, conversely, PPT limits the hip joint ROM.

Although it is often assumed that increased anterior pelvic tilt is a sign of muscule
imbalance (or poor posture), the results of Greyling (2013) show that individuals
with anterior pelvic tilt have slightly better activation of the core muscles than those
with a neutral pelvic posture, and that the initial pelvic posture does not play a role
in terms of muscle activation during squatting. Similarly, PPT may not always be
harmful; for example, in patients with stenosis of the intervertebral foramina,
it is advisable to include exercises that promote PPT, as PPT itself causes the foramina
to enlarge and thus relieves the symptoms of the stenosis, typically pain from a pinched

nerve root (Mansfield & Neumann, 2024).

Excessive anterior pelvic tilt associated with increased lumbar lordosis in the squat
starting position may be one of the causes of PPT during squatting (Boyce, 2018; Henoch,
2014; Masi, 2020). Typically, the hip flexors are more involved and the maximum ROM
is reached more quickly, preventing the athlete from reaching an adequate squat depth.
At the same time, there may be compensatory flexion of the lumbar spine associated
with PPT (Masi, 2020). Excessive anterior pelvic tilt can also be caused by the athlete
trying to avoid any PPT at all costs, or trying to maintain a perfectly neutral or lordotic
curve of the lumbar spine during the squat. This subsequently alters the squat technique,
resulting in excessive anterior pelvic tilt at the start of the squat and/or an earlier end
to the descending phase of the squat, which may prevent adequate strength development

and hypertrophy (Boyce, 2018; English, 2023).

Lumbar spine

Physiologically, the lumbar spine is in lordosis (Muscolino, 2023) and is composed
of five lumbar vertebrae, which have a massive kidney-shaped body, a quadrilateral
spinous process, and their vertebral foramen is triangular in shape (Stuchla, 2024). The
lumbar spine is subjected to heavy loads, the intervertebral discs in this region are the
highest (height about 9 mm), but nevertheless movement between the relatively rigid
pelvis and the semi-rigid thorax is allowed here in all three planes (EliSka, 2023; Gross

et al., 2023; Levitova & Hoskova, 2015; Sedlakova, 2023; Tichy, 2017).
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The orientation of the articular processes on the lumbar vertebrae is practically in the
sagittal plane, which allows a relatively large flexion and extension ROM. During the
flexion of the lumbar spine, the body of the upper vertebra tilts and slides anteriorly,
decreasing the height of the intervertebral disc anteriorly and increasing it posteriorly; the
nucleus pulposus is pushed posteriorly, stretching the dorsal fibers of the annulus
fibrosus. During extension, the exact opposite mechanism occurs (Kapandji, 2019b).
Based on x-ray examinations, the average lumbar lordosis can be determined and is
approximately as follows: in the L1-L5 segments 42.6+10.2°, in the L1-S1 segments
55.8£10.2°, in the L5-S1 segments 14.0+5.9°, and the average anterior pelvic tilt is
11.6+7.0° (Le Huec & Hasegawa, 2016). The ROM for the entire lumbar spine are
approximately as follows: flexion 50-60°, with 70% of the motion occurring at L5-S1,
20% at L4-L5, and 10% at L1-L4 (during flexion, the articular processes move apart,
causing the lumbar lordosis to flatten from proximal to distal segments as flexion
increases), extension 15-30° (during extension the articular processes move closer
together and the lordosis increases), lateroflexion to one side 20-30° (lateroflexion is
always accompanied by rotation) and rotation to one side 5-10° (Dylevsky, 2021; Eliska,
2023; Hey et al., 2017; Kapandji, 2019b; Muscolino, 2023; Pirola, 2024; Reichert, 2021).
At the lumbosacral junction, the orientation of the articular processes changes from the
sagittal to the frontal plane. At the transition between the 5th lumbar vertebra and the
ventral part of sacrum, the sacral promontory is prominent, the last intervertebral disc is
located here, and at the same time the greatest mobility of the lumbar spine is found here
(Eliska, 2023; Hey et al., 2017; Levitovd & Hoskova, 2015; Stuchla, 2024). The
lumbosacral junction is the most vulnerable point, especially during extension, which
creates enormous anterior pressure on the vertically positioned articular facets. This may
explain the frequent occurrence of degenerative changes in facet joints in this region

(Dylevsky, 2021; Eliska, 2023; Gross et al., 2023).

The lumbar spine should be in a neutral position throughout the squat, i.e. in a slight
lordotic curve, with the abdominal wall braced and held straight to provide sufficient
stability. Maintaining a neutral position of the lumbar spine increases the activation of the
lumbar extensors and oblique abdominal muscles, which provides adequate support
for the spine during loading and reduces the risk of injury. When this is not done, the
lumbar spine loses its ability to tolerate higher loads, which can slow the progression

of adding weight with a consequent increase in the risk of injury. Causes of failure
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to maintain a neutral lumbar spine position may include: weakening of the thoracic
and lumbar extensors, limited hip joint ROM (if lumbar flexion occurs before 120° of hip
flexion, the cause may be a restriction in the posterior fibers of the iliotibial band
and/or impaired motor control in the lumbar spine), head or cervical spine flexion
(causing compensatory extension of the lumbar spine, increasing the magnitude
of compression forces in the lumbar spine), a dorsal myofascial chain disorder
(e.g. inability to perform scapular depression and retraction, resulting in an overall
weakening of the dorsal chain) (Myer et al., 2014). Similar recommendations have been
made by other authors (Braidot et al., 2007; Edington, 2017; Masi, 2020; Stackeova,
2014; Stoppani, 2016; Todoroff, 2017), i.e., to maintain the neutral position of the lumbar
spine and pelvis in the sagittal plane, since any small deviations from the neutral position

and possible movements in the frontal or transverse plane may increase the risk of injury.

The initial (habitual) posture of the lumbar spine, or its curvature, often determines the
subsequent movement and how it is performed. This has been demonstrated in people
who were asked to lift a cargo off the ground without instruction. Participants with flat
back bend more at the knee joints for the cargo (squatting technique), while participants
with pronounced spinal curvature show more flexion in the lumbar spine (stoop
technique) (Pavlova et al., 2014). These same participants then show a greater depth
of lumbar lordosis (or still maintain some level of lordosis) at the moment of liftting
a cargo off the ground compared to participants with flat back, and also show greater
intersegmental movements of the lumbar spine associated with greater flexion of the
sacrum. Participants with flat back then tend to have greater lumbar rigidity (less
intersegmental motion). Greater mobility has been found in the upper segments of lumbar
spine (L1-L3), and movement in this region precedes movement at lower segments
of lumbar spine (L3—-L5) (Pavlova et al., 2016). These findings are in fact consistent with
Capova (2016) argument that initial posture (so called ,,atitude”) determines the goal

and execution of subsequent movement.

The use of load in the squat leads to a change in the curvature of the lumbar spine,
and opinions on this issue are not entirely consistent. Some authors (Hamlyn et al., 2007,
Hartmann et al., 2013; Walsh et al., 2007) report that with increasing load, starting from
40% of 1RM, there is a deeper lumbar lordosis and thus more load on the dorsal part
of the annulus fibrosus of the intervertebral disc, and also that with increasing load the

lumbar spine flexion ROM decreases and the extension ROM of the lumbar spine
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increases. A similar finding was reported by Biscarini et al. (2022), although they did not
study squats but wall-supported squats with 45° flexion at the knee joints, where greater
activation of the lumbar extensors was found when the support was moved to the scapular
region (similar to holding a barbell on the back), while at the same time the position
of the lumbar lordosis and pelvis was changed in terms of increased lordosis and anterior

pelvic tilt.

This is in contrast to the findings of McKean et al. (2010), who found that the lumbar
spine is already flattened or slightly kyphotic before the start of the descending phase
of the squat when performing a squat with a load of more than 50% of the body weight.
Thus, lumbar spine kyphosis is likely to be a natural part of the deep squat and should not
be strictly prohibited. This same conclusion was reached by List et al. (2013), who found
that lumbar lordosis was reduced as early as 25% of 1RM, with flattening (or even

becoming kyphotic) of the lumbar lordosis occurring at higher loads.

Pelvifemoral rhythm

The pelvifemoral rhythm is a natural phenomenon, similar to the humeroscapular rhythm
in the shoulder girdle, which describes that during hip flexion there is not only movement
in the hip joint itself (movement of the femur relative to the acetabulum), but also in the
pelvis in the sense of PPT. In other words, hip flexion is accompanied by PPT and lumbar
flexion (Pirola, 2024). This phenomenon was first reported in 1982 while performing the
Straight leg raise test (Bohannon, 1982). Since then, several studies have been conducted
to further investigate this phenomenon when performing hip flexion in various ways:
passive, active, unilateral, bilateral, flexion performed supine, in a hanging position,
standing on one lower extremity (Bohannon et al., 1985; Dewberry et al., 2003; Murray
et al., 2002). Bohannon et al. (1985) state that PPT is evident before the hip flexion range
reaches 8°. This finding contradicts the general view that this movement occurs after the
maximum hip flexion ROM has been reached. The ratio of PPT is approximately such
that during the movement into hip flexion, 2.3—2.8° of the movement is due to the femur's
own movement relative to the acetabulum and 1° is due to the PPT, i.e., of the total ROM
of 3.3-3.8° of hip flexion, 2.3-2.8° is due to the femur's own movement and 1° is due
to the PPT. Similar conclusions have been reached by authors of other studies (Dewberry

et al., 2003; Murray et al., 2002).
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A systematic review was conducted in 2017, which included a total of 9 studies on this
topic. PPT was found to account for between 13.1% and 37.5% of the total hip flexion
ROM, with higher values recorded when the knee joint was in extension and when the
participants' hamstrings were more shortened and PPT began almost immediately after

the start of hip flexion (Bohannon & Bass, 2017).

Lumbopelvic rhythm

Lumbopelvic thythm refers to the pattern of movement during flexion and extension
of the lumbar spine and the accompanying movement of the pelvis in the sagittal plane
(anterior/posterior pelvic tilt). It is a coordinated movement between the lumbar spine
and the pelvis that contributes to the movement of the trunk as a whole (Vazirian et al.,
2016b). Pirola (2024) states that flexion of the lumbar spine is accompanied by movement
of the pelvis around the bicondylar axis, which increases the ROM; if this movement did
not occur, the ROM would be approximately half. Sometimes this rhythm is further
divided into sequential, where the movement of the lumbar spine and pelvis occurs based
on sequential muscle activation, and simultaneous, where the lumbar spine and pelvis
move simultaneously and the muscles in the lumbar spine, pelvis, and hip joint are

activated together (Kongkamol et al., 2020).

Some of the studies conducted (Vazirian et al., 2016a, 2016b) show that the assessment
of lumbopelvic rhythm is highly heterogeneous, e.g. sometimes pelvic motion is related
to thigh motion, sometimes to a global coordinate system, markers for motion analysis
are often placed differently, etc. We also know that women, the elderly, and patients
with back pain have a different lumbopelvic rhythm in terms of a smaller lumbar spine
ROM. Conversely, this motion increases with the addition of external load
and with increasing fatigue. One test to assess lumbopelvic thythm may be the ability
to perform an isolated standing PPT or a squat with 50-70° of hip flexion while
maintaining anterior pelvic tilt. Patients with back pain will be unable to perform these
tests and will have compensatory movements in the lower limbs or thoracic region

(Luomajoki et al., 2008).

With respect to lumbar flexion, we also know that patients with low back pain have
a different squatting pattern than subjects without pain. Patients with low back pain have

a lower lumbar flexion ROM but a greater hip flexion ROM, which is likely
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a compensatory mechanism to avoid a painful or stiff lumbar spine region (Sung, 2013).
It has also been found that individuals with chronic non-specific low back pain of mild
severity show significant differences in neuromuscular adaptations in the lumbopelvic
region in response to static deep squatting position compared to asymptomatic
individuals. For example, recruitment of the hip extensors and lumbar extensors is altered
in subjects with pain. Targeted training of these muscles may be a solution (Lui et al.,
2018). Patients with back pain also show a different movement stereotype when lifting
a cargo off the ground than participants without pain. Patients with pain show a slower
motion more into squatting technique (knee-dominant motion), but with increasing
fatigue both groups show more of a stoop technique (knee extension, trunk tilted

significantly forward) (Saraceni et al., 2021).

2.2.2 CONSEQUENCES OF POSTERIOR PELVIC TILT DURING SQUAT

The main negative consequence is the potential risk of injury to the lumbar spine,
specifically the risk of disc herniation. In general, disc loading is a frequently discussed
phenomenon, either when performing the squat itself, or squat with PPT, but also when
lifting a cargo off the ground using the squat technique. The risk of injury (herniation)
of the intervertebral discs is reported to increase, especially during flexion of the entire
trunk or the combination of flexion and rotation, when the disc is deformed and the
pressure in the lower part of the disc increases, which can lead to herniation. Muscle
and ligament strains also occur in these flexion positions (Jesenicka, 2018; McGill, 2021;
RaSev, 1992; Sedlakova, 2023). However, according to the recommendations
of Contreras & Schoenfeld (2011), it is not necessary to strictly prohibit any flexion
movements/exercise of the spine; in contrast, if performed in a controlled manner
and with an adequate loading, they can be beneficial, provided that the athlete does not
already have a certain level of degenerative changes (e.g. disc herniation). However, the
process of developing these degenerative changes is very complex, and in addition to the
standard mechanical factors, genetic, age, and nutritional factors also play a role. On the
other hand, Adams et al. (2000) reported that in cadaveric lumbar vertebrae, during
extension of the lumbar spine, there is a higher pressure in the dorsal part of anulus
fibrosus and, conversely, this load decreases during flexion, resulting in a more even

distribution of pressure across the disc.
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The problem is the determination of the maximum load or overloading, because the work
done on this topic is not completely consistent — the load values are often in different
units (in Newton or Pascal), and some measured values even exceed the maximum
textbook values of load, after which damage to the disc or vertebrae should occur.
However, we know that regular strength training leads to gradual tissue adaptation
and that experienced strength athletes (1-2 years of regular training) have a greater
amount of mineralized bone tissue than a comparable population without strength
training. Also, there was no higher incidence of degenerative changes or spinal injuries
in these strength athletes compared to the non-exercising population. Half and quarter
squats are expected to place less stress on the lumbar spine and knee joint than a full deep

squat, assuming the technique of the squat performed is correct (Hartmann et al., 2013).

With regard to lifting a cargo off the ground using the squat technique, it is advisable
to purposefully increase anterior pelvic tilt in the starting position, or consciously
maintain anterior pelvic tilt in the range of 10-20° during the lift, as there is a reduction
in the amount of compression and shear forces in the lumbar spine compared to without
increased anterior pelvic tilt, which may subsequently reduce the incidence of back pain
(Hayashi et al., 2016; Kongkamol et al., 2020). If we want to reduce the range of lumbar
spine flexion when lifting a load with the stoop technique, and thus potentially reduce the
risk of spinal injury/pain, then actively inducing head and cervical spine retraction may
be the solution, resulting in increased activation of the lumbar spine extensors, obliquus

externus abdominis, and sternocleidomastoid muscle (Hlavenka et al., 2017).

It is also interesting to note that disc loading between the lumbar segments L4-L5
and L5-S1 was greater in parallel squats than in half squats, despite the fact that parallel
squats had a smaller anterior pelvic tilt angle and lumbar lordosis angle. The explanation
for this phenomenon is likely to be the specific lumbosacral movements that accompany
the squat and occur with increasing squat depth (Yanagisawa et al., 2021). When
performing the static half-squat position, the L4-L5 and L5-S1 segments still remain
in lordosis at all times, and the angle of this lordosis does not differ significantly from
regular standing posture (Hey et al., 2017). The position of the barbell also plays a role
in the load on the lumbar spine, as the front squat has lower compressive forces on the

lumbar spine, while the back squat has higher compressive forces (Braidot et al., 2007).
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2.2.3 SOLUTION FOR POSTERIOR PELVIC TILT DURING SQUAT

Maintaining a neutral spine and correct pelvic position throughout the squat is a priority.
By practicing the squat in this way, we build muscle memory and strength in the correct
movement pattern. A comprehensive approach may then be to combine regular strength
training with progressive loading and mobility training (Lau, 2022; Phili, 2023).
Progressive loading is relatively straightforward, starting with lighter weights and higher
repetitions and gradually increasing the load as strength increases. As a result, it is
possible to gradually build strength in the muscles that are activated during the squat,
such as the gluteal muscles, hamstrings, quadriceps femoris, and lumbar spine extensors

(Petr & St'astny, 2012; Phili, 2023).

For this very reason, a significant number of athletes need to reduce the weight with which
they squat in the first place and concentrate on practicing the correct squat technique.
In other words, it is advisable to give priority first to achieving technically correct squat
depth before increasing the load, leading to long-term progression with minimized risk
of injury (Henoch, 2014; Lau, 2022; Rippetoe, 2018). These recommendations are thus
in agreement with other authors (Petr & gt’astny, 2012; Tlapak, 2022a).

It is also a good idea to include mobility training during the warm-up or after strength
training that targets the hip and ankle joints. To increase the range of motion of these
joints, certain squat variations can be used, such as the goblet squat and the overhead
squat. This training allows for proper squat technique and the ability to gradually
and safely increase the depth of the squat. Another option may be traditional stretching,
whether it is stretching the hip flexors in the lunge, stretching the hip flexors in the
90/90 position, or other variations of static and dynamic stretching (Boyce, 2018; Lau,
2022). Isolated pelvic movements, such as anterior and PPT, quadruped rocking, and so
on, are also appropriate for improving body awareness in space and pelvic and lumbar
postural control (Lau, 2022). As a result, the athlete can become aware of the neutral
position of the spine and avoid excessive posterior and anterior pelvic tilt when

performing squats.

If we target the trunk and pelvic area specifically, then according to the Kushner et al.
(2015) the excessive forward lean of the trunk and kyphotic lumbar spine can be
corrected. It is advisable to start with verbal correction and, if that does not help, to move

on to exercises where we teach the athlete to maintain a neutral lumbar spine position
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(lordosis), first in a standing position and then dynamically (exercises can be aimed
at increasing strength, improving neuromuscular control and/or improving mobility).
Proper execution of the squat (with moderate lumbar lordosis) requires optimal spinal
mobility; when mobility is not present, compensatory, excessive forward leaning of the

trunk increases the load on the intervertebral discs.

Unnecessary concerns and efforts to eliminate PPT at all costs are never the solution
as they lead to limited squat depth or a change in lower limb alignment. However, these
concerns can also act as a source of motivation, as they force the athlete to focus

on mobility training or training other weaknesses (Boyce, 2018; Henoch, 2014).

Finally, it is important to note that due to individual anatomical differences
(e.g. acetabulum position, femur length, tibia length and rotation) it is not possible
for every athlete to achieve maximum squat depth while maintaining proper technique
(Henoch, 2014; Lau, 2022). Hence, it is necessary to find a squatting setup that does not
force the athlete into unnatural positions that could lead to compensatory movements
or subjectively unpleasant sensations such as excessive flexion of the lumbar spine
or a pinching sensation in the hip joint. Ultimately, specific anatomical differences mean
that there is no universal squat depth. Instead, athletes should focus on maintaining proper
form and adjusting their stance to match their unique physique, while ensuring they meet

their training goals (Boyce, 2018; Phili, 2023).

2.3 SUMMARY OF THE THEORETICAL BACKGROUND

As can be seen from the previous text, the correct execution of the squat and its depth is
determined by a number of variables, which are often anatomical. Also, opinions on the
potential risk of injury are not uniform, but in summary, if the squat is performed
technically correctly, given the capabilities of the athlete and with progressive loading,
it is a safe and very effective exercise for developing strength and hypertrophy, especially
in the lower limbs. Since it is absolutely essential to master technically correct execution
of the bodyweight squat (with no external load), the main part of this thesis will deal
with the bodyweight squat and the occurrence of the phenomenon of PPT during this type

of squat.
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3 GOAL, QUESTIONS, HYPOTHESES OF THE THESIS

3.1 GOAL OF THE THESIS

The main goal of the thesis is to objectively assess the effect the immediate effect of the
exercise intervention on the total pelvis ROM in the sagittal plane (mainly posterior pelvic
tilt) during squat. The secondary aim of the thesis is to determine the relationship between

the initial pelvic position and the occurrence of PPT.

3.2 SCIENTIFIC QUESTIONS

e Does exercise intervention alone affect the PPT ROM in the sagittal plane?

e I[s there a relationship between initial pelvic position and PPT ROM?

3.3 HYPOTHESES OF THE THESIS

Main hypothesis

The exercise intervention will have a statistically significant effect on reducing the PPT

ROM during the descending phase of the squat.

Secondary hypothesis

Participants with increased anterior pelvic tilt in the standing position will exhibit

a statistically significant greater PPT ROM.
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4 METHODOLOGY

4.1 STUDY DESIGN

The main part of the thesis is a controlled experiment with the participants divided
into experimental and control groups. As the immediate effect of the exercise intervention
was investigated, the participants were only monitored during the data collection period.
The data collection included the initial physiotherapy examination, 3D kinematic motion
analysis of the squat, exercise intervention and 3D kinematic motion analysis of the squat.
The total time required was approximately 1.5-2 hours per participant. Data collection
took place at the Faculty of Health Studies at the Jan Evangelista Purkyné University
in Usti nad Labem (FZS UJEP) from January 2023 to May 2023.

The thesis was approved by the Ethics Committee of the Faculty of Physical Education
and Sport at Charles University in Prague (FTVS UK) (Appendix A) and FZS UJEP
(Appendix B) and all participants signed an informed consent (Appendix C).

4.2 RESEARCH SAMPLE

Volunteers from the students of FZS UJEP were included in the experiment. The students

were approached via a group email sent from the study system (Figure 1).

A total of 42 participants (n =42), 21 male (n=21) and 21 female (n=21), were included
in the experiment. Inclusion criteria for the experiment were as follows: regular squat
training at least once a week and good health (i.e., not contraindicated by a physician
to perform squats). Exclusion criteria were as follows: back pain in the last three months,

acute illness, infectious disease, injury or recovery from injury.

The division into experimental (n = 23) and control (n = 19) groups was determined
by the incidence of PPT at the initial physiotherapy examination. If the participants
showed PPT during bodyweight squats before or exactly in parallel squat depth, they were
assigned to the experimental group; if PPT appeared later, they were assigned to the

control group.
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Figure 1

Recruitment of participants and experiment execution

Recruitment First contact with
» Use email to reach potential pl‘OSPeCtS
participants
cn=1.15 * Interest has been shown
=5 *n=150
Drop out Grouping
* Did not participate in the * Experimental group
experiment 5 (n=23)
*n=2¢§ + Control group
(n=19)
Initial physiotherapy
examination, 3D kinematic
Data collection : motion analysis of the squat,

exercise intervention,
3D kinematic motion analysis
of the squat

v

Data processing
*n=42
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4.3 CHARACTERISTICS OF THE EXERCISE INTERVENTION

The exercise intervention was identical for both groups and was adapted from Kushner et
al. (2015). A total of six exercises were performed (Table 1), three sets of 6 repetitions
of each, with 20 seconds of duration in the plank and with a pause of 45 seconds between

sets. The intervention time was approximately 15-20 minutes.

Table 1

Exercise intervention

Exercise Description Goal
Assume quadruped position
Cat/Cow on kne.es and hands. Practice Idegtify differenc§ betwqen
alternating from rounded back lordotic and kyphotic positions.
posture to arched back posture.
Pin a ball (similar to small Swiss | Exercise facilitates a more vertical
ball) between the lower back trunk position because horizontal
Ball Wall ) )
Squat and wal‘l. Squat dpwn while keeping forcc? from wall serves
ball pinned against the wall. The as assistance. Ball rolling
ball will roll up to the shoulder encourages the correct spinal
blades. Ascend and repeat. curve.
Pole Perform squat near a sturdy pole '
Squat and or column. A‘F apex of squat, use Assistance to help athlete self-
Fix column as assistance to pull torso generate and learn correct deep
into correct position and hold. Heels hold position.
must remain on the ground.
Hold plank position with emphasis | Improve isometric strength of the
Plank . .
on maintaining lordosis throughout back musculature and promote
exercise. correct lumbar spine position.
Lay flat on stomach with your arms
straight out in front and legs straight
out behind. Keep arms and legs
shoulder-width apart for the
Superman | duration of the exercise. Lift your Strengthen the lower back
legs and arms simultaneously musculature.
at least 6 inches off the ground.
Keep each movement slow
and controlled to prevent pulling
muscles.
Overhead P erform squat w ith dowel Strengthen back musculature and
Squat in overhand grip overhead .
with elbows extended. promote erect trunk during squat.

Source: Kushner et al. (2015)
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Short information about the exercises included

Cat/cow — is a very popular exercise in Czech physiotherapy, which is part of the exercise
unit of Ludmila MojziSové's method (Struskova & Novotnd, 2020), but it is also used
in manual medicine as a self-mobilization of the thoracic spine intervertebral joints
into flexion and extension (Lewit, 2024; Rychlikova, 2016). Vancura (2024) reports that
it is not necessary to work the whole spine, but it is sufficient to work only the lumbar
spine, where the goal is to round up the lumbar spine as much as possible, vertebra by

vertebra, and then arch back in the opposite direction.

Ball Wall Squat — in static form, it is an excellent exercise for strengthening the
quadriceps femoris muscle, but it is also suitable for training correct squatting technique,
where it is possible to focus on correct ankle positioning (Biscarini et al., 2022; Graham,
2009; Vancura, 2024). In dynamic execution, it then promotes correct/vertical trunk
posture when performing squats and can also improve proprioception and muscle strength

in the knee joint area (Ameer et al., 2024; Kushner et al., 2015).

Pole Squat and Fix — regular squat is performed near a sturdy pole or column. In the
bottom phase of the squat the column is used as assistance to pull torso into correct

position and hold. Heels must remain on the ground (Kushner et al., 2015).

Plank — is often used to strengthen the core muscles, especially the transversus
abdominis, but it also works the muscles of the upper limbs, the shoulder girdle and the
chest and is good for stability training (Murchison, 2024; Schlegel, 2024). Although the
benefits of this exercise for athletes are often controversial, it is known to be used as
an exercise to prevent back pain and injury, to prevent falls in the elderly and, from
a physiotherapy perspective, as an exercise to strengthen the abdominal wall (Byrne et

al., 2014; Snarr & Esco, 2014).

Superman — is an exercise designed to strengthen the lumbar extensors, gluteal muscles,
and hamstrings (Murchison, 2024). With regard to the lumbar spine, it is known that
a variation of this exercise with simultaneous upper and lower limb raises shows the
greatest activity of the multifidus muscle, which is part of the core muscle group (Hwang

& Park, 2018).

Overhead Squat — is an excellent exercise for training the entire dorsal chain, as well

as for stability training, with the possible effect of increasing the stimulus for the trunk
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muscles (since the load is held overhead), and is often used as a supplementary exercise
in Olympic weightlifting. Because it is a relatively challenging exercise, it can also be
used as a diagnostic tool in FMS (Aspe & Swinton, 2014; Peterson, 2018; Ribeiro Neto
et al., 2023).

Although the effects of a exercise intervention targeting the trunk region are commonly
reported over a longer time period, typically between 4—8 weeks (Ebrahimi et al., 2015;
Elborady et al., 2023; Gandolfi et al., 2019; Shin et al., 2022; Zarei & Norasteh, 2021),
it is known that even a short intervention of 10—-15 minutes can result in statistically
significant changes regardless of the level of training of the participants (Kadono et al.,

2017; Lee & McGill, 2016).

4.4 DATA COLLECTION

The initial physiotherapy examination
Palpation examination of the pelvis

For the purpose of pelvic examination, the following palpable landmarks are important:
ASIP, PSIP and iliac crest (Rychlikova, 2021; Stuchla 2024). Despite the fact that
palpatory examination has low specificity and repeatability, this method of examination
is still a complete necessity and is necessary to evaluate and find the etiology of the

patient's symptoms (Malanga & Mautner, 2017).

Palpation of the landmarks was performed according to standard recommendations,
i.e., the participant stands in the underwear, the examiner kneels so that his hands and
eyes are at the level of the palpated landmarks. The position of the ASIP is examined
from the front with the thumbs placed anteriorly on the iliac crest, and then running the
thumbs downwards, anteriorly and diagonally towards the pubic symphysis. Here we find
a prominent ASIP, and to refine the palpation, we pass slightly above this prominence
and then slide into the fossa below, where we place the thumbs firmly. The position
of the PSIP is examined from the rear with the thumbs placed caudally and slightly lateral
to the expected position of the PSIP, and by moving the thumbs in a cranio-medial
direction, the thumbs are moved under the downwardly curled ends of the PSIP, and are
placed firmly there. The position of the iliac crest is examined from the rear with the

hands extended and placed on top of the pelvic bone, so that the index fingers are at the
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level of the waist (always palpate from the top, below the last ribs). Lastly, the height
of the ASIP is compared to the PSIP from the side (Chaitow, 2017; Gross et al., 2023;
Lewit, 2024; Rychlikova, 2021). This is then used to determine the position of the pelvis
(see Chapter 2.2.1).

Range of motion measurement in joints

Hip and ankle joint — measurements were performed with a metal goniometer according
to the recommendations of Haladova & Nechvatalova (2010). Seven movements were
measured in the hip joint: flexion with the knee extended, flexion with the knee flexed,
extension, abduction, adduction, external and internal rotation, and in the ankle dorsal
and plantar flexion. Although the validity and reliability of this method of testing joint
ROM is controversial, it can be said that if the assessment is performed by an experienced
and the same therapist, under the same conditions and with the same instrument, it is
a relatively reliable tool for measuring ROM (Berryman Reese & Bandy, 2024; Boone et
al., 1978; Gandbhir & Cunha, 2020).

Knee to wall test — is a reliable tool for assessing dorsiflexion ROM in the ankle.
Performed against a wall, the athlete is instructed to attempt to touch the wall with the
knee while keeping the heel on the ground, and the distance between the toe and the wall
is measured with tape measure (Powden et al., 2015). According to Horschig (2015), the
result of this test must be at least 5 inches (12.7 cm) for the athlete to reach full squat
depth.

Other supporting examinations

Examination of the pelvic ligaments — the sacroiliac, iliolumbar, and sacrotuberous
ligaments are examined. During the examination, the ligaments are stretched over the
lever of the lower limb, and in the case of the sacrotuberous ligament, direct palpation is
performed. The purpose of the examination is to rule out pain in the ligaments, which is
often associated with other disorders of the lumbar spine, pelvis, sacroiliac joint and hip

joints (Kalisko & Jezkova, 2019; Rychlikova, 2016).

The Sacroiliac Joint Special Test Cluster (Cluster of Laslett) — the purpose of this testing

is to rule out structural pathology in the pelvis/sacroiliac joint. The battery includes five
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specific tests, and if three or more are positive, this indicates dysfunction in the
pelvis/sacroiliac joint. Sensitivity of this cluster is 88% and specificity is 78% (Laslett,

2008; van der Wurff et al., 2006).

Assessing Muscle Length — the following muscles were assessed according to Janda et
al. (2004): hip flexors, hamstrings, hip adductors, piriformis muscle, and triceps surae
muscle. Scoring is on a three-point scale of 0-2, 0 = no shortening, 1 = mild shortening,

2 = severe shortening.

Muscle Strength Testing — flexion and extension movements of the hip joint have been
tested in accordance with Janda et al. (2004) and Trendelenburg sign, and its difficult
variant (standing with feet together, holding participant's shoulders) was used to identify
the weakness of the hip abductors. Scoring of Janda test is on a six-point scale of 0-5,
0 =no movement or flicker, 1 = flicker of movement, 2 = full ROM actively with gravity
counterbalanced, 3 = full ROM actively against gravity, 4 = full ROM actively
against some resistance, 5 = full ROM actively against strong resistance. The purpose
of this testing was to rule out neurological deficits in the enrolled participants (Hardcastle
& Nade, 1985; Naqvi & Sherman, 2023). Both muscle length and muscle strength must
be performer by skilled clinician in order to improve the reliability of the testing

(Berryman Reese & Bandy, 2024).

Diagnostic Tests of the Deep Stabilization System (core) — are part of the Dynamic
Neuromuscular Stabilization concept and their goal is to detect dysfunction or imbalance
in the human body's stabilization system, or to find pathology in the area of so-called
trunk stabilization (Kolaf et al., 2020; Schlegel, 2024). The following tests were used: the
diaphragm test, the hip flexion test, the hip extension test, and the squat test to detect
inadequate trunk stabilization function. In the squat test, the following parameters were
also monitored: squat depth, occurrence of PPT (used to divide the participants
into experimental and control groups), occurrence of varus/valgus knee position, and heel

off the ground.
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3D kinematic motion analysis using Qualisys system and Functional Assessment

module

Objective assessment of complex movements such as the squat is essential, as unbiased
results cannot be achieved by mere visual or verbal assessment (Falk, 2021; Nielsen,
2015; O’Reilly, 2017). For example, according to Falk (2021), PPT during squatting must
be at least 34° to be visually detectable, and it is not possible to determine how much PPT
is already above or below the physiological norm based on visual inspection alone.
Maclachlan et al. (2015) add that when squats are performed slowly and in a controlled
manner and only dichotomous verbal scores are used, a sensitivity of 88%
and a specificity of 85% can be achieved. It is also important to define the body segments
correctly, as if they are defined in different ways, this can lead to an overestimation of the
data obtained by up to 30-50%, as has been found for hip extensor force moments
with two differently defined hip joints (Blache et al., 2013). The Qualisys system has also
been used in other squat research (Choe et al., 2021; Nielsen, 2015; Sinclair et al., 2017;
Southwell et al., 2016).

A total of 38 markers were applied to the participant's body and an additional 3 markers
were placed on the hat (Figure 2) The markers were applied according to the
recommendations of the Functional Assessment Module (Appendix D) and the palpation
and marking of the bony landmarks was performed according to Sint Jan (2007).
To ensure that the markers could be applied in the same location, the position of each

marker was labeled with three dots using a pen prior to removal (Figure 3).

49



Figure 2

Location of markers front and back

Figure 3
Markers labeling
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11 Oqus cameras were used for data capture (specifically: 5x Oqus 300, 4x Oqus 300+,
2x Oqus 310+) with 100 Hz capture rate. Data collection was performed exactly
as recommended in the Functional Assessment module. First was the static and functional
session, which consisted of two assessments: standing and standing with repeated mild
knee flexion. This was followed by a squat session in which each participant performed
two sets of bodyweight squats of seven repetitions each. The first set was used
for familiarization with the data capture and was not included in the data analysis. The
second set was already included in the data analysis, but the first repetition of the squat
was not included. Thus, a total of six preintervention and six postintervention squat

repetitions were processed. There was a 45 second rest period between each trial.

The instructions for the participants to perform the squat were as follows: stand at pelvic
width, squat smoothly to the maximum depth the participant can comfortably manage, do
not bounce or pause at the bottom, and then return to the starting position. The arms were

held at shoulder level at all times.

4.5 DATA ANALYSIS

4.5.1 DATA PROCESSING FROM 3D KINEMATIC MOTION ANALYSIS

The first stage was to tag all the markers in the software Qualisys Tracking Manager
(version 2023.3). This was followed by starting the automatic processing in the Visual3D
Professional software (version 2024.09.1). A pipeline (Figure 4) was then manually

created to mark the following points on the pelvic curve (Figure 5) in the sagittal plane:
e Blue point — initial position of the pelvis before squat
e Red point — maximum anterior pelvic tilt during the descending phase of the squat
e Khaki point — pelvic position at maximum squat depth
e QGreen point — pelvic position at 90° right hip flexion

e Pink point — pelvic position at 90° of left hip flexion
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Figure 4
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The pelvic curve is defined as the motion of a pelvis segment (Figure 6) relative to the
global coordinate system of the laboratory (in Figure 5, this is the y-axis called
,Pelvis wrt Lab::X*). The CODA pelvis segment model is used and is defined by using
the anatomical locations of both ASIS and the midpoint of the PSIS location.
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Figure 6
CODA pelvis segment

L=ft ASE

Source: (Coda Pelvis, 2024)

Thus, a total of six values (six squat repetitions) were obtained for each participant before
exercise intervention and another six after exercise intervention. The following data were

used for statistical analysis:
1. Initial position of the pelvis before squat (blue point)

2. PPT ROM during descending phase of the squat (difference between pelvic
position at maximum squat depth — khaki point, and maximum anterior pelvic tilt

during the descending phase of the squat — red point)

4.5.2 STATISTICAL ANALYSIS

Descriptive statistics (mean, standard error, median, mode, standard deviation, minimum,
maximum, count) and frequency distribudtion (frequency, percent, cumululative percent)
was used to analyse the data from the initial physiotherapy examination. These basic

analyses were performed in Microsoft Excel (version: Professional Plus 2019).

The R software (version: 4.4.0) was used to analyse the 3D kinematic motion analysis
data and to test the hypotheses. Restricted Maximum Likelihood (REML) analysis

of linear mixed models was performed both for fixed (time = pre- and post-intervention
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condition, group = experimental and control) and random effects (participant), residuals
normality analysis was performed after each REML analysis, and these results are
displayed with in Q-Q plot and histogram. Repeated measures analysis of variance
(rANOVA) was also use in specific cases. Statistical significance was set at the

conventional 0.05 level.

The first analysis carried out was a mixed model for the dependent variable (PPT ROM)
with no difference in squat repetition order with the random effect (participant), first

with interaction and then without interaction.

Subsequently, rANOVA with differentiation of squat repetition order was performed
(works with all independent variables as factors, so it is not possible to examine a linear
dependence on squat repetition order; used factors: time, group, repetition, group:time,
group:repetition, time:repetition, group:time:repetition) and then a mixed model was
implemented. This model considers repetition as a numerical variable and follows a linear

dependence on it.

Lastly, mixed model with random effect (participant) was used to assess the dependence
of the PPT ROM on the initial pelvic position (first without the time factor). And then the
same model was used for the values obtained before the exercise intervention only,

for both groups.
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5 RESULTS

5.1 BASELINE DATA FROM ENROLLED PARTICIPANTS

The basic characteristics of the included participants follow in Table 2, 3, 4, 5.

Table 2

Experimental group basic characteristics

Age Height Weight .
Number Sex (years) (cm) (kg) Laterality
1 M 25 182 80 Right
2 F 21 176 73 Right
3 F 26 168 59 Left
4 M 21 192 80 Right
5 M 22 188 80 Right
6 F 23 172 81 Right
7 M 28 192 90 Right
8 F 52 163 74 Right
9 F 20 157 63 Right
10 M 46 188 110 Left
11 M 36 190 85 Right
12 F 26 167 78 Right
13 M 22 182 79 Right
14 M 23 186 105 Right
15 M 22 176 80 Right
16 F 22 170 59 Right
17 M 27 171 66 Right
18 M 25 178 70 Right
19 F 21 160 58 Right
20 F 20 165 55 Right
21 M 22 178 85 Right
22 M 19 182 82 Right
23 M 21 184 76 Right
Notes:
M = Male
F = Female
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Table 3

Experimental group pelvis and squat characteristics

Number

Initial pelvis position

Squat depth

Posterior pelvic tilt

1 PAPT Slightly below parallel Right at parallel
2 PPT Slightly below parallel Above parallel
3 Torsion Slightly below parallel Above parallel
4 PAPT Slightly below parallel Right at parallel
5 PAPT Slightly below parallel Right at parallel
6 IAPT Slightly below parallel Right at parallel
7 PAPT Parallel Above parallel
8 PAPT + OLD Parallel Above parallel
9 IAPT Slightly below parallel Right at parallel
10 IAPT Parallel Right at parallel
11 PAPT + ORD To the ground Right at parallel
12 PAPT + OLD Slightly below parallel Right at parallel
13 PPT + OLD Slightly below parallel Right at parallel
14 PAPT Slightly below parallel Right at parallel
15 PPT Slightly below parallel Right at parallel
16 PAPT + OLD Slightly below parallel Right at parallel
17 IAPT + OLD Parallel Right at parallel
18 PAPT Slightly below parallel Right at parallel
19 IAPT + OLD Slightly below parallel Right at parallel
20 PAPT Slightly below parallel Right at parallel
21 PAPT Parallel Right at parallel
22 PAPT Slightly below parallel Right at parallel
23 PAPT + OLD Slightly below parallel Right at parallel
Notes:

PAPT = Physiological anterior pelvic tilt
IAPT = Increased anterior pelvic tilt
PPT = Posterior pelvic tilt

OLD = Oblique to the left downwards
ORD = Oblique to the right downwards
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Table 4

Control group basic characteristics

Height Weight .
Number Sex Age (cm) (kg) Laterality

24 F 24 160 56 Right
25 F 21 164 56 Right
26 M 22 179 88 Right
27 F 22 161 50 Right
28 F 20 167 55,5 Right
29 F 23 163 60 Right
30 M 25 173 78 Right
31 F 25 175 56,5 Right
32 F 55 175 75 Right
33 M 46 183 79 Right
34 M 21 178 67 Right
35 M 22 173 86 Right
36 F 42 170 72 Right
37 F 25 173 65 Right
38 F 22 165 60 Right
39 M 21 168 75 Right
40 F 22 165 52 Right
41 M 29 176 76 Right
42 F 27 180 72 Left

Notes:

M = Male

F = Female
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Table 5

Control group pelvis and squat characteristics

Number | Initial pelvis position Squat depth Posterior pelvic tilt
24 PAPT Below parallel Below parallel
25 PAPT Below parallel Below parallel
26 PAPT + OLD Below parallel Below parallel
27 PAPT To the ground Below parallel
28 PAPT To the ground Above ground
29 PAPT Below parallel Below parallel
30 PAPT Below parallel Below parallel
31 PAPT To the ground Below parallel
32 PAPT + OLD Below parallel Below parallel
33 PAPT To the ground Above ground
34 PAPT + OLD To the ground Above ground
35 PAPT To the ground Above ground
36 PAPT + OLD To the ground Above ground
37 PPT To the ground Below parallel
38 IAPT + OLD Almost to the ground Below parallel
39 PAPT + OLD Almost to the ground Below parallel
40 PAPT To the ground Above ground
41 PAPT + OLD To the ground Above ground
42 IAPT + ORD Almost to the ground Below parallel

Notes:

PAPT = Physiological anterior pelvic tilt
IAPT = Increased anterior pelvic tilt
PPT = Posterior pelvic tilt

OLD = Oblique to the left downwards
ORD = Oblique to the right downwards

5.2 RESULTS OF THE INITIAL PHYSIOTHERAPY

EXAMINATION

Hip joint range of motion

All participants (regardless of group) showed physiological ROM. Only flexion
and abduction movements showed values at the lower limits of physiological ROM. See

Appendix E for complete descriptive statistics.
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Ankle joint range of motion

All participants (regardless of group) showed physiological ROM. Only plantar flexion
movement showed values at the lower limits of physiological ROM. See Appendix F

for complete descriptive statistics.

Examination of the pelvic ligaments

The results of this examination are virtually free of adverse findings, with 85-100%
of participants, regardless of group, being free of any pathology. See Appendix G

for complete frequency distribution.

The Sacroiliac Joint Special Test Cluster (Cluster of Laslett)

Pelvic/sacroiliac joint dysfunction was ruled out in all participants, because no participant
had three or more positive tests. Only one participant in experimental group had two

positive tests.

Assessing Muscle Length

In both groups, the hamstrings and rectus femoris muscle showed the greatest shortening
(80—85% of participants), followed by the tensor fasciae latae (40-50% of participants).
The remaining muscles, the hip adductors, piriformis muscle, triceps surae muscle,
and iliopsoas muscle, showed almost no shortening. See Appendix H for complete

frequency distribution.

Muscle Strength Testing

Nearly all participants demonstrated hip flexion and extension strength at levels
4+ and 5. There was no pathology in the Trendelenburg sign, but in its more difficult
version, 50-75% of participants showed poor execution regardless of group. See

Appendix I for complete frequency distribution.

59



Diagnostic Tests of the Deep Stabilization System (core)

Virtually every participant, regardless of group, had some amount of pathology in these
tests. The biggest problem was the hip flexion test (up to 85% of participants had poor
execution), followed by the diaphragm test (40-60% of participants with poor execution)
and the hip extension test (25-50% of participants with poor execution). See Appendix

J for complete frequency distribution.

5.3 RESULTS OF THE 3D KINEMATIC MOTION ANALYSIS

5.3.1 MAIN HYPOTESIS

No statistically significant difference was found in the mixed model with interaction
(p = 0.89) nor in the mixed model without interaction (p = 0.42). In other words, the
exercise intervention did not affect the total PPT ROM during the descending phase
of the squat for individual participants. This fact is well illustrated in Figure 7, where the
individual participants, the means for the groups (experimental and control), and the
differences between before and after the exercise intervention are shown. The normality
of the residuals was met for both models (Figure 8 and 9). A borderline of statistical

significance was found between the groups (p = 0.06).

Figure 7
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Figure 8

Residuals normality for model with ineraction — Q-Q plot
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Figure 9

Residuals normality for model without ineraction — Q-Q plot
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The results of TANOVA with squat repetition order distinction show a significant
difference in the repetitions (p < 0.001) and a borderline of statistical significance was
found between the groups (p = 0.06). No other factors were found to be statistically

significant. Using a mixed model that takes into account the order of repetition, the effect
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of repetition is again found to be statistically significant (p < 0.001), and the significance
of the group is again borderline (p = 0.07). The normality of the residuals was met (Figure

10).

Figure 10

Residuals normality for analysis with squat repetition order distinction — Q-Q plot
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Figure 11 and 12 show very well the differences in individual squat repetitions,
distinguishing between experimental and control groups and between pre- and post-

intervention conditions.
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Figure 11

Differences in individual repetitions of squats — Control and experimental group
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5.3.2 SECONDARY HYPOTESIS
Using a mixed model with random effect (participant) and looking at the relationship
between PPT ROM and initial pelvic position, no statistically significant relationship was

found (p = 0.13). The normality of the residuals was met (Figure 13).

Figure 13

Residuals normality for analysis with squat repetition order distinction — Q-Q plot
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Using the same model, but only with data from before the exercise intervention, the
relationship between the PPT ROM and the initial pelvic position is even smaller,
1.e. again not statistically significant (p = 0.77), and the significance of the group is again
borderline (p = 0.06). To give an idea of the data distribution, the following scatter plot
is used (Figure 14).
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Figure 14

Relationship between initial pelvic position and total PPT ROM before exercise

intervention
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6 DISCUSSION

6.1 DISCUSSION OF RESULTS, HYPOTHESES
AND LIMITATIONS OF THE THESIS

The main goal of this thesis was to objectively assess the immediate effect of the exercise
intervention on the total pelvis ROM in the sagittal plane with the assumption that the
exercise intervention will reduce PPT ROM during the descending phase of the squat.
Unfortunately, the results of this thesis do not support this main hypothesis, nor do they
support the secondary hypothesis.

If we look at the results of the main hypothesis of this thesis, specifically Figure 11
and 12, we can see a trend where PPT ROM decreases in the experimental group after the
intervention and also in the control group, but to a lesser extent. However, these changes
of about 0.5° are obviously not statistically significant and I dare say that they are at the
limit of measurement uncertainty. This brings me to the first limitation of this thesis,
which is the use of 3D kinematic motion analysis. Although this is a relatively widely
used (Choe et al., 2021; Nielsen, 2015; Oshikawa et al., 2021; Sinclair et al., 2017;
Southwell et al., 2016) valid and reliable tool for motion objectification (Maclachlan et
al., 2015), some errors cannot be completely avoided. The reliability of the measurements
was ensured by labeling the marker placement with a pen (Figure 3). So I don't see
a problem in that area, but the main concern could be poor palpation of the bony
landmarks (ASIP, PSIP, and iliac crest) necessary to define the CODA pelvis segment.
Although the palpation was performed according to the generally accepted
recommendations (Chaitow, 2017; Gross et al., 2023; Lewit, 2024; Rychlikova, 2021;
Sint Jan, 2007) and the author of this thesis is quite experienced in this palpation, one can
never completely exclude the possibility of an incorrect palpation of the given landmarks.
Because, as stated in Malanga & Mautner (2017), this examination has low specificity
and repeatability (this negative was eliminated by the fact that the palpation was done
only once), but it is still an absolute basis in the examination of the patient. Even if the
palpation was off by a few millimeters, this could change the defining the pelvic segment
and therefore affect the PPT ROM data obtained (but probably in the lower units
of angular degrees). A theoretical recommendation for further research could be the use

of other objectification methods that do not rely on subjective perceptions but are truly
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objective - e.g. x-ray or dynamic magnetic resonance imaging, but the disadvantage

of these methods is the high cost and radiation exposure to the patient.

The second limitation I find is in the squat initial settings and its execution. Several
authors suggest that a wider stance during squatting can alter PPT ROM (Escamilla et al.,
2001; Lorenzetti et al., 2018; McKean et al., 2010; Nielsen, 2015; Swinton et al., 2012;
Svejcar & Stastny, 2013). However, since it is commonly stated that the typical execution
of the squat is a pelvic/hip/shoulder level stance width (Bertram, 2018; Diamond-Walker,
2019; Doll, 2024; Kral, 2017; Pavluch & Frolikova, 2004; Popowychova, 2023;
Schwarzenegger & Dobbins, 2018; Stoppani, 2016), the pelvic width stance execution of
the squat was investigated for this reason. Since participants were not measured for pelvic
width and were only verbally instructed to stand at pelvic width, it could theoretically be
that stance width was narrower than pelvic width, resulting in greater PPT ROM (this
conclusion has been reached by some of the research mentioned above). However, based
on visual inspection of stance width, I would venture to say that all participants were
indeed standing at pelvic width. Therefore, in future research, it would be desirable
to measure participants' pelvic width to avoid potential errors in the initial squat stance.
There is also the question of whether simply changing the stance width during squatting
is the right solution/approach to PPT without further investigation/clarification of the

causes of this phenomenon.

Related to the execution of the squat is the fact that individual repetitions were not
consistent, as can be seen in Figures 11 and 12, respectively, that there was even
an increase in PPT ROM with each subsequent repetition. The reason for this may be that
the instructions to perform the squat were only verbal: stand at pelvic width, squat
smoothly to the maximum depth that you can comfortably manage, do not bounce
or pause at the bottom, then return to the starting position and the arms must be held
at shoulder level at all times. This may have caused each squat depth to be different, each
starting position to be different, and the duration of each descending/ascending phase
to be different. A possible solution for future research on this topic is the use
of metronome-like aids (which was used e.g. in the study by Erman et al. (2023)
to standardize execution or introduce a specific pause between each repetitions,
and possibly the use of a box or other aid to accurately define the squat depth. This should
make the repetitions and the data obtained more consistent. On the other hand, this is

an artificial interference with the participant's own squat execution, and it is a matter

67



of consideration whether to study a precisely defined squat execution or a natural way
of performing the squat. Also, when we look at the PPT ROM in the experimental and
control groups (see Figures 11 and 12), we see that paradoxically, the control group has
a greater PPT ROM than the experimental group. The likely reason for this could be that
a significant number of participants in the control group had a greater squat depth than
the experimental group (see Tables 3 and 5). Thus, this finding may support my point

above that squat execution should be clearly standardized in terms of squat depth.

Motor learning and the effect of fatigue might be the third limitation of this thesis. Motor
learning, or sensorimotor learning, is generally defined as a four-step process associated
with practice or experience that results in relatively permanent changes in a skill. Another
definition describes motor learning as an activity designed to learn or modify a previously
learned movement (Schmidt & Lee, 2011; Shumway-Cook & Woollacott, 2000). Thus,
the exercise intervention used may have failed for two reasons. The first is the fact that
it was not checked whether the participants had completely mastered the included
exercises. This fact is very important because the first step in motor learning is the
generalization phase, which is characterized by high expenditure of energy
and concentration (Vilimova, 2009). Therefore, in theory, fatigue could increase
during/after the exercise intervention and consequently affect the execution of the squat.
On the other hand, if we look at the research by Weeks et al. (2015), fatigue only occurred
to alter the execution of the squat after several hundred repetitions of bodyweight lunges.
A similar study was conducted by Erman et al. (2023), where fatigue that significantly
altered joint kinematics occurred after performing 72427 bodyweight squats. So it is
probably very unlikely that a total of 28 squat repetitions (14 before the intervention
and 14 after the intervention) and 15-20 minutes exercise intervention would cause such
a significant increase in fatigue to alter the execution of the squat. Thus, a future solution
might be to first have a few days of familiarization with the exercise intervention in order
to teach the exercises to the participants, but the question is whether these few days
of familiarization are not a targeted intervention itself and will not affect the results of the

immediate effect of the exercise intervention.

The second fact may be that only two exercises directly applicable to squat execution
(ball wall squat and overhead squat) were included in the exercise intervention, the rest
was aimed more at influencing posture or awareness of one's body in space. We know

that performance in the squat is to some extent transferable to other sports such

68



as sprinting or jumping (Chelly et al., 2009; Choe et al., 2021; Styles et al., 2016).
However, the question is whether the exercise intervention included is transferable
to squat performance/technique. According to Mang et al. (2022), both bilateral exercises
(hip thrusts) and unilateral exercises (rear foot elevated split squat) are transferable
to squat performance. In this context, it is possible to mention the intensity of the included
exercise intervention. As can be seen from Table 1 and the following description of the
exercises, these are bodyweight exercises. Therefore, it can be concluded that this is
a relatively low intensity exercise intervention and it is questionable whether this low

intensity can produce any immediate changes.

And this brings me to the fourth limitation of this thesis, and that is the intensity of used
exercise intervention and the time for which the effect of the exercise intervention has
been studied, which is about 20 minutes. When we look at studies that address pelvic
and trunk issues and the immediate effects of exercise interventions, we find mostly
positive results outcomes regardless of the level of training of the participants. These
studies have used a wide range of exercise interventions, from stretching (Kadono et al.,
2017) to isometric exercises (Akeay et al., 2024; Huang & Kim, 2022; Lee & McGill,
2016; Rio et al., 2015) to traditional dynamic exercises (Gluppe et al., 2020; Imai et al.,
2016). However, the vast majority of research has used at least four and usually up
to eight weeks of exercise intervention at a frequency of three times per week (Ebrahimi
et al.,, 2015; Elborady et al., 2023; Gandolfi et al., 2019; Shin et al., 2022; Zarei
& Norasteh, 2021). In terms of intensity, there is research that looks at low-intensity,
high-repetition exercise interventions. However, the intensities used are often in the range
of 30-50% of 1RM and few use pure bodyweight equivalent loads. The results of such
research suggest that even low intensity can affect the outcome in 1RM, increasing
1sometric strength and increasing the amount of muscle mass (Ikezoe et al., 2020; Usui et
al., 2016), and it also affects blood flow (Briceno-Torres et al., 2023). However, all
of these studies followed participants again for several weeks. Other studies have
examined an exercise intervention using bodyweight squats in the elderly population. The
results of these studies suggest that performing several bodyweight squats per day for 3—
4 months could improve lower limb function, as well as performance in physical
functional tests related to ADL and could slightly change neural activation (Hirono et al.,
2023; Yoshiko & Watanabe, 2021). Thus, it can be concluded that low-intensity exercise

intervention has an effect, but usually with a longer time interval, and although immediate
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changes can occur even after a short exercise intervention, it is probably necessary
to make the exercise intervention more specific to squatting, and this is what I would

recommend for further research.

And it is the group of participants that brings me to the next, fifth limitation of this thesis.
The research sample consisted of a relatively small number of participants who were also
completely free of health problems, but more importantly, had at least one year
of squatting experience, which could have significantly influenced the results of this
thesis. If these were beginners just starting out with strength training, the results may have
been different. The same can be said if participants have health problems, typically low
back pain, as there is a huge amount of research on this topic and we know that changes
in movement behaviour/stereotypes do occur after interventions. Where we know,
for example, that stabilization exercises targeting the trunk and pelvic area can reduce
pain, increase muscle strength and improve stability (Mun et al., 2022), we also know
that low-intensity aerobic activity along with strength training and mobility training is
an appropriate treatment for chronic non-specific low back pain (Gordon & Bloxham,
2016) and may even affect the central nervous system in terms creating plasticity changes
in the motor system, which in turn affects pain perception and disability levels in patients
with chronic non-specific low back pain (Li et al., 2022), and stabilization exercise
intervention can also reduce kinesiophobia (Filipczyk et al., 2021). However, it is
questionable whether it would be appropriate to examine the effect of the exercise
intervention on PPT ROM in participants with low back pain, since, as noted in the
theoretical background (Lui et al., 2018; Luomajoki et al., 2008; Saraceni et al., 2021;
Sung, 2013; Vazirian et al., 2016a, 2016b), these participants often exhibit different
movement strategies and subsequent comparison of results with a control group would
likely be quite challenging, or perhaps a change in overall pelvic segment behavior could
be identified in the experimental group. This leads to a very cautious recommendation
for further research, namely to compare the pelvic segment behavior of healthy
participants (control group) with the pelvic segment behavior of participants with back

pain (experimental group).

There is also a sixth limitation related to the participants and that is the way the
participants were divided into experimental and control groups. When participants were
divided based on the occurrence of PPT during squatting, there were still significant

differences in pelvic position during standing. Therefore, it may have been more
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appropriate to divide the participants not only on the basis of the occurrence of PPT,
but also on the basis of their pelvic position during standing and possibly by gender
(man/woman). This is because the general recommendation is that participant groups
should be as homogeneous as possible (Martinez-Mesa et al., 2016), and in the case
of this thesis, homogeneity was only partially established based on the distribution
according to the occurrence of PPT. A second factor in why the results of the thesis came
out this way may be that sample size calculation and power analysis were not performed,
which some authors have stated (Suresh et al., 2011; Serdar et al., 2021) is necessary
in biological research. However, due to the very limited amount of research available
on the topic of this thesis, it was not possible to calculate the parameters from. Thus,
a possible flaw in this thesis is the fact that pilot study was not conducted to determine
sample size and power analysis, so for future research I would recommend that pilot study
be conducted on a smaller number of participants and then use these results to determine
sample size and power analysis, or the results of this thesis (and can therefore theoretically
be regarded as a pilot study in this area) could also be used to determine sample size

and power analysis.

A secondary hypothesis was that participants with greater anterior pelvic tilt in standing
would also have greater PPT ROM. This hypothesis is based on the opinion of several
authors (Boyce, 2018; Henoch, 2014; Masi, 2020). Why this hypothesis was not
confirmed is difficult to determine. A possible explanation may be found in one of the
concepts of manual medicine (Tichy, 2014), which states that if we have a starting joint
position that is moved in one direction (in this case, greater anterior pelvic tilt in standing
position), the overall ROM in the joint does not change, but the sub-movements do,
by increasing the ROM in the direction of the misalignment (in this case, increasing the
anterior pelvic tilt ROM in the descending phase of the squat) and decreasing the ROM
in the other direction (in this case, decreasing the PPT ROM in the descending phase
of the squat). In the results of this thesis, I only reported the mixed model result for this
secondary hypothesis (p = 0.13 and p = 0.77 using only the ,,before* data), but a simple
correlation was also performed with a result of -0.26, and using the Spearman rank
correlation coefficient (due to the non-normality of the data) the result was similar
at -0.29. These negative values actually say that there is a relationship between initial
pelvic position and PPT ROM, but it is exactly the opposite of what was hypothesized

in this thesis, i.e., as the value of pelvic curvature increases (greater anterior pelvic tilt),
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PPT ROM decreases. Again, I have no explanation for this phenomenon, but one study
(Harada et al., 2022) found similar results, but in patients after total hip arthroplasty,
where PPT at maximum hip flexion was significantly correlated with pelvic tilt

at minimum hip flexion (standing position).

The second to last thing I want to mention is the anatomical predispositions of the
individual participants. Several authors (Boyce, 2018; Henoch, 2014; Lau, 2022; Phili,
2023) state that not everyone is capable of performing the deep squat correctly.
As a physiotherapist I can only agree. Due to the fact that the participants did not undergo
radiographic examination, changes in the femoral angles, which can significantly affect
the range of motion and the stereotype of the movements performer (Cihak, 2011;
Dylevsky, 2021; Muscolino, 2023; Pirola, 2024), cannot be ruled out with certainty.
Therefore, I would consider including imaging examinations (typically x-rays) to rule out
congenital changes in the femoral angle and possibly to rule out FAI, which is known
to alter the movement pattern of the squat (Bagwell et al., 2016; Catelli et al., 2018, 2021;
Kolber et al., 2018; Yoshimoto et al., 2018). There are clinical tests to rule out FAI
(Chladek, 2016; Rychlikova, 2019) that were not used in this thesis, which may be
another limitation of this thesis. However, the included participants showed almost
physiological ROM in all hip movements, so it is questionable whether the inclusion
of these tests is entirely necessary. Nevertheless, I believe that the initial physiotherapy
examination carried out in this thesis is more than sufficient and could theoretically serve

as a model examination for further research or clinical practice.

The last thing I want to address is whether PPT exists at all. In the theoretical background
it is said that PPT is a phenomenon that accompanies the hip flexion practically from the
beginning (Bohannon, 1982; Bohannon & Bass, 2017; Dewberry et al., 2003; Murray et
al., 2002) and some might argue that it is a normal thing that belongs to the execution
of the squat or hip flexion itself. In my opinion, this is quite possible, because the pelvis
shows a movement into anterior pelvic tilt and then into PPT during the descending phase
of the squat (and during the ascending phase, the pelvic movements are in reverse order,
as can be seen in Figure 5). A similar finding, i.e. that the pelvis exhibits both movement
into anterior pelvic tilt and PPT, has been reported in other research (Brekke et al., 2021;
Edington, 2017; Grant et al., 2024; Hara et al., 2014; Hoogenboom et al., 2023;
Komiyama et al., 2018; Sinclair et al., 2017; Weeks et al., 2015), but because each time

a different data collection system (3D kinematic motion analysis from various
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manufacturers or x-ray) and a different squat variant is used (e.g. squatting on one leg,
standing up from a squat, etc.), the results are very heterogeneous and practically
incomparable to the results of this thesis. The pelvic kinematic curves of this thesis most
closely match those of the following research: Brekke et al. (2021), Edington (2017),
Sinclair et al. (2017), Weeks et al. (2015). However, because the effect of the exercise
intervention on PPT ROM was not primarily investigated in these studies, no definitive
conclusion can be drawn. And since nowhere is it defined what PPT ROM is
physiological and what is not, the research question of how PPT ROM is affected and its

consequences is still valid in my opinion.

6.2 IMPORTANCE AND RELEVANCE OF THE RESEARCH

Despite the results and some limitations of this thesis, [ am still convinced that addressing
the issue of PPT during squat is still a current topic because the amount of research done
on this topic is scarce and information must be derived indirectly from other research
subjects. Thus, this thesis could motivate someone to delve more into the issue of PPT
during squat and clearly determine how to approach and address this issue based
on different examinations, variables or parameters. In the same way, I think that in today's
world of evidence-based medicine, it's very important to have an objective examination
in physiotherapy and also an objective evaluation of physiotherapy results, not necessarily
with 3D kinematic motion analysis, but with other tools/instruments as well. This is the

only way to have a targeted and precisely dosed intervention.
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7 CONCLUSION

Working on this dissertation was a very interesting experience, but also quite frustrating
due to the small number of sources dealing with this particular topic, so information often

had to be derived indirectly from other areas of research.

In my opinion, the goal of this thesis was achieved, although the hypotheses of the thesis
were not confirmed. Nevertheless, I still believe that proper exercise intervention for PPT
during squatting is a possible solution, provided the athlete is not limited by innate
anatomical predispositions and a comprehensive examination has been performed

to uncover the possible cause of PPT.

This thesis is, in my opinion, one of the few publications that have addressed the issue
of PPT during squatting, and I would be very pleased if someone else would build on this

work and clearly identify the causes and solutions to PPT during squatting.
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sbirana pouze nasledujici data: vék, pohlavi, povoléni a odpovédi na otizky v dotazniku. Béhem 2. a 3. fize vyzkumu
budou sbirdna nasledujici data: vék, pohlavi, vyska, hmotnost, maximélni silovy vykon v dfepu pro jedno opakovani (1
RM). Tato data poslouzi pouze k popisné statistice vyzkumného souboru. Vedkera sbirani data budou bezpetns
uchovana na heslem zajidténém pocitadi v uzaméené kancelafi fesitele, piistup k nim bude mit pouze feditel. Kazdy
ucastnik bude mit pridélen ¢iselny kod. :

Uvédomuji si, Ze text je anonymizovan, neobsahuje-li jakékoli informace, které _]ednotlwé & ve svém souhrnu mohou
vest k identifikaci konkrétni osoby — budu dbat na to, aby jednotlivi u¢astnici nebyli rozpoznatelni v textu prace. Osobni
data, kterd by vedla k identifikaci ucastniki vyzkumu, budou do 1 dne po testovani anonymizovana. Ziskana data budou
zpracovivéana, bezpetné uchovana a publikovana v anonymni podobé v disertaéni préci, v odbornych &asopisech,
pfipadné v ulozistich dat, monografiich a prezentovana na konferencich, pfipadng budou vyuZita pfi daldi vyzkumné
préaci na UK FTVS.

Pofizovani fotografii/videi/audio nahravek uéastnikii:

Béhem vyzkumu budou pofizovany fotografie a videozdznam pro tfely nizorné ukdzky provedeného testovani a
terapie s probandy a také pro porovnini pohybu panve pred intervenci a po intervenci.

Fotografie: Anonymizace osob na fotografiich bude provedena zaternénim/rozmazanim obli¢ejii ¢i Casti téla, znak,
které by mohly vést kidentifikaci jedince. Neanonymizované fotografie budou bezpetné uchovany na heslem
zajiSténém potitati v uzamené kancelafi fesitele, pfistup k nim bude mit pouze Fesitel a budou do 1 dne po poFizeni
smazany, Publikovany budou pouze anonymizované fotografie.

Videa: Videa nebudou nikde publikovana, budou vyuZita pouze pro ucely feSitele projektu, videa budou nésledné
smazéna. Neanonymizovand videa budou bezpeiné uchovina na heslem zajisténém poéitadi v uzaméené kancelaii
feditele, pfistup k nim bude mit pouze fesitel fesitel a budou do 1 dne po skongeni vyzkumu smazana.

V maximélni moZné mife zajistim, aby ziskana data nebyla zneuzita.

Text informovaného souhlasu (IS): piilozen, zjednoduseny IS ve formé iivodu k dotazniku prilozen.

Povinnosti viech i¢astnikii vizkumu na strané fesitele je chranit Zivot, zdravi, distojnost, integritu, privo na sebeuréeni, soukromi
a osobni data zkoumanych subjektd, a podniknout k tomu veskera preventivni opatfeni. Odpovédnost za ochranu zkoumanych
subjektt lezi vzdy na ucastnicich vyzkumu na strané fesitele, nikdy na Lkoumdnych byt dali sviij souhlas k G¢asti na vyzkumu.
Viichni Gcastnici vy?kumu na stran¢ feditele musi brat v potaz etické, privni a regulaéni normy a standardy vyzkumu na lidskych
subjektech, které plati v Ceské republice, stejné jako Ly, jez plati mezinarodné.

Potvrzuji, Ze tento popis projektu odpovida navrhu realizace projektu a Ze pii jakékoli zméné projektu, zejména pouZitych metod,
zaslu Etické komisi UK FTVS revidovanou zadost.

V Praze dne: 2,11, 2021 Podpis predkladatele:

Vyjadreni Etické komise UK FTVS
SloZeni komise: PFedsedkyné&: doc. PhDr. Irena Parry Martinkové, Ph.D.

Clenové: prof. MUDr. Jan Heller, CSc. Mgr. Eva ProkeSova, Ph.D.
prof. PhDr. Pavel Slepicka, DrSc. Mgr. Tomas Ruda, Ph.D.
PhDr. Pavel Hrasky, Ph.D. MUDr. Simona Majorova
Projekt prace byl schvalen Etickou komisi UK FTVS pod jednacim &islem: ...... ! )! 4‘/ "‘Z{] ’{ / ..........

Etickd komise UK FTVS zhodnotila pfedlozeny projekt a neshledala rozpory s platnymi zasadami, predpisy a

mezindrodni smérnicemi pro provadéni vyzkumu zahrmujiciho lidské Gcastniky.

Regitel projektu spinil podminky nutné k ziskani souhlasu Etické komise UK FTVS,
ZITAKARLUVA 4

Wy a x;-'ﬁ;,‘r;'t:t! 7

podpis pfedsedkyne EK UK FTVS
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Dokument ¢. 1 k Zadosti o vyjadieni Etické komise UK FTVS:

Potvrzeni pracovisté o moznosti realizace vyzkumného projektu z hlediska

bezpeénosti i¢astnikd projektu a o moZnosti publikace nazvu pracovisté

Dokument pro Etickou komisi UK FTVS

Nazev pracovisté/obchodni firma: Fakulta zdravotnickych studii (FZS)
Univerzity J. E. Purkyné (UJEP) v Usti nad Labem

Odpovédnd osoba na pracovisti/statutdrni zistupce: doc. PhDr. Zdenék Havel, CSc.
Funkce odpovédné esoby: dékan FZS UJEP

Svym nize uvedenym vlastnoruénim podpisem potvrzuji, Ze na vy$e uvedeném pracovisti lze
realizovat projekt s nazvem ,,Retroverze pdnve pFi drepu, jeji objektivizace a maz?né FeSeni pomoci
pohybové intervence”, jemuZ bylo Etickou komisi UK FTVS pfidéleno j. ¢ 245/2021 a jehoz
hlavnim feitelem je Mgr. Ondiej Kalisko , pficemz tento projekt lze na vyse uvedencm pracovisti
provést s adekvatnim zajisténim bezpeénosti pro viechny uéastniky projektu, nebot’ dané pracovité
bude v priibéhu realizace projektu adekvatné vybaveno jak po materidlni, tak po odborné strance, a
dale zajisti, aby byly dodrZeny etické aspekty vyzkumu b&hem realizace vyzkumu. Déle potvrzuji,
Ze souhlasim/nesewdslestnr (nehodici se Skrinéte) s tim, aby byl nazev pracovisté/obchodni firmy
zvefejnén v ramei publikovani vysledki tohoto vyzkumu a to i v pfipadg, pokud by mél vysledek
vyzkumu negativni dopad na poveést pracoviit&/obchodni firmy.

V Usti nad Labem, dne 10. 11. 2021

Podpis odpovédné osoby/statutarniho orginu na pracovisti:

UNIVERZI‘I}'?J E. PURKYNE

v USTf

Fakulta srevori e
Vel hrad,ebmls

Razitko: st{nad Labem

doc. PhDr. 2dendk Have!, CSe.
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INFORMOVANY SOUHLAS

VézZeny pane, vaZena pani,

v souladu se Vieobecnou deklaraci lidskych prév, natizenim Evropské Unie & 2016/679 a zdkonem
&. 11072019 8b. — o zpracovéni osobnich (idaji a dalsimi obecné zavaznymi pravnimi predpisy (jakoz
Jsou zejména Helsinskd deklarace, pFijatd 18. Svétovym zdravotnickym shromdzdénim v roce 1964
ve znéni pozdgjSich zmén (Fortaleza, Brazilie, 2013); Zdkon o zdravotnich slutbdch a podminkdich
Jejich poskytovani (zejmeéna ustanoveni § 28 odst. 1 zdkona & 372/2011 Sb.) a Umluva o lidskych
pravech a biomediciné ¢ 96/2001, jsou-li aplikovatelné), Vis 7adam o souhlas s Vasi udasti ve
vyzkumném projektu na UK FTVS v rmci dizertatni price s nazvem Retroverze panve pii diepu,
Jeji objektivizace a moZné feSeni pomoci pohybové intervence provadiné na Fakulté zdravotnickych
studii (FZS) Univerzity J. E. Purkyné (UJEP) v Usti nad Labem, Katedie fyzioterapie a Laboratofi
pro studium pohybu.

i
2

Projekt bude probihat v obdobi od f{jna 2021 do kvétna 2023

Projekt je financovan z Interni grantové soutéZe Fakulty zdravotnickych studii Univerzity J. E.
Purkyné v Usti nad Labem, nazev projektu: Vliv fyzioterapie na vyskyt retroverze panve pfi
provadéni diepu

Cilem vyzkumného projektu je objektivizovat specificky pohyb pénve (retroverze) pii diepu a
pokusit se jej napravit pomoci pohybové intervence (zjiifovdn bude primarng okamZity efekt
intervence ale i efekt s odstupem 1, 2 a 3 tydni)

Zplisob zasahu bude neinvazivni, Budete provadét dfepy s riiznym zatiZenim (dfepy s vlastni
vahou az po dfepy s opakovanim, kdy maximalni zatdZ bude 80 % maximalniho silového
vykonu v dfepu), vZdy provedete 5 diepi, budete odpoivat 2 minuty a poté se zvysi zatéz. Pro
sbér bude vyuzito pofizeni videozdznamu a 3D kinematickd analyza, jejiZ princip spociva
v nalepen{ kuli¢ek (markerti) na Vase télo, které vysilaji signdl do kamer a Ize tak sledovat pohyb
téla v prostoru. Pokud budete nasledng zafazeni do dalsi faze vyzkumu, tak zde bude provadéno
fyzioterapeutické vysetfeni — palpagni vySetfeni panve (zjisténi polohy spina iliaca anterior
superior, spina iliaca posterior superior a crista iliaca), vydetfeni zkracenych struktur dle Jandy,
zméfeni rozsahu pohybu v hlezennim a ky&elnim kloubu pomoci goniometru, provedeni Neurac
testu v zdv&sném systému Redcord pro panev, ky&elni a kolenni kloub (Neurac test testuje silu
svalli v uzavieném kinematickém fetdzci.) Podle vysledku vydetieni Vam bude stanovena
individudlni terapie s cilem zjisténi okamzitého uéinku této terapie (ale i efektu s odstupem 1, 2
a3 tydni) na vyskyt retroverze panve — budete opét provadét dfepy s vy3e uvedenym zatizenim
a pro sbér dat opét poslouz{ videozaznam a 3D kinematick4 analyza.

Casova narognost projektu: provadéni dfepti a sbér dat pomoci videa a 3D kinematické analyzy
cea 60-90 minut. Pokud bude zafazeni do dal¥f faze vyzkumu tak vySetieni zabere cca 60 minut.
Terapie 30-60 minut a nové méfeni pfi provadéni dfept 60-90 minut. Méfeni s odstupem 1, 2 a
3 tydnii zabere opét 60-90 minut.

Béhem vyzkumu mohou nastat dvé rizika — riziko zranéni a padu ¢inky. Minimalizace rizika
zranéni: uastnici pfed sbérem dat absolvuji rozcvicen, které se bude skladat ze 4 sérif dfepii po
15 opakovani s vlastni vahou. Na rozevigeni bude dohliZet fegitel projektu (Mgr. Ondfej Kaligko)
a vedouci Laboratofe pro studium pohybu pti FZS UJEP Mgr. Marek Jelinek, Ph. D.
Minimalizace rizika padu ¢inky: ¢inka bude zajiténa ve specidlnim stojanu na dfepy a s
nakladanim &inky budou poméhat POMVEDI z fad studentii fyzioterapie. Na cely proces bude
opét dohliZet feitel projektu a vedouci Laboratofe pro studium pohybu pi FZS UJEP Magr.
Marek Jelinek, Ph. D. Sbér dat je neinvazivni a bezbolestny.

Projektu se nemohou ti¢astnit osoby, které v poslednich tfech mésicich trpéli bolestmi zad nebo
stale trpi

O bezpetnost pti vyzkumu se bude starat fesitel projektu — Mgr. Ondfej Kalisko, vedouci
Laboratofe pro studium pohybu — Mgr. Marek Jelinek, Ph. D. a studenti oboru fyzioterapie.
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9.

10.

11.

13;

Ptinosem tohoto vyzkumného projektu pro Vas bude to, Ze budete znt sviij pohybovy stereotyp
diepu, jestli je ¢i nenf patologicky.

Odména za Vasi ucast v projektu bude diagnostika Vageho zptisobu provedeni diepu a piipadna
ndprava pomoci pohybové intervence (fyzioterapie). Uastnikim vyzkumu nendle finanéni
odména.

Béhem vyzkumu budou sbirana nasledujici data: vék, pohlavi, vyska, hmotnost, maximalni
silovy vykon v dfepu pro jedno opakovéni (1 RM). Tyto data poslouzi pouze k popisné statistice
vyzkumného souboru. Veskera sbirand data budou bezpetn& uchovana na heslem zajiténém
poéitaéi v uzaméend kancelafi fesitele, pfstup k nim bude mit pouze fesitel. V pribéhu vyzkumu
budou potizovany fotografie a videozaznam pro udely nazorné ukazky provedeného testovani a
terapie s probandy a také pro porovnani pohybu panve pred intervenci a po intervenci.

o Fotografie:  Anonymizace osob na  fotografiich bude  provedena
zadernénim/rozmazinim oblicejii &i ¢dsti téla, znaki, které by mohly vést k
identifikaci jedince. Neanonymizované fotografie budou bezpetnd uchovany na
heslem zajisténém poditati v uzaméené kancelafi fesitele, pHstup k nim bude mit
pouze Feditel a budou do 1 dne po pofizeni smazany. Publikovany budou pouze
anonymizované fotografie.

o Videa: Anonymizace osob na videich bude provedena zaGern&nim/rozmazanim
obli¢ejil ¢&i Casti t€la, znakd, které by mohly vést k identifikaci jedince.
Neanonymizovana videa budou bezpetn& uchovéna na heslem zajidténém poéitadi v
uzamcené kancelafi fesitele, pfistup k nim bude mit pouze Fesitel a budou do 1 dne po
pofizeni smazany. Publikovany budou pouze anonymizovana videa.

8 celkovymi vysledky a zavéry vyzkumného projektu se miZete seznamit na emailové adrese
ondrej.kalisko@uijep.cz a po Usp&Sném obhgjeni dizertatni préce i v elektronické verzi préce,
ktera bude zvefejnéna v Digitalnim repozitati UK, odkaz zde: https://dspace.cuni.cz/

V maximalni moZné mife zajistim, aby ziskana data nebyla zneuzita.

Iméno a ptijmeni pfedkladatele projektu ..........c.cooecrvevvrnrrcemnesrrrecireeeesnee. POAPIS: oo

Jméno a piijemni hlavniho Fesitele a SPOIUFESItEIT .....vv.vvivereeeee e

ProhlaSuji a svym niZe uvedenym vlastnoru¢nim podpisem potvrzuji, Zze dobrovolné souhlasim
s ucasti ve vySe uvedeném projektu a Ze jsem mél(a) moznost si Fadné a v dostateéném &ase zvaZit
viechny relevantni informace o vyzkumu, zeptat se na vie podstatné tykajici se udasti ve vyzkumu a
7e jsem dostal(a) jasné a srozumitelné odpovédi na své dotazy. Byl(a) jsem pouden(a) o privu
odmitnout G€ast ve vyzkumném projektu nebo sviij souhlas kdykeli odvolat bez represi, a to pisemné
Etické komisi UK FTVS, ktera bude nésledng informovat predkladatele projektu. Dale potvrzuji, Zze
mi byl pfedéan jeden original vyhotoveni tohoto informovaného souhlasu.

Misto, dataim ...

Jméno a prijmeni GCastika ............cocecvververinerormrenciirerins. POAPIS! oo,
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APPENDIX E

Table 1

Experimental group hip joint range of motion — Descriptive Statistics — Part 1

Flexion with Flexion with Extension
extended knee flexed knee

L R L R L R
Mean 84.13 82.61 116.52 | 117.39 | 1435 | 14.13
Standard error 2.72 2.84 1.87 1.75 0.65 0.68
Median 90.00 85.00 120.00 | 120.00 | 15.00 | 15.00
Mode 90.00 90.00 120.00 | 120.00 | 15.00 | 15.00
Standard deviation 13.03 13.64 8.97 8.38 3.13 3.25
Minimum 55.00 55.00 100.00 | 100.00 | 10.00 | 10.00
Maximum 110.00 110.00 130.00 | 130.00 | 20.00 | 20.00

Count 23 23 23 23 23 23

Notes:

All values are in degrees
L = left side

R =right side

Table 2

Experimental group hip joint range of motion — Descriptive Statistics — Part 2

Abduction Adduction Exter-nal Inter.nal

rotation rotation

L R L R L R L R
Mean 3413 | 32.17 | 20.00 | 18.48 | 28.70 | 26.30 | 35.00 | 38.04
Standard error 1.65 1.40 0.99 066 | 1.64 | 1.38 | 1.66 | 1.85
Median 35.00 | 35.00 | 20.00 | 20.00 | 30.00 | 25.00 | 35.00 | 40.00
Mode 35.00 | 35.00 | 20.00 | 20.00 | 35.00 | 20.00 | 40.00 | 40.00
Standard deviation| 7.93 6.71 4.77 3.17 | 7.86 | 6.61 7.98 | 8.89
Minimum 20.00 | 15.00 | 15.00 | 15.00 | 15.00 | 15.00 | 15.00 | 20.00
Maximum 50.00 | 45.00 | 35.00 | 25.00 | 40.00 | 40.00 | 50.00 | 55.00

Count 23 23 23 23 23 23 23 23

Notes:

All values are in degrees
L = Left side

R = Right side




Table 3

Control group hip joint range of motion — Descriptive Statistics — Part 1

Flexion with Flexion with Extension
extended knee flexed knee
L R L R L R
Mean 88.42 87.89 120.00 | 121.84 | 13.68 | 13.16
Standard error 1.09 1.29 1.71 1.80 1.07 1.03
Median 90.00 90.00 120.00 | 125.00 | 15.00 | 10.00
Mode 90.00 90.00 120.00 | 125.00 | 10.00 | 10.00
Standard deviation 473 5.61 7.45 7.85 4.67 4.48
Minimum 75.00 75.00 100.00 | 95.00 5.00 5.00
Maximum 95.00 95.00 130.00 | 130.00 | 20.00 | 20.00
Count 19 19 19 19 19 19
Notes:
All values are in degrees
L = Left side
R = Right side
Table 4
Control group hip joint range of motion — Descriptive Statistics — Part 2
Abduction Adduction Exter.nal Inter‘nal
rotation rotation
L R L R L R L R
Mean 3421 |34.21] 17.63 |18.16| 30.53 | 28.68 | 38.16 | 42.63
Standard error 1.10 | 1.10 | 0.89 | 0.78 | 2.02 2.02 1.92 1.29
Median 35.00 {35.00| 20.00 {20.00| 30.00 | 30.00 | 40.00 | 45.00
Mode 35.00 {30.00| 20.00 {20.00| 30.00 | 30.00 | 45.00 | 45.00
Standard deviation| 4.79 | 479 | 3.86 | 3.42 | 8.80 8.79 8.37 5.62
Minimum 25.00 |30.00| 5.00 |10.00| 10.00 | 10.00 | 15.00 | 30.00
Maximum 45.00 |45.00| 20.00 |25.00| 45.00 | 45.00 | 50.00 | 50.00
Count 19 19 19 19 19 19 19 19

Notes:

All values are in degrees
L = Left side

R = Right side




APPENDIX F

Table 1

Experimental group ankle joint range of motion — Descriptive Statistics

Dorsiflexion Plantar flexion Knee to wall

L R L R L R
Mean 22.17 21.30 36.09 33.26 13.78 13.78
Standard error 1.88 1.41 2.43 2.10 0.60 0.58
Median 25.00 20.00 35.00 30.00 14.00 14.00
Mode 25.00 20.00 30.00 30.00 13.00 14.00
Standard deviation 9.02 6.78 11.67 10.07 2.86 2.78
Minimum 5.00 5.00 20.00 15.00 8.00 8.00
Maximum 50.00 40.00 60.00 50.00 18.00 18.00

Count 23 23 23 23 23 23

Notes:

All values are in degrees, only Knee to wall test is in centimeters

L = Left side
R = Right side

Table 2

Control group ankle joint range of motion — Descriptive Statistics

Dorsiflexion Plantar flexion Knee to wall

L R L R L R
Mean 23.68 23.42 38.42 37.89 14.37 14.58
Standard error 1.75 1.71 2.51 2.55 0.54 0.50
Median 25.00 20.00 40.00 40.00 15.00 15.00
Mode 20.00 20.00 40.00 40.00 14.00 14.00
Standard deviation 7.61 7.46 10.94 11.10 2.34 2.17
Minimum 5.00 10.00 20.00 20.00 8.00 9.00
Maximum 35.00 40.00 60.00 60.00 18.00 18.00

Count 19 19 19 19 19 19

Notes:

All values are in degrees, only Knee to wall test is in centimeters

L = Left side
R = Right side




APPENDIX G

Table 1

Experimental group — Pelvic ligaments assessment — Frequency distribution

Sacroiliac ligament — Left side Sacroiliac ligament — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 23 100.00 100.00 20 86.96 86.96
1 0 0.00 100.00 3 13.04 100.00
Count 23 23
Iliolumbar ligament — Left side Iliolumbar ligament — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 22 95.65 95.65 21 91.30 91.30
1 1 4.35 100.00 2 8.70 100.00
Count 23 23
Sacrotuberous ligament — Left side | Sacrotuberous ligament — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 22 95.65 95.65 22 95.65 95.65
1 1 4.35 100.00 1 4.35 100.00
Count 23 23
Notes:

Value 0 = Correct execution

Value 1 = Poor execution




Table 2

Control group — Pelvic ligaments assessment — Frequency distribution

Sacroiliac ligament — Left side Sacroiliac ligament — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 18 94.74 94.74 17 89.47 89.47
1 1 5.26 100.00 2 10.53 100.00
Count 19 19
Iliolumbar ligament — Left side Iliolumbar ligament — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 18 94.74 94.74 18 94.74 94.74
1 | 5.26 100.00 1 5.26 100.00
Count 19 19
Sacrotuberous ligament — Left side | Sacrotuberous ligament — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 19 100.00 100.00 19 100.00 100.00
1 0 0.00 100.00 0 0.00 100.00
Count 19 19
Notes:

Value 0 = Correct execution

Value 1 = Poor execution




APPENDIX H

Table 1

Experimental group muscle length — Frequency distribution

Hamstrings — Left side Hamstrings — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 5 21.74 21.74 4 17.39 17.39
1 3 13.04 34.78 5 21.74 39.13
2 15 65.22 100.00 14 60.87 100.00
Count 23 23
Hip adductors — Left side Hip adductors — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 22 95.65 95.65 22 95.65 95.65
1 1 4.35 100.00 1 4.35 100.00
2 0 0.00 100.00 0 0.00 100.00
Count 23 23
Iliopsoas muscle — Left side Iliopsoas muscle — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 19 82.61 82.61 21 91.30 91.30
1 4 17.39 100.00 2 8.70 100.00
2 0 0.00 100.00 0 0.00 100.00
Count 23 23
Rectus femoris muscle — Left side | Rectus femoris muscle — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 4 17.39 17.39 8 34.78 34.78
1 9 39.13 56.52 6 26.09 60.87
2 10 43.48 100.00 9 39.13 100.00
Count 23 23
Tensor fasciae latae muscle — Left | Tensor fasciae latae muscle — Right
side side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 14 60.87 60.87 12 52.17 52.17
1 9 39.13 100.00 11 47.83 100.00
2 0 0.00 100.00 0 0.00 100.00
Count 23 23
Piriformis muscle — Left side Piriformis muscle — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 16 69.57 69.57 17 73.91 73.91
1 6 26.09 95.65 6 26.09 100.00
2 1 4.35 100.00 0 0.00 100.00
Count 23 23




Triceps surae muscle — Left side Triceps surae muscle — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 22 95.65 95.65 23 100.00 100.00
1 1 4.35 100.00 0 0.00 100.00
2 0.00 100.00 0 0.00 100.00
Count 23 23
Notes:

Value 0 = No shortening
Value 1 = Mild shortening
Value 2 = Severe shortening

Table 2

Control group muscle length — Frequency distribution

Hamstrings — Left side

Hamstrings — Right side

Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 3 15.79 15.79 3 15.79 15.79
1 7 36.84 52.63 7 36.84 52.63
2 9 47.37 100.00 9 47.37 100.00
Count 19 19
Hip adductors — Left side Hip adductors — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 19 100.00 100.00 18 94.74 94.74
1 0 0.00 100.00 1 5.26 100.00
2 0 0.00 100.00 0 0.00 100.00
Count 19 19
Iliopsoas muscle — Left side Iliopsoas muscle — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 17 89.47 89.47 16 84.21 84.21
1 2 10.53 100.00 3 15.79 100.00
2 0 0.00 100.00 0 0.00 100.00
Count 19 19
Rectus femoris muscle — Left side | Rectus femoris muscle — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 3 15.79 15.79 5 26.32 26.32
1 13 68.42 84.21 12 63.16 89.47
2 3 15.79 100.00 2 10.53 100.00
Count 19 19
Tensor fasciae latae muscle — Left | Tensor fasciae latae muscle — Right
side side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 12 63.16 63.16 12 63.16 63.16
1 6 31.58 94.74 6 31.58 94.74




2 1 5.26 100.00 1 5.26 100.00
Count 19 19
Piriformis muscle — Left side Piriformis muscle — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 17 89.47 89.47 19 100.00 100.00
1 2 10.53 100.00 0 0.00 100.00
2 0 0.00 100.00 0 0.00 100.00
Count 19 19
Triceps surae muscle — Left side Triceps surae muscle — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 19 100.00 100.00 19 100.00 100.00
1 0 0.00 100.00 0 0.00 100.00
2 0 0.00 100.00 0 0.00 100.00
Count 19 19
Notes:

Value 0 = No shortening
Value 1 = Mild shortening
Value 2 = Severe shortening




APPENDIX 1

Table 1

Experimental group muscle strength — Frequency distribution

Hip flexion — Left side Hip flexion — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
4 0 0.00 0.00 0 0.00 0.00
4+ 15 65.22 65.22 15 65.22 65.22
5 8 3478 100.00 8 3478 100.00
Count 23 23
Hip extension — Left side Hip extension — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
4 0 0.00 0.00 0 0.00 0.00
4+ 17 7391 7391 17 7391 73.91
5 6 26.09 100.00 6 26.09 100.00
Count 23 23
Trendelenburg — Left side Trendelenburg — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 23 100.00 100.00 21 91.30 91.30
1 0 0.00 100.00 2 8.70 100.00
Count 23 23
Trendelenburg + — Left side Trendelenburg + — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 11 47.83 47.83 11 47.83 47.83
1 12 52.17 100.00 12 52.17 100.00
Count 23 23
Notes:

Value 4 = Full ROM actively against some resistance
Value 4+ = Full ROM actively against some resistence (but not strong enough to reach level 5)
Value 5 = Full ROM actively against strong resistance

Trendelenburg + = Trendelenburg sign difficult variant

Value 0 = Correct execution

Value 1 = Poor execution




Table 2

Control group muscle strength — Frequency distribution

Hip flexion — Left side Hip flexion — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
4 0 0.00 0.00 0 0.00 0.00
4+ 7 36.84 36.84 6 31.58 31.58
5 12 63.16 100.00 13 68.42 100.00
Count 19 19
Hip extension — Left side Hip extension — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
4 | 5.26 5.26 | 5.26 5.26
4+ 9 47.37 52.63 9 47.37 52.63
5 9 47.37 100.00 9 47.37 100.00
Count 19 19
Trendelenburg — Left side Trendelenburg — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 18 94.74 94.74 18 94.74 94.74
1 1 5.26 100.00 1 5.26 100.00
Count 19 19
Trendelenburg + — Left side Trendelenburg + — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 10 52.63 52.63 5 26.32 26.32
1 9 47.37 100.00 14 73.68 100.00
Count 19 19
Notes:

Value 4 = Full ROM actively against some resistance
Value 4+ = Full ROM actively against some resistence (but not strong enough to reach level 5)
Value 5 = Full ROM actively against strong resistance

Trendelenburg + = Trendelenburg sign difficult variant

Value 0 = Correct execution

Value 1 = Poor execution




APPENDIX J

Table 1

Experimental group Deep Stabilization System tests — Frequency distribution

Hip flexion test — Left side Hip flexion test — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 4 17.39 17.39 4 17.39 17.39
1 19 82.61 100.00 19 82.61 100.00
Count 23 23
Hip extension test — Left side Hip extension test — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 12 52.17 52.17 13 56.52 56.52
1 11 47.83 100.00 10 43.48 100.00
Count 23 23
Diaphragm test — Left side Diaphragm test — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 13 56.52 56.52 12 52.17 52.17
1 10 43.48 100.00 10 43.48 95.65
Count 23 23
Notes:

Value 0 = Correct execution

Value 1 = Poor execution




Table 2

Control group Deep Stabilization System tests — Frequency distribution

Hip flexion test — Left side Hip flexion test — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 3 15.79 15.79 6 31.58 31.58
1 16 84.21 100.00 13 68.42 100.00
Count 19 19
Hip extension test — Left side Hip extension test — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 14 73.68 73.68 14 73.68 73.68
1 5 26.32 100.00 5 26.32 100.00
Count 19 19
Diaphragm test — Left side Diaphragm test — Right side
Value | Frequency | Percent Cumulative Frequency | Percent Cumulative
percent percent
0 12 63.16 63.16 8 42.11 42.11
1 7 36.84 100.00 11 57.89 100.00
Count 19 19
Notes:

Value 0 = Correct execution
Value 1 = Poor execution




