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Abstract

(1) Background: 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 spine injury when performing a squat with posterior pelvic tilt. The
main goal of this study is to objectively assess the immediate effect of the exercise intervention on the
total pelvis range of motion in the sagittal plane (mainly posterior pelvic tilt) during squat. The
secondary aim is to determine the relationship between the initial pelvic position and the occurrence
of posterior pelvic tilt; (2) Methods: The study is 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 tilt during the performance of the
bodyweight squat. A baseline measurement that included three-dimensional kinematic motion
analysis and a physiotherapy examination and an outcome 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 (REML) of linear mixed
models and repeated measures analysis of variance (rANOVA); (3) 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); (4) Conclusions: 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: butt wink; exercise intervention; kinematic motion analysis; posterior pelvic tilt; squat

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 [1-3]. The squat is commonly used to develop speed,
strength and muscle hypertrophy, particularly in the extensor muscles of the knee and hip joints and
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should therefore be included in training for variety of sports, e.g. basketball, gymnastics, long jump,
shot put, swimming etc., because changes in these areas will subsequently show up in improved
performance such as sprinting or jumping [1,4,5].

Squat safety involves a number of factors, including warm-up, proper footwear, and most
importantly, a proper squat technique [6]. 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” [7-9]. 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 [10,11]. In terms of
squatting, PTT refers to a movement that occurs during a deep squat, with the pelvis moving below
the thigh axis during the descending phase of a squat. It is sometimes reported to be quite common
phenomenon, 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 [9,12].

Lumbar spine injury, specifically the risk of disc herniation 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 [13,14]. However, according to the
recommendations of Contreras & Schoenfeld [15], 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). Yet, 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. We also 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 [16].

The above opinions are consistent with those of other authors [6,17,18] who claim that squats
themselves are no more dangerous than other exercises, but see the main problem, in terms of injury,
in the inadequate load used during squat and poor squatting technique, or adding load quickly while
not mastering proper squatting technique. We must not also forget the factor of fatigue, especially
when trying to determine one repetition maximum (1RM), where the benefit of knowing the 1IRM
doesn't necessarily outweigh the potential risk of injury.

The commonly reported causes of PPT during squat are as follow: anatomical predisposition,
limited range of motion (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 tilt and lumbar hyperlordosis. The cause may also be
simply poor instruction given to the athlete 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. If we take a very brief look at the individual causes,
femoroacetabular impingement syndrome (FAI) is often discussed in relation to anatomical
predispositions. It is 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.
There is evidence 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 [19-23].

Limited hip flexion ROM may be one of the main limiting factors in achieving a technically
correct deep squat [24-26]. 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 [9,27]. Limited dorsiflexion at the ankle can be also a limiting factor in proper squat
performance [24-26,28-31]. According to Breen et al. [24] when testing the deep squat within the
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Functional Movement Screen, 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. Comfort et al. [17] reports, there is a
relationship between limited dorsiflexion at the ankle and increased forward leaning of the trunk.
Schoenfeld [31] adds, that the ROM for dorsiflexion for full squat performance should be 38.5£5.9°,
otherwise this limited ankle dorsiflexion can cause compensatory movements in the knee and hip
joints or spine, potentially increasing the risk of injury at higher loads. And finally, according to Kim
et al. [26] 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.

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 [32]. Other
authors have a similar view and recommend maintaining a neutral or slight anterior pelvic tilt
position to minimize excessive lumbar motion, so it is desirable to avoid excessive flexion and
extension [9,33—46]. 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 [37]. We cannot overlook the anatomical differences between women and men, as
we know, that 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
[38,39].

As a final note, we would like to mention the pelvifemoral rhythm, 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 [40]. This phenomenon was first reported in 1982 while performing the
Straight leg raise test [41]. 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 [42-44]. Bohannon
et al. [42] 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 roughly as follows: 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 [43,44]. 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 [45].

Solutions for PPT are often vaguely defined and rather anecdotal, however 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 [46,47]. 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 [47,48]. 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
[7,32,46,49].
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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
[46,50]. Isolated pelvic movements, such as anterior pelvic tilt and PPT, quadruped rocking, etc., are
also appropriate for improving body awareness in space and pelvic and lumbar postural control [46].
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. [51] 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 (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.

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 [7,46]. 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.

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 research
will deal with the bodyweight squat and the occurrence of the phenomenon of PPT during this type
of squat. The main goal of this study is to objectively assess the immediate effect of the exercise
intervention on the total pelvis ROM in the sagittal plane (mainly PPT) during squat. The secondary
aim of this research is to determine the relationship between the initial pelvic position and the
occurrence of PPT. With our main hypothesis being as follows: The exercise intervention will have a
statistically significant effect on reducing the PPT ROM during the descending phase of the squat. And our
secondary hypothesis is the following: Participants with increased anterior pelvic tilt in the standing
position will exhibit a statistically significant greater PPT ROM.

2. Materials and Methods

2.1. Study Design

This reserach 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, three-dimensional (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,
Jan Evangelista Purkyne University in Usti nad Labem from January 2023 to May 2023.
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2.2. Research Sample

Volunteers from the students of the faculty were included in the experiment. The students were
approached via a group email sent from the study system. A total of 42 participants (n =42), 21 men
(n=21) and 21 women (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 condition (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.

2.3. Physiotherapy Examination

The aim of the initial physiotherapy examination was primarily to detect significant pathologies
in the musculoskeletal system that would exclude volunteers from participating in the study.

Palpatory examination of bony landmarks on the pelvis — the following palpable landmarks
are important: anterior superior iliac spine (ASIP), posterior superior iliac spine (PSIP) and iliac crest.
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 [11,52,53]. The location of these landmarks is then used to determine the
position of the pelvis in the sagittal plane. 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 [54].

Hip and ankle joint ROM — measurements were performed with a metal goniometer according
to the general recommendations [55]. 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 [56-58].

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
[59]. According to Horschig et al. [60], the result of this test must be at least 5 inches (12.7 cm) for the
athlete to reach full squat depth.

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 [61].

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 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% [62,63].

Assessing Muscle Length — the following muscles were assessed according to Janda et al. [64]:
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. [64] 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,
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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 [65,66]. Both muscle
length and muscle strength must be performer by skilled clinician in order to improve the reliability
of the testing [56].

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
[67,68]. 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.

2.4. Kinematic Motion Analysis

3D kinematic motion analysis using Qualisys system and Functional Assessment module was
utilized for objective assessment. Objective assessment of complex movements such as the squat is
essential, as unbiased results cannot be achieved by mere visual or verbal assessment [8,69,70]. For
example, according to Falk et al. [69], 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. [71] also adds 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 [72]. The Qualisys system has also been used in others squat related
research [4,8,73,74]. A total of 38 markers were applied to the participant's body and an additional 3
markers were placed on the hat (Figure 1).

Figure 1. Location of markers front and back.
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Figure 2. Markers labeling.

The markers were applied according to the recommendations of the Functional Assessment
Module and the palpation and marking of the bony landmarks was performed according to Sint Jan
[75]. 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 2).

Eleven 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.

2.5. Characteristics of the Exercise Intervention

The exercise intervention was identical for both groups and was adapted from Kushner et al.
[51]. 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.
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Table 1. The exercise intervention.

Exercise Description Goal
A iti k
ssume ql.ladruped p.osmon on knees and Identify difference between lordotic and
Cat/Cow hands. Practice alternating from rounded back . .
kyphotic positions.
posture to arched back posture.
Pin a ball (similar to small Swiss ball) between . . .
. Exercise facilitates a more vertical trunk
the lower back and wall. Squat down while osition because horizontal force from wall
Ball Wall Squat keeping ball pinned against the wall. The ball Serves as assistance. Ball rolline encourages
will roll up to the shoulder blades. Ascend and . 5 &
the correct spinal curve.
repeat.
Perform squat near a sturdy pole or column. At
Pole Squat and Fix apex .of squat, use co.h.lmn as assistance to pull Assistance to help athlete self—ger.lérate and
torso into correct position and hold. Heels must learn correct deep hold position.
remain on the ground.
I i tric strength of the back
Hold plank position with emphasis on TAPTOVE ISOMETTIC SENGH Of Hhe bac
Plank N ) . musculature and promote correct lumbar
maintaining lordosis throughout exercise. . .
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 legs and arms Strengthen the lower back musculature.
simultaneously at least 6 inches off the ground.
Keep each movement slow and controlled to
prevent pulling muscles.
Overhead Squat Perform squat Wi’.[h dowel in overhand grip  Strengthen back musculfalture and promote
overhead with elbows extended. erect trunk during squat.
2.6. Data Collection

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

0
2

2

2

f Health Studies, Jan Evangelista Purkyne University in Usti nad Labem from January 2023 to May
023.
.7. Data Analysis

The first stage was to tag all the markers in the software Qualisys Tracking Manager (version
023.3). This was followed by starting the automatic processing in the Visual3D Professional software

(version 2024.09.1). A pipeline was then manually created to mark the following points on the pelvic
curve (Figure 3) in the sagittal plane:

Blue point — initial position of the pelvis before squat;

Red point - maximum anterior pelvic tilt during the descending phase of the squat;
Khaki point — pelvic position at maximum squat depth;

Green point — pelvic position at 90° right hip flexion;

Pink point — pelvic position at 90° of left hip flexion.
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Figure 3. Pelvic curve in the sagittal plane.

The pelvic curve is defined as the motion of a pelvis segment (Figure 4) relative to the global
coordinate system of the laboratory (in Figure 4, 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.

L=ft AR

v

Figure 4. CODA pelvis segment.

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:

e Initial position of the pelvis before squat (blue point);

e 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).

Descriptive statistics (mean, standard error, median, mode, standard deviation, minimum,
maximum, count) and frequency distribution (frequency, percent, cumulative percent) was used to
analyze 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 analyze 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 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
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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.

3. Results

3.1. Participants

Twenty-three participants were assigned to the experimental group, including 14 men and 9
women. The average age was 25.65 +- 8.07 years, height 176.83 + 10.19 cm, and weight 76.87 + 13.41
kg. Squat depth was slightly below parallel for all participants. The occurrence of PPT was at exactly
parallel squat depth in 19 participants and in 4 participants it was before reaching the parallel
position. The initial position of the pelvis was very diverse, with 9 participants exhibiting
physiological anterior pelvic tilt, 3 increased anterior pelvic tilt, 2 posterior pelvic tilt, 1 torsion, 5
physiological anterior pelvic tilt with obliquity, 2 increased anterior pelvic tilt with pelvis obliquity,
and 1 posterior pelvic tilt with pelvis obliquity.

Nineteen participants were assigned to the control group, including 7 men and 12 women. The
average age was 27.05 +- 9.44 years, height 170.95 + 6.64 cm, and weight 67.32 + 11.30 kg. Squat depth
was below parallel for all participants, some (n = 10) even achieved a full deep squat (glutes almost
touching the ground). The occurrence of PPT was below parallel in 12 participants and in 7
participants it was slightly above the ground. The initial position of the pelvis was also very diverse,
with 10 participants exhibiting physiological anterior pelvic tilt, 1 posterior pelvic tilt, 6 physiological
anterior pelvic tilt with obliquity, and 2 increased anterior pelvic tilt with pelvis obliquity.

3.2. Results of 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.
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.

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.

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.

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.
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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). Supporting statistics for these points are provided in Supplementary Materials of this
article.

3.3. Results of the 3D Kinematic Motion Analysis

Main hypothesis — 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 5, where the individual participants, the
means for the groups (experimental and control), and the differences between before and after the
exercise intervention are shown. A borderline of statistical significance was found between the
groups (p = 0.06).

—e— Experimental group —#— Control group

40

30

20

Posterior pelvic tilt ROM

10

before after
Figure 5. Overall results for both groups.

The results of rANOVA 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 of repetition is again found to be statistically significant
(p <0.001), and the significance of the group is again borderline (p = 0.07). Figure 6 and 7 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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-@- Control Group - Experimental Group
Before After
.
20 .
P . /._ _____ o T
19 - e e e----_ g
-7 .

= - .
% ° o .o
p 187 -
=
L
=>
B 17
o
—
.2
o
2 16+
1]
o]
o

15+

14+

1 2 3 4 5 6 1 2 3 4 5 6
Repetition

Figure 7. Differences in individual repetitions of squats — Before and after the exercise intervention.

Secondary hypothesis — 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). 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, i.e. again not
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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 8).

® Experimental group @ Control group

40

w
o
1

N
o
1

Posterior pelvic tiit ROM

101

Standing pelvic position

Figure 8. Relationship between initial pelvic position and total PPT ROM before exercise intervention.

4. Discussion

The main goal of this research 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 study do not support this main hypothesis, nor do they support the secondary
hypothesis. For this reason, we will focus primarily on the limitations of this research and
recommendations for future research in this area.

If we look at the Figure 6 and 7, 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 we dare say that
they are at the limit of measurement uncertainty. This brings us to the first limitation of this study,
which is the use of 3D kinematic motion analysis. Although this is a relatively widely used [4,8,73,74]
valid and reliable tool for motion objectification [71], some errors cannot be completely avoided. The
reliability of the measurements was ensured by labeling the marker placement with a pen (Figure 2).
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 [11,52,53,75] and the author 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 [54], 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
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perceptions but are truly 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 could be in the squat initial settings and its execution. Several authors
suggest that a wider stance during squatting can alter PPT ROM [8,38,76,77]. However, since it is
commonly stated that the typical execution of the squat is a pelvic/hip/shoulder level stance width
[36], 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. However, based on visual inspection of stance width we 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 6 and 7, 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. [78] to standardize execution or introduce a specific
pause between each repetition, 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 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, 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. Thus, this finding may support our 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 research. 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 [79]. 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. 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. [80], 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. [78], where fatigue that significantly altered joint kinematics occurred after performing
72+27 bodyweight squats. 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
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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 as sprinting or jumping [1,4,5]. However, the
question is whether the exercise intervention included is transferable to squat
performance/technique. According to Mang et al. [81], 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 us to the fourth limitation of this work, and that is the intensity of used exercise
intervention and the time for which the effect of the exercise intervention has been studied. 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 to
isometric exercises to traditional dynamic exercises [82-86]. 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. 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 isometric strength and increasing the amount of
muscle mass [87,88]. 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 daily activities and could slightly change neural activation [89,90]. Thus, it can be
concluded that low-intensity exercise intervention has an effect, but usually with a longer time
interval, and although immediate 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 we
would recommend for further research.

And it is the group of participants that brings us 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 study. 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 behavior/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 [91], 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 [92], and stabilization exercise intervention can also reduce kinesiophobia [93]. 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 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 [94], and in the case of this thesis, homogeneity was
only partially established based on the distribution according to the occurrence of PPT. A second
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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 is necessary in biological
research [95,96]. However, due to the very limited amount of research available on our topic, it was
not possible to calculate the parameters from. Thus, a possible flaw in this research is the fact that
pilot study was not conducted to determine sample size and power analysis, so for future research
we 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 our study 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 [7,35,50]. Why
this hypothesis was not confirmed is difficult to determine. A possible explanation may be found in
one of the concepts of manual medicine, which states that if we have a starting joint position that is
moved in one direction (in our 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 our case, increasing the anterior pelvic tilt ROM in the descending phase of the
squat) and decreasing the ROM in the other direction (in our case, decreasing the PPT ROM in the
descending phase of the squat) [97]. In the results, we only reported the mixed model result for this
secondary hypothesis (p = 0.13 and p = 0.77 using only the data before intervention), 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 our study, i.e., as the value of pelvic curvature increases
(greater anterior pelvic tilt), PPT ROM decreases. Again, we have no explanation for this
phenomenon, but one study found similar results, only in patients after total hip arthroplasty, where
PPT at maximum hip flexion was significantly correlated with pelvic tilt at minimum hip flexion
(standing position) [98].

The second to last thing we want to mention are the anatomical predispositions of the individual
participants. Several authors [7,46,47,50] state that not everyone is capable of performing the deep
squat correctly. Due to the fact that the participants did not undergo radiographic examination,
changes in the femoral angles, which can significantly affect ROM and the way of the movements are
performed [40], cannot be ruled out with certainty. Therefore, we 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 [19-23]. There are clinical
tests to rule out FAI that were not used in this thesis, which may be another limitation in this study.
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, we believe that
the initial physiotherapy examination carried out in this research is more than sufficient and could
theoretically serve as a model examination for further research or clinical practice.

The last thing we 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 [41-
45] and some might argue that it is a normal thing that belongs to the execution of the squat or hip
flexion itself. In our 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 3). A similar finding, i.e.
that the pelvis exhibits both movement into anterior pelvic tilt and PPT, has been reported in other
research [34,73,80,99-101] but because each time a different data collection system (3D kinematic
motion analysis from various 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: Edington [34], Sinclair et al. [73], Weeks et al. [80].
However, because the effect of the exercise intervention on PPT ROM was not primarily investigated

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1859.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2025 d0i:10.20944/preprints202510.1859.v1

17 of 22

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 our opinion.

5. Conclusions

The short exercise intervention did not affect the range of motion of PPT 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 PPT. Nevertheless, we 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 study is, in our opinion, one of the few publications that
have addressed the issue of PPT during squatting, and we would be very pleased if someone else
would build on this work and clearly identify the causes and solutions to PPT during squatting.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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Abbreviations

The following abbreviations are used in this manuscript:

PPT Posterior pelvic tilt

1IRM One repetition maximum
ROM Range of motion

3D Three-dimensional

ASIP Anterior superior iliac spine
PSIP Posterior superior iliac spine

REML  Restricted Maximum Likelihood
rANOVA Repeated measures analysis of variance

cm Centimeter
FAI Femoroacetabular impingement syndrome
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