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Sex-dependent differences

in single-leg squat kinematics
and their relationship to squat
depth in physically active
individuals

Magdalena Zawadka®*, Jakub Smolka®?, Maria Skublewska-Paszkowska®?,
Edyta Lukasik©?, Aleksandra Bys®?, Grzegorz Zielinski®* & Piotr Gawda®?

The purpose of this study is to compare recreationally physically active females and males with regard
to spine, pelvis and lower limb joints peak angles in each plane of motion during a single leg squat
(SLS). The second aim is to investigate the relationship between kinematics and SLS depth in females
and males. Fifty-eight healthy, young adults performed 5 repetitions of a single right leg squat to
maximal depth while keeping their balance. Kinematic data were obtained using an optical motion
capture system. At the hip, greater adduction and greater internal rotation were observed in females
than in males. Females had more extended spines and less outward bended knees throughout the
SLS than did men. In males, squat depth was significantly, positively correlated with the maximal
angle of the ankle (r=0.60, p<0.001), the knee (r=0.87, p<0.001), the hip (r=0.73, p<0.001) and the
pelvis (r=0.40, p=0.02) in the sagittal plane. A positive significant correlation was found between SLS
depth and maximal angle of the knee (r=0.88, p<0.001) and the ankle (r=0.53, p=0.01) in the sagittal
plane in females. Males and females used different motor strategies at all levels of the kinematic chain
during SLS.

Functional performance tests are often used for an assessment of dynamic movement patterns that are part of
more complex activity. Lower extremity kinematics and muscle activity have been documented during closed
kinetic chain exercises such as jumping and landing or squatting in healthy as well as in patient populations'->.
These tests evaluate movement in all three planes of motion, the range of motion, strength and proprioception.
One of the most commonly used functional performance tests is the single-leg squat (SLS)**. The SLS is widely
used in rehabilitation, sports medicine and orthopedics®. It is considered a simple test, which can be used both in
clinical conditions and in the investigation of large groups. It has been shown that kinematic patterns, especially
those of the knee, are related to a risk of lower limb injury”®. For this reason, the SLS can be used as a “screening”
tool to evaluate the movement system®°.

The SLS has been found valid, reliable and useful in detecting abnormal kinematics in the lower limb and
trunk®. The SLS test is a reasonable tool to use in pre-participation sports physical examinations to assess the
dynamic knee valgus and the potential risk of lower extremity injury and deficits in core strength'*!2. Moreover,
in recent years unilateral exercises, including the SLS, have become popular in strength and conditioning training.
These types of exercises are included in strength programs to increase, for example, volume load"’.

The use of the SLS test in clinical and research practice indicates the need for the study of one-leg kinematic
patterns. According to some studies, reliability of the SLS test in clinical practice depends on the experience of
the investigator®. For this reason, researchers use objective methods to evaluate the SLS, such as optical motion
capture systems'*!°. This allows for a three-dimensional analysis in all segments of the kinematic chain with high
precision, high frequency and low measurement error.
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Females (N =23) Males (N=35)

Variables Mean +SD 95%CI Mean +SD 95%CI t P

Age [years] 20304047 |20.10;20.51 21.00+1.19 20.59; 21.41 -267 | 001
Body length [m] 1.66+0.06 1.64; 1.69 1.80+0.07 1.78; 1.83 -816 | <0.001
Body mass [kg] 593147.14 | 56.23;62.40 77.15+11.70 73.14;81.17 -654 | <0.001
Body Mass Index (BMI) [kg/m?] 20424187 | 2061;22.23 23.6842.79 22.72; 24.64 —341 | 0001
Physical activity [MET min/week] | 6059.74+2536.08 | 4963.06; 715642 | 4677.6542762.31 | 3728.77;5626.54 | 192 | 0.06
Sitting time at weekend [min] 6782635193 | 1372.64;2057.80 | 705.71+325.09 | 1751.20;2287.35 | -0.30 | 0.76
Sitting time during week [min] 171522479221 | 193275, 285421 | 2019.29£780.37 | 2380.86;3069.14 | 144 | 0.5
[Tr‘r’fi";l]“m“g time without transport | )393 45 106543 | 526.08;830.45 | 2725.00+1001.82 | 5940481739 | -120 | 023

Table 1. Group characteristics. Statistically significant results are in bold.

Differences in kinematics between the sexes are one of the proposed risk factors for lower limb injuries in
professional and recreational female athletes. Women characteristically have greater rates of knee injuries than
men'®". Females encounter altered frontal plane biomechanics that may predispose them to patellofemoral
pain (PFP)'8. A common mechanism by which noncontact anterior cruciate ligament (ACL) injuries occur in
female athletes was described as a loss of control at the hip and pelvis, internal rotation of the femur, valgus knee
and external tibial rotation on a pronated, externally rotated foot'. Although injuries of the ACL and PFP?’ are
a well described problem in female athletes, outcomes of studies evaluating sex differences in SLS kinematics
are equivocal, especially in the analysis of pelvis and trunk motion*'~2. There is considerable variation in how
the SLS movement was performed in previous studies**. Moreover, the depth of squatting has not always been
noted or controlled>*>%.

Parameters considered as predictors of knee dysfunctions, like greater hip adduction and medial-lateral
knee displacement during the SLS** %, were consistent with movement patterns observed in females?**. Moreo-
ver, physically active individuals seemed to be at less risk to perform a bad SLS than non-physically active
individuals””. Numerous studies have attempted to explain the greater risk of injuries by kinematics or muscle
activity>*>*>2%, However, there is a lack of complex three dimensional analysis of all kinetic chain segments
including spine, pelvis and lower limb joints during the SLS in reference to squat depth. Thus, the purpose of
this study was to compare recreationally physically active females and males with regard to peak angles of the
spine, pelvis and lower limb joints in each plane of motion during the SLS. The second aim was to investigate
the relationship between kinematics and the SLS depth in females and males. We hypothesize that there should
be kinematic differences between females and males at all levels of the kinematic chain during the SLS, and that
kinematics would be related differently to the squatting depth with respect to gender.

Methods

Participants. Fifty eight healthy, young adults (35 men and 23 women) from the local student community
were recruited to participate in the study. Table 1 shows the characteristics of the subjects. Participants were
excluded if they had any musculoskeletal or orthopedic injury or lower limb pain. Subjects declared a high or
moderate physical activity level measured using the International Physical Activity Questionnaire (IPAQ). Stu-
dents gave written informed consent to participate in this study. Informed consent was obtained to publish the
image in an online open access publication.

Experiment design. Kinematic data (100 Hz) were collected using an 8-camera, 3D motion capture sys-
tem (Vicon Oxford. UK). The system registered three-dimensional trajectories of passive markers. The markers
were attached to specific anatomical landmarks specified in the full-body Plug-in gait model which was defined
by the system’s manufacturer. The task was demonstrated to each participant by performing a squat with the
non-weight-bearing knee flexed (thigh perpendicular to the floor). Participants were instructed to look straight
ahead, descend in a slow, controlled manner without losing balance and while maintaining heel contact to the
ground. Before data collection a calibration trial was collected for each subject. Each participant was permitted
three practice attempts before data collection. After that participants performed 5 repetitions of a single right leg
squat while keeping their arms to their sides. Participants were asked to squat to maximal depth while keeping
their balance, to hold the SLS position for 3 s and then to return to their initial position (Figs. 1 and 2). A trial
was repeated or excluded if the performance was affected by loss of balance, incorrect non-stance leg position,
or non-continuous movement. Data collection occurred in one session.

Data analysis. An average of three middle trials (without 1st and 5th) was further analyzed. Filtered marker
trajectories were used to compute a three-dimensional segment (trunk and pelvis) and joint kinematics using
the BodyBuilder modelling software (Vicon; Oxford Metrics). Results were compared between females and
males in three dimensions according to the maximal and minimal angle reached during the descent phase of
motion. The angles were calculated using the Euler angle method in a flexion/extension, abduction/adduction
and internal/external rotation sequence. Positive values mean: (1) for the spine : flexion, lateral flexion towards
the stance leg, rotation to the side opposite to the stance leg; (2) for the pelvis : anterior tilt, obliquity towards
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Figure 1. Initial position of single-leg squat.

the stance leg, rotation to the side opposite to the stance leg; (3) for the hip : flexion, adduction and external
rotation; (4) for the knee : flexion, varus (outward bend) and internal rotation; (5) for the ankle : dorsiflexion,
inversion and internal rotation®. Squat depth was defined as the difference in S2 marker height (second sacral
spine process) according to the following equation:

h — hyi
Ah =22 M 100%

hmax

Ah-squat depth, hyqy-the highest position of S2 marker, h;,-the lowest position of S2 marker.

The squat depth was expressed as a percentage of leg length measured vertically based on the S2 marker posi-
tion. The leg length was defined as the distance from the ground to the S2 marker during the initial position of
the single-leg squat. The leg length in our study represents the total limb length including hip joint.

Statistical analysis. Data analysis was conducted using the Statistica software (ver. 13.1). The Shapiro-
Wilk test revealed that the data was distributed normally. Therefore, to address the primary purpose of the study,
independent t-tests were utilized to compare females and males in regard to joint peak angles (minimal and
maximal) in each plane of motion. Effect sizes were determined using the Cohen d coefficient. The Pearson cor-
relation was used to examine the relationships between (1) the angles of the lumbar spine, pelvis, hip, knee and
ankle achieved during the squatting; (2) the squat depth and anthropometric variables (body length, body mass
and BMI) and the squat depth. Statistical significance was accepted at p <0.05 with all the outcome measures
reported as mean, standard deviation (SD) and 95% confidence interval (95% CI). The graphs were prepared
using Microsoft Office Excel.

Intraclass correlation coeflicients (ICCs) were calculated to assess the reliability of the repeated measures.
Interpretation of ICC values was made according to the following scale: <0.40 represented poor reliability,
0.40-0.70 fair reliability, 0.70-0.90 good reliability and > 0.9 excellent reliability*’. Reliability close to one indi-
cates that the measurement is consistent with no big change in trait size between measurements.

Ethics approval. This study was performed in line with the principles of the Helsinki Declaration. Approval
was granted by the Medical University of Lublin Bio Ethics Committee (approval number KE-0254/322/2018).
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Figure 2. Final position of single-leg squat.

Sagittal max 0.91 091 094 [0.93 0.97
Sagittal min 0.85 0.70 0.78 |0.88 0.96
Frontal max 0.95 0.96 0.87 |0.80 0.82
Frontal min 0.96 0.86 0.88 |0.83 0.76

Transverse max 0.96 0.97 0.98 |0.68 0.87
Transverse min 0.95 0.93 0.92 |0.81 0.91

Table 2. The ICC values for the dependent variables.

Results

ICCs of squat descent repeated measures showed good reliability (ICC=0.86). 6.5% of ICC values showed fair
reliability (ICC=0.40-0.70), 41.9% of ICC values showed good reliability (ICC=0.70-0.90) and 51.6% of ICC
values showed excellent reliability (ICC > 0.9) of the repeated measures. The ICCs for the dependent variables
are included in Table 2.

Kinematics. Statistical analysis revealed a number of differences between the sexes (Table 3). At the ankle,
males showed greater minimal and maximal angles in the frontal plane (1.28° vs. — 0.79°, p=0.001; and 4.77° vs.
2.80°, p=0.003) and lower angles in the transverse plane (- 8.87° vs. 1.44°, p=0.004; and — 28.59° vs. — 21.64°,
p=0.01, for maximal and minimal angle respectively) than females. These angles indicate a more inverted and
externally rotated foot in males. At the knee, sex differences were observed only in the frontal plane, where men
exhibited a more outward bended knee (varus) than women (13.14° vs. 4.93° and 2.69° vs. — 3.43°, for maximal
and minimal angle respectively, both p <0.001). At the hip, greater adduction (14.92° vs. 10.43°, p=0.006 and
1.78°vs. — 1.80° p < 0.001 for maximal and minimal angle in the frontal plane respectively), less external rotation
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Females (N =23) Males (N=35) F:tfect
Variables Mean SD -95%Cl +95%Cl | Mean ’ SD ‘ -95%Cl ‘ +95%Cl |t P gf)‘l:en’s d
Ankle
Sagittal max [°] 33.07 5.61 30.64 35.49 33.25 4.90 31.57 3493 -0.13 0.90 0.03
Sagittal min [°] 10.57 2.63 9.43 11.71 9.65 3.12 8.57 10.72 1.17 0.25 0.32
Frontal max [°] 2.80 2.26 1.83 3.78 4.77 2.40 3.95 5.60 -3.13 0.003 0.85
Frontal min [°] -0.79 2.25 -1.76 0.19 1.28 2.29 0.49 2.07 -3.38 0.001 091
Transverse max [°] 1.44 13.67 —4.47 7.35 -8.87 12.40 -13.12 -4.61 2.97 0.004 0.79
Transverse min [°] -21.64 11.75 -26.72 -16.56 —-28.59 8.43 -31.49 —25.70 2.63 0.01 0.69
Knee
Sagittal max [°] 60.95 9.57 56.81 65.09 64.92 11.76 60.88 68.96 -1.35 0.18 0.37
Sagittal min [°] 12.48 7.21 9.36 15.60 9.92 4.86 8.26 11.59 1.62 0.11 0.42
Frontal max [°] 4.93 8.24 1.37 8.50 13.40 8.77 10.39 16.41 —-3.68 <0.001 1.00
Frontal min [°] -3.43 7.18 -6.54 -0.33 2.69 5.85 0.68 4.70 —-3.56 <0.001 0.94
Transverse max [°] 16.73 12.70 11.24 22.22 18.42 8.88 15.37 21.47 -0.60 0.55 0.16
Transverse min [°] -3.35 11.22 -8.20 1.50 —-244 8.06 -5.21 0.32 -0.36 0.72 0.09
Hip
Sagittal max [°] 51.31 11.94 46.15 56.47 57.68 13.55 53.03 62.34 -1.84 0.07 0.50
Sagittal min [°] 16.83 7.78 13.47 20.19 13.96 5.22 12.17 15.76 1.68 0.10 0.44
Frontal max [°] 14.92 5.54 12.52 17.32 10.43 6.01 8.37 12.50 2.87 0.006 0.78
Frontal min [°] 1.78 3.73 0.17 3.40 -1.80 3.84 -3.11 -0.48 3.51 <0.001 0.95
Transverse max [°] 3.32 12.06 -1.90 8.53 10.07 9.68 6.74 13.40 -2.36 0.02 0.62
Transverse min [°] —4.00 13.42 -9.80 1.80 2.66 11.07 -1.14 6.46 -2.06 0.04 0.54
Pelvis
Sagittal max [°] 23.84 8.29 20.26 27.43 24.61 6.70 2231 26.91 -0.39 0.70 0.10
Sagittal min [°] 15.56 5.40 13.23 17.90 12.95 3.85 11.63 14.28 2.15 0.04 0.56
Frontal max [°] 3.92 3.68 233 5.52 2.88 4.15 1.46 431 0.97 0.33 0.27
Frontal min [°] -2.36 2.25 -3.33 -1.39 —-4.04 2.89 -5.03 -3.04 2.35 0.02 0.65
Transverse max [°] 1.03 3.72 -0.58 2.64 2.95 3.55 1.73 4.16 -1.98 0.05 0.53
Transverse min [°] —4.46 4.77 -6.53 —2.40 -3.61 4.75 -524 -1.98 -0.67 0.51 0.18
Spine
Sagittal max [°] -13.43 6.76 -16.35 -10.51 -0.77 9.50 -4.04 2.49 -5.53 <0.001 1.56
Sagittal min [°] -18.18 6.57 -21.02 —15.34 - 8.60 6.57 -10.85 -6.34 —5.44 <0.001 1.46
Frontal max [°] 7.37 4.63 5.37 9.37 10.02 5.03 8.29 11.75 -2.03 0.05 0.55
Frontal min [°] -0.32 3.12 -1.67 1.03 0.86 3.17 -0.23 1.95 -1.39 0.17 0.38
Transverse max [°] 1.78 2.76 0.58 2.97 3.80 2.99 2.77 4.83 -2.60 0.01 0.70
Transverse min [°] -1.61 3.84 -3.27 0.06 0.06 3.64 -1.19 1.31 -1.67 0.10 0.45
Depth [%leg length]
SLS depth 13.10% 3.20 11.70% 1450% | 1500% | 440 [ 1350% | 1650% [-181 [ 008 0.50

Table 3. Comparison of kinematics parameters between females and males. Statistically significant results are
in bold. Max, min denote the maximal and the minimal angles reached during the descent phase of motion.

(3.32° vs. 10.07°, p=0.02) and greater internal rotation (- 4.00° vs. 2.6°, p=0.04) were observed in females than
in males. At the pelvis, the minimal angle of pelvic anterior tilt was greater in females than in males (15.56° vs.
12.95°, p=0.04). Males, for instance, demonstrated a greater minimal obliquity of the pelvis (— 4.04° vs. — 2.36°,
p=0.02). There was a significant difference in spine motion in the sagittal plane. Females had a more extended
spine throughout the SLS (- 13.43° vs. — 0.77°, and — 18.18° vs. — 8.60°, p<0.001 for maximal and minimal
angle in the sagittal plane respectively) and a less rotated spine to the side opposite to the stance leg than males
(1.78° vs. 3.80° p=0.01). Moreover, males demonstrated a greater rotation of the pelvis to the side opposite to
the stance leg (2.95° vs. 1.03°) and a greater spine lateral flexion towards the stance leg than females (10.02° vs.
7.37°). However, these results were on the border of significance (p =0.05). Figure 3 demonstrates the angles in
all three planes in normalized time (0-100% for the descent and ascent phase separately).

Relationship between kinematics and SLS depth. A positive significant correlation was found
between SLS depth and the maximal angle of the knee (r=0.88, p<0.001) and the ankle (r=0.53, p=0.01) in
the sagittal plane in females. The minimal angle of ankle dorsiflexion was negatively correlated to squat depth in
women (r=- 0.50, p=0.01). In males the squat depth was significantly, positively correlated with the maximal

Scientific Reports |

(2020) 10:19601 |

https://doi.org/10.1038/s41598-020-76674-2 nature research



www.nature.com/scientificreports/

Sagittal

Ankle
Angle deg

cooQQQ
~N © o
—

Normalized time %

Males eseeese Females

Knee
Angle deg

[~ NelNoNoNoNolNeRolololeNe]
,,20 ,vaeog vaeog
Normalized time %
Males eeseeee Females
80
60
oo
Q. [7]
= © 40
B (<]
® 20
<
0 -
00000000000 Q
NQ\OOOS vacna

Normalized time %

e \ales eeeeee Females

B
o o
|
\
|

o

Pelvis
Angle deg
[ N w

o
)
} |

Angle deg

o

[cNeNele ol
Nwmeog N S O

Normalized time %

Males seeses Females

20
10
oo
g —8 0 70 . ooir
5 3 139FEgoNwegs
< Leseneeeet o,
-20 K —7__ _v '.'I..O‘
-30

Normalized time %

e ales e¢eeeee Females

Frontal
10
¥ s
o
o o ia.
E 0 P o
< docoooocooooL
Normalized time %
Males eesese Females
30
20 —— — —

Angle deg
=
o

0 [0t tenes sugusentt?l
[=NeclNololololeRoNolaloe]

10 Nv79w2 an{ajo

-20 - -

Normalized time %

Males e¢eeeese Females

30

20

Angle deg
=
o

o

=
o

Normalized time %

e Males eeeeee Females

-10
Normalized time %
Males essese Females

20

15 — —
g
< 10
K
2s
<

0

Normalized time %

e ales eeseee Females

Transverse
40
o 20 —
Q B 4
oS ™. A4
@ 0 )
& S88 8 TRSEIS
< .20 IOy

-40
Normalized time %

Males eseese Females

30
20
&
- 10
2
2 0
<
-10
-20
Normalized time %
Males eeseeee Females
20
o 10 —
Q@ 0 ""'o.' Lestttes
2 299885989883
<C - -
-10 WSS bl
-20

Normalized time %

e [lales e¢eeeee Females

10

5
& 9
$om A
@ ocoed o Cl==]
B g BNSRRE =Nhogo
c ~
< <Y |

-10 — il

-15

Normalized time %

Males eeeeee Females

10
5
oo
s
2 0 Pl o—
2 °22828°ke888
< R e
-5 7’._,: i y
-10

Normalized time %

Males eseeee Females

Figure 3. 3D motion of each segment during SLS. Shaded error bands (single-sided) represent one standard

deviation.
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Females (N =23) Males (N=35)
Variables r(X.Y) ‘ r2 ‘ t ‘ P r(X.Y) ‘ r2 ‘ t ‘ P
Ankle
Sagittal max [°] 0.53 0.28 2.83 0.01 0.60 0.35 4.26 <0.001
Sagittal min [°] -050 [025 |-267 0.01 |-020 |0.04 |-1.17 0.25
Frontal max [°] 0.00 0.00 0.01 099 |-0.15 |0.02 |-0.88 0.38
Frontal min [°] -0.02 |0.00 |-0.11 091 |-0.25 |0.06 |-1.51 0.14
Transverse max [°] 0.13 0.02 0.62 0.54 0.24 0.06 1.42 0.16
Transverse min [°] -0.01 |0.00 |-0.03 0.97 0.13 0.02 0.75 0.46
Knee
Sagittal max [°] 0.88 0.77 8.38 <0.001 0.93 0.87 | 14.80 <0.001
Sagittal min [°] -032 010 |-154 014 |-023 |0.05 |-1.38 0.18
Frontal max [°] -0.06 0.00 | -0.28 0.78 | -0.02 0.00 | -0.09 0.93
Frontal min [°] -0.04 |0.00 |-0.17 087 |-0.14 |0.02 |-0.81 0.43
Transverse max [°] 0.18 0.03 0.82 0.42 0.43 0.18 2.72 0.01
Transverse min [°] -0.01 |0.00 |-0.03 0.97 0.12 0.01 0.71 0.48
Hip
Sagittal max [°] 0.19 0.03 0.87 0.40 0.73 0.53 6.14 <0.001
Sagittal min [°] -0.27 10.08 |-1.31 020 |-0.17 |0.03 |-0.99 0.33
Frontal max [°] -0.17 0.03 | -0.80 0.43 0.29 0.08 1.71 0.10
Frontal min [°] -0.04 |0.00 |-0.17 087 |-0.03 |0.00 |-0.15 0.88
Transverse max [°] 0.09 0.01 0.42 0.68 |-0.10 |0.01 |-0.55 0.59
Transverse min [°] 0.04 |0.00 0.17 0.87 |-0.14 |0.02 |-0.83 0.42
Pelvis
Sagittal max [°] -0.21 0.04 | -0.96 0.35 0.40 0.16 247 0.02
Sagittal min [°] -0.03 |0.00 |-0.16 0.87 0.02 0.00 0.13 0.90
Frontal max [°] —-0.38 0.15 | -1.91 0.07 0.13 0.02 0.78 0.44
Frontal min [°] -0.09 |0.01 |-0.40 0.69 |-0.04 |0.00 |-022 0.82
Transverse max [°] -0.08 |0.01 |-0.36 072 |-029 ]0.09 |-175 0.09
Transverse min [°] 0.09 0.01 0.42 068 |-029 |0.09 |-177 0.09
Spine
Sagittal max [°] -0.01 0.00 | -0.04 0.97 0.24 0.06 1.40 0.17
Sagittal min [°] 0.00 0.00 | -0.02 099 |-0.03 |0.00 |-0.18 0.86
Frontal max [°] -032 [0.10 |-154 0.14 0.13  |0.02 0.77 0.45
Frontal min [°] -0.01 0.00 |-0.03 098 |-0.04 |0.00 |-024 0.81
Transverse max [°] 0.11 0.01 0.49 063 |-0.16 |0.02 |-0091 0.37
Transverse min [°] 0.20 0.04 0.92 037 |-031 |0.10 |-1.86 0.07

Table 4. Results of Pearson correlation for descent and kinematics parameters in females and males.
Statistically significant results are in bold. Max, min denote the maximal and the minimal angles reached
during the descent phase of motion.

angle of ankle (r=0.60, p <0.001), knee (r=0.87, p<0.001), hip (r=0.73, p <0.001) and pelvis (r=0.40, p=0.02)
in the sagittal plane and the maximal angle of knee (r=0.43, p=0.01) in the transverse plane (Table 4).

Moreover, correlation of the squat depth and anthropometric measurements was performed (Table 5). The
analysis indicated that there was no statistically significant relationship between body mass, height, Body Mass
Index (BMI) and squat depth.

Discussion

The purpose of this study was to compare recreationally physically active females and males with regard to the
spine, pelvis and peak angles of the lower limb joints in each plane of motion during the SLS and to investigate
the relationship between kinematics and SLS depth. The study results demonstrate that males and females use
different motor strategies at all levels of the kinematic chain. The differences are noted especially in the frontal
and the transverse planes in the lower limbs’ joints and in the sagittal plane of the spine.

According to Zeller et al., females demonstrated significantly more ankle dorsiflexion, ankle pronation, hip
adduction, flexion and external rotation, and less trunk lateral flexion than men in SLS?%. In the present study,
differences in ankle motion in the transverse and frontal planes occurred in a comparison of males and females.
In accordance with the Zeller findings, females demonstrated smaller inversion and smaller external rotation
of the foot than men in our study. Greater foot external rotation observed in this study in males is probably
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All participants (N=58) Females (N =23) Males (N=35)

Variables r(X,Y) [r2 t P r(X,Y) [r2 t P r(X,Y) [r2 t P
Body mass [kg] 0.01 0.00 |0.08 |093 |-019 |0.04 [-090 [038 |-020 |0.04 |-1.16 |0.25
Body length [m] 0.01 0.00 |0.08 |094 |-032 |010 |[-152 |0.14 |-0.22 0.05 |-129 |0.20
BMI [kg/m?] 0.02 0.00 |0.13 |0.90 |0.03 0.00 |0.14 0.89 | -0.13 0.02 |-0.75 |0.46

Table 5. Results of Pearson correlation for squat depth (% leg length) and body mass, body length and BMI.

related to greater knee varus. Previously it had been noticed by researchers that factors of foot mobility should be
included in the clinical treatment of knee-related disorders®*2. According to our findings, examiners of the SLS
should also take into consideration sex-dependent differences of ankle and foot motion, not only knee and hip.

When performing the SLS, females, compared with males, show a characteristic kinematic profile of the lower
limb observed previously in the literature with higher hip internal rotation, hip adduction and knee valgus®*=***,
A similar study to the one presented here was conducted by Weeks et al., who examined 30 men (25.6 + 4.8 years)
and 30 women (25.1+3.8 years)?'. Both studies were characterized by similarly sized study groups, their ages
and research methods. In the research of Weeks et al., the peak internal hip rotation (- 1.8°+5.7° vs.. 3.0°+7.3°)
and the hip adduction range (11.7°+4.8° vs.. 18.3° £ 6.7°) seemed to be smaller for males than for females®!. The
above sex differences were also observed in the authors’ study. The hip rotation range in females in our study was
between — 4.00° and 3.32°, while males kept only an external rotation in the range of 2.66°-10.07° throughout
the SLS. The mean peak hip adduction was 14.92° +5.54° in females and 10.43°£6.01° in males. Our findings
are in opposition to the conclusion described by Zeller et al., who noted that female subjects tended to rotate
their pelvis away from the stance leg and had a more externally rotated hip during the SLS??. In our study males
rotated their pelvis and spine to a greater degree away from the stance leg and, as a result, they had greater hip
external rotation. Previous studies report that increased hip adduction and hip internal rotation have been associ-
ated with higher levels of pain and reduced function in patients with PFP*>%. However, it remains unclear how
the differences observed in this study can be related to pain and injury risk in healthy participants. Given this,
long term prospective studies can explain if these SLS kinematics translate into injuries for males and females
in different ways.

In the current study males have a more outward bended knee (varus) than females (13.14° vs. 4.93° and 2.69°
vs. — 3.43°, for maximal and minimal angle in the frontal plane respectively). Apparent knee valgus has been
considered by clinicians as one of the criterions describing “poor” SLS performance®”*. Despite statistically
significant differences between males and females, the mean knee valgus obtained by females (- 3.43°) is small
and should be considered as a normal, rather than pathological, value**. Differences in knee kinematics in the
frontal plane are similar to those reported by Graci et. al in a group of healthy adults who were not physically
active on a regular basis and were about seven years older than the participants in this study®.

Statistically significant differences in pelvis motion were observed between males and females in the present
study in the frontal and sagittal planes. They are inconsistent with the previous studies of Weeks et al. and Graci
et al., who found statistically significant differences between males and females only in pelvic rotations?".
During the SLS test, Graci et al. observed that females flexed their torsos less than men and, more than males,
turned their torsos and pelvises toward the stance limb?. In the current study females had more extended spines
throughout the SLS and less rotated spines to the side opposite to the stance leg than males did. Moreover, males
demonstrated a greater rotation of the pelvis to the side opposite to the stance leg and a greater lateral trunk
flexion towards the stance leg than females did. The clinical significance of the observed differences in pelvic
rotation, trunk lateral flexion and rotation warrant further investigation with respect to injury incidence. The
observed differences between our findings in this study and a previous study of Graci et al. could be caused by
the smaller sample size in Graci’s investigation where only 9 women and 10 men were compared. Also, in the
study of Graci et al. measurements were taken at 45° of knee flexion and at peak knee flexion, but the mean
peak flexions were 69.77° +7.27° for females and 76.43° + 10.15° for males, which means squat depth was greater
than in the current study. Similar knee flexions during the maximal SLS to the results of the present study were
observed by Dwyer et al. who reported an average of 66.8° in males and of 60.0° in females®. However, Dwyer
et al. did not investigate the trunk motion and did not find any statistically significant differences between sexes
in the frontal and transverse motions of the hip and the knee, suggesting that significant alternations in these
planes are related to greater depths, exceeding 60 degrees.

It was observed in this study that females had a more upright posture during squatting than males did. This
observation is consistent with the previous studies of Graci et al.?>. However, Weeks et al. did not report any
differences between the sexes in the trunk motion. The result obtained in this study may be explained by the
squatting procedure. In Weeks’ study participants squat down to achieve knee flexion of between 75° and 85°,
and in the present study the SLS is performed to the preferred maximal depth without imposition of knee flexion
(which was on average smaller than in Weeks’ study and achieved 60.95° in females and 64.92° in males)*'. The
high values of knee flexion related to greater depth in Weeks’ investigation are probably causes of a more flexed
trunk in both females and males. However, in the squat depth range which we investigated, the trunk mobility
in the sagittal plane was not related to squat depth. According to Powers et al., a more upright posture in females
can be explained by a lack of hip extensor force to control the forward mass center shift during the descent phase.
As a result, women have to rely on the quadriceps muscle, which indicates a strategy that could put ACL at a
risk of injury*!. Single-leg squats performed with a moderate forward trunk lean can minimize anterior cruciate

Scientific Reports |

(2020) 10:19601 | https://doi.org/10.1038/s41598-020-76674-2 nature research



www.nature.com/scientificreports/

ligament loads. The increase in forward trunk lean can also result in a concomitant increase in hip flexion which
would shorten the rectus femoris muscle and lengthen the hamstrings. This mechanism may affect the thigh
muscle forces*. According to research by Mendiguchia et al., females show a greater lateral displacement of the
torso, and increased hip adduction and internal rotation during sports maneuvers when compared to males*.
The results of the authors’ research were convergent except for the lateral displacement of the torso which was
greater in the male group.

An analysis of the relationship between kinematics and SLS depth shows differences in males and females,
which is consistent with the stated hypothesis. A possible explanation of some opposing results of this and
previous studies mentioned above can be in the way that the SLS is executed. Khuu et al. demonstrated that
execution of the SLS can significantly affects kinematics***. In the literature the SLS execution is described in a
variety of ways. Hands can be placed across the chest*, at the sides”, out to the sides® or placed on the pelvis®’.
There are also large variations in the manner in which the non-stance leg is positioned during the SLS. It can be
extended out front*, held in line with the ankle of the stance leg*, with the knee flexed 90° while maintaining
a vertical thigh position (behind the weight-bearing leg)*!. Some studies did not explicitly state the position of
the non-stance leg**’. Considerable variation in how the SLS movement is performed in many cases do not
allow comparison between studies®.

Another explanation of incompatible results of this and previous studies might be the lack of depth control in
squatting. In this study, as well as in previous investigations, participants were instructed to squat down as far as
possible. The depth of squatting was not imposed, as we thought that this better represented a clinical setting in
which normal inter-participant variability would exist. However, to the best of the authors’ knowledge, this study
is the first one to analyze the relationship between SLS depth and three-dimensional kinematics. This study shows
that, in spite of the fact that the average squat depths in females and males were similar, SLS depth was related
to a greater number of kinematics parameters in males than in females. In females the depth was related only
to the ankle and the knee kinematics in the sagittal plane. This indicates that women rely mostly on these joints
during their SLS descent. Males show a more complex motion, involving the hip, pelvis and transverse motion
of the knee involved in the SLS descent. At the same time, SLS kinematics in females seem to be less predictable
because only a few parameters are related to squat depth and others occur more independently. Depth can be an
important factor affecting motion kinematics and muscle activity?. Thus, clinical evaluation of the SLS should
include an analysis of depth and kinematics to understand how SLS depth can alter kinematics in males and
females. However, our study indicates that SLS depth is poorly related to frontal and transverse plane kinematics,
thus differences in these planes between the sexes can be observed even when SLS depth is small. Based on these
findings, it seems unlikely that women lack control of the hip and knee stabilizing muscles to maintain proper
frontal-plane and transverse-plane motion when SLS depth increases, as was previously suggested?.

Comparison of anthropometric variables (body length, body mass, BMI) showed significant differences
between males and females. However, correlation of these values with squat depth indicate that there was no
statistically significant relationship between them. A previous study by Mckean and Burkett reported that body
height can be related to kinematic parameters in males and females during the two-leg back squat*®. Thus,
anthropometric parameters seem to be linked to SLS depth affecting kinematics. Nevertheless, in our study
squat depth was related to kinematics, but not to height, body mass and BMI, neither in males nor in females.

This study has some limitations. First, we acknowledge a lack of older participants and those not physically
active. Such a comparison between young and older persons and between more and less physically active ones
might shed some new light on the topic of evaluating SLS kinematics. Second, in this study we used no limb
dominance evaluation, which may have some influence on motor control®. Nevertheless, our study is the first
detailed three-dimensional analysis of the SLS in relation to squat depth.

In conclusion, during the SLS males and females demonstrated similar lower limb motion in the sagittal plane,
but different spine motion. Males and females showed different kinematics during the SLS in the frontal and
transverse planes in all segments of the kinematic chain. Different kinematics of the trunk in the sagittal plane
and lower limbs in the frontal and transverse planes of males and females should be considered by clinicians
and coaches during an examination of SLS performance. Squat depth should be considered as a factor differently
related, in men and women, to the motion of the kinematic chain during the SLS.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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