
����������
�������

Citation: Manojlović, D.; Zorko, M.;
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Abstract: Patellofemoral pain (PFP) is a frequent knee condition. The aim of this study was to
investigate strength, flexibility and postural control in people with and without PFP. Fifty-five
participants between 14 and 54 years of age (PFP = 18, control group = 37) were included. Strength
and flexibility for all trunk, hip, knee and ankle muscle groups were measured along with postural
control outcomes. Analyses were conducted based on the “affected” and “non-affected” leg within-
group and between-groups. Between-groups analysis demonstrated a statistically lower strength
of trunk muscles (range: 35.8–29.3%, p < 0.001), knee extensors (20.8%, p = 0.005) and knee flexors
(17.4%, p = 0.020) in PFP participants. Within-group analysis proved an 8.7% (p = 0.018) greater hip
internal rotation strength and ankle extension flexibility (p = 0.032) of the “affected side” in PFP
participants. This was, to our knowledge, the first study to investigate the strength of all trunk muscle
groups. The results indicate that participants with PFP exhibit impaired strength of trunk muscle
groups, along with knee muscle deficits, which may present a rehabilitation target. Clinicians should
consider implementing trunk strengthening exercises into PFP programs along with knee-targeting
exercise programs.

Keywords: anterior knee pain; biomechanics; trunk; hip; knee; ankle

1. Introduction

Patellofemoral pain (PFP) is one of the most common knee conditions clinicians
encounter in their practices. It is estimated that 22.7% of the general population is affected
by PFP at some point, while the prevalence in adolescents is slightly higher at 28.9% [1].
PFP is defined as pain around (peripatellar) or behind the kneecap (retropatellar) that is
aggravated by activities loading the knee joint, such as running, squatting, climbing stairs
or even prolonged sitting with knee flexion above 90◦ [2]. A variety of factors including
biomechanical, psychological and behavioral have been linked to PFP [3]. However, there
is still a lack of consensus regarding a clear pathophysiology behind PFP. It has been widely
accepted that patellar maltracking reduces the articular contact area and increases the
stress on the patellofemoral joint (PFJ) [4,5]. Nonetheless, the primary factor leading to this
maltracking is not yet clearly understood.

Increasing emphasis is being placed upon the influence of trunk and hip muscle
strength and function, alongside local influences regarding the muscles surrounding the
knee [6,7]. However, despite the large number of studies investigating prevalent char-
acteristics of PFP patients [7–9], there is conflicting evidence regarding trunk muscles
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strength. Trunk stability has been shown to play an important role in the mechanisms
of lower extremity injuries in athletes [10]. Furthermore, some authors suggest that PFP
patients demonstrate impaired neuromuscular trunk control [11]. Powers [12] suggested
that abnormal trunk movements during functional tasks may influence moments at the
knee due to impaired pelvic stability. Trunk stability is therefore an important component
of the generation, transmission and control of knee movements as it affects lower limb
alignment. However, few studies have been conducted on trunk muscles strength in PFP
and the results remain inconclusive. Cowan et al. [13] reported that trunk lateral flexion
strength was significantly (−29%) lower in PFP patients. However, these investigators did
not examine trunk flexion or extension strength. In contrast, a more recent study concluded
that there was no significant difference in trunk lateral flexion strength between participants
with and without PFP [14]. To our knowledge, most studies investigating trunk muscle
strength have focused upon lateral flexion, whereas no study to date has determined trunk
extension and flexion strength in participants with PFP.

Powers et al. [15] suggested that altered foot and ankle strength, structure and/or
mobility may contribute to PFP. Distal factors such as excessive calcaneal eversion [16] and
increased navicular drop during standing [17] are arising as potential risk factors in the
development of PFP. Although PFP patients have been shown to have a more pronated
foot posture compared to participants without PFP [18], strength measurements show
no difference in isometric ankle dorsiflexion between women with and without PFP [19].
Although there is a growing body of evidence on the importance of gender differences in
PFP [20], to the best of our knowledge no study has yet examined ankle muscles strength in
males with PFP. Therefore, there is insufficient evidence to conclude with certainty whether
ankle muscle strength differs significantly between participants with and without PFP or
whether it affects lower leg flexibility. However, electromyographic analyses of the lower
limb muscles suggest that women with PFP exhibit greater activity of the biceps femoris and
vastus lateralis muscles during the pre-activation and stance phase of the single leg triple
hop test [21]. Finally, knee extension strength has been shown to be impaired compared
to participants without PFP, but only among adults with PFP [22]. Rathleff et al. [23]
highlight the heterogeneity of PFP, suggesting that knee extension strength differs by 0.3%
between adolescents with and without PFP and is not a significant characteristic of PFP in
adolescents. Additionally, although recent evidence suggests that leg dominance may be
associated with anterior cruciate ligament injury [24], the correlation between the affected
and the dominant leg in patients with a chronic condition such as PFP remains unknown.
Thus, there are still significant gaps in the literature regarding trunk and lower extremity
muscle strength, flexibility and postural control in heterogeneous groups of PFP patients.
Identifying and filling these knowledge gaps can play an important role in the management
of PFP, as it may help in the development and implementation of effective rehabilitation
programs into clinical practice.

The aim of this controlled case-control laboratory study was to assess trunk and lower
body muscle strength and flexibility as well as postural control in participants with uni-
or bi-lateral PFP compared to a well-matched group of participants without PFP. The
secondary aim of our study was to explore correlations between the leg dominance and
muscle strength, flexibility and postural control impairments in participants with PFP. We
hypothesized that participants with PFP would exhibit reduced muscle strength outcomes
compared to both participants without PFP and their own non-affected side. Our goal was
to support the current evidence-based understanding of PFP and to identify significant
muscle strength and flexibility deficits in participants with PFP that, if overlooked, may
potentially delay treatment results.

2. Materials and Methods
2.1. Participants

We included 18 participants with PFP (13 females and 5 males, mean age: 24.6 ± 12.5 years,
mean body height: 171.1 ± 10.1 cm, mean body mass: 67.3 ± 17.2 kg) and 37 participants
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without PFP (26 females and 11 males; mean age: 21.6 ± 8.8 years, mean body height:
170.6 ± 8.9 cm, mean body mass: 64.1 ± 12.4 kg), who served as the control group (CG)
(Table 1). Sample size calculations were performed using the G Power software package
(version 3.1.9.2) and based on trunk lateral flexion strength as the primary outcome. We
calculated the required minimal number of participants in the study (n = 46) to reach
statistical power, β = 0.80 and α = 0.05 [14]. Participants in the CG were matched based
on their gender, age, activity level, body mass and body height. Participants with PFP
were recruited by a licensed sports medicine physician according to two specific inclusion
criteria. These criteria included (i) pain ≥ 3 on the Visual Analogue Scale (VAS) during at
least two of the following activities: stair climbing/descending, squats, running, jumping,
prolonged sitting and isometric quadriceps contraction; (ii) positive patellar tilt or com-
pression test and (iii) duration of PFP ≥ 3 months prior to the inclusion in the study [25].
Participants with unilateral and bilateral symptoms were included in the study, with the
worst side determined as “affected”. All subsequent analyses were performed separately
for participants with unilateral or bilateral PFP. In the recruited participants with PFP who
met the inclusion criteria and volunteered to take part in the study, the following clinical
tests parameters have been observed and reported based on the unilateral or bilateral
presentation of PFP (Table 2): patellar tilt or compression, excessive femoral internal ro-
tation [26]; lateral patellar tilt; patellar hypo- or hyper-mobility; contralateral pelvic drop
(>3◦) and knee valgus during the single leg-squat [27]; navicular drop test or poor foot
flexibility [28,29] and high-riding patella (Insall–Salvati index > 1.2) [30]. Participants were
excluded from the study if they showed symptoms or signs of any of the following condi-
tions: patellar tendinopathy; pre/infrapatellar bursitis; a history of previous surgery on the
hip or knee; meniscal or intra-articular injury; involvement of the crucial or collateral liga-
ments; sign of patellar apprehension and Osgood–Schlatter or Sinding–Larsen-Johansson
syndromes [27,31]. Participants in the CG were recruited through regional sports clubs
and were excluded from the study if they presented any current of previous injury of the
lower extremity for at least one year prior to participating in the study. All participants
gave written informed consent prior to participation. For underaged participants, informed
consent was provided by the parents. The study protocol was conducted in accordance
with the Declaration of Helsinki and approved by the Slovenian National Medical Ethics
Committee (0120-99/2018/5).

Table 1. General characteristics of the patellofemoral pain and the control group.

Patellofemoral Pain Control p-Value

Females Males All Females Males All

n 13 5 18 26 11 37 /
Unilateral PFP 7 5 12 / / / /
Bilateral PFP 6 0 6 / / / /
Age (years) 19.1 ± 8.4 37.4 ± 12.3 24.2 ± 12.5 20.0 ± 7.4 25.3 ± 11.2 21.6 ± 8.8 0.436

Body height (cm) 167.5 ± 7.1 181.0 ± 11.4 170.7 ± 10.2 167.6 ± 7.4 177.8 ± 8.5 170.6 ± 9.0 0.972
Body mass (kg) 57.9 ± 6.7 84.2 ± 19.7 62.5 ± 11.4 60.1 ± 9.0 73.7 ± 14.3 64.1 ± 12.4 0.638

Average training
frequency (x/week) 4.2 ± 2.8 3.5 ± 0.6 4.1 ± 2.4 3.7 ± 1.4 3.36 ± 0.9 3.6 ± 1.2 0.413

Average training session
duration (min) 86.3 ± 24.0 112.5 ± 15.0 92.8 ± 24.6 91.7 ± 16.1 80.0 ± 22.4 88.2 ± 18.6 0.489

Average pain (cm) 6.0 ± 1.1 5.2 ± 0.9 5.8 ± 1.2 / / / /
Average pain duration

(months) 9.0 ± 4.0 9.2 ± 4.1 9.1 ± 3.9 / / / /
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Table 2. Clinical presentation of the participants in the patellofemoral pain group.

Patellar Tilt/
Compression

Internal
Femoral
Rotation

Lateral
Patellar

Tilt

Patellar Hyper/
Hypomobility

Contralateral
Pelvic Drop

Knee
Valgus

Navicular
Drop

Poor
Foot

Flexibil-
ity

High-
Riding
Patella

Unilateral 9 3 0 3 4 3 2 1 1
Bilateral 6 2 1 1 0 1 1 2 0

All 15 5 1 4 4 4 3 3 1
Percent 94% 31% 6% 25% 25% 25% 19% 19% 6%

2.2. Study Design, Tasks and Measurement Procedure

Strength and flexibility for all trunk, hip, knee and ankle muscle groups, along with
postural control outcomes, were measured in a random order. This protocol was used, as re-
cent studies report that body sway did not increase after a whole-body fatigue protocol [32].
Trunk, hip, knee and ankle muscle strength were evaluated by performing maximal vol-
untary contractions (MVC) using specific custom-made dynamometers (S2P Ltd., Science
to practice, Ljubljana, Slovenia) [33]. As previously reported, the dynamometer proved
to be both a reliable and valid (ICC ≥ 0.95) muscle strength assessment tool [34,35]. For
trunk muscle strength assessments, participants were positioned standing hip-wide on the
dynamometers’ anti-slip platform. Participants were positioned facing the dynamometers’
sensor for trunk flexion muscle strength assessment, while they turned their back to the sen-
sor when assessing the trunk extension muscle strength. The lower support was positioned
below the iliac crist, and the upper support was at shoulder height. Both supports were
individually adjusted to the participants’ heights. The lever-arm length was expressed as
the distance between the lower and upper support. To avoid compensating mechanisms,
participants’ pelvises were stabilized with a fixating strap, and they were asked to stand
with feet flat on the platform (Figure 1).

Figure 1. Isometric strength measurements of the (a) knee, (b) ankle and (c) trunk muscles.

Hip muscle assessment was performed with participants positioned supine (abduc-
tion, adduction and flexion) or prone (extension, internal and external rotation) on the
dynamometer’s platform (Figure 2).

These positions were chosen based upon previous hip muscle strength assessments
as well as to minimize the changes in participants position [36]. Knee and ankle (Figure 1)
muscle strengths were assessed sitting with adjacent segments fixated. Participants were
allowed to hold on to the dynamometer’s handle provided for that purpose. For all strength
measures, participants were provided a demonstration and a test trial. They were instructed
to “push as hard as possible” against the dynamometer while being constantly provided
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by strong verbal encouragement. Each repetition was hold for approximately 5 s before
allowing participants a 30-second break before the next MVC. The best of three consecutive
repetitions was considered for further analysis [7]. Additionally, the Nordic hamstring
exercise was performed as it requires trunk muscle activation and elicits a high activation
of the hamstrings [37].

Figure 2. Isometric hip muscle testing. (a) Ankle position during hip external and internal rotation,
(b) position during hip external and internal rotation and (c) hip adduction and abduction.

Passive trunk, hip, knee and ankle ranges of motion (RoM) were measured by the same
three investigators, one performing the movement, the other reading the measurements
and the third noting the results. Participants were positioned supine while prominent
anatomical landmarks of the lower extremities were marked. Measurements were provided
using a digital inclinometer providing measurements of 0.01◦ accuracy/interval (Baseline
Digital Inclinometer, Fabrication Enterprises, Inc., White Plains, NY, USA) [38,39] and a
standard 31.7 cm long and 4.5 cm wide goniometer made of clear plastic with 1◦ increments
and 360◦ scale. The participants’ pelvises were stabilized during all hip measurements
to prevent pelvic rotation. Hip flexion and ankle plantar flexion were tested with both
knees extended and knees flexed. All ankle measurements were performed with the axis of
movement on the lateral malleolus, with one arm of the goniometer following the base of
the thumb and the other arm aligned with the shin [40]. No warm-up or test trials were
performed prior to assessment. One repetition of each movement was performed based on
previous recommendations suggesting that one RoM measurement was as reliable as the
mean of repeated measurements [41].

Body sway and symmetry were evaluated on bilateral force platforms (9260AA, Kistler,
Winterthur, Switzerland). Participants were assessed barefoot with hands positioned on
their hips. After adopting a comfortable position, they were asked to remain quiet during
the 30-s single-leg stance with eyes open. Assessment was performed on both legs with
center of pressure parameters such as velocity, amplitude and direction defined as main
outcome measures. Standing symmetry was expressed in percentage (%) and evaluated
with hand on their hips in standing, semi-squat and full squat positions, respectively.
Symmetry indexes were determined based on the <10% inter-limb symmetry threshold [42].

Data for MVC, RoM and stability measures were collected into pre-prepared spreadsheets
and transcribed into MS Excel Software (Version 2019, Microsoft, Redmond, Washington,
DC, USA). Muscle strength data were sampled at 1000 Hz and low-pass filtered with a
Butterworth filter (20 Hz cut-off frequency, 2nd order). Maximal torque was determined
as the maximum value reached during the 1-s interval of each repetition. All strength
measures were normalized to the participants’ body masses and expressed in Nm/kg.
For each outcome measure, the data were adjusted with respect to the “affected” and the
“non-affected” leg in the PFP group and in “affected matched” and “non-affected matched”
in the CG. In the case of bilateral symptoms, the worse leg was labeled as “affected” and
used for further analysis. Similarly, the data were adapted with respect to the “dominant”
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and “non-dominant” leg based on the participant’s personal judgement. The dominant leg
was defined as the “leg you would use to kick a ball”.

2.3. Statistical Analysis

All statistical analyses were conducted in SPSS (version 26.0, SPSS Inc., Chicago,
IL, USA). Data are presented as means ± standard deviations. The normality of the
data distribution was tested with the Shapiro–Wilk test. The differences between groups
were analyzed using the two-tailed independent sample t-test where data were normally
distributed and the Mann–Whitney U test where data were non-normally distributed.
Correlations between the outcome measures of the affected leg and the dominant leg data
were assessed based on the PFP group and on both groups with the Pearson’s correlation
coefficient (0.0–0.1 (no association), 0.1–0.4 (weak), 0.4–0.6 (moderate), 0.6–0.8 (strong)
and >0.8 (very strong)) [43]. Correlations between pain levels and strength, flexibility and
stability outcome measures were calculated with Spearman’s correlation coefficient. The
level of significance for all analysis was set to p < 0.05, and the effect sizes were calculated
as Cohen’s d (0.0–0.2—trivial; 0.2–0.6—moderate; 0.6–1.2—large; >1.2 very large) [44].
Statistical significance was set at p < 0.05.

3. Results

Unilateral PFP was reported by 12 participants (7 females and 5 males), while 6 participants
(6 females) reported bilateral PFP. Positive patellar tilt or compression test was the most
prevalent clinical presentation in both participants with unilateral (nine participants) and
bilateral (six participants) PFP, followed by excessive femoral internal rotation observed in
three participants with unilateral and two participants with bilateral PFP (Table 2).

3.1. Within-Group Differences

When comparing the “affected” and the “non-affected” leg in participants with unilat-
eral PFP, the “affected” leg showed 12.1% greater hip internal rotation (p = 0.041) and 27.1%
greater ankle flexion strength (p = 0.022) compared to the “non-affected” leg. All other
outcomes showed no statistically significant difference in the within-group of participants
with unilateral PFP (p > 0.05) (Table 3). No significant within-group or between-groups dif-
ferences were found regarding the symmetry outcomes either in participants with unilateral
or participants with bilateral PFP.

Table 3. Affected and non-affected leg strength outcome measures within participants with unilat-
eral PFP.

Outcome Measure
Means ± SD Difference

Affected Leg Non-Affected Leg t p ES

Knee extension (Nm/kg) 2.36 ± 0.56 2.51 ± 0.61 −1.61 0.136 0.25
Knee flexion (Nm/kg) 1.23 ± 0.34 1.09 ± 0.31 2.02 0.069 0.43

Ankle extension (Nm/kg) 1.70 ± 0.86 1.90 ± 0.78 −0.52 0.114 0.24
Ankle flexion (Nm/kg) 0.85 ± 0.38 0.62 ± 0.21 1.68 0.022 * 0.75

Trunk lateral flexion (Nm/kg) 3.87 ± 1.82 3.92 ± 1.74 −0.21 0.840 0.03
Hip abduction (Nm/kg) 0.87 ± 0.11 0.88 ± 0.15 −0.12 0.877 0.08
Hip adduction (Nm/kg) 0.79 ± 0.14 0.79 ± 0.13 −0.35 0.731 0.09

Hip external rotation (Nm/kg) 0.80 ± 0.20 0.82 ± 0.21 −1.83 0.097 1.00
Hip internal rotation (Nm/kg) 0.99 ± 0.23 0.87 ± 0.20 1.68 0.041 * 0.92

Hip flexion (Nm/kg) 1.72 ± 0.31 1.75 ± 0.25 −0.45 0.663 0.11
Hip extension (Nm/kg) 2.03 ± 0.34 1.92 ± 0.38 1.50 0.164 0.31

Nordic hamstring (Nm/kg) 1.47 ± 0.33 1.53 ± 0.29 −1.11 0.293 0.19
* Statistically significant difference.

3.2. Between-Groups Differences

Statistically significant differences were shown between groups in terms of muscle
strength and flexibility considering the “affected”. The CG exhibited 18.2% superior muscle
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strength in terms of knee extension compared to participants with unilateral (p = 0.048)
and bilateral (p = 0.27) PFP. Additionally, the CG exhibited lower ankle flexion strength
(p < 0.001), greater trunk lateral flexion strength (p = 0.003, p = 0.004) and greater trunk
extension strength (p = 0.002) compared both to participants with uni- and bi-lateral PFP.
The CG exhibited greater hip abduction strength (p = 0.008) and knee flexion strength
(p = 0.042) compared to participants with unilateral PFP as well as lower trunk flexion
strength compared to participants with bilateral PFP (p < 0.001) (Table 4). In terms of
flexibility, the CG showed greater ankle extension compared to participants with unilateral
PFP (p = 0.050). No other difference between-groups regarding any of the outcome measures
was noted (Table 5).

Table 4. Affected leg strength outcome measures and between-group differences.

Outcome Measure

Means ± SD Difference Means ± SD Difference

Unilateral
PFP (n = 12)

Control
(n = 37) t p ES Bilateral PFP

(n = 6)
Control
(n= 37) t p ES

Knee extension
(Nm/kg) 2.36 ± 0.56 2.79 ± 0.92 −1.54 0.048 * 0.56 1.91 ± 0.27 2.79 ± 0.92 −2.29 0.027 * 1.29

Knee flexion (Nm/kg) 1.23 ± 0.34 1.49 ± 0.38 −2.09 0.042 * 0.72 1.25 ± 0.22 1.49 ± 0.38 −1.35 0.186 0.77
Ankle extension

(Nm/kg) 1.70 ± 0.86 1.67 ± 0.52 0.19 0.853 0.04 1.64 ± 0.44 1.67 ± 0.52 −0.13 0.899 0.06

Ankle flexion
(Nm/kg) 0.85 ± 0.38 0.48 ± 0.11 5.40 0.000 * 1.32 0.75 ± 0.28 0.48 ± 0.11 4.37 0.000 * 1.27

Trunk lateral flexion
(Nm/kg) 3.87 ± 1.82 5.32 ± 1.26 −3.09 0.003 * 0.92 3.53 ± 1.79 5.32 ± 1.26 −3.04 0.004 * 1.16

Trunk extension
(Nm/kg) 5.22 ± 2.56 7.72 ± 2.19 −3.31 0.002 * 1.05 4.45 ± 2.38 7.72 ± 2.19 −3.36 0.002 * 1.42

Trunk flexion
(Nm/kg) 4.25 ± 2.48 5.84 ± 1.40 −0.58 0.567 0.79 3.17 ± 1.47 5.84 ± 1.40 −4.30 0.000 * 1.86

Hip abduction
(Nm/kg) 0.87 ± 0.11 0.90 ± 0.18 −2.78 0.008 * 0.20 0.86 ± 0.10 0.90 ± 0.18 −0.52 0.603 0.27

Hip adduction
(Nm/kg) 0.79 ± 0.14 0.90 ± 0.22 −1.62 0.111 0.60 0.83 ± 0.10 0.90 ± 0.22 −0.69 0.495 0.41

Hip external rotation
(Nm/kg) 0.80 ± 0.20 0.80 ± 0.17 −0.08 0.939 0.09 0.86 ± 0.15 0.80 ± 0.17 0.69 0.496 0.37

Hip internal rotation
(Nm/kg) 0.99 ± 0.23 0.98 ± 0.19 0.09 0.926 0.05 1.10 ± 0.21 0.98 ± 0.19 1.25 0.220 0.59

Hip flexion (Nm/kg) 1.72 ± 0.31 1.87 ± 0.33 −0.61 0.542 0.47 2.04 ± 0.32 1.87 ± 0.33 −0.33 0.743 0.52
Hip extension

(Nm/kg) 2.03 ± 0.34 2.13 ± 0.48 −1.28 0.206 0.24 2.06 ± 0.37 2.13 ± 0.48 1.12 0.270 0.16

Nordic hamstring
(Nm/kg) 1.47 ± 0.33 3.20 ± 0.81 −1.39 0.170 2.79 1.42 ± 0.26 3.20 ± 0.81 −1.39 0.172 2.95

* Statistically significant difference.

Table 5. Affected leg flexibility and stability outcome measures and between-group differences.

Outcome Measure

Means ± SD Difference Means ± SD Difference

Unilateral
PFP

(n = 12)

Control
(n = 37) t p ES Bilateral PFP

(n = 6)
Control
(n = 37) t p ES

Knee extension (◦) 3.78 ± 3.92 3.84 ± 3.72 −0.18 0.861 0.02 4.01 ± 5.18 3.84 ± 3.72 0.09 0.926 0.03
Knee flexion (◦) 148.78 ± 6.92 152.38 ± 6.44 −1.90 0.063 0.54 148.33 ± 3.14 152.38 ± 6.44 −1.50 0.142 0.79

Ankle extension (◦) 76.72 ± 10.47 81.46 ± 6.94 −2.00 0.050 * 0.53 77.83 ± 13.78 81.46 ± 6.94 −1.02 0.314 0.33
Ankle flexion (◦) 18.22 ± 7.04 15.24 ± 0.42 1.10 0.278 0.34 18.00 ± 6.36 15.24 ± 0.42 0.63 0.535 0.61
Hip abduction (◦) 42.28 ± 8.64 42.68 ± 6.85 −0.19 0.853 0.05 41.83 ± 8.23 42.68 ± 6.85 −0.27 0.787 0.11
Hip adduction (◦) 28.61 ± 5.83 29.89 ± 6.30 −0.72 0.471 0.21 27.50 ± 3.94 29.89 ± 6.30 −0.90 0.375 0.45

Hip external
rotation (◦) 57.68 ± 15.01 65.50 ± 15.72 −1.76 0.084 0.51 60.70 ± 18.31 65.50 ± 15.72 −0.68 0.501 0.28

Hip internal
rotation (◦) 56.38 ± 13.42 56.17 ± 15.19 0.05 0.959 0.01 68.75 ± 10.58 56.17 ± 15.19 1.94 0.059 0.96

Hip flexion with knee
extended (◦) 96.57 ± 13.18 102.81 ± 18.08 −1.30 0.198 0.39 97.45 ± 15.52 102.81 ± 18.08 −0.68 0.498 0.32
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Table 5. Cont.

Outcome Measure

Means ± SD Difference Means ± SD Difference

Unilateral
PFP

(n = 12)

Control
(n = 37) t p ES Bilateral PFP

(n = 6)
Control
(n = 37) t p ES

Hip flexion with knee
flexed (◦) 145.34 ± 8.44 144.58 ± 10.68 0.26 0.793 0.08 143.57 ± 5.81 144.58 ± 10.68 −0.23 0.822 0.11

Hip extension (◦) 29.57 ± 11.01 28.86 ± 10.02 0.24 0.811 0.07 31.28 ± 13.24 28.86 ± 10.02 0.53 0.602 0.21
Trunk lateral flexion

diff (cm) 24.33 ± 5.89 23.37 ± 4.27 0.69 0.490 0.19 26.17 ± 4.93 23.37 ± 4.27 1.46 0.152 0.60

CoP sway path A-P
(mm) 5.01 ± 1.44 5.55 ± 1.46 −1.29 0.201 0.37 4.98 ± 1.95 5.55 ± 1.46 −1.09 0.325 0.33

CoP sway path M-L
(mm) 5.95 ± 2.24 6.60 ± 2.43 −0.95 0.343 0.28 5.89 ± 2.22 6.60 ± 2.43 −0.85 0.352 0.30

CoP sway velocity
A-P (mm/s) 23.22 ± 4.99 25.76 ± 6.36 −1.48 0.132 0.44 23.04 ± 5.17 25.76 ± 6.36 −1.31 0.201 0.81

CoP sway velocity
M-L (mm/s) 25.64 ± 5.68 26.83 ± 6.69 −0.64 0.524 0.19 24.01 ± 5.27 26.83 ± 6.69 −0.78 0.098 0.47

Standing asymmetry
index (%) 3.77 ± 3.67 3.21 ± 2.56 0.66 0.510 0.18 3.11 ± 2.95 3.21 ± 2.56 0.58 0.611 0.04

Semi-Squat
asymmetry index (%) 4.70 ± 2.23 3.87 ± 2.32 1.26 0.212 0.37 4.54 ± 2.02 3.87 ± 2.32 0.98 0.204 0.31

CoP = Center of Pressure. * Statistically significant difference.

3.3. Correlations

Ten participants in the PFP group exhibited PFP on their dominant leg (55.5%). The
majority (72.2%) of PFP participants defined their right leg as their dominant, while only
40.5% of participants in the CG presented the same preference. Considering participants
with unilateral PFP, the correlation coefficients between the dominant leg and all the
outcome measures on the affected leg were strong for hip extension (r = 0.611; p = 0.021) and
moderate for hip adduction strength (r = 0.503; p = 0.005), while for other outcome measures
the correlations were trivial (r = 0.034–0.087; p = 0.582–0.875) to weak (r = 0.112–0.392:
p = 0.756–0.130). Considering participants with bilateral PFP, the correlation coefficients
between the dominant leg and the outcome measures were trivial to weak (r = 0.021–0.259;
p = 0.078–0.124). The correlation between pain levels and strength, flexibility and stability
outcome measures in participants with unilateral PFP seemed to be significant for hip
internal rotation (r = −0.591; p = 0.031) and hip extension strength (r = −0.502; p = 0.042).
Correlations between pain duration and outcome measures showed a significant correlation
in terms of knee extension strength (r = −0.598, p = 0.009). All correlation coefficients based
on participants with bilateral PFP regarding the dominant leg and the outcome measures
were trivial (r = 0.010–0.091; p = 0.326–0.824) or weak (r = 0.127–0.392; p = 0.066–0.079).

4. Discussion

The aims of the present study were (a) to investigate the trunk and lower body
muscle strength, flexibility and postural control between participants with and without PFP,
(b) to investigate the differences between the “affected” and “non-affected” leg in the PFP
group and (c) to investigate possible correlations between the occurrence of PFP and leg
dominance. Our first conclusion is that all trunk muscle strength outcomes are significantly
impaired both in participants with uni- and bi-lateral PFP compared to participants without
PFP. Our results are in concordance with previous studies reporting that participants with
PFP exhibit 24–29% lower trunk lateral flexion strength compared to participants without
PFP [13,45]. However, both of these studies included participants with bilateral symptoms
and therefore lacked further analysis on the “affected” and the “non-affected” leg compared
with the matched side in the CG. Our study classifies participants with PFP based on their
(more) affected leg and therefore provides a deeper insight into side-specific impairments.

Our study demonstrated that only participants with unilateral PFP exhibit excessive
contralateral pelvic drop, which may be linked to impaired trunk lateral flexion strength
of the affected side in participants with PFP [7]. Accordingly, we demonstrated that
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participants with unilateral PFP exhibit lower trunk extension alongside impaired trunk
lateral flexors compared to participants without PFP. However, it should be noted that
PFP may affect the amount of the participants’ physical activity and sports participation.
Thus, our findings suggest that people with PFP may be more vulnerable to great external
forces in the sagittal plane during functional activities. Increased posterior trunk lean
during sports and functional activities could increase the knee flexion moment and forces
on the knee extensors, leading to increased PFJ stress [12]. Similarly, the results of our
study indicate lower trunk flexion strength between participants with bilateral PFP and
participants without PFP. However, it should be noted that bilateral PFP was reported
solely by females with PFP. To our knowledge, this was the first study to investigate trunk
flexion strength in participants with uni- or bi-lateral PFP. We found that participants
with bilateral PFP exhibit significant trunk flexion strength impairments compared to
participants without PFP. Previous studies report impaired trunk flexion with rotation
strength [7] and kinematic changes in terms of increased trunk flexion during stair descent
in participants with PFP [46]. The reason for this may lay in the fact that forward trunk
lean during walking and running has been proposed as an effective strategy to reduce PFJ
stress [47]. Although these conclusions may be important factors in designing rehabilitation
programs, improvements in PFP symptoms seem to be more related to gains in strength
than changes in kinematic behavior [48]. Therefore, the reciprocal relationship of trunk
muscle strength and kinematics in people with PFP remains to be further investigated.

We found no difference in hip muscle strength between groups, with the exception of
hip abduction strength in participants with unilateral PFP. These findings are in contrast to
previous studies reporting impaired muscle strength of the hip abduction, external rotation
and extension muscles both in participants with unilateral and bilateral PFP [8,14,49].
However, it was proposed that, although hip strength deficits may be important in women,
it may not be a feature of PFP in a mixed gender sample [13]. Additionally, hip internal
rotation strength was significantly greater in the “affected” compared with the “non-
affected” side in participants with unilateral PFP. These results may be related to increased
femoral rotation in participants with unilateral PFP [50]. Consequently, excessive hip
internal rotation can be linked to the dynamic valgus in the knee, which finally contributes
to greater PFJ stress [51]. Furthermore, it was previously reported that hip strength is not
affected in adolescents with PFP [23]. These results suggest that, apart from gender, age
group may also be an important factor in the clinical decision in patients with PFP. Our
study confirmed previous research regarding the deficits of the knee muscle strength [52].
It was reported that both knee extension and flexion strength were impaired in the PFP
group. The findings also suggest that regardless of the affected side, participants with PFP
tend to have weaker knee muscles than participants without PFP. Finally, participants with
unilateral PFP exhibit greater ankle flexion strength and extension flexibility compared
to participants without PFP. Power et al. [15] suggested that foot and ankle flexibility
and strength could be associated with knee valgus and, therefore, diminish the quality of
movement during functional tasks. Moreover, increased ankle extension below the lateral
malleolus could indicate increased navicular drop while standing.

Consistent with previous studies [53], we demonstrated no differences between groups
in postural control during the one-legged stance. It has been suggested that deficits in hip
abduction strength play an important role in postural control in women with PFP [54]. How-
ever, our study included a mixed-gender sample, and the results indicate no differences
between groups in hip abduction strength. Therefore, it is possible that such differences
occur only in women with hip abduction strength deficits. Similarly, although participants
with PFP had slightly higher asymmetries in the standing, semi-squat and squat positions,
this did not reach statistical significance. Additionally, we found a significant between-
group difference in terms of ankle extension flexibility. These findings may be a result of an
increased calcaneal eversion and foot pronation previously found in PFP patients [16,17],
although the small difference between groups limits definite conclusions. Although ankle
extension flexibility seems to be lower than in the CG, further studies examining ankle
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flexibility in participants with PFP are warranted. The clinical relevance of these finding
remains therefore unclear and requires further research. No other between-group difference
was found in terms of flexibility. Surprisingly, the majority of participants with PFP defined
their right leg as their dominant one. Our findings suggest that there is a strong relationship
between side-dominance and hip extension strength in the PFP group. On the other hand,
no significant correlation was observed between the outcome measures and dominant leg
based on both groups. These findings suggest that leg dominance is associated with hip
extension and adduction strength, but only in participants with unilateral PFP.

Some limitations and considerations related to our study need to be addressed. First
of all, because of a case-control study design, it was not possible to draw conclusions on
the cause and effect relationships. Secondly, our sample of participants with PFP was
small, preventing clear conclusions on the characteristics of PFP. A larger sample size is
needed to better determine lower extremity strength and flexibility deficits in PFP patients.
Another major limitation of our study is the inclusion of participants of all age groups.
Considering the higher prevalence of PFP in adolescents, future studies should include
only adolescents or young adults to better determine strength, flexibility and postural
control deficits in this population. Additionally, most participants were female, which may
limit our findings. Although PFP is more common in young females, future studies should
aim to investigate muscle strength, flexibility and postural control in male participants
with PFP. Lastly, it should be considered that we included both participants with uni-
and bi-lateral symptoms. However, in participants with bilateral PFP, the side reported
as worst was used in further analyses as the “affected” side and compared both to the
“non-affected” and to participants without PFP [6,8,27,45]. To the authors’ knowledge,
this was the first study measuring all trunk, hip, knee and ankle muscles’ strength and
flexibility outcomes in participants with PFP in respect to the affected side. Additionally,
the study compared all the above-mentioned outcomes to participants without PFP and
explored correlations with PFP levels and duration. As such, this study may provide
valuable clinical guidelines in the prevention and rehabilitation of PFP. Preventative or
rehabilitative exercise programs addressing weaknesses of the impaired muscle groups
may lead to a more effective and long-lasting recovery with respect to the individuals’
goals. Based on the results of our study, clinicians should consider implementing trunk
strengthening exercises into PFP programs, when estimated as necessary. Therefore, routine
testing should include testing of the trunk muscles along with knee muscles for providing
a reliable base for a custom-designed rehabilitation program of PFP patients.

5. Conclusions

The present study investigated strength and the flexibility of trunk, hip, knee and
ankle muscles as well as postural control in participants with and without unilateral
or bilateral PFP as well as within-group deficits. Trunk and knee muscle deficits have
been identified compared to participants without PFP, and it has been demonstrated
that, although often overlooked, trunk muscle strength may play a significant role in
PFP clinical presentation. The results indicate that clinicians should perform a thorough
musculoskeletal examination of the proximal, local and distal segments in order to design
appropriate rehabilitation programs. These assessments may help in the development on
effective preventative and rehabilitative exercise programs for patients with PFP. However,
further clinical trials, examining the benefits of adding trunk exercise to knee strengthening
programs are warranted in order to achieve the best rehabilitation results.
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