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ARTICLE INFO ABSTRACT

Keywords: Background: Patellofemoral pain (PFP) has been linked to increased patellofemoral joint stress as a result of
Anterior knee pain excessive hip internal rotation. Lower hip strength and/or excessive rearfoot eversion have been used to explain
Hip such altered movement pattern; however, it is unknown which one is the best predictor of excessive hip internal
Knee rotation.

Foot

Research question: To investigate if peak rearfoot eversion and/or peak concentric hip abductor strength can
predict peak hip internal rotation during stair ascent in women with PFP.

Methods: This cross-sectional study included thirty-seven women with PFP which underwent three-dimensional
kinematic analysis during stair ascent and hip abductor strength analysis in an isokinetic dynamometer. A forced
entry linear regression model analysis was carried out to determine which independent variables present the best
capability to predict the hip internal rotation.

Results: Peak concentric hip abductor strength significantly predicted peak hip internal rotation during stair
ascent (R? = 0.27, p = 0.001). Peak rearfoot eversion did not predict peak hip internal rotation during stair
ascent (R* < 0.01, p = 0.62). A Post-hoc analysis was conducted to explore if a subgroup with excessive
rearfoot eversion would predict hip internal rotation. Based on a previous reported cut-off point, 48.6% of the
participants were classified as excessive rearfoot eversion. For the subgroup with excessive rearfoot eversion,
peak concentric hip abductor strength and peak rearfoot eversion significantly predicted peak hip internal ro-
tation during stair ascent (R? = 0.26, p = 0.02; R® = 0.42, p = 0.003, respectively). For non-excessive rearfoot
eversion subgroup, peak concentric hip abductor strength significantly predicted peak hip internal rotation
during stair ascent (R? = 0.53; p < 0.001); and peak rearfoot eversion did not (R? = 0.01; p = 0.65).
Significance: Findings indicate that hip muscle strength seems to be related with hip internal rotation in all
women with PFP. Rearfoot eversion seems to be related with hip internal rotation only in a subgroup with
excessive rearfoot eversion.

Kinematics
Strength

1. Introduction activities that load the patellofemoral joint (PFJ) during weight bearing

on a flexed knee [3], especially ascending stairs [4]. Furthermore, the

Patellofemoral pain (PFP) is a common complaint amongst sports impact of PFP as a medical issue is highlighted by evidence suggesting a

medicine clinics, accounting for 25-40% of all knee injuries [1]. It has chronic and recurrent nature of pain, persisting for many years with
been reported that women are more likely to experience this condition unfavorable outcomes after rehabilitation [5].

than men [2]. Clinically, individuals with PFP report limitations in The source of pain in individuals with PFP remains unclear [3].
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However, the most recent consensus statement from the 4th interna-
tional PFP retreat proposed a pathomechanical model in which the
development of PFP is associated with increased PFJ stress. One of the
theories indicate excessive hip internal rotation during weight bearing
activities as a possible source of increased PFJ stress [6-8]. There are
two well-known theoretical models which attempt to explain the cause
of excessive hip internal rotation in women with PFP [9,10]. One as-
sumes that the hip joint depends on hip muscles to provide dynamic
stability and control the movement of the femur, therefore, reduced hip
strength may lead to a poor hip control and result in an excessive hip
internal rotation [9]. Lower isometric, concentric and eccentric hip
abductor strength have been reported in women with PFP [11-13].
Specifically, lower concentric hip abductor strength may be associated
with excessive hip internal rotation during stair ascent. In this activity,
predominantly concentric contractions of hip abductors are required to
control the hip movement [14,15]. Another theoretical model assumes
that excessive rearfoot eversion during the stance phase of gait [16] or
stair ascent [4] may result in excessive hip internal rotation due to joint
coupling [10].

Considering the need to reduce PFJ stress, knowing the mechanism
that is more associated with hip internal rotation could help clinicians
to identify the best treatment strategy to individuals with PFP. For in-
stance, if the lower hip abductor strength is more associated with hip
internal rotation, strengthening the hip abductor muscles could be an
option to avoid increased PFJ stress in women with PFP. On the other
hand, if the excessive rearfoot eversion is more associated, foot orthoses
prescription could be also performed in order to avoid the increased PFJ
stress [17].

In this context, the aim of this study was: (i) to investigate if the
peak rearfoot eversion during stair ascent and/or the peak concentric
abductor muscle strength can predict peak hip internal rotation during
stair ascent in women with PFP.

2. Methods
2.1. Participants

Thirty-seven women with PFP aged 18 to 35 years were recruited
between September 2016 and May 2017 via advertisements at fitness
centers, public places for physical activity and social medias. The study
was approved by the Local Human Ethics Committee, and all partici-
pants provided written informed consent. The diagnostic criteria for
PFP is listed in Table 1.
2.2. Procedures

Demographic data (age, body mass and height) were collected prior

Table 1
Inclusion and exclusion criteria for PFP.

Inclusion criteria

Insidious onset symptoms lasting at least 4 months

Worst pain level in the previous month corresponding to at least 30 mm in the visual
analogue pain scale (VAS)

Anterior knee pain when performing at least two of the following activities: sitting for
prolonged time, squatting, kneeling, running, ascending and descending stairs,
jumping and landing

Exclusion criteria

Sign or symptoms of any other knee dysfunction

History of surgery in any lower limb joint

History of patellar subluxation

Clinical evidence of meniscal injury or ligament instability
Referred pain coming from the lumbar spine.

Note: The eligibility criteria were assessed by a clinician (> 5 years of clinical
experience) based on previous studies[3,4].
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to testing. All participants were asked to rate their worst knee pain
intensity during the last month, and current pain measured on a 0-100
visual analogue scale (VAS). Additionally, duration of knee-related
symptoms (months) and self-reported knee function (anterior knee pain
scale — AKPS) were obtained.

Kinematic and isokinetic assessment were performed on two dif-
ferent days with interval of 48 h to one week to prevent any possible
influence of neuromuscular fatigue or muscle soreness. The order of the
assessments was randomized to avoid systematic bias. Data collection
was performed in participant's symptomatic limb (unilateral symptoms)
or most symptomatic limb (bilateral symptoms) [4,16]. All assessments
were conducted by the same evaluator.

2.3. Kinematic assessment

The kinematic assessment was performed during a stair ascent task.
Kinematic data was collected using a three-dimensional motion analysis
system (Vicon Motion Systems Inc.; Denver EUA) combined with 9
cameras (type Bonita’B10) operating at a sampling frequency of 100 Hz
with a resolution of 1 megapixel. Ground reaction forces were collected
using a force plate (Bertec Corporation, Columbus, OH, model FP4060)
at a sampling frequency of 4000 Hz. The force plate and motion system
were synchronized by the Vicon Lock” device.

Retroreflective markers (9.5 mm) were placed on the participants in
accordance with the Oxford Foot Model (OFM) combined with plug-in
gait (PiG to lower limbs), which was previously reported as a valid and
reliable approach [16,18,19]. In addition to these models, three mar-
kers were inserted (center of the patella, anterior thigh and medial
knee) in order to improve the acquisition accuracy of the hip internal
rotation angles. The anatomical landmarks are described in Appendix A
as well as the reliability and accuracy data of a pilot study conducted
with 12 participants.

A relaxed standing calibration trial was then captured, after that the
participants performed three practice stair ascent trials to allow fa-
miliarization with the instrumentation and environment. Each partici-
pant was asked to climb a seven-step staircase (each step being 18 cm
high and 28 cm deep [Fig. 1A]) at their natural comfortable speed [20].
The force plate was mechanically coupled to the ground (i.e. in-
dependent and uncoupled from the stair structure) (Fig. 1B) [4]. Five
successful trials were collected for each participant and the mean value
of these five trials was used for data analyses in order to attenuate the
influence of speed, intra-subject variability, among other external fac-
tors. A trial was considered successful when the tested limb touched the
fourth step (where force plate was allocated) and the participant has
performed the stair ascent with consistent velocity (i.e., at their natural
comfortable speed during five trials). We found an average of 0.12
unsuccessful trials. In the case of unsuccessful trials, an additional trial
was performed.

2.4. Isokinetic assessment

Concentric torque of the hip abductors was assessed using an iso-
kinetic dynamometer (Biodex System 4 Pro, New York, USA).
Concentric contractions were evaluated as during stair ascent task hip
muscles act mainly concentrically to perform the movement [14,15].
The isokinetic assessment was performed using a previous used pro-
tocol [12,13] which is described in detail in the Appendix B.

2.5. Data analysis

All kinematic data were filtered with a fourth-order Butterworth
low-pass filter with a cutoff frequency of 6 Hz labeled and reconstructed
within the Vicon Nexus® software. The vertical ground reaction force
signals were used to identify the stance phase from which the mea-
surements of interest were computed [4]. The cadence was calculated
based on the time of one entire gait cycle: single leg stance between toe-
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Fig. 1. A) The seven-step stair-case used in data collection. B) The force plate was mechanically coupled to the ground (i.e. independent and uncoupled from the stair

structure).

off of the opposite leg from the third step until foot contact on the fifth
step. Each event was inspected manually by viewing the animated vi-
sualization of the motion data [4].

The kinematic and isokinetic data were analyzed using a custom
code in MatLab (MATLAB; The MathWorks, Inc, Natick, MA). The ki-
nematics variables of interest were peak angles of hip internal rotation
and rearfoot eversion during stance phase. The isokinetic variable of
interest was peak concentric hip abductor strength, measured as the
average of the middle 3 repetitions for each strength test to eliminate
the possibility of learning (trial 1) and fatigue effects (trial 5) [13]. All
torque data (Nm) were normalized by body mass ([Nm/kg] x 100)
[12].

2.6. Statistical analysis

We performed a sample size calculation for multiple regression
models that revealed a minimum sample size of 31 participants per
group to detect a large effect size (0.35), with alpha set at 0.05 and
power of 80%.

A forced entry linear regression model analysis was carried out to
determine which independent variables present the best capability to
predict the hip internal rotation. The variables were inserted into the
model separately to distinguish which was more predictive. The as-
sumption of homogeneity of variance and linearity was verified. The
correlation coefficients of each independent variable and the dependent
variable were identified and the performance of the model was eval-
uated using R?, which estimates explained variation of the model.
Statistical analyses were performed using the Statistical Software for
Social Sciences (IBM 23.0, SPSS inc., Chicago, IL) with an a priori level
of significance of 0.05.

3. Results

Descriptive values of participant’s demographics, self-reported
measures of pain, function and duration of symptoms, kinematics and
strength variables are presented in Table 2.

Peak concentric hip abductor strength significantly predicted peak
hip internal rotation during stair ascent (R*> = 0.27, B = —0.05, 95%CI
—0.08 to —0.02, p = 0.001). Peak rearfoot eversion did not predict
peak hip internal rotation during stair ascent (R> < 0.01, B = 0.12,
95%CI —0.40 to 0.65, p = 0.62) (Fig. 2).
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3.1. Post hoc analysis

Based on non-significant findings of peak rearfoot eversion vs. peak
hip internal rotation and suggestions during the peer review. We have
performed a post hoc analysis to further explore this relationship in a
specific subgroup of women with PFP with excessive rearfoot eversion.
Previously published cut-off points [21] were used to split the sample
into excessive and non-excessive rearfoot eversion subgroups. Linear
and multiple regressions analysis were then performed to determine
which independent variables present the best capability to predict the
hip internal rotation in each subgroup. Considering the cut-off points,
48.6% of women with PFP were classified as excessive rearfoot ever-
sion. Descriptive values of self-reported pain and function, kinematics
and strength variables for each subgroup are reported in Table 2.

For excessive rearfoot eversion subgroup, linear regression models
demonstrated that peak concentric hip abductor strength significantly
predicted peak hip internal rotation during stair ascent (R? = 0.26,
B = —0.22, 95%CI —0.43 to —0.02, p = 0.02); and peak rearfoot
eversion significantly predicted peak hip internal rotation during stair
ascent (R* = 0.42, B = 3.19, 95%CI 1.24 to 5.14, p = 0.003). When
peak concentric hip abductor strength and peak rearfoot eversion were
entered into the forced entry multiple regression model, they explained
47.3% of peak hip internal rotation (p = 0.008).

For non-excessive rearfoot eversion subgroup, linear regression
models demonstrated that peak concentric hip abductor strength sig-
nificantly predicted peak hip internal rotation during stair ascent
(R? =0.53, B= —0.23, 95%CI —0.34 to —0.12, p < 0.001); and
peak rearfoot eversion did not predict peak hip internal rotation during
stair ascent (R = 0.01, B = 0.37, 95%CI —1.36 to 2.10, p = 0.65).
When peak concentric hip abductor strength and peak rearfoot eversion
were entered into the forced entry multiple regression model, they
explained 53.3% of peak hip internal rotation (p = 0.002).

4. Discussion

Our findings indicate that only peak concentric abductor strength
explained significantly the variance of peak hip internal rotation during
stair ascent in all women with PFP. However, after splitting the parti-
cipants into subgroups regarding excessive or non-excessive rearfoot
eversion, we found that in the excessive rearfoot eversion subgroup,
both independent variables (peak concentric abductor strength and
peak rearfoot eversion) significantly predicted the variance of peak hip
internal rotation during stair ascent. On the other hand, in the non-
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Table 2
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Means (standard deviation) subjects’ demographics, self-reported measures, kinematics measures and strength measure in PFP participants.

Variable All PFP Excessive rearfoot eversion subgroup Normal rearfoot eversion subgroup
Demographics
N (%) 37 (100%) 18 (48.6%) 19 (51.4%)

Age (years)
Body Mass (kg)
Height (m)

Self-reported measures

Worst pain level in the last month (VAS)
Pain level climbing stairs (VAS)
Symptoms duration (months)
Self-reported function (AKPS)

Kinematics measures

Cadence (steps/min)

Peak hip internal rotation (degrees)
Peak rearfoot eversion (degrees)

Strength measure
Peak concentric hip abduction strength (N m/kg x 100)

22.00 (3.12)
62.02 (7.64)
1.61 (0.59)

51.76 (18.86)
14.46 (20.16)
58.43 (54.01)
71.32 (12.53)

60.39 (7.53)
10.45 (10.64)
6.27 (4.76)

135.50 (28.14)

22.05 (2.98)
63.04 (9.78)
1.61 (0.89)

56.13 (20.01)
18.22 (15.99)
59.17 (50.75)
68.12 (8.97)

58.98 (8.92)
10.58 (7.54)
8.67 (2.46)

134.03 (27.11)

21.96 (3.56)
61.12 (4.13)
1.61 (0.50)

47.55 (15.20)
11.34 (17.14)
57.12 (60.01)
74.98 (12.25)

61.87 (6.57)
9.39 (8.94)
2.57 (2.48)

136.59 (31.50)

Abbreviations: VAS = Visual analogue scale (0-100 mm); AKPS = Anterior knee pain scale (0-100).

excessive rearfoot eversion subgroup, only peak concentric abductor
strength significantly predicted peak hip internal rotation during stair
ascent.

Generally, peak concentric hip abductor strength explained 27% of
the variance of peak hip internal rotation of women with PFP during
stair ascent. Although this finding represents that only a part of the hip
alteration is explained by concentric hip abductor strength, it is im-
portant to highlight that even slight increases in hip internal rotation
angles could result in considerable increases in PFJ stress. As demon-
strated by Liao et al. [22], when the hip was internally rotated in 5°
from the natural position, the area of contact between the patella and
femur decreased to 22% and PFJ stress increased to approximately
26%. Therefore, the reduction in PFJ stress could be a possible mediator
mechanism through which hip strengthening is a key factor in re-
habilitation programs of women with PFP [23]. However, this finding,
although significant, reinforces that PFP is a multifactorial condition
[3] and cannot be predicted by a single biomechanical alteration. Ad-
ditional factors which could not be identified by this study may also
contribute to excessive hip internal rotation. For instance, a systematic
review [24] demonstrated moderate to strong evidence that gluteus
medius muscle activity is delayed and of shorter duration during stair
ascent in individuals with PFP; this impairment could be related to
altered hip motion. There is a need to further explore other reasons by
which women with PFP present increased hip internal rotation.

Peak rearfoot eversion did not predict peak hip internal rotation

during stair ascent in women with PFP. A reasonable explanation for
such finding is that the excessive rearfoot eversion may not be present
in all women with PFP. For instance, Noehren et al. [25] compared
proximal (hip/trunk) and distal (foot) kinematics between female
runners with and without PFP. They found significant differences only
in proximal kinematics, suggesting a possible existence of subgroups to
explain their findings. Due to multifactorial etiology of PFP, some
studies have proposed subgroups regarding different biomechanical
alterations, such as excessive rearfoot eversion [21,26]. Selfe et al. [26]
proposed three possible subgroups in PFP: ‘strong’, ‘weak and tighter’
and ‘weak and pronated foot’ subgroup. The subgroup composed by
individuals who presented excessive rearfoot eversion represented only
a portion (33%) of the entire population assessed. To further explore
this possibility, we divided the participants with PFP into two sub-
groups: (i) excessive rearfoot eversion and (ii) non-excessive rearfoot
eversion, based on a cut-off point (4.93°) defined in a recent stair ascent
study [21]. Based on this cut-off point, 48.6% of the participants were
classified as excessive rearfoot eversion, which reinforces previous
findings [21,26] that this alteration is not presented in the entire po-
pulation with PFP.

Interestingly, in the excessive rearfoot eversion subgroup, both peak
concentric hip abductor strength and peak rearfoot eversion sig-
nificantly explained the variance of peak hip internal rotation during
stair ascent (26% and 42%, respectively). It seems that lower hip ab-
ductor strength is presented in a large portion of PFP population,
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therefore, strengthening of hip abductors may benefit most of the in-
dividuals with PFP. However, a systematic review [23] investigating
the effect of hip rehabilitation for PFP reported that 13 out of 14 studies
stated that their rehabilitation programs focused on hip muscle
strengthening. Short and moderate term improvements in pain and
function were reported following rehabilitation programs targeting hip
muscles, but not in long-term. Perhaps, the reason for poor long-term
outcomes is the lack of proper muscle strengthening which could be
able to change the mechanics of the PFJ, consequently, helping in long-
term recovery.

Our findings, in combination with previous results support the idea
that a subgroup of women with PFP who also presents excessive rear-
foot eversion, is unlikely to benefit from solely hip strengthening. In
this direction, Watari et al. [27] identified responders and non-re-
sponders after a 6-week muscle strengthening rehabilitation based on
kinematics and clinical outcomes. The non-responder subgroup pre-
sented greater range of motion in ankle frontal plane when compared to
responders, which suggest that interventions focusing on hip muscle
strengthening plus interventions targeting distal alterations (i.e., foot
orthoses) could be more beneficial for this subgroup [27]. A recent
study [28] demonstrated that knee exercises plus foot exercises/or-
thoses was more effective than solely knee exercises in a subgroup of
individuals with PFP with excessive rearfoot eversion. However, posi-
tive effects were maintained after 4 months, but not after 12 months. It
is important to note that the data collection for this study was con-
ducted when evidences of hip strengthening in individuals with PFP
was emerging. Therefore, the incorporation of exercises targeting hip
strength could improve the effectiveness of treatment in this subgroup
of individuals with PFP. Future randomized clinical trials are needed to
investigate the effect of hip strengthening plus foot exercises/orthoses
for excessive rearfoot eversion subgroups. Further research using sub-
grouping approach (e.g. cluster analysis or cut-off points) is required to
enhance knowledge about PFP. There is also a need to the developing of
strategies to identify subgroups at the initial care, which could help the
development of tailored rehabilitation programs. For instance, statis-
tical clustering analyses [26] could be a helpful approach to identify
subgroups at the beginning of treatment.

Although peak concentric hip abductor strength and peak rearfoot
eversion were found to be predictors of peak hip internal rotation in
different subgroups of women with PFP, it is worthy to mention that it
does not mean that these impairments are the cause of PFP. This is
highlighted by a systematic review [11] reporting a possible discord
between prospective and cross-sectional studies. Specifically, lower hip
abductor strength was identified in individuals with PFP, but reduced
hip strength was not found to be a risk factor for PFP development.
Additionally, experimentally induced knee pain in pain-free partici-
pants leads to lower strength [29] and altered running and walking
biomechanics [30].

4.1. Limitations

This study has some limitations that should be acknowledged. Only
concentric hip abductor strength was evaluated in our study. Although
concentric hip abductor strength is predominantly required to as-
cending stair, eccentric contractions may also contribute to explain
excessive hip internal rotation in women with PFP. Despite we have
modified the biomechanical model to enhance the acquisition accuracy
of the hip internal rotation angles, these results should be interpreted
with caution; as we still do not have technology to determine hip
transverse plane movements accurately. Due to the retrospective design
used in our study, it is unclear whether a cause-and-effect relationship
exist. Therefore, we cannot determine if hip muscle weakness or in-
creased hip internal rotation was present before or after the PFP de-
velopment. In addition, despite providing some insights about which
interventions could be beneficial to women with PFP, the design of this
study does not allow intervention prescription based on our findings,
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but it calls for a randomized controlled trial assessing the effect of foot
orthoses plus hip strengthening in a subgroup with excessive rearfoot
eversion.

5. Conclusion

In general, peak concentric hip abductor strength and not peak
rearfoot eversion predicted peak hip internal rotation while ascending
stairs. However, in a subgroup with only women with excessive rearfoot
eversion (48.6%), peak concentric hip abductor strength and peak
rearfoot eversion predicted the peak hip internal rotation while as-
cending stairs.
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