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Background: The etiology of patellofemoral pain (PFP) is thought to be the result of increased
patellofemoral joint (PFJ) load and aberrant lower extremity mechanics, including altered ver-
tical ground reaction forces (VGRF). However, few studies have investigated the association be-
tween an increase in pain and VGRF loading rates in the context of PFP. Thus, this study aimed
to investigate the immediate effects of PFJ loading on pain and VGRF loading rate, and to see if
there is a link between modification of both pain and VGRF loading rate during stair
negotiation.

Methods: Thirty-four women with PFP underwent VGRF analysis during stair negotiation under
two conditions: with (condition 2) and without (condition 1) being previously submitted to a
PFJ loading protocol in order to or not to exacerbate their knee pain, respectively.

Results: The VGRF loading rates were significantly higher in condition 2 (Mean ± standard de-
viation (SD) = 4.0 ± 0.6 N/s) compared to condition 1 (Mean ± SD = 3.6 ± 0.5 N/s) during
stair ascent and during stair descent (Mean ± SD: condition 1 = 6.3 ± 1.1 N/s; condition 2 =
7.0 ± 1.4 N/s). In addition, VGRF loading rates were higher during stair descent compared to
stair ascent in both conditions. There were significant correlations between the increase in
pain and VGRF loading rate during both tasks.

Conclusion: There seemed to be an important relation between the increase in pain and VGRF
loading rates in women with PFP. Based on these findings, interventions aimed at reducing
VGRF loading rates are important in the context of PFP.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Patellofemoral pain (PFP) is a common and costly musculoskeletal disorder that affects men, women and adolescents; women
are 2.23 times more likely to develop PFP than men [1]. Previous studies have suggested that PFP may be a precursor to subse-
quent knee osteoarthritis in such populations [2,3]. Patellofemoral pain is characterized by pain around and behind the patella,
and is aggravated by activities causing repetitive and high patellofemoral compressive forces such as stair ascent and descent,
squatting and running [4,5]. Although this disorder accounts for 25–40% of all knee complaints in sports medicine [6], the under-
lying mechanisms remain unclear [7].
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The etiology of PFP is thought to be the result of increased patellofemoral joint (PFJ) load and aberrant lower extremity me-
chanics [8], including altered vertical ground reaction forces (VGRF) [9–11]. The VGRF during heel strike in gait produce stress
waves that are transmitted through the lower extremity up the kinetic chain [12]. These stress waves have been shown to be
harmful when they are applied for short periods of time [13]. Since human tissue is viscoelastic, its loading response is time-
dependent (loading rates) and more prone to injury at higher loading rates [14]. Previous studies have investigated and found
an association between high VGRF loading rates and joint degenerative process [13,14]. It is of interest that the general population
with PFP has been found to exhibit higher VGRF loading rates compared to healthy individuals during stair ascent [9,10]. How-
ever, there are few of studies that have investigated the association between an increase in pain and VGRF loading rates in the
context of PFP [9,11].

Higher VGRF loading rates in women with PFP compared to pain-free controls have been explained by altered knee kinematics
[9]. Reduced knee flexion has been found in women with PFP and, although such a compensatory strategy is a logical approach to
decreasing pain, it may hamper the lower extremity absorption mechanisms and, hence, may result in increased VGRF loading
rates during negotiating stairs [9,10]. Therefore, there seems to be a direct relation between pain level and VGRF loading rates
(i.e., the higher the pain, the higher the VGRF loading rates) [10]; however, such a novel approach has not previously been thor-
oughly investigated. In this line of reasoning, interventions aimed at reducing pain and VGRF loading rates may play an important
role in reducing pain in the context of PFP [11,15].

One study has examined and found a relation between pain level and higher loading rates from the first peak of the VGRF in
women with PFP compared to controls [10]. Nevertheless, the authors used a previous month of self-reported pain in the corre-
lation model and, therefore, the immediate link between pain level and VGRF loading rates remains unknown. Given as such,
there has not been an investigation into whether VGRF loading rates change immediately in the presence of pain, which could
be an issue, as individuals with PFP tend to have intermittent pain characteristics [16]. Investigating whether individuals with
PFP have different patterns of VGRF loading rates in the presence of pain would be important in the context of PFP. As a PFJ load-
ing protocol has recently been shown to increase pain in women with PFP [16], its application could be used to overcome the
aforementioned limitation.

Therefore, the aims of the current study were to investigate the immediate effects of PFJ loading on pain and VGRF loading
rate, and to see if there is a link between the modification of both pain and VGRF loading rate during negotiating stairs. In addi-
tion, it aimed to determine the immediate effects of PFJ loading on the parameters that could influence and explain possible
changes in the VGRF loading rate (i.e., VGRF first peak magnitude and stance time). It was hypothesized that there would be a
mutual increase in pain level and VGRF loading rates, either in stair ascent or in stair descent, and that these two variables
would be associated.

2. Methods

2.1. Participants

Thirty-four women with PFP were recruited via advertisements placed at the university, parks and gyms (demographics are
presented in Table 1). Only women were included, due to the high prevalence of PFP in this population [1]. In addition, it was
assumed that including both sexes could be seen as a confounding factor, as women have been reported to exhibit different
movement patterns to men [17]. Based on calculations made in the sample power using Statistical Software for Social Sciences
(SPSS) Version 18.0 (SPSS Inc. Chicago, IL, USA) with data from De Oliveira Silva et al. [10], a minimum sample size of 29
women was indicated to an expected r = 0.56, with a statistical power of 80% and a significance level of five percent. Prior
to data collection, all participants provided written informed consent and the experimental protocol was approved by the
Institutional Review Board of the University of São Paulo State Human Ethics Committee (306.729).

Diagnosis of PFP was confirmed following consensus from two experienced clinicians (N5 years' experience) and based on def-
initions used in previous studies [18–20]. The inclusion criteria were: (1) anterior knee pain during at least two of the following
activities: prolonged sitting, squatting, kneeling, running, climbing stairs, and jumping; (2) pain during patellar palpation;
(3) symptoms of insidious onset and duration of at least one month; (4) worst pain level in the previous month of at least
three centimeters on a 10-cm visual analogue scale (VAS); and (5) two or more positive clinical signs in the following tests:
Table 1
Demographic data of the participants.

Parameters

Age, years 22.6 (2.1)
Height, m 1.65 (0.10)
Mass, kg 70.2 (7.7)
Bilateral symptoms, n 10
Dominance, n 21 right/13 left
Physical activity, MET·min·wk.−1 4281.6 (478.6)
Bilateral/unilateral symptoms, n 5/29

Age, height, mass and physical activity are presented as mean and standard
deviation.
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Clarke's sign, McConnell test, Noble compression and Waldron test. The participants were required to fulfill all five requirements
to be included in the study. The presence of any of the following conditions were carefully screened as exclusion criteria: events
of patellar subluxation or dislocation, lower limb inflammatory process, patellar tendon or meniscus tears, bursitis, ligament tears
or the presence of neurological diseases. Those who had undergone knee surgery or received oral steroids, opiate treatment, acu-
puncture or physiotherapy during the preceding six months were excluded from this study.
2.2. Instrumentation

Data collection included lower limb kinetic evaluation of each participant's symptomatic limb (those with unilateral symp-
toms) or most symptomatic limb (in those with bilateral symptoms) during stair ascent and descent. The experimental design
included a staircase with seven steps, each step being 28 cm deep and 18 cm high, with a walkway of two meters in front of
and at the top of it [7]. A force plate (AMTI, OR6, Watertown, MA, USA) was positioned in the center of the fourth step and
used to obtain VGRF data at a sampling frequency of 2000 Hz. To ensure a natural stair ascent and descent pattern, participants
were unaware of the force plate, which was covered by a rubberized fabric, making it impossible to distinguish the force plate
from the other steps.

Subjects' pain was assessed using a 10-cm VAS. The extreme left side of the VAS stated no pain, whereas the extreme right
side stated worst pain imaginable. Subjects drew a perpendicular line on the scale at the position that most likely described
their pain at that moment. This scale has been validated and it is reliable for assessing women with PFP [21].
2.3. Procedure

The experimental design of this study was performed on four separate days (two days of condition 1 and two days of condi-
tion 2, in randomized order), with an interval of five days between data collection, in order to allow for reliability analysis and to
not generate influences between protocols. Computer randomization software was used for each participant to generate a random
order of four numbers (being numbers 1 and 2 for the first and second days of condition 1, 3 and 4 for the first and second days
of condition 2); therefore, either the conditions or the days were randomized.

In condition 1, as soon as they arrived at the laboratory all participants were asked to rate their knee pain on a VAS, indicating
the amount of pain they were feeling at that moment. Subsequently, each participant was asked to perform five repetitions of
stair ascent and descent (total 10). In condition 2, before participants rated their knee pain they were submitted to a PFJ loading
protocol, in order to exacerbate their symptoms [16]. The PFJ loading protocol involved a staircase with seven steps, where the
participants performed 15 repetitions of stair negotiation with 35% external load of the subject's body mass (carried in a back-
pack) [16]. A metronome was used at 96 steps/min to standardize the rhythm of stair negotiation used during the PFJ loading
protocol [16]. Briani et al. tested and found that a PFJ loading protocol did not generate neuromuscular fatigue in women with
PFP [22]. Afterwards, the participants rated their knee pain and performed five repetitions of stair ascent and descent again
(total 10). Participants were advised to avoid taking medications during and between the assessments, as well as changing com-
mon habits and physical activity levels.
2.4. Data analysis

Each trial was filtered with a fourth-order Butterworth low-pass filter with a cutoff frequency of 10 Hz [23]. The VGRF param-
eter of interest was average loading rate. The average of the VGRF loading rate was chosen because it is the method of calculating
the loading rate most commonly found in PFP studies [9–11,15]. The VGRF loading rate was calculated as between 20 and 80% of
the period between foot strike and first peak of VGRF, and the loading rate calculation was the total change in VGRF divided by
the total change in time over this period [12]. In addition, the first peak of the VGRF and the stance time were obtained. The mean
of the five trials was used for statistical analysis.
2.5. Reliability

In order to guarantee consistency of the findings, the reliability of the variable of interest was analyzed in both conditions,
with and without the PFJ loading protocol, considering the entire sample. For a relative measure of reliability, the intraclass
correlation coefficient (ICC) (2, k) model (confidence intervals) was used and the standard error of measurement (SEM)
was used to express the precision of the measurement in absolute values. In order to clarify interpretation of the SEM, the
values were also expressed as a percentage of the mean. For condition 1, the ICC and SEM values during stair descent were
0.86 (0.68; 0.93) and 0.28 (7%; and during stair ascent they were 0.93 (0.86; 0.97) and 0.31 (8%), respectively. Likewise,
for condition 2, the ICC and SEM values during stair descent were 0.88 (0.81; 0.90) and 0.31 (7.8%); and during stair ascent
they were 0.78 (0.76; 0.82) and 0.34 (9.7%), respectively. Therefore, in both conditions, VGRF loading rate showed satisfactory
reliability.
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2.6. Statistical analysis

All analyses were performed using Statistical Package for the Social Sciences software program (version 18.0, SPSS, INC.,
Chicago, IL) with an a priori level of significance of 0.05. Normality and variance homogeneity of data were tested using the
Shapiro–Wilk and Levene tests, respectively.

Due to adequate values of reliability, data used for subsequent analyses were randomly selected from one day for each condi-
tion. Dependent t-tests were used to compare self-reported pain levels between both conditions. Effect sizes were calculated and
interpreted according to Cohen [24]. In addition, a 2 × 2 analysis of variance (ANOVA) was used to compare VGRF loading rate,
first peak and stance time between both conditions during stair ascent and descent. The Bonferroni post hoc test was performed
for multiple pairwise comparisons where appropriate. The data reported from ANOVA were the F values (with degrees of free-
dom), P-values and the eta squared (η2). A Pearson product–moment correlation matrix was used to examine the relationship
between increase in VGRF loading rate and pain level. For this purpose, the score change from condition 1 to condition 2 was
used in the correlation model (i.e., condition 1–condition 2 = score change). Therefore, positive values indicated higher values
in condition 1, and negative values indicated higher values in condition 2.
3. Results

Self-reported pain level was significantly higher in condition 2 (4.1 ± 1.9 cm) compared to condition 1 (2.9 ± 2.2 cm) with a
large effect size (t (33) = −3.296, P = 0.002, d = −4.72) (Figure 1). The results revealed significant effects of task (F (1, 33) =
140.797, P = 0.000, η2 = 0.68) and effects of time were found for VGRF loading rates (F (1, 33) = 26.464, P = 0.000, η2 = 0.28),
but not interaction (F(2,66) = 2.340, P = 0.131, η2 = 0.03). The VGRF loading rates were significantly higher in condition 2
(4.0 ± 0.6 N/s) compared to condition 1 (3.6 ± 0.5 N/s) during stair ascent (P = 0.005) and during stair descent (condition
1 = 6.3 ± 1.1 N/s; condition 2 = 7.0 ± 1.4 N/s) (P = 0.01) (Figure 2). The VGRF loading rates were also higher during stair de-
scent compared to stair ascent in both conditions.

Significant effects of task (F (1, 33) = 8.431, P = 0.002, η2 = 0.16) but no effects of time (F (1, 33) = 1.560, P = 0.217, η2 =
0.02) and interaction (F(2,66) = 0.051, P = 0.822, η2 = 0.01) were found for the first peak of the VRGF (Table 2). First peak values
were significantly higher during stair descent in both conditions (condition 1 = 13.0 ± 1.25; condition 2 = 13.2 ± 0.9) than dur-
ing stair ascent (condition 1 = 10.0 ± 0.4; condition 2 = 10.1 ± 0.7), but did not change from condition 1 to 2. In addition, sig-
nificant effects of task (F (1, 33) = 5.851, P = 0.037, η2 = 0.10) and effects of time were found for stance time (F (1, 33) = 4.078,
P = 0.048, η2 = 0.08), but not interaction (F(2,66) = 1.963, P = 0.390, η2 = 0.02). Stance time was significantly lower during
stair descent in both conditions (condition 1 = 0.75 ± 0.08; condition 2 = 0.68 ± 0.06) than during stair ascent (condition
1 = 0.85 ± 0.08; condition 2 = 0.79 ± 0.10). Also, in both tasks, the stance time was lower in condition 2 than in condition 1.

There were significantly positive correlations between the increase in pain and VGRF loading rate from condition 1 to condi-
tion 2 during stair ascent (P = 0.012, r = 0.46) (Figure 3) and during stair descent (P = 0.000, r = 0.76) (Figure 4), although the
correlation during stair ascent was low and during stair descent was high.
Figure 1. Self-reported pain of women with patellofemoral pain during both experimental conditions. Condition 1 = pain without being submitted to the
patellofemoral joint loading protocol. Condition 2 = pain after being submitted to the patellofemoral joint loading protocol. *Statistically significant (P b 0.05)
difference. Data are presented as mean and standard deviations.



Figure 2. Vertical ground reaction force loading rates of women with patellofemoral pain during both experimental conditions. VGRF = vertical ground reaction
force; PFJ = patellofemoral joint. Condition 1 = VRGF loading rates without being submitted to the PFJ loading protocol Condition 2 = VGRF loading rates after
being submitted to the PFJ loading protocol. *Statistically significant (P b 0.05) difference. Circles, represent VRGF loading rates during stair ascent. Squares, rep-
resent VGRF loading rates during stair descent. Data are presented as mean and standard deviations.
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4. Discussion

After the PFJ loading protocol, knee pain was significantly increased in women with PFP, which was accompanied by an in-
crease in VGRF loading rate and a decrease in stance time during stair ascent and descent (first peak values remained without
difference). Higher values of VGRF loading rates and first peak and lower stance time were found during stair descent compared
to stair ascent during both conditions. Positive correlations were also found between the increase in both pain and VGRF loading
rate during stair ascent and descent.

These findings are supported by Chueng et al. [11] and Esculier et al. [15] who found that women with PFP who had a de-
crease in pain level after rehabilitation also had a reduction in VGRF loading rate during running. Interestingly, Esculier et al.
found that women with PFP who did not report improvements in their symptoms were unable to reduce the VGRF loading
rate [15]. In addition, a significant correlation was found by Esculier et al. between the reduction in instantaneous VGRF loading
rate and improvements in symptoms and functional status of women with PFP [15]. Although there is a difference in the methods
of calculating the loading rate between Esculier's study and the present study (instantaneous and average loading rate, respec-
tively), both methods are similar and widely used for studying lower extremity loading [25,26]. Therefore, an important relation
between increased VGRF loading rates and PFP seems to exist, which should be the focus of target interventions.

Biomechanically, the link between VGRF loading rate and pain is plausible. It is likely that high VGRF loading rates may be
linked to increased PFJ loading rates [11,27]. Repetitive high-impact forces may compromise lower extremity articular structures
and contribute to overuse injuries such as PFP [28]. It has been suggested that PFP may include repetitive and abnormal load dis-
tribution around the synovium, infrapatellar fat pad, retinacula and subchondral bone [28]. Dye suggested that altered load
shifting produces changes in the mechanical and chemical environments of the knee [29]. These changes may trigger nociceptive
activity that leads to PFP [29]. The findings of de Oliveira Silva et al. and the current ones support this theory, since self-reported
Table 2
First peak of the ground reaction force and stance time during stair ascent and descent.

Parameters

Condition 1 Stair ascent Stair descent
First peak (BW) 10.0 (0.47)a 13.0 (1.25)a

Stance time (seconds) 0.85 (0.08)a,b 0.75 (0.08)a,b

Condition 2
First peak (BW) 10.1 (0.79)a 13.2 (0.95)a

Stance time (seconds) 0.79 (0.10)a,b 0.68 (0.06)a,b

BW = Body weight.
a Represents differences between tasks (stair ascents vs stair descent).
b Represents differences between conditions (condition 1 vs condition 2).



Figure 3. Pearson correlation coefficient between the increase in pain levels and in vertical ground reaction force loading rates during stair ascent. Note: The data
of three subjects are superimposed by others.
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pain was positively correlated with VGRF loading rate, which indicates that higher levels of pain are correlated with higher values
of VGRF loading rate [10]. Nonetheless, it remains unclear whether VGRF loading rates contribute to PFP as a cause or an effect.

According to the current findings, the increase in VGRF loading rate (from condition 1 to 2) occurred mostly due to a decrease
in stance time (shorter loading time). This finding corroborates with Cook et al. who stated that walking speed is a major deter-
minant of VGRF characteristics and suggested that a patient might benefit from instructions to walk at slower speeds [30]. On the
other hand, the increase in the VGRF loading rate in the current findings did not seem to be related to the first peak of the
VGRF, since this parameter did not change from condition 1 to 2. In terms of the differences between tasks, the higher values
of VGRF loading rate during stair descent compared to stair ascent seem to also be related to the shorter stance time. However,
in this case, the magnitude of the first peak of the VGRF also contributed to the higher values of VGRF loading rate during stair
descent, which explains the large differences between tasks. Additionally, as shown by Brechter and Powers [31], greater PFJ
stress, lower knee flexion, muscular and mechanical demands were found in stair descent compared to stair ascent, which
Figure 4. Pearson correlation coefficient between the increase in pain levels and in vertical ground reaction force loading rates during stair descent. Note: The data
of two subjects are superimposed by others.



404 R.V. Briani et al. / The Knee 25 (2018) 398–405
may have also influenced the magnitude of the first peak and overall stance time of the VGRF, leading to increases in the VGRF
loading rate.

4.1. Clinical implications

Rehabilitation programs aimed at gait retraining, using either visual [25] or verbal feedback [11,15], seem to be effective in
reducing VGRF loading rates and symptoms of women with PFP. Simple, task-specific advice to “reduce noise” and actively modify
the foot strike pattern to midfoot or forefoot strike during stair negotiation may cause significant improvements in pain, function
and also reduce VGRF loading rates, as has been shown in running [11,15]. As stair negotiation is an activity performed constantly
on a daily basis and, given the current results, performing it wrongly might be deleterious to the knee joint, studies should be
conducted in order to investigate the effect of stair negotiation retraining on pain and biomechanics of individuals with PFP. Stud-
ies have shown that negotiating stairs is a vigorous activity that can lead to several health benefits; [32,33] therefore, learning to
decrease VGRF loading rates during stair negotiation could allow increasing activity levels without increasing pain in women with
PFP. In addition, studies have also suggested interventions to re-establish reduced knee flexion (i.e., strengthening, stretching,
knee braces), due to its relation to increased VGRF loading rates [9,10]. Thus, based on the findings of the current and previous
studies [11,15,25], interventions aimed at reducing VGRF loading rates are important in the context of PFP.

4.2. Limitations

This study had some limitations that should be acknowledged. Firstly, the sample included only women. Although this sub-
group was important to study, as they are individuals that are the most likely to suffer from PFP, the results may not be gener-
alizable to the entire population of people with PFP. Secondly, due to the cross-sectional design, it was not possible to differentiate
between cause and effect in relation to the altered VGRF loading rates and PFP. Thirdly, women with unilateral and bilateral knee
symptoms were included and, although not critical because 15% of the sample had bilateral symptoms, pain in the non-tested
limb may have played a role in the value of VGRF loading rate of the tested limb during stair descent. A decrease in the external
knee extensor moment of the non-tested limb might influence the weight acceptance of the tested limb during stair descent.
Lastly, because only stair ascent and descent were investigated, the findings may not be generalizable to other tasks. Further pro-
spective research is needed to evaluate if increased VGRF loading rate is the cause or caused by PFP.

5. Conclusion

After performing a protocol designed to overload their PFJ, women with PFP presented increases in the self-reported pain and
VGRF loading rates and decreases in stance time during stair ascent and descent. In addition, there was an association between
the increase in VGRF loading rates and pain either in stair ascent or stair descent. These findings may indicate a deficit in the
lower extremity absorption mechanisms of women with PFP, mainly in the presence of pain.
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