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Abstract

Objectives—Chronic patellofemoral pain (PFP) is a common orthopedic condition for which
little is understood of the alterations in pain processing such as hyperalgesia, hypoesthesia, and the
relationship of altered knee mechanics to hyperalgesia. We assessed pain, pressure pain thresholds
(PPT), detection to light touch, and the relationship of pain and PPT’s to knee abduction angle
during a stair step down task between females with and without PFP.

Methods—Twenty females diagnosed with PFP and 20 age matched healthy females participated
in this study. Individuals underwent an instrumented assessment of knee mechanics during a stair
step down task, PPT and detection of light touch over the center of the patella and lateral
retinaculum, and PPT outside painful area over the right elbow.

Results—The PFP group had significantly lower PPT values at the patella (p = 0.02) lateral
retinaculum (p = 0.001), and at the elbow (p = 0.03). There was an elevated threshold to detect
light touch over the center of their patella (p = 0.04). A significant relationship between both pain
(r=-0.49, p = 0.03) and PPT values (r = 0.65, p = 0.004) to the frontal plane knee angle in the
PFP group which was not present in the control group (r = —0.17,p = 0.49) or in the elbow (r =
-0.009, p =0.972).

Discussion—These results suggest that PFP is characterized by an increase in both localized and
centralized pain sensitivity which is related to movement mechanics. Thus, PFP has both
biomechanical, nociceptive components as well as inferred aspects of altered central sensitization.
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Introduction

Patellofemoral pain (PFP) is a common orthopedic condition that accounts for up to 15 —
43% of injuries that military recruits suffer from and 25 — 40% of all knee injuries reported
to sports medicine clinics per year [1-4]. The condition is characterized by diffuse pain over
the peripatellar and retropatellar regions of the patella that is provoked with activities such as
squatting, climbing and descending stairs, walking, and running. Unfortunately, PFP often
becomes chronic with up to 91% of patients reporting continued pain at 4-18 year follow
ups and is associated with a reduction in functional abilities [5-7]. Interestingly, women are
two times more likely than men to develop PFP with pain commonly first reported in
adolescence [4, 8, 9]. While PFP is typically associated with younger patients, emerging
evidence suggests that having PFP earlier in life is linked to the later development of
patellofemoral osteoarthritis [10]. Collectively, conservative estimates put the annual cost to
treat PFP in the United States alone at 8.3 billion dollars [11]. Despite the high incidence,
chronicity, and cost of treating PFP, little is still understood of the pain physiology
associated with the condition.

The prevailing theory is that PFP originates from excessive patellofemoral contact stress
and/or maltracking of the patella [12]. For example, a cadaveric simulation showed
increasing the Q-angle or knee abduction angle resulted in more focal patellofemoral contact
stress over the lateral aspect of the patella [13]. Similar mechanics of a greater knee
abduction angle (tibia moving away from the body resulting in a more valgus knee position)
during stair step down task have been observed in females with PFP [14]. This may stretch
the lateral retinaculum attached to the patella compressing the patellofemoral joint irritating
nociceptors in both the subchondral bone and retinaculum, which over time may result in
pain, sensitization and subsequent hyperalgesia [9]. While speculated upon, the link between
greater knee abduction angles, pain and hyperalgesia, is completely untested in patients with
PFP. Further, to date, only one paper has assessed localized hyperalgesia in patients with
PFP, finding lower pressure to pain thresholds (PPT) as compared to healthy participants at
the patellofemoral joint [9]. While informative, this study did not test the degree of
generalized hyperalgesia which has been reported in other chronic orthopedic conditions
such as osteoarthritis [15, 16]. In addition, hypoesthesia as measured by an elevated
threshold to detect light touch has been reported in several pain conditions including PFP,
neuropathic pain, knee osteoarthritis, and capsaicin-induced pain [17-19]. Hypoesthesia
likely reflects altered spinal processing of sensory input [15, 19]. Whether both hypoesthesia
and hyperalgesia are both localized to site of pain (knee) and more generally outside the site
of pain (elbow) extends to conditions such as PFP is unknown. Thus, we hypothesized that
individuals with PFP would have lower PPT measurements both at the knee and elbow, and
that their threshold to detect light touch would be increased as compared to healthy
participants. We also hypothesized that frontal plane knee angles during a single leg step
down task would be correlated with pressure pain thresholds and self-reported greater pain
in the PFP group but not the control group.
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Materials and Methods

Female between the ages of 18-45 were recruited for this study. The study was approved by
the universities institutional review board and before inclusion into the study all subjects
provided written informed consent. Individuals were recruited from local medical practices
and from advertisements in the local community. Potential subjects with PFP were evaluated
by a licensed physical therapist to determine if they qualified for the study. Participants were
included in the PFP group if they reported pain of at least 3 out of 10 on the numeric pain
rating scale. During the evaluation the participant had to report pain either during
retropatellar\peripatellar palpation or pain during the patellar compression test. In addition,
the subject could not report pain with palpation along the infrapatellar fat pad, patellar
tendon/ligament, nor could have pain emanating from these structures during resisted knee
extension. Also the examiner ruled out possible ligamentous, tendon and internal
derangement during the evaluation through such tests as the Lachman test, McMurray test,
and anterior drawer. Participants from the PFP group were also excluded if they had any
previous elbow, back or lower extremity surgeries. Subjects in the control group were
excluded if they reported any of the above conditions. In addition, at the time of evaluation
the participant recorded their maximum pain level within the past week on a 10 point
numeric pain scale as well as the duration of their symptoms. Subjects in the PFP group also
filled out the lower extremity functional index which has been shown to be a valid and
reliable measure in those with PFP [20]. The maximum score is 100 (no limitations) with
lower scores indicting greater impairments [20]. On the day of testing subjects reported any
medication to control their pain that they were taking. Lastly, if the participant had bilateral
symptoms the more painful patellofemoral joint was assessed.

Quantitative sensory testing

First, participants were seated in a quiet room in semi reclined position with their knees
flexed to 40°. The patient’s patella was marked on the center of patella, and the lateral
retinaculum. The bilateral patellofemoral joints were assessed and data from the contra-
lateral limb reported among those subjects who did not have bilateral symptoms. The
location of the center of the patella was determined by measuring the midpoint in the
medial-lateral and superior to inferior direction and determining the center. From the center
location we then measured laterally to the border of the patella and placed a second mark 2
cm lateral to this position to assess the lateral retinaculum. The center of the patella and
lateral retinaculum were chosen based off previous work showing little regional differences
in pressure pain thresholds across the patella [9]. The two locations represented an
assessment directly over the patella and one of the peripatellar regions. To help minimize the
risk of the subject guessing the application of the stimuli for either PPT or sensory testing,
the inter-stimulus interval was varied randomly by the tester in a range of 4-20 seconds.
Following previously established procedures light touch threshold detection was then
performed [17]. We used a standard set of Semmes-Weinstein monofilaments (1.65g — 6.65
g) (North Coast Medical, Inc, Gilroy, CA USA). Participants were instructed to close their
eyes and reply “Yes” when they could detect the light touch. Monofilaments were tested in
ascending order starting at 2.36g with testing continuing until they were able to detect three
out of four trials at a given monofilament level. In our pilot testing (n = 12) we found good
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reliability with this method of testing (interclass correlation coefficient = 0.88). Next, using
the same previously marked areas the participants PPT levels were then assessed. The PPT
testing included a remote site that was located 3 cm inferior from the right lateral epicondyle
of the elbow. Using a 1cm? probe pressure was applied at 40 kPa/s Medoc (Medoc, Durham,
NC, USA) perpendicular to the skin. Participants were instructed to press a stop button when
the sensation changed from pressure to the first instance of pain. Two trials per site were
taken and then averaged. These techniques have been previously shown to have good
interrater reliability with interclass correlation coefficients ranging from 0.70 — 0.94 [21,
22].

Motion Analysis

Participants then completed the instrumented gait analysis. First, markers were placed
bilaterally on the acromion process, iliac crest, L5S1, anterior superior iliac spines, and
greater trochanter. Markers were also placed unilaterally on the medial and lateral femoral
condyles, head of fibula, tibial tuberosity, medial and lateral malleolus, as well as the 15t and
5t metatarsal heads and bases. Rigid shells containing a cluster of four tracking markers
were also secured to the posterior aspect of the thigh and shank. We have previously
reported excellent intra-rater reliability (interclass correlation coefficient = 0.91, stand error
of measurement = 0.97) in measuring frontal plane knee motion using this configuration of
markers [23]. Knee abduction is defined as the tibia abducting relative to the femur resulting
in a valgus position of the knee. All participants wore laboratory shoes, New Balance
WR662 (New Balance, Brighton, MA, USA). A standing calibration trial was collected after
which a hip motion trial was performed for the purposes of establishing the hip joint center
[24]. The subjects then performed 3 single leg step downs off of a 20.32cm riser. The
individuals kept the limb with PFP on the box flexing the knee till the heel of the non-
involved limb touched the floor. The control subjects used the same leg as the PFP subjects
they were matched too. Three dimensional marker trajectories were recorded at 200Hz with
a 10 camera motion analysis system (Motion Analysis Corp, Santa Rosa, USA).

Post processing of the data was done with Visual 3D software (C-motion, Germantown, MD,
USA) to filter the data, identify the functional hip joint center and calculate the joint angles.
The marker trajectory data was filtered at 8Hz and force data at 35Hz using a 4t order
Butterworth low pass filter. Joint angles were calculated as the distal segment relative to the
proximal segment with an x-y-z (medio-lateral, antero-posterior, vertical) Cardan angle
sequence. After which custom Labview code (National instruments, Austin, Texas) was used
to extract the frontal plane knee angle (tibia relative to the femur) from the involved limb
from when the opposite heel touched the ground. In this coordinate system knee abduction is
negative and knee adduction is positive. Each subject’s joint angular values were calculated
as the average of the three trials. Outcomes were summarized (mean + sd) by group.
Comparisons of outcomes were performed using two-sample t-tests for unequal variances; a
two-sided significance level of 0.05 was used. Correlation analyses with scatterplots were
used to investigate relationships between outcomes; these were completed by individual
groups. Pearson product moment correlation coefficients were then determined.
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There were a total of 20 individuals in the PFP group (23.2 + 5.6 yrs, 67.2 + 9.3 Kg, 1.64
+0.09 M) and 20 in the control group (22.7 £ 5.0 yrs, 60.5 + 8.0 Kg, 1.65 + 0.06 M).
Subjects in the PFP group were significantly heavier (p = 0.03), but were similar in height (p
=0.61 and age (p = 0.85). However, the greater weight was not correlated to pain (r = 0.055,
p = 0.82) within the PFP group. Also, none of the subjects reported any current pain
medication beyond the occasional use of non-steroidal anti-inflammatory drugs. Participants
in the PFP group reported pain for 3.4 + 4.4 years with a maximum pain intensity of 5.8

+ 2.0 on the numeric pain rating scale. The PFP subjects also reported a pain rating of 54.4
+ 11.4 on the lower extremity functional index. Due to equipment malfunction PPT values
were not recorded on two participants in the PFP group.

To evaluate if there was hyperalgesia at the site of pain we tested PPT over the patella and
lateral retinaculum of the knee. We show that the PFP group had significantly lower PPT
over both the center of the patella (p = 0.02) and over the lateral retinaculum (p < 0.00)
when compared to healthy controls (Table 1). We also report that there was not a statistically
significant difference between the involved limb to the non-involved limb in those subjects
with only unilateral symptoms (n = 15) at either the lateral retinaculum (p = 0.17, 243.1

+ 114.4 involved vs. 296.6 + 156.8 kPa un-involved) or the center of the patella (p = 0.68,
321.3 +185.4 involved, vs 322.5 + 176.0 kPa uninvolved).

To determine if there was a widespread increase in pain sensitivity in those with PFP we
tested PPTs over the forearm on the right side. We found a significant reduction in the PPT
in the PFP group as compared to the control subjects (p = 0.03).

To test if there were changes in sensation, we tested thresholds to light touch. We found that
the PFP group had significantly higher thresholds to light touch over the center of the patella
(p = 0.04) but not the lateral retinaculum (p = 0.27) (Table 1). Additionally, there was no
difference between the involved and un-involved knee at either the lateral retinaculum (p =
0.82, 3.9 + 0.55 involved, vs 4.0 + 0.74 g/mm? uninvolved) or at the center of the patella (p
=0.82, 3.9 + 0.6 involved vs 3.9 + 0.75 g/mm? uninvolved).

To assess if those in the PFP cohort had altered biomechanics at the knee joint we examined
the knee frontal plane angle during a function task. We show that PFP group squatted in a
significantly less adducted position (Table 1). We then examined the relationship between
PPT, pain, and the frontal plane knee angle to determine if there was a relationship between
altered biomechanics and pain. The maximum reported pain levels in the past week was
associated with greater knee abduction angle in the PFP cohort (r = —0.49, p = 0.03).
Similarly, greater relative knee abduction was associated with lower lateral retinaculum PPT
values in the PFP group (r = 0.65, p = 0.004) but not the control group (r = —=0.17,p = 0.49)
(Figure 1). Similar results were found when comparing the center of the patella to knee
adduction\abduction angle with a significant relationship in the PFP group (r = 0.53, p =
0.023) that was not found in the control group (r = —0.250,p = 0.288). Lastly, we found no
association between PPT of the lateral elbow to the knee adduction\abduction angle in either
the PFP (r = -0.009, p = 0.972) or control group (r = -0.47, p = 0.844)
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Discussion

The purpose of this study was to define the differences in localized and generalized
hyperalgesia, the degree of hypoesthesia and the relationship of hyperalgesia and pain to
knee frontal plane angle in females with PFP. We found that compared to the control group
females with PFP had lower PPT’s both locally at the patellofemoral joint and at a remote
location (elbow). They also had a significantly impaired ability to detect light touch over the
center of the patella. Lastly, a smaller knee adduction angle during a single leg step down in
the PFP group was related to a lower PPT at the knee and greater self-reported pain intensity.
This relationship did not exist in the control group or to the PPT at the elbow. These results
suggest that the pain response in PFP extends beyond a localized increase in pain and that a
relationship exists between altered movement mechanics and increased nociceptive input.

Females with PFP in this study had lower PPT values at the knee. The lower PPT at the knee
are in agreement with a previous study that focused on adolescents with PFP as well as
several studies in patients with knee osteoarthritis [9, 15, 16]. We have also shown for the
first time a significant relationship of lower PPT values to frontal plane knee angles during a
step down task in the PFP group which was not observed in the control participants (Figure
1). The observed localized hyperalgesia may be due to activation and sensitization of group
Il and 1V afferent nociceptors as the result of either greater compression of the subchondral
bone or strain on the lateral retinaculum, potentially as the result of the knee moving towards
knee abduction [25, 26]. Alternatively, greater localized pain and pain sensitivity may
contribute to altered movement patterns. Further prospective, longitudinal studies are needed
to identify causality in these reported relationships.

The lower PPT values over the right forearm suggest that the PFP group may also be
experiencing more generalized hyperalgesia. To date, there have been no reports of this
phenomenon among patients with PFP but our results are similar to other conditions that
have inferred enhanced central excitability from generalized hyperalgesia such as knee
osteoarthritis, chronic lower back pain and whiplash injuries [16, 28, 29]. Alternatively, due
to the cross sectional nature of this study, we cannot rule out that some individuals had a
heightened predisposition towards greater central sensitivity to the painful response. The
greater generalized hyperalgesia could be due to a barrage of the nociceptive input from the
peripheral tissues such as an inflamed or damaged joint capsule or subchondral bone
resulting in increased excitability of neurons in the nociceptive pathways in the central
nervous system [25, 29-33]. However, we found no relationship between PPT at the elbow
and the frontal plane knee angle during the squat. This would suggest that alterations in knee
mechanics most likely not a significant contributor to generalized hyperalgesia. Additional
research is needed isolating possible factors of the generalized hyperalgesia within this
population. The generalized hyperalgesia seen within this cohort would suggest that they are
more sensitive to painful stimuli and may explain why in part many individuals continue to
experience pain up to 14 years after completing initial course of therapy [7].

Our finding of hypoesthesia within the PFP group agrees with a previous paper and provides
further support of altered sensory pathways in the PFP cohort [34, 35]. Hypoesthesia, is
believed to be due to altered central processing in either the spinal cord through inhibition of
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the AP fibers or at the cortical level through suppression non-nociceptive sensory neurons
[19, 25]. The end result may be manifested as both hyperalgesia and hypoesthesia over the
injured region [19, 25]. Interestingly, we did not find hypoesthesia along the lateral
retinaculum only at the center of the patella. A previous report has highlighted the potential
for local adaptations in the nerves innervating the patella in chronic PFP [36]. However,
whether the previously reported adaptations match the affected sensory distribution
pathways over the patella has yet to be determined.

This study is not without several design constraints and limitations. First we choose to focus
only on females with PFP since the incidence and prevalence is higher and as such these
results may not generalize to males [4]. Due to study constraints and time, we were unable
to assess if distal hyperalgesia was present as has been reported in a past paper focusing on
females with PFP, or assess, additional body segments [9]. In addition, we were not able to
control for whether individuals had taken pain medications on the day of their evaluation
(although, none of the subjects reported any medications beyond occasional use of non-
steroidal anti-inflammatory medication.) Several other studies on other chronic knee pain
conditions have reported similar design constraints with the use of pain medication [15, 17,
18, 34]. Also, while we were able to define a difference in knee angles between groups, we
are unable to directly measure the patellofemoral joint mechanics due to soft tissue artifact
inherent at this joint. While the relationship between frontal plane knee angle and lower PPT
values is intriguing, due to the cross sectional design we are unable to establish a cause and
effect relationship. Also, measurements of pain during repeated single leg step downs would
have led to a more direct comparison of the relationship of pain during activity than subjects
reporting worst pain in the past week. Due to study design constraints we were not able to
blind the assessor of PPT and sensation from the group assignment. The assessor was,
however, blinded as to the results of the kinematic collection and the research participant
made the determination of their PPT and detection to light touch. These initial results
support the need for larger randomized studies. Lastly, we observed greater variability
within the control group’s response than the PFP (Table 1). The larger standard deviation in
the control group may be attributed to a higher tolerance to pressure among some subjects
that was not present in the PFP group.

Conclusion

We found that females with PFP had significantly lower PPT both locally at the knee and
remote location (the right forearm), suggesting both localized and generalized hyperalgesia.
In addition, they had reduced capacity to detect light touch at the patella. Lastly, we found a
significant relationship between frontal plane knee motion and PPT values in the PFP group
but not the control group. These results provide some of the first evidence that alterations in
biomechanics directly relate to hyperalgesia, and pain. These intriguing findings suggest that
potentially females with PFP have greater centralization of their pain sensitivity. These
results suggest the need for additional larger prospective observational studies to define the
time course for these changes and better delineation of what alterations are occurring first.
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Figure 1.
The relationship between pressure pain threshold to frontal plane knee angle in the PFP

group (A) and the control group (B) greater knee adduction is positive and greater knee
abduction is negative.
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Table 1

Comparison of variables of interest: Pressure pain thresholds, threshold to detect light touch (monofilament)
and knee adduction angle between the PFP group and healthy group. Knee adduction angles are positive and
knee abduction angles are negative.

Variables PFP group Normal group p-value
Pressure Pain Threshold Center of Patella (kPa) 321.3+1854 478.3+226.8 0.02
Pressure Pain Threshold Lateral Retinaculum (kPa) 243.1+114.4  462.3+284.8 0.00
Pressure Pain Threshold Right Elbow (kPa) 179.7 £ 68.1 304.0+ 232.0 0.03
Monofilament Center of Patella (g/mm?) 39+0.6 3.6+ 0.4 0.04
Monofilament Lateral Retinaculum (g/mm2) 3.9+ 0.55 3.7+£0.33 0.27
Knee Adduction Angle (Degrees) 7.7+4.2 12.36+ 5.8 0.00
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