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Abstract: Background/Objectives: Patellofemoral pain (PFP) is believed to be a precursor to knee
osteoarthritis (OA). The primary purpose of this study was to compare matrix metalloproteinase-9
(MMP-9) levels in young, adult females with and without PFP. The secondary purpose was to
determine associations between MMP-9, patella position, hip and knee kinematics, and pain in
females with PFP. Methods: Plasma was analyzed for MMP-9. Patellar position was measured using
diagnostic ultrasound as the degree of offset (RAB angle) from the deepest aspect of the femoral
trochlear groove to the inferior pole of the patella. A positive RAB angle suggested patella
lateralization. Hip and knee kinematics during a single-leg squat were measured using 2-dimensional
motion analysis and quantified as the dynamic valgus index (DVI), a combined measure of hip and
knee motion. A higher DVI suggests increased valgus loading at the patellofemoral joint. Pain was
measured using a 10-cm visual analog scale. Results: Females with PFP had significantly higher
levels of MMP-9 than controls (72.7 vs 58.0 ng/mL, p = 0.03). For females with PFP and a more laterally
positioned patella (RAB angle > 13°), a significant positive association existed between MMP-9 and
patella lateralization (r = 0.38, p = 0.04) and a significant inverse association with the DVI (r =-0.50, p
=0.007). Conclusions: Females with PFP had higher levels of MMP-9 than controls. The significant
association between MMP-9 and patella lateralization provided additional information about the
influence of patella position on joint inflammation. The significant, inverse association between
MMP-9 levels and the DVI suggested that subjects with higher MMP-9 levels might have altered their
movement pattern to avoid knee valgus loading.

Keywords: matrix metalloproteinase-9; anterior knee pain; osteoarthritis

1. Introduction

The 2023 Global Burden of Disease Study estimated that 595 million people globally experience
osteoarthritis (OA) and projected that close to 1 billion people will have some form of OA by 2050
[1]. This group also reported that over half of the cases may occur at the knee. The results of this study
align with others that reported a higher incidence of knee OA in females than males [2,3].
Unfortunately, researchers have found that knee OA can adversely affect function and quality of life
[4-6].

Patellofemoral pain (PFP) is a common, chronic knee condition [7]. While the exact number of
those with PFP is unknown [8], PFP has been reported in at least 25% of knee pain complaints [7],
with some estimates as high as 45% [9]. A concern is that PFP may contribute to knee OA [10-13].
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Like knee OA, more females experience PFP in higher numbers than males [7]. Ongoing pain leads
to reduced physical activity levels, anxiety, kinesiophobia, and catastrophizing, all of which
negatively affect quality of life in females with PFP [5,14-19]. This pattern underscores the need to
understand the pathophysiology of PFP.

PFP is multifactor problem thought to result from a loss of tissue homeostasis from excessive
patellofemoral joint (PFJ) loading [20]. Excessive loading can result from various interactions between
the patella and femur. Increased patella lateralization (based on a static, nonweight bearing measure)
may increase lateral PFJ] loading by directing ground reaction forces to the lateral patellar facet
[21,22]. Increased lateral (valgus) PFJ loading can result from altered lower extremity kinematics, like
increased hip adduction, hip internal rotation, and knee valgus during weight bearing tasks [23-25].

PFP is diagnosed based on common impairments such as pain during activities that require the
loading on a flexed knee (e.g., running, squatting, kneeling, and stair ambulation) [7]. Many patients
undergo imaging that provides limited, if any, information. Prior works have reported that
degenerative changes likely are not evident on radiographs for 20 or more years after onset [26,27].
Furthermore, van der Heijden et al [28,29] reported no association between PFP and magnetic
resonance imaging (MRI) features and no differences in cartilage loss in young adults with and
without PFP. These findings highlight the need for other ways to detect degenerative changes before
they become evident on imaging.

Recent advances in biomarker research have identified matrix metalloproteinase-9 (MMP-9) as
a potential indicator of cartilage degradation and inflammation in individuals with OA [30]. MMP-9,
an enzyme upregulated by inflammatory cytokines, is elevated in individuals with OA [30,31].
Specifically, MMP-9 leads to OA by breaking down the extracellular matrix that includes collagen.
To date, researchers have not examined the presence of inflammatory biomarkers in individuals with
PFP. Because PFP is a chronic condition that may lead to knee OA, it is plausible that MMP-9 may be
elevated in this patient population. Understanding the role of MMP-9 may lead to improved
therapeutic strategies for treating PFP as a potential way to slow and/or prevent degenerative
changes associated with OA.

The primary purpose of this study was to compare MMP-9 in females with and without PFP.
The secondary purpose was to determine if patella position, lower extremity kinematics during a
single-leg squat (SLS), and/or pain were associated with MMP-9 in a subset of females with PFP. We
hypothesized that females with PFP would have significantly greater MMP-9 levels than controls.
We also hypothesized that a positive association would exist between MMP-9 levels and a) static
patella position, b) hip and knee kinematics during a SLS, and c) pain in females with PFP.

2. Materials and Methods

2.1. Research Design

An observational, cohort design was used for this investigation. To test the hypothesis for the
investigation’s primary aim, all subjects provided a blood sample. To test the hypothesis for the
investigation’s secondary aim, only data from a subset of subjects with PFP and a complete data set
were used.

2.2. Subjects

Subjects were recruited in the greater Central Savannah River Area by placing flyers on 2
campuses of a local university, at area fitness clubs, and at an academic medical center sports
medicine clinic. Only females participated since they are more likely to experience PFP and because
of the possibility of naturally occurring sex differences in MMP-9 levels [32-34]. Thirty-nine females
with PFP and 30 controls participated (Table 1). The subjects’ age ranged from 18 to 34 years. This
age range was selected because of an increased prevalence of OA onset after age 40 [35]. Inclusion
and exclusion criteria were based on prior works [33,36]. All subjects were recreationally active,
defined as exercising at least 30 minutes 3 times a week for at least the past 6 months. Subjects with
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PFP met additional criteria regarding their anterior knee pain: a) rated at least a 3 on a 10-cm visual
analog scale (VAS) during activities of daily living or recreation (e.g., running, walking, squatting,
stair ambulation) over the previous week, b) insidious onset for at least 4 weeks, c) provoked by at
least 3 of the following: during or after activity, prolonged sitting, stair ambulation, or squatting.
None of the subjects with PFP had sought rehabilitation or undergone any prior movement retraining
program to improve SLS mechanics. Individuals with the following were excluded from study
participation: a) previous lower extremity surgery or significant injury, b) recurrent patella
dislocation or subluxation, c) patella tendon or iliotibial band tenderness, and d) hip or lumbar spine
referred pain. The most painful knee was tested for subjects with PFP [33]; controls used the limb that
was determined in a random fashion. Five subjects with PFP reported bilateral symptoms. Subjects
were enrolled consecutively as they met the inclusion criteria and signed an informed consent
document approved by the Augusta University Institutional Review Board.

Prior to data collection, all subjects received an x-ray (sagittal plane and sunrise views) to ensure
that none had evidence of degenerative changes to the PF]. The experienced orthopaedic surgeon
(D.M.H.), blind to subject group, interpreted all images. No subject showed signs of degradation to
the PFJ. Subjects with PFP also completed a 10-cm VAS to report their usual amount of pain during
activity for the prior week [37]. Measures were recorded to the nearest 1/10t of a cm.

Table 1. Characteristics of all females with patellofemoral pain (PFP) and controls.

PFP* Controls* p-valuet
n=239 n =230
Age, y 23.2(2.9) 22.7 (3.7) 0.58
Mass, kg 72.8 (25.8) 64.7 (11.6) 0.12
Height, m 162.3 (19.8) 165.3 (5.4) 0.42
Pain, cm 3.9 (1.2) 0.0 0.001

* Mean (standard deviation); + Comparison made using independent ¢-test.

2.3. Plasma Collection and Measurement of MMP-9 Levels

Blood samples were collected in a plasma blood collection tube. Next, samples were centrifuged
in a swinging bucket rotor at room temperature for 20 minutes at 1200 rpm. Afterward, plasma was
aliquoted into cryovials and stored at -80° C until processed.

Plasma levels of MMP-9 were measured using sandwich immuno-assay on an automated
enzyme-linked immunosorbent assay (ELISA) (ELLA, Biotechne, MN, USA). The plasma (35ul) was
diluted by adding assay buffer (35ul) and 50ul of the diluted plasma was added to the ELLA plate
along with other reagents, as recommended by the manufacturer. The plate was then loaded into the
automated ELISA for processing. The plasma MMP-9 levels were then downloaded, expressed as
ng/mL, and used for statistical analysis.

2.4. Static Patella Position

We measured the patella offset angle (RAB angle) using diagnostic ultrasound as described by
Anilo et al [38]. Briefly, Anillo et al developed the RAB angle to quantify patella lateralization or
medialization relative to the lowest part of the femoral trochlear groove. The RAB angle was
measured as follows: 1) a vertical line perpendicular to the lowest aspect of the femoral trochlea and
2) a line from the lowest aspect of the femoral trochlea to the inferior pole of the patella (Figure 1).
An angle formed with the line from the lowest aspect of the femoral trochlea to the inferior patellar
pole directed toward the lateral aspect of the knee represented patella lateralization. For testing,
subjects were positioned in supine with the quadriceps relaxed and the lower extremity in a neutral
position. One examiner (D.C.H.) took 2 measures of the test knee. All RAB angles were recorded to
the nearest 1/10% of a degree; the average of 2 measures was used for statistical analysis.
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Figure 1. Placement of the ultrasound transducer and measurement of the patella offset (RAB) angle. The solid
vertical line marker is a reference point for the interior pole of the patella. The perpendicular line represents the

deepest aspect of the femoral trochlear. Courtesy of the International Journal of Sports Physical Therapy. .

2.5. Hip and Knee Kinematics during a Single Leg Squat

Hip and knee kinematics, collected with a 2-dimensional (2D) motion capture system (Simi
Motion®, Unterschleinfheim, DEU), were quantified using the dynamic valgus index (DVI), a
combined measure of hip and knee motion [39]. Twelve-mm spherical retroreflective markers were
placed on the anterior surfaces of the following landmarks: left and right anterior superior iliac spine
(ASIS), midpoint of the knee on the test extremity, and the midpoint between the medial and lateral
malleolus of the ankle on the test extremity. These markers were used to measure the hip and knee
frontal plane projection angles (FPPA). Markers also were placed on the greater trochanter, knee joint
line, and lateral malleolus to measure knee flexion. For testing, subjects stood 2.5 m away from one
camera placed in the frontal plane and another in the sagittal plane. Subjects performed the SLS
barefooted. The investigator instructed subjects to cross their arms over their chest and to squat as
low as possible; they received no instruction on hip, knee, or foot position. Subjects squatted at least
50" of knee flexion (determined by visual inspection) to the beat of a metronome set at 40 beats per
minute. They performed 3 practice and 5 test trials of the SLS. The motion capture system, operating
at 100 Hz, recorded all data.

A 2rd-order low-pass filter, using a 6 Hz cutoff frequency, tracked and smoothed all video data.
We measured the DVI at the point of peak knee flexion (the angle between the greater trochanter,
lateral knee joint line, and lateral malleolus). The knee FPPA (Figure 2) was 180° minus the angle
between the ASIS and mid-point of the knee and the mid-point of the knee to the mid-point of the
ankle on the test limb [39]. The DVI (Figure 2) was 90" minus the angle between the ipsilateral and
contralateral ASIS and ipsilateral ASIS and the mid-point of the distal femur (hip FPPA) plus the knee
FPPA [39]. All angles were measured to the nearest 1/10t of a degree. The average of 5 trials for peak
DVI was used for statistical analysis.
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Figure 2. Description of the measurement of the hip frontal plane projection angle and the knee frontal plane
projection angle. The dynamic valgus index is the sum of each frontal plane projection angle. Courtesy of the
International Journal of Sports Physical Therapy.

2.6. Statistical Analysis

Means, standard deviations, and 95% confidence intervals (95% CI) were calculated for MMP-9
levels for all subjects. The same were calculated for RAB angles, peak DVI, and pain in the subset of
subjects with PFP who completed these additional assessments. An independent t-test was used to
compare MMP-9 levels between females with PFP and controls. Pearson product correlation
coefficients were used to determine associations between MMP-9, RAB angle, peak DVI, and pain in
the subset of subjects with PFP. All analyses were conducted using IBM SPSS Statistics for Windows,
Version 28 (IBM Corp, Armonk, NY, USA); the level of significance was established at the 0.05 level.
We hypothesized an increase in the measured variables; thus, we used a one-tailed test to maximize
statistical power [40].

3. Results

3.1. Comparison of MMP-9 Levels in Females with PFP and Control

Females with PFP had MMP-9 levels 25.6% higher than controls (t(66.6) =1.86, p=0.03). Average
MMP-9 values for females with PFP were 72.7 (38.3) ng/mL (95% CI, 60.3 — 85.1) and controls were
58.0 (27.3) ng/mL (95% CI, 47.8 — 68.2).

3.2. Associations between MMP-9 levels, RAB Angle, DVI, and Pain in Females with PFP

Twenty-three subjects with PFP completed this part of the investigation. The average RAB angle
was 14.6 (8.7) degrees (95% CI, 10.9 — 18.4), the average DVI 34.5 (11.6) degrees (95% CI, 29.5 - 39.5),
and average VAS 4.1 (1.4) cm (95% CI, 3.5 — 4.7). These females demonstrated a signficant, positive
association between MMP-9 levels and the RAB angle (r = 0.38, p = 0.04) and a significant, inverse
association between MMP-9 levels and the DVI (r = -0.50, p = 0.007). A non-significant association (r
=0.12, p=0.29) existed between MMP-9 levels and pain.

4. Discussion

PFP is a common, multifactor problem believed to result from PFJ overload either from an
altered patella position and/or faulty lower extremity kinematics [41]. More concerning is that PFP is
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considered a risk factor for the development of knee OA [11,12]. To date, most research directed
toward understanding PFP pathology has been directed toward structural approaches (e.g., imaging
and biomechanical models). This study’s uniqueness was taking a biological approach by examining
MMP-9, an inflammatory biomarker, in young, adult females with PFP and normal knee radiographs.

4.1. Comparison of MMP-9 Levels in Females with PFP and Control

Results from this study supported the primary hypothesis that females with PFP would exhibit
significantly higher levels of MMP-9 than controls. This finding has provided preliminary evidence
that young, adult females with PFP have elevated inflammatory biomarkers found in individuals
with knee OA [30,31]. It also has afforded additional evidence that PFP is not necessarily a self-
limiting condition but one of ongoing pathology [12,42-44]. Quantifying the degree of pathology has
been a challenge with those with PFP, given the lack of useful information gained from radiographs
and MRI [28,29]. None of the subjects in the current study had degenerative changes on radiographs
and aligned with the limited usefulness of imaging. Therefore, MMP-9 may provide insight into
degenerative knee changes in those with PFP prior to them becoming evident on imaging. Future
studies are needed to make this determination.

To date, only 2 other works have examined biomarkers in those with PFP. Murphy et al [45]
compared serum cartilage oligomeric matrix protein (s-COMP), a biomarker indicative of cartilage
degradation, in 18 individuals with and without chondromalacia patellae (another term used to
characterize PFP). Subjects with chondromalacia patellae exhibited greater s-COMP levels compared
to controls. Our previous report [41] analyzed and compared C-telopeptide fragments of type II
collagen (CTX-II) in females with and without PFP and found no differences. Both investigations
relied on a single biomarker to differentiate between subjects with and without PFP. Cibere et. al [46]
examined biomarkers in those with knee OA and concluded that use of this single biomarker may
not have been robust enough to identify “true” degenerative changes . The paucity of available
evidence supports the need for future studies aimed at identifying and understanding biomarkers
associated with PFP.

4.2. Associations between MMP-9 levels, Pain, RAB Angle, and DVI in Females with PFP

Results from this study partially supported these hypotheses. We hypothesized a positive
association between MMP-9 and the RAB angle since increased patellar lateralization is a specific
characteristic of PF] OA [47]. Study findings (r = 0.38, p = 0.04) supported this hypothesis. We also
hypothesized a positive association between MMP-9 and the DVI since an increased DVI during a
SLS could cause increased valgus loads and irritation to the PF] [39]. Although a significant
association (r = -0.50, p = 0.007) existed, it was an inverse, not positive, one. A possible reason for this
finding may have been that subjects with higher MMP-9 levels avoided hip adduction and knee
abduction, combined motions leading to knee valgus loads, during the SLS. This finding may suggest
that explaining PFP based on a strict movement-based, biomechanical model may not necessarily
explain PFP pathology [48]. Finally, a weak correlation (r=0.12, p = 0.29) existed between MMP-9 and
pain.

A possible limitation of analyzing data for the entire cohort of females with PFP who completed
the patella position and kinematics procedures may be RAB angle variability. RAB angles ranged
from 1.0 to 33.5 degrees. Based on the theory that greater patella lateralization can lead to greater
increased PFJ loading, a secondary analysis was conducted. For this purpose, we performed
correlation analyses between MMP-9 levels, RAB angle, DVI, and pain in subjects with a high RAB
angle (n = 14), defined as greater than 13 degrees [38]. Results from this analysis showed stronger
associations between MMP-9 levels and the RAB angle (r = 0.52, p = 0.03), DVI (r = -0.78, p < 0.001),
and pain (r = 0.38, p = 0.09). Though not significant, the increased association with pain in subjects
with greater patellar lateralization has provided preliminary evidence of the influence that patella
lateralization could have on PFJ inflammation. Future investigations should further examine this
association in subjects with a higher RAB angle.
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4.3. Limitations

This study has limitations. First, the study only enrolled females since they are more than 2 times
likely to experience PFP than males [32,33]. Also, naturally occurring sex differences in MMP-9 levels
could exist [34,49]. Therefore, we cannot generalize our findings to males with PFP. Another
limitation is the use of a biomarker to suggest degenerative changes. While useful to monitor disease
progression, biomarkers are only an indirect manner for assessing degenerative changes. However,
elevated MMP-9 levels may help clinicians identify females with PFP who may benefit from early
rehabilitation [44]. Finally, this study is cross-sectional, and it is unknown if subjects with PFP will
continue to exhibit elevated MMP-9 levels over time. Longitudinal studies are needed to determine
the progression of MMP-9 levels, if any, over time.

4.4, Future Direction and Conclusion

A major strength of this investigation is the identification of MMP-9, an inflammatory biomarker
associated with knee OA, in a cohort of young, adult females with PFP. This finding highlights
possible degenerative changes occurring much sooner than changes becoming evident on imaging.
Knowing this information supports the need for early interventions to address impairments
associated with PFP. Our results also suggest that MMP-9 could serve as a possible biomarker for
diagnostic and prognostic purposes. To definitively determine if MMP-9 is a precursor to knee OA
onset, investigators should continue to examine changes in both bone structure and MMP-9 levels
over time in young, adult females with PFP.
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