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ARTICLE INFO ABSTRACT

Handling Editor: Professor H Madry Objective: The objective of this study was to investigate subchondral bone turnover at rest and after acute loading
using Fluorine-18-labeled sodium fluoride (Na[wF]F) Positron Emission Tomography (PET), in patients with

Keywords: unilateral PFP.

Patellofemoral pain Design: Twenty-seven patients with unilateral PFP were recruited from the Institute of Sports Medicine Copen-

PFP

hagen. Participants underwent Na[‘®F]F-PET imaging before and after a bout of single-leg squats. Bone turnover
Bone perfusion measures, including mean and maximal standardized uptake value (SUVyean and SUVy,ay), rate of bone perfusion
Bone metabolism (K1), rate of tracer uptake into bone (Ki), and extraction fraction of tracer absorbed into bone mineral were
Positron Emission Tomography assessed for patella and trochlea.

Na['8F]F Results: At rest, the painful knees showed lower SUVy,x, K1, and K; compared to the pain-free knees in the su-
perficial part of the patella. No significant differences were found in the profound part of the patella or trochlea at
rest. Following knee loading, the acute increases in SUViean, SUVmax, Ki and blood flow were reduced in the
superficial patella of the painful knees compared to the pain-free knees. In the trochlea, painful knees showed
larger increases in SUVpean and K; in the lateral part, whereas the medial part showed greater increases in K, Kj,
and a larger decrease in extraction fraction after loading.

Conclusion: Patella displayed decreased bone metabolism at rest and reduced response to loading in the painful
versus pain-free knees. Trochlea in the painful knees showed significantly larger increases in subchondral bone
metabolism following knee loading compared to the pain-free knees. These novel findings highlight potential
differences in bone turnover between the patellar and trochlear regions.

Bone turnover

1. Introduction inactivity, less participation in exercise and sports, and ultimately,
reduced quality of life [1-3]. The prevalence in adolescents is 7 %,

Anterior knee pain (patellofemoral pain, PFP) is a common knee constituting 11-17 % of all knee problems seen by general practitioners,
disorder that particularly affects young sports-active people [1]. The which makes it the most frequent nontraumatic diagnosis [4,5]. Recent
disorder is characterized by pain around the patella leading to physical research indicates that even after a 2-year follow-up, 65 % of adolescents
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diagnosed with PFP continue to experience knee pain, with 25 %
reporting daily knee discomfort [1].

The reason for the development of PFP is still uncertain [6]. Patients
with PFP have no observable structural damage to the soft tissues, bones,
or cartilage in the joint assessed by conventional imaging [7]. The
treatment of the disorder therefore often becomes non-specific, with
considerable variation in treatment strategies among therapists [8]. A
correlation has been found between PFP and the development of patel-
lofemoral osteoarthritis (OA) later in life [9,10], and studies indicate that
the pain may originate from the subchondral bone areas in the patello-
femoral joint [11]. Subchondral bone is metabolically active, and
changes in subchondral bone remodeling and vascularization have been
implicated in early OA [12-14]. Experimental OA induction in animals
supports the notion that subchondral bone changes may precede carti-
lage deterioration, suggesting a sequential relationship during OA
development [13,15,16]. Notably, research in rabbit and mouse models
has identified that articular cartilage degradation predominantly occurs
in areas beneath thickened subchondral bone, whereas regions overlying
normal bone remain unaffected [15,17]. These findings underscore the
critical role of subchondral bone remodeling in the early stages of OA.

Positron Emission Tomography (PET) imaging of Fluorine-18-labeled
sodium fluoride (Na['®F]F) uptake has been used to detect altered bone
metabolism, as it highlights areas of newly mineralizing bone and cor-
relates well with bone histomorphometry [18,19]. Na['8F]F PET has also
been able to detect an acute hemodynamic response in bone immediately
after loading with increased blood flow and total tracer uptake [20]. In
patients with PFP, Na['8F]F PET has shown increased bone remodeling in
the subchondral bone structures of the knee joint [21], indicating a
healing process and/or bone remodeling similar to that seen in early
osteoarthritis [22,23]. In addition, an association could be demonstrated
between increased bone activity and the magnitude of patients' knee pain
and the location of the pain [21]. However, the study was performed on a
very limited number of patients, and it therefore remains unknown if PFP
is related to altered bone metabolism at rest and whether it affects the
response to acute knee loading.

In this study, we aimed to include a larger population of patients with
PFP using the same PET tracer (Na['®F]F) to investigate, in a within-
participant design, whether patients with unilateral PFP have increased
bone turnover in the painful knees compared to the pain-free knees. In
addition, the study investigated how acute loading affects bone perfusion
and tracer extraction.

2. Methods
2.1. Population

This study is a sub-study of a larger randomized controlled trial
and was approved by the Health Research Ethics Committee of Capital
Region Denmark, number: H-16045755 (additional protocol number
64139, approved August 14, 2018). In the main study, participants
were randomized to a 12-weeks intervention comprising exercises for
either the quadriceps or for the hip muscles [24]. This present study
was performed after inclusion but before initiation of the in-
terventions. The participants were recruited from the Department of
Sports Medicine Copenhagen (ISMC), Bispebjerg-Frederiksberg Hos-
pital, Denmark. All potential participants were assessed by a sports
medicine physician and included according to the following inclusion
criteria: 1) A clinical diagnosis of PFP in only one knee; 2) A score of
at least 3 on a 10 cm Visual Analogue Scale (VAS) pain scale during
daily activities in the previous week; 3) Gradual onset of symptoms
unrelated to trauma and lasting for at least 4 weeks; and 4) Pain
associated with at least 3 of the following: During or after
knee-loading activity, prolonged sitting with knees flexed, stair ascent
or descent, squatting. Exclusion criteria included pregnancy,
breast-feeding, contralateral knee pain during the previous 6 months,
intra-articular knee injury and/or another overuse or traumatic knee

Osteoarthritis and Cartilage Open 7 (2025) 100583

Fig. 1. Illustration of the setup for the knee loading regime. Participants per-
formed the one-legged squat on a decline board with the upper body in an
upright position and the arms crossed in front of the chest. The assessor closely
monitored the exercise, providing feedback on the quality, cadence, and range
of motion. A goniometer set at 60° was positioned near the participant's knee
during the movement. If the participant failed to reach (or exceeded) the target
flexion, they were encouraged to make the necessary adjustments.

injury. Prior to participating in the study, all subjects were informed
about the study and provided written informed consent.

2.2. PET/CT

Dynamic PET/Computed Tomography (CT) scans covering both
knees were performed twice: before and after exercise using a GE Dis-
covery 4-ring MI PET/CT system (axial Field of View (FOV) = 20 cm, GE
Healthcare, Milwaukee, WI). To minimize the effects of recent physical
activity and blood flow on tracer uptake, participants were instructed to
abstain from engaging in strenuous physical activities such as cycling,
extended walks, stair climbing, working on ladders, squatting, etc., for a
period of 24 h preceding the examination. Furthermore, they were
instructed to refrain from undertaking intense knee-loading exercises
such as jumping, running, and cutting activities (i.e., sudden changes in
direction while running or moving) for at least 48 h prior to the PET
scans. On the day of the trial, the participants were not allowed to cycle,
run, or walk (more than 500 m), when transporting themselves to the
hospital.

Subjects were scanned in a supine position and the knees were flexed
to approximately 30°, with a contoured pillow positioned beneath the
knees. The legs were strapped together with an elastic wrap (Nylatex
wrap, Chatanooga, DJO global, Dallas, Texas, USA) to minimize move-
ment between the CT and PET scans. Each session started with a CT of
both knees (120 kVp, dose modulated 49 mA). The acquired data were
reconstructed into three datasets: A dataset exclusively used for PET
attenuation correction, a second dataset for anatomical localization (slice
thickness: 3.75 mm, matrix size: 512 x 512 pixels (0.98 mm)) and a third
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Fig. 2. Segmentation using CT images: superficial patella (blue), profound pa-
tella (red), trochlea (green), central femur condyle (purple), posterior femur
condyle (orange), and tibia plateau (yellow). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article).

dataset with a bone enhancement kernel using 50 % iterative recon-
struction (slice thickness: 0.625 mm, matrix size: 512 x 512 pixels (0.98
mm)).

After the CT, a 1-h long, single-bed, list-mode PET acquisition was
started and 90 MBq Na['8F]F were injected. PET data were reconstructed
in 67 frames (20 x 15,10 x 105,10 x 305s,5 x 60s, 22 x 120 s, starting
with the arrival of administered activity in the PET field-of-view). All PET
reconstructions used CT for attenuation correction and a block-sequential
regularized expectation-maximization penalized-likelihood reconstruc-
tion method (Q.Clear), including time-of-flight and point-spread-
function information with relaxation parameter beta = 350. Matrix size
was 192 by 192 pixels (2.73 mm) with a slice thickness of 2.79 mm.

2.3. Knee loading exercises

After the first PET scan, the participant performed 3 sets of 10 repe-
titions of one-legged squats (0-60° of flexion) on each leg while standing
on a decline board with 25-degree slope [25]. The squats were performed
one set at a time alternating between the painful and the pain-free leg.
The starting leg was randomly assigned so that half of the participants
started with the painful leg and the other half started with the pain-free
leg. The participant was instructed to perform the squats with the upper
body in an upright position and arms crossed at the chest at pace 2 s down
and 2 s up (Fig. 1). A metronome was set at 30 beats per minute to keep
pace. The participant was allowed to lightly touch the nearby wall for
balance. There was a 1-min break between each set. The assessor
monitored and gave feedback on the quality, cadence, and range of
motion (knee flexion angle measured with a goniometer fixed at 60°)
during the exercises to ensure a standardized performance.

2.4. Segmentation and preparation of data

Using the CT images, masks covering the femur, patella, and tibia
were first created by manually drawing regions of interest (ROIs). The
bone tissue was then segmented further to create subchondral/cortical
bone masks using k-means clustering (4 cluster groups minimized to
squared Euclidean distance repeated 4 times with different initial cen-
troids). The long bones of the femur and tibia were manually identified as
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the cortical bone 6-8 cm from the center of the joint space. The sub-
chondral and cortical bone of the femur and patella was manually sub-
divided into regions: medial and lateral part of trochlea, superficial and
profound part of patella, central and posterior regions of the medial and
lateral femoral condyle (Fig. 2). Lastly, cortical bone at the site of the
patellar tendon insertion (tibial tuberosity) was identified and excluded
from the analysis of cortical bone.

Image co-registration, ROI analysis, and calculations of uptake values
and kinetic parameters were performed with custom software created in
MATLAB 2016b (MathWorks, Natick, MA, USA). Segmentation into
anatomical regions and bone type (cortical, trabecular) was done semi-
automatically using CT-images. Segmentation was based on bony land-
marks unrelated to PET-data and blinding was therefore not relevant.

2.5. SUV and kinetic uptake parameters

All SUV and kinetic parameter estimation was performed for indi-
vidual subregions (Fig. 2). A single “static” frame covering the last 5 min
was reconstructed for calculation of standardized uptake values (SUV).
For the post-exercise PET acquisition, an initial 3-min frame for
measuring and subtracting residual [*8F] concentration from the pre-
exercise injection was performed. Then, the same protocol was fol-
lowed for the baseline acquisition. In addition to measuring changes in
SUV, kinetic modeling of dynamic Na['®F]F uptake was performed to
quantify different aspects of bone metabolism including rate of tracer
uptake into bone (Kj), rate of bone perfusion (Kj), rate of tissue clearance
(ks), rate of bone mineralization (k3), and the extraction fraction of tracer
that is extracted to bone mineral. An image derived arterial input func-
tion (IDIF) was calculated based on the Na['®F]F activity (kBq/mL) in the
popliteal artery for each knee independently, following previously
established methods [26]. We fitted the IDIF and tissue Time-Activity
Curve (TAC) data to a Hawkins two-tissue tracer kinetic model using
nonlinear regression (NLR), as detailed in other publications [20,26,27].
This fitting aimed to estimate the following rate constants: K; for bone
perfusion (mL min~! mL™Y), k, for tissue clearance (min~'), and ks for
mineralization (min~!). The rate constant k4, representing bone clear-
ance, was assumed to be 0. NLR fitting to estimate these three rate pa-
rameters, along with parameters to account for partial volume fraction,
blood fraction, and input dispersion estimate was performed for each
bone subregion using COMKAT software [28].

We calculated the extraction fraction using the formula:

Extraction fraction =

3
ky + k3

which represents the proportion of !3F entering the bone tissue that binds
to the bone matrix, in contrast to being cleared back into the plasma pool
and ranges in value from O to 1. The parameter KNR (K)), the rate of
clearance of '®F from the plasma to the bone mineral compartment, was
calculated using the formula [28]:

K; = K * extraction fraction

and has units of mL min~! mL™!.

2.6. Statistical analysis

The sample size was pragmatically based on an expected inclusion
rate of 1:5 in the remaining 150 participants expected to be included in
the main RCT at the starting date of this study, i.e., 30 participants. The
proposed inclusion rate reflected the reported proportion of patients with
unilateral symptoms vs. patients with bilateral symptoms, i.e., one in two
to four (6, 7) adjusted for an anticipated rejection.

Statistical comparisons of measures between painful and pain-free
knees at baseline, and the differences in delta values (the change be-
tween baseline and post-exercise) between painful and pain-free knees,
were performed using a mixed-effects model. This model included knee



R. Hansen et al.

Table 1

Patient characteristics.
No. of patients (men/women) 27 (10/17)
Age (years) 26.1 + 4.7
Weight (kg) 72.7 +13.5
Height (cm) 173.0 +10.9

BMI 242+ 3.6
Duration of symptoms (months) (median (IQR)) 24.0 (48)

The data are presented as means + SD unless otherwise stated.
IQR: Interquartile range.

condition (painful vs. pain-free) as fixed effect and subject as random
effect (random intercept). To reduce variance caused by differences in
uptake in uninvolved tissues and better distinguish the involved tissues,
analyses on normalized data were also performed. We normalized the
data by dividing the raw values of the specific region by the values of the
cortical bone of the ipsilateral tibia. Tibia was checked visually for focal
increases in tracer uptake based on the static frame covering the last 5
min of the PET scan and was considered representative of background
tracer uptake. Hence, a normalized value of 1 equals identical uptake
values in the region of interest and the background uptake.

The residuals for both raw and normalized values met model as-
sumptions of linearity and variance and were normally distributed.
The mean and 95 % confidence intervals of the measures were
calculated, and a P value (alpha = 0.05) was calculated for compari-
sons. Effect sizes (Cohen's D) where calculated to relate the size of the
difference to the variation between participants. Cohen's d was
determined by calculating the mean difference between the knees and
dividing the result by the pooled standard deviation. The general
guidelines for interpreting the effect size are: 0.2 equals a small effect;

Table 2
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0.5 equals a moderate effect; and 0.8 equals a large effect [29]. No
post-hoc adjustment for multiple comparisons was used due to the
exploratory nature of this study [30].

3. Results

Twenty-seven subjects with unilateral patellofemoral pain were
included in the study. Seventeen were females and the median duration
of symptoms was 24 months for both males and females (Table 1).

We found a significantly lower SUV,,x (mean difference 0.5347, p =
0.04), K; (mean difference 0.00126 mL min ! mL’l, p = 0.05) and K;
(mean difference 0.00126 mL min~' mL™}, p = 0.02) in the superficial
part of patella on the painful side compared to the pain-free side at
baseline (before exercise). Effect sizes were negligible to small (0.17 for
K; to 0.34 for SUVp,y). Knee loading exercises induced significantly
smaller increases in SUVean, SUVmax, K1 and K; in the superficial part of
patella on the painful side compared to the pain-free side. The mean
difference between the knees regarding exercise induced increases were
0.2932 for SUVpean (p = 0.0028), 0.5493 for SUVpax (p = 0.0016),
0.00395 mL min~! mL™? for K; (p = 0.005), and 0.003903 mL min !
mL~! for K; (p = 0.004). The exercise induced decrease of extraction
fraction was significantly larger on the painful side when compared to
the pain-free side (mean difference —0.0128, p = 0.04). Effect sizes for
change values ranged from small (—0.39 for extraction fraction) to me-
dium (0.63 for SUVyax). Table 2 outlines the results of the baseline
measures and Table 3 the results of the change values after acute knee
loading. Fig. 3 illustrates an example of lower tracer uptake in the patella
and higher uptake in trochlea in the painful knee compared to the pain-
free knee at rest and after knee loading exercises. Graphs showing the
SUV values and kinetic parameters before and after the knee loading

Comparison of uptake values in the deep and superficial part of patella and the medial and lateral part of trochlea between pain free and painful knees at baseline in 27

patients with PFP.

Bone region Pain-free knees Painful knees Difference Effect size P

N =27 N =27 Mean (95%CI)

Mean (SE) Mean (SE)
Patella profound
Ssuv 0.5748 (0.0608) 0.5441 (0.0608) 0.0307 (—0.0568 to 0.1182) 0.07 0.4775
SUVmax 1.7626 (0.2460) 2.0234 (0.2460) —0.2609 (—0.6655 to 0.1437) -0.15 0.1966
K; (mL/min/ml) 0.0071 (0.00103) 0.0067 (0.0010) 0.0004 (—0.00101 to 0.0018) 0.06 0.5695
Ky (min™1) 0.0174 (0.0055) 0.0199 (0.0055) —0.0025 (—0.012 to 0.0069) —-0.09 0.5846
K3 (min™) 0.6423 (0.0579) 0.6587 (0.0579) —0.0165 (—0.0481 to 0.0152) —0.05 0.2953
K; (mL/min/ml) 0.0066 (0.0010) 0.0061 (0.0010) 0.0005 (—0.0008 to 0.0019) 0.09 0.4392
Extraction fraction 0.9429 (0.019) 0.9340 (0.0190) 0.0089 (—0.016 to 0.0338) 0.09 0.4679
Patella superficial
Suv 0.7357 (0.0606) 0.6793 (0.0606) 0.0564 (—0.0066 to 0.1195) 0.13 0.0771
SUVmax 2.1887 (0.2644) 1.654 (0.2644) 0.5347 (0.0232 to 1.0463) 0.34 0.0412
K; (mL/min/ml) 0.0102 (0.0011) 0.0089 (0.0011) 0.0013 (0.0000 to 0.0025) 0.17 0.0455
Ky (min~1) 0.0220 (0.0055) 0.0214 (0.0055) 0.0006 (—0.004 to 0.005) 0.02 0.7814
Ks (min~%) 0.6406 (0.0565) 0.6333 (0.0565) 0.0073 (—0.0303 to 0.0449) 0.02 0.6929
K; (mL/min/ml) 0.0092 (0.0008) 0.0079 (0.0008) 0.0012 (0.0002 to 0.0022) 0.20 0.0173
Extraction fraction 0.9445 (0.0189) 0.9303 (0.0189) 0.0142 (—0.0094 to 0.0378) 0.14 0.2265
Trochlea lateral
Suv 0.5402 (0.0455) 0.5233 (0.0455) 0.0169 (—0.0599 to 0.0937) 0.06 0.6547
SUVimax 1.2969 (0.1596) 1.3782 (0.1596) —0.0813 (—0.4389 to 0.2763) -0.07 0.6442
K; (mL/min/ml) 0.008 (0.0011) 0.0075 (0.0011) 0.0005 (—0.0009 to 0.0019) 0.09 0.4485
K, (min™1) 0.0320 (0.0149) 0.0299 (0.0149) 0.0021 (—0.0045 to 0.0087) 0.03 0.5184
K3 (min~1) 0.5942 (0.0624) 0.5908 (0.0624) 0.0035 (—0.0319 to 0.0388) 0.01 0.8423
K; (mL/min/ml) 0.0065 (0.0007) 0.0063 (0.0007) 0.0002 (—0.0006 to 0.0010) 0.05 0.5882
Extraction fraction 0.9022 (0.0308) 0.9040 (0.0308) —0.0018 (—0.0287 to 0.0251) —-0.01 0.8893
Trochlea medial
Suv 0.583 (0.0457) 0.5995 (0.0457) —0.0165 (—0.0963 to 0.0632) —0.06 0.6738
SUVmax 1.3205 (0.1645) 1.513 (0.1645) —0.1925 (-0.5921 to 0.2072) -0.18 0.3314
K; (mL/min/ml) 0.0093 (0.0013) 0.0091 (0.0013) 0.0002 (—0.0013 to 0.0016) 0.02 0.82
K, (min~1) 0.0332 (0.0134) 0.0342 (0.0134) —0.001 (—0.0083 to 0.0063) —0.01 0.7784
K3 (min~ %) 0.5718 (0.0627) 0.5614 (0.0627) 0.0104 (—0.0342 to 0.0549) 0.03 0.6363
K; (mL/min/ml) 0.0071 (0.0007) 0.0073 (0.0007) —0.0001 (—0.0011 to 0.0009) —-0.03 0.8148
Extraction fraction 0.8735 (0.0354) 0.8785 (0.0354) —0.005 (—0.027 to 0.0169) —0.03 0.6413

SUV = mean standardized uptake value; SUV,,,x = maximal standardized uptake value; K; = bone perfusion; k, = tissue clearance; k3 = mineralization; K; = tracer

plasma clearance.
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Table 3
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Changes after three sets of 10 repetitions of one-legged decline squat in the pain-free and painful knees together with knee differences in the response to exercise.

Change in

Pain-free knees
N =27
Mean (SE)

Painful knees
N =27
Mean (SE)

Patella profound
SuV

SUVimax

K; (mL/min/ml)
Ky (min~1)

Ks (min™Y)

K; (mL/min/ml)
Extraction fraction
Patella superficial
Suv

SUVimax

K; (mL/min/ml)
Ky (min~1)

K3 (min 1)

K; (mL/min/ml)
Extraction fraction
Trochlea lateral
Suv

SUVimax

K; (mL/min/ml)
K (min ™)

K5 (min™1)

K; (mL/min/ml)
Extraction fraction
Trochlea medial
Suv

SUVimax

K; (mL/min/ml)
K (min™1)

K3 (min 1)

K; (mL/min/ml)
Extraction fraction

1.3532 (0.2814)
3.1419 (0.6012)
0.0252 (0.00666)
0.0107 (0.0096)
0.0039 (0.0679)
0.0204 (0.0042)
—0.0343 (0.0365)

1.3578 (0.2503)
3.5309 (0.5726)
0.0293 (0.0078)
0.0079 (0.0078)
—0.0224 (0.0643)
0.0217 (0.0038)
—0.0524 (0.0377)

0.7101 (0.1428)
1.8702 (0.3778)
0.0161 (0.0035)
—0.0086 (0.0153)
—0.0604 (0.0695)
0.013 (0.0023)
—0.0264 (0.0344)

0.6786 (0.1188)
1.706 (0.3031)
0.0169 (0.0035)
—0.0003 (0.0139)
—0.0819 (0.0629)
0.0129 (0.0024)
—0.0317 (0.0376)

1.2125 (0.2814)
3.2251 (0.6012)
0.0234 (0.00666)
0.0021 (0.0096)
—0.0134 (0.0679)
0.0186 (0.0042)
—0.0232 (0.0365)

1.0646 (0.2503)
2.9816 (0.5726)
0.0254 (0.0078)
0.0084 (0.0078)
—0.0171 (0.0643)
0.0177 (0.0038)
—0.0396 (0.0377)

0.8038 (0.1428)

2.0978 (0.3778)
0.01714 (0.0035)
—0.0054 (0.0153)
—0.0574 (0.0695)
0.01398 (0.0023)
—0.0275 (0.0344)

0.71 (0.1188)
1.7684 (0.3031)
0.01921 (0.0035)
0.002 (0.0139)
—0.1001 (0.0629)
0.01424 (0.0024)
—0.0527 (0.0376)

Difference Effect size P
Mean (95%CI)

0.1407 (—0.0366 to 0.318) 0.30 0.1182
—0.0832 (—0.7509 to 0.5845) —0.05 0.8048
0.0019 (—0.0001 to 0.0038) 0.36 0.0617
0.0086 (—0.0002 to 0.0174) 0.37 0.0552
0.0172 (—0.0107 to 0.0452) 0.24 0.2236
0.0018 (—0.0002 to 0.0038) 0.35 0.0738
—0.0111 (—0.0341 to 0.0119) -0.19 0.3387
0.2932 (0.1043 to 0.4821) 0.59 0.0028
0.5493 (0.2144 to 0.8841) 0.63 0.0016
0.0040 (0.0013 to 0.0067) 0.56 0.0046
—0.0005 (—0.0046 to 0.0037) —0.04 0.8183
—0.0053 (—0.029 to 0.0185) —0.08 0.6616
0.0039 (0.0013 to 0.0065) 0.57 0.0041
—0.0128 (—0.0252 to —0.0004) —0.39 0.0435
—0.0938 (—0.1781 to —0.0095) —0.43 0.0297
—0.2275 (—0.6518 to 0.1967) —0.21 0.2889
—0.00103 (—0.0022 to 0.0001) -0.35 0.0745
—0.0032 (—0.0095 to 0.0032) -0.19 0.3238
—0.003 (—0.0446 to 0.0386) —0.03 0.8854
—0.00099 (—0.002 to —0.0000) —0.40 0.0431
0.0011 (—0.0216 to 0.0238) 0.02 0.9248
—0.0314 (—0.1074 to 0.0447) —0.16 0.414
—0.0623 (—0.3335 to 0.2089) —0.09 0.6486
—0.00236 (—0.0038 to —0.0009) —0.62 0.0019
—0.0023 (—0.0075 to 0.0029) —0.17 0.3775
0.0181 (—0.0069 to 0.0432) 0.28 0.1529
—0.0014 (—0.0023 to —0.0005) —0.57 0.0039
0.021 (0.0049 to 0.0371) 0.50 0.0111

SUV = mean standardized uptake value; SUV,,,x = maximal standardized uptake value; K; = bone perfusion; k, = tissue clearance; k3 = mineralization; K; = tracer

plasma clearance.

exercises are provided in Fig. 4, and magnitude of the exercise induced
changes are provided in supplementary files, Fig. S1.

The results for the normalized values at baseline resembled the results
for the raw values, although SUVp,x and K; were not statistically sig-
nificant (p = 0.06 and 0.1, respectively). For the profound part of patella
and the lateral and medial part of trochlea, uptake parameters did not
differ between painful and pain-free knees at baseline. For the change
values of the normalized data, SUVean, SUVmax, K1, Kj, and extraction
fraction was significantly lower in the painful side compared to the pain-
free side in the profound part of patella, but not in the superficial part.
Tables for the normalized values are provided in the supplementary files,
Tables S1-2.

In trochlea, we found no significant difference in raw (Table 2) or
normalized (Table S2) values between the painful and the pain-free knees
at baseline for any uptake parameters. We found significantly greater
increases after the knee loading exercises in the painful than the pain free
knees for SUV pean (mean difference —0.0938, p = 0.03) and K; (mean
difference —0.00099, p = 0.04) in the lateral part of trochlea (effect sizes
—0.43 and —0.40, respectively). For the medial part of trochlea, the
painful knees also had greater increases of K; (mean difference
—0.00236, p = 0.002) and K; (mean difference —0.00138, p = 0.004),
and a greater decrease in extraction fraction (mean difference 0.021, p =
0.01). The tendency was the same for the normalized values with a few
discrepancies (supplemental files, Table S2).

4. Discussion

This study compared both resting subchondral bone turnover and the
post exercise hemodynamic response in patients with unilateral patel-
lofemoral pain and revealed distinctive differences between the painful
and pain-free knees. Our data demonstrate that individuals with

patellofemoral pain have reduced tracer uptake in the patella but
increased uptake in the subchondral region of the trochlea on the painful
side compared to the pain-free side following acute knee loading.
Moreover, we found reduced tracer uptake, blood flow, and bone turn-
over in the superficial part of the patella in the painful knees at rest.
These findings could suggest that the metabolism and perfusion of the
patella bone is decreased and may undergo hypoxic conditions mainly
after loading exercise. In contrast, increases in flow and tracer uptake was
present in the trochlea, mainly after acute loading. The results offer new
insights into the blood flow and bone turnover of the patellofemoral
joint, thereby contributing to our understanding of the disorder's com-
plex etiology.

The lower bone turnover and blood flow in the painful patella indi-
cate a decreased bone turnover in comparison to the pain-free knees at
rest. Notably, these differences were confined to the superficial part of
the patella. In the trochlea, no difference was observed between the
painful and pain-free knees for any tracer uptake parameter at rest. The
baseline results contrast with previous studies, which reported increased
tracer uptake in the compartments of the patellofemoral joint [21,31].
This may be attributable to methodological disparities. The previous
cross-sectional studies had inadequate statistical power to compare knees
with pain to those without pain, and they were limited in their ability to
conduct within-individual comparisons. Also, no standardization of
participant activities prior to examination was reported in these studies
[21,31]. In the present study, we minimized the effect of prior knee
loading activities by asking the participants to refrain from exercising,
knee-loading labor, stair climbing etc. prior to assessments and we
refunded expenses for transportation to the hospital to promote
compliance with unloading the knees. It has been shown, that knee
loading induces an acute response in bone physiology as quantified by
[*8F]NaF tracer uptake [20].
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Fig. 3. Representative axial Na['®F]F PET images of the femur and patella at rest (a) and after knee loading (b). The images display higher SUV values in the patella of
the pain-free knee (right knee, left side of image) compared to the painful knee (right side of image), as well as a localized area of increased SUV in the trochlea of the
painful knee after exercise. The scale bar denotes SUV values, and the dashed squares indicate focal areas of increased SUV.

In the current study, the exercise-induced increases in mean and
maximal uptake values (SUVean and SUVyay), the rate of tracer uptake
(K;) and blood flow (K;) were attenuated in the painful knees compared
to the pain-free knees in the superficial part of the patella. This obser-
vation supports the findings by Naslund et al., which demonstrated a
reduction of blood flow in the patella in PFP patients compared with
healthy controls when passively flexing the knee to 90° [32]. Also, a
recent study by Ophey et al. found impaired patella hemodynamics in
patients with PFP compared to healthy controls when descending stairs
[33]. Collectively, these findings suggest a potential involvement of a
lower blood perfusion in the pathogenesis of PFP [32]. Decreased
perfusion, hypoxia, and intra-osseous hypertension are recognized as a
pathophysiological mechanism in OA [34-36]. However, it remains un-
certain whether the extent of altered blood flow observed in the patella in
this study is sufficient to induce ischemic or hypoxic conditions in the
subchondral bone. At present, no specific threshold for blood perfusion
that would lead to pain has been established. Also, it remains unknown
whether the altered blood flow seen in the patella and trochlea of the
present study is causal or a consequence of long-term pain. Accordingly,
care must be taken when interpreting the results.

In trochlea, changes in several uptake parameters values were higher
in the painful knees compared with pain-free knees, which support pre-
vious studies (12, 22). Specifically, the changes in rate of tracer uptake
(K;) were higher in both lateral and medial part of trochlea with mod-
erate effect sizes (0.4 and 0.57, respectively), presumably driven by in-
creases in flow (K;). In the lateral part of trochlea, the change in mean
SUV was higher in the painful knee, while for the medial part, there were
significantly higher changes for K;, Kj, and a lower extraction fraction.

A study on rats has demonstrated an increase in [18F]NaF uptake
following acute loading, showing a correlation with the magnitude of force
exerted upon the bone [37]. Watkins et al. documented analogous findings
in knee osteoarthritic patients subjected to a single-legged knee extension
exercise until fatigue [18]. Substantial alterations in [*8F]NaF uptake were
discerned in bones exhibiting osteophytes, bone marrow lesions, and
concomitant cartilage loss, with the most pronounced increases occurring
in the patella. In the present study, we extend previous PET studies
investigating PFP by introducing a knee-loading exercise regime (one--
legged squatting) that allowed us to compare joint tissue response in the
painful with the pain-free knees. Our data indicate that while part of the
patella bone shows decreased bone turnover and perfusion, the sub-
chondral bone of the trochlea exhibits contrasting behavior, possibly
indicating a reparative process associated with knee pain. Previous
research suggests that pain may stem from nociceptive substance-P fibers
within abnormal erosion channels of subchondral bone in the degenera-
tive and osteoarthritic PFJ joint [11]. This could explain why higher pa-
tella water content has been observed in PFP which may lead to increased
intraosseous pressure and pain during mechanical loading [38,39].

Our study has several limitations. One is the cross-sectional design
that inherently limits interpretation of causality. However, the inclusion
of an internal control in the study design mitigates the interparticipant
variability often encountered in cross-sectional studies. It is important to
acknowledge that individuals with PFP often experience bilateral pain [7,
40], and there is speculation that unilateral pain may precede bilateral
pain [41,42]. Thus, a pain-free knee may not be considered a truly
healthy control. Future research might consider including a healthy
control group.



R. Hansen et al.

A

Osteoarthritis and Cartilage Open 7 (2025) 100583

SUV, SUV, K K;
. mean .k g_ L 0.05+ ! 0,04 -
L
2.0+ 6 0.04 0.03-
1.5+ 0.03
© - 4 0.02
= 1.0+ 0.02
2 ” L # #
T 0.5 i 0.01- 2017
[T
O o0 . —0 . —0.00 . — 0.00 ; T
1(:“ Before After Before After Before After Before After
o
o ko ks Extraction fraction
= 0.044 0.75 1.00 4 %
% -e— Pain-free
D 0.03- 0:707 0.95 -= Painful
Q- & *
a 0.65
0.02 0.90
0.60
0.01- e 0.85-
0.00 I — 0.50 T —0.80 T T
Before After Before After Before After
2.5- SUViean 8- SUVimax 0.05 Ks 0.04 b
2.0 6 0.04+ 0.03-
1.5 0.03
4 0.02
O 1.0 0.02
© | .
T 0.5 2 0.01 0.01
o
‘5 0.0 T —0 . — 0.00 . — 0.00 . .
+ Before After Before After Before After Before After
©
Q. Ko ks Extraction fraction
T 0.04- 0.75 0.98 _
c -e- Pain-free
3 0.96 :
5 0.03 0.70 ~=- Painful
= 0.94
[a
0.02 0.65 0.92
0.90
0.01 0.60 -
0.88
0.00 0.55 0.86

T T T
Before After Before

T
After

1 T
Before After

Fig. 4. The mean and maximal Standardized Uptake Value (SUVpean and SUV y,ay) and kinetic uptake parameters K, ko, ks, K;, and extraction fraction in the profound
part of patella (A), the superficial part of patella (B), the lateral part of trochlea (C) and the medial part of trochlea (D) before and after a bout of 10 times three one-

legged squats on a decline board.

# indicates a statistically significant difference (p < 0.05) at baseline between painful and pain-free knees; * indicates a statistically significant difference (p < 0.05) in
change between painful and pain-free knees; ** indicates a statistically significant difference (p < 0.01) in change between painful and pain-free knees.

Errors in the estimation of dynamic [*8F]NaF uptake parameters
can arise from inaccuracies in the arterial input function, a measure of
the activity delivered to the region of interest through the arterial
system. Here, we used an IDIF using measures of activity in the
popliteal artery and calibrating the input function with measures of
venous blood at 30, 40, 50, and 60 min after injection. The repeat-
ability and accuracy of the input function has been presented else-
where [20]. By calibrating the IDIF to the actual tracer concentration
in the blood, we improve the accuracy of IDIF quantification. Further
limitations to the quantification of tracer uptake also include the
assumption that the tracer is bound irreversibly to bone and approx-
imating the rate k4 to 0. This assumption is generally believed to be
sensible due to the small value and poor precision of k4 [43].

One significant limitation is the potential for participants to have
consciously or unconsciously reduced the load on their painful knee
during daily activities and/or during the loading protocol, which could
result in a reduced uptake of the tracer in PET scans. We made extensive
efforts to ensure that participants performed the single-leg squats equally
on both legs by using a goniometer and providing verbal instructions to
reach the desired knee angle. Additionally, the increased bone perfusion
and tracer extraction observed in the trochlea of the painful knees sup-
ports the notion that unloading was less likely. While participants were
encouraged to avoid strenuous physical activities, their activity prior to
assessment was not monitored. The sample size was set pragmatically
and based on the inclusion in the main study. The study may therefore be
underpowered to detect clinically meaningful differences. The study is,
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Fig. 4. (continued).

however, the largest to date investigating bone turnover in patients with
patellofemoral pain. Finally, this study was explorative in nature, and
hence we did not adjust for multiplicity. The results are indicative rather
than conclusive and should be confirmed in future studies.

5. Conclusion

We found that bone turnover (SUV,.¢ and K;) and blood flow (K;) were
lower in the patella on the painful side compared to the pain-free side at
rest. After knee loading exercises, the acute increases in uptake (SUViean,
SUVmax and K;j) and blood flow (K;) were substantially reduced in the
superficial part of the patella on the painful side compared to the pain-free
side. On the contrary, the acute change in tracer uptake was higher in the
lateral part of trochlea (SUVyean and K;) and the medial part of the trochlea
(K, K3) and the decrease in extraction fraction was larger in the painful
compared to the pain-free knees. Collectively, our data suggests a

differential bone turnover and blood flow dynamics in the patellofemoral
joint that could be associated with symptoms and etiology in PFP.
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