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ARTICLE INFO ABSTRACT

Handling Editor: H Madry Objective: To investigate whether there is a difference in hardness and hemoglobin concentration changes in the

infrapatellar fat pad (IFP) during isometric quadriceps exercise (IQE) in patients with knee osteoarthritis (KOA)

Keywords: between those with and without knee extension limitation.
gﬂee °St;‘{afﬂ‘rlt15 Design: In this cross-sectional study, data were collected at an orthopedic clinic from March 2022 to April 2023.
steoarthritis

Among patients diagnosed with KOA, those with knee joint extension range of motion <0° and >0° were defined
as the limited group (n = 16) and non-limited group (n = 13), respectively. Ultrasonography was performed at
rest and during IQE to measure IFP hardness based on shear wave velocity. Near-infrared spectroscopy was
performed to measure oxygenated hemoglobin (O2Hb), deoxygenated hemoglobin (HHb), and total hemoglobin
(cHb) in the IFP before (baseline), during (IQE task), and post IQE. IFP hardness and O2Hb, HHb, and cHb
concentration were analyzed using a linear mixed model for the groups and measurement points.

Results: IFP hardness changes during IQE were significantly less in the limited group than in the non-limited group
(limited: mean difference [MD] = —0.136, 95 % confidence interval [CI] [—0.475, 0.203]; non-limited: MD =
—1.154, 95 % CI [-1.530, —0.778]). O2Hb concentration did not significantly change at post compared with
baseline in the limited group but did in the non-limited group (limited: MD = —0.024, 95 % CI [-0.961, 0.913];
non-limited: MD = —4.118, 95 % CI [-5.156, —3.079]).

Conclusions: The limited group revealed no IFP hardness and hemoglobin concentration change following IQE,
whereas the opposite was observed for the non-limited group, indicating oxygenation.

Infrapatellar fat pad

Isometric quadriceps exercise
Knee joint extension limitation
Hemoglobin

1. Introduction that affects the entire joint tissue [2]. Prolonged joint pain in patients

with KOA reduces activities of daily living and quality of life [4]. The

Knee osteoarthritis (KOA) is one of the fastest-growing chronic
diseases and the most common form of arthritis worldwide [1,2]. The
risk factors for KOA include advanced age; female sex, obesity; knee
injury; occupational factors; and varus or valgus alignment [2]; the
incidence of KOA is higher in women than in men [1,3]. KOA is
characterized by subchondral bone remodeling; meniscal degenera-
tion; and inflammation and fibrosis of the infrapatellar fat pad (IFP)
and synovial membrane. Additionally, KOA is a whole-joint disease

IFP functions as a synovial membrane and anatomo-functional unit
[5]; it has been confirmed that inflammation and fibrosis of the IFP are
the cause of pain in patients with KOA [6,7], wherein an association
between fibrosis of the IFP and long-term knee pain has been sug-
gested [8]. The mechanical behavior of the IFP in patients with KOA
shows different behavior compared with subcutaneous and other adi-
pose tissues [9]. In addition, compared with healthy people, patients
with KOA show less forward movement of the IFP and less volume
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change in the infero-posterior-lateral portion during knee joint
extension [10], suggesting that KOA might worsen. Consequently, it is
necessary to prevent and treat fibrosis of the IFP in patients with KOA.

Kitagawa et al. [11] reported that hypoxia is involved in developing
IFP fibrosis in animal experiments, and improving hypoxia can inhibit
IFP fibrosis. Additionally, compared to healthy elderly and young par-
ticipants, those with KOA exhibit lesser variation in hemoglobin con-
centration and IFP hardness following isometric quadriceps exercise
(IQE) [12]. Hence, they may be hypoxic in the IFP due to a lack of me-
chanical stress loading during exercise [12]. However, the physical fac-
tors limiting the application of mechanical stress to IFP remain unclear.
Patients with KOA often have knee joint extension limitations [13-15],
and the internal pressure of the IFP decreases in the flexed position
compared with that in the extended position [16]. Specifically, the
presence or absence of knee joint extension limitation in KOA may
partially affect hemoglobin concentration and IFP hardness changes
induced by IQE. Therefore, we focused on the limitation of knee joint
extension in patients with KOA as a factor leading to IFP under hypoxic
conditions.

It was hypothesized that patients with KOA with and without knee
extension limitation may have differences in IFP stiffness and hemoglo-
bin concentration. This study aimed to determine whether there is a
difference in hemoglobin concentration and hardness changes in the IFP
between patients with KOA, with and without knee extension limitation.

2. Methods
2.1. Participants

This cross-sectional study compared patients with KOA and knee joint
extension limitation (limited group) and patients with KOA without joint
extension limitation (non-limited group). The analysis was partially
performed using the same KOA cases as those in a previous study [12].
Data were collected at an outpatient orthopedic clinic in Osaka, Japan,
from March 2022 to April 2023.

Inclusion criteria were women aged 50 years or older, with unilateral
or bilateral KOA diagnosed by an orthopedic surgeon based on the
Kellgren-Lawrence (K-L) grade, experiencing walking or stair pain in the
anterior or medial knee joint, and patients on physiotherapy for more
than 2 months. The exclusion criteria included K-L grade IV, history of
knee surgery, trauma to the knee joint, and presence of neurological
illness. Among the eligible patients, those with a knee joint extension
range of motion of less than 0° and more than 0° were defined as the
limited and non-limited groups, respectively.

The study protocol was approved by our institution's Ethics Com-
mittee (approval number 2021-149). In accordance with the Declaration
of Helsinki, participants provided written informed consent after
receiving a full explanation about the objectives, procedures, handling,
and application of the results.

2.2. IQE load configurations

This measurement was acquired with the participant wearing a belt
to secure the lower leg and in the long sitting position. The popliteal
space was subjected to pressure using the strongest IQE achievable,
based on a prior study [12]. The manchette of a sphygmomanometer
(FC-100, FOCAL CORPORATION Inc., Chiba, Japan), raised to a pres-
sure of 100 mmHg, was placed over the popliteal space. The angle of the
knee joint with the manchette in place was 20° of flexion. There were no
participants who could not undergo the test considering this knee
flexion angle. The 50 % intensity of the highest IQE was determined as
the workout intensity using the following formula: (maximum IQE
pressure mmHg —100 mmHg) x 0.5. The participants used visual
feedback to execute 50 % IQE while viewing the manchette of the blood
pressure cuff.

Osteoarthritis and Cartilage Open 7 (2025) 100559
2.3. IFP hardness measurement

Using an 18-MHz transducer (PLI-1205BX, Canon Medical Systems
Inc., Tochigi, Japan) of an ultrasound scanner (Aplio 700, Canon Med-
ical Systems Inc., Tochigi, Japan), IFP hardness was assessed, in accor-
dance with prior studies [12,17]. Shear-wave elastography was used to
measure IFP hardness after the transducer was positioned along the
patellar tendon's long axis. For shear-wave elastography, the IFP served
as the region of interest, and the mean of three measurements was
designated as the representative value.

2.4. Hemoglobin concentration in the IFP measurement

As previously reported, tissue oxygenation of the IFP was assessed via
near-infrared spectroscopy (NIRO-200NX system, Hamamatsu Photonics
Inc., Shizuoka, Japan) [12,17]. The light source was a laser diode with
three wavelengths (775, 810, and 850 nm), while the light receiver was a
photodiode. There were 2.0 s sample intervals. The probe was fastened
while straddling the patellar tendon's center, with an estimated depth of
1.5 cm since the maximum depth of near-infrared spectroscopy mea-
surement was 50 % of the distance between the probe's transmitter and
receiver, which was set at 3.0 cm in this case [18]. To block noise from
ambient light, the measuring device's accessory, a light-shielding sheet,
was placed over the probe and secured to the body surface. Spatially
resolved spectroscopy was used to calculate the tissue oxygenation index
(TOI) of IFP [19]. The modified Beer-Lambert method was used to
determine the total hemoglobin (cHb), deoxygenated hemoglobin
(HHb), and oxygenated hemoglobin (O2Hb) levels. Each hemoglobin
value, which starts at zero, indicates variation from the first measure-
ment. Participants were permitted to take a break until the hemoglobin
waveforms stabilized. In the exercise task, they completed 10 sets of 10-s
50 % IQE after a 1-min rest, followed by 3 s of rest. Thereafter, they were
instructed to rest once again for 5 min in order to track any changes over
time. From the experimental data, O2Hb, HHb, cHb, and TOI data were
collected prior to, during, and following the exercise task (Fig. 1). The
baseline, which was the mean at rest 1 min before the exercise task, the
post, which was the mean at rest 3-4 min after the exercise task, and the
mean of the lower limit of each of the ten sets of hemoglobin values that
declined during the 50 % IQE (IQE task: IQE-t) were utilized. With the
baseline set to zero, the IQE-t and post at each hemoglobin level were
computed as the change from baseline.

2.5. Study size

The sample size was calculated preliminarily based on data of five
patients before conducting this study. Using G*power version 3.1, power
analysis revealed that 13 patients in each group were required to identify
a difference of 1.19 effect size between the groups, with 80 % power at
the 5 % significance level for a two-tailed test.

2.6. Statistical analyses

All statistical analyses were performed using SPSS version 27 (IBM
Corp., Armonk, NY, USA).

An unpaired t-test was used to investigate whether there were any
differences in the means of age, height, weight and body mass index
between the limited and non-limited groups. The effects of measurement
points (rest and IQE) and group (limited and non-limited) on IFP hard-
ness were investigated using linear mixed models. Furthermore, the ef-
fects of group and measurement points (baseline, IQE-task, and post) on
O2Hb, HHb, cHb, and TOI were investigated using linear mixed models.
The fit of the linear mixed model was verified visually by assessing the
residuals' homoscedasticity and normality. Measurement points, groups,
and the interaction between measurement points and groups were
considered fixed effects. The covariates included in the analysis were age,
body mass index, K-L grade and maximum IQE pressure. Participants
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Fig. 1. Typical time-series change in hemoglobin concentration in IFP following IQE. Typical concentration changes in oxygenated (O2HbD, red line), deoxygenated
(HHD, blue line), and total (cHb, gray line) hemoglobin in the non-limited and limited groups are illustrated as time-series waveform data. The data for the statistical
analysis before (baseline), during (IQE-task), and after the isometric quadriceps exercise (post) are presented as the mean value at rest 1 min before the task, mean of
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the 10 lower limits during the task, and mean value at 1 min after 3 min rest after the task, respectively.

comprised the random effects. Using the estimated marginal means of the
Bonferroni technique, post hoc testing for IFP hardness were performed
for both within-group comparisons (IQE and rest) and between-group
comparisons (limited and non-limited group). Baseline, IQE task, and

post-test comparisons were included in the post hoc analyses for O2Hb,
HHb, cHb, and TOI, which were conducted using estimated marginal
means and the Bonferroni technique. The significance level was set at p
< 0.05. Bonferroni method corrected for p-values.

Assessed for Inclusion criteria
n =38, knee =38

Excluded (n=9, knee =9)
* Kellgren-Lawrence grade IV knee =4
* History of surgical treatment or neurological disease

Y

knee =5

A

Total recruitment
n=29, knee =29

Limited knee extension <0°
Limited group,n=16,knee=16

Limited knee extension = 0°
Non-limited group,n=13,knee=13

Fig. 2. Flowchart of inclusion and exclusion

criteria.
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Table 1
Characteristics of participants.
Limited group Non-limited group P-value

Sex (M:F) 0:16 0:13 -
Age (years) 67.3 (5.76) 65.1 (7.35) 0.687
Height (cm) 147.4 (6.45) 146.3 (7.35) 0.428
Weight (kg) 62.5 (9.72) 60.4 (12.8) 0.843
BMI (kg/mz) 25.3 (2.71) 24.0 (3.62) 0.386
K-L (I, II, 1II) 4:7:5 5:5:3 -
Knee extension (°) —10.4 (4.17) 0 (0) -

Variables are presented as mean (standard deviation). An unpaired t-test was
used to investigate whether there were any differences in age, height, weight and
body mass index between the limited and non-limited groups. BMI: body mass
index, K-L: Kellgren-Lawrence grade.

3. Results
3.1. Participants

The eligible criteria and characteristics of the participants in this
study are shown in Fig. 2 and Table 1.

3.2. Hardness of the IFP at rest and during IQE

The IFP hardness values at rest and during IQE are presented in
Table 2. In a linear mixed model, the main effect between groups was not
significant (limited and non-limited group; p = 0.428), whereas the main
effect of measurement points was significant (hardness at rest and during
IQE; p < 0.001), with an interaction effect (p < 0.001) (Table 2). A post-
hoc test revealed no significant difference in the limited group between
the rest and IQE groups for IFP hardness (mean difference = —0.136, 95
% confidence interval [CI] [-0.475, 0.203], p > 0.999) (Fig. 3). In the
non-limited group, the IFP hardness of the IQE group was significantly
higher than that in the rest group (MD = —1.154, 95 % CI [—1.530,
—0.778], p < 0.001) (Fig. 3). At rest, the IFP hardness of the limited
group was significantly higher than that of the non-limited group (MD =
0.617, 95 % CI [0.239, 0.995], p = 0.014) (Fig. 3).

3.3. Hemoglobin concentration and TOI in the IFP

The hemoglobin concentration and TOI results for the IFP are illus-
trated in Table 3. For O2Hb in a linear mixed model, the main effect
between groups was not significant (p = 0.183), whereas the main effect
of measurement points was significant (baseline, IQE-task, and post; p <
0.001), with an interaction effect (p < 0.001) (Table 3).

O2HDb concentration in the IQE task and post were not significantly
different from baseline in the limited group (baseline vs. IQE task: MD =
1.268, 95 % CI [-0.331, 2.205], p = 0.157; baseline vs. post: MD =
—0.024, 95 % CI [—0.961, 0.913], p > 0.999) (Fig. 4). In the non-limited
group, IQE task O2Hb concentration was significantly lower than base-
line. Post O2Hb concentration was significantly higher than baseline
(baseline vs. IQE task: MD = 1.968, 95 % CI [0.929, 3.001], p = 0.007;
baseline vs. post: MD = —4.118, 95 % CI [-5.156, —3.079], p < 0.001)
(Fig. 4).
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Fig. 3. Hardness of IFP at rest and during IQE. Squares: limited group. Circles:
non-limited group. Asterisks (*) indicate data that are significantly different
from rest (p < 0.05). Daggers (}) indicate data that are significantly different
from the limited group (p < 0.05).

For HHb in a linear mixed model, the main effect between groups was
not significant (p = 0.196). In contrast, the main effect of measurement
points was significant (p < 0.001), with an interaction effect (p = 0.003)
(Table 3). HHb concentration in the IQE task was significantly lower than
baseline in the non-limited group (MD = 1.475, 95 % CI [0.800, 2.148],
p = 0.001) (Fig. 4).

For cHb in a linear mixed model, the main effect between groups was
not significant (p = 0.646). In contrast, the main effect of measurement
points was significant (p < 0.001), with an interaction effect (p < 0.001)
(Table 3). The cHb concentration in the IQE task and post were not
significantly different from baseline in the limited group (baseline vs. IQE
task: MD = 1.584, 95 % CI [—0.279, 2.889], p = 0.314; baseline vs. post:
MD = 0.099, 95 % CI [—1.206, 1.405], p > 0.999) (Fig. 4). In the non-
limited group, IQE task cHb concentration was significantly lower than
baseline. Post was significantly higher than baseline cHb concentration
(baseline vs. IQE task: MD = 3.442, 95 % CI [1.994, 4.891], p < 0.001;
baseline vs. post: MD = —5.903, 95 % CI [—7.352, —4.455], p < 0.001)
(Fig. 4).

For TOI in a linear mixed model, the main effect between groups (p =
0.021) and measurement points (p < 0.001) was significant, whereas the
interaction effect was not significant (p = 0.232) (Table 3). TOI of the IQE
task and post was not significantly different from baseline in the limited
group (baseline vs. IQE task: MD = 0.924, 95 % CI [—0.038, 1.887],p =
0.974; baseline vs. post: MD = —0.472, 95 % CI [—1.434, 0.491],p >
0.999) (Fig. 4). In the non-limited group, IQE task TOI concentrations
were not significantly different from baseline, but post was significantly
higher than baseline TOI (baseline vs. IQE task: MD = 0.052, 95 % CI
[-1.014, 1.118], p > 0.999; baseline vs. post: MD = 1.759, 95 % CI
[—2.825, —0.692], p = 0.031) (Fig. 4).

Table 2
Infrapatellar fat pad shear wave velocity in rest and during isometric quadriceps exercise.
Group Fixed effects Interaction Covariate
Limited Non-Limited Group Measurement points
Shear wave velocity (m/s) Rest 2.25 (1.94, 2.56) 1.65 (1.57, 1.74) 0.428 <0.001 <0.001 Age
IQE 2.39 (2.05, 2.72) 2.81 (2.48, 3.13) BMI
K-L
IQE

Shear wave velocity is from the linear mixed model. Data are shown as mean (95 % confidence intervals). Fixed effects and interaction values indicate p-values. IQE;

maximum IQE pressure.
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Table 3
Hemoglobin concentration and tissue oxygenation index in the infrapatellar fat pad at each measurement point.
Group Fixed effects Interaction Covariate
Limited Non-Limited Group Measurement points

0O2Hb (mol/dl) Baseline 0 0 0.183 <0.001 <0.001 Age
IQE-task —1.27 (-2.47, —0.07) -1.97 (-3.12, —0.82) BMI

Post 0.27 (—0.38, 0.92) 2.15 (1.80, 2.50) K-L

IQE

HHb (mol/dl) Baseline 0 0 0.196 <0.001 0.003 Age
IQE-task —0.09 (—0.68, 0.50) —1.47 (-2.31, —0.64) BMI

Post —0.12 (—0.60, 0.36) 0.31 (-0.21, 0.83) K-L

IQE

cHb (mol/dl) Baseline 0 0 0.646 <0.001 <0.001 Age
IQE-task —1.36 (—3.08, 0.36) —3.44 (-5.02, —1.86) BMI

Post 0.14 (-0.82, 1.10) 2.46 (1.84, 3.09) K-L

IQE

TOI (%) Baseline 72.7 (70.4, 74.9) 77.6 (72.7, 82.5) 0.021 <0.001 0.232 Age
IQE-task 71.8 (69.5, 74.0) 77.6 (72.4, 82.7) BMI

Post 73.1 (70.6, 75.7) 79.3 (73.7, 84.9) K-L

IQE

Results of linear mixed model for each hemoglobin concentration and tissue oxygenation index (TOI). Data are shown as mean (95 % confidence intervals). Fixed effects

and interaction values indicate p-values. IQE; maximum IQE pressure.

a

O2Hb concentration (umol/dl)
)

6 A

Baseline IQE-task Post

-8 -
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Fig. 4. Changes in each hemoglobin concentration at baseline, IQE-task, and post IQE. Squares: limited group. Circles: non-limited group. a: Oxygenated hemoglobin
(O2HD). b: Deoxygenated hemoglobin (HHb). c: Total hemoglobin (cHb). d: TOIL Asterisks (*) indicate data that are significantly different from baseline (p < 0.05).
Daggers (1) indicate data that are significantly different from the limited group (p < 0.05).

4. Discussion

This study revealed that the IFP hardness of the non-limited group
following IQE significantly increased, whereas the limited group showed
no significant increase. The non-limited group's IFP O2Hb and cHb
concentrations increased in the post compared to baseline, and

significantly decreased in the IQE task. In contrast, the limited group
showed no discernible variations. Specifically, the limitation of knee
extension affected the IFP hemoglobin concentration or IFP hardness
following IQE.

Several studies have investigated the characteristics of KOA with knee
joint extension limitations [13-15]. Campbell et al. reported that the
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extent of knee joint extension limitation in KOA was associated with
worse pain and joint function [13]; the presence of knee joint extension
limitation was a risk factor for the progression of radiographic findings,
early conversion to total knee arthroplasty, pain, stiffness, and decreased
functional capacity [15]. Knee joint extension limitation was associated
with contralateral knee joint extension limitation [14]. KOA with limited
knee extension was already known to lead to knee pain and be a risk
factor for KOA progression; further to this, we found that KOA with knee
joint extension limitation influences the IFP hemoglobin concentration or
IFP hardness following IQE.

After IQE, the limited group exhibited no changes in IFP hemoglobin
concentration or IFP hardness, whereas the non-limited group presented
with changes. The IFP is compressed by the patellar tendon, femur, and
tibia during IQE [17], increasing the IFP hardness; however, knee joint
extension limitation may be less susceptible to this mechanical stress.
Without knee joint extension limitations, mechanical stress is repeated,
and the capillaries in a similar region are compressed and released,
increasing blood flow and causing reactive hyperemia [20]. As a result,
the oxygenation of the IFP is considered to be enhanced. This is sup-
ported by the results of this study, wherein the TOI of the IFP in the
non-limited group increased after IQE.

A previous study [12] has reported that measuring the hardness of the
IFP and changes in hemoglobin following IQE could indicate local
microcirculatory disorders of the IFP in patients with KOA. However, the
reason why the IFP in KOA cases showed local microcirculatory
dysfunction was unclear. Since this local microcirculatory disturbance
might lead to fibrosis of the IFP via hypoxia, elucidating the cause was
necessary. We hypothesized that the reason why the IFP could show local
microcirculatory disturbance was due to the lack of mechanical stress
during IQE. Therefore, we focused on knee joint extension restriction as a
factor that would inhibit mechanical stress on the IFP during IQE. Pre-
vious studies [13-15] have confirmed that knee extension limitation is a
characteristic feature of KOA. Moreover, when comparing the presence
or absence of knee extension limitation in this study, changes in IFP
hardness and hemoglobin occurred when there was no knee extension
limitation. Based on these results, it is suggested that knee extension
limitation is involved in the local microcirculation of the IFP in patients
with KOA wherein treatment of knee extension limitation might be
important. Despite the clinical significance of the IFP, no exercise therapy
can prevent IFP fibrosis. Hence, future studies are needed to determine
whether IQE can provide IFP oxygenation if knee extension limitation in
KOA improves. We believe that the results of this study may validate this
hypothesis.

4.1. Study limitations

This study had several limitations. First, sex differences were not
evident because only women were included. Second, the study focused
on the range of motion of knee joint extension as a factor in the lack of
change in IFP hemoglobin concentration and IFP hardness following IQE
but not on muscular strength factors such as the quadriceps muscle.
Third, since we did not compare between K-L grades, whether IFP
hardness or hemoglobin concentration changed as K-L grade progressed
remains unclear. Fourth, since the load of IQE was set at 50 % of the
participants' maximum IQE pressure, the load was not uniform between
the two groups. This might have influenced the results. However, we
accounted for this by adding maximum IQE pressure as a covariate in the
linear mixed model. Fifth, in this study, we performed IQE at 50 % in-
tensity with a knee flexion angle of 20°. However, to what extent the hip
extension muscles were involved in addition to the knee extension
muscles during IQE remains unclear. In addition, the results might have
differed when IQE was performed at different knee flexion angles. In the
future, investigating how IFP hardness and hemoglobin concentration
change when IQE is performed at different knee flexion angles and the
extent to which 50 % intensity IQE is a functionally significant load will
be necessary. Finally, given that this was a cross-sectional study, whether
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IQE exercise without knee extension limitation prevents IFP fibrosis in
KOA remains unclear. Longitudinal studies are recommended to verify
these findings.

In conclusion, the limited group revealed no change in IFP hemo-
globin concentration and IFP hardness following IQE, whereas the
opposite was observed for the non-limited group, indicating oxygenation.
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