
Osteoarthritis and Cartilage Open 7 (2025) 100625
Contents lists available at ScienceDirect

Osteoarthritis and Cartilage Open

journal homepage: www.elsevier.com/journals/osteoarthritis-and-cartilage-open/2665-9131
Mature and inactive microvessels are prominent in areolar synovium of
femoroacetabular impingement and hip osteoarthritis patients

Ronan J. Anderson a,*, Brent A. Lanting b,c, C. Thomas Appleton b,d, Ryan M. Degen b,c

a Schulich School of Medicine & Dentistry, University of Western Ontario, London, ON, N6A 5C1, Canada
b Bone and Joint Institute, University of Western Ontario, London Health Sciences Centre-University Hospital, London, ON, N6A 5B5, Canada
c Department of Surgery, Schulich School of Medicine and Dentistry, University of Western Ontario, London, ON, N6A 5C1, Canada
d Department of Medicine, Schulich School of Medicine and Dentistry, University of Western Ontario, London, ON, N6A 5C1, Canada
A R T I C L E I N F O

Handling Editor: Professor H Madry

Keywords:
Femoroacetabular impingement
Osteoarthritis
Synovium
Synovitis
Microvascular dysfunction
* Corresponding author.
E-mail addresses: rander84@uwo.ca (R.J. Ander

lhsc.on.ca (R.M. Degen).

https://doi.org/10.1016/j.ocarto.2025.100625
Received 22 November 2024; Accepted 8 May 202
2665-9131/© 2025 The Authors. Published by Elsev
CC BY-NC-ND license (http://creativecommons.org
A B S T R A C T

Objective: To provide insight into the earliest changes in hip osteoarthritis (OA) pathogenesis. Histopathology of
synovium was investigated in patients with femoroacetabular impingement (FAI), FAI with early hip osteoar-
thritis, and advanced hip osteoarthritis.
Methods: Synovium biopsies were collected from ten FAI, fourteen FAI with early osteoarthritis, and twelve
advanced osteoarthritis patients. Histopathological grading allowed assessment of osteoarthritis-associated fea-
tures. Microvessel density and maturity were determined through immunofluorescent labelling of CD31 and
α-smooth muscle actin. Immunohistochemical staining was applied to calculate CD105þ microvessel density,
providing insight into microvessel activity.
Results: In all groups, vascularization was prominent, with a mean [95 % confidence interval] of 1.64 [1.40, 1.89].
In all three groups, mature microvessel density was greater than immature microvessel density (82.32 [62.92,
101.71] versus 14.84 [9.86, 19.83] microvessels/mm2). Low CD105þ microvessel density across all groups (3.14
[0.92, 5.37] microvessels/mm2) suggests microvessel inactivity. Inflammatory composite scores were signifi-
cantly greater in the advanced OA (1.08 [0.84, 1.32]) versus the FAI group (0.47 [0.26, 0.68]), and in the
advanced OA versus the FAI with early OA group (0.69 [0.49, 0.89]) (p < 0.017).
Conclusion: Synovium from patients with FAI (with and without hip osteoarthritis) demonstrated synovitis and
other OA-associated changes. Mature, inactive microvasculature was prominent in all three groups investigated.
Histopathological similarities between FAI and hip OA synovium indicate that disordered synovium appears in
FAI patients. These findings highlight a potential role of synovial changes in the progression from FAI to hip OA,
underscoring the need for early intervention and further investigation into early disease mechanisms.
1. Introduction

Synovitis is an abnormal change seen in osteoarthritic joints and is
associated with worse pain in early- and late-stage osteoarthritis (OA)
patients [1–3]. Much of what we know regarding synovitis in OA comes
from synovial tissue samples of knee rather than hip OA patients, which
have shown increased immune cell infiltration [4], accumulation of
apoptotic cells [5], along with microvascular dysfunction (MVD) marked
by increased vascularization and perivascular edema [6]. Chronic syno-
vitis leads to synovial fibrosis, which is observed in late-stage knee OA
patients [7] and has been shown to negatively correlate with
pre-operative range of motion in the knee [8]. Despite acknowledgement
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of abnormal changes in the synovium of early- and late-stage knee OA
patients, there is limited investigation of these features in hip OA. Spe-
cific investigations of hip OA are necessary because despite also being a
major cause of disability worldwide, much of what is assumed about hip
OA is extracted from knee OA studies [9].

Although OA of the hip is underreported compared to that of the knee
[9], the hip may offer a unique ability to observe the earliest manifes-
tations of OA pathogenesis through patients with femoroacetabular
impingement (FAI), a pre-arthritic condition. FAI is a hip disorder
commonly observed in younger patients and is characterized by irregular
morphology of the proximal femur and/or acetabulum [10], producing
mechanical conflict between the two during physiologic range of motion.
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FAI commonly results in damage to the labrum and shear forces to the
articular cartilage in the acetabulum. This chronic trauma to osteo-
articular joint structures can lead to secondary hip OA [11]. Furthermore,
FAI is often treated arthroscopically, making biopsy collection and
therefore tissue analysis possible. Because of its pre-arthritic nature, the
young population it affects, and its recommended surgical treatment, FAI
may offer interesting insights into the earliest changes in synovium as
they relate to hip OA pathogenesis.

Previous histopathology reports of synovium from FAI patients have
not provided substantial insight into the earliest changes preceding hip
OA development. One study demonstrated low synovitis scores for early
FAI patients and increased scores for late FAI patients [12], while another
reported inflammation in synovium from FAI patients without a
description of tissue-specific changes [13]. Although these studies sug-
gest synovial abnormalities are present in some FAI patients, the scoring
system used in both reported an overall synovitis score derived from 3
features: thickened lining, stromal cell density, and leukocyte infiltration
[14]. Though these are important features to be considered during the
histopathological analysis of OA synovium, they do not include features
of fibrosis or MVD — both of which are prominent in osteoarthritic
synovium and are speculated to affect function [8,15].

The present study seeks to describe abnormalities and determine
differences in synovial features across a spectrum of arthritic hip disor-
ders, from FAI to early-stage hip OA (secondary to FAI), to advanced-
stage hip OA. Its purpose is to determine the earliest synovial changes
preceding the onset of hip OA, which may inform future diagnostic and
therapeutic approaches. To accomplish this, three central aims will be
addressed: (1) seven features known to manifest in OA synovium will be
assessed — lining thickness, cellular infiltrate, fibrin deposition, vascu-
larization, fibrosis, perivascular edema, and vasculopathy; (2) the status
of microvascular maturity will be measured, providing insight into the
nature of microvasculature across this spectrum of hip disorders; and (3)
microvascular activity will also be investigated to determine whether
active neovascularization contributes to the earliest changes observable
in OA. We hypothesize the synovium of symptomatic FAI patients will
demonstrate pathological tissue-level changes associated with changes in
hip OA synovium.

2. Methods

2.1. Ethics approval

The study received approval from Western University's Research
Ethics Board (122040). Permission was granted to include biobanked
samples from an ongoing study (114679) in the present analysis.

2.1. Participants

Patients were considered for recruitment if they experienced symp-
tomatic FAI and/or symptomatic hip OA diagnosed by an orthopaedic
surgeon (RD or BL), based on a combination of clinical findings and
standard views of plain radiographs [16]. In the case of FAI patients,
radiographs were assessed by an orthopaedic surgeon for cam and pincer
morphology. Patients that were scheduled to undergo hip arthroscopy or
total hip arthroplasty were invited to participate.

Patients were eligible if they satisfied the following inclusion criteria:
(1) radiographic evidence of unilateral or bilateral symptomatic FAI and/
or OA; (2) undergoing arthroplasty or arthroscopy for their affected hip.
Patients were considered ineligible if their upcoming surgery was a
revision hip arthroplasty. Participants were placed into one of the
following three groups based on clinical and radiographic findings: FAI,
FAI with early secondary hip OA, and advanced hip OA. Patients with FAI
and a T€onnis grade of 0 were placed in the FAI group. None of these
patients had undergone prior arthroscopy. FAI patients with early sec-
ondary hip OA (T€onnis grade of 1 or 2) were placed in the second group.
Advanced hip OA participants were those with a T€onnis grade of 3. All
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participants provided informed consent for collection of areolar syno-
vium at the time of surgery, and for completion of patient-reported
outcome measures (PROMs). Demographic data, including PROMs,
were collected as descriptive data to provide contextual information
regarding the study's population. The following PROMs were collected:
modified Harris Hip Score, Hip Outcome Score, and the International Hip
Outcome Tool-33 (iHOT-33). These three PROMs were selected due to
validity and reliability in a variety of hip pathologies (mHHS) [17], and
validity in assessing younger, active patients with hip pathologies (HOS,
iHOT-33) [18,19]. Because advanced OA PROM data was collected
in-person under time constraints rather than via web-based question-
naires, there is unfortunately some discrepancy in availability of PROM
data from this group of participants (Table 1).

2.2. Biospecimen collection, preparation, and grading

Participants undergoing both surgery types agreed to donate biopsy
samples of synovium. Orthopaedic surgeons were responsible for col-
lecting biopsies from participants during arthroscopy and arthroplasty
(RD or BL). Areolar synovium biopsies were collected from the intra-
capsular recess of the hip. Tissues were fixed in 4 % paraformaldehyde
(PFA) overnight (16–24 h) and transferred to 70 % ethanol to be stored
prior to tissue processing. Processed tissues were embedded in paraffin
wax, sectioned in 5 μm increments, and collected on microscope slides.

Five slides per sample (each 100 μm apart) were selected, baked at 60
�C for 30 min, and deparaffinized and stained with hematoxylin and
eosin (H&E). Histopathological scoring of synovium was conducted
following the Minten grading system [6]. Six features, as described by
Minten et al. (2019), were assessed: (1) synovial lining thickness, (2)
sub-synovial infiltration, (3) fibrin deposition, (4) vascularization, (5)
fibrosis, (6) perivascular edema [6]. A seventh parameter (vasculopathy)
was also applied, as described in a publication by Sodhi et al. (2022) [7].
Five slides per sample were visualized under a Leica DM1000 LED mi-
croscope at 200 � magnification. Each slide was reviewed by an inde-
pendent grader (RA). The 7 histopathologic parameters were graded for
each of 5 regions of interest (ROI), and the score for each parameter in a
given sample was determined as the mean average of each parameter
across 5 slides. An inflammatory composite score was also determined for
each ROI [6]. Slides were then reviewed by a second grader (DK) to
ensure interrater reliability. The interrater reliability for each histo-
pathological parameter was calculated using Cohen's Kappa [20],
achieving the following: synovial lining thickness (κ ¼ 0.63), sub-synovial
infiltration (κ ¼ 0.75), surface fibrin deposition (κ ¼ 0.55), vascularization
(κ ¼ 0.89), fibrosis (κ ¼ 0.59), and perivascular edema (κ ¼ 0.69) [20].
These scores fall within the almost perfect (0.81–1.00), substantial
(0.61–0.80), and moderate (0.41–0.60) agreement ranges as defined by
Cohen [20]. Moderate agreement of fibrin and fibrosis were also ach-
ieved in the publication describing this system [6].

2.3. Assessment of microvessel maturity with immunofluorescence

Selected slides were deparaffinized and rehydrated, followed by an-
tigen retrieval and permeabilization. Dual immunofluorescent labelling
of endothelial cells and smooth muscle cells was achieved using the
following primary antibodies, respectively: Rabbit Monoclonal Anti-
CD31 (0.519 mg/mL, ab182981, Abcam) and Mouse Monoclonal Anti-
α-Smooth Muscle Actin (α-SMA) (1.0 mg/mL, M0851, Agilent, USA). A
master mix was created using a 1:500 dilution factor for anti-CD31 and
1:250 dilution factor for anti-α-SMA in blocking solution. Sections were
incubated for 1 h with the following fluorescently labelled secondary
antibodies (both diluted to 1:500 in 1 � PBS): Goat Anti-Rabbit Alexa
Fluor 488 (C840N74, Jackson Immunoresearch, USA) and Goat Anti-
Mouse Alexa Fluor 647 (C840X19, Jackson Immunoresearch, USA).
Coverslips were mounted using Invitrogen ProLong Gold Antifade
Mountant with DAPI (40,6-diamidino-2-phenylindole) (P36941, Fischer
Scientific, Canada) to label cell nuclei.



Table 1
Participant baseline demographics, clinical characteristics, and clinical outcome scores (n ¼ 37).

Parameter FAI (n ¼ 10) FAI w/Early OA (n ¼ 15) Advanced OA (n ¼ 12) Total (n ¼ 37)

Sex, n (%)
Male 5 (50) 10 (67) 8 (67) 23 (62)
Female 5 (50) 5 (33) 4 (33) 14 (38)

Age, years 28.4 � 8.5 (17, 41)d 48.8 � 8.0 (36, 61)d 67.2 � 7.7 (56, 82)d 49.2 � 17.0 (17, 82)
BMI, kg/m2 28.1 � 3.8 (23.2, 33.0) 28.8 � 4.3 (21.4, 36.2) 29.0 � 1.2 (26.4, 30.6) 28.7 � 3.4 (21.4, 36.2)
T€onnis grade, n (%)
0 10 (100) – – 10 (27)
1 – 13 (87) – 13 (35)
2 – 2 (13) – 2 (6)
3 – – 12 (100) 12 (32)

Impingement typea, n (%)
Cam 2 (20) 5 (33) – 7 (19)
Pincer 1 (10) – – 1 (3)
Mixed 7 (70) 10 (67) – 17 (46)

Labral teara, n (%)
Yes 10 (100) 14 (93) – 24 (64)
No – 1 (7) – 1 (3)

VAS pain score 38.8 � 22.1 (10.0, 80.0) 28.9 � 18.7 (0, 78.0) 27.8 � 24.2 (0, 79.0) 31.2 � 21.4 (0, 80.0)
iHOT-33
Totalc 36.4 � 16.9 (18.3, 58.5) 31.9 � 17.0 (7.1, 61.6) – 33.7 � 16.7 (7.1, 61.6)
Symptoms & functional 52.1 � 18.8 (30.0, 91.9) 38.0 � 20.8 (5.9, 83.5) 40.7 � 22.7 (14.25, 89.13) 42.7 � 21.2 (5.9, 91.9)
Limitations
Sports & recreationc 22.2 � 14.2 (8.0, 53.6) 24.6 � 19.3 (0.4, 58.5) – 23.7 � 17.2 (0.4, 58.5)
Job-related concernsc 43.4 � 29.3 (10.0, 95.0) 39.1 � 22.8 (0, 82.0) – 35.3 � 26.2 (0, 95.0)
Social, emotional, and lifestyle concernsc 31.6 � 14.9 (8.6, 60.3) 25.9 � 19.0 (0, 61.7) – 28.2 � 17.4 (0, 61.7)

HOS (Total)b 57.5 � 19.3 (17.1, 81.7) 48.4 � 19.3 (25.0, 68.3) – 52.0 � 19.4 (17.1, 81.7)
ADLc 64.9 � 16.1 (32.5, 89.7) 55.9 � 20.0 (25.0, 94.1) – 59.5 � 18.8 (25.0, 94.1)
SSc 40.5 � 23.2 (0, 66.7) 33.4 � 25.9 (0, 72.2) – 36.2 � 24.6 (0, 72.2)

mHHSc 61.2 � 9.8 (46.2, 73.6) 53.9 � 14.7 (26.4, 73.6) – 56.8 � 13.2 (26.4, 73.6)

Continuous data are reported as mean average � standard deviation (minimum value, maximum value). Categorical data are reported as n (%).
BMI ¼ body mass index (kg/m2); VAS ¼ visual analog scale; iHOT-33 ¼ International Hip Outcome Tool (33-item) HOS ¼ Hip Outcome Score; ADL ¼ activities of daily
living; SS ¼ sport subscale; mHHS ¼ Modified Harris Hip Score; w/¼ with T€onnis Grade is a score assigned to pelvic radiographs to classifying hip osteoarthritis on a
scale of 0–3 based on the following qualitative criteria: (0) no osteoarthritis; (1) mild joint cavity narrowing, mild sclerosis of acetabulum and/or femoral head; (2)
moderate joint cavity narrowing, small acetabular/femoral head cysts, moderate decrease in femoral head sphericity; (3) severe or complete joint cavity narrowing;
prominent acetabular/femoral head cysts, severe femoral head deformation, avascular necrosis.

a Advanced hip OA patients were not assessed for evidence of femoroacetabular impingement or labral tears, as FAI morphology is difficult to determine in severely
degenerated hips and inconsequential for diagnosis and treatment.

b Visual analog scale of pain was scored from 0 (extreme pain) to 100 (no pain).
c Measures in this category were not collected for the advanced hip OA cohort. Therefore, total cohort averages for these denoted categories are based on averages

between the FAI and early OA with FAI cohorts (n ¼ 25).
d Statistically significant differences were found between each of the three groups for mean age.
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A total of 5 ROIs per positive section (and 1 ROI per negative control
section) were imaged using a Leica TCS SP8 MP Multiphoton Microscope
at 400 � magnification. The proportions of all synovial microvessels,
mature synovial microvessels, and immature synovial microvessels to
synovial area were calculated by a single observer (RA) and reported as
microvessels/mm2 of synovial tissue area.

2.4. Assessment of microvessel activity with immunohistochemistry

From each of the three groups, areolar synovium samples on slides
were prepared for immunohistochemistry (IHC). Slides were deparaffi-
nized and rehydrated, followed by antigen retrieval, permeabilization,
and exogenous peroxidase blocking. Primary antibody incubation was
performed to investigate endothelial cell activity, with the following
primary antibody diluted with blocking solution: Rabbit Polyclonal anti-
Endoglin (1:100, 0.20 mg/mL, HPA067440, Atlas Antibodies, Sweden).
Slides were incubated with the secondary antibody, Goat Anti-Rabbit IgG
H&L HRP (1:2000, ab205718, Abcam). A DAB (3,30-Diaminobenzidine)
solution was added to each section on the slides for an optimized time of
3.5 min, followed by quenching in distilled water. Cell nuclei were then
stained with Harris hematoxylin and rinsed. A total of 5 ROIs per positive
section (and 5 ROIs per negative control section) were visualized using a
Leica DM1000 LED microscope at 200 � magnification. Endoglin-
positive microvessels were considered to be any microvessels with
brown staining of the endothelial cell layer.
3

2.5. Statistical analysis

For all demographic data and participant clinical characteristics, re-
sults were reported as mean � standard deviation for continuous vari-
ables, and frequencies with percentages for categorical variables.
Maximum and minimum values were also reported for all continuous
variables of demographic and clinical data. All histopathological results
(including semi-quantitative scoring parameters and microvessel den-
sities) were reported as means with 95 % confidence intervals for each
group, as follows: mean [lower CI, upper CI]. The means for all contin-
uous data of the three groups were compared using a one-way ANOVA (α
¼ 0.05). Where significance (p< 0.05) was established between the three
groups for any given variable, post-hoc two-tailed Student's t-tests fol-
lowed by Bonferroni corrections were applied to identify significant
differences (p < 0.017) between any two specific groups.

2.6. Microvessel density calculations

For microvessel calculations, a microvessel was considered to have a
diameter no greater than 30 μm [21]. For all calculations, the 5 ROIs with
the most microvessels were assessed. Mature microvessel density was
calculated as the total number of CD31-positive vessels in the synovial
intima and subintima that had >75 % coverage by α-SMA in all 5 ROIs,
per total synovial tissue area of all 5 ROIs. Immature microvessel density
was calculated as the total number of CD31-positive vessels in the
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synovial intima and subintima that had �75 % coverage by α-SMA in all
5 ROIs. Endoglin-positive microvessel density was calculated as the total
number of stained microvessels in all 5 ROIs, per total synovial tissue
area of all 5 ROIs. Only intimal and subintimal areas of each ROI were
considered in total area calculations. ImageJ was used to quantify sy-
novial area and measure vessel diameters.

3. Results

3.1. Patient demographics

Thirty-nine patients were screened for eligibility, with one being
excluded following surgical rescheduling (2.6 %) and one excluded due
to a revision hip arthroplasty making quality sample collection infeasible
(2.6 %). All patients approached agreed to participate. A total of 37
participants were included in the analysis of this study. Eight participants
were enrolled in the separate, ongoing study (HSREB no. 114679). In
total, 10 patients (27 %) were placed in the FAI group, 15 (41 %) in the
FAI with early hip OA group, and 12 (32 %) in the advanced hip OA
group. Age was determined to be significantly different (p < 0.017) be-
tween all three groups. All patients in the advanced hip OA group
completed baseline visual analog scales (VAS) of pain, and the iHOT-33
Pain and Functional Limitations subscale. No significance was found be-
tween VAS measures of pain nor the Pain and Functional Limitations
subscale between any group (p > 0.017). Pre-operatively, all patients in
both the FAI and FAI with early OA groups completed the iHOT-33, HOS,
mHHS, and VAS of pain. Between these two groups, no significant dif-
ferences were discovered in these measures (p > 0.017). All baseline
demographics, clinical characteristics, and clinical outcome scores are
summarized in Table 1.

3.2. Areolar synovium histopathological grading

Biopsies of areolar synovium were successfully collected from 37
patients. For areolar synovium, a total of 7 samples were graded using
Fig. 1. Areolar synovium across a spectrum of hip disorders. Representative imag
with early hip OA (middle), and advanced hip OA (right) patients which are close re
composite scores for their respective cohort averages. Images were captured at 200

Table 2
Histopathological scoring of areolar synovium biopsies for features of inflammation,

Parameter FAI (n ¼ 10) FAI w/Early O

Lining 0.06 [�0.01, 0.13] 0.37 [0.08, 0
Infiltration 0.20 [�0.02, 0.42] 0.43 [0.21, 0
Fibrin 0.43 [0.21, 0.65]a 0.70 [0.43, 0
Vascularization 1.35 [0.88, 1.81] 1.54 [1.17, 1
Fibrosis 0.12 [�0.11, 0.35]a 0.54 [0.28, 0
Edema 0.14 [�0.07, 0.35]a 0.42 [0.10, 0
Vasculopathy 0.19 [�0.05, 0.43] 0.13 [�0.05,
Inflammatory composite 0.47 [0.26, 0.68]a 0.69 [0.49, 0

Continuous data are reported as mean average [95 % CI].
FAI ¼ femoroacetabular impingement; OA ¼ osteoarthritis; CI ¼ confidence interval
Histopathological scoring for the following parameters were graded according to the
zation, fibrosis, perivascular edema, inflammatory composite. Vasculopathy was grade
parameters, the following grades represent a range of severity: 0 ¼ none, 1 ¼ mild, 2

a Denotes statistical significance between two values in the same row.
b Denotes statistical significance between two values in the same row.
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2–4 slides, rather than 5 slides. Representative images of H&E-stained
areolar synovium samples for each group are shown in Fig. 1.
Following one-way ANOVA, no significance was detected between any
of the three groups for synovial lining thickness, cellular infiltrate,
vascularization, and vasculopathy scores (p > 0.05). Fibrin deposition
scores demonstrated a statistically significant increase between the
FAI group and the advanced OA group (p < 0.017). Fibrosis scores
were significantly higher in the advanced OA group compared to both
the FAI group and the FAI with early OA group (p < 0.017). Peri-
vascular edema scores were only significantly increased in the
advanced OA group compared to the FAI group (p < 0.017). Finally,
inflammatory composite scores were significantly greater in the
advanced OA group versus the FAI group, and significantly higher in
the advanced OA group versus the FAI with early OA group (p <

0.017). A summary of histopathological grading of areolar synovium is
found in Table 2. Fig. 2 displays a visual representation of the data
outlined in Table 2.

3.3. Total, mature, and immature microvessel densities in areolar
synovium

Microvessel densities are reported as vessels per mm2 of synovial
tissue area. For the FAI, FAI with OA, and advanced OA groups,
respective average total microvessel densities were 96.00 [46.60,
145.31], 95.13 [56.91, 133.34], and 104.10 [71.05, 137.09]. Likewise,
mature microvessel densities were 81.20 [40.00, 122.31], 73.78
[35.72, 111.83], and 93.96 [64.79, 123.13]. Finally, immature
microvessel densities were 14.79 [5.48, 24.11], 20.72 [10.50, 30.95],
and 7.54 [2.92, 12.16]. Following one-way ANOVA, no statistically
significant differences were detected between the individual averages
of the three groups for any of total microvessel, mature microvessel, or
immature microvessel densities. These individual group values for
microvessel densities are summarized in Table 3. Representative
immunofluorescent images used to calculate microvessel densities are
provided in Fig. 3.
es of hematoxylin and eosin (H&E)-stained areolar synovium from FAI (left), FAI
presentatives for all 7 histopathological grading parameters and inflammatory
� magnification. Scalebars ¼ 100 μm.

fibrosis, and microvascular dysfunction.

A (n ¼ 15) Advanced OA (n ¼ 12) Total (n ¼ 37)

.66] 0.40 [0.19, 0.61] 0.30 [0.16, 0.43]

.66] 0.77 [0.25, 1.29] 0.48 [0.28, 0.67]

.97] 0.88 [0.66, 1.09]a 0.68 [0.54, 0.83]

.91] 2.02 [1.53, 2.51] 1.64 [1.40, 1.89]

.79]b 1.68 [1.35, 2.00]a,b 0.79 [0.54, 1.05]

.74] 1.11 [0.59, 1.62]a 0.57 [0.33, 0.81]
0.31] 0.27 [0.02, 0.52] 0.19 [0.07, 0.31]
.89]b 1.08 [0.84, 1.32]a,b 0.76 [0.62, 0.90]

; w/ ¼ with.
criteria described by Minten et al. (2019): lining, infiltration, fibrin, vasculari-
d following the criteria described by Sodhi et al. (2022). For all histopathological
¼ moderate, 3 ¼ severe.



Fig. 2. A visual summary of histopathological scores for areolar synovium of hip pathology patients. This figure is a visual representation of the data presented
in Table 2. All scores are reported as the cohort mean � standard deviation. Parameters were graded from 0 to 3 according to the criteria defined by Minten et al.
(2019) and Sodhi et al. (2022). FAI ¼ femoroacetabular impingement, EOA ¼ FAI with early osteoarthritis, AOA ¼ advanced osteoarthritis. Asterisks (*, **, ***)
represent significant differences determined by Bonferroni-corrected post-hoc Student t-tests (p < 0.017) following one-way ANOVA (p < 0.05).

Table 3
A summary of microvasculature in areolar synovium samples of hip pathology patients.

Parameter FAI (n ¼ 10) FAI w/Early OA (n ¼ 15) Advanced OA (n ¼ 12) Total (n ¼ 37)

Microvessel density 96.00 [46.60, 145.31] 95.13 [56.91, 133.34] 104.10 [71.05, 137.09] 98.25 [77.47, 119.03]
Mature microvessel density 81.20 [40.00, 122.31] 73.78 [35.72, 111.83] 93.96 [64.79, 123.13] 82.32 [62.92, 101.71]
Immature microvessel density 14.79 [5.48, 24.11] 20.72 [10.50, 30.95] 7.54 [2.92, 12.16] 14.84 [9.86, 19.83]
ENGþ density 0.84 [�0.15, 1.83] 1.54 [�0.26, 3.34] 7.06 [0.53, 13.59] 3.14 [0.92, 5.37]
ENGþ Samplesa 5 (50) 4 (27) 6 (50) 15 (41)

Continuous data are reported as mean average [95 % CI]. Categorical data are reported as n (%).
FAI ¼ femoroacetabular impingement; OA ¼ osteoarthritis; CI ¼ confidence interval.
All microvessel densities are reported as vessels per mm2 of synovial tissue area.
Mature microvessels were counted as those CD31-positive microvessels with >75 % coverage by α-SMA. Immature microvessels were counted as those CD31-positive
microvessels with �75 % coverage by α-SMA. There is no statistical significance between microvessel densities.

a Endoglin (ENG)-positive synovium samples are those with �1 microvascular endothelial lining demonstrating endoglin positivity through immunohistochemistry.
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3.4. Endoglin-positive areolar synovium microvessel density

The endoglin-positive microvessel densities for the FAI, FAI with
early OA, and advanced OA groups were 0.84 [�0.15, 1.83], 1.54
[�0.26, 3.34], and 7.06 [0.53, 13.59], respectively. One-way ANOVA
followed by post-hoc two-tailed Student's t-tests revealed no significant
differences between any two groups for mean ENG-positive microvessel
density. Endoglin positivity is summarized in Table 3. Representative
images of areolar synovium samples stained immunohistochemically for
endoglin are provided in Fig. 4.

4. Discussion

We compared the histopathology of synovium between FAI patients,
FAI patients with early hip OA, and advanced hip OA patients. Our
findings suggest that OA-associated features of synovitis are observed in
non-arthritic and arthritic FAI. To our knowledge, just two studies have
reported histopathology from the synovia of FAI patients [12,13]. In the
present study, average synovial lining thickness and inflammatory infil-
trate were scored as less than 1 in each group, with no significant dif-
ferences between the mean scores of the three groups. The limited
evidence of increased lining thickness in our FAI samples suggests this
feature may not be notable in FAI patients, with or without OA. Similarly,
the FAI samples investigated (with and without early OA), had limited
5

evidence of inflammatory infiltrate overall, suggesting this may not be a
prominent feature in FAI synovium (Table 2). Although “enlargement of
the synovial lining cell layer” and “inflammatory infiltrate” are two of the
three equally weighted parameters of the Krenn synovial scoring system,
neither of the previous reports on FAI synovium histopathology explicitly
reported the individual scores for these parameters [12,13]. However,
both studies reported synovitis in their FAI patients based on their overall
synovitis scores [14]. This is compatible with our report of significant
increases in synovial inflammatory composite scores between our FAI
(both with and without early OA) and our advanced hip OA groups
(Fig. 2), which suggests synovitis worsens with radiographic severity of
hip OA.

Unique to our study is the assessment of other OA-related synovial
features in FAI patients, namely fibrin deposition, vascularization,
fibrosis, perivascular edema, and vasculopathy. Fibrin deposition scores
increased significantly between the FAI only group (i.e., no evidence of
OA) and the advanced hip OA group, suggesting this feature may increase
in prominence with the severity of OA and synovitis. Fibrosis scores were
not prominent in either FAI group, although they were mild-to-moderate
in severity in our advanced OA group (Fig. 2). This is in keeping with
what is hypothesized regarding synovial fibrosis in OA, namely that it
tends to manifest following prolonged synovitis toward the end stages of
the disease [8,22,23]. Although statistical significance could not be
established between the means for all parameters, pathological scores



Fig. 3. Areolar synovium of patients with FAI and/or hip OA is marked by a high density of mature microvessels in the intimal and subintimal regions.
Patients with FAI (left), FAI with early hip OA (middle), and advanced hip OA (right) showed similarly high densities for microvasculature in areolar synovium
samples. In all three cohorts, immature microvessel density was relatively low compared to mature microvessel density. The top right channel in each image (CD31,
green) was used to count the total number of microvessels. The top right and both bottom channels were used in conjunction to determine microvessel maturity status,
with mature vessels being at least 75 % wrapped by α-SMA (red), and immature vessels �75 % wrapped by α -SMA. Nuclei are represented by blue. *Denotes immature
microvessels (seen in the middle, bottom-right panel). Scalebars ¼ 50 μm.

Fig. 4. Immunohistochemical staining for endoglin
(ENG) in areolar synovium samples of hip pathol-
ogy patients. In areolar synovium samples from FAI
(A), FAI with early hip OA (B), and advanced hip OA
patients (C), the density of microvessels positive for
ENG was relatively low compared to total microvessel
densities. (D) Shows a field of view from the same
sample as (C), but with ENGþ vessels. Synovial ENG
positivity is marked by brown staining of the endothe-
lial lining of vasculature (denoted by black arrows).
Red arrows denote ENG� vessels within proximity to
ENGþ vessels. Scalebar ¼ 100 μm.
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tended to increase from FAI to FAI with early OA, to advanced OA,
regardless of significance (Fig. 2).

To the best of our knowledge, this is the first study to report on sy-
novial microvasculature in FAI patients. We assessed MVD in FAI and in
hip OA, investigating vasculopathy, vascularization, and perivascular
edema. Vasculopathy (i.e., where the vascular wall is thicker than the
lumen it surrounds) was unremarkable in all three groups. Perivascular
edema scores increased significantly between the FAI and advanced OA
groups, and FAI with early OA and advanced OA, and insignificantly
between FAI only and FAI with early OA (Fig. 2). This suggests that
perivascular edema presents within the hip synovium in a more severely
dysfunctional intraarticular environment. The most prominent histo-
pathological feature we discovered was increased vascularization (based
on Minten's criteria) in all three hip disorder groups (Fig. 2). Mild-to-
moderate vascularization was notable in FAI only, FAI with early hip
OA, and advanced hip OA patients, with no significant differences be-
tween the three groups (Fig. 2). If the vascularization observed in the
synovia of FAI patients is the product of increased angiogenesis, this
would suggest MVD is one of the earliest detectable changes in synovium
preceding the development of radiographic hip OA (especially secondary
6

to FAI). Given the important role of angiogenesis in wound healing, it is
possible that the prominent vascularization observed in these FAI pa-
tients is in response to the chronic, injurious, shearing forces experienced
by the intraarticular soft tissues of the hip.

We report similar total microvessel densities, with predominantly
mature and minimally immature microvessel densities in all three groups
(Table 3). This is the first report on synovial microvessel density in FAI,
and comparisons to other findings in the hip are limited. However, our
results differ from those of Kennedy et al. (2010) who reported no evi-
dence of microvessel immaturity in the synovium of knee OA patients
[24]. In another knee study, immature microvessels were detected in low
quantities in OA synovium, even lower than our own [25]. These dif-
ferences in total microvessel densities and immature microvessel den-
sities may indicate differences in synovial microvasculature distribution
between synovium of the hip and knee. As with the previously mentioned
differences, there may be further joint-specific differences in synovial
microvasculature of the hip versus the knee. Grieshaber-Bouyer et al.
(2019) discovered that the inflammatory profiles of knee versus hip OA
synovium differ greatly, with knee synovium showing nearly four times
higher synovial mononuclear cell levels than the hip [26]. Mast cell
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counts have also proven to be higher in knee synovium versus hip
synovium, along with synovitis scores [27]. Furthermore, CD14þ mac-
rophages and CD8þ cytotoxic T cell counts were also elevated in the knee
[26]. Grieshaber-Bouyer et al. (2019) suggest that these differences may
explain the tendency for hip OA progression to accelerate at a higher rate
than knee OA, with early increasedmononuclear cell levels in OA causing
inflammatory cytokine elevation, followed by decreased levels of
mononuclear cells as hip OA progresses. Given the negligible inflam-
matory infiltrate in both FAI groups, we propose that this increase in
mononuclear cell activity may occur later in the pathophysiological
trajectory of hip OA as a result of a decompensated joint microenviron-
ment. Given that patients can experience FAI symptoms for many years
before end-stage hip OA manifests, a younger and healthier hip micro-
environment may be compensating against the onset of these rapidly
destructive mechanisms.

To further investigate the nature of the microvasculature, endothelial
cells were stained immunohistochemically with endoglin (CD105), a
marker of active angiogenesis [28], with evidence suggesting its
expression is necessary for regular VEGF-induced angiogenic activity
[29]. Following IHC, endoglin staining was notably absent in 59 % of all
our areolar synovium samples (Table 3). The samples that did demon-
strate some level of endoglin expression had very low endoglin-positive
microvessel densities (Table 3). The low detection of endoglin, or its
absence entirely, in FAI, FAI with early OA, and advanced hip OA synovia
could have several possible explanations. Endoglin (ENG) expression has
previously been investigated immunohistochemically in synovia of hip
OA patients [30,31]. Gurzu et al. (2017) reported ENG expression by
endothelial cells of all small vessels observed in primary hip OA, and by
the larger vessels observed in hip OA secondary to avascular necrosis
[30]. They reported the presence of synovial hyperplasia with inflam-
matory infiltrate in primary hip OA, suggesting that as a result of these
features, ENG-positive synovium-derived mesenchymal stem (or stromal)
cell-like cells (SD-MSCs) are partially responsible for differentiation to
ENG-positive endothelial cells comprising small vessels [30], as MSCs are
capable of differentiating into vascular endothelial cells [32]. The
absence of, or early nature of OA in our FAI synovial samples, along with
the scarcity of cellular infiltrate and lining hyperplasia could indicate
SD-MSC levels are low in these FAI synovia, accounting for the limited
expression of endoglin in the endothelial cells we observed.

This study is subject to limitations, including the use of small group
sizes, absence of healthy controls, and failure to include patients with
advanced hip OA secondary to FAI. The descriptions of clinical data do
not include a measurement of symptom duration and FAI deformity size
or location. Finally, a single biopsy per tissue type was collected from
each patient. To account for the heterogeneity of synovium, multiple
biopsies would prevent the underreporting of OA-associated histopath-
ological features. However, obtaining samples from healthy controls and
patients with advanced hip OA secondary to FAI would be challenging
given the highly invasive nature of collecting samples from the intra-
capsular environment of the hip and the relatively recent awareness of
FAI diagnosis, respectively.

In summary, our findings indicate that OA-associated changes may
already be present in the synovia of symptomatic FAI patients, including
those without clinically diagnosed OA. Given the variability of results
within each group, these changes appear to be heterogeneous, which is
consistent with prior observations in OA synovium [33]. We observed
prominent vascularization in the synovia of patients across different
stages of hip pathology, suggesting that early vascular changes could be a
feature of FAI synovium. Perivascular edema was also notable in synovial
samples from advanced hip OA patients. Our microvascular analysis
suggests that the synovium of FAI patients is predominantly composed of
mature and inactive vessels. We reiterate the need for hip-specific OA
studies rather than assuming direct parallels with knee OA. Future
research should focus on histopathological changes in end-stage hip OA
patients with a documented history of FAI to better understand disease
progression and decompensation in hip OA secondary to FAI.
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