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Abstract: Background: Prior studies have demonstrated improved efficacy when intra-articular
(IA) therapeutics are injected using ultrasound (US) guidance. The aim of this study was to deter-
mine if clinical improvement in pain and function after IA hyaluronic acid injections using US is
associated with changes in SF volumes and biomarker proteins at 3 months. Methods: 49 subjects
with symptomatic knee OA, BMI < 40, and KL radiographic grade II or III participated. Subjects
with adequate aspirated synovial fluid (SF) volumes received two US-guided IA-HA injections of
HYADD4 (24 mg/3 mL) 7 days apart. Clinical evaluations at 3, 6, and 12 months included WOMAC,
VAS, PCS scores, 6 MWD, and US-measured SF depth. SF and blood were collected at 3 months and
analyzed for four serum OA biomarkers and fifteen SF proteins. Results: Statistical differences were
observed at 3, 6, and 12 months compared to baseline values, with improvements at 12 months for
WOMAC scores (50%), VAS (54%), and PCS scores (24%). MMP10 levels were lower at 3 months
without changes in SF volumes, serum levels of C2C, COMP, HA, CPII, or SF levels of IL-1 ra, IL-4, 6,
7, 8, 15, 18, ILGFBP-1, 3, and MMP 1, 2, 3, 8, 9. Baseline clinical features or SF biomarker protein levels
did not predict responsiveness at 3 months. Conclusions: Clinical improvements were observed at
12 months using US needle guidance for IA HA, whereas only one SF protein biomarker protein was
different at 3 months. Larger studies are needed to identify which SF biomarkers will predict which
individual OA patients will receive the greatest benefit from IA therapeutics.

Keywords: osteoarthritis; ultrasound; synovial fluid; biomarkers; cytokines

1. Introduction

Knee osteoarthritis (OA) is an increasingly common leading cause of disability and
is costly to manage, especially if patients progress and require surgical intervention [1,2].
Unfortunately, there are no effective FDA-approved disease-modifying therapeutic agents
that can halt or reverse cartilage loss in knee OA. However, two recently published large
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cardiovascular treatment trials demonstrated that inhibition of IL-1 beta by canakinumab
and low-dose colchicine reduced the incidence of hip and knee arthroplasty compared to
the placebo groups [3,4]. Therefore, intra-articular (IA) hyaluronic acid (HA) injections are
common treatment options for knee OA patients to provide symptomatic pain relief or for
those who are not surgical candidates or choose to defer total joint arthroplasty [5].

Recent studies emphasize the knee as an organ containing important supporting
structures, including the subchondral bone, ligaments, joint capsule, meniscus, synovium,
and the surrounding musculature, in addition to cartilage [6]. There is also growing
evidence that knee OA is associated with chronic inflammation and phenotypes rather
than a non-inflammatory degenerative joint disease process. Synovial biopsies revealed
synovitis in 50% of patients with early OA, and synovial fluid (SF) analysis revealed
cytokines and other inflammatory mediators that distinguish early from advanced knee
OA [7,8]. The presence of substantial synovial effusion and synovitis on MRI also correlates
with subsequent loss of knee cartilage among OA patients [9]. It has also been reported
that OA SF contains a pro-inflammatory cytokine profile [10–14]. We also observed that
many OA patients with sufficiently severe knee pain requesting an IA glucocorticoid or HA
injection have a pro-inflammatory SF cytokine profile similar to that of many rheumatoid
arthritis (RA) patients [15]. SF is also a rich source of potentially valuable biomarkers that
may be used to classify different OA endotypes and, hopefully, in the future, may help
guide therapy by predicting drug responsiveness for individual patients [16].

There are multiple proposed mechanisms whereby IA HA injections might provide
clinical benefit in OA [17–19]. These include anti-inflammatory properties based upon
in vitro studies, improved SF viscoelastic, rheologic, and frictional properties of HA, and
possible chondroprotection since HA also interacts directly with articular cartilage [20].

The viscosupplement used in this study, HYADD4 (Hymovis® Fidia, Abano Terme,
Padova, Italy), is a modified derivative of HA with a molecular weight of 500–730 kDa
obtained by a controlled chemical–physical synthesis process with 2% of the carboxyl
radicals on the glucuronic acid present in the polysaccharide chain conjugated with an
aliphatic amine (hexadexyclamine) [21]. The chemical modification of HA by the addition
of hexadecylamine increases the rheological properties of HYADD4, conferring higher
viscoelasticity in solution compared to other HA derivatives of the same molecular weight.
To confirm delivery of this HA product into the synovial fluid compartment, we utilized
ultrasound (US) guidance with direct needle visualization during all injections and aspira-
tions. Other studies have confirmed that US delivery of glucocorticoids into the knee joint
space is more effective and less painful than non-image-based injections [22,23].

We chose to use direct needle visualization with US guidance as well as an external
pneumatic compression device to enhance the success of aspiration even in patients with
very small SF effusions since no OA patients were excluded from this study based upon
the size of knee effusions on US [24]. To our knowledge, this is the first study to determine
if an IA HA injection alters SF volumes as a surrogate for intra-articular inflammation and
if baseline clinical features or SF protein levels predict clinical responsiveness at 3 months
when HA is delivered with US guidance.

2. Materials and Methods
2.1. Subjects

This single-center, open-label, prospective, investigator-initiated knee OA biomarker
study (HS 3179, ClinicalTrials.gov accessed on 5 July 2023 NCT 04093232) was conducted
with all subjects providing informed consent after Institutional Review Board approval.
We recruited subjects from National Jewish Health (NJH) clinics, clinical trial notification
web sites, and local radio advertisements. Exclusion criteria included age < 21 or >80 years,
BMI > 40, pregnancy, knee surgery within one year, IA injectable therapeutics within
3 months, a history of systemic inflammatory or crystal arthritis, prior allergic reactions to
chloroprep, lidocaine, or HA products, or any use of oral or systemic immunomodulatory
therapeutics. Subjects were also required to ambulate for 6 min without the use of walking
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assistive devices, and the diagnosis of knee osteoarthritis was confirmed by a NJH study
rheumatologist. Weight-bearing tibiofemoral joint radiographs were obtained within
1 year of their first study visit. These images were reviewed by a fellowship-trained
musculoskeletal (MSK) radiologist for study inclusion based upon the presence of Kellgren-
Lawrence (KL) grade II or III osteoarthritis [25]. Forty-nine eligible subjects had one
knee aspirated between 2019 and 2021, and if an adequate SF volume of ≥0.5 mL was
aspirated, they received the first of two intra-articular (IA) injections of an HA HYADD
4 (Hymovis® 24 mg/3 mL, Fidia Farmaceutici S.p.A., Abano Terme, Padova, Italy) and
provided simultaneous peripheral blood samples.

The study protocol included five visits over 12 months. Baseline visit 1 included
clinical assessments, knee aspiration, and an IA HA injection if the SF aspirated volume
was ≥0.5 mL. Visit 2 was scheduled 7 days later for a second US-guided IA HA injection
and a peripheral blood draw. Three additional visits at 3, 6, and 12 months were for clinical
assessments and US-measured SF depth.

2.2. Aspiration and Injection Technique

An external pneumatic compression device (KneeTapTM Arthroventions LLC, Denver,
CO, USA) was inflated to 100 mmHg as previously described [24]. Ultrasound images were
acquired using a GE LOGIQ e ultrasound (Fairfield, CT, USA) with a 12L-RS linear array
probe, as displayed in Figure 1A,B.J. Clin. Med. 2023, 12, x FOR PEER REVIEW  4  of  18 
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screen prior to successful knee aspiration of synovial fluid. Image courtesy of Dr. R. Meehan and 
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Figure 1. (A) An inflated pneumatic compression device with an image displayed on an ultrasound
screen prior to successful knee aspiration of synovial fluid. Image courtesy of Dr. R. Meehan and
Dr. R. Scheuring. (B) US image of a study subject during needle insertion, displaying a bright
20-gauge needle entering from the upper right-hand corner of the image with the tip placed within
the intra-synovial space (dark anechoic region) during inflation and prior to injecting IA HA product.
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A direct-in-line needle visualization technique was used for all procedures. The probe
was covered with gel; a sterile sleeve (CIV-FlexTM Transducer Cover, CIVCO Kalona, IA,
USA) and sterile gel were next applied. The injection site was cleansed with ChloroPrep
One-Step (2% w/v chlorhexidine gluconate and 70% v/v isopropyl alcohol, Care Fusion, El
Paso, TX, USA), and then a sterile drape was placed. All procedures were performed by an
American College of Rheumatology (ACR) certified MSK US-trained rheumatologist who
used sterile gloves, head coverings, and surgical face masks to reduce the risk of needle
entry site contamination and per NJH COVID precaution guidelines. The superior-lateral
site was selected most often with the knee in slight flexion during supine positioning.
The needle entry site was selected based on the US location of the largest anechoic region
in SF. The skin, joint capsule, and anechoic region were then infiltrated with 1–2 mLs of
preservative-free 2% lidocaine HCL (40 mg/2 mL) without epinephrine (Hospira Inc., Lake
Forest, IL, USA) using a 27-gauge needle with US visualization. Next, also with direct
needle visualization, an 18-gauge needle on a syringe was advanced into the anesthetized
region to avoid needle tip placement into the joint capsule, synovium, or plica during
aspiration and injection. The steer needle image enhancement software program on the GE
US instrument was utilized, which allowed visualization of the 27-gauge needle during
local infiltration of lidocaine as well as the aspirating and injecting needle during product
instillation. If an adequate amount of SF volume was obtained during visit 1, then with the
18-gauge needle remaining in place, HYADD4 (24 mg/3 mL) was injected under direct US
visualization. For study visit 2, scheduled for 7 days later, a 20-gauge needle was placed
on the IA HA syringe for direct US-visualized injection after local infiltration of lidocaine
without an aspiration.

2.3. Sample Preparation and Analysis of SF and Serum Proteins

SF was aspirated into a 5 or 20 mL syringe (Medline Industries Inc., Mundelein, IL,
USA) and rapidly transferred into 6 mL plastic tubes containing sodium heparin (BD, Becton
Drive, Franklin Lakes, NJ, USA). SF white blood cells (WBCs) were counted on a Beckman
Coulter ACT 2 diff hematology analyzer (Beckman Coulter, Loveland, CO, USA). Peripheral
blood was then collected into 6 mL plastic vacutainer tubes (BD) without anticoagulant
for serum samples. SF and peripheral blood samples were centrifuged at 2000 rpm for
10 min within 45 min of collection and then aliquoted into 200 µL or 50 µL vials for storage
at −80 ◦C until analyzed. All SF analytes were measured by multiplex fluorescent bead
(Luminex) immune assays using three separate R&D Systems Inc. kits (Minneapolis, MN,
USA). The following analytes were quantitated in pg/mL: IL-1ra (Interleukin 1 receptor
antagonist), IL-4 (Interleukin 4), IL-6 (Interleukin 6), IL-7 (Interleukin 7), IL-8 (Interleukin 8),
IL-15 (Interleukin 15), IL-18 (Interleukin 18), IGFBP-1 (Insulin-Like Growth Factor Binding
Protein 1), IGFBP-3 (Insulin-Like Growth Factor Binding Protein 3), and MMPs (Matrix
Metalloproteinases) 1, 2, 3, 8, 9, and 10. The bead multiplex assay was performed as
previously described [15]. Cytokine concentrations were calculated with reference to the
standard curve for each analyte.

Serum cartilage biomarkers were analyzed in the Duke University Molecular Phys-
iology Institute laboratory (Durham, NC, USA), under the direction of Virginia Kraus,
MD, PhD. These included Collagen Type II cleavage product (C2C), Hyaluronic acid
(HA), procollagen II C-propeptide (CP II), and cartilage oligomeric matrix protein (COMP).
These were quantitated in ng/mL as previously described using various enzyme-linked
immunosorbent assays (ELISA) as either competitive inhibition or sandwich protein bind-
ing [26]. In general, C2C, HA, and COMP levels reflect cartilage degeneration, whereas
CPII levels correlate with type II collagen synthesis. All samples were analyzed in duplicate
and paired at baseline, and samples from visit 3 at 3 months were run simultaneously.

2.4. Clinical Efficacy Variables

Four clinical variables were measured at baseline, 3, 6, and 12 months: Western Ontario
and McMaster Universities Index (WOMAC) total scores, Visual Analog Pain Score (VAS
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0–10), physical component score (PCS) scores on the SF-36 health survey questionnaires
(physical function/bodily pain and general health), 6-min walking distance in meters
(6 MWD), and US-measured SF depth (mm). The US measured depth was obtained before
and after an external pneumatic compression device was inflated to 100 mmHg to facilitate
aspiration by increasing available SF volumes under positive pressure [24].

The WOMAC score is a validated patient-self-administered index of knee osteoarthritis
pain and functional capacity [27]. It consists of 24 separate items divided into three
subcategories (pain, stiffness, and physical function) rated on a difficulty scale as either
none, slight, moderate, very, or extreme. The PCS score is a composite score of 21 questions,
which are related to four domains: physical functioning, role limitations due to physical
health, pain, and general health. The maximum value of 100 would indicate no functional
limitations, no pain, and excellent health scored using the following instrument: https:
//chiro.org/LINKS/How_to_score_the_SF-36.shtml, accessed on 5 July 2023 [28,29].

Lower values on the self-reported WOMAC scores and VAS indicate improved func-
tion or less pain, whereas higher PCS scores and greater distance on the 6 MWD indicate
an improvement in function with less pain and an ability to ambulate further. We defined
the subset of responders based upon OMERACT-OARSI definitions as those subjects who
had either a 50% improvement in function on WOMAC scores or a 50% reduction in pain
on VAS scores, or those with a 20% improvement in function on WOMAC scores and a 20%
reduction in pain on VAS scores [30].

The SF depth was measured on the recorded US image (GE logiq e) as the largest
anechoic region in mm of depth on either the lateral (n = 30) or medial (n = 4) infrapatellar
compartment. All study data (demographics, medical history, prior treatments, screening
criteria) and results were placed into the NJH REDCapTM version 13.1.37 (Vanderbilt
University, Nashville, TN, USA) web-based secure research database system for storage
and subsequent statistical analysis.

2.5. Statistical Analysis

Statistical differences between baseline values and results at 3, 6, and 12 months were
determined using a paired ANOVA test with p < 0.05 significance. SF and peripheral blood
protein levels of each analyte between baseline and those at 3 months were also measured
using paired ANOVA, with the cytokine concentration outcomes transformed into log10
with p-values < 0.05 considered significant and adjusted for the number of analytes using
the Bonferroni method. If values were missing for an individual subject for a specific
analyte, then that subject was excluded from statistical analysis for that specific analyte.
For the purpose of calculations, samples that exceeded the upper limit of the analytical
measurement range or those that were below the detection limit were assigned the upper
limit value or lower limit value, respectively, for the respective cytokine, chemokine, MMP,
or protein, as previously described [15].

A linear regression analysis of improvement on WOMAC scores was regressed against
log10-transformed analyte concentrations to determine associations between clinical im-
provement and baseline cytokine concentrations. All modeling was performed in the R
language [31]. Correlations were then performed to determine which baseline clinical
features (age, gender, BMI, prior surgery, radiographic severity KL II vs. III, and serum or
SF biomarker proteins) correlated best with IA HA responsiveness at 3, 6, and 12 months.
Differences between paired serum OA biomarkers were analyzed using paired t tests. A
non-paired t-test was used to compare differences in age and BMI between responders and
non-responders, and Fisher’s exact test was used for the other clinical variables.

3. Results

Thirty-six of the subjects had adequate aspirated SF volumes on their first visit and
therefore received two IA HA injections and continued study enrollment. Figure 2 displays
the study subject participation numbers and reasons for any withdrawals. No subjects were
excluded from enrolling in this study based on the presence or absence of knee effusions on

https://chiro.org/LINKS/How_to_score_the_SF-36.shtml
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physical examination, including those with very small effusions observed on US imaging
during their initial visit. Thirteen of the 49 enrolled subjects were ineligible to continue
to participate since their aspirated SF volume was <0.5 mL. The average measured SF
depth on US was only 3.2 ± 2.2 mm before the pneumatic device was inflated, even among
those with a successful SF aspiration of ≥0.5 mL. On physical examination, only 1 of our
49 enrolled subjects had a clinically apparent effusion, whereas three others only had an
effusion with a fluid bulge in the medial compartment during manual compression of the
lateral compartment. Therefore, 92% of our patients had non-effusive knee OA.
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Figure 2. Subject participation, timeline of study visits, and reasons for withdrawals.

The results in Table 1 display the demographic and clinical features of 34 subjects
who completed baseline and 3-month evaluations. An equal number of female and male
patients, who also met the BMI inclusion criteria of <40, had their 3-month follow-up
visits. No study subjects were excluded based on the size of the knee effusion or prior
surgical interventions, except for total knee arthroplasty. There were slightly more subjects
with a KL III severity score (56%) than those with a KL II rating (44%), whereas KL
I or IV scores were exclusion criteria. We enrolled twelve subjects with the following
prior surgical procedures on the aspirated knees: five with meniscectomies, three with
ACL reconstruction, two with surgery for recurrent patella dislocations, and two with
arthroscopic resurfacing/debridement procedures. Ten of the 12 subjects who received
prior surgery returned for their 3-month follow-up visit and therefore were listed in Table 1.
The mean age of those with prior surgery (58 years, range 35–71) was similar to that of
those without surgery (60 years, range 39–78). The higher prevalence of the lateral (88%) vs.
medial (12%) site of joint aspiration reflected the preferred site by the performing physician
to reduce subject discomfort unless the medial joint site had a substantially larger joint
effusion on US.

The clinical efficacy and measured SF depth results for the subjects who completed
baseline, 3-, 6-, and 12-month visits are displayed in Table 2. Sustained clinical and
statistically significant improvements compared to baseline values were observed on
WOMAC scores and self-reported VAS at 12 months, with a 50% and 54% decrease, re-
spectively (p < 0.0001). PCS scores also significantly increased over baseline scores by 24%
at 12 months (p < 0.0001). The 6 MWD improved at 3 months by 7% (p < 0.01); however,
the improved distance walked at 6 and 12 months was not statistically significant. In a
subset of 18 of the 34 patients at 3 months with an adequate SF volume remaining for
analysis and without blood contamination, the SF total WBC count fell 54% at 3 months
from 199 ± 200 to 92 ± 70 cells/mm3; however, this difference was not statistically signifi-
cant (p = 0.05). While improvements in WOMAC, VAS, and PAS scores were observed at



J. Clin. Med. 2023, 12, 5541 7 of 17

3, 6, and 12 months, the measured SF volumes before or after inflation of the pneumatic
compression device were slightly lower at 3 months. However, these differences did not
achieve statistical significance. Only one study-related adverse event was observed (1 out
of 72 injections), with one subject experiencing increased knee pain 4 h after her second IA
HA injection with some knee swelling 24 h later, which resolved completely within one
week, and then she was able to resume running.

Table 1. Clinical features and demographic information on 34 OA subjects who completed baseline
and 3-month visits following intra-articular HA knee injections.

Age 60.8 years (35–78)

Gender 17 Male (50%)/17 Female (50%)

BMI kg/m2 28 (20–39)

Prior knee surgery 10 (29%)

K-L grade

II 15 (44%)

III 19 (56%)

Knee injected

Right 18 (53%)

Left 16 (47%)

Lateral 30 (88%)

Medial 4 (12%)

Table 2. Subject’s mean and standard deviation values with percentage change in four functional and
pain instruments and synovial fluid depth measurements at baseline compared to values 3-, 6-, and
12-months post-IA HYADD4 injections with statistical significance in p-values.

Baseline Mean ± SD
n = 36

3-Month Mean ± SD
n = 34

6-Month Mean ± SD
n = 30

12-Month Mean + SD
n = 25

WOMAC score 771 ± 394 463 ± 358 464 ± 352 402 + 333
40% decrease p < 0.0001 40% decrease p < 0.0001 50% decrease p < 0.0001

VAS score 4.9 ± 2.0 2.7 ± 1.7 2.4 ± 1.9 2.2 + 1.73
45% decrease p < 0.0001 51% decrease p < 0.0001 54% decrease p < 0.0001

PCS score 64.7 ± 18.1 74.6 ± 18.7 76.5 ± 18.1 81.2 + 11.9
15% increase p < 0.0001 18% increase p < 0.0001 24% increase p < 0.0001

6 MWD- 404 ± 67 432 ± 83 422 ± 75 424 + 69
Meters 7% increase p < 0.007 5% increase NS 5% increase NS

SF before 3.2 ± 2.2 3.1 ± 2.2 4.0 ± 2.9 4.2 +2.8
inflation (mm) 3% decrease NS 25% increase NS 31% increase NS

SF after 6.4 ± 3.7 5.2 ± 2.8 7.5 ± 4.0 7.5 + 3.4
inflation (mm) 18% decrease NS 17% increase NS 17% increase NS

Legend: WOMAC score = Western Ontario and McMaster Universities Osteoarthritis Index; VAS = Visual Analog
Pain score; PCS score = subset on SF 36 quality of life questionnaire; 6 MWD = 6-min walking distance; SF = depth
of synovial fluid measured on ultrasound; NS = not significant values compared to baseline.

Table 3 displays the demographic and clinical features of the 30 subjects who met the
criteria as responders compared to the six non-responder subjects. Twenty-four respondent
subjects had both a 50% improvement in WOMAC scores and a 50% reduction in pain on
the VAS. Four respondent subjects met criteria by having a 50% improvement in function
on WOMAC scores or a 50% reduction in pain on the VAS scale. Only two subjects met
responder criteria by having a 20% improvement in function on the WOMAC and a 20%
reduction in pain on the VAS scale. There were no statistical differences between responders
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and non-responders in baseline demographic features of age and BMI using the unpaired
t-test or based upon gender, prior surgical intervention, or KL ratings using the Fisher’s
exact test. Furthermore, no statistical differences were observed among responders vs.
non-responders based upon baseline values on WOMAC, VAS, PCS score, 6 MWD, or the
amount of SF measured by US.

Table 3. Clinical features, functional status, pain, and synovial fluid measurements at baseline
between responders and non-responders with p-values.

Demographics Responders n = 30 Non Responders n = 6 p-Values

Age mean and range 59 (19–78) years 62 (54–78) years 0.48

Gender and % 13 F (43%)/17 M
(57%) 4 F (66%)/2 M (33%) 0.39

BMI mean and range 28.1 (19–39) 26.6 (21–32) 0.61

Prior Surgery and % 9 (30%) 3 (50%) 0.38

KL II or III and % 18 KL II (60%)/12 KL
III (40%)

5 KL II (83%)/1 KL III
(17%) 0.39

Functional Status,
pain and US depth

of SF

WOMAC score 814 675 0.44

VAS (1–10 scale) 5.2 3.5 0.051

PCS score 64.1 64.6 0.96

6 MWD (meters) 406 428 0.49

US depth
Before inflation 3.7 mm 4.3 mm 0.75

After inflation 7.7mm 5.9 mm 0.37

The results of the OA serum biomarkers are presented in Table 4. The results of only
those subjects with paired serum collected at baseline and 3 months later (34 of 36 subjects
who received HA injections) were analyzed for statistical differences. While serum levels
of C2C, CP II, and COMP were lower at 3 months compared to baseline values, these
differences were not statistically significant. In contrast, HA levels were actually higher at
3 months, but those levels were also not statistically different from baseline values.

Table 4. Serum cartilage biomarker levels at baseline and 3 months after IA HA injection with
p-values.

Baseline
Mean ± SD

3-Month
Mean ± SD

% Increase or
Decrease from

Baseline p-Values

n = 34 n = 34

C2C ng/mL 278 ± 48 263 ± 52 5% decrease 0.08

COMP ng/mL 828 ± 400 798 ± 435 4% decrease 0.36

HA ng/mL 41 ± 29 52 ± 58 27% increase 0.27

CPII ng/mL 1269 ± 508 1204 ± 549 5% decrease 0.32
Legend: C2C = collagen Type II cleavage product; COMP = cartilage oligomeric matrix protein; HA = hyaluronic
acid; CPII = procollagen II C-Propeptide. p-values were calculated using paired t-tests.

The SF levels of various protein biomarkers 3 months after IA HA injections and
percentage increases or decreases from baseline values are reported in Table 5. These SF
protein levels are from paired samples analyzed on the Luminex platform using identical
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19-plex, 3-plex, or 5-plex kits on the same day for each subject’s paired samples. Due
to the number of separate proteins analyzed and subsequent sample depletion as the
assay needed to be validated during multiple prior runs, the number of paired SF samples
available for final analysis was either 10 or 16 paired subjects, as reported in Table 5. While
some analytes had large changes from baseline levels, including a 61% increase for IL-8 and
an 87% decrease in IL-4 levels at 3 months, only the observed 16% reduction in MMP-10
levels at 3 months was statistically different from baseline values. p-values were calculated
with a paired two-sided t-test on the log-concentrated levels in pg/mL.

Table 5. The mean values, standard deviation, percentage change, and p-values for each analyte at
baseline and 3 months after IA HA injections.

Protein
Baseline

Mean ± SD
pg/mL

3-Month
Mean ± SD

pg/mL

% Increase or
Decrease

from Baseline
p-Values

IL-1ra
n = 16 345 ± 332 518 ± 564 50% increase 0.127

IL-4
n = 10 1971 ± 5243 251 ± 107 87% decrease 0.395

IL-6
n = 16 60 ± 98 40 ± 44 33% decrease 0.905

IL-7
n = 16 7 ± 1 8 ± 2 14% increase 0.167

IL-8
n = 16 36 ± 41 58 ± 77 61% increase 0.273

IL-15
n = 16 6 ± 3 7 ± 4 17% increase 0.825

IL-18
n = 16 109 ± 63 103 ± 63 6% decrease 0.402

IGFBP-1
n = 16 6376 ± 9346 6707 ± 12,560 5% increase 0.406

IGFBP-3
n = 16 36,517 ± 49,159 40,790 ± 58,870 12% increase 0.808

MMP-1
n = 10 7971 ± 6827 8323 ± 9046 4% increase 0.541

MMP-2
n = 10 283,599 ± 218,875 249,307 ± 194,342 12% decrease 0.325

MMP-3
n = 10 245,119 ± 153,269 235,275 ± 175,421 4% decrease 0.293

MMP-8
n = 10 1354 ± 503 1729 ± 1899 28% increase 0.686

MMP-9
n = 10 5014 ± 4464 6375 ± 9225 27% increase 0.956

MMP-10
n = 16 238 ± 206 200 ± 208 16% decrease 0.0427

Legend: IL-1 ra = Interleukin 1 receptor antagonist, IL-4 = Interleukin 4, IL-6 = Interleukin 6, IL-7 = Interleukin
7, IL-8 = Interleukin 8, IL-18 = Interleukin 18, IL-15 = interleukin 15, IGFBP-1 Insulin-Like Growth Factor
Binding Protein 1, IGFBP-3 = Insulin-Like Growth Factor Binding Protein 3, MMP-1 Matrix Metalloproteinase 1,
MMP-2 = Matrix Metalloproteinase 2, MMP-3 = Matrix Metalloproteinase 3, MMP-8 = Matrix Metalloproteinase
8, MMP-9 = Matrix Metalloproteinase 9, MMP-10 = Matrix Metalloproteinase 10. p-values < 0.5 was only observed
for MMP 10 levels.

To determine if baseline SF protein biomarker values predicted an improved response
to IA HA injections at 3 months, linear regression statistics on each of these 15 biomarker
protein levels in Table 5 were utilized to identify any significant correlations between
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baseline values from 26 separate subjects and subsequent changes in their total WOMAC
scores at 3 months. No significant correlations were observed between baseline levels of
any of these 15 SF proteins and changes in WOMAC scores at 3 months, with p-values
ranging from 0.10 to 0.97.

4. Discussion
4.1. Injection and Aspiration Technique

We used US-visualized needle insertion and a pneumatic external compression device
to ensure that the HA product was delivered with greater accuracy into the intra-synovial
space. We also used an 18-gauge needle for aspiration since our prior study indicated that
the very high SF viscosity on normal knees required a larger-bore needle for successful
knee aspirations, even when performed under positive pressure using the pneumatic
compression device [15]. We therefore confirmed with direct needle visualization on the US
monitor that the aspirating and injecting needle was in the anechoic region. Prior studies
using non-imaged guided knee IA injections indicate the intrasynovial space may be missed
in 20–30% of attempts, depending upon the volume of SF and experience of the performing
physician [22,32]. This error rate could be even higher among our OA patients since they
had very small SF volumes measured by depth on US, with a mean of only 3.2 ± 2.2 mms.
Our aspiration technique may also have facilitated a more successful aspiration of SF for
biomarker analysis using a pneumatic compression device. This increases the amount of SF
available after inflation, and SF is under positive pressure. In a report by Iqbal et al. using
non-image-guided aspiration in a flexed knee aspiration technique in patients without
large effusions, they were able to increase the successful knee aspiration rate from 41%
to 75% using a pneumatic thigh cuff inflated to 100 mmHg [33]. Therefore, our ability to
aspirate ≥ 0.5 mL in 74% of our patients on their initial visit probably reflects the benefit of
utilizing the US-guided needle visualization technique with external compression [34].

The difference in our injection technique compared to landmarked guided injections
might also explain the very low incidence of injection site product reactions (only 1 of
72 HA injections) and provide an explanation for the longer clinical benefit durability
of 12 months. These durable clinical improvements occurred after a single series of two
HA injections 7 days apart. Bisicchia et al. also reported clinical benefit in a prospective
randomized study of IA HYADD4 at 26 weeks on WOMAC and VAS, which was superior
to IA methylprednisolone; however, benefit above baseline scores was not observed at
52 weeks for either product using a non-image-guided injection technique [35]. In another
knee OA study using the same IA HA product, Benazzo et al. reported improvements in
WOMAC scores at 6 months in a prospective open-label study from a single series of two
IA injections, and clinical benefit was maintained at 52 weeks following a repeat series of
IA injections at 6 months without image guidance [36]. In a retrospective report using the
ANTIAGE registry of clinicians who performed IA injections of HYADD4 using ultrasound
on KL II-IV knee OA patients, Priano reported significant reductions in WOMAC and VAS
scores among 74.5% of patients (698 of 937) at 6 months [21]. At 12 months, improvement
in pain at rest and with movement was also reported as the only clinical outcome data
available from 11% of patients (106 of 937) available for analysis.

Our observed clinical efficacy results and durability of response may also have been
related to this specific HA product. In a meta-analysis of low vs. high molecular weight IA
HA injection products, Hummer et al. reported clinically important improvements in pain
reduction when high but not low molecular weight HA injection products were injected
compared with placebo [37]. A review by Ferkel et al. also supports molecular weight
and other differences in product manufacturing and composition as important factors in
efficacy outcomes in clinical trials using different HA products [38].

4.2. SF Volume Measurements

Even though we observed significant improvements in WOMAC, VAS, and PCS scores
at 3, 6, and 12 months, this was not associated with statistically significant changes in
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the amount of SF as determined by the measured depth of the anechoic region on US
either before or after inflation of the external pneumatic compression device. Results of the
Multicenter Osteoarthritis Knee Hyaluronic Acid Study (MOKHA) included 46 knee OA
patients with very similar demographics as our study subjects regarding age and KL rating
who also received IA HYADD4 injections [39]. They recorded an 18% reduction in knee
effusions on MRI imaging at 6 months but not at 12 months. They also reported clinical
benefit at 6 and 12 months on Knee Injury and Osteoarthritis Outcome Scores (KOOS);
however, their subjects received a second series of IA HA injections at 6 months.

In another very ambitious prospective placebo-controlled study, McAlindon et al.
performed a double-blinded knee OA efficacy study of normal saline vs. triamcinolone
injections every 3 months for 2 years. They also reported no change in SF volumes quanti-
tated on MRI at 2 years between these two groups or from baseline values [40]. They also
reported no differences in functional outcomes between the two groups, despite the greater
cartilage volume loss reported in the triamcinolone group. However, the suggestion that
corticosteroids cause additional cartilage loss and thus progression of osteoarthritis has not
been substantiated in other careful radiographic progression trials. Several studies have
demonstrated no difference in the gold standard of radiographic progression of OA or
cartilage turnover biomarkers between intra-articular corticosteroid treatment and placebo
or intra-articular HA administration [41–44].

4.3. Serum and SF Biomarkers

Posey et al. have reviewed the role of serum COMP levels in various forms of arthri-
tis [45]. Since levels are elevated in early but not advanced OA, we anticipated a fall in
levels at 3 months following IA HYADD4 injections since all of our patients were KL II
or III. They also reviewed the effect of weight-bearing exercise, which increases COMP
levels; therefore, it is possible our observed 27% increase in levels at 3 months may have
been related to an increase in ambulation related to less pain as documented on WOMAC,
VAS, and PCS scores. We also documented an increase in 6 MWD at 3 months, as noted
in Table 2. Our baseline and 3-month levels of COMP and C2C might have been higher
than reported in other studies since our samples were obtained within 45 min of subjects
completing their 6 MWD. While elevated serum HA levels correlate with the progression
and severity of OA, we are not aware of serum HA measurements before and after IA HA
injection [46].

Synovial fluid is potentially an ideal source of biomarkers to investigate the pathogenic
mechanisms of cartilage damage in OA, characterize different disease endotypes, and
identify potential therapeutic targets. SF biomarkers may also identify those at highest
risk for disease progression as well as those most likely to respond to a specific therapeutic
agent. SF is an ultrafiltrate of plasma due to the lack of a typical basement membrane within
synovial tissue, and in OA, various inflammatory and catabolic proteins are released by
synoviocytes. Since cartilage does not have a blood supply, the SF also provides nutritional
support, and synoviocytes produce key SF proteins that help maintain cartilage health
and preserve function, such as HA and lubricin, as well as proteinases, collagenases, and
prostaglandins [47].

SF was available for SF biomarker analysis in a much smaller subset of our study
subjects than planned, as only 18 of our 34 subjects had paired samples at 3 months
since some subjects had smaller volumes at 3 months compared to their baseline visit,
which made aspiration more difficult. Some of the patients with aspirated volumes of
0.5 to 1.0 mL were also contaminated with blood as determined by visual inspection and
the SF WBC count and differential, and some were consumed during feasibility studies.
We have observed from multiple prior SF quantitative protein assays on patients with
various forms of knee arthritis that the accuracy of SF cytokine levels was not robust on
SF volumes < 1.0 mL or when contaminated with peripheral blood arising from intra-
synovial bleeding during needle insertion [15]. Therefore, we were only able to report
results from a subset of 16 and 10 patients who had paired baseline and 3-month samples in
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Table 5. Furthermore, the high viscosity of our SF sample matrix made sample processing
and analysis, particularly with the Luminex multiplex bead arrays, challenging. Sample
viscosity may have contributed to clogging of the Luminex fluidics system and poor bead
recovery, therefore leading to uninterpretable results for some samples.

We observed that only 1 of 15 synovial fluid proteins (MMP 10 levels) had significant
changes at 3 months following IA HA, even though the clinical improvement on WOMAC,
VAS, PCS scores, and 6 MWD at this time was significant. Barksby et al. report that
MMP 10 (also called stromelysin 2) is produced by synovial fibroblasts and articular
chondrocytes and is expressed in diseased joint synovium, suggesting it is also an activator
of procollagenases [48]. They also reported similar SF MMP-10 levels in patients with OA
compared to those with rheumatoid arthritis and juvenile idiopathic arthritis. Therefore,
a reduction in MMP-10 levels 3 months after IA HA suggests one potential mechanism
of clinical efficacy if this protease is a major contributor to cartilage collagenolysis in OA.
However, the roles of various MMPs in OA pathogenesis are very complex, and levels are
also modulated by various cytokines and proteins within the SF, bone, and cartilage, as
reviewed by Mehana and colleagues [49].

Our study with a small number of SF samples may have been underpowered to
identify statistically different changes in some of these SF proteins and other biomarkers of
inflammation. It is also possible that clinical improvement mediated by IA HA injections
may result in changes in the inflammatory or catabolic proteins in cartilage that occur
earlier than 3 months. Falcinelli et al. documented lower SF levels of IL-6, MMP-2, and
MMP-13 when measured 7 days after IA administration of the same HA product (HYADD
4-G) [50]. It is also likely that the 54% lower SF WBC counts observed at 3 months might
have achieved statistically significant differences if our sample size were larger.

In another study reporting SF protein biomarkers after a different IA HA product
(1% sodium hyaluronate), after three weekly injections on 28 subjects, there was a greater
reduction in SF TNF alpha levels at 6 months in adults < 65 years of age compared to
adults > 65 years of age. However, the other inflammatory cytokines (IL-1 beta, IL-6, IL-8,
and IL-12) and levels of IL-4, IL-10, IL-13, and monocyte chemotactic did not differ from
baseline values [51]. In another interesting study of three weekly IA Hyaluronan injections
in OA patients with clinical knee effusions, one week post-treatment, IL-6 levels were
statistically lower in both normal saline-injected (n = 19) and HA-treated patients (n = 22),
whereas TNF alpha and IL-8 levels did not change in either group [52].

Our open-label, non-blinded study did not include a placebo injection because the goal
was not to determine the efficacy of IA HA compared to saline injection. Our objective was
to determine if observed clinical benefit at 3, 6, or 12 months was associated with reductions
in the amount of measured knee SF volumes or changes in SF WB counts, serum cartilage,
and SF biomarkers at 3 months. We also wanted to identify if any baseline clinical and
demographic features or SF biomarker profiles predicted clinical responsiveness to IA HA
injections at 3 months. In a meta-analysis of 149 efficacy trials of various modes of delivery
of placebo, Bannuru et al. described that the greatest placebo effect occurred when the
placebo was delivered via an intra-articular route, but they also acknowledged the potential
for therapeutic benefit from saline injections by diluting inflammatory mediators [53]. A
reduction in SF IL-6 levels one week post-saline injection suggests a potential therapeutic
benefit from knee aspiration or normal saline instillation into the intra-synovial space rather
than exclusively a “placebo effect”, since saline and HA-injected subjects had improved
WOMAC scores, but higher values were observed in the IA HA-treated group [54]. Altman
et al. reviewed the evidence in a meta-analysis of 38 randomized controlled trials and
concluded that, given the substantial and uniform reduction of OA knee pain using IA
saline, a potential therapeutic effect rather than solely due to a placebo effect may well
account for some of the observed clinical improvement [55].

Our OA study population would have been more homogeneous if we had excluded
those patients with prior knee surgery. However, since these are common orthopedic
procedures among knee OA patients who receive therapeutic IA HA injections, they were
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not excluded. The overall mean age of the previously operated subjects was similar to that
of the non-operated group, as noted in Table 1. Our inclusion of these subjects suggests that
symptomatic knee OA, even among those with prior non-arthroplasty surgical procedures,
may also display a durable response to this IA HA product when delivered via US guidance.

4.4. Strengths

The single-center study design ensured uniform adherence to study protocol and
aspiration/injection technique, as well as SF sample handling, compared to a multicenter
study. This is important since some of these cytokines are labile at room temperature and
sensitive to degradation, whereas all of our samples were centrifuged and cryopreserved
within 60 min of collection [56]. US guidance also allowed us to perform IA HA injections
more accurately among OA patients with small effusions, unlike those reported by Sezgen
with palpable effusions, which may represent a different OA endotype than our study
patients [52]. It is also possible that our improved durability and clinical efficacy were also
due to the removal of catabolic SF proteins prior to the first of two IA HA injections, as
aspiration prior to glucocorticoid injections has a therapeutic benefit [54,55].

4.5. Study Limitations

We acknowledge that our small sample size and the small subset of SF samples avail-
able for final analysis at 3 months may have resulted in the lack of statistically significant
changes in some protein biomarkers. While all 36 subjects had ≥0.5 mL of SF aspirated
on their first study visit, 3 months later, many subjects had even smaller SF volumes, and
therefore some of these subjects did not have adequate SF volumes for paired SF analysis.

It is also possible that those study subjects who dropped out between their 3-, 6-,
or 12-month visits may have skewed the results in favor of a higher level of responders
who remained in the study at 12 months than if there were fewer voluntary withdrawals.
However, despite institutional COVID restrictions and subject hesitancy due to COVID,
only 4 of 34 (12%) enrolled subjects at 3 months did not return at 6 months. The two athletic
subjects who dropped out between 6 and 12 months decided to pursue elective orthopedic
surgical interventions, whereas three others were unable to participate due to an unrelated
sports injury, malignancy, or relocation out of state. Since there were only two withdrawals
due to potential lack of continued efficacy, we suspect their inclusion in our final analysis
would likely not have skewed the results since the differences were p < 0.0001 at 12 months
on the WOMAC, PCS, and VAS efficacy scales.

5. Conclusions

While improvements in WOMAC, VAS scores, and PCS scores on the SF 36 were
observed at 3, 6, and 12 months after US-guided knee injections with this HA product, a
statistically significant reduction in US-measured SF volumes was not observed at these
same time points. The 6 MWD improved at 3 months but not at 6 or 12 months. IA
injections using US needle visualization confirmed that the product was delivered into
the intra-synovial fluid space with improved accuracy, which may also have resulted in
our very low incidence of observed post-IA injection reactions (1 out of 72 injections) as
well as a greater durable clinical response lasting 12 months. Our baseline clinical features
and SF biomarker panel did not predict responders vs. non-responders. A fall in MMP-10
levels was observed at 3 months, whereas the other fourteen SF proteins and four serum
biomarkers were unchanged.

The sustained efficacy results in this study may not be comparable to IA injections
using a different HA product if injected without US guidance or without an aspiration
prior to the first HA injection. The current recommendation against the use of IA HA for
knee osteoarthritis by the American College of Rheumatology and the American Academy
of Orthopedic Surgeons reflects the small effect size of prior studies that delivered HA
without image guidance [57–59]. In Europe, however, the 2020 EULAR recommendations
support the use of IA HA injections for knee OA [60]. In addition, our results may not
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be generalizable to different OA phenotypes, including those with morbid obesity, more
advanced KL grades, or large knee effusions.

We anticipate a larger study will be necessary to validate a SF-based biomarker panel
to identify which individual OA patients will most likely receive the greatest benefit from
HA or therapeutic IA injections. This information may also help identify if these agents
reduce catabolic pro-inflammatory proteins, which cause irreversible cartilage loss, and
discover more effective therapeutic targets to improve the quality of life for patients with
knee OA.
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