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Abstract

Background/Objectives: Patient-level predictors of treatment response after genicular ar-
tery embolization (GAE) for knee osteoarthritis (OA) are poorly understood. We evalu-
ated clinical, serum, and imaging biomarkers for their ability to predict achievement of
the minimally clinically important difference (MCID) for WOMAC pain and stiffness sub-
scales following GAE. Methods: Data from a prospective single-arm clinical trial of 25
patients who underwent GAE for symptomatic knee OA was retrospectively analyzed.
Candidate predictors included sex, age, BMI, contralateral Kellgren-Lawrence (KL)
scores, and baseline values for serum IL-1Ra, serum VEGF, and total bone marrow edema
scores on MRI using the MOAKS methodology. The primary outcomes were the fre-
quency of achieving the MCID in WOMAC pain and WOMAC stiffness at 1, 3, and 12
months, modeled as an ordinal outcome (0-3). Ordinal logistic regression models were
constructed. Variance inflation factors (VIFs) were assessed to detect multicollinearity,
and leave-one-out cross-validation was performed to evaluate model robustness. Results:
All candidate predictors were successfully incorporated into regression models, with no
evidence of multicollinearity by VIF analysis. Lower contralateral KL scores (OR: 0.087
[0.012-0.618], p = 0.0146) and higher BMI (OR: 1.383 [1.001-1.910], p = 0.049) were signifi-
cantly associated with achievement of the MCID for WOMAC pain, although significance
for BMI was borderline. Lower baseline serum IL-1Ra levels (OR: 0.122 [0.018-0.816], p =
0.030) were significantly associated with achievement of the MCID for WOMAC stiffness.
The remaining clinical, serum, and imaging biomarkers were not significantly associated
with MCID achievement. Conclusions: In this exploratory analysis, specific baseline clin-
ical and serum factors were associated with achievement of clinically meaningful im-
provements in pain and stiffness. Analysis of larger cohorts will help clarify ideal demo-
graphic-, biomarker- and imaging-based patient selection strategies that can improve pre-
diction of treatment response and guide clinical decision-making in GAE for knee OA.
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1. Introduction

Knee osteoarthritis (OA) is estimated to affect up to 365 million people worldwide,
resulting in significant chronic disability and socioeconomic burden [1]. Per the American
College of Rheumatology and Arthritis Foundation, recommended initial treatment op-
tions range from conservative management, such as weight loss, exercise, and patient-
directed activity programs, to short-term symptomatic relief with intra-articular steroid
injections [2]. Surgical treatment with total joint replacement is typically reserved for pa-
tients with severe knee OA. This results in a treatment gap for patients with mild-to-mod-
erate knee OA refractory to conservative treatment options, as well as for patients with
severe knee OA who are not surgical candidates [3,4]. Genicular artery embolization (GAE)
is an emerging minimally invasive treatment for mild-to-moderate symptomatic knee OA
refractory to conservative management, with promising initial safety and efficacy data.
Multiple studies have demonstrated statistically significant improvements in patient-re-
ported outcome measures, including the Western Ontario and McMaster Universities Os-
teoarthritis Index (WOMAC), the Knee Injury and Osteoarthritis Score (KOOS), the visual
analog scale (VAS), and the EuroQol 5-Dimension 5-Level quality of life score (EQ-5D-5L),
although sham-controlled studies have yielded mixed results [5-13].

OA has traditionally been considered a mechanical process driven by cartilage loss;
however, there is a growing consensus that OA pathophysiology and progression are also
driven by a cycle of inflammation throughout the knee joint [14-16]. In OA, cartilage dam-
age leads to the release of pro-inflammatory mediators that stimulate neovascularity and
nerve growth in the adjacent subchondral bone; cartilage breakdown products are also
taken up by the synovium, leading to synovitis and the production of additional inflam-
matory mediators and catabolic enzymes that lead to further cartilage breakdown [16-19].
This inflammatory, proangiogenic, and neurotrophic cascade is thought to ultimately con-
tribute to nociceptive peripheral pain generation [20]. GAE potentially achieves a thera-
peutic effect by targeting angiogenesis and decreasing the pathologic inflammation within
the knee joint. GAE has been shown to reduce synovial proliferation, hypertrophy, and
hyperplasia in rabbit knee models, and it has shown initial promise in treating synovial
disorders such as pigmented villonodular synovitis [21,22].

Developing patient selection criteria is crucial to improving the efficacy of GAE, as
certain pre-procedural/baseline criteria may predict positive or negative outcomes. Given
OA'’s complex, multifactorial nature, personalized treatment approaches that consider pa-
tient-specific factors, including imaging and laboratory biomarkers, can potentially im-
prove patient outcomes and prevent unnecessary procedures for those less likely to ben-
efit from them. Early evaluations have suggested that certain imaging criteria within the
MRI Osteoarthritis Knee Score (MOAKS), such as full-thickness cartilage defects, effusion
synovitis, bone marrow lesions, and osteophytes, are associated with less favorable out-
comes following GAE and 6 months following the procedure [23]. In our recent single-
arm prospective clinical trial evaluating longitudinal changes in serum biomarkers of in-
flammation after GAE, statistically significant decreases in vascular endothelial growth
factor (VEGF) and interleukin-1 receptor antagonist (IL-1Ra) levels were observed 12
months following GAE [24]. The current study assesses data from this trial to preliminar-
ily explore pre-procedural demographic, clinical, imaging, and biomarker criteria for util-
ity as potential predictors of patient outcomes after GAE.

2. Materials and Methods

This retrospective exploratory analysis utilized data collected from a single-center,
prospective, single-arm clinical trial evaluating GAE wusing 250 pm Embozene

https://doi.org/10.3390/jcm15051876



J. Clin. Med. 2026, 15, 1876

3 of 10

microspheres (Varian Medical Systems, Palo Alto, USA) for symptomatic knee OA (Clin-
icalTrials.gov identifier: NCT04379700) [24].

Between January 2021 and April 2024, consecutive patients presenting to the inter-
ventional radiology clinic for chronic knee OA pain were screened for eligibility. Inclusion
criteria required ages of 30-80 years, moderate to severe radiographic knee OA (Kellgren—
Lawrence [KL] grades 2—4) in the native knee, persistent knee pain for >3 months despite
conservative therapy, and a baseline VAS pain score of > 40 mm. The majority (17/25) of
patients had KL 3 OA, and only 2 individuals who had KL 4 OA were not eligible for or
did not desire arthroplasty.

Patients were excluded for active infection, malignancy, life expectancy <12 months,
recent knee surgery (within 3 years; arthroscopy within 6 months), prior knee arthroplasty,
pregnancy, renal dysfunction, uncorrectable coagulopathy, severe contrast allergy, recent
knee trauma or fracture, avascular necrosis, recent intra-articular injection (within 3
months), inflammatory arthropathies (including rheumatoid arthritis or spondyloar-
thropathies), lupus, or symptomatic peripheral vascular disease.

A total of 25 patients were enrolled in the original study, underwent GAE using 250
pum Embozene microspheres, and completed at least one post-procedure follow-up visit;
these 25 patients constitute the analytic cohort for the present study. All patients com-
pleted 1-month follow-up, 24 completed 3-month follow-up, and 21 completed 12-month
follow-up. Patient demographics (mean age: 65.2 + 7.6; 52% female; 68% white) and clini-
cal characteristics (mean body mass index (BMI): 31.1 + 7.0; baseline KL score of target
knee: 2 (24%), 3 (68%), and 4 (8%)) were published previously [24].

GAE procedures were performed by a single interventional radiologist with 8 years
of experience (B.T.). Embolization targeted genicular arteries corresponding to patient-
reported pain and angiographic hyperemia, with the endpoint defined as pruning of ab-
normal hypervascularity while preserving normal arterial flow. A detailed description of
the procedural methodology was provided previously [24].

Baseline imaging included non-contrast knee MRI. MRI findings were quantified us-
ing the MOAKS by a board-certified musculoskeletal radiologist (E.A.) with 10 years of
experience who was blinded to clinical data. Potential serum biomarkers of inflammation,
including aggrecan, chemokine (c-c motif) ligand 2 (CCL2), C-reactive protein (CRP), in-
terleukin-18 (IL-18), interleukin-1 receptor antagonist (IL-1Ra), interleukin-6 (IL-6), inter-
leukin-8 (IL-8), macrophage migration inhibitory factor (MIF), beta-nerve growth factor
(NGF-p), tumor necrosis factor alpha (TNF-a), and vascular endothelial growth factor
(VEGF), were evaluated at baseline and at 1-, 3-, and 12-month follow-ups using validated
multiplex and enzyme-linked immunosorbent assays (ELISA). Clinical outcome assess-
ments were performed at baseline and 1-, 3-, and 12-month follow-ups after GAE and
included the WOMAC, KOOS, VAS, and EQ-5D-5L scores. Institutional review board ap-
proval was obtained for the original trial under an investigational device exemption, and
all participants provided written informed consent. Informed consent was waived for the
current retrospective analysis.

Statistical Analysis

The current study retrospectively analyzed pre-specified predictors of clinical im-
provement using data collected prospectively from the trial described above. Candidate
predictors for treatment response were selected a priori by the research team after the
conclusion of the original trial but before any exploratory statistical analyses were per-
formed, and they included: sex, age, BMI, contralateral KL grade, and baseline values of
the WOMAC pain score, serum IL-1Ra, serum VEGF, and the total bone marrow edema
(BME) score measured by the MRI Osteoarthritis Knee Score (MOAKS) system. Compre-
hensive baseline demographic and clinical values were reported previously [24]; variables
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relevant to the current analysis are summarized in Table 1. Sex, age, and BMI were in-
cluded as general demographic considerations potentially relevant for patient selection.
Contralateral KL grade was included as a covariate to account for potential confounding
from systemic inflammatory effects and elevated circulating biomarkers attributable to
the non-treated knee. Because most patients had KL grade 3 disease in the treated knee,
ipsilateral KL grade demonstrated limited variability and was therefore not considered
suitable for patient stratification. Of the 10 serum biomarkers assessed in the original trial,
IL-1Ra and VEGF were selected for the present analysis because they were the only po-
tential markers of inflammation (which have previously been associated with OA pro-
gression) to demonstrate significant longitudinal changes across follow-up timepoints.
Although biomarkers were prespecified as candidate predictors, restriction to these two
markers was informed by prior trial findings and therefore represents a secondary, hy-
pothesis-generating analysis that may be subject to post hoc selection bias [24]. The total
BME score via the MOAKS was included as a covariate as BME has previously been iden-
tified as a potential predictor of outcomes after GAE [23].

Table 1. Patient demographic and clinical characteristics included in the ordinal logistic regression

model.
Baseline Characteristic Value
Sex, n (%)
Female 13 (52)
Male 12 (48)
Age, mean + SD (y) 65.2+7.6
BMI, mean + SD 31.1+7.0
Contralateral Kellgren—-Lawrence score, n (%)

0 1(4)

1 4 (16)

2 8 (32)

3 10 (40)

4 2 (8)
Serum VEGF, mean + SD (pg/mL) 302.7 + 326.7
Serum IL-1Ra, mean + SD (pg/mL) 833.4 +425.8
WOMAC pain score 8.6+23
Total bone marrow edema score 54+3.6

The primary outcome was the frequency of achieving the minimal clinically im-
portant difference (MCID) in the WOMAC pain and stiffness domains at 1, 3, and 12
months post-GAE. The MCID for WOMAC pain corresponded to a >4-point reduction
relative to baseline, and the MCID for WOMAC stiffness corresponded to a >2-point re-
duction relative to baseline [25]. Outcomes were modeled as an ordinal variable repre-
senting the cumulative number of follow-up timepoints (0-3) at which the MCID was
achieved. Ordinal logistic regression models were constructed to evaluate associations
between candidate predictors and this cumulative response measure. This approach re-
flects the extent of repeated MCID attainment across follow-up periods rather than a for-
mally validated measure of durability and should be interpreted as exploratory. The pro-
portional odds (parallel lines) assumption underlying the ordinal logistic regression mod-
els was assessed graphically by examining whether predictor effects appeared consistent
across cumulative logits. Multicollinearity was assessed using variance inflation factors
(VIFs), with VIF values > 5 indicating potential collinearity. Given the limited sample size
of the original cohort, model robustness was evaluated using leave-one-out cross-valida-
tion (LOOCV), assessing the consistency and reproducible statistical significance of each
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predictor across the replications. A p-value of <0.05 was considered statistically significant
for all analyses. A correction for multiple comparisons was not applied given the explor-
atory nature of these analyses.

3. Results

Greater cumulative longitudinal MCID attainment in the WOMAC pain domain was
significantly associated with contralateral KL scores (odds ratio [OR]: 0.087; 95% confi-
dence interval [CI]: 0.012-0.618; p = 0.015) and BMI (OR: 1.383; 95% CI: 1.001-1.910; p =
0.049), although BMI was borderline in significance. Higher contralateral KL scores were
associated with lower odds of cumulative MCID achievement across follow-up
timepoints, whereas higher BMI was associated with higher odds of cumulative MCID
achievement. For the WOMAC stiffness domain, higher baseline serum IL-1Ra levels were
significantly associated with lower odds of cumulative MCID achievement across follow-
up timepoints (OR: 0.122; 95% CI: 0.018-0.816; p = 0.030). No significant associations were
observed between cumulative MCID achievement and the remaining demographic, clin-
ical, serum, or imaging biomarkers. A summary of all predictors for both models is pro-
vided in Table 2 and graphically in Figure 1.

For regression analyses, a graphical assessment demonstrated no meaningful devia-
tion from the proportional odds (parallel lines) assumption. All predefined candidate pre-
dictors were incorporated into the ordinal logistic regression models for WOMAC pain
and WOMAC stiffness. There was no evidence of multicollinearity among predictors; VIF
values ranged from 1.157 to 2.035 for both the WOMAC pain and stiffness models.

In the LOOCYV analysis, among the 25 iterations, contralateral KL scores, serum IL-
1Ra, and BMI were significant in 96%, 88%, and 48% of the replications, respectively.
Among the nonsignificant replications for BMI, the average and median p-values were
0.062 and 0.058, respectively, nearing the threshold for statistical significance.
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Figure 1. Odds ratios and 95% confidence intervals for patient characteristics associated with MCID

achievement for WOMAC pain and stiffness.
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Table 2. Associations between patient characteristics and MCID achievement for WOMAC pain and

stiffness.

Baseline Predictor Variables

Pain Stiffness
OR 2 95% C.I. pb OR 95% C.I. p

Sex
Male

Female (reference)

0.604 [0.067-5.447] 0.653 1.084 [0.159-7.378] 0.934

Age 0.993 [0.861-1.145] 0921 0944 [0.815-1.093] 0.439
BMI 1.383 [1.001-1.910] 0.049 1.182 [0.910-1.536] 0.210
Contralateral Kellgren-Lawrence score 0.087 [0.012-0.618] 0.015 0.608 [0.163-2.264] 0.458
Serum VEGF 1.202 [0.447-3.232] 0.715 1.519 [0.543-4.253] 0.426

Serum IL-1Ra

0.273 [0.053-1.417] 0.122  0.122 [0.018-0.816] 0.030

WOMAC pain score

0.658 [0.424-1.022] 0.062 1.143 [0.759-1.722] 0.522

Total bone marrow edema score 1.138 [0.318-4.071] 0.842 0.984 [0.281-3.446] 0.980

2(Qdds ratio; ®p-value. Note. Results of ordinal logistic regression for two categorical outcome vari-

ables are presented.

4. Discussion

This study was conducted as an exploratory analysis to identify potential demo-
graphic, clinical, serum, and MRI imaging biomarkers that may warrant further evalua-
tion as predictors of treatment response following GAE, using retrospective analysis of
data collected in a prior prospective clinical trial. In this cohort, regarding the WOMAC
pain subscale, a lower contralateral KL score was associated with greater cumulative
MCID achievement, while higher BMI demonstrated a borderline association with greater
cumulative MCID achievement. Additionally, lower baseline IL-1Ra levels were associ-
ated with greater cumulative MCID achievement in the WOMAC stiffness domain.

Higher BMI demonstrated a marginal association with greater cumulative MCID at-
tainment in WOMAC pain across follow-up periods; however, this association was not
consistently reproduced in cross-validation, reaching statistical significance in only 48%
of LOOCYV replications. Obesity has been associated with increased systemic inflamma-
tory biomarkers, adipokine production, synovial inflammation, and inflammation-medi-
ated cartilage degeneration [26-28]. In this context, greater systemic and synovial inflam-
matory activity may contribute to increased periarticular hyperemia—a proposed thera-
peutic target of GAE. Prior studies have also evaluated BMI as a potential predictor of
response after GAE, albeit with inconsistent findings [29,30]. In a prior retrospective sin-
gle-center evaluation of 34 consecutive patients treated with GAE, patients with BMI < 35
had significantly higher achievement of the MCID for the WOMAC than patients with
BMI > 35 (41% vs. 15%; p = 0.063) [29]. Notably, that study dichotomized BMI at a threshold
of 35 and evaluated MCID achievement as a binary outcome at fixed follow-up intervals
over one and two years. In contrast, Callese et al. evaluated 236 patients and defined clin-
ical success as a 50% reduction in WOMAC score, analyzing BMI as a continuous variable
and reporting an association between higher BMI and an increased likelihood of response
[30]. Differences in outcome definitions (MCID vs. 50% WOMAC reduction), modeling
strategy (binary vs. continuous predictors), sample size, and follow-up duration may par-
tially explain the conflicting findings across studies. Additionally, variations in disease
severity and patient selection criteria may further influence the observed relationship be-
tween BMI and GAE outcomes. Given these methodological differences and the marginal,
inconsistently replicated association observed in the present analysis, BMI should be con-
sidered a hypothesis-generating variable that warrants validation in larger cohorts with
standardized outcome definitions.
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A lower contralateral KL score indicates the presence of less advanced knee OA in
the untreated knee, which was associated with greater cumulative MCID achievement in
WOMAC pain scores after GAE. Although this finding should be interpreted cautiously
given wide confidence intervals, it raises the possibility that less severe contralateral dis-
ease may reduce compensatory biomechanical stress on the treated knee. Conversely, pa-
tients with advanced contralateral OA may experience altered gait mechanics and in-
creased load transfer, potentially limiting symptomatic improvement after GAE [31].

Among serum biomarkers, lower baseline levels of IL-1Ra were associated with
greater cumulative MCID attainment in WOMAC stiffness. IL-1Ra is an endogenous an-
tagonist that counteracts the pro-inflammatory effects of IL-1, a cytokine implicated in
cartilage degradation and synovial inflammation [32]. One speculative explanation is that
lower circulating IL-1Ra levels may reflect a distinct inflammatory phenotype in which
synovial hyperemia and cytokine-driven processes are more prominent and therefore
more amenable to embolization-mediated modulation. However, serum IL-1Ra repre-
sents only an indirect surrogate of intra-articular cytokine activity, and the relationship
between systemic cytokine levels and local joint inflammation is incompletely under-
stood. Importantly, this observational association does not imply a causal role for IL-1Ra
in mediating treatment response. The roles of IL-1 and IL-1Ra in osteoarthritis pathophys-
iology remain controversial, with conflicting findings reported in the literature regarding
the clinical impact of targeted cytokine modulation [33].

Our study did not demonstrate any pre-procedural MRI findings associated with
positive or negative clinical outcomes following GAE. MOAKS has previously been stud-
ied in the context of GAE, demonstrating that certain MRI findings, including full-thick-
ness cartilage defects, effusion synovitis, bone marrow lesions, and osteophytes, were as-
sociated with less favorable GAE outcomes at 6 months [23]. This discrepancy may be
related to several factors, including sample size constraints and potential differences in
MRI acquisition parameters. Additionally, while MOAKS scoring in the present study
was performed by an experienced board-certified musculoskeletal radiologist who was
blinded to clinical data, formal interobserver reproducibility assessment was not per-
formed. Given that semi-quantitative scoring systems such as MOAKS are inherently
reader-dependent, interobserver variability may influence the stability of imaging bi-
omarker associations, particularly in smaller exploratory cohorts. Therefore, the predic-
tive value of MRI findings warrants further evaluation in larger cohorts with standardized
imaging approaches and longer follow-up durations to clarify their role in procedural se-
lection and outcome stratification.

This study has several limitations. The number of covariates chosen for multivariate
ordinal regression and the resulting analyses are limited by sample size constraints. How-
ever, this study aims to preliminarily identify potential predictive patient characteristics
and/or biomarkers for further exploration in subsequent larger studies featuring greater
statistical power. To mitigate sample size constraints, VIF and LOOCV analyses were per-
formed to evaluate multicollinearity between predictors and model robustness; no pre-
dictor variables exceeded the traditional VIF threshold of five, supporting the independ-
ence of the included covariates. While VIF analysis did not demonstrate multicollinearity,
this does not eliminate the risk of overfitting or coefficient instability associated with the
small sample size. The limited events-per-variable ratio remains as an important con-
straint, and the results should be interpreted cautiously. For predictors that were also not
consistently significant across iterations in LOOCV analyses, the average and median p-
values in non-significant replications remained near conventional significance thresholds,
supporting their relative contributions to model performance. These results suggest
model stability for the most influential predictors. As the data was initially collected as
part of a prospective clinical trial, findings are not fully generalizable to real-world patient
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populations due to selection bias related to initial inclusion criteria and additionally due
to single-center design and single-operator performance. The lack of a control arm in the
original trial precludes differentiation of the true treatment effect from placebo and con-
textual effects. Moreover, while utilization of MCID achievement at multiple timepoints
captures cumulative clinical benefit across follow-up durations, it does not fully charac-
terize temporal patterns of response, which may be better addressed in future longitudinal
analyses; longitudinal mixed-effects models or time-to-event analyses might provide com-
plementary insights for future studies with larger cohorts. As noted previously, interpre-
tation of serum biomarkers is constrained by an incomplete understanding of their rela-
tionship to synovial fluid biomarkers.

This study identifies several exploratory associations with outcomes after GAE based
on data derived from a single-arm prospective clinical trial. While these findings are pre-
liminary and hypothesis-generating, they suggest a potential framework for future risk
stratification approaches. For example, if validated, demographic factors such as BMI,
contralateral disease burden, or inflammatory biomarker profiles could eventually con-
tribute to multivariable prediction models designed to estimate the likelihood of clinically
meaningful improvement following GAE. In real-world practice, such models could sup-
port shared decision-making by identifying patients more likely to benefit from emboli-
zation versus alternative interventions. Future studies are needed to further investigate
these potentially predictive patient characteristics or biomarkers in larger cohorts to opti-
mize patient selection and care of patients with knee OA.
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The following abbreviations are used in this manuscript:

GAE Genicular artery embolization
OA Osteoarthritis
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MCID Minimal clinically important difference

BMI Body mass index

VEGF Vascular endothelial growth factor

IL-1Ra Interleukin-1 receptor antagonist

KL Kellgren-Lawrence

WOMAC Western Ontario and McMaster Universities Osteoarthritis Index
OR QOdds ratio

KOOS Knee Injury and Osteoarthritis Score

VAS Visual analog scale

MOAKS Magnetic resonance imaging Osteoarthritis Knee Score
EQ-5D-5L EuroQol 5-Dimension 5-Level quality of life score
ELISA Enzyme-linked immunosorbent assay

LOOCV Leave-one-out cross-validation

VIF Variance inflation factor

CI Confidence interval

CCL2 Chemokine (c-c motif) ligand 2

CRP C-reactive protein

MIF Macrophage migration inhibitory factor

NGEF-3 Nerve growth factor beta

TNF-a Tumor necrosis factor alpha
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