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A B S T R A C T

Objective: Genicular artery embolization (GAE) is a novel, minimally invasive procedure for treatment of knee
osteoarthritis (OA). This meta-analysis investigated the safety and effectiveness of this procedure.
Design: Outcomes of this systematic review with meta-analysis were technical success, knee pain visual analog
scale (VAS; 0–100 scale), WOMAC Total Score (0–100 scale), retreatment rate, and adverse events. Continuous
outcomes were calculated as the weighted mean difference (WMD) versus baseline. Minimal clinically important
difference (MCID) and substantial clinical benefit (SCB) rates were estimated in Monte Carlo simulations. Rates of
total knee replacement and repeat GAE were calculated using life-table methods.
Results: In 10 groups (9 studies; 270 patients; 339 knees), GAE technical success was 99.7%. Over 12 months, the
WMD ranged from �34 to �39 at each follow-up for VAS score and �28 to �34 for WOMAC Total score (all p <

0.001). At 12 months, 78% met the MCID for VAS score; 92% met the MCID for WOMAC Total score, and 78%
met the SCB for WOMAC Total score. Higher baseline knee pain severity was associated with greater improve-
ments in knee pain. Over 2 years, 5.2% of patients underwent total knee replacement and 8.3% received repeat
GAE. Adverse events were minor, with transient skin discoloration as the most common (11.6%).
Conclusions: Limited evidence suggests that GAE is a safe procedure that confers improvement in knee OA
symptoms at established MCID thresholds. Patients with greater knee pain severity may be more responsive to
GAE.
1. Introduction

Osteoarthritis (OA) is a degenerative disease of the synovial joints
characterized by progressive chondral wear and bony remodeling which
manifests clinically as joint pain and dysfunction. Although OA was once
considered a sequela of a degenerative wear and tear process, the path-
ogenesis is more complex and now known to be a biomechanical whole-
organ disease with a strong inflammatory component [1,2]. Knee OA is
the leading cause of disability in older adults [3] and its prevalence is
anticipated to increase in the coming decades [4]. More than 1 in 3
Americans over 60 years have radiographic evidence of knee OA, and
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approximately 40% of these individuals report bothersome symptoms
[5]. While a variety of non-pharmacological and pharmacological treat-
ments for knee OA are available, these conservative measures are often
clinically ineffective with regards to pain and fail to modify the disease
process [6]. While total knee arthroplasty (TKA) is the standard of care
for individuals with severe knee OA, only 9%–33% of patients with se-
vere knee OA are willing to consider TKA [7–9] and approximately 20%
of patients who undergo TKA report dissatisfaction with the procedure
[10] due to persistent pain mostly thought to be related to synovitis [11,
12]. Thus, there is potential benefit to a large cadre of patients in
enhancing the armamentarium of available minimally invasive
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procedures for knee OA.
Genicular artery embolization (GAE) is a novel, minimally invasive,

nonsurgical intervention for patients with symptomatic knee OA who are
refractory to other treatments yet reluctant to undergo or ineligible for
TKA such as patients with mild-to-moderate OA or patients who are not a
surgical candidate. The procedure involves selective catheterization of
the genicular arteries supplying the synovial lining of the knee during an
angiogram to target aberrant neovasculature that appear as tumor blush-
type enhancement in the arterial phase on angiogram and correspond to
areas of knee pain or tenderness. Embolization is performed by selective
intra-arterial injection of embolic material to the site of knee pain and
abnormal vascularity. GAE targets synovial arterial hypervascularity of
the knee joint, which plays a significant role in the pathogenesis and
progression of knee OA [13]. The procedure treats knee OA pain by
reducing synovial blood flow, which is hypothesized to reduce knee pain
related to inflammation, neovascularity, and neoinnervation [14–16].
While no studies have demonstrated structure-modifying effects of GAE
for treatment of knee OA, improvements in synovitis using the
Whole-Organ Magnetic Resonance Scoring (WORMS) system [17] have
been reported.

Current evidence regarding the safety and effectiveness of GAE for
treatment of knee OA is limited, with only three systematic reviews
published to date [18–20]. Among these reviews, the most recent
included studies published through 2020. Several relevant studies have
since been published, warranting reappraisal of the evidence. Further,
none of the previous reviews attempted to determine the clinical
importance of the outcomes with GAE, or identify factors associated with
these outcomes. Therefore, the primary objective of this systematic re-
view with meta-analysis was to provide a contemporary evaluation of the
safety and effectiveness of GAE for treatment of knee OA pain. A sec-
ondary objective of this review was to identify potential factors that may
influence clinical outcomes following GAE for knee OA pain.

2. Methods

The systematic review protocol was prospectively registered at www
.researchregistry.com (reviewregistry1430). Review methods followed
the statement on the Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA) [21].
2.1. Eligibility criteria

Randomized trials, nonrandomized controlled studies, and case series
of GAE for symptomatic knee OA were eligible for inclusion in this sys-
tematic review. We excluded studies with a sample size of less than 10
patients, studies of patients treated with concomitant surgeries, duplicate
publications, studies published in non-English language journals, studies
published as abstracts or posters only, and studies that did not report any
outcomes prespecified in this review.
2.2. Search strategy

We performed systematic searches of Medline, Embase, and the
Cochrane Central Register of Controlled Trials for potentially eligible
studies. The search strategy included combinations of diagnosis-related
(knee and osteoarthrit*) and treatment-specific (genicula* or emboli*)
keywords. We purposely used a broad keyword strategy to maximize
search sensitivity. Additional searches were conducted in the Directory of
Open Access Journals and Google Scholar. We performed manual
searches of the reference lists of included papers and relevant meta-
analyses. Two researchers (LM, DF) with expertise in systematic re-
views independently screened titles and abstracts for eligibility. Full-text
manuscripts were obtained for all potentially relevant studies. Dis-
agreements related to study eligibility were resolved by discussion and
consensus. The final search was performed in August 2022.
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2.3. Data extraction and outcomes

Data were extracted independently from eligible studies by two re-
searchers (LM, DF) using standardized data collection forms developed a
priori. Data included study characteristics, patient characteristics, peri-
procedural outcomes, risk of bias, efficacy outcomes, and safety out-
comes. Data extraction discrepancies between the two researchers were
resolved by discussion. The National Institute of Health assessment tool
was applied to before-after studies to evaluate the methodological quality
of eligible studies [22]. Efficacy outcomes included knee pain assessed on
a visual analog scale (VAS) and Western Ontario and McMaster Univer-
sities Osteoarthritis Index (WOMAC) Total score, which were extracted at
1 month, 3 months, 6 months, and 12months. Knee pain VAS scores were
converted to a 0 to 100 scale for analysis, with higher values indicating
more severe pain. The WOMAC score measures pain and dysfunction
associated with OA of the lower extremities by assessing 5 pain-related
activities, 17 functional activities, and 2 stiffness categories [23]. Each
item is scored on a 0 to 4 scale, where 0 represents none and 4 represents
extreme. The scores are then normalized to a 0 to 100 scale, where a
higher score represents a worse outcome. Extraction of WOMAC Pain and
WOMAC Stiffness scores was not possible due to insufficient data in the
available studies. Retreatments and adverse events (AEs) were charac-
terized through the final follow-up visit in each study.

2.4. Statistical analysis

Treatment effects for VAS knee pain and WOMAC total score were
calculated as the weighted mean difference (WMD) relative to baseline at
each follow-up interval using a random effects meta-analysis model with
inverse variance weighting to account for anticipated inter-study het-
erogeneity. For each outcome, the WMD and 95% confidence interval
(CI) were calculated for each study and the overall pooled result. To
facilitate clinical interpretation of meta-analysis results, we reported
treatment effects using several patient-centric metrics. The minimal
clinically important difference (MCID) is the smallest amount an
outcome must change to be meaningful to patients [24]. The substantial
clinical benefit (SCB) is the magnitude of improvement that a patient
perceives as clinically considerable [25]. The MCID for knee pain VAS
score was defined as a 20-point reduction (on a 0 to 100 scale) from
baseline, greater than that cited in established norms, providing a con-
servative estimate of MCID [26]; no known SCB values for VAS pain were
available. The MCID and SCB for WOMAC Total Score on a 0 to 100 scale
were set at 16.8 points and 26.4 points, respectively [27]. We addition-
ally calculated the standardized MCID as the WMD divided by the MCID
[28,29]. Treatment effects below 0.5 MCID units indicate that patients
are unlikely to obtain a clinically important benefit; treatment effects
between 0.5 and 1 MCID units indicate that a moderate number of pa-
tients will obtain a clinically important benefit; and treatment effects
above 1 MCID unit indicate that many patients would obtain a clinically
important benefit from treatment [28,29]. We also performed Monte
Carlo simulations where the variability in clinical outcomes was simu-
lated in 1000 trials and the estimated percentage of patients achieving
the MCID and SCB was reported. The cumulative rate of TKR and repeat
GAE was calculated with life-table methods by determining the number
of patients at risk, the number of procedures, and the number of censored
patients at distinct intervals [30]. Adverse events were reported as
weighted frequencies. We estimated heterogeneity among studies with
the I2 statistic where a value of 0% represented no heterogeneity and
larger values represented increasing heterogeneity [31]. We explored
potential sources of heterogeneity using a random effects metaregression
for any outcome reported in at least eight studies and with substantial
heterogeneity (I2>50%). The metaregression model is a linear regression
of the study effect sizes on moderators where the associations are
adjusted for study size. The moderators that were included in the met-
aregression were baseline knee pain VAS score, body mass index, study
design (prospective vs. retrospective), number of patients, number of
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Fig. 1. PRISMA study flow diagram.
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knees, Kellgren-Lawrence grade, age, median year of treatment, number
of treated arteries, and female gender proportion. P-values were
two-sided with a significance level of < 0.05. Analyses were performed
using Review Manager v5.3 (The Cochrane Collaboration, Copenhagen,
Denmark) and Stata v. 16.1 (StataCorp., College Station, TX, United
States).

3. Results

Among 174 papers identified in the literature search, 9 studies of GAE
for treatment of knee OA were included in the systematic review [17,
32–39]. Among the full-text papers that were reviewed, 46 were
excluded, with hemarthrosis diagnosis (19) and inadequate sample size
(10) as the most common reasons for exclusion (Fig. 1). Only one study
included a control group [33]; therefore, we extracted data only from the
GAE arm of each study for the meta-analysis.
Table 1
Characteristics of included studies.

Study Study design Treatment dates Country (No. sites)

Bagla [2020] [32] P 2017–2018 US (2)

Bagla [2022] [33] P 2018–2019 US (2)

Choi [2020] [34] R 2019 Korea (1)

Landers [2020] [35] P 2016–2017 Australia (1)

Lee [2019] [36] R 2017–2018 Korea (1)

Little [2021] [37] P 2018–2020 UK (1)

Okuno [2017] [17] P 2012–2016 Japan (1)

Padia [2021] [38] P 2019–2020 US (1)

Sun [2022] [39] P 2020–2021 China (1)

K-L, Kellgren-Lawrence; OA, osteoarthritis; P, prospective; R, retrospective; UK, Unit
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The risk of bias was rated low for six studies, moderate for two
studies, and high for one study (Supplement Table 1). Patient follow-up
ranged from 1 to 48 months (median¼ 12 months) (Table 1). Among the
included studies, 270 patients (339 knees) were included, 69% of pa-
tients were female, median age was 65 years, andmedian BMI was 28 kg/
m2. Baseline knee OA characteristics included a study-wide median
Kellgren-Lawrence score of 2.5, knee pain VAS score of 69, and WOMAC
Total score of 54 (Supplement Table 2). Genicular artery embolization
treatment details were reported inconsistently. The median number of
treated arteries was 2.3 (range 1.5–5.0), procedure time ranged from 79
to 81 min, fluoroscopy time ranged from 14 to 29 min, and procedural
radiation dose ranged from 49 to 128 mGy. The overall technical success
rate was 99.7% (95% CI: 97.1–100%). However, technical success defi-
nitions among studies were inconsistent (Supplement Table 3).

Knee OA symptoms significantly improved following GAE and the
changes from baseline were statistically significant and clinically
important at all follow-up intervals. The WMD for knee pain VAS score
was �37 (95% CI: �44 to �30) at 1 month (8 cohorts), �34 (95% CI:
�41 to �27) at 3 months (7 cohorts), �39 (95% CI: �48 to �30) at 6
months (6 cohorts), and �36 (95% CI: �51 to �22) at 12 months (5
cohorts) (all p < 0.001 vs. baseline) (Fig. 2a, Supplement Table 4). The
WMD forWOMAC Total Score was�28 (95% CI:�34 to�21) at 1 month
(5 cohorts), �29 (95% CI: �31 to �27) at 3 months (4 cohorts), �30
(95% CI: �34 to �26) at 6 months (4 cohorts), and �34 (95% CI: �39 to
�30) at 12 months (2 cohorts) (all p < 0.001 vs. baseline) (Fig. 2b,
Supplement Table 4). The improvement in knee OA symptoms in relation
to the MCID ranged from 1.7 to 2.0 MCID units for knee pain and 1.7 to
2.0 MCID units for WOMAC Total Score at each follow-up interval
(Fig. 3). In Monte Carlo simulations, the percentage of patients achieving
the MCID was 76%, 78%, 87%, and 78% for knee pain VAS score at 1, 3,
6, and 12 months. The percentage of patients achieving clinical benefit
for WOMAC Total score at 1, 3, 6, and 12 months was 68%, 83%, 86%,
and 92% when using MCID and 44%, 60%, 66%, and 78% when using
SCB.
Patients Knees Key eligibility criteria Follow-up (months)

20 20 Age �40 yr 6
K-L grade 1-3
Knee pain �5/10
Conservative therapy failure

14 14 Age >40 yr 1
K-L grade 1-3
Knee pain >5/10
Conservative therapy failure

18 28 Intractable knee pain due to OA 3
Conservative therapy failure

10 10 Age 18–75 yr 24
K-L grade 1-2
Moderate or severe knee pain
Conservative therapy failure

41 71 K-L grade 1-4 12
Knee pain �2/10
Conservative therapy failure

38 38 Age �45 yr 12
K-L grade 1-3
Conservative therapy failure

72 95 Age 40–80 yr 48
K-L grade 1-3
Knee pain >5/10
Conservative therapy failure

40 40 Age 40–80 yr 12
K-L grade 2-4
Knee pain >4/10
Conservative therapy failure

17 23 Age >50 yr 6
Knee pain �5/10
Conservative therapy failure

ed Kingdom; US, United States.



Fig. 2. Temporal trends in knee pain and WOMAC Total score following gen-
icular artery embolization. Plotted data are weighted mean and 95% confidence
interval. P < 0.001 at each follow-up interval.

Fig. 3. Improvement in knee osteoarthritis symptoms from baseline following
genicular artery embolization reported in standardized minimal clinically
important difference (MCID) units with 95% confidence interval. The MCID was
set at 20 points for knee pain (0–100 scale) and 16.8 points for WOMAC Total
score (0–100 scale). Treatment effects below 0.5 MCID units indicate that it is
unlikely that an appreciable number of patients will show a clinically important
benefit, treatment effects between 0.5 and 1 MCID units indicate that a treat-
ment may be beneficial to an appreciable number of patients, and treatment
effects above 1 MCID unit indicate that many patients may gain important
benefits from treatment [28,29].

Fig. 4. Cumulative retreatment rate following genicular artery embolization
(GAE). Plotted data are cumulative event rate and 95% confidence interval. At 2
years follow-up, the rate was 5.2% (95% CI ¼ 3.1%–8.4%) for total knee
replacement (TKR) and 8.3% (95% CI ¼ 5.6%–12.0%) for repeat GAE.

Fig. 5. Frequency of adverse events following genicular artery embolization.
Plotted values are weighted event frequency and 95% confidence interval.
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Change in knee pain VAS score at 1 month was the only variable
reported in a sufficient number of studies for which significant hetero-
geneity was identified to explore potential sources of variability in
metaregression. Greater reductions in knee pain at 1 month were
observed in patients with higher baseline VAS scores (p < 0.001), pa-
tients with higher body mass index (p ¼ 0.002), and in prospective
studies (p ¼ 0.008) (Supplement Table 5).

Over 2 years of follow-up, 5.2% (95% CI: 3.1–8.4%) of patients un-
derwent TKR and 8.3% (95% CI: 5.6–12.0%) received repeat GAE
(Fig. 4). Adverse events with GAE were typically minor and transient
with 2.0% of patients requiring medication and 0.3% of patients
requiring hospitalization. The most common adverse events with GAE
were transient skin discoloration (11.6%; 95% CI: 3.5–22.9%), knee pain
(1.2%; 95% CI: 0.0–5.3%), access site hematoma (0.6%; 95% CI:
0.0–3.2%), and focal skin ulcer (0.3%; 95% CI: 0.0–3.1%) (Fig. 5).

4. Discussion

Genicular artery embolization is a novel treatment option for knee
pain in patients with knee OA. We performed a systematic review with
meta-analysis of the safety and effectiveness of GAE for treatment of knee
OA to provide a comprehensive and objective appraisal of the current
literature. Our review demonstrated that GAE was technically successful
in 99.7% of cases with few minor, transient complications. The magni-
tude of improvement in knee symptoms as reported on the pain VAS and
WOMAC Total scales exceeded the value of published MCIDs over 1 year
of follow-up. Finally, the rate of retreatment was low which could
4
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potentially suggest treatment durability following a single GAE proced-
ure, versus ineffectiveness of initial treatment and patient reluctance for
retreatment; retreatment data are therefore difficult to interpret without
additional characterization.

Limited randomized controlled trial data is available to assess the
magnitude of placebo effect associated with GAE. Bagla et al. [33] con-
ducted a small randomized trial in which 14 patients were randomized to
GAE and 7 to a sham procedure. All patients assigned to the sham pro-
cedure crossed over to GAE at the 1-month follow-up visit. Through 1
month, knee pain severity (0–100 scale) decreased by 51 points with GAE
and 1 point with sham treatment (p < 0.01). Similarly, WOMAC Total
scores (0–96 scale) decreased by 30 points and 5 points, respectively (p
¼ 0.02). Based on this single study, the placebo effect from GAE appears
minimal, unlike other knee OA treatments [40]. Additionally, most pa-
tients in the current meta-analysis met the MCID for knee pain VAS and
WOMAC Total score at 12 months, beyond the expected duration of a
placebo effect [40].

The results of our metaregression suggest that studies that included
patients with greater knee pain severity at baseline demonstrated greater
responsiveness to GAE. Specifically, based on the model intercept and
point estimate provided by the metaregression results, and assuming an
MCID of 20 points on the knee pain VAS [26], studies with mean knee
pain baseline VAS scores over 50 points seem to show greater respon-
siveness to GAE. These results should be considered
hypothesis-generating only and warrant further study.

This meta-analysis has certain limitations that may influence inter-
pretation. Heterogeneity in study design, treatments, and outcomes
among studies was frequently observed, which confounded data inter-
pretation. There was also considerable variation in the completeness of
data reported among studies. Consequently, we were unable to analyze
WOMAC Pain or WOMAC Stiffness outcomes due to insufficient data.
Next, the studies that informed this meta-analysis were primarily case
series with limited sample sizes. Thus, the comparative safety and
effectiveness of GAE relative to other knee OA treatments remains un-
clear. Finally, meta-regression analysis is subject to risks pertaining to
ecological fallacy since inference about individuals is attempted using
only study-level information. Consequently, readers are cautioned
against drawing causal inference from the results of this study.

5. Conclusion

Limited evidence suggests that GAE is a safe procedure that is asso-
ciated with improvement in knee OA symptoms, exceeding established
MCID values. While an association between greater baseline knee pain
and responsive to GAE was observed, this hypothesis warrants further
study.
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