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PURPOSE

Randomized controlled trials (RCTs) comparing hydrogel-coated coils (HGCs) with bare platinum
coils (BPCs) have yielded heterogeneous results, and the clinical relevance of longitudinal angio-
graphic assessment remains uncertain. Following the publication of the HYBRID trial, which em-
phasized occlusion trajectory rather than static end points, a post-HYBRID updated meta-analysis
is warranted to compare angiographic durability and safety outcomes between these coil types.

METHODS

A systematic literature search of MEDLINE, Web of Science, and Scopus was conducted in accor-
dance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines.
RCTs comparing HGCs with BPCs for the treatment of intracranial aneurysms were included.

RESULTS

Six RCTs comprising 2,486 patients and 2,513 treated intracranial aneurysms were included in the
analysis. There was no statistically significant difference between HGCs and BPCs in immediate
complete occlusion [risk ratio (RR): 0.87; 95% confidence interval (Cl), 0.70-1.09; I 63.0%] or im-
mediate adequate occlusion (RR: 0.96; 95% Cl, 0.85-1.07; I*: 31.0%). Immediate residual aneurysm
was significantly more frequent with HGCs than with BPCs (RR: 1.12; 95% Cl, 1.01-1.24; 1% 0.0%;
P = 0.041). At the last available angiographic follow-up, complete occlusion, adequate occlusion,
and residual neck rates remained comparable between HGCs and BPCs. However, residual an-
eurysm at follow-up was significantly less frequent with HGCs than with BPCs (RR: 0.75; 95% Cl,
0.68-0.83; I: 0.0%; P = 0.006). HGCs were also associated with a significantly lower rate of major
recurrence than BPCs (RR: 0.71; 95% Cl, 0.54-0.94; P = 0.024). Safety and clinical outcomes were
similar between treatment groups.

CONCLUSION

Despite comparable safety and clinical outcomes between HGCs and BPCs, HGCs demonstrated
superior angiographic durability, as reflected by lower rates of residual aneurysm and major recur-
rence.

CLINICAL SIGNIFICANCE

HGCs may offer improved long-term aneurysm durability compared with BPCs by reducing residual
aneurysm and major recurrence without compromising safety or clinical outcomes. These findings
support consideration of HGCs when durable occlusion is a priority in endovascular treatment plan-
ning for intracranial aneurysms.
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neurysm recurrence after endovas-
Acular coiling remains a clinically sig-

nificant issue, with reported rates of
approximately 10%-12%.'? This is thought
to be driven by incomplete or unstable
thrombus formation within the aneurysm
sac, inadequate packing density, and in-
sufficient neointimal formation at the an-
eurysm neck. To address these limitations,
hydrogel-coated coils (HGCs) have been
developed to increase volumetric aneurysm
filling through polymer expansion upon
contact with blood, thereby enhancing
packing density and promoting more du-
rable aneurysm healing.? Preclinical studies
have demonstrated improved neointimal
coverage and more stable aneurysm oc-
clusion with hydrogel-based technologies
than with conventional bare platinum coils
(BPCs), providing a strong biological ratio-
nale for their clinical application.*

Early-generation HGCs were evaluated
in randomized controlled trials (RCTs) such
as the HELPS trial,> which demonstrated a
reduction in major angiographic recurrence
but failed to show a clear benefit in compos-
ite clinical outcomes, raising concerns re-
garding handling characteristics and delayed
inflammatory complications. Subsequent
device iterations led to the development
of second-generation HGCs with improved
flexibility and more controlled expansion
profiles, prompting renewed investigation in
randomized trials, including GREAT,® HEAT,*
and PRET. However, these studies yielded
heterogeneous results, with some trials re-
porting reduced recurrence or improved an-
giographic outcomes, whereas others failed
to demonstrate superiority over BPCs, partic-
ularly in high-risk aneurysm populations.

* Superior long-term durability: Hydro-
gel-coated coils (HGCs) significantly re-
duced the rates of residual aneurysm and
major recurrence at long-term follow-up
compared with bare platinum coils (BPCs).

* Comparable safety profile: No significant
differences in safety outcomes or clinical
complications were observed between
HGCs and BPCs, indicating comparable safe-
ty profiles, whereas angiographic differenc-
es did not translate into measurable clinical
benefit.

* Initial vs. follow-up performance: Although
HGCs were associated with higher immedi-
ate residual aneurysm rates than BPCs after
the procedure, they demonstrated a superi-
or occlusion trajectory, resulting in greater
angiographic stability over time.

More recently, the HYBRID trial® provided
randomized evidence focusing specifically
on recanalization as a primary end point and
introduced a longitudinal assessment of an-
giographic evolution. Although the trial did
not demonstrate a statistically significant
difference in binary recanalization rates at 1
year, it revealed a significantly more favorable
occlusion trajectory with HGCs than with
BPCs, characterized by increased thrombo-
sis and reduced progression to body filling.
These findings underscore the importance of
evaluating aneurysm occlusion as a dynamic
process over time rather than relying solely
on static dichotomous end points.

Two previous meta-analyses have at-
tempted to synthesize randomized evidence
comparing HGCs with BPCs. Earlier me-
ta-analyses, which included only four RCTs,®
suggested lower mid-term recurrence and
residual aneurysm rates with HGCs than with
BPCs, particularly with second-generation
devices, but were limited by small sample
sizes, heterogeneous outcome definitions,
and the absence of more recent randomized
data. A subsequently published updated me-
ta-analysis included only five RCTs'® and con-
firmed lower rates of major recurrence with
HGCs than with BPCs; however, the authors
acknowledged the limited number of includ-
ed studies, the lack of long-term follow-up
data, and prediction intervals that remained
wide despite the available evidence.

Given the availability of new randomized
evidence, the recognition that angiograph-
ic outcomes evolve over time, and the ab-
sence of any ongoing RCTs on this topic, a
post-HYBRID updated meta-analysis using
harmonized outcome definitions is war-
ranted. At the time of writing, we were not
aware of any ongoing RCTs addressing this
topic. We therefore aimed to provide a com-
prehensive updated systematic review and
meta-analysis comparing HGCs with BPCs for
the endovascular treatment of intracranial
aneurysms, with a particular focus on angio-
graphic durability, recurrence patterns, and
clinically meaningful outcomes.

Methods

This systematic review and meta-anal-
ysis were conducted in accordance with
Cochrane Collaboration methodology and
reported in compliance with the Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 statement."
Predefined eligibility criteria, outcome defi-
nitions, and analytical strategies followed
the study protocol. This systematic review

and meta-analysis were not prospectively
registered (e.g., in PROSPERO).

Eligibility criteria

Eligible studies were RCTs comparing
HGCs with BPCs for the endovascular treat-
ment of ruptured or unruptured intracranial
aneurysms. Both first- and second-genera-
tion HGCs were considered eligible. Studies
were required to report angiographic and/
or clinical outcomes with a minimum fol-
low-up duration sufficient to assess aneu-
rysm occlusion status or recurrence. Studies
were excluded if they were non-randomized,
observational in design, case series, case re-
ports, conference abstracts, technical notes
without clinical outcome data, animal or in
vitro studies, or if HGC outcomes could not
be analyzed separately from BPC outcomes.
Studies evaluating mixed or polymer-coated
coils without hydrogel technology were also
excluded.

Search strategy and study selection

A comprehensive literature search was
performed across MEDLINE (PubMed), Web of
Science, and Scopus from database inception
through the final search date. The search strat-
egy combined free-text terms and controlled
vocabulary related to intracranial aneurysms,
endovascular coiling, HGCs, and BPCs, includ-
ing trial-specific terminology when applicable.
The full search strategy is provided in Supple-
mentary Table 1. Two reviewers independent-
ly screened titles and abstracts for relevance,
followed by full-text assessment of potentially
eligible studies. Disagreements were resolved
through discussion and consensus. The study
selection process is summarized in a PRISMA
flow diagram.

Data extraction and quality assessment

Data extraction was independently per-
formed by two reviewers using a standard-
ized data collection form. Extracted data
included study characteristics (study design,
sample size, and follow-up duration), aneu-
rysm characteristics (rupture status, size,
neck width, and location), treatment de-
tails (coil type and use of adjunctive devic-
es), and reported angiographic and clinical
outcomes. When multiple follow-up time
points were reported, the longest available
follow-up was used for the primary analy-
ses. If studies reported both per-protocol
and intention-to-treat analyses, the inten-
tion-to-treat analysis was used.

The methodological quality and risk of
bias of the included RCTs were independent-
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ly assessed by two reviewers using the Co-
chrane Risk of Bias tool, which evaluates bias
arising from randomization, deviations from
intended interventions, missing outcome
data, outcome measurement, and selective
reporting.’ Any discrepancies were resolved
through consensus.

Endpoints and outcome definitions

Primary angiographic end points includ-
ed adequate occlusion, complete occlu-
sion, residual neck, residual aneurysm, an-
eurysm recurrence, and major recurrence.
Adequate occlusion was defined as either
complete occlusion or neck remnant at fol-
low-up imaging. When studies reported an-
giographic results using the Raymond-Roy
occlusion classification, complete occlusion
corresponded to class I, neck remnant to
class ll, and residual aneurysm to class [11.">'4
In studies that did not explicitly apply the
Raymond-Roy classification, angiographic
outcomes were extracted according to each
study’s original definitions and subsequently
mapped to equivalent categories whenever
possible to enable pooled analyses. To en-
sure outcome harmonization without intro-
ducing bias, the authors’ original definitions
were strictly followed, and raw event counts
were used exactly as reported, avoiding any
post-hoc reclassification of the original an-
giographic data. Angiographic outcomes
were assessed at two time points, when
available: immediate postprocedural imag-
ing and the last available angiographic fol-
low-up.

Safety outcomes were analyzed as a dis-
tinct end point category and included pro-
cedure-related complications, neurologic
outcomes, all-cause mortality, and retreat-
ment.  Procedure-related complications
encompassed thromboembolic events, in-
traprocedural rupture, hemorrhagic compli-
cations, ischemic stroke, and other adverse
events as defined by the individual trials.
Given the potential variability in safety re-
porting across different centers and eras,
adverse events were classified by grouping
them into these broad procedural categories
exactly as adjudicated by the original study
investigators. Complications were analyzed
as overall procedural complication rates. Fa-
vorable functional outcome was defined as a
modified Rankin Scale (mRS) score of 0-2 at
the longest reported clinical follow-up. Poor
functional outcome was defined as an mRS
score of 3-5, when available. Mortality was
analyzed as all-cause mortality during the
reported follow-up period.

Statistical analysis

Pooled estimates were calculated using
a random-effects model to account for be-
tween-study heterogeneity. Effect sizes for
dichotomous outcomes were expressed as
risk ratios (RRs) with corresponding 95% con-
fidence intervals (Cls). Random-effects pool-
ing was performed using the inverse-vari-
ance method with restricted maximum
likelihood estimation of between-study
variance, and Cls were calculated using the
Hartung-Knapp-Sidik-Jonkman approach.
Statistical heterogeneity across studies was
assessed using both the Cochran Q test and
the I statistic. A P value < 0.05 for the Co-
chran Q test was considered indicative of sta-
tistically significant heterogeneity, whereas I
values > 50% were interpreted as reflecting
substantial heterogeneity. Assessment of
publication bias was considered; however,
due to the limited number of included stud-
ies (n = 6), formal evaluation using funnel
plot asymmetry and Egger’s test was not
performed.

To evaluate the robustness of the pooled
estimates and explore potential sources of
heterogeneity, leave-one-out sensitivity
analyses were conducted by sequentially
excluding each study and recalculating the
pooled effect estimates. For continuous out-
comes such as packing density, when studies
reported medians and interquartile ranges
rather than means and standard deviations,
summary statistics were converted to means
using established distribution-based meth-
ods. Specifically, the quantile estimation and
Box—Cox transformation methods were ap-
plied to estimate means and variances from
reported medians, enabling inclusion of
these data in pooled analyses.' All statistical
analyses were performed using R software
(version 4.2.3; R Foundation for Statistical
Computing, Vienna, Austria). A P value < 0.05
was considered statistically significant.

Results

Literature review

A total of 108 records were identified
through database searching, including
MEDLINE (via PubMed) (n = 22), Scopus (n
= 43), and Web of Science (n = 43). After the
removal of 52 duplicate records, 56 records
remained and were screened based on titles
and abstracts. Following the initial screening,
48 records were excluded because they were
case reports, reviews, non-randomized stud-
ies, or not relevant to the research question.
Subsequently, eight reports were sought for
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retrieval; all were successfully retrieved and
assessed for eligibility. No additional records
were identified through other sources. Af-
ter full-text assessment, two reports were
excluded: one non-randomized study and
one study not relevant to the topic of inter-
est. Ultimately, six RCTs*®'¢ were included in
the final review and meta-analysis. The study
selection process is summarized in Figure 1.

Patient population and study characteris-
tics

Across the included RCTs, six studies con-
tributed patient-level and aneurysm-level
data comparing HGCs with BPCs. Overall,
2,486 patients with 2,513 treated intracranial
aneurysms were included. Patient age was
reported in most studies, with mean or medi-
an ages generally ranging from the early 50s
to the mid-60s. A consistent female predom-
inance was observed across both treatment
groups, with women comprising approxi-
mately 65%-75% of the study populations.

Regarding aneurysm location, data from
five studies demonstrated a predominance
of anterior circulation aneurysms in both
treatment arms. Specifically, the HGCs group
included 762 anterior circulation aneurysms
and 251 posterior circulation aneurysms,
with 5 aneurysms classified as other loca-
tions or having missing location data. Simi-
larly, the BPCs group comprised 750 anterior
circulation aneurysms and 259 posterior cir-
culation aneurysms, with 4 aneurysms cate-
gorized as other locations or having missing
location data. The most frequently treated lo-
cations across both groups were the internal
carotid artery (663/1,512), the middle cere-
bral artery (167/1,512), the anterior commu-
nicating artery (134/1,512), and the posterior
communicating artery (104/1,512). Posterior
circulation aneurysms were less common
and most frequently involved the basilar and
vertebrobasilar arteries (Table 1).

Immediate angiographic outcomes

Immediate complete occlusion did not
differ significantly between HGCs and BPCs
(RR: 0.87; 95% Cl, 0.70-1.09; I 63.0%; P,
0.019, P = 0.173), nor did immediate ade-
quate occlusion (RR: 0.96; 95% Cl, 0.85-1.07;
% 31.0%; P, : 0.214, P = 0.334). Rates of im-
mediate residual neck were also similar be-
tween HGCs and BPCs (RR: 0.94; 95% Cl, 0.67-
1.32; 1% 44.8%; P, :0.123, P = 0.656).

In contrast, immediate residual aneurysm
was significantly more frequent with HGCs
than with BPCs (RR: 1.12; 95% Cl, 1.01-1.24;
% 0.0%; P, . 0.806, P = 0.041). Mean packing
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Identification of studies via databases and registers

Identification of studies via other methods

Figure 1. PRISMA flow diagram.

density did not differ significantly between
HGCs and BPCs (mean difference: 19.13; 95%
Cl,-3.28t041.55; P, , < 0.001), although sub-
stantial heterogeneity was present (I*: 98.4%)
(Figure 2).

Angiographic outcomes at last follow-up

At the last angiographic follow-up, HGCs
demonstrated a trend toward higher com-
plete occlusion rates than BPCs, although
the difference did not reach statistical signif-
icance (RR: 1.21; 95% Cl, 0.99-1.49; I*: 54.1%;
P, 0.088, P = 0.058). Adequate occlusion
rates at the last follow-up were comparable
between HGCs and BPCs (RR: 1.08; 95% Cl,
0.92-1.28; I 14.6%; P, : 0.465, P = 0.179), as
were residual neck rates (RR: 0.74; 95% Cl,
0.32-1.72; 1% 23.3%; P, : 0.271, P = 0.267).

Notably, residual aneurysm at the last fol-
low-up was significantly less frequent with
HGCs than with BPCs (RR: 0.75; 95% Cl, 0.68—
0.83; 1 0.0%; P, . 0.953, P=0.006) (Figure 3).

Safety outcomes

Functional outcomes were comparable
between HGCs and BPCs, with no significant
differences in favorable functional outcome
(mRS score: 0-2) (RR: 0.98; 95% Cl, 0.95-1.01;
% 0.0%; P, ,: 0.718, P = 0.145) or poor func-
tional outcome (mRS score: 3-5) (RR: 1.10;
95% Cl, 0.58-2.07; I 0.0%; P, 0.475, P =
0.672). In contrast, major recurrence oc-
curred significantly less frequently with HGCs
than with BPCs (RR: 0.71; 95% Cl, 0.54-0.94;

—
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1% 15.6%; P, 0.315, P=0.024). No significant
differences were observed between HGCs
and BPCs in retreatment rates or mortality.

Retreatment rates did not differ signifi-
cantly between HGCs and BPCs (RR: 0.79;
95% Cl, 0.50-1.25; I 6.1%; P, : 0.377, P =
0.244). Mortality was also comparable be-
tween HGCs and BPCs (RR: 0.78; 95% Cl, 0.26-
2.29; I 40.6%; P, : 0.150, P = 0.552). Overall
procedural complication rates were compa-
rable, with no significant difference between
HGCs and BPCs (RR: 0.96; 95% Cl, 0.69-1.34;
: 28.7%; P, : 0.219, P = 0.782) (Figure 4, Ta-
ble 2). Complication details are presented in
Supplementary Table 2.

Heterogeneity and quality assessment

For complete occlusion at the last fol-
low-up, a leave-one-out sensitivity analysis
demonstrated that omission of the study by
Poncyljusz et al.’® reduced heterogeneity to
I>: 0% while preserving the direction of the
pooled effect estimate. Similarly, for immedi-
ate complete occlusion, exclusion of individ-
ual studies reduced heterogeneity to below
50% without materially altering the pooled
RR. In contrast, substantial heterogeneity
persisted for packing density (I*: 98.4%), and
leave-one-out analyses showed that remov-
al of any single study did not meaningfully
reduce heterogeneity or materially change
the pooled mean difference. These findings
suggest that the observed heterogeneity in
packing density reflects true between-study

variability, including differences in measure-
ment methodology, aneurysm morphology,
and procedural or device-related factors,
rather than disproportionate influence
from a single study (Supplementary Figure

1).

Risk of bias was assessed using the RoB 2.0
framework, and the results are summarized
in Supplementary Figure 2. Across the six in-
cluded RCTs, four were judged to be at low
overall risk of bias, one raised some concerns,
and one was classified as having a high risk of
bias. The most frequent sources of potential
bias were related to deviations from intend-
ed interventions (Domain 2) and selection of
the reported result (Domain 5), whereas bias
arising from the randomization process (Do-
main 1), missing outcome data (Domain 3),
and outcome measurement (Domain 4) was
generally low across studies (Supplementary
Figure 2).

Discussion

In this meta-analysis of six RCTs including
more than 2,400 patients and 2,500 treated
aneurysms, we found that HGCs provided
improved long-term angiographic durabil-
ity compared with BPCs while maintaining
comparable immediate angiographic, safety,
and clinical outcomes. Specifically, although
immediate complete and adequate occlu-
sion rates were similar between HGCs and
BPCs, HGCs were associated with significant-
ly lower rates of residual aneurysm at the
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Angiographic Outcomes (Immediate)

HGC

BPC

HGC BPC
Study Events Total Events Total Risk Ratio RR  95%Cl Weight Study Events Total Events Total Risk Ratio RR  95%-Cl Weight
White etal, 2011 73 234 079 (062,101 170% .
Poncyljusz et al, 2015 42 50 110 [0.90;1.35] 192% White etal,, 2011 163 234 164 1.00 [0.89;1.12] 20.4%
Raymond etal., 2017 76 225 086 [067:110] 170% Poncyljusz et al,, 2015 50 50 46 1.00 [0.96;1.04] 28.1%
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Figure 2. Forest plots showing pooled estimates comparing HGCs with BPCs for angiographic outcomes assessed immediately after the procedure: (a) immediate
complete occlusion, (b) immediate adequate occlusion, (c) immediate residual aneurysm, (d) immediate residual neck, and (e) packing density. HGC, hydrogel-

coated coils; BPC, bare platinum coil.
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Figure 3. Forest plots showing pooled estimates comparing HGCs with BPCs for angiographic outcomes assessed at the last available follow-up: (a) complete
occlusion, (b) adequate occlusion, (c) residual aneurysm, (d) residual neck, and (e) major recurrence. HGC, hydrogel-coated coils; BPC, bare platinum coil.
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Figure 4. Forest plots showing pooled estimates comparing HGCs with BPCs for safety and clinical outcomes: (a) procedural complications, (b) favorable functional
outcome (MRS score: 0-2), (c) poor functional outcome (mRS score: 3-5), (d) retreatment, and (e) all-cause mortality. HGC, hydrogel-coated coils; BPC, bare platinum
coil; mRS, modified Rankin Scale.

Table 2. Meta-analysis results of all outcomes

End point Estimate (95% Cl) 12(%) Number Number of events/total P value
of
studies
Immediate complete 0.87(0.70;1.09)  63.0% 6 HGC: 409/1,222 vs. BPC: 472/1,230 0.173
occlusion
. . Immediate adequate 096 (0.85;1.07)  31.0% 5 HGC: 603/940 vs. BPC: 634/939 0334
Angiographic occlusion
outcomes (immediate) | . yiate residual neck 094(067;132)  44.8% 5 HGC: 244/940 vs. BPC: 244/939 0.656
Immediate residual aneurysm 1.12(1.01; 1.24 0.0% 5 HGC: 329/940 vs. BPC: 302/939 0.041
Packing Density 19.13 (-3.28;41.55) 98.4% 5 Total participants: HGC: 1,135 vs. BPC: 1,136  0.076
Complete occlusion at last FU 1.21(0.99; 1.49) 54.1% 4 HGC: 461/692 vs. BPC: 378/717 0.058
Angiographic Adequate occlusion atlast FU ~ 1.08 (0.92;1.28)  14.6% 3 HGC: 364/470 vs. BPC: 338/486 0.179
outcomes (last follow-
up) Residual neck at last FU 0.74(0.32;1.72) 23.3% 3 HGC: 55/470 vs. BPC: 79/486 0.267
Residual aneurysm at last FU 0.75 (0.68; 0.83) 0.0% 3 HGC: 106/470 vs. BPC: 148/486 0.006
Major recurrence 0.71(0.54; 0.94) 15.6% 6 HGC: 195/1,172 vs. BPC: 278/1,205 0.024
mRS 0-2 0.98 (0.95; 1.01) 0.0% 4 HGC: 877/1,001 vs. BPC: 901/1,005 0.145
mRS 3-5 1.10 (0.58; 2.07) 0.0% 4 HGC: 58/1,001 vs. BPC: 53/1,005 0.672
Safety outcomes
Retreatment 0.79 (0.50; 1.25) 6.1% 6 HGC: 63/1,191 vs. BPC: 79/1,218 0.244
Mortality 0.78 (0.26; 2.29) 40.6% 6 HGC: 30/1,276 vs. BPC: 40/1,272 0.552
Procedural complications 0.96 (0.69; 1.34) 28.7% 6 HGC: 211/1,266 vs. BPC: 226/1,261 0.782
HGC, hydrogel-coated coils; BPC, bare platinum coils; FU, follow-up; mRS, modified Rankin Scale.
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last follow-up and a lower incidence of ma-
jor recurrence than BPCs. Importantly, these
angiographic benefits did not translate into
differences in functional outcomes, retreat-
ment rates, procedural complications, or
mortality, underscoring a favorable balance
between durability and safety.

The absence of a statistically significant
difference in immediate angiographic out-
comes aligns with the biological premise
that hydrogel expansion and healing-related
effects are not expected to manifest imme-
diately after coil deployment.” Initial oc-
clusion after endovascular coiling is largely
determined by mechanical factors, including
coil framing, aneurysm morphology, and
operator technique®'®® Qur finding that
immediate complete occlusion and ade-
quate occlusion were comparable between
HGCs and BPCs is consistent with observa-
tions from prior randomized trials, including
HELPS,> HEAT,* and GREATS in which early
angiographic end points were not consis-
tently superior with hydrogel technology.
The higher rate of immediate residual an-
eurysm observed with HGCs than with BPCs
may reflect a deliberate procedural strategy
favoring progressive thrombosis rather than
aggressive immediate packing, particularly
in the context of coils designed to expand
and remodel over time.

In contrast, the advantages of HGCs be-
came evident at follow-up, with significantly
lower residual aneurysm rates than with BPCs
and a strong trend toward higher complete
occlusion rates. These findings support the
concept of aneurysm occlusion as a dynamic
biological process rather than a static proce-
dural end point. The reduction in residual an-
eurysm and major recurrence rates observed
in our analysis is consistent with experimental
and clinical evidence suggesting that hydro-
gel expansion enhances volumetric filling,
stabilizes intra-aneurysmal thrombus, and
promotes neointimal formation at the an-
eurysm neck. The HYBRID trial 2 in particular,
introduced a longitudinal framework for eval-
uating angiographic evolution and demon-
strated increased thrombosis and reduced
progression to body filling with HGCs com-
pared with BPCs, even though the difference
in binary recanalization rates was not statis-
tically significant. Our meta-analysis extends
these findings by confirming that such favor-
able occlusion trajectories translate into mea-
surable reductions in residual aneurysm and
major recurrence across randomized data.

The discrepancy between improved an-
giographic durability and unchanged clini-

cal outcomes merits careful consideration.
Functional outcomes following aneurysm
treatment are influenced by multiple factors
beyond angiographic appearance, including
aneurysm rupture status, baseline neurolog-
ic condition, periprocedural complications,
and comorbidities. Given the relatively low
absolute event rates for retreatment, re-
bleeding, and aneurysm-related mortality
after modern coil embolization, larger sam-
ple sizes and longer follow-up periods may
be required to detect clinically meaningful
differences attributable solely to coil tech-
nology.

Despite lower recurrence rates with HGCs
than with BPCs (RR: 0.71; P = 0.024), retreat-
ment rates did not differ significantly be-
tween the two groups (RR: 0.79; P = 0.244).
This apparent discrepancy may reflect vari-
ability in retreatment thresholds across cen-
ters and time periods, as well as the fact that
not all angiographic recurrences are clinically
significant or require reintervention. Retreat-
ment decisions are influenced by multiple
factors, including aneurysm characteristics,
patient-related risk, and procedural consid-
erations, which may weaken the direct re-
lationship between recurrence and retreat-
ment. Additionally, the relatively low event
rate and differences in follow-up duration
across studies may have limited the ability to
detect significant differences in retreatment
outcomes.

Packing density remains a contentious
surrogate marker of long-term aneurysm
occlusion. Although HGCs are designed to
increase effective volumetric filling, our anal-
ysis did not demonstrate a statistically sig-
nificant difference in mean packing density
between HGCs and BPCs, and heterogeneity
remained substantial despite sensitivity anal-
yses. This likely reflects variability in packing
density calculation methods, aneurysm ge-
ometry, and coil selection strategies across
trials rather than true biological inconsisten-
cy. Moreover, the relationship between pack-
ing density and durable occlusion is complex
and nonlinear, and emerging evidence sug-
gests that coil composition, thrombus orga-
nization, and neck healing may be at least
as important as absolute packing metrics.*'°
Thus, packing density alone may be an insuf-
ficient explanatory variable for the observed
durability benefits of hydrogel technology.

Despite demonstrating improved long-
term angiographic durability, the limited
adoption of HGCs in routine clinical practice
likely reflects a mismatch between their prin-
cipal benefit and the outcomes that most

strongly guide day-to-day treatment deci-
sions. In contemporary endovascular work-
flows, procedural success is primarily judged
by immediate angiographic results and
short-term safety, domains in which HGCs
do not consistently outperform BPCs. In con-
trast, the advantages of hydrogel technology
emerge gradually through improved occlu-
sion trajectories, reduced residual aneurysm
formation, and lower major recurrence rates
than with BPCs, benefits that are not imme-
diately apparent at the time of treatment and
may not translate into early clinical differenc-
es. Concurrently, the widespread adoption
of flow diverters??> and intrasaccular devic-
es (e.g., WEB and ARTISSE)?? has reshaped
treatment paradigms by offering greater
durability advantages in selected aneurysm
subtypes, thereby reducing reliance on coil-
based optimization alone. As a result, HGCs
are no longer used as the default emboliza-
tion device but may have a more selective
role in contemporary practice, particularly
for aneurysms at higher risk of long-term re-
currence. Importantly, coil embolization re-
mains a cornerstone of aneurysm treatment,
especially for ruptured aneurysms or when
parent vessel reconstruction is undesirable,
and in this setting, HGCs may serve as a
durability-enhancing adjunct without addi-
tional safety concerns. The present findings
suggest that the relative underutilization of
hydrogel technology reflects evolving ther-
apeutic priorities rather than a lack of bio-
logical or angiographic efficacy, supporting
its continued consideration when long-term
angiographic stability is prioritized.

Heterogeneity across outcomes was gen-
erally modest and was largely attributable to
individual trials in sensitivity analyses, partic-
ularly for complete occlusion end points. The
reduction in heterogeneity after omission
of specific studies suggests methodological
and population-level differences rather than
instability of the overall findings.

Several limitations warrant acknowledg-
ment. The small number of included studies
(n = 6) precluded a reliable assessment of
publication bias, as commonly used meth-
ods such as funnel plots and Egger’s test
are considered unreliable when fewer than
10 studies are available. Therefore, the pres-
ence of publication bias cannot be exclud-
ed. Although this meta-analysis includes all
available randomized evidence to date, the
total number of trials remains limited, and
follow-up durations were predominantly re-
stricted to 12-18 months. Longer-term an-
giographic and clinical outcomes beyond 2
years remain incompletely characterized. Ad-
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ditionally, differences in aneurysm selection,
adjunctive device use, and operator prefer-
ence across trials may influence generaliz-
ability. Finally, evolving coil technology and
procedural techniques may further modify
outcomes in contemporary practice.

In conclusion, this post-HYBRID updated
meta-analysis demonstrates that HGCs con-
fer superior long-term angiographic durabili-
ty compared with BPCs, as reflected by lower
residual aneurysm and major recurrence
rates, while maintaining comparable safety
and clinical outcomes. These findings rein-
force the concept that biologically active coil
technologies can favorably influence aneu-
rysm healing over time and support the con-
tinued use of HGCs as a durability-enhancing
option in endovascular aneurysm treatment.
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