IR

Diagn Interv Radiol 2025; DOI: 10.4274/dir.2025.253309

INTERVENTIONAL RADIOLOGY

Copyright @ 2026 Author(s) - Available online at dirjournal.org.
Content of this journal is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International License.

REVIEW

Short to mid-term outcomes of flow re-direction endoluminal device
X (FRED™ X) in the management of intracranial aneurysms: a meta-

analysis

Alperen Elek!
Gllfem Nur Dindar?
Sidar Karag6z3
Semra Yicel*

Eda Teomete>

Celal Cinar?
Mahmut Kiisbeci'
Egemen Oztiirk!
ismail Oran’

TEge University Faculty of Medicine, Department of
Interventional Radiology, izmir, Tiirkiye

2Gazi University Faculty of Medicine, Ankara, Tiirkiye

3Dicle University Faculty of Medicine, Diyarbakir,
Turkiye

4Kiire Public Hospital, Kastamonu, Tiirkiye

SUniversity of Michigan, Pre-Medicine, Ann Arbor, USA

Corresponding author: ismail Oran

E-mail: ismailoran@gmail.com

Received 25 February 2025; revision requested 20 April
2025; accepted 08 June 2025.

Epub: 21.07.2025

Publication date: 02.03.2026

DOI: 10.4274/dir.2025.253309

ABSTRACT

This meta-analysis evaluates the clinical and angiographic outcomes of the flow re-direction endo-
luminal device X (FRED™ X) in treating intracranial aneurysms. A systematic review was performed
across Medline, Scopus, and Web of Science databases from inception to March 2025. Eligible stud-
ies included those reporting clinical and angiographic results of FRED X treatment. Favorable out-
comes were defined as those stated explicitly in the studies or a modified Rankin scale score of 0-2.
Pooled estimates were calculated using a random-effects model in R. A total of nine studies encom-
passing 780 patients with 869 aneurysms were included. The weighted mean age was 56.28 years,
with 19.1% of patients being men. Most aneurysms were saccular (85.7%), unruptured (92.52%),
and located in the anterior circulation (73.6%), primarily in the internal carotid artery. The average
aneurysm size was 13.12 mm. All studies employed dual antiplatelet therapy, with antiplatelet re-
sponse testing performed in eight studies. The mean clinical follow-up period was 9.27 months.
The meta-analysis demonstrated favorable neurological outcomes in 97.71% of cases and complete
or near-complete occlusion in 86.9%. Procedure-related complications were reported in 9.28% of
cases, while in-stent thrombosis or intimal hyperplasia occurred in 4.29%. Overall mortality was
low at 0.60%. Subgroup analysis revealed that unruptured aneurysms had a 100% rate of favorable
neurological outcomes and an 84.76% rate of complete or near-complete occlusion. Complication
and mortality rates were 7.76% and 0.25%, respectively. In addition, favorable outcomes were seen
in 100% of ruptured aneurysm cases; however, complete occlusion was achieved in only 59.65%,
and the mortality rate was higher at 9.19%. Therefore, FRED X demonstrated high efficacy and pro-
cedural safety in the treatment of intracranial aneurysms, offering improved outcomes compared
with earlier-generation flow diverters.

KEYWORDS
Intracranial aneurysms, flow re-direction endoluminal device X (FRED X), flow diverter, X technol-
ogy

n 2011, the approval of a pipeline embolization device by the United States (US) Food and
Drug Administration (FDA) marked a significant milestone in the treatment of intracranial
aneurysms. Following the success of the pipeline embolization device, flow diverter (FD)
stents have become an increasingly integral part of clinical practice. The flow re-direction en-
doluminal device (FRED™) and its smaller counterpart, FRED junior (FRED Jr), manufactured
by MicroVention, now Terumo Neuro (Aliso Viejo, CA, USA), are notable examples of these
devices. Designed with a dual-layer construction, they employ a self-expanding braided niti-
nol mesh to ensure superior wall apposition and facilitate safe delivery to distal aneurysms.'?

An important advancement in flow-diversion technology has been the development of an-
tithrombotic coatings, which aim to reduce the risk of thrombus-related complications. Build-
ing on this trend and the original FRED system, FRED X represents the latest generation of FDs.
While retaining the structural design of its uncoated predecessor, the FRED X incorporates in-
novative X technology surface coating. This coating consists of an amphiphilic polymer, poly
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(2-methoxyethyl acrylate), which features
a hydrophobic segment facing the device's
surface and a hydrophilic segment oriented
toward the vascular lumen.3#This unique de-
sign creates a boundary layer along the stent
struts, minimizing protein denaturation and
subsequent platelet adhesion. These attri-
butes suggest a potentially improved safety
profile for the device. The FRED X received
FDA premarket approval in September 2021,
and the first clinical use was reported in Feb-
ruary 2022. However, while preliminary stud-
ies suggest high procedural safety with the
FRED X, the clinical benefits of these surface
coatings remain uncertain and warrant fur-
ther investigation.®

To address this gap, this study provides a
comprehensive systematic review and me-
ta-analysis of the existing literature on the
clinical outcomes of using FRED X in the
treatment of intracranial aneurysms. This me-
ta-analysis aims to identify knowledge gaps
and offer valuable insights to inform clinical
decision-making regarding this novel thera-
peutic approach by synthesizing the current
evidence and critically analyzing the findings.

Methods

This systematic review and meta-anal-
ysis followed the recommendations of the
Cochrane Collaboration Handbook for Sys-
tematic Review of Interventions® and the
Preferred Reporting Items for Systematic
reviews and Meta-Analysis (PRISMA) 2020
statement guidelines.” The NeuroComp Me-
ta-Analysis Checklist was adopted to assess
the outcomes related to complications.®

Eligibility criteria

This meta-analysis included studies that
met the following criteria: (1) case series,
prospective, or retrospective cohort studies,

* The flow re-direction endoluminal device X
(FRED™ X) device demonstrated favorable
neurological outcomes in 97.71% of cases,
with a low overall mortality and complica-
tion rate of 0.6% and 9.28%, respectively,
highlighting its safety and efficacy in treat-
ing intracranial aneurysms.

* Complete or near-complete aneurysm oc-
clusion was achieved in 86.9% of cases, in-
dicating strong angiographic efficacy, even
with relatively short follow-up periods.

* The study highlights the potential benefits
of FRED X's surface-modifying X technology
coating in reducing platelet adhesion and
thrombogenicity, although its direct clinical
impact remains under investigation.

or randomized controlled trials; (2) studies
providing follow-up data on clinical and an-
giographic outcomes; and (3) studies spe-
cifically involving the FRED X. Studies using
other FRED stents (e.g., FRED, FRED Jr) were
excluded from this analysis. There were no
restrictions regarding aneurysm type, loca-
tion, rupture status, or other related factors.

Search strategy, data extraction, and qual-
ity assessment

A comprehensive literature search was
conducted in the Medline, Scopus, and
Web of Science databases from inception
to March 8, 2025. The search strategy em-
ployed keywords such as “FRED X,” “FREDX,’
and “FRED™” in various combinations using
“AND” and “OR" to ensure a broad capture of
relevant studies.

Two independent researchers performed
the data extraction and quality assessment;
any discrepancies were resolved through
consensus with two of the study’s research-
ers. The risk of bias was evaluated using a
modified Newcastle-Ottawa Scale®'" Stud-
ies were classified as having a “low risk of
bias” if they provided satisfactory angio-
graphic and clinical follow-up data together
with clear outcome reporting. Studies with
unsatisfactory follow-up were categorized
as “medium risk of bias,” while those lacking
satisfactory follow-up and clear outcome re-
porting were deemed to have a “high risk of
bias” (Supplementary Table 1).

Endpoints, subanalysis, and definitions

Clinical and angiographic outcomes as-
sessed included the following: (1) favorable
neurological outcomes; (2) minor and major
complications; (3) occlusion rate; (4) adjunc-
tive coiling; (5) aneurysm presentation (rup-
tured or unruptured); (6) technical success;
and (7) mortality. Additional subanalyses
examined outcomes specifically for ruptured
and unruptured aneurysms. Favorable neu-
rological outcomes were defined as either
those reported directly or as a modified
Rankin scale score of 0-2 for aneurysms.
Complete occlusion was directly reported
or, if not, classified as Raymond-Roy class 1
(indicating complete obliteration) or O’Kel-
ly-Morata grade D. Near-complete occlu-
sions were defined as Raymond-Roy class 2
or O’Kelly-Morata grade C, with other out-
comes classified as incomplete occlusions.

Statistical Analysis

Analyses were conducted using pooled
estimates with a 95% confidence interval

(Cl) under a random-effects model. Hetero-
geneity was assessed using the I statistic,
with values above 50% indicating substan-
tial heterogeneity. To explore the robustness
of the pooled estimates and identify poten-
tial sources of heterogeneity, leave-one-out
sensitivity analyses were performed. Assess-
ment of publication bias was not performed
using funnel plots or Egger’s regression tests
because the meta-analysis comprised fewer
than 10 studies, as these methods are con-
sidered unreliable with a small sample size.
Pearson’s x* test examined the relationship
between aneurysm localizations. A P value
<0.05 was considered statistically significant.
All statistical analyses were performed using
R (version 4.2.3, R Foundation for Statistical
Computing, Vienna, Austria), applying in-
verse variance and restricted maximum like-
lihood methods.

Results

Literature review

Nine studies were included in the final
analysis.">12"> The search process is illustrat-
ed in Figure 1. Two studies employed a pro-
spective design,>’? whereas the remaining
seven were conducted retrospectively. Ad-
ditionally, two studies were conducted at a
single center,'*'> while the other seven were
multicenter studies.

Patient population and study characteristics

The nine studies included in the final
analysis represented 780 patients with a
weighted mean age of 56.28 years and en-
compassed 869 aneurysms. Among the 780
patients with reported sex information, 149
(19.1%) were men.

Morphologically, saccular aneurysms
were the most common type, comprising
680 of 793 aneurysms (85.7%). The mean
aneurysm size across the studies was 13.12
mm. Analysis of the rupture status of the 869
aneurysms evaluated determined that 65
(7.4%) were ruptured and 804 (92.5%) were
unruptured. The mean clinical follow-up du-
ration of the nine studies included was 9.27
months (Table 1). Detailed information for
each study is provided in Table 2.

Aneurysms were predominantly located
in the anterior circulation (n = 640, P < 0.001),
with the internal carotid artery (n = 542) being
the most common site. Among posterior cir-
culation aneurysms (n = 103), the vertebral (n
=42) and basilar (n = 26) arteries were the pri-
mary locations. Additionally, 126 aneurysms
lacked specific location information (Table 3).
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Identification of studies via databases and registers

Identification of studies via other methods
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9.2% of cases (95% Cl 4.94-13.61), based on
the data derived from nine studies. In-stent
thrombosis or intimal hyperplasia was ob-
served in 4.2% of cases (95% Cl 1.16-7.42)
in eight of the studies. Mortality was low,
at 0.60% (95% Cl 0.00-1.31), based on nine
studies (Figure 2).

Subanalysis of ruptured and unruptured
aneurysms

For unruptured aneurysms, five studies
representing 379 patients reported favor-
able neurological outcomes in 100% of cases
(95% Cl 99.31-100) (Supplementary Figure
1). Complete or near-complete occlusion was
achieved in 84.7% of cases (95% Cl 78.81-
90.71), based on five studies representing
331 patients. Complications occurred in 7.7%
of cases (95% Cl 4.09-11.43), derived from
seven studies involving 581 patients. In-stent
thrombosis or intimal hyperplasia occurred
in 2.1% of cases (95% Cl 0-4.21), based on
five studies. Mortality was 0.25% (95% Cl
0-0.85), based on data from eight studies
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Figure 1. Prisma flow diagram.
Table 1. Baseline clinical and aneurysm characteristics*
Variable Raw number (%)* Number of
studies
Number of patients 780 9
Number of aneurysms 869 9
Mean age’ 56.28 9
Proportion of men 149/780 (19.1%) 9
Previous treatment history 125/772 (16.1%) 7
Mortality 11/780 (1.4%) 9
Clinical status at presentation
mRS <2/good neurologic 594/780 (76.1%) 6
mRS >2/bad neurologic 14/780 (1.79%) 6
NA 87 3
Morphology
Saccular 680/793 (85.7%) 9
Fusiform 40/793 (5%) 8
Other 73/793 (9.2%) 8
Mean aneurysm size (mm) 13.12 9
Ruptured 65/869 (7.4%) 6
Unruptured 804/869 (92.5%) 9
Mean follow-up (in months)'* 9.27 9 (Table 4).

*Reported as pooled aggregate data and not based on random-effects inverse-variance meta-analysis. ‘Represents
weighted average. "Based on the last longitudinal clinical follow-up scan. mRS, modified Rankin scale.

Antiplatelet regiment

Angiographic, clinical outcomes, and com-

plications

Dual antiplatelet therapy was utilized in

all nine studies. The antiplatelet response
was assessed in eight studies, with five using
the VerifyNow™ system (Werfen, Bedford,
MA, USA), while the method of assessment
was not specified in three studies (Supple-
mentary Table 2).

The meta-analysis of the nine studies
demonstrated favorable neurological out-
comes in 97.7% of cases (95% Cl 95.42-100).
Complete or near-complete occlusion was
achieved in 86.9% of aneurysms (95% Cl
79.84-93.60), based on the data reported
in eight studies. Complications occurred in

21 6 + March 2026 - Diagnostic and Interventional Radiology

For ruptured aneurysms, two studies with
13 patients reported favorable neurological
outcomes in 100% of cases (95% Cl 87.61-
100) (Supplementary Figure 2). Complete
or near-complete occlusion was observed
in 59.6% of cases (95% Cl 25.17-94.13),
based on two studies with 23 patients. Pro-
cedure-related complications occurred in
0.52% of cases (95% Cl 0-6.18), based on four
studies involving 41 patients. Mortality was
9.19% (95% Cl 0-25.95), based on five studies
(Table 4). Details of complications and their

Elek et al.



Table 2. Summary of included studies

Study and patient characteristics Aneurysm characteristics Follow-up
Study Design  Patients/ Sex Aneurysm Covered Type (n) Mean Mean Parent Clinical  Radiological
aneurysms  (M/W) location (n) branches diameter neck vessel mean mean
(n) (n) (range),  width diameter  (range), (range),
mm (range), (range), months  months
mm mm
ICA (34), 15, arising
SAC (41)
Abbas et al.2 RMC  44/44 737 MCARLACA fromSAC/ gcier o) 56+46 5646 NA 6(1-12)  6(1-12)
(6), PCOM neck of DIS (2)
(2), AICA (1) aneurysm
ICA (121),
ACOM (3), SAC (138) Proximal
ACA (2), MCA FU (10) 3.6+0.7
1 * — -
Goertz et al. RMC 156/156 31/125 (9), VA (10), 4 DIS (3) 8.1*5.0 50+3.8 Distal 6(1-12) 6(1-12)
BA (7), PICA Blister (5) 32+0.7
(3), PCA (1)
ICA (102), SAC (112)
Hendrix et al.* RMC 101/117 21/90 MCA (3),ACA NA FU (3) 4.6%3.5 3.5 33 6(1-12) 6(1-12)
(8), VA (4) DIS (2)
ICA (10),
PCOM (5),
Wen et al.’® RMC  2¥2% 220  ACOM(3),  NA SAC (24) 57 36 NA 215 215
(18-30)  (18-30)
MCA (2),
others (4)
VA el IR Saccular (42)
(24), BA (3), .
SHA (5) Side wall (16)
g FU (8) 0-5(28)
HOOIE, DIS (6) 5-1(26)
Clausen et al.” RSC 77/85 21/56 Opht (7), NA NA NA 6 (1-6) 6 (1-6)
Pseudoaneurysm >10(19)
ACOM (4), @)
ACA (1) MCA .
Blister (2)
(1), PICA (2), Multiple (2)
PCA (1) uftiple
ICA (122),
??;A (Bl AR 38, arising  SAC (140) Proximal
Roy et al.” RMC  P¥162 28126 va(s), basilar O SAC/ FUO) 5.9 38 22E09 gLy 6012
neck of Blister (8) Distal
(3), P1 (4), aneurysm  DIS (8) 3.1+0.7
AICA (1), SCA 4 A E
(1)
Proximal
ICA(117),BA SAC (131) 3.5+0.8
(13), MCA Blister (14) 78x4.7 (1.5-7.0)
5 — —
Vollherbst et al. RMC 161/184 36/125 (10), VA (9), NA FU(11) %17 4.7 Distal 7 (1-2) 7(1-12)
other (12) DIS (5) 3.1+£0.7
(1.2-5.2)
SAC(2)
Cherednychenko ¢ 7/12 3/4 ICA (12) NA Blister (2) 6x8x5 NA NA 7(1-12)  7(1-12)
et al. FU (1)
NS (7)
Carotid
artery (44),
ACA (5), MCA Blister (6)
(13), PCA (3), DIS (4) 7% 13 x
Guimaraens etal.? PMC 58/85 10/48 choroidal NA FU (2) 52 NA NA 6(1-12) 6(1-12)
artery (6), SAC (60)
posterior Pre-treated (13)
(14)

ACA, anterior cerebral artery; ACOM, anterior communicating artery; BA, basilar artery; CMA, callosal marginal artery; DACA, distal anterior cerebral artery; DIS, dissecting; FU, fusiform;
ICA, internal carotid artery; Inf, inferior; IQR, interquartile range; MCA, middle cerebral artery; PCA, posterior cerebral artery; PCOM, posterior communicating artery; PICA, posterior
inferior cerebellar artery; M, men; NA, not available; NS, not specified; Opht, ophthalmic artery; RMC, retrospective multicenter; RSC, retrospective single-center; PSC, primary sclerosing
cholangitis; SAC, saccular; SHA, superior hypophyseal artery; Sup, superior; VA, vertebral artery; W, women.
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Overall Outcomes

Events per 100 observations

E)

Study Event Total Weight Proportion 95%Cl IV, Random, 85% CI Events per 100 observations
A B Study Event Total Weight Proportion 95% CI IV, Random, 95% CI
Abbas et al., 2023 31 3B 1A% 8857 [73.26: 96.80) —&-
Clausen et al., 2025 57 57T 146%  100.00 [93.73; 100.00] a Abbas etal., 2023 4 44 157% 100.00 [91.96; 100.00) a
Gosriz et el 202¢ 2 31 105% 8649 (11.23; 95.46] —&8 Clausen et al., 2025 77 7T 193% 100.00 [95.32; 100.00) &
Guimaragns etal, 2023 64 85 11.8% 7529 [64.75; 84.01) =) o
# = Goertz et al., 2024 156 156 21.1% 100.00 [97.66; 100.00] =]
Hendrix etal., 2024 83 111 124% 7477 [6565. 8254) .= 9
Roy ot &l 2024 70 85 128% 8353 (1397 90.69) =1 Hendrix et al., 2024 93 o7 132% 9588 [89.78; 98.87) =
Vollherbstetal., 2023 118 142 13.3% 8310 [75.90; 88.86] E=] Roy etal, 2024 %3 o7 132% 95.88 [89.78; 98.87) =
Wenn et all, 2026 22 22 134% 100,00 (84 56;100.00] & Voliherbst et al,, 2023 122 133 11.4% 91.73 [85.68; 95.80) -
Wenn et all., 2025 23 24 60% 9583 [78.88; 99.89) —a
Total (95% C1) 478 574 100.0% 8690 [79.84; 93.96] -
Heterogeneity: Tau’ = 0.0088; Chi’ = 87.38, df = 7 (P < 0.0001); I = 92.0% ! Total (95% CI) 608 628 100.0% 97.71 [95.42; 100.00] +
- - =6P= s T
0 20 40 60 80 100 Heterogeneity: Tau® = 0.0006; Ch? = 19,48, df = 6 (P = 0.0034); I = 69.2%
Adequate Occlusion 0 20 40 60 80 100
Favorable neurological outcomes
C) ) ) _ Events por 100 obsorvations D) Events per 100 observations
Shudy Event Tolal Weight Proportion 95%C1 IV, Random, 95% CI Study Event Total Weight Proportion 95% CI 1V, Random, 95% Cl
Croidanioiota, 228 0 13 smi 00 {000 mdn B Aobas et a. 2023 403 sen 1143 6T fe—
Clausen et al., 2025 5 85 129% 588 [1.94:13.20] B Clausen et al., 2025 3 85 137% 353 [073; 997) B
Goertz etal., 2024 16 156 13.1% 10.26 [5.98; 16.12) =] Goertz et al., 2024 1 156 17.0% 064 [0.02; 352) [
Guimaraens et al., 2023 2 85 143% 235 (029 8.24] [ Guimaraens et al., 2023 185 160% 118 [0.03; 6.38) 3
Hendrix et al., 2024 1B 17 122% 111 (6051825 {8 Hendrix et al., 2024 3 111 150% 270 [0.56: 7.70)
Roy et al., 2024 11158 136% 714 [362,1242) B Roy etal., 2024 10 84 94% 1190 (5862081 8-
Vollherbst et al., 2023 u oG 1 2036 [14.53;27.27) & Vollherbst et al., 2023 7181 124% 10.56 (6.27;1637) &
Wenn etall, 2025 72 4% 2017 [12.62; 51.09) —— Wenn et all,, 2025 o 22 107% 0.00 (000 15.44] (3
Total (95% CIf 92 844 100.0% 928 (4941361 & o "
Heterogeneity: Tau” = 0.0032; Ghi’ = 37.66, of = 8 (P < 0.0001); = 78.8% — T T T T Total (95%Cl) 39739 100.0% 420 (146:742) &
0 20 40 60 80 100 Heterogeneity: Tau? = 0.0015; Chi’ = 29.48, df = 7 (P = 0.0001); ¥ = 76.3%

Procedure Related Complication

Events per 100 observations.

°

20 40 60 80 100
In stent thrombosis / Intimal hyperplasia

Study Event Total Weight Proportion 95%Cl IV, Random, 95% CI
Abbas et al., 2023 0 44 51% 000 [0.00; 8.04] -
Cherednychenko Yurietal, 2023 0 12 0.5% 000 [0.00;26.46] +
Clausen etal., 20 5 77 1% 649 [214;1451] =
Goertz et al.. 2024 0 156 39.8% 000 [0.00: 234) [
Guimaraens ! al., 2023 0 8 165% 000 [0.00; 4.25] B
Hendrix et al.. 2024 2 101 65% 198 (0.24; 697) =
Roy et al., 2024 2 154 13.8% 130 [0.16; 461] ®
Vollherbst ot al., 2023 2 161 148% 124 [0.15 442 @
Wenn et all., 2025 0 2 14% 0.00 [0.00;1544] +—
Total (95% CI) 11812 100.0% 060 [0.00; 131) |
Heterogeneity: Tau” < 0.0001; Chi’ = 8.93, df = 8 (P = 0.3481); I’ = 10.4%

0 20 40 60 80 100

Mortality

Figure 2. Overall outcomes of the meta-analysis of single-arm studies. Forest plots present pooled event proportions per 100 observations with 95% confidence
intervals (Cl) using a random-effects model (inverse variance). (a) Adequate occlusion. (b) Favorable neurological outcomes. (c) Procedure-related complication. (d)
In-stent thrombosis and/or intimal hyperplasia. (e) Mortality. Heterogeneity was assessed using Tau?, Chi?, and I? statistics. IV, inverse variance.

management are presented in Supplemen-
tary Tables 3, 4. Leave-one-out results are
presented in Supplementary Figures 3-5.

Discussion

This meta-analysis, encompassing data
for 780 patients with 869 aneurysms report-
ed in nine studies, underscores several key
findings. Favorable neurological outcomes
were achieved in 97.71% of cases, with a low
overall mortality rate of 0.60%. Most aneu-
rysms were unruptured (92.52%) and pre-
dominantly located in the anterior circula-
tion, especially in the internal carotid artery.
Complete or near-complete occlusion was
achieved in 86.9% of aneurysms, while com-
plications occurred in only 9.28% of cases.
Although outcomes for ruptured and unrup-
tured aneurysms were generally compara-
ble, unruptured aneurysms exhibited signifi-
cantly lower complication rates. Despite the
relatively short follow-up periods reported in
the nine studies, their findings highlight the
efficacy and safety of the FRED X device, par-
ticularly in achieving high rates of complete
occlusion.

While FD technology has revolutionized
the treatment of intracranial aneurysms, its
use is not without limitations and potential
complications. Since FDA approval, multiple
studies have assessed the safety and efficacy

Table 3. Distribution of aneurysms by location

Location P value
Middle cerebral artery (MCA) (n = 44)
Internal carotid artery (ICA) (n = 542)
Anterior Choroidal artery (n = 6)
circulation <0.001*
(n = 640) Anterior cerebral artery (ACA) (n = 38)
Anterior communicating artery (AcomA) (n = 10)
Posterior cerebral artery (PCA) (n = 5)
Basilar artery (n = 26)
Posterior Vertebral artery (n = 42)
circulation L <0.001**
(n=103) Posterior inferior cerebellar artery (PICA) (n = 5)

Posterior communicating artery (PcomA) (n = 25)

*Within the anterior circulation, the number of internal carotid artery aneurysms is significantly higher. **Within the
posterior circulation, the number of vertebral artery aneurysms is significantly higher.

of FDs, frequently reporting high occlusion
rates. However, the overall complication rate,
including major and minor events, has been
reported to reach up to 17%, with ischemic
complications being the most prevalent.'
Notably, compared with the pipeline embo-
lization device, the FRED device has been as-
sociated with higher rates of in-stent steno-
sis, potentially elevating the risk of ischemic
events."”

To address these concerns, MicroVen-
tion, now Terumo Neuro, developed the
next-generation FRED X, incorporating ad-
vanced X technology. This technology in-

21 8 + March 2026 - Diagnostic and Interventional Radiology

troduces a protective hydration layer across
the stent’s surface, aiming to reduce platelet
adhesion and enhance endothelialization. By
minimizing thrombogenicity and promoting
natural vascular healing, the FRED X endeav-
ors to improve safety and clinical outcomes.
Furthermore, the novel surface coating fa-
cilitates improved device delivery without
altering the core stent design. Important-
ly, the FRED X retains the same dual-layer
design as the FRED, which features 16 + 48
wires, achieving 35%-40% metal coverage.
In contrast, the FRED Jr, another variant, uses
16 + 36 wires with approximately 30% metal

Elek et al.



Table 4. Meta-analysis outcome findings

Overall
Outcomes Proportion 12 (%) Q statistic, P value Number of Events/total
(95% Cl) studies
Adequate occlusion 86.90 (79.84-93.60) 92 97.38, P < 0.001 8 478/574
Favorable neurological outcomes 97.71 (95.42-100) 69.2 19.48, P =0.003 7 608/628
Procedure-related complications 9.28 (4.94-13.61) 78.8 37.66, P <0.001 9 92/844
In-stent thrombosis/intimal hyperplasia 4.29 (1.16-7.42) 76.3 29.48, P < 0.001 8 39/739
Mortality 0.60 (0.00-1.31) 10.4 8.93, P=0.348 9 11/812
Adequate occlusion 84.76 (78.81-90.71) 51.6 8.27,P=0.082 5 273/331
Favorable neurological outcomes 100 (99.31-100) 0 0,P=1 5 379/379
Procedure-related complications 7.76 (4.09-11.43) 67.9 18.70, P = 0.005 7 49/581
In-stent thrombosis/intimal hyperplasia 2.10 (0-4.21) 44 7.14,P=0.129 5 11/387
Mortality 0.25 (0-0.85) 0 2.36,P=0.937 8 3/633
Subanalysis of ruptured aneurysms
Adequate occlusion 59.65 (25.17-94.13) 63.8 2.17,P=0.096 2 12/23
Favorable neurologic outcomes 100 (87.61-100) 0 0,P=1 2 13/13
Procedure related complications 0.52 (0-6.18) 0 1.22,P=0.748 4 1/41
Mortality 9.19 (0-25.95) 69.4 13.07,P=0.012 5 6/56

Cl, confidence interval.

coverage. The specific impact of the surface
coating, however, remains a subject of ongo-
ing investigation.

Retrospective analyses, such as that by
Cortez et al.,'® comparing the Pipeline™ Flex
with and without Shield Technology™, found
no significant differences in diffusion-weight-
ed imaging lesions. However, the study’s
small sample size and retrospective design
limit the generalizability of these findings,
emphasizing the need for further research. An
in vitro blood loop model study by Yoshizawa
et al.”” demonstrated reduced platelet adhe-
sion on the FRED X surface compared with
the uncoated FRED. Additionally, multicenter
trials suggest that the FRED X may have a
lower complication rate than the uncoated
FRED. For example, the SAFE study® reported
thromboembolic eventsin 4.9% of cases and a
morbidity rate of 3.0%. Moreover, Guimaraens
et al.2 highlighted that the FRED X achieved
higher medium-term occlusion rates while
maintaining a favorable safety profile.

Despite the widely accepted necessity of
dual antiplatelet therapy (typically aspirin
and clopidogrel/prasugrel/ticagrelor) fol-
lowing FD implantation, the optimal dosage
and duration of post-treatment antiplatelet
therapy remain unstandardized when using
surface-modified FDs. The reduced throm-
bogenicity of surface-modified FDs com-
pared with uncoated FDs raises the question
of whether adjustments to antiplatelet reg-
imens are warranted. The study by Goertz

et al.?! investigated single therapy following
surface-modified FD implantation; aspirin,
ticagrelor, and prasugrel were utilized as
monotherapies, with prasugrel being the
most frequently chosen agent. Evidence
suggests that prasugrel and ticagrelor have
a superior safety profile for ischemic events
compared with aspirin in single antiplatelet
therapy (SAPT) regimens. According to a me-
ta-analysis by Ma et al.?? the rate of throm-
boembolic complications following sur-
face-modified FD implantation was reported
as 20% for aspirin, compared with 2% and
4% for prasugrel and ticagrelor monother-
apies, respectively. These findings suggest
that SAPT with prasugrel or ticagrelor is fa-
vored over aspirin in specific clinical scenari-
os when using surface-modified FDs.

Current evidence supports the reasonable
safety and efficacy of SAPT in treating aneu-
rysms with modified FDs; however, the lack
of studies directly comparing modified FDs
with dual antiplatelet therapy and uncoated
FDs with SAPT, coupled with the scarcity of
large, prospective trials, precludes definitive
conclusions. The studies included in this me-
ta-analysis reveal a persistent tendency to
favor dual therapy. Results from registries
and trials investigating new-generation FDs,
such as the coating study,” have aimed to
optimize aneurysm treatment and contrib-
ute valuable insights to refine treatment
strategies. Notably, most studies included in
this meta-analysis assessed platelet function
before the procedure. However, no consen-

sus exists on whether such evaluations are
necessary for modified FDs. Further research
is required to address this uncertainty.

Despite the short follow-up periods, the
meta-analysis established that the FRED
X had a satisfactory occlusion rate, with a
combined major and minor complication
rate of 9.2%. The average aneurysm size was
13.12 mm, a noteworthy finding given that
the FRED X was used in small parent vessels
and more proximal aneurysms, achieving
relatively low complication rates. Larger an-
eurysms are generally associated with higher
complication risks, as demonstrated by the
study from Sweid et al.** which identified
aneurysm size >10-15 mm as a statistically
significantly independent predictor of major
ischemic stroke. Additionally, Sweid et al.**
reported a statistically significant association
between the time from treatment and the
development of in-stent stenosis.

This meta-analysis did not include sufficient
data to directly compare outcomes between
FRED X with and without adjunctive coiling.
However, Goertz et al.® investigated the im-
pact of coiling in their study and found no sig-
nificant differences in clinical or angiographic
outcomes between coiled and non-coiled cas-
es. In the studies included in this meta-analysis,
only one patient experienced technical failure.

Although the preliminary safety and effi-
cacy results for FRED X are promising, long-
term follow-up studies, particularly those
comparing coated and uncoated FDs, are
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needed to further evaluate its clinical perfor-
mance.

This meta-analysis has several limitations,
despite efforts to address heterogeneity and
publication bias. The retrospective design
of the included studies introduces inherent
constraints, such as selection bias, missing
data, and variability in reporting practices,
which may affect the reliability and gen-
eralizability of the findings. In comparing
ruptured and unruptured aneurysms, differ-
ences in aneurysm characteristics, such as
location and morphology, and variations in
treatment approaches, including the use of
adjunctive coiling, may further complicate
interpretations and reduce comparability.
Additionally, the short- to mid-term fol-
low-up periods in most of the included stud-
ies may not sufficiently capture long-term
treatment outcomes. These factors should
be carefully considered when interpreting
the conclusions of this analysis.

In conclusion, this study demonstrates
that the FRED X offers high feasibility and
procedural safety, surpassing the perfor-
mance of first-generation devices. While the
short-term occlusion rates appear satisfac-
tory, long-term and comparative studies are
needed to fully evaluate the potential of the
FRED X and other coated FDs.

Footnotes
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