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Introduction

Complex fenestrated/branched endovascular aneurysm repair 
(f/bEVAR) with customized devices is not applicable in the 
emergency or urgent setting due to the minimum 4-week 
manufacturing time.1,2 Although off-the-shelf fenestrated and 
branched solutions exist, the majority of patients with jux-
tarenal, pararenal, and suprarenal aortic aneurysms do not 
meet the anatomical criteria for EVAR with these devices.3 
Endovascular repair of complex aneurysms with off-the-
shelf chimney EVAR (chEVAR) configurations is an alterna-
tive. In this technique, parallel stent-grafts are deployed 
adjacent to the main graft (MG) to maintain perfusion into 
the renovisceral branches after aneurysm exclusion.4–6 This 
technique is used not only for bailout procedures but also for 
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Abstract
Purpose: To assess in silicone juxtarenal aneurysm models the gutter characteristics and compression of different types 
of chimney graft (CG) configurations. Materials and Methods: Fifty-seven combinations of Excluder C3 or Conformable 
Excluder stent-grafts (23, 26, and 28.5 mm) were deployed in 2 silicone juxtarenal aneurysm models with 3 types of CGs: 
Viabahn self-expanding (VSE; 6 and 13 mm) or Viabahn balloon-expandable (VBX; 6, 10, and 12 mm) stent-grafts and Advanta 
V12 balloon-expandable stent-grafts (ABX; 6 and 12 mm). Setups were divided into 4 groups on the basis of increasing CG 
and main graft (MG) diameters. Two independent observers assessed gutter size and type as well as CG compression on 
computed tomography scans using postprocessing software. Results: In the smaller diameter combinations (6-mm CG 
and 23-, 26-, and 28.5-mm MGs), both VSE (p=0.006 to 0.050) and ABX (p=0.045 to 0.050) showed lower gutter areas 
and volumes compared with VBX. In turn, the VBX showed a nonsignificant tendency to decreased compression, especially 
compared to ABX. Use of the Excluder C3 showed a 6-fold increase in type A1 gutters (related to type Ia endoleak) as 
compared to the Conformable Excluder (p=0.018). Balloon-expandable stent-grafts (both ABX and VBX) showed a 3-fold 
increase in type A1 gutters in comparison with self-expanding stent-grafts (p=0.008). Conclusion: The current study 
suggests that use of the Conformable Excluder in combination with VSE chimney grafts is superior to the other tested 
CG/MG combinations in terms of gutter size, gutter type, and CG compression.
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elective cases in daily practice all over the world.7–9 The 
advantages include availability in emergent situations and 
lower costs than custom-made f/bEVAR devices. In many 
countries, custom-made devices are not available and chE-
VAR may be the only viable endovascular therapy.

Mid- to long-term outcomes of chEVAR are promising,8–10 
but reintervention remains a topic of discussion. Recent sys-
tematic reviews and meta-analyses comparing f/bEVAR and 
chEVAR conclude that both surgical techniques might be ben-
eficial in patients with various baseline characteristics and 
anatomies. Therefore, both techniques should remain part of 
the physicians’ armamentarium for the treatment of complex 
aortic aneurysms.11,12

One specific issue of the chimney technique is the occur-
rence of so-called gutters, formed by an unfilled space between 
the main graft, chimney, and aortic wall due to imperfect appo-
sition.13 These gutters are associated with the development of 
type Ia endoleaks, potentially leading to fatal aneurysm rup-
ture.7 As these stent-grafts are not designed to be deployed next 
to each other, graft compression or kinking can also influence 
the patency of the grafts. The frequency of early type I endole-
aks is relatively low (6.0%–7.6%) and the need for treatment 
rare.11,12,14,15 Small gutters are expected to thrombose sponta-
neously.16 With the availability of new stents and stent-graft 
designs for aortic aneurysm repair, new chEVAR configura-
tions can be tailored to the individual patient.

The aim of the current in vitro study was to assess cross-
sectional areas, volumes, type of gutters, and compression 
in different chEVAR configurations using newer chimney 
grafts (CGs).

Materials and Methods

Experimental Setup

Juxtarenal aortic aneurysms were simulated in 2 identical 
double-branched silicone models fabricated for previous 
chimney experiments. The models had a wall compliance 
mimicking the human aorta.17 Each silicone model (Figure 1) 
had 2 different aortic diameters (18.76 and 23.74 mm), and 
both aortic diameters were combined with 2 different renal 
branch diameters (4.71 and 10.77 mm) to deploy different 
MG and CG configurations. During deployment of stent-
grafts and computed tomography (CT) scanning, the silicone 
models were completely submerged in a gelatin-water solu-
tion (Sigma Chemical Corporation, St Louis, MO, USA) 
with the viscosity of blood.18,19 The solution was maintained 
at a constant 37 °C using a Julabo heating circulator (Julabo 
USA Inc., Allentown, PA, USA).

Stent-Grafts

In the current study, results of previously published chEVAR 
experiments from our research group17,21 were compared to 
results of newly performed experiments with new MGs and 
CGs. In the new experiments, the 23- and 28.5-mm Gore 
Excluder C3 (GE) and 23-, 26-, and 28.5-mm Gore 
Conformable Excluder (GCE) stent-grafts (Gore Medical, 
Flagstaff, AZ, USA) were tested in combination with 3 
different types of CGs: the 6- and 13-mm Viabahn self-
expanding (VSE) stent-graft (Gore Medical), the 6- and 

Figure 1.  (A) Silicone aortic aneurysm model with main graft and chimney graft deployed for analysis. (B) Close-up of in vitro 
chimney configuration of a Viabahn balloon-expandable stent-graft in combination with a Conformable Excluder. The different 
diameters of the renal arteries can be seen. (C) Schematic overview of silicone aneurysm model including inner diameters of the aorta 
and branches and lengths and angles of the branches.
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12-mm Advanta V12 balloon-expandable (ABX) stent-graft 
(Getinge, Gothenburg, Sweden), and the more recently 
released 6- and 10-mm Viabahn balloon-expandable (VBX) 
stent-graft (Gore Medical). Furthermore, the 10-mm VBX 
was additionally inflated to 12 mm. In total, 57 MG and CG 
combinations (Table 1) were deployed and analyzed. In all 
the different setups, new main grafts were used, except for 
the setups in which the VBX was reinflated from 10 to 12 
mm. A configuration of a small MG with large CGs was not 
tested since this configuration has been shown to seriously 
compress the MG.17

All CGs were positioned through the suprarenal aorta 
over Rosen guidewires (Cook Medical, Bloomington, IN, 
USA), and the MGs were positioned through the infrarenal 
aorta. The free flare zone of the CG was 5 mm proximal to 
the MG, and positions were checked using a ruler. CGs 
were balloon molded using a balloon inflator; MGs were 
deployed using a compliant Reliant balloon (Medtronic, 
Minneapolis, MN, USA). The aim was to deploy MGs and 
CGs simultaneously; if this was not the case, the MGs and 
CGs were balloon molded simultaneously for 30 seconds. 

Main graft oversizing was 23%, 39%, and 20% for the 23-, 
26-, and 28.5-mm MGs, respectively.

CT Scanning and Measurements

Experimental setups were scanned using a 64-slice CT 
scanner (Philips Medical Systems, Eindhoven, the 
Netherlands) with a resolution of 512×512 pixels and a 
slice thickness of 600 μm. Osirix postprocessing software 
(Pixmeo, Geneva, Switzerland) was used for geometrical 
measurements. Four table positions (TPs) were defined: 
TP1, start of the CG; TP2, start of the MG and sealing zone; 
TP3, end of the sealing zone; and TP4, CG fully positioned 
in the branch (Figure 2).

Gutter cross-sectional area (CSAs) and volume measure-
ments were performed using the predefined TPs. Both ven-
tral and dorsal gutter CSAs were manually and consecutively 
measured from TP2 distally up to TP4. CSAs between TP1 
and TP4 were used to analyze the type of gutter. CSAs at TP2 
and TP3 were analyzed as individual outcomes, and the con-
secutive results from the CSAs between TP2 to TP3 were 

Table 1.  Total TP2 and TP3 Gutter Areas, Gutter Volume, and CG Compression.

Setup
MG Type and 
Diameter, mm

CG Type and 
Diameter, mm Na

Total Gutter Area 
TP2 / TP3,b mm2

Gutter Volume/cm 
Sealing Zone,b cm3

CG 
Compression,b %

Gutter Types Other 
Than A3,b,c % (Type)

1d GE 23 VSE 6 2 21.7 / 19.0 0.14 31.0 —
2d GE 28.5 VSE 6 2 27.6 / 25.3 0.12 30.6 —
3d GE 28.5 VSE 13 2 29.4 / 31.0 0.23 18.9 75 (A1)
4d GE 23 ABX 6 4 30.8 / 25.6 0.17 44.0 50 (A1)
5d GE 28.5 ABX 6 4 54.1 / 38.0 0.16 37.7 50 (A1)
6d GE 28.5 ABX 12 2 42.1 / 42.1 0.27 28.7 25 (A1), 25 (C)
7 GE 23 VBX 6 1 29.1 / 19.0 0.22 15.7 50 (A1)
8 GE 28.5 VBX 6 1 48.7 / 53.4 0.59 21.8 100 (A1)
9 GE 28.5 VBX 10 1 38.6 / 41.1 0.50 6.6 100 (A1)
10e GE 28.5 VBX 12 2 53.7 / 47.4 0.45 0 75 (A1)
11 GCE 23 VSE 6 4 27.6 / 33.0 0.18 33.6 —
12 GCE 26 VSE 6 4 23.7 / 28.3 0.20 35.9 —
13 GCE 28.5 VSE 6 4 22.7 / 35.0 0.26 31.2 —
14e GCE 28.5 VSE 10 3 64.0 / 44.2 0.34 13.2 17 (A1)
15 GCE 23 VBX 6 4 35.7 / 38.3 0.26 35.1 —
16 GCE 26 VBX 6 4 34.2 / 35.5 0.24 25.3 —
17 GCE 28.5 VBX 6 4 57.4 / 54.4 0.40 31.2 25 (A1)
18f GCE 28.5 VBX 10 3 84.4 / 58.2 0.41 11.2 17 (A1)
19f,g GCE 28.5 VBX 12 3 59.9 / 38.6 0.24 8.0 17 (A1)

Abbreviations: ABX, Advanta balloon-expandable; CG, chimney graft; GCE, Gore Conformable Excluder; GE, Gore Excluder; MG; main graft; TP, table 
point; VBX, Viabahn balloon-expandable; VSE, Viabahn self-expanding.
aNumber of repeated experiments.
bMedian values.
cGutters originating at the proximal start of the main graft fabric can be subdivided into type A1 if continuing into the aneurysm sac, type A2 if 
continuing into the side branch vessel, or type A3 if terminating proximally to the aneurysm sac and side branch vessel. All gutters were type A3 unless 
stated otherwise.16

dPreviously published data in part (volumes were additionally measured).12,15

eIn 1 of 2 setups, the CG was inflated from 10 to 12 mm.
fOne setup was excluded due to deployment complications.
gIn all setups the CGs were inflated from 10 to 12 mm.
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used to compute 3-dimensional (3D) gutter volumes. Gutter 
volumes were corrected for seal zone length variations and 
are presented as gutter volume per centimeter seal zone.

CG lumen area just proximal to TP1 and a central lumen 
line through the CG were used to calculate the percentage 
of CG compression based on the maximal (proximal to 
TP1) and minimal CG lumen areas, which were measured 
perpendicular to the stent-graft’s central lumen line. All gut-
ters were classified as A1–3, B1 or 2, or C (Figure 3) 
according to the system reported by Overeem et al.21 Gutter 
types A1, A2, and A3 originate at the proximal start of the 
MG fabric and, respectively, continue into the aneurysm 
sac, side branch vessel, or terminate proximal to the aneu-
rysm sac or CG. Gutter types B1 and B2 are not found in the 
proximal part of the MG; B1 connects the stented renovis-
ceral artery with the aneurysm sac and B2 is found circum-
ferential to the CG only. Gutter type C is an enclosed 
volume without any connection to the proximal or distal CG 
end or continuation into the aneurysm sac. Gutter type A1 is 
mostly related to antegrade type Ia endoleak and gutter type 
B1 is related to retrograde type Ib endoleak, both with per-
sistent blood flow into the aneurysm. Therefore, these situ-
ations might require reintervention.

To analyze comparable anatomical situations, 4 combi-
nations (Figure 4) were compiled based on lumen and CG 
diameters from small CGs and small MGs to large CGs and 
large MGs. Combination i was a MG diameter of 23 or 26 
mm (in the 18.76-mm aortic lumen) combined with a CG 
diameter of 6 mm (VSE, ABX, and VBX); combination iii 
was a MG diameter of 28.5 mm (in the 23.74-mm aortic 
lumen) combined with a CG diameter of 6 mm (VSE, ABX, 
and VBX); combination iii was a MG diameter of 28.5 mm 
(in the 23.74-mm aortic lumen) combined with a CG diam-
eter of 10 mm (VSE and VBX); and combination iv was a 
MG diameter of 28.5 mm (in the 23.74-mm aortic lumen) 

combined with a CG diameter of 12 or 13 mm (13-mm 
VSE, 12-mm ABX, and 10-mm VBX inflated to 12 mm 
within the instructions for use). The results of the different 
CGs were compared within each combination. Furthermore, 
the combined results of the MGs and CGs between the dif-
ferent combinations were assessed to explore differences 
between anatomical variations.

Statistical Analysis

The results are presented as the median. Gutter types are pre-
sented as the number (percentage). Differences between 
groups were analyzed with the Mann-Whitney U test. TP area 
compression and measurements were performed in duplicate 
by 2 independent analysts and averaged. An interobserver 
reproducibility analysis was performed based on all MG and 
CG combinations. The intraclass correlation coefficient (ICC) 
was used to analyze gutter area and compression measure-
ments (the gutter areas were used to compute 3D gutter vol-
ume); indexes are given with the 95% confidence interval 
(CI). According to Koo and Li,22 an ICC <0.50 indicated poor 
agreement, an ICC between 0.50 and 0.75 indicated fair 
agreement, an ICC between 0.75 and 0.90 indicated good 
agreement, and an ICC >0.90 indicated excellent agreement. 
The threshold of statistical significance was p<0.05. 
Statistical analyses were performed using SPSS software 
(version 25.0; IBM Corporation, Armonk, NY, USA).

Results

Deployment

The MG and CG configurations were successfully deployed 
in 54 of 57 setups (95%). The GE was deployed simultane-
ously with all types of CGs, while the GCE was deployed 
simultaneously with the ABX and the VBX. The GCE and 
the VSE CG, however, could not be deployed simultane-
ously since the preloaded deployment wires of the VSE 
could accidentally snag the barbs of the GCE’s sealing cuff, 
perhaps blocking the VSE from unfolding. These barbs are 
more prominent in the GCE than in the conventional GE.

Two types of technical failures occurred in 3 setups. A 
10-×59-mm VBX in combination with a 28.5-mm GCE was 
positioned proximally in the branch; when the VBX was 
inflated from 10 to 12 mm, it migrated completely out of the 
branch because the stent length in the branch was too short. A 
10-×50-mm VSE in combination with a 28.5-mm GCE also 
was not inserted deeply enough in the branch and lacked a flare 
zone. These 3 setups were excluded from further analysis.

Gutter Areas

Since there was no difference between the 2 Excluder mod-
els (p=0.251 for TP2 and p=0.159 for TP3), the results of 
the MGs were combined. Gutter areas of TP2 and TP3 are 

Figure 2.  Schematic overview of table points (TP) used for gutter 
analysis. TP1 represents the start of the chimney graft (CG); TP2, 
the start of the main graft and sealing zone; TP3, the end of the 
sealing zone; and TP4, the CG fully positioned in the branch.
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Figure 3.  Gutter types. Type A1 originates at the start of the main graft fabric and continues into the aneurysm sac, type A2 
originates at the start of the fabric and continues into the side branch vessel, and type A3 originates at the start of the fabric and 
terminates proximally to both the sac and chimney graft (CG). Type B1 connects the renovisceral artery to the aneurysm sac, and 
type B2 is found only between the CG and the renovisceral artery wall. Type C is found between the CG and main graft, without any 
connection to a renovisceral artery or the aneurysm sac.

Figure 4.  An overview of the different combinations of aortic neck diameters, main grafts, and chimney grafts that were grouped 
for further analysis. All diameters are in millimeters. ABX, Advanta balloon-expandable; GE, Gore Excluder; GCE, Gore Conformable 
Excluder; VBX, Viabahn balloon-expandable; VSE, Viabahn self-expanding.
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presented in Table 1. Box plots of gutter area results are 
shown in Figure 5.

At TP2 (top of the sealing zone), VSE CGs had overall 
the lowest gutter areas when compared to VBX (p=0.009 
for combination i and p=0.019 for combination ii). ABX 
showed lower gutter areas compared to VBX in combina-
tion ii (p=0.006). At TP3 (bottom of the sealing zone), VSE 
CGs had overall the lowest gutter areas when compared to 
VBX (p=0.050 for combination i and p=0.018 for combina-
tion ii). ABX showed lower gutter areas compared to VBX 
in combination i (p=0.045).

Gutter Volumes and CG Compression

The 3D gutter volumes (Table 1) of the VSE CGs were low-
est compared with VBX (p=0.018 for combination i and 
p=0.006 for combination ii). ABX showed lower 3D gutter 
volumes compared to VBX in combination ii (p=0.050). A 
nonsignificant trend of lower compression was observed in 
the VBX, mostly compared to the ABX. Box plots of gutter 
volumes per cm sealing zone and CG compression are 
shown in Figure 6A and B, respectively.

Comparison Between Groups

An assessment between the different MG and CG combina-
tions was performed to evaluate the outcomes in different 
anatomical variations, which are bundled in the predefined 
combinations i to iv (as shown in Figure 4) and consecu-
tively ordered from small CG / small MG (combination i) to 
large CG / large MG (combination iv). In general, smaller 
CG/MG combinations showed smaller gutters and higher 
CG compression; however, results of combination iv (large 
CG and large MG) showed an opposite tendency.

At TP2, lower gutter areas were observed for combina-
tions i vs iii (30.9 vs 64.0 mm2, p<0.001), combinations i 
vs iv (30.9 vs 46.4 mm2, p=0.005), and combinations ii vs 
iii (32.7 vs 64.0 mm2, p=0.022). Conversely, higher gutter 
areas were observed in combinations iii vs iv (64.0 vs. 46.4 
mm2, p=0.039).

At TP3, lower gutter areas were observed for combina-
tions i vs ii (29.0 vs 36.2 mm2, p=0.012), combinations i 
vs iii (29.0 vs 52.2 mm2, p<0.001), and combinations i vs 
iv (29.0 vs 37.6 mm2, p=0.020). Again, higher gutter 
areas were seen in combinations iii vs iv (52.2 vs 36.7 
mm2, p=0.010).

Overall 3D gutter volumes per cm sealing zone were 
lower in combinations i vs iii (0.22 vs 0.41 cm3, p=0.001). 
Furthermore, mean CG compression was higher in combi-
nations i vs iii (35.0 vs 11.2 mm2, p<0.001), combinations 
i vs iv (35.0 vs 8.5 mm2, p<0.001), combinations ii vs iii 
(31.7 vs 8.5 mm2, p<0.001), and combinations ii vs iv (31.7 
vs 8.5 mm2, p<0.001).

Gutter Types

Gutter type classification found 25 (23%) type A1 gutters 
(with continuation into the aneurysm sac), no type A2 gut-
ters, and 82 (76%) type A3 gutters. No type B1 or B2 gut-
ters were observed, and 1 (1%) type C gutter was 
encountered. In setups using the conventional GE stent-
graft, 20 (48%) type A1 gutters were found, while in setups 
using the GCE stent-graft, 5 (8%) type A1 gutters were 
found (p=0.018). Setups involving self-expanding stent-
grafts showed 4 (10%) type A1 gutters, while setups involv-
ing balloon-expandable stent-grafts (both ABX and VBX) 
showed 21 (32%) type A1 gutters (p=0.008). Gutters differ-
ent than type A3 gutters are presented in Table 1.

Interrater Reliability

An excellent degree of reliability was found between mea-
surements for TP2 and TP3 areas and CG compression. The 
average ICC for TP2 was 0.97 (95% CI 0.95 to 0.98, 
p<0.001). The average ICC for TP3 was 0.98 (95% CI 0.96 
to 0.99, p<0.001). The average ICC for CG compression 
was 0.90 (95% CI 0.80 to 0.95, p<0.001).

Figure 5.  Median total gutter areas compared between and 
within groups at (A) TP2 and (B) TP3. Numbers of repeated 
measurements are presented at the bottom of the bars; p<0.05 
indicates a statistically significant difference. ABX, Advanta 
balloon-expandable; CG, chimney graft; MG; main graft; TP, 
table point; VBX, Viabahn balloon-expandable; VSE, Viabahn 
self-expanding.
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Discussion

The chEVAR technique has been shown to be a safe, effec-
tive, and durable alternative for the treatment of complex aor-
tic aneurysms,7,14 with low early mortality, few complications, 
and high long-term patency. Endoleaks can mostly be sealed 
endovascularly. Continued use in elective, urgent, and emer-
gency settings is therefore advised if local hospital capabili-
ties, timing, specific patient characteristics, and anatomical 
situations make fEVAR less desirable.7–9,14 Furthermore, 
chEVAR could be advised in the post-EVAR setting to treat 
type Ia endoleaks.23 Newer alternatives, including physician-
modified endovascular grafts and in situ fenestration, seem 
promising; however, supportive literature is still scarce.24–27 
Therefore, these treatment alternatives are typically consid-
ered only when other treatments options are lacking.

Both self-expanding and balloon-expandable CGs are 
available for use in chEVAR configurations. Recently, new 
endografts, such as the VBE have become available on the 
market and are used in chimney configurations.28 The endo-
grafts used in the chimney technique are not designed or 
typically indicated to be deployed alongside each other. 

Therefore, new experiments were considered necessary to 
test both the self-expanding and balloon-expandable 
Viabahn models.29

Analysis of various CG/MG combinations showed that 
in general gutter areas at TP2 and TP3 were lower in VSE 
and ABX compared with VBX. The 3D gutter volumes 
were lower in VSE and ABX compared to VBX in the 
6-mm CGs. No intragroup differences were found for com-
pression between different CGs. Results of the gutter clas-
sification as described by Overeem et  al21 imply that 
self-expanding stent-grafts, compared with their balloon-
expandable counterparts, lead to type A1 gutters less fre-
quently. These lower gutter areas and 3D volumes in VSE 
and ABX seem to come at the expense of a nonsignificant 
but repeatedly observed higher CG compression, especially 
when comparing ABX to VBX.

Previously, Boersen et al30 showed less compression in 
the balloon-expandable Advanta V12 compared to the self-
expanding Viabahn based on the ratio of the major to minor 
diameters of the graft lumens. However, Mestres et  al29 
showed that this ratio of deformation per axial slice was not 
of clinical importance. Rather, the ratio of the maximum 
and minimum CSAs between these 2 slices circumferential 
to the CG’s central lumen line was of clinical importance. 
This is illustrated by the fact that the flow rate is determined 
mainly by the CSA and only partially by the shape (or diam-
eters) of the artery or CG, as explained by the Bernoulli and 
Hagen-Poiseuille equations.31,32 Nonetheless, more accu-
rate measurements can be derived from computational fluid 
dynamics or 4D flow magnetic resonance imaging data, 
taking pulsatility of blood flow into consideration.

In the setups in which 6-mm CGs were used, lower gut-
ter areas at TP2 and TP3 were found compared to the larger 
CGs (10 and 12 or 13 mm). Interestingly, the 10-mm setups 
showed higher gutter areas at TP2 and TP3 compared to the 
12- or 13-mm CGs. Retrospectively reviewing the measure-
ments showed that the MG and CG were better aligned in 
the 12- and 13-mm CG setups compared to the 10-mm 
setup. While the 6-mm CG resulted in small gutters as a 
consequence of the smaller diameter, the smaller gutters in 
the 12- and 13-mm CG setups might be explained as a con-
sequence of the elliptical shape, leading to better alignment 
and fewer gutters. CG compression, however, was higher in 
all 6-mm CGs compared with 10-, 12- and 13-mm CGs. 
Outcomes of the setups in which the 10.77-mm renal artery 
was studied might also aid physicians in their decision for 
chEVAR involving superior mesenteric arteries or celiac 
trunks, since these generally have larger diameters than 
renal arteries.

Limitations

A limitation of the current study was the use of only one 
type of silicone aortic aneurysm model. Although 2 

Figure 6.  (A) Median 3-dimensional gutter volumes per 
cm sealing zone and (B) median chimney graft compression 
percentages compared between and within groups. Numbers 
of repeated measurements are presented at the bottom of the 
bars; p<0.05 indicates a statistically significant difference. ABX, 
Advanta balloon-expandable; CG, chimney graft; MG; main graft; 
VBX, Viabahn balloon-expandable; VSE, Viabahn self-expanding.
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different suprarenal aortic diameters were combined with 2 
different branch diameters, this does not represent the broad 
range of anatomical variations seen in the aorta, renovis-
ceral branches, and aneurysms, which are of importance for 
the clinical outcome.33 Also, the models do not have an 
infrarenal neck, while the only currently approved chEVAR 
configuration requires an infrarenal neck length of at least 2 
mm. This might lead to a worse outcome in sealing and may 
thereby affect the percentage of type A1 gutters. General 
conclusions, however, can be drawn from these combina-
tions considering small and large MGs and CGs.

Also, no fixation of the renal arteries was performed, 
which might lead to less compression or kinking of the 
stents at the origins of the renal arteries. Moreover, the 
stent-grafts were fixed only proximally, so the lack of distal 
limbs could allow the device to shift. Another limitation 
was the use of only 2 types of MGs. Other types of MGs 
could provide a different radial force or strut behavior or an 
alternative proximal fixation that might influence paragraft 
gutters and CG compression.34

Furthermore, the use of a gelatin-based water bath with-
out flow limits the possibility of visualizing endoleaks, and 
no tests considering clot formation could be performed. 
Also, dynamic changes of the gutter sizes during the cardiac 
cycle, as previously shown by Overeem et al,13,35 were not 
investigated. These issues were not aims of this study, 
which was a static experiment to allow accurate geometric 
gutter analysis.

Despite the observed size and volumes of the gutters, it 
remains unclear if these gutters would actually lead to clini-
cally relevant type Ia endoleak and thereby cause sac 
enlargement. Presumably, the seal that was observed in the 
models may have been adequate to prevent type Ia endoleak.

Since preloaded deployment wires of the VSE CG could 
accidentally interact with the barbs of the GCE (more out-
stretched than GE for more hold in angled necks), it is 
advisable to deploy the VSE CG prior to the GCE. Balloon 
molding of both CGs and MGs, however, can be performed 
simultaneously. Alternatively, sheathed deployment could 
be used to prevent accidental technical problems from the 
wires of the VSE.

The GCE was specifically designed to treat challenging 
proximal necks, especially severely angulated ones. These 
MGs are capable of actively conforming to the proximal neck 
before final deployment.36 Therefore it is not surprising that 
no differences between the 2 Excluder models were found in 
the current study, since our model had a straight, noncomplex 
landing zone. Interestingly, a significant 6-fold lower (8% vs 
48%) percentage of type A1 gutters was found in setups using 
the GCE compared with the conventional Excluder. It seems 
that the proximal part of the GCE not only aligns better with 
angulated necks but also shortens gutters in CG setups. Future 
studies involving complex landing zones might provide an 
insight into the advantages of conformable MGs.

Because no flow model was used, spontaneous thrombo-
sis of gutters and endoleaks could not be studied. Low flow 
velocity, interaction of blood with the graft, and elastic aor-
tic wall deformation often lead to spontaneous clotting.16 In 
addition, gutters can be treated with additional balloon dila-
tion, EndoAnchors,20,37 or liquid embolic agents.38

Compression of the CG leads to flow volume reduction, 
in-stent thrombosis, and potentially occlusion29,39,40; there-
fore, CG compression should not be underestimated. The 
maximum median compression was 35.9%, which can still 
be considered acceptable. Furthermore, compression alone 
is not the sole predictor of device occlusion. A landing zone 
in the renovisceral segment, tortuosity, and vessel diameter 
can all play roles.

Conclusion

The ABX, and to a larger extent the VSE, presented lower 
gutter areas and gutter volumes in the current in vitro set-
ups. The VBX showed less compression, especially com-
pared to the ABX. Also, smaller CG/MG combinations led 
to smaller gutters compared to larger CG/MG combina-
tions; however, the smaller combinations showed higher 
CG compression. Based on the results of this study, the 
authors propose use of the Conformable Excluder com-
bined with the VSE CG, since this combination is superior 
to the other tested CG/MG combinations in terms of gutter 
size, gutter type, and CG compression. Further research is 
required to investigate the safest and most durable treat-
ment options using CGs.
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