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Introduction

The endovascular treatment of juxtarenal abdominal aortic 
aneurysms (jAAAs) is challenging precluding the applica-
tion of standard endovascular aneurysm repair (EVAR) in 
many cases, due to the lack of adequate proximal sealing 
zone.1 Thus, alternative techniques are being employed pro-
longing and ensuring the proximal sealing zone, while pre-
serving the correct perfusion of the renal and visceral 
arteries. These alternatives include fenestrated endograft 
technology (FEVAR, fenestrated endovascular aortic repair) 
and the use of parallel grafts (PGs). The FEVAR technique 
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Abstract
Objective: To identify and analyze the published in vitro benchtop experiments for the assessment of endovascular 
techniques used for the treatment of juxtarenal abdominal aortic aneurysms (jAAAs).
Data sources: Scopus, PubMed, and Web of Science.
Review methods: A systematic literature search was carried out throughout March 2021 following PRISMA guidelines. 
Two investigators independently performed title and abstract screening to reveal all benchtop testing evaluating the 
endovascular treatment of jAAA.
Results: A total of 19 studies were included, 8 evaluating fenestrated (FEVAR) and 11 parallel grafts (PGs). FEVAR 
studies used different custom testing apparatus (n=7) or 3D-printed models (n=1) to analyze dislodgement and migration 
resistance, misalignment consequences and causation, and bridging stents’ radial force, flareability, fatigue, and fracture 
resistance. All PG studies used silicone-based models to analyze optimal oversizing, sealing length, gutter behavior, and 
possible reduction. Test evaluation in FEVAR in vitro testing was based on pullout force analysis (N=5), photo evaluation 
(n=1), fluoroscopy (n=1), X-rays (n=4), CT analysis (n=3), macro- and microscopic evaluation (n=4), water permeability 
(n=1), and fatigue simulator testing (n=1), while it was based on CT analysis in all PG studies adding ECG-gate in one study. 
The most frequently tested devices were Zenit (Cook) (n=7), Endurant (Medtronic) (n=5), and Excluder (Gore) (n=5) as 
main grafts, and Advanta V12 (n=14) as the bridging device.
Conclusions: This systematic review presents a broad analysis of the current in vitro methods evaluating the endovascular 
treatment of jAAA. Fundamental issues have been benchtop tested in both FEVAR and PGs. The analysis of the included 
studies allowed to recommend an optimal testing design. In vitro testing is a potential tool to further elucidate points of 
attention hard to investigate in vivo to finally enhance the endovascular treatment outcomes. Future in vitro studies are 
needed to evaluate the in vitro performance of all indistinctively used devices in the clinical practice.
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traditionally employs a custom-made patient-specific endo-
graft with fenestrations for the visceral vessels, which need 
to be canulated and stented.2 As an alternative, the use of 
PGs, either as aortic repair (CHEVAR, chimney endovascu-
lar aortic repair) or aneurysm sealing (CHEVAS, chimney 
endovascular aortic sealing), employs off-the-shelf avail-
able endografts allowing prompt treatment which can be 
essential in urgent cases. Different retrospective and even 
multicentric studies have been published evaluating the 
safety, mid-term, and even long-term results in terms of 
patency, reintervention rates, and mortality of these 
techniques.1,3–5

Although FEVAR and PG techniques have been used for 
decades, none of the available and employed bridging stent 
grafts (SGs) today are dedicated devices. Many different 
combinations of main grafts (MGs) and branch grafts have 
been applied; however, a head-to-head evaluation based on 
the best anatomical fit is difficult within cohort studies. The 
deployment of FEVAR and PG configurations in a close 
proximity to the human body in an in vitro environment 
provides a valuable tool keeping the test conditions such as 
jAAA anatomy and vessel wall characteristics. In vitro 
evaluation of the employed SGs before their in vivo appli-
cation should be paramount to analyze and apprehend their 
possible behavior in the patient.6 However, wide-ranging in 
vitro evidence on the endovascular treatment of jAAA is 
lacking.

Different in vitro tests have previously been performed 
to investigate the stability of fenestrated grafts or their com-
ponents7,8 to assess the specific properties of bridging 
stents9,10–13 or chimney grafts (CGs)14,15 and to define the 
ideal graft position and configuration for the chimney tech-
nique16–18 and the potential benefits of the use of gutter fill-
ings19 or EndoAnchors.20 The cornerstone of every in vitro 
study is the used phantom. In general, phantoms are always 
a simplification of reality; however, the key characteristics 
should be incorporated to investigate specific questions. 
Phantom characteristics can be categorized into three main 
aspects: material specifications, geometry, and fabrication. 
A phantom material and its specifications introduce the first 
consideration in an in vitro study. Ideally, a material should 
be selected to mimic the physical properties (eg, viscoelas-
tic properties and wall thickness) and satisfy experimental 
pre-requisites (eg, durability, and optical and geometrical 
properties). Second, the phantom design process plays an 
important role in mimicking in vivo anatomic conditions, 
and models can be fabricated from simple tubes, averaged 
anatomy, or patient-specific anatomy. The geometry and 
design of phantoms define the overall complexity and qual-
ity of an in vitro study. Thus, a good understanding of the 
currently used phantoms and their limitations is of consid-
erable importance in evaluating the clinical relevance of 
those studies, apart from formulating more realistic and 
reliable in vitro studies in the future.

The aim of this review was to identify and analyze the 
published in vitro benchtop experiments for the assessment 
of endovascular techniques used in the treatment of jAAAs. 
The main focus was on the in vitro model designs, configu-
rations, and fabrications.

Materials and Methods

This systematic review was written in accordance with the 
guidelines provided within the preferred reporting items for 
systematic reviews and meta-analyses (PRISMA) state-
ment.21 The interfaces used for searching were Scopus, 
PubMed, and Web of Science. Articles were included until 
March 2021.

Definitions

A jAAA was defined as pathological degenerative widening 
of the infrarenal abdominal aorta adjacent to or including 
the lower margin of the renal artery origins.8 We defined an 
in vitro phantom study, an experimental study, in which the 
proposed research questions and hypotheses were investi-
gated using benchtop experiments. A search query contain-
ing all keywords from both categories was applied to the 
paper title, abstract, and keyword categories (Supplementary 
file 1). No search was performed to retrieve unpublished 
data or abstracts.

Study Selection

Two authors (G.T.T. and H.M.) independently screened 
the titles and abstracts of all identified non-duplicated 
articles. All publications regarding in vitro phantom stud-
ies focusing on the endovascular treatment of jAAA, such 
as FEVAR and PG as for CHEVAR and CHEVAS, were 
included. Unrelated studies such as computational fluid 
dynamic (CFD) simulations, animal investigations, and 
retrospective clinical cohort studies were excluded. 
Studies focusing on in situ fenestration evaluation, EVAR, 
EVAS, endovascular reconstruction of the aortic bifurca-
tion, endovascular repair of the thoracic aorta, aortic dis-
section, or aortic arch repair, case reports, and commentary 
articles were also excluded. Then, full-text analysis of all 
suitable articles was performed by G.T.T. and H.M. to 
decide inclusion and exclusion. Any disagreement was 
resolved by discussion to reach consensus. Reference lists 
of the finally included studies were screened for any 
missed eligible studies (Figure 1).

Data Extraction and Processing

Data extraction and analysis were performed by G.T.T. and 
H.M. individually. Then, merging was performed, and any 
discrepancies were resolved with a check in the full-text 
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article. Due to the intrinsic differences between endovascu-
lar treatments and their clinical relevance, the extracted 
data were processed separately. After analysis, all included 
studies were classified according to phantom fabrication 
parameters and in vitro testing characteristics. The phan-
tom material, its physical properties (specification), and 
the use of physiological condition simulation were 
extracted from the texts. The “anatomy” design of the 
phantom was divided into three types. The first design type 
was called “simplified,” in which the investigated anatomy 
was designed based on few landmarking geometrical 
parameters. The second design type was labeled as “gener-
alized,” in which the average anatomical characteristics of 
the preoperative computed tomography angiography 
(CTA) of jAAA patient cohort were used in the design pro-
cess. The third design type represents the “patient-specific” 
phantoms, in which the used geometry and its design were 
usually based on the preoperative CTA of one patient with 
jAAA. Finally, the phantom fabrication process was 
extracted and reported.

The studies were reported according to their investiga-
tional aims: (1) resistance to displacement and migration, 

positioning and misalignment, and bridging stents’ radial 
force, fatigue, and fracture resistance evaluation in FEVAR 
studies; (2) stent-graft oversizing, CG compression, and 
gutter sizes in PGs. Differences between articles were 
reported, investigating based on the study design and 
parameters, the employed devices (ie, the main SG, CG), 
the number of SGs per testing, and the number of tests and 
evaluation techniques.

Results

Figure 1 depicts the flow chart for study selection. Nineteen 
papers were included in the study. In Tables 1 and 2, all the 
included studies are presented chronologically and classi-
fied according to the phantom fabrication parameter, in 
vitro testing characteristics, aim and results for a global 
overview of their content.

FEVAR Studies

A total of 8 in vitro studies evaluated the fenestrated technol-
ogy for the endovascular treatment of jAAA7–13 (Table 1). 

Figure 1. Flow chart illustrating study selection.
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The resistance to displacement and migration in FEVAR was 
studied by Scurr et al using a testing rig with two overlap-
ping acrylic tubes with two sets of holes representing bilat-
eral renal artery in their first study in 20089 and a tensile 
tester via plastic sealing plugs and pneumatic clamps in their 
second study in 2012.7 FEVAR misalignment consequences 
and causation were studied by Crawford et al in 20168 
employing a testing apparatus made of a circular hose clamp 
adjusted to 90% of the diameter of the FEVAR device and 
steerable rods of different diameters passed through the fen-
estration simulating rigid stents, and in 2019 using an ideal-
ized aortoiliac phantom with helical iliac artery geometry 
fabricated through 3D printing (rigid) or through casting 
with polyvinyl alcohol using 3D-printed molds (flexible) 
connected to a recirculating pump filled with saline pressur-
ized to 100 mmHg and at 37°C.22 Additionally, three flexible 
patient-specific models were created based on the patients 
preoperative CTA.22 Bridging stents’ radial force, flareabil-
ity, fatigue, and fracture resistance were studied in the four 
studies conducted by Torsello et al. They used test sheets 
with two rows of 5 fenestrations with 5 or 10 mm diameter in 
all their studies.10–13 They used water permeability test for 
the bridging stent when evaluating the GORE VIABAHN 
VBX Balloon Expandable Endoprosthesis (W.L. Gore and 
Associates, Flagstaff, AZ, USA) due to the increased trans-
lucency in the microscopic pretests.11

Seven out of 8 studies gave information on the phantom 
material of fabrication. Seven studies employed a simpli-
fied model, while the testing by Crawford et al22 was based 
on generalized and patient-specific phantoms. Physiological 
condition simulation was performed in 5 of the 8 studies by 
submerging the model in a water bath at 37° or in a saline 
solution and pressurizing the SG. The Zenit fenestrated 
device was analyzed in 7 out of 8 studies while the Anaconda 
fenestrated device (Vascutek, Terumo, Inchinnan, Scotland) 
was employed in one study.8 Advanta V12 and VBX SG 
were employed in three in vitro experiments each, while 
BeGraft and BeGraft+, Jostent (Abbott Vascular, Santa 
Clara, CA, USA), and Palmaz stent (Cordis Corporation, 
Miami Lakes, FL, USA) were employed in one study each. 
Test evaluation in the selected studies was based on differ-
ent parameters as for pullout force (POF) analysis, photo 
evaluation, fluoroscopy, X-rays and CTs, macro- and micro-
scopic evaluation, water permeability test, and fatigue sim-
ulator test were applied (Table 1).

CHEVAR/CHEVAS Studies

A total of 11 studies evaluated the endovascular treatment 
of jAAA using PG, of which 8 focused on CHEVAR,14–18,20,23,24 
2 on CHEVAS,19,25 and 1 study compared CHEVAR and 
CHEVAS techniques in terms of CG geometry and renal 
artery flow.26 The degree of MG oversizing was 

investigated in both papers by Mestres et al when using a 
single chimney23 or double/triple chimneys.18 PG compres-
sion and gutters were studied by de Bruin et al,24 Meekel et 
al,15 and Taneva et al14 depending on the use of different 
types of CGs: balloon-expandable covered stents (BECS) 
such as Advanta V12,14,15,24 VBX,14,15 and BeGraft+,14 or 
self-expandable covered stents (SECS) such as Viabahn 
(Gore).15,24 Three articles investigated possible gutter 
reduction either employing EndoAnchors,20 evaluating the 
sealing length of the EVAR device,16 or employing second-
ary filling of the endobags.19 CG behavior during the car-
diac cycle was studied by Overeem et al.17 In vitro 
comparison between CHEVAR and CHEVAS renal artery 
flow was performed by Boersen et al.26

All in vitro studies employing the chimney technique 
used silicone-based models (Table 2). Three studies added 
material specifications for the use of stiffer silicone than the 
aortic wall,14 adjustment of the material to the arterial stiff-
ness,16 or the use of an external mesh to limit the silicone 
elasticity.18 A total of 5 studies employed simplified phan-
tom designs. Mestres et al18,23 designed phantoms repre-
senting jAAA necks using straight tubes with different inner 
diameters. Niepoth et al, de Bruin et al, and Meekel et al 
created phantoms considering different straight tube diam-
eters and diverging tube designs, mimicking the aorta and 
the renal arteries.15,20,24 The other 5 studies employed gener-
alized phantoms.16,17,19,20,26 Taneva et al employed a patient-
specific model based on the preoperative CTA of a patient 
treated succesfully with the chimney technique.14 Four 
studies gave information on the external fabrication of the 
phantoms outsourcing the production to a company.14,17,19,26 
Four studies connected the phantom to a fluid circulation 
loop to include physiological hemodynamics.14,17,20,26 Six 
studies submerged the phantom in gelatine water or saline 
bath at 37°C in order to simulate physiological conditions. 
Shukuzawa et al did not report on the use of any physiologi-
cal conditions.16

The Endurant and Excluder were the most in vitro ana-
lyzed EVAR devices for the chimney technique employed 
in 5 studies each, followed by the Nellix technology 
(Endologix, Irvine, CA, USA) employed in 3 studies and 
AFX (Endologix) used in 1 study (Table 2). Advanta BECS 
was investigated as CG in all the 11 included studies. 
Viabahn was employed in 8 studies, VBX in 2 studies, and 
BeGraft and BeGraft+ in 1 study each (Table 2). Testing 
evaluation was mainly based on CT analysis in all the 
studies.

Discussion

We here present the first systematic review of literature 
evaluating the in vitro methods for the endovascular repair 
of jAAA with FEVAR or PG techniques. Despite 
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the evolution of the endovascular treatment of jAAA, the 
available in vitro benchtop evidence is limited presenting 
only 7 FEVAR and 11 PG studies. Seemingly, different SGs 
perform differently in consequence to their distinctive char-
acteristics. The assessed articles described a wide variety of 
models and methods precluding an uniform comparison 
between studies, while underlying the need for standardized 
in vitro evaluation manifesting the relevance of our paper.

Essential issues have been addressed by in vitro testing 
in fenestrated grafts. The MG proximal seal (type I 
endoleak), stability and resistance to dislodgment (type III 
endoleak), MG torsion and misalignment cause and conse-
quences, as well as bridging devices resistance and flare-
ability have been benchtop studied. However, other specific 
questions like MG resistance to cardiac cycle or breathing 
movements have not been investigated. Six out of 7 studies 
evaluated the Zenith fenestrated endograft highlighting the 
lack of in vitro evidence on other employed fenestrated 
endografts. Also, although Advanta V12 has been cited as 
the standard of care,11,13 many other off-the-shelf SGs are 
employed in the everyday practice without any in vitro dif-
ferentiation and characterization for their use as bridging 
stents, underlying the necessity of a dedicated SG.

Essential matters like MG oversizing, PG compression, 
and gutters have also been addressed by in vitro testing in 
PG studies. However, other issues like migration, friction 
between devices, and positioning have not been addressed. 
The in vitro evaluation of PG for the treatment of jAAA 
used a silicone-based phantom of different complexities in 
all the studies and focused mainly on gutter evaluation and 
different techniques to reduce them. Although CHEVAS 
presents several in vitro studies evaluating different crucial 
parameters, the Nellix device’s CE-mark has been sus-
pended after suboptimal performance in infrarenal AAA27–

30 and recall of the existing inventory was announced in 
2019 only being available afterwards under clinical proto-
col. The Endurant and Excluder abdominal endografts 
showed broad in vitro testing background on the contrary to 
other off-the-shelf abdominal endografts lacking in vitro 
evaluation and characterization. Many nowadays available 
SGs were tested as CGs. Although the combination of 
Endurant and Advanta V12 as the standard of care received 
has CE-mark approval,31 here, again a dedicated PG bridg-
ing device has not been established yet.

Several limitations of the analyzed studies have been 
detected. Due to the nature of in vitro testing, and even 
though mimicking physiological conditions are employed, 
the testing mechanisms do not represent exactly the biologi-
cal human conditions. The silicon phantom material mim-
icking aortic wall elasticity does not match the properties of 
a vessel wall, lacking also the presence of calcium and 
thrombus we frequently find in patients with AAA. Even if 
simplified, generalized, or patient-specific phantoms are 
used, they may not approach the diversity of patients’ anat-
omy, vessel and aortic angulations, possible ostium stenosis, 

and particularities, which may influence the performance. 
When the tested material and devices are submerged in gela-
tine water solution simulating blood viscosity at 37°C, this 
may only approach the biological conditions. Other biologi-
cal factors such as respiratory movements and cardiac cycle 
also influence SG performance, being this last one evaluated 
in only one study.32 Fluid simulation, which may seem 
essential to simulate biological conditions, was employed in 
only 1 of 7 FEVAR studies and 4 of 11 PG studies. Probably 
due to the different nature of both techniques, while different 
CFD simulation studies to investigate possible devices’ 
behavior can be found regarding FEVAR,33–37 none of the 
same nature was found analyzing the PG technique. 
Although excluded from the present analyses due to the lack 
of benchtop testing, CFD studies may represent a valuable 
tool to analyze SG behavior in diverse preselected patients’ 
anatomy. However, the lack of validated boundary condi-
tions may impact the reliability of CFD. Also, in vitro testing 
represents only an initial evaluation of the devices after their 
deployment, not evaluating the possible further complica-
tions derived during patients’ follow-up.

After analyzing the here-presented cohort which sets the 
base of in vitro testing, an optimal testing phantom design 
may be suggested. Currently, silicone-based materials are 
mostly used in in vitro studies; however, one of the remain-
ing challenges is to adjust the biomechanical properties of 
the developed phantom to the in vivo conditions. Silicone 
(polydimethylsiloxane) is widely used to develop arterial 
phantoms, for which the mechanical properties such as 
Young’s, shear and bulk moduli have been reported based on 
different curing settings.38,39 Ostensibly, a silicon-based 
model mimicking the thickness and compliance of aortic 
wall, following a generalized, but complex anatomy may be 
more adequate, although not representing patient-specific 
particularities. It should be noted that the generalized phan-
toms are usually developed to correspond to a specific 
patient cohort’s mean anatomical features, which are 
extracted using morphometric clinical protocols. These pro-
tocols tend to simplify the anatomy by calculating diameters 
and angulations from a few landmarks, introducing limita-
tions in an in vitro study. Therefore, it is advised to expand 
the horizon by investigating other techniques based on math-
ematical algorithms capable of producing more sophisti-
cated anatomical mean geometry of the analyzed cohort. For 
instance, non-parametric statistical shape modeling (SSM) 
is a mathematical algorithm combining all anatomical shape 
information and produces an anatomical model that repre-
sents a realistic average geometry of the investigated 
cohort.40 Outsourcing the fabrication of the phantom or 
apparatus to a specific specialized unit may be optimal for 
reproducibility of the results. The use of blood mimicking 
fluid seems useful to mimic blood viscosity and density.41 
Fluid simulation technology connecting the phantom to a 
pulsatile pumping system allowing pressure, temperature, 
and pulsatility settings is suggested as paramount to simulate 
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physiological deployment and analysis conditions. Each test 
shall be repeated at least 3 times for inter-reader reproduc-
ibility. Although the evaluation of the testing was based on 
POF analysis in the majority of FEVAR tests and CT imag-
ing in all PG testing, other modalities like the biplanar digi-
tal radiography to detect possible changes of the stent 
structure or SG fracture, microscopic evaluation of possible 
fabric or stent changes,10–13 and ECG-gated CT to evaluate 
device changes with cardiac cycle need to be considered for 
more detailed evaluation of SG performance.

According to the extracted results, only a few of all the 
nowadays available MGs and SGs have been in vitro tested. 
It seems like Advanta V12/Viabahn as SG and Endurant/
Excluder as MG or Zenith as fenestrated device display vig-
orous in vitro evidence. However, other off-the-shelf avail-
able devices are being indistinctively used for the 
endovascular treatment of jAAA lacking any in vitro evi-
dence. Future studies are needed to evaluate the rest of clin-
ically employed devices and their in vitro performance for 
the treatment of jAAA. In vitro testing should also consider 
the current clinical evidence to further elucidate points of 
attention that are difficult or impossible to investigate in 
vivo connecting this way the strengths of each modality.

Limitations

The limitations of in vitro testing and the relatively small 
sample size per arm hinder the recommendation of a SG as 
a dedicated device for each technique. Following the main 
goal of the present revision, the outcomes per se of each 
study were not presented. Complete harmonization in the 
presentation of the included studies was burdensome due to 
the different nature and evaluation method of each tech-
nique. Seven studies declared obtaining industry 
funds,10,11,13,15,19,22,26 and 9 stated potential conflicts of inter-
est,15–20,23,24,26 while conflicts/funding status was not cited 
in 1 study.8 Due to the nature and design of the included 
studies, a validated quality assessment binding in system-
atic reviews21,42 was not possible.

Conclusions

The present systematic review presents a broad analysis of 
the current in vitro methods evaluating the endovascular 
treatment of jAAA precluding an uniform comparison 
between studies, while underlying the need for standardized 
in vitro evaluation manifesting the relevance of our paper. 
Despite the limitations, fundamental issues have been 
benchtop tested in both FEVAR and PGs. However, other 
important questions regarding these techniques have not 
been in vitro evaluated yet. The analysis of the included 
studies allowed to recommend an optimal testing design. In 
vitro testing is a potential tool to further elucidate points of 
attention hard to investigate in vivo to finally enhance the 
endovascular treatment outcomes. Future in vitro studies 

are needed to evaluate the in vitro performance of all indis-
tinctively used devices in the clinical practice.
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