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OBJECTIVES: We sought to analyze the hemodynamic effects of the multilayer flow-modulated stent (MFMS)
in Thoracoabdominal aortic aneurysms (TAAAs).

METHODS: The hemodynamic effects of MFMS were analyzed in aortic thoracoabdominal aneurysms in
experimental swine models. We randomly assigned 18 pigs to the stent or control groups and underwent the
creation of an artificial bovine pericardium transrenal aneurysm. In the stent group, an MFMS (Cardiatis, Isnes,
Belgium) was immediately implanted. After 4 weeks, we evaluated aneurysm sac thrombosis and renal branch
patency by angiography, duplex scan, and morphological analysis.

RESULTS: All the renal arteries remained patent after re-evaluation in both groups. Aneurysmal sac thrombosis
was absent in the control group, whereas in the stent group it was present in 66.7% of aneurysmal sacs
(p=0.061). The mean final aneurysm sac diameter was significantly lower in the stent group (mean estimated
reduction, 6.90 mm; p=0.021). The proximal neck diameter decreased significantly in the stent group (mean
difference, 2.51 mm; p=0.022) and grew significantly in the control group (mean difference, 3.02 mm; p=0.007).
The distal neck diameter increased significantly in the control group (mean difference, 3.24 mm; p=0.017). There
were no significant findings regarding distal neck measurements in the stent group.

CONCLUSION: The MFMSs remained patent and did not obstruct the renal arteries within 4 weeks. In the stent
group, the device was also associated with a significant decrease in aneurysmal sac diameter and a large
proportion (albeit non-significant) of aneurysmal sac thrombosis.
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’ INTRODUCTION

Thoracoabdominal aortic aneurysms (TAAAs) are difficult
to diagnose and treat. The complexity of available treat-
ment options incurs high mortality and morbidity rates (1),
emphasizing the need to research less invasive strategies
with minimal risk of sealing failure.
Flow-modulating stents, a more recent therapeutic con-

cept, shift the focus of treatment from aneurysm exclusion to
the reconstruction of the parent vessel. The aptly named
multilayer flow modulator stent (MFMS, Cardiatis, Isnes,
Belgium), unlike covered stents or endografts, allows blood
flow through the stent mesh into intersected side branches,

and modulates laminar flow within the aneurysmal sac,
leading to thrombosis (2).
In the case of TAAAs, MFMSs simplify the surgical pro-

cedure, sparing the need for catheterization of several
branches while maintaining their perfusion (3). The effec-
tiveness of this principle has been previously demonstrated
in in vitro (4,5) and in vivo (6,7) trials, and computational
studies (8), and has been successfully demonstrated in a
series of cases in both intracranial (9) and peripheral arteries
(10–12), with growing experience in the aortic sites (13–17).
From clinical experience, MFMSs convey high rates of

technical success in implantation and low mortality and
morbidity (15,17–19). However, some authors have stressed
the importance of indiscriminately applying the device (20).
Moreover, visceral ischemia after readjustment of antiplatelet
therapy and aneurysmal sac growth have been reported (21).
Although most reports show aneurysmal sac thrombosis,

several of these studies have observed continued aortic
enlargement in treated segments (15,17,22,23).
Considering this scenario, the present study sought to

create an experimental swine model to analyze the hemo-
dynamic effects of the MFM stent in TAAAs. Aneurysmal sac
thrombosis, aortic diameter behavior, and patency of theDOI: 10.6061/clinics/2021/e2812
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visceral branches were assessed through angiography, intra-
vascular ultrasound, and morphological analysis.

’ METHODS

The study was conducted between November 2016 and
April 2019 at the Center for Experimentation and Training in
Surgery of the Albert Einstein Jewish Hospital in São Paulo,
Brazil, which is accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care. The study was
approved by the institutional animal care and use committee.
A completed Animal Research: Reporting in Vivo Experiments
guidelines checklist is included in the Appendix.
Eighteen 4- to 10-month-old Large White pigs weighing

between 37 and 74 kg were randomly assigned to either the
test or stent group (n=9) or the control or no-stent group (n=9).
All animals underwent laparotomy to create an artificial

transrenal aneurysm. In the stent group, an MFMS (Cardi-
atis, Isnes, Belgium) was implanted in all subjects immedi-
ately after the creation of the aneurysm.
After four weeks, we performed a re-evaluation by angio-

graphy and ultrasound and a second laparotomy to assess
the aneurysmal sac growth. The aorta was explanted after
euthanasia.
The procedures are detailed in the following sections.

Preoperative anesthetic procedures
All pigs were restricted from consuming solids and liquids

for a 12-hour period. All animals were intramuscularly
anesthetized with ketamine (10.0 mg/kg) and midazolam
(0.25 mg/kg).
The marginal ear vein was catheterized with a 22-gauge

BD Insyte catheter (BD Infusion Therapy Systems Inc, Sandy,
Utah) for venous access. The invasive arterial pressure was
measured by catheterization of the right carotid artery.

Anesthesia was induced with etomidate (1 mg/kg) and
propofol (5 mg/kg). Size 7.0 Portex endotracheal tubes
(Smiths Medical, Ashford, UK) were used, and inhalational
anesthesia was achieved with 1.5% isoflurane with a venti-
lator set at a tidal volume of 10 mL/kg. Anesthesia was
maintained with fentanyl (2.5 mg/kg).

Fluid replacement was performed with a maintenance
crystalloid solution at 10 mL/kg/h. Crystalloid solution at
1 to 2 mL/kg/h was administered in bolus form whenever
necessary to maintain a mean blood pressure of at least
70 mmHg. The protocol dictated that animals with non-
responsive hypotension be excluded from the study.

Antibiotic prophylaxis was administered to all animals
with penicillin G benzathine (2.4 million units IM) and
cephazolin (1 g IV).

Intraoperative Technique
In 16 cases, the aneurysmal patches were prepared on a

back table prior to the start of the procedure: a bovine
pericardial patch (Braile Biomedica, São José do Rio Preto,
São Paulo) was folded in half and shaped into an oval
configuration with a continuous suture pattern with Prolene
5.0, with approximate dimensions of 3 cm (length) � 2.5 cm
(width) (Supplementary Figure 1).

In the two initial cases, the aneurysmal patch was con-
structed from the peritoneal tissue intraoperatively, follow-
ing the same configuration and measurements. However,
this technique prolonged the duration of the operation,
leading to hemodynamic consequences and was therefore
abandoned after the second case.

All animals were subjected to laparotomy with retro-
peritoneal dissection to access the visceral aorta with
proximal (at the superior mesenteric artery level) and distal
control (at the iliac bifurcation level). The renal and lumbar
arteries were then repaired.

Figure 1 - Mean adjusted values and 95% confidence intervals for proximal neck measurements (mm) in each procedure by group.
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Systemic heparin (200 UI/kg) was administered to all
subjects 2 min before proximal and distal clamping of the aorta.
The aorta was clamped proximally and distally to the renal

arteries, and the renal and lumbar arteries were temporarily
occluded. Once secure clamping was achieved, a longitu-
dinal aortotomy of approximately 4.5 cm in length was done
immediately distal to the superior mesenteric artery, with
removal of an elliptic patch of the aortic wall measuring
3 mm. The aneurysmal patch, constructed from either the
bovine pericardium or peritoneal tissue was then sutured to
the aortotomy in a continuous suture pattern with Prolene 4
(Supplementary Figure 1).
After careful hemostatic revision, the aortic flow was

restored, and the renal and lumbar arteries were unclamped.
Intraoperative aortography was performed immediately

after flow restoration through the right femoral access via
a 5F ‘‘PigTail’’ catheter (ImpulseTM, Boston Scientific) with
radiopaque centimeter markings positioned at the level of
the first lumbar vertebrae. The aneurysm diameter and the
extent and diameter of the healthy inframesenteric aorta
were measured.
Immediately after aortography, imaging with intravascu-

lar ultrasound (IVUS) was performed for further comparison
(Supplementary Figure 2).
Cases in which an enlargement of at least 50% of the

healthy diameter of the aorta occurred in the aneurysmal
section were considered technical successes.

Stent group
In this group, an MFMS was selected in accordance with

the aortic diameter as measured through IVUS and was
implanted immediately after aortography through the right
femoral access.
The stent was delivered just distal to the superior

mesenteric artery, fully covering the aneurysm and renal

arteries. Stent positioning and patency were verified using
angiography.

Postoperative protocol
Antiplatelet therapy was started once the animal could

receive an oral diet (24–48h) with acetylsalicylic acid 100 mg
orally once daily and maintained throughout the follow-up
period.

Re-evaluation reintervention
After 4 weeks, all surviving animals were subjected to a

re-evaluation procedure consisting of IVUS and angio-
graphic evaluation through femoral percutaneous access
under general anesthesia, with additional conventional
abdominal duplex scan evaluation when feasible.
Subsequently, all animals were subjected to laparotomy

under the same protocol as the first surgery to assess new
measurements of the aortic aneurysmal sac.
After aortic measurement, the animals were humanely

euthanized under general anesthesia with a potassium
chloride solution. The aorta was explanted in both groups.

Stent evaluation and ultrasound analysis
All animals were evaluated by IVUS using a Volcano

(Koninklijke Philips N.V., Amsterdam, The Netherlands)
device and a digital catheter (Visions PV 0.35 or PV 0.18;
Philips-Volcano).
When available, imaging was performed using a con-

ventional transparietal duplex scan. However, this was
limited because of residual pneumoperitoneum following
laparotomy.
Imaging studies were performed to evaluate the final

diameters of the aneurysmal sac and the aorta, assessment of
thrombus formation in the aneurysmal sac, and verification
of the patency of the renal arteries. In the stent group, they

Figure 2 - Mean adjusted values and 95% confidence intervals for aneurysmal sac measurements (mm) in each procedure by group.
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were additionally used to analyze stent positioning, device
patency, and presence of endoleak.

Aneurysmal sac and proximal and distal neck
measurements
Multiple comparisons were performed separately between

the control and stent groups for each procedure and between
the ‘‘Aneurysm construction’’ and ‘‘Four-week re-evalua-
tion’’ procedures for each group. These results are presented
as the mean estimated differences, with p-values corrected
using the Bonferroni method.

Statistical Analysis
Categorical data were expressed as absolute frequencies and

percentages, and continuous data were expressed as means
with standard deviations and minimum-maximum values.
The frequency distribution was verified through histo-

grams, boxplots, quartile comparison graphs, and the Shapiro-
Wilk test.
Fisher’s exact test was used to investigate the association

of categorical data between the study groups. Continuous
data analysis was evaluated using the Student’s t-test or the
Mann-Whitney test as adequate.
Linear models were adjusted to assess the group and

procedure effects on the proximal neck, aneurysmal sac, and
distal neck measurements. This adjustment was in accor-
dance with pre- and postoperative measurements in the
same animal, considering the group and procedure effects as
well as the interaction between group and procedure.
The results are presented as mean adjusted values with

standard errors and 95% confidence intervals (CIs). The
p-values obtained from multiple comparisons between
measurements and group procedures were adjusted using
the Bonferroni method.
All analyses were performed using SPSS Statistics for

Windows (version 19.0; IBM Corp, Armonk, NY). Statistical
significance was set at po0.05.

’ RESULTS

No significant population differences were observed
between the two groups (Supplementary Table 1).

The operating time, clamping time, and the occurrence of
anesthetic complications were also similar in both groups
(one in each group: one nonresponsive hypotension and one
hypoxemia due to glottic edema secondary to an expansive
hematoma after carotid catheterization). Surgical, anesthetic,
or postoperative complications did not differ between the
groups. The results are presented in Table 1.

There were two immediate postoperative deaths. Among
the animals included in the surveillance period, two died
within 36h of the intervention due to reperfusion injury.
Additionally, three animals with postoperative complications
had to be euthanized before 4 weeks needed for the control
re-evaluation procedure. Therefore, they were excluded from
statistical analysis. The animal outcomes are summarized in
Table 2.

Renal artery patency
Renal arteries remained patent at the time of re-evaluation

in 100% of the animals in both groups (Table 3).

Aneurysmal sac thrombosis
The presence of a thrombus was primarily evaluated after

aortic explanting through direct visualization of the vessel
wall (Supplementary Figure 3).

In the control group (n=5), aneurysmal sac thrombosis did
not occur on morphological evaluation and IVUS assessment
(Table 1).

In the stent group (n=6), aneurysmal sac thrombosis was
seen after aortic explanting in 66.7% of cases; however, this
was not confirmed by IVUS assessment (Table 1), possibly
due to a technical limitation of the method regarding the
echogenicity of the stent. However, when feasible, animals
were subjected to a transparietal conventional duplex scan
(Philips HD-11), and one animal in the stent group showed

Table 1 - Surgical characteristics of aneurysm creation procedure.

Procedure characteristics

Group

p-valueControl (n=5) Stent (n=6)

Operation Time (minutes) 0.248#

Median (Q1; Q3) 195.0 (180.0; 210.0) 180.0 (180.0; 195.0)
Min; Max 180; 220 130; 210

Clamp time (minutes) 0.189&

Median (SD) 32.2 (11.7) 24.2 (6.9)
Min; Max 18; 50 18; 35

Aneurysmal sac thrombosis 0.061y

No (n [%]) 5 (100.0) 2 (33.3)
Yes (n [%]) 0 (0.0) 4 (66.7)

Surgical Complications 0.455y

No (n (%)) 4 (80.0) 6 (100.0)
Yes (n (%)) 1 (20.0) 0 (0.0)

Anesthetic Complications 40.999y

No (n [%]) 4 (80.0) 5 (83.3)
Yes (n [%]) 1 (20.0) 1 (16.7)

Post-operatory complications 0.545y

No ( n [%]) 3 (60.0) 5 (83.3)
Yes ( n [%]) 2 (40.0) 1 (16.7)

IVUS visualization of aneurysmal sac thrombus ---
No ( n [%]) 5 (100) 6 (100)

Patency of renal arteries at re-evaluation procedure ---
Yes ( n [%]) 5 (100) 6 (100)

Q1: first quartile; Q3: third quartile; SD: standard deviation; #: Mann-Whitney test; &: t-Student test; y Fisher’s exact test.
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Table 2 - Individual animal outcomes.

Animal characteristics

Outcome

Survived until
4-week

re-evaluation
Animal study
number Group Aneurysm Graft

Animal 01 control peritoneum Ischemia-Reperfusion injury, death before 4 weeks no
Animal 02 control peritoneum Paraplegia followed by euthanasia, death before 4 weeks no
Animal 03 control bovine per. Ischemia-Reperfusion injury, death before 4 weeks no
Animal 04 Stent bovine per. completed study protocol yes
Animal 05 control bovine per. Intestinal occlusion, death before 4 weeks no
Animal 06 control bovine per. completed study protocol yes
Animal 07 control bovine per. completed study protocol yes

Animal 08 control bovine per. completed study protocol yes
Animal 09 Stent bovine per. completed study protocol yes
Animal 10 Stent bovine per. Expansive cervical hematoma, immediate postop. death no
Animal 11 Stent bovine per. Nonresponsive hypotension, immediate postop. death no
Animal 12 Stent bovine per. Paraplegia followed by euthanasia, death before 4 weeks no
Animal 13 Stent bovine per. completed study protocol yes

Animal 14 control bovine per. completed study protocol yes
Animal 15 Stent bovine per. completed study protocol yes
Animal 16 control bovine per. completed study protocol yes
Animal 17 Stent bovine per. completed study protocol yes
Animal 18 Stent bovine per. completed study protocol yes

Table 3 - Estimate mean values and 95% confidence intervals for aortic proximal neck, distal neck and aneurysmal sac at the aneurysm
construction procedure and re-evaluation procedure.

Measurements (millimeters)

Control Group Stent Group

Aneurysm

Construction

Re-evaluation

after four weeks

Aneurysm

Construction

Re-evaluation

after four weeks

Estimate mean
value (95%CI)

Estimate mean
value (95%CI)

Estimate mean
value (95%CI)

Estimate mean
value (95%CI)

Proximal Neck 10.56 (9.25; 11.87) 13.58 (12.27; 14.88) 10.47 (9.27; 11.66) 11.07 (9.87; 12.26)
Aneurysmal sac 17.56 (14.14; 20.98) 19.82 (16.40; 23.24) 17.85 (14.73; 20.97) 12.92 (9.79; 16.04)
Distal Neck 9.62 (8.12; 11.12) 12.86 (11.36; 14.37) 10.20 (8.83; 11.57) 10.72 (9.35; 12.09)

95% CI: 95% Confidence interval.

Figure 3 - Mean adjusted values and 95% confidence intervals for distal neck measurements (mm) in each procedure by group.
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full aneurysmal sac thrombosis with patent renal arteries
(Supplementary Figure 4).
Despite the notable number of sac thromboses in the stent

group after aortic explanting, the difference between the
groups was not significant (p=0.061).

Aneurysmal sac, proximal and distal neck
measurements
An association was observed between the study group and

procedure to measure the proximal neck (p=0.058), aneur-
ysmal sac (p=0.031), and distal neck (p=0.063), indicating that
the procedure effect depends on the study group at the 10%
significance level. Therefore, the test for multiple comparisons
was conducted between the ‘‘Control’’ and ‘‘Stent’’ groups
separately for each procedure and between the ‘‘Aneurysm
construction’’ and ‘‘Four-week re-evaluation’’ procedures
separately for each group. The results are presented in Table 3.
No intergroup differences were observed in the aneur-

ysmal sac (p40.999), proximal (p40.999), or distal neck
(p40.999) measurements during the first procedure when
the aneurysm was constructed.
The aneurysmal sac diameter in the stent group demon-

strated a non-significant mean average decrease of 4.93 mm
and a non-significant mean growth of 2.26 mm in the control
group. When the mean differences between the groups at
the final procedures were compared and adjusted by the
Bonferroni method, a significant decrease was observed in
the stent group, with a mean estimated reduction of 6.90 mm
(p=0.021).
A significant decrease was also observed in the diameter of

the proximal neck when comparing the stent group with
the control group after 4 weeks (mean average difference,
2.51 mm; p=0.022). Regarding proximal neck measurements,
there was also a significant growth in the control group from
the first procedure to the re-evaluation procedure, with a
mean difference of 3.02 mm (p=0.007).
The distal neck measurements in the control group demon-

strated significant growth in 4 weeks, with a mean difference
of 3.24 mm (p=0.017). There were no significant findings
regarding the distal neck measurements in the stent group.
The adjusted mean values and CIs for the measurements of

the proximal and distal neck and aneurysmal sac in the two
groups for each procedure are shown in Figures 1, 2, and 3.
Detailed results of the aortic explanting, angiographic and

IVUS findings are described in Table 4.

’ DISCUSSION

In this study, we developed an experimental porcine
model to study the hemodynamic effects of MFMSs in
artificially implanted saccular aneurysms in the aorta. Swine
is used because it is an excellent biomedical model that
closely replicates anatomical, physiological, and immunolo-
gical conditions in humans (24–27).
Our sample demonstrated that the implantation of MFMSs

did not lead to renal artery occlusion or stenosis, with
patency rates of 100% at 4 weeks in both groups. Other
authors have reported similar findings that side branch
occlusions are rare in MFMS implantations and generally
bear no clinical significance (13,15,17–19).
Thrombosis of the aneurysmal sac was primarily evalu-

ated after aortic explanting. IVUS imaging and transparietal
duplex scans were used as complementary methods, which
both have limitations. Proper visualization of the aneurysmal Ta
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wall was compromised with IVUS imaging because it was
unable to transpose the echogenic metallic mesh of the stent.
Conventional transparietal duplex scans are sometimes
impaired due to the remaining pneumoperitoneum or bowel
distension following laparotomy.
The incidence of sac thrombosis in the stent group was

66.7%. This difference was not statistically significant when
compared to the proportion in the control group (p=0.061).
The non-significance of this finding in our study may be due
to our limited sample size or the relatively short follow-up
interval. Follow-up was limited due to the proportionately
restricted structure of our Center for Experimentation and
Training in Surgery, in which keeping the animals longer
could compromise their wellbeing due to their growth. In
previous studies conducted by our group, we observed that
at 4 weeks, animals had developed sufficiently for outcomes
to be observed without jeopardizing animal handling due to
their size or weight (24–26).
In a study by Oliveira et al. (6), manually manufactured

multilayer stents composed of three metallic mesh stents
joined together were implanted into swine models with
aortic saccular aneurysms of bovine pericardium, in a simi-
lar fashion to our methodology, though not employing the
Cardiatis MFMS. Although the authors did not evaluate
aneurysmal sac thrombosis after aortic explants, a duplex
scan was conducted on all subjects, and changes were noted
in flow direction, from a whirlwind pattern in the aneur-
ysmal sac to a laminar intra-stent flow, with remarkable
differences in peak systolic speed (6).
In our study including 18 implanted aneurysms, 16 were

constructed from bovine pericardium patches, and only two
were constructed from the native peritoneum. The latter two
were randomized to the control group. We believe this may
be a cause for bias, considering that due to its allogeneic
nature, the bovine pericardial patch was unlikely to present
any growth.
In the stent group, however, we observed a significant

decrease in the aneurysm size (p=0.021). This was accom-
panied by the aforementioned large proportion, albeit non-
significant, of sac thrombosis.
Other findings regarding the aortic diameter in our study

included a significant decrease in the proximal neck diameter
in the stent group (p=0.022) as opposed to the significant
growth of the proximal neck diameter in the control group
(p=0.007), and a significant growth of the distal neck in the
stent group (p=0.017).
These findings are unconventional among saccular aneur-

ysms; however, aortic wall enlargement has been previously
addressed in thoracoabdominal pathology reports, especially
relating to dissections, suggesting that the reinstatement of
laminar flow has a remodeling effect over the aortic walls
(28). This could explain the findings of our study, but
conclusive statements would require further investigation.

Limitations
Due to the difficulties in establishing a proper intensive

postoperative care system for swine models associated with
the high mortality inherent in procedures of this type, we
chose to restrict the sample size to the minimum necessary
for statistical significance to limit animal mortality.
We incurred a possible bias by using a bovine pericardial

aneurysmal patch since its allogeneic nature meant that it
was unlikely to present any growth.

The mortality rate in this study (38%), which is consistent
with that previously reported for the general treatment of
TAAAs (29,30), was higher than that commonly observed in
MFMS implantation (13,15,18,19,23,31). This deviation is
likely due to the artificial implantation of aneurysms under
supraceliacal clamping, which is inherently more invasive
than customary MFMS implantation, and the practical and
technical difficulties in establishing an adequate intensive
intra- and postoperative care system for the swine models,
leading to a relatively higher rate of postoperative and
anesthetic complications.

’ ACKNOWLEDGMENTS

This experiment was supported by the Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP; 2016/0381-0).

’ AUTHOR CONTRIBUTIONS

Baptista-Strazzi APW was responsible for study conception, data collection,
manuscript composition, critical revision, manuscript acceptance, agree-
ment to accountability. Aun R and Wolosker N were responsible for study
conception, critical revision, manuscript acceptance, agreement to account-
ability. Sincos IR was responsible for study conception, data collection,
critical revision, manuscript acceptance, agreement to accountability.
Tobita AM and Kaufmann O were responsible for data collection,
manuscript acceptance, agreement to accountability. Portugal MFC and
Paula VP were responsible for manuscript composition, critical revision,
manuscript acceptance, agreement to accountability.

’ REFERENCES

1. Crawford ES, DeNatale RW. Thoracoabdominal aortic aneurysm: obser-
vations regarding the natural course of the disease. J Vasc Surg. 1986;
3(4):578-82. https://doi.org/10.1016/0741-5214(86)90281-8

2. Sultan S, Hynes N, Kavanagh EP, Diethrich EB. How does the multilayer
flow modulator work? The science behind the technical innovation.
J Endovasc Ther. 2014;21(6):814-21. https://doi.org/10.1583/14-4858.1

3. Oderich GS. Evidence of use of multilayer flow modulator stents in
treatment of thoracoabdominal aortic aneurysms and dissections. J Vasc
Surg. 2017;65(4):935-7. https://doi.org/10.1016/j.jvs.2016.12.092

4. Augsburger L, Farhat M, Asakura F. Hemodynamic effects of Cardiatis
braided stents in sidewall aneurysm silicone models using PIV.Available
from http//www.cardiatis.com/images/ stories/info/etude%20luca%
20in%20vitro.pdf [Accessed Oct 30th, 2011]

5. Jin X, Xu S, Chen Z, Zhang X, Huang L, Sun L. A Study on the Pressure-
Lowering Effect of the Multilayer Stent. Ann Vasc Surg. 2019;59:237-43.
https://doi.org/10.1016/j.avsg.2019.01.012

6. Oliveira JR, Aquino Mde A, Barros S, Pitta GB, Pereira AH. Alterações do
padrão do fluxo sanguíneo após tratamento endovascular do aneurisma
sacular da aorta abdominal com triplo stent: Modelo em suínos. Rev Col
Bras Cir. 2016;43(3):154-9. https://doi.org/10.1590/0100-69912016003004

7. Sultan S, Kavanagh EP, Bonneau M, Kang C, Alves A, Hynes NM.
Kinetics of endothelialization of the multilayer flow modulator and sin-
gle-layer arterial stents. Vascular. 2016;24(1):78-87. https://doi.org/10.11
77/1708538115585073

8. Wailliez C CG. CFD study of multilayer stent haemodinamics effects in
abdominal aortic aneurysms. Available from: http//www.cardiatis com/
images/stories/info/fluid-19%28105%29_c wailliez_g.coussement_fpms.
pdf [Accessed Oct 30th, 2011]

9. Walcott BP, Stapleton CJ, Choudhri O, Patel AB. Flow Diversion for the
Treatment of Intracranial Aneurysms. JAMA Neurol. 2016;73(8):1002-8.
https://doi.org/10.1001/jamaneurol.2016.0609

10. Baptista-Sincos APW, Simplício AB, Sincos IR, Leaderman A, Neto FS,
Moraes A, et al. Flow-diverting Stent in the Treatment of Cervical Carotid
Dissection and Pseudoaneurysm: Review of Literature and Case Report.
Ann Vasc Surg. 2018;46:372-9. https://doi.org/10.1016/j.avsg.2017.06.151

11. Henry M, Benjelloun A, Henry I. The multilayer flow modulator stent for
the treatment of arterial aneurysms: concept, indications and contra-
indications. J Indian Coll Cardiol. 2015. https://doi.org/10.1016/j.jicc.
2015.11.005

12. Wolosker N, Fioranelli A, Ferreira M, Tachibana A, Lembrança L, Oliveira
C. Endovascular Repair of Ruptured Thoracoabdominal Aortic Aneurysm
with an Off-the-shelf Endoprosthesis. Ann Vasc Surg. 2017;43:312.e1-312.
e4. https://doi.org/10.1016/j.avsg.2017.02.013

13. Sultan S, Hynes N. One-year results of the multilayer flow modulator
stent in the management of thoracoabdominal aortic aneurysms and type

7

CLINICS 2021;76:e2812 Multilayer stents in pig models
Baptista-Strazzi APW et al.

https://doi.org/10.1016/0741-5214(86)90281-8
https://doi.org/10.1583/14-4858.1
https://doi.org/10.1016/j.jvs.2016.12.092
www.cardiatis.com/images/ stories/info/etude%20luca%20in%20vitro.pdf
www.cardiatis.com/images/ stories/info/etude%20luca%20in%20vitro.pdf
https://doi.org/10.1016/j.avsg.2019.01.012
https://doi.org/10.1590/0100-69912016003004
https://doi.org/10.1177/1708538115585073
https://doi.org/10.1177/1708538115585073
http//www.cardiatis com/images/stories/info/fluid-19%28105%29_c wailliez_g.coussement_fpms.pdf
http//www.cardiatis com/images/stories/info/fluid-19%28105%29_c wailliez_g.coussement_fpms.pdf
http//www.cardiatis com/images/stories/info/fluid-19%28105%29_c wailliez_g.coussement_fpms.pdf
https://doi.org/10.1001/jamaneurol.2016.0609
https://doi.org/10.1016/j.avsg.2017.06.151
https://doi.org/10.1016/j.jicc.2015.11.005
https://doi.org/10.1016/j.jicc.2015.11.005
https://doi.org/10.1016/j.avsg.2017.02.013


B dissections. J Endovasc Ther. 2013;20(3):366-77. https://doi.org/10.15-
83/12-4077MR-R.1

14. Stefanov F, Morris L, Elhelali A, Kavanagh EP, Lundon V, Hynes N, et al.
Insights from complex aortic surgery with a Streamliner device for aortic
arch repair (STAR). J Thorac Cardiovasc Surg. 2016;152(5):1309-1318.e5.
https://doi.org/10.1016/j.jtcvs.2016.06.043

15. Vaislic CD, Fabiani JN, Chocron S, Robin J, Costache VS, Villemot JP, et al.
Three-Year Outcomes With the Multilayer Flow Modulator for Repair of
Thoracoabdominal Aneurysms: A Follow-up Report From the STRATO
Trial. J Endovasc Ther. 2016;23(5):762-72. https://doi.org/10.1177/15266
02816653095

16. Stefanov F, Sultan S, Morris L, Elhelali A, Kavanagh EP, Lundon V, et al.
Computational fluid analysis of symptomatic chronic type B aortic dis-
sections managed with the Streamliner Multilayer Flow Modulator. J Vasc
Surg. 2017;65(4):951-63. https://doi.org/10.1016/j.jvs.2016.07.135

17. Vaislic CD, Fabiani JN, Chocron S, Robin J, Costache VS, Villemot JP, et al.
One-year outcomes following repair of thoracoabdominal aneurysms
with the multilayer flow modulator: report from the STRATO trial.
J Endovasc Ther. 2014;21(1):85-95. https://doi.org/10.1583/13-4553R.1

18. Sultan S, Sultan M, Hynes N. Early mid-term results of the first 103 cases
of multilayer flow modulator stent done under indication for use in the
management of thoracoabdominal aortic pathology from the independent
global MFM registry. J Cardiovasc Surg (Torino). 2014;55(1):21-32.

19. Sultan S, Kavanagh EP, Stefanov F, Sultan M, Elhelali A, Costache V, et al.
Endovascular management of chronic symptomatic aortic dissection with
the Streamliner Multilayer Flow Modulator: Twelve-month outcomes
from the global registry. J Vasc Surg. 2017;65(4):940-50. https://doi.org/
10.1016/j.jvs.2016.09.059

20. Sultan S, Hynes N, Sultan M; MFM Collaborators. When not to implant
the multilayer flow modulator: lessons learned from application outside
the indications for use in patients with thoracoabdominal patholo-
gies. J Endovasc Ther. 2014;21(1):96-112. https://doi.org/10.1583/13-4514
MR.1

21. Cavalcante RN, Nishinari K, Yazbek G, Krutman M, Bomfim G, Wolosker
N. Severe visceral ischemia and death after multilayer stent deployment
for the treatment of a thoracoabdominal aortic aneurysm. J Vasc Surg.
2015;62(6):1632-5. https://doi.org/10.1016/j.jvs.2014.04.032

22. Ruffino MA, Rabbia C; Italian Cardiatis Registry Investigators Group.
Endovascular repair of peripheral and visceral aneurysms with the

Cardiatis multilayer flow modulator: one-year results from the Italian
Multicenter Registry. J Endovasc Ther. 2012;19(5):599-610. https://doi.
org/10.1583/JEVT-12-3930MR2.1

23. Lowe C, Worthington A, Serracino-Inglott F, Ashleigh R, McCollum C.
Multi-layer Flow-modulating Stents for Thoraco-abdominal and Peri-
renal Aneurysms: The UK Pilot Study. Eur J Vasc Endovasc Surg. 2016;
51(2):225-31. https://doi.org/10.1016/j.ejvs.2015.09.014

24. Sincos IR, Aun R, da Silva ES, Belczak S, Lourdes Higuchi M, Gornati VC,
et al. Impact of stent-graft oversizing on the thoracic aorta: experimental
study in a porcine model. J Endovasc Ther. 2011;18(4):576-84. https://doi.
org/10.1583/11-3470.1

25. Sincos IR, da Silva ES, Belczak SQ, Baptista Sincos AP, de Lourdes
Higuchi M, Gornati V, et al. Histologic analysis of stent graft oversizing in
the thoracic aorta. J Vasc Surg. 2013;58(6):1644-1651.e4. https://doi.org/
10.1016/j.jvs.2013.02.005

26. Baptista Sincos APW, Mazzeo A, Sincos IR, Coelho Neto F, Wolosker N,
Aun R, et al. Duplex scan and histologic assessment of acute renal injury
in a kidney-kidney crosstalk swine experimental model. J Vasc Surg.
2018;68(2):588-95. https://doi.org/10.1016/j.jvs.2017.06.118

27. Giraud S, Favreau F, Chatauret N, Thuillier R, Maiga S, Hauet T. Con-
tribution of large pig for renal ischemia-reperfusion and transplantation
studies: the preclinical model. J Biomed Biotechnol. 2011;2011:532127.
https://doi.org/10.1155/2011/532127

28. Conrad MF, Crawford RS, Davison JK, Cambria RP. Thoracoabdominal
aneurysm repair: a 20-year perspective. Ann Thorac Surg. 2007;83(2):
S856-61. https://doi.org/10.1016/j.athoracsur.2006.10.096

29. Hollier LH, Symmonds JB, Pairolero PC, Cherry KJ, Hallett JW, Gloviczki
P. Thoracoabdominal aortic aneurysm repair: Analysis of postopera-
tive morbidity. Arch Surg. 1988;123(7):871-5. https://doi.org/10.1001/
archsurg.1988.01400310085014

30. Coselli JS, LeMaire SA, Preventza O, de la Cruz KI, Cooley DA, Price MD,
et al. Outcomes of 3309 thoracoabdominal aortic aneurysm repairs.
J Thorac Cardiovasc Surg. 2016;151(5):1323-37. https://doi.org/10.1016/
j.jtcvs.2015.12.050

31. Hynes N, Sultan S, Elhelali A, Diethrich EB, Kavanagh EP, Sultan M, et al.
Systematic Review and Patient-Level Meta-analysis of the Streamliner
Multilayer Flow Modulator in the Management of Complex Thoraco-
abdominal Aortic Pathology. J Endovasc Ther. 2016;23(3):501-12. https://
doi.org/10.1177/1526602816636891

8

Multilayer stents in pig models
Baptista-Strazzi APW et al.

CLINICS 2021;76:e2812

https://doi.org/10.1583/12-4077MR-R.1
https://doi.org/10.1583/12-4077MR-R.1
https://doi.org/10.1016/j.jtcvs.2016.06.043
https://doi.org/10.1177/1526602816653095
https://doi.org/10.1177/1526602816653095
https://doi.org/10.1016/j.jvs.2016.07.135
https://doi.org/10.1583/13-4553R.1
https://doi.org/10.1016/j.jvs.2016.09.059
https://doi.org/10.1016/j.jvs.2016.09.059
https://doi.org/10.1583/13-4514MR.1
https://doi.org/10.1583/13-4514MR.1
https://doi.org/10.1016/j.jvs.2014.04.032
https://doi.org/10.1583/JEVT-12-3930MR2.1
https://doi.org/10.1583/JEVT-12-3930MR2.1
https://doi.org/10.1016/j.ejvs.2015.09.014
https://doi.org/10.1583/11-3470.1
https://doi.org/10.1583/11-3470.1
https://doi.org/10.1016/j.jvs.2013.02.005
https://doi.org/10.1016/j.jvs.2013.02.005
https://doi.org/10.1016/j.jvs.2017.06.118
https://doi.org/10.1155/2011/532127
https://doi.org/10.1016/j.athoracsur.2006.10.096
https://doi.org/10.1001/archsurg.1988.01400310085014
https://doi.org/10.1001/archsurg.1988.01400310085014
https://doi.org/10.1016/j.jtcvs.2015.12.050
https://doi.org/10.1016/j.jtcvs.2015.12.050
https://doi.org/10.1177/1526602816636891
https://doi.org/10.1177/1526602816636891


Supplementary Table 1 - Population characteristics of animals subjected to aneurysm creation.

Animal characteristics Group p-value

Control (n=5) Stent (n=6)

Age (months) 0.787#

Median (Q1; Q3) 4 (4; 4) 4 (4; 4)
Min; Max 4; 10 4; 5

Weight (kg) 0.413&

Median (SD) 53.8 (15.5) 47.5 (8.5)
Min; Max 37; 74 40; 63

Mean Arterial Blood Pressure (mmHg) 0.619&

Mean (SD) 82.4 (7.1) 86.8 (18.0)
Min; Max 73; 90 64; 113

Q1: first quartile; Q3: third quartile; SD: standard deviation; #: Mann-Whitney test; &: t-Student test
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Supplementary Figure 1 - Back table aneurysm patch creation and aneurysmal sac final aspect.
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Supplementary Figure 2 - Aneurysmal sac and patent renal arteries in aortography (left) and IVUS assessment in a Stent group animal
(right).

Supplementary Figure 3 - Aortic explant product with aneurysmal thrombus in the Stent Group.
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Supplementary Figure 4 - Aneurysmal sac thrombosis highlighted in blue, above. Patent right renal artery (above) and left renal artery
(below) in a Stent Group animal, during duplex scan assessment.
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