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Midterm Follow-up Geometrical Analysis of
Thoracoabdominal Aortic Aneurysms Treated
with Multilayer Flow Modulator
Giovanni Spinella,1 Alice Finotello,2 Elena Faggiano,3 Bianca Pane,1 Michele Conti,3

Valerio Gazzola,1 Ferdinando Auricchio,3 and Domenico Palombo,1 Genoa and Pavia, Italy
Background: Aim of our study is the analysis of clinical results and aneurysmal sac evolution
after multilayer flow modulator (MFM) placement, in patients with thoracoabdominal aortic aneu-
rysms (TAAs).
Methods: All patients with asymptomatic TAA treated at our institution between 2012 and 2014
with MFM were retrospectively analyzed. Thirty-day evaluated outcomes were mortality and
complications. Follow-up evaluated outcomes were mortality, aneurysm collateral branches
patency, and reintervention. A geometrical analysis of 2-year follow-up computed tomography
scans was carried out to evaluate the total aneurysm volume, the percentage of aneurysm
growth, and the evolution of maximum aneurysm diameter.
Results: Seven patients (mean age: 71.8 years, range: 63e85 years) were considered in the
study. Mean preoperative aneurysm diameter was 6.8 cm (range 6e8.3 cm). No 30-day mortal-
ity or complications were observed. Mean follow-up was 29.4 months. During follow-up, 3 deaths
(42.8%) were observed, not related to MFM complications. Reintervention rate was 42.8%,
occurred in all cases after 2-year follow-up; in 2 cases, the reintervention was necessary due
to an excessive increase of the aneurysmal sac. During the follow-up, a mean growth rate of
6 mm/year (4 patients) for the diameter of the aneurysm external wall and a total aneurysm vol-
ume increase from 2.45 � 105 mm3 to 3.50 � 105 mm3 (4 patients) was evaluated.
Conclusions: Our results have shown no mortality related to aneurysm rupture during the
follow-up and high rate of reinterventions after MFM placement. Further geometrical analyses,
based on the proposed approach, regarding a larger group of patients with long-term follow-
up are required to draw indications about the MFM use.
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INTRODUCTION

Treatment of thoracoabdominal aortic aneurysms

(TAA) with multilayer flow modulator (MFM) is

today quite common, particularly in cases of high-

risk patients unsuitable for other treatments.1,2 Still,

multiple questions remain regarding the functioning

and the long-term efficacy of MFM.3 Several authors

highlighted the limits of theMFM and the poor long-

term results of MFM series.4,5 However, literature

data lack details about long-term remodeling of the

aneurysmal sac and collateral vessel patency.

The aim of our study is the analysis of long-term

clinical results and long-term aneurysmal sac evolu-

tion after placement of MFM, in patients with TAA.
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Table I. Patient’s characteristics

Variable n %

Age (years) 63e85
(median ¼ 71.8)

-

Gender

Male 4 57.2

Female 3 42.8

Arterial hypertension 7 100.0

COPD 5 83.3

CAD 4 66.6

PAOD 2 33.4

Renal insufficiency 3 50.0

Prior aortic surgery

Thoracic 2 33.3

Abdominal 3 50.0

Diabetes mellitus 3 50.0

ASA 3 or 4 6 100

ASA, American Status of Anesthesiologists physical status

classification system; CAD, coronary artery disease; COPD,

chronic obstructive pulmonary disease; PAOD, peripheral

arterial occlusive disease.
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Our ultimate goal is to propose a complete frame-

work for the reconstruction and the analysis of

aneurysm geometry able to quantitatively capture

the changes in time, before and after MFM

placement.
MATERIALS AND METHODS

This study included all patients with TAA that were

treated at our institution between October 2012 and

November 2014 with MFM device. The data set is

composed of 7 patients (3 male and 4 female) that

were retrospectively analyzed. Mean age was

71.8 years (range 63e85).

According to Crawford’s classification 2, 1 and 3

patients were affected from type II, type III, and

type IV TAA, respectively. Moreover, 1 patient had

an anastomotic pseudoaneurysm in the Crawford’s

patch. All aneurysms had side branches; mean

aneurysm diameter was 6.8 mm (range 6e8.3 mm).

All patients were asymptomatic and were

considered at too high risk for open surgery treat-

ment and anatomically unsuitable for fenestrated

endovascular aortic repair or other endovascular

treatments (chimney or snorkel thoracic endovas-

cular aortic repair). Mean age, gender, and risk

factors are reported in Table I.

All patients’ preoperative assessment consisted of

contrast-enhanced computed tomography (CT)

scans. The surgical procedure was carried out under

general anesthesia. Cerebrospinal fluid drainage

was applied for type II and III TAA.
The stent diameter and length ranged from

25 mm to 40 mm and from 120 mm to 200 mm,

respectively (details about sizing and treatment

zones6 are reported in Table II): 9 MFM were used

in total.

The total number of vessels that originated from

the aneurysmal sac or from the sealing zone of the

MFM was 25 (7 celiac trunk, 7 superior mesenteric

artery, 11 renal arteries) for the whole study.

Postoperative medical therapy protocol consisted

in lifelong dual anti-platelet therapy (acetilsalicilic

acid 100 mg/dye and clopidogrel 75 mg/dye).

Follow-up protocol included a CT scan with

contrast dye at 1, 6, 12 months, and yearly there-

after. Two patients with chronic renal failure were

switched to CT scan without contrast dye, whereas

1 patient died before the 1-year follow-up CT.

Follow-up details are shown in Table III. Part of 1-

year results was included in previous publications

(Table III, patients 1, 2, 3, and 7).7,8

Among all the patients, a subset of 4 patients with

2-year follow-up contrast-enhanced CT was

selected to be further analyzed. The study about

geometrical analysis excluded patients with unavai-

lable post-treatment contrast-enhanced CT scans

and follow-up lower than 2 years (see Table III).

The study was developed in accordance with the

local institutional guidelines; the need for informed

consent from the patients waswaived because of the

retrospective nature of the analysis and the use of

anonymous data.
In-vivo Imaging Framework
An in-depth engineering analysis based on four pa-

tients, with 2-year follow-up CT scan available (pa-

tients 1, 2, 3 and 4 as reported in Table III), was

carried out. For these patients, last preoperative CT

and 3 postoperative CT were considered: immedi-

ately postoperative (1 month), 1 year, and 2 years

after.

After 2 years, patient 2 required a second inter-

vention because of an excessive growth of the aneu-

rysm sac. An additional MFM device has been

implanted. A follow-up CT was performed after

the reintervention.

Different segmentation processes were

employed to extract the internal lumen, the

MFM, and the aneurysm region. Semiautomatic

methods implemented in the open source library

Vascular Modeling Toolkit (VMTK, www.vmtk.

org) were employed to recognize the lumen and

stent region.9 Instead, a semimanual technique

was chosen to discern the aneurysm external

wall: after extracting the manual contour of a

http://www.vmtk.org
http://www.vmtk.org


Table II. Details of surgical and intervention procedures

Patient

Proximal/
Distal
landing
zone

Vessel
covered
with
MFM

MFM length/
diameter Associate endovascular procedure

Associate surgical
procedure

Procedure
time (min)

Contrast
(mL)

Fluoroscopy
time (min)

1 5/9 3 150 mm/30 mm Renal artery

stenting

RX Herculink Elite

5.5 mm � 12 mm

(ABBOTT, Illinois,

U.S.A.)

105 60 20

2 3/10 4 150 mm/40 mm TEVAR 2 Valiant Captivia,

(Medtronic Vascular,

Inc. Santa Rosa, CA)

40e40-150 e 42e38-
150,

75 100 25

120 mm/40 mm EVAR 1 Endurant (Medtronic

Vascular, Inc. Santa

Rosa, CA)

3 0/7 2 150 mm/35 mm TEVAR 2 Zenith Alpha (COOK

Bloomington,

Indiana USA) 40e36-
200 e 42e38-200

1 Total arch

debranching

220 100 45

4 5/7 4 200 mm/30 mm EVAR ASBE COOK

Bloomington,

Indiana USA COOK)

30e58

120 60 25

5 5/9 4 150 mm/25 mm 130 50 20

6 4/9 4 150 mm/40 mm

�200 mm/40 mm

180 60 20

7 5/7 4 150 mm/30 mm 55 60 15

EVAR, endovascular aneurysm repair; TEVAR, thoracic endovascular aortic repair.
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Table III. Follow-up CT scans with contrast

Patient Preoperative 1 month 6 months 12 months 24 months 27 months

1a x x x x x

2a,d x x x x x x

3a x x x x x

4a x x x x x

5c x x x x

6b x

7b x

aPatient with 2-years follow-up contrast-enhanced CT selected for the analysis of aneurysm geometry.
bPatient with chronic renal failure switched to CT scan without contrast.
cPatient died before 1-year follow-up CT.
dPatient with reintervention.
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reduced number of slices, surface interpolation was

performed.10 Later, a rigid registration was per-

formed to register the follow-up surfaces to the pre-

operative reference one.11

Subsequently, geometric measurements on sec-

tions and volumetric indices were evaluated.

An accurate centerline of the lumen principal

vessel was automatically created. Afterward, sec-

tions were generated, at given distances, perpendic-

ular to the centerline for both the lumen and the

aneurysm. For a better correspondence between

the sections obtained at different acquisition times,

the preoperative centerline has been employed for

all follow-up examinations. At the end, the area,

the diameter, and a circularity shape index (SI,

range 0e1; 1 ¼ completely circular shape) were

calculated for each section of lumen and aneurysm

surfaces.12

Volumetric indices include the total aneurysm

volume (vtot), the percentage of aneurysm growth

in comparison with the preoperative configura-

tion (vtot%), the residual flow volume (vrf), that

is, the volume occupied by the blood flowing

outside the stent in the aneurismal sac, the per-

centage of total flow growth in comparison with

the preoperative blood flow configuration (vl%),

and finally a 3D size index, related to the percent-

age of intraluminal thrombus in the aneurysm sac,

named ratio of thrombotic region (RTR). A value

of 100% indicates a complete thrombization of

the aneurysm.
Statistical Analysis
Descriptive statistics for the population were ob-

tained. Data were expressed as mean ± standard de-

viation or as mean with a range. Comparison of

continuous variables was performed using the Stu-

dent’s t-test for paired samples.
RESULTS
Thirty-Day Results
No 30-day mortality or major complications were

observed. The mean length of hospital stay was

10 days (range 5e17). Technical success was

achieved in all cases. Details of surgical and inter-

vention procedures were reported in Table II. Asso-

ciate surgical or endovascular procedures were

performed in 66.6% of cases. No patient needed

intensive care unit stay.
Follow-up Results
The median clinical follow-up was

29.4 months (range 12e44.6 months).

During the follow-up, we observed 3 deaths

(42.8%), in all cases not related to aneurysm sac

rupture or MFM complications. One patient died af-

ter 1 year (myocardial infarction), 1 patient died af-

ter 3 years (respiratory failure), 1 patient died after

3 years (cardiac failure).

Reintervention rate was 42.8% (3 patients); in

all cases, reintervention occurred after completion

of 2-year follow-up; and in 2 cases, the reinter-

vention was necessary due to the increasing of

the aneurysmal sac. One of these 2 patients un-

derwent hybrid repair in another vascular center;

the second patient underwent a new MFM

deployment, in complete overlap with the previ-

ous MFM.

This patient underwent also the contemporary

deployment of an aortouni-liac custom-made de-

vice with embolization of the contralateral iliac ar-

tery to treat a pseudoaneurysm at the distal

anastomosis of a previous aortoaortic bypass graft

(open surgery performed 5 years before).

In the third case, the reintervention was due to a

type IV endoleak: a new thoracic stent graft was



Table IV. Results of the analysis on sections

Measurements Preoperative 1 month 12 months 24 months

Lumen Max diameter [mm] 45.32 ± 5.87 46.82 ± 10.32 49.67 ± 10.46 55.10 ± 14.01

Lumen Max area [mm2] 1280.60 ± 359.43 1488.60 ± 682.98 1599.45 ± 646.94 1924.12 ± 815.88

Lumen SI [-] 0.83 ± 0.07 0.90 ± 0.02 0.90 ± 0.01 0.88 ± 0.021

Aneurysm Max diameter [mm] 59.28 ± 6.50 61.72 ± 7.78 65.40 ± 10.69 71.12 ± 16.31

Aneurysm Max area [mm2] 2571.90 ± 568.36 2756.02 ± 766.40 3048.92 ± 862.87 3786.97 ± 1359.75

Aneurysm SI [-] 0.88 ± 0.09 0.91 ± 0.03 0.92 ± 0.02 0.88 ± 0.11

[-], dimensionless units.

Table V. Volumetric results

Measurements 1 month 12 months 24 months

Vtot% 13.07% (0.09%; 38%) 22.57% (�6.7%; 47%) 47.37% (�9.5%; 94%)

Vl% 8.50% (�12%; 39.8%) 14.62% (�12%; 29.5%) 25.62% (�12.5%; 53%)

RTR 67.75% (48%; 87%) 69.50% (58%; 88%) 72.50% (58%; 90%)
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deployed as a bridge between the stent graft and the

MFM.

During follow-up, all vessels that originate from

the aneurysmal sac remained patent.
In-vivo Imaging Framework
In Table IV, results of the analysis on sections,

measured at baseline, 1, 12, and 24 months postop-

eratively, were reported. Maximum diameter,

maximum section area, and SI were reported for

both the lumen and aneurysm. For more details, re-

sults for each case are presented in Supplementary

Table I and Supplementary Table II. Considering

the lumen maximum diameter, a mean increasing

of 9.78 mm from the preoperative CT to the 2-year

follow-up examination was detected. At the same

time, also the maximum area of the lumen sections

has significantly increased (P < 0.05). In contrast,

the lumen SI did not change significantly

(P ¼ 0.18). Concerning the results on the aneurysm

external wall, a mean growth rate of 6 mm/year for

the diameter was evaluated. Moreover, the

maximum area of the aneurysm sections has signif-

icantly increased (P < 0.05).

These results are reinforced by the volumetric

outputs (see Table V). For more details regarding

single patients’ values, see Supplementary Table

III. Considering the aneurysm sac, a nearly linear

growth of the mean total aneurysm volume is

observed (P ¼ 0.07). It increased from 2.45 � 105

± 1.14 � 105 mm3 to 3.50 � 105 ±

1.74 � 105 mm3. At the same time, the blood flow

volume increased up to 25 %.

Considering the RTR index, after 2 years, it has

slightly increased (not significantly, P ¼ 0.27),
suggesting the presence of an on-going thrombiza-

tion process.

For a better understanding of the aneurysm

zones’ location where the maximum volumetric

changes occurred, we use a module of the VMTK li-

brary, which computes the pointwise minimum

signed distance between the preoperative aneurysm

surface and the 24-month configuration. In

Figure 1, the visualization of 3-dimensional geome-

tries showing the contour plot of the relative dis-

tance is provided: colors change, from blue

(volume maximum decrease) to red (volume

maximum increase), according to the relative dis-

tance between the 2 surfaces.
DISCUSSION

Although in the last years, the MFM has emerged as

a valuable alternative to open or standard endovas-

cular treatments, especially for inoperable, high-risk

patients, its medium-term and long-term outcomes

are still a matter of clinical debate.13e15

Recently, 3-year follow-up results from the

STRATO TRIAL were published.14 The authors re-

ported several reinterventions for endoleak during

follow-up. Similarly, in our series, we had to

perform 3 reinterventions during follow-up. Partic-

ularly, we observed a type IV endoleak, probably

linked to the fracture of the Dacron graft in a pa-

tient with an MFM placed inside a thoracic stent

graft. This complication occurred after 2 years of

follow-up and is probably due to the friction of

the proximal part of the MFM against the Dacron

of the stent graft. We corrected this endoleak

placing a new thoracic endoprosthesis as a bridge



Fig. 1. Lumen changes during follow-up. For the 4 pa-

tients, a contour plot of the signed pointwise minimum

distance between the preoperative aneurysm surface

and the 2-year aneurysm surface is depicted. Color scale

range from blue (decreasing of the sac at 2 years) to red

(increasing). Lumen surfaces are purple-colored.
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between the previous thoracic stent graft and the

MFM.

Another reintervention, performed by placing a

new MFM inside an already implanted MFM, was

required. This treatment was necessary because

the aneurysmal sac grew in size. After analyzing

the CT scan, a hypothesis was made, attributing

the increasing aneurysm diameter to a nonoptimal

porosity of the MFM.

Indeed, thanks to this property, side branches can

be maintained perfused, and at the same time, sup-

porting the formation of organized thrombus and

the shrinkage of the aneurysm sac. But, to ensure

a positive response, the degree of porosity has to

be accurately evaluated.

Zhang et al.16 performed a computational study

on simplified aortic aneurysm models and demon-

strated a difference in the hemodynamic environ-

ment when 1 or 2 bar-metal stents (like MFM) are

inserted. Moreover, Sisto et al.17 reported blood

flow differences betweenmonolayer andMFM stent

that can be attributed to the different porosity of the

two devices.

During the implantation procedure, to reach a

good anchorage in the distal and proximal landing

zones, the device is pushed and pulled modifying

his nominal length. Till date, for us, is not clearly

defined if, and how much, these changes of length

affect the device porosity.

For this reason, we placed a new MFM,

completely overlapped to the first, to modulate the

porosity and therefore laminarize the blood flow.

The follow-up performed after the second procedure

showed patency of the collateral vessels and a stabi-

lization of the aneurysm diameter. Moreover, the
lumen volume decreased of 14% supporting also

the hypothesis of a positive future reduction of the

aneurysm sac.

Two deaths due to ischemic heart disease

occurred during the follow-up. The third patient

who died of respiratory failure suffered also from

ischemic cardiomyopathy. As already postulated

by Nauta et al.18 and De Beaufort et al.,19 increased

aortic longitudinal stiffness after thoracic endovas-

cular aortic repair with currently available sten-

tgrafts strongly impacts on adverse cardiovascular

remodeling, increasing the risk of heart failure. We

could therefore speculate that also MFM has similar

stiffening effects reducing the natural extensibility

of the aorta.

Four patients, for which 2-year follow-up data

are available, have been carefully investigated, and

the changes induced in the aneurysm sac and lumen

by the MFM insertion are illustrated. Hence, in this

article, we have introduced a new framework for

the geometrical analysis of TAA aneurysms treated

by the MFM device.

Collectively, no aneurysm-related mortality was

recorded, even if, as showed in Figure 1, a growth

of the aneurysm sac was evaluated in 3 patients.

Only for patient 4, shrinkage of the sac was

observed.

The patency of the 25 covered branch vessels was

100% at 2 years. This result is in agreement with the

literature. Sultan et al.2 have published a review of

55 worldwide cases treated on a compassionate basis

of them 31 are TAA aneurysms. Follow-up results at

1 year are reported, and according to our experience,

30-day mortality was 0%, and 100% patency of side

branches was observed at the end of the follow-up.
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As reported in Table V, mean growth of the aneu-

rysm volume was 47.37 % at 2 years. Similarly, in

the 3-year STRATO trial experience, an overall

growth of the total aneurysm volume from

232.9 mL to 363.5 mL (56%) was detected after 3-

year follow-up.14 Also concerning the percentage

of thrombotic region, a slight increase in time was

observed, even if lower values are obtained in our

patients compared to the STRATO trial experience.

Regarding the remodeling of the aneurysmal sac

during the follow-up, in our series, we observed a

growing trend of the aneurysm when the diameter

was greater, as it has been shown in the STRATO

trial. Recently, some authors have reported a

growth rate of TAA that ranged from 1.9 to

3.4 mm/year.20 In our study, we observed a growth

rate of about 6 mm/year with a preoperative mean

aneurysm diameter of 6.8 mm. This aspect could

be explained by the reduced elasticity of the aorta

in case of large aneurysms, as reported by Sultan

et al.21 and White et al.22

These results showed that the treatment with

MFMmight not protect the patients from aneurysm

growth, thus increasing the risk of rupture. Howev-

er, no deaths due to aneurysm rupture are observed

in our group, even if reintervention rate remains

high.

Our data show the need for close follow-up of pa-

tients treated with MFM. In presence of endoleak or

increasing dimensions of the aneurysmal sac, rein-

tervention is mandatory.

It may also be useful to introduce a method to

standardize the follow-up protocol of patients

treated with MFM, and it should be a method that

can allow an analysis of how the morphology of

the aneurysm changes in all its extension. We

have for the first time introduced a new method of

processing images by applying different types of

analysis to the treatment with MFM.

Future studies should aim to implement this type

of analysis and to make it as more automatic as

possible to be able to spread it.

The small number of enrolled patients is themain

limitation. Although the number of patients

involved in this study seems to be low, the data

are quite in accordance with the main reference

study14 (STRATO trial). In addition, it should be

pointed out that this studywas conducted on the ba-

sis of a single-center register.

Themajor limitation of the introducedmethodol-

ogy is related to the manual segmentation method

employed to extract the aneurysm wall. In compar-

ison to the semiautomatic methods, themanual seg-

mentation involves a minor reproducibility.

However, at the state-of-the-art, it seems the only
feasible option. Moreover, there is a need to validate

the implemented framework.

A higher number of cases are needed to confirm

our conclusions.
CONCLUSION

There are still few results with long-term follow-up

after treatment with MFM. Our results have shown

nomortality related to aneurysm rupture and a high

rate of reinterventions during the follow-up, some

of them linked to the growth of the aneurysm sac.

Large aneurysm size is an important risk factor for

faster growth.

We consider the assessment of only maximum

diameter may not be sufficient to evaluate the suc-

cess of treatment with MFM. For this reason, we

have proposed a new geometric analysis method

to be applied to the follow-up after treatment with

MFM.

The protocol of geometric analysis needs to be

applied to a larger group of patients with long-

term follow-up to obtain more clear results about

the MFM use.
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Supplementary Table I. Results of the geometric indices performed on blood flow sections

Follow-up

dmax [mm] Area [mm2] SI [-]

Mean ± standard deviation Max Mean ± standard deviation Max Mean

Patient 1

Pre 39.8 ± 6.8 48 1022.9 ± 275 1369.7 0.82

1 month 40 ± 8.1 50.1 1131.9 ± 388 1569.9 0.87

12 months 43.4 ± 7.3 54.4 1297.3 ± 331 1645.3 0.91

24 months 45.8 ± 8.4 58.9 1394.2 ± 380 2073.3 0.87

Patient 2

Pre 31.1 ± 5.3 44.6 709.5 ± 235 1297.2 0.93

1 month 31.7 ± 5.7 45.5 717.5 ± 245 1311.8 0.92

12 months 32.4 ± 7.6 55.7 808 ± 365 1781.9 0.91

24 months 35.5 ± 12 67.6 903 ± 538 2484.4 0.85

27 monthsa 33.8 ± 8.3 54.3 849 ± 396 1879.9 0.89

Patient 3

Pre 42.8 ± 5.9 51.2 1150.7 ± 342 1660 0.78

1 month 49.1 ± 5 58.2 1647.3 ± 396 2360 0.92

12 months 43.8 ± 7.7 54.6 1398 ± 467 2258 0.9

24 months 44.6 ± 8.3 58.9 1499.3 ± 509 2408.8 0.88

Patient 4

Pre 24.5 ± 7.2 37.5 413 ± 210 795.4 0.78

1 month 22.7 ± 5.8 33.5 366 ± 185 712.6 0.9

12 months 22.7 ± 5.8 34 366 ± 182 712.6 0.9

24 months 22.9 ± 6.1 35 370 ± 189 730 0.9

dmax, maximum diameter; SI, shape index; [-], dimensionless units.
aCT performed after the second intervention.

Supplementary Table II. Changes in section area and diameter for the aneurysm surface

Follow-up

dmax [mm] Area [mm2] SI [-]

Mean ± standard deviation Max Mean ± standard deviation Max Mean

Patient 1

Pre 49.1 ± 11 64.3 1937.15 ± 817 3104 0.96

1 month 51.9 ± 11.3 65.1 2141.7 ± 823 3207.5 0.92

12 months 52.3 ± 12.5 68 2170.6 ± 821 3304.4 0.92

24 months 58.8 ± 15.2 81.5 2738.1 ± 1217 4689.3 0.95

Patient 2

Pre 46.7 ± 9.1 59.6 1375.6 ± 516 2277.8 0.84

1 month 42.7 ± 13.1 65.2 1243.4 ± 740 2665.3 0.88

12 months 52.4 ± 16.8 74 1806.2 ± 996 3564.8 0.91

24 months 60.4 ± 19 82.2 2291.6 ± 1335 4534.3 0.72

27 monthsa 61.1 ± 18.9 83.2 2335.7 ± 1328.7 4660.3 0.85

Patient 3

Pre 55.51 ± 5.6 63.2 2333.7 ± 419 2987.3 0.95

1 month 56.2 ± 6 66.5 3422.1 ± 532 3437.3 0.96

12 months 59.8 ± 6.6 69.8 2655.6 ± 560 3559 0.95

24 months 62.7 ± 7 73.4 2997 ± 687 4148.2 0.95

Patient 4

Pre 41.8 ± 5.6 50 1181 ± 304 1918.5 0.78

1 month 41.3 ± 6.8 50.1 1202 ± 356 1714 0.9

12 months 39.7 ± 6.4 49.8 1113 ± 355 1767.5 0.9

24 months 38.8 ± 6.5 47.4 1068 ± 322 1776.1 0.9

dmax, maximum diameter; SI, shape index.
aCT performed after the second intervention.
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Supplementary Table III. Volumetric changes

for all time steps and for all patients

Follow-up vtot [10
5mm3] vtot% VRF [10

5
MM

3] v1% RTR

Patient 1

Pre 2.8

Post 3.9 38 0.54 17 75%

1y 3.8 37 0.84 29.5 63%

2y 5.2 79 0.96 38 72%

Patient 2

Pre 1.1

Post 1.1 11 0.38 �12 61%

1y 1.6 47 0.55 24 58%

2y 2.1 94 0.77 53 58%

Post2 a 2.2 106 0.66 39 66%

Patient 3

Pre 3.8

Post 3.9 3.2 1.4 39.8 48%

1y 4.3 13 0.95 17 69%

2y 4.8 26 1.0 24 70%

Patient 4

Pre 2.09

Post 2.1 0.09 0.2 �10.8 87%

1y 1.95 �6.7 0.185 �12 88%

2y 1.89 �9.5 0.135 �12.5 90%

RTR, ratio of thrombotic region; vtot, total aneurysm volume; vtot

%, percentage of growth of total aneurysm volume; vrf, residual

flow volume; vl%, percentage of growth of flow volume.
aCT performed after the second intervention.
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