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Abstract

Endovascular repair with parallel stent-grafts (SG) is a challenging technique that reconstructs
the luminal flow pathways by implanting parallel-placed SGs into the vessel. After treatment,
occlusion and shifting of the parallel SGs are sometimes reported, which could be fatal and
difficult to be re-operated. These issues are highly related to the local hemodynamic conditions
in the stented region. In this study, a patient case treated by octopus endograft technique (a
head-SG with three limb-SGs) and experienced limb-SG occlusion is studied. 3-D models are
established based on CT-angiography datasets pre- and post-treatment as well as during follow-
ups. Hemodynamic quantities such as pressure drop, wall shear stress-related parameters and
flow division in limb-SGs and visceral arteries are quantitatively investigated. Optimizations
on the length of the head-SG and diameter of the limb-SGs are analyzed based on various
scenarios. The results indicate that when reconstructing the flow pathways via octopus stenting,
it is important to ensure the flow distribution as physiological required with this new
morphology. Position (or length) of the head-SG and diameter of the limb-SGs play an
important role in controlling flow division, and high TAWSS around the head-SG acts as a
main factor for graft immigration. This study, by proposing optimization suggestions with
hemodynamic analyses for a specific case, implicates that pre-treatment SG scenarios may
assist in wise selection and placement of the device and thus may improve long-term

effectiveness of this kind of challenging endovascular repair techniques.

Key words: octopus endograft technique, hemodynamic, optimization scenarios
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1 | INTRODUCTION

Endovascular repair is widely used in treating vascular diseases. It implants stent or stent-graft
into the vessel to divert flow or expand the collapsed lumen [1, 2]. For treatment in main
vasculatures, the operation sometimes involves modified or multiple stent-grafts (SGs). SG
strategies such as chimney, snorkel, periscope, sandwich and other parallel techniques are often
used in vasculatures with branches in order to maintain the hemodynamic function of each flow
pathway [3-6]. Among them, octopus technique, which implants parallel-placed SGs into one
vessel to convert the single lumen into multiple flow paths, is a challenging procedure and
plays an important role in treating patients who are not available for open surgery and require
reconstructing of vessel branches[7].

The efficacy of parallel SG technique, especially for the octopus strategy, has been
investigated from the clinical aspect [8-12]. A few suggestions on wise treatment plan have
been proposed. Rafael and colleagues proposed a preferable combination of Viabahn stent sizes
to be used in octopus technique based on CT measurement [13]. Mestres ef al. established in
vitro analysis to reveal the hemodynamic conditions for parallel stenting [14]. Moreover, in the
study by Lepidi and colleagues, eighteen patients were successfully treated via parallel
endografts, confirming the effectiveness and feasibility of parallel SG placement as a
straightforward technique in the treatment with complicated patients [15].

In addition to clinical practice, computational hemodynamics has been increasingly used in
analyzing vascular diseases. Regular planning of the stenting technique in main vasculatures
has been widely studied, especially for aneurysms [16-20] and aortic dissections [21-24].
However, to the best knowledge of the authors, computational analyses regarding parallel SG
technique are still lacking. Investigating this challenging stenting technique from
hemodynamic aspect would contribute to better understandings about the pros-and-cons of this
technique and thus assist in directing pre-treatment personal plans to improve the safety and
effectiveness of the treatment.

In this study, we established computational models based on CT-angiography (CTA)
datasets (pre- and post-treatment with follow-ups) from a patient who was treated by octopus

SG technique [25]. By solving the three-dimensional unsteady conservation equations for mass
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and momentum, we provide detailed information on hemodynamics of the modified arterial
system. Moreover, stenting scenarios by modifying the length and diameter of SG selection are
analyzed, i order to provide suggestions on better SG arrangement for this kind of complicated

stenting technique.

2 | Materials and methods

2.1 | Patient and image acquisition

A 46-year-old man with type-B aortic dissection was admitted with a 10-month history of
rapidly expanding false lumen (FL) and was afflicted by 6-month intermittent dull pain in the
upper back and left lower extremity claudication. The patient refused open surgery or hybrid
repair. With the approval of institutional review board and the signed informed consent, octopus
endograft technique was used to reconstruct the affected aorta with renovisceral arteries and to
prevent further enlargement of FL. Details regarding the octopus SG technique and the specific
SGs that were used can be found in [25].

The patient was experienced two CTA scans before the octopus SG implantation (after
thoracic endovascular aortic repair) and three CTA examinations during one-year follow-ups
via a dual-source CT scanner (Brilliance iCT256, Royal Philips, Dutch). The reconstruction
parameters of the CT scan include: helix acquisition, Matrix 512x512mm, slice thickness Imm,
kVp 100kV, and FoV 350.00mm. Representative CTA images in thoracic aorta region with

octopus technique are shown in Fig.1a.

2.2 | 3-D reconstructed models

Segmentation on CTA image datasets and 3-D reconstructions of aortic models were
accomplished via Mimics (Materialise, Belgium). In order to ensure the 3-D models presenting
the actual contour of the vessel lumen, the cross-sectional contours of the reconstructed
geometries were mapped back to CTA images and were reviewed by experienced vascular
surgeons (Fig 1b). Based on CTA datasets, a total of five models were reconstructed, including
two-.pre-octopus models and three post-octopus ones. As shown in Fig.2a (pre-octopus

I1months), the patient was firstly treated by thoracic endovascular aortic repair with
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implantation of a thoracic SG to seal the primary entry. Both of the true and false-lumen (TL
and FL) of this patient acts as flow pathways to perfuse downstream artery. The TL connects
to the right renal artery and the iliac artery, while the FL connects to the celiac artery (CA),
superior mesenteric artery (SMA), left renal artery (LRA) and iliac artery. After 10-month time,
the distal perfusion pathway of FL to the iliac artery was blocked (Fig.2b), changing its tubular
shape into the saccular one and inducing potential risk of rupture. To prevent further expansion
of FL, octopus technique was applied. As shown in Fig.2c (post-octopus 1week), a SG with
16x16x120mm was implanted into the FL to serve as the octopus head (head-SG) and three
endografts are then parallel placed into this head as the limb-SGs. Each of them has been
extended by two other endografts until the pathway reaches the visceral arteries. In this case,
the three limb-SGs perfuse CA, SMA and LRA, respectively, and are named accordingly as
PSG-1, -2 and -3 (Fig.2c). A few months later, occlusion of PSG-1 and -3 occurred. Although
imaging and physiological indicators did not present distal vascular diseases or problems in
liver or kidney functions, at this moment, the flow condition of the patient was dramatically

disturbed (Fig.2d-e).

2.3 | Numerical models

Each 3-D model was discretized in ICEM (ANSYS Inc, Canonsburg, USA) with tetrahedral
elements in the core region and prismatic cells in the boundary layers near the aortic wall. The
grid resolution varies from 1.4-2.0 million cells. The heart-beat cycle was measured and the
averaged value was 67 beats /min for this patient. Temporal discretization of numerical models
was assigned as 50 steps per cycle. Grid and independency analyses on finer grids and temporal
discretization were conducted which proves that the base mesh resolution and time step settings
were adequate in this study. Details are presented in S1, supplementary material.

The blood was assumed as incompressible with density of 1044 kg/m? and dynamic viscosity

of 0.00365 kg m ' s . Newtonian model was applied, due to the relative high shear rate in the

aortic system[26-28]. Based on the equivalent diameter (D, = 2./Area/m) and velocity at the

inlet of the ascending aorta pre- and post-treatment, the average Reynolds number over a

cardiac cycle can be calculated as 4540-5791. It was confirmed in our previous study that
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laminar simulations with adequately fine mesh resolutions, especially refined near the walls,
can capture flow patterns [24]. A finite volume solver, CFD-ACE + (ESI Group, France) was
employed 1n this study to solve the transport equations - Navier-Stokes equations, together with
the continuity equation of incompressible and Newtonian fluid (Eq.1-2), where u stands for

velocity, p stands for density, u represents dynamic viscosity, and P denotes pressure. A

For each time step, 500 iterations were conducted. The residual criteria was assigned as 107'8,

and the actual convergence was confirmed by the flatten pattern of the residual plot. For each
model, four cardiac cycles simulations were carried out to obtain a periodic solution, and the
results of final cycle were presented for post-processing and analysis.

V-(w)=0 (1

0
p (%) +p(u- VIu=—VP + uviu )

2.4 | Boundary conditions

For this study, boundary conditions of the computational models include aortic wall, velocity
and pressure boundaries. Owing to low distensibility of aorta/arteries in patients with aortic
dissection and SGs, the vessel wall was considered no-slip and rigid. Velocity boundaries were
assigned for inlet of ascending aorta (AA) and outlets of brachiocephalic trunk (BT), left
common carotid artery (LCCA) and left subclavian artery (LSA, which is only available in the
comparison case on a healthy aorta). Since the blood pressure of the patient during follow-up
was strictly controlled, the cardiac output of the patient was reported as normal condition, and
we focused on the flow patterns in the descending aorta and the downstream section, velocity
boundaries were assign as the data extracted from healthy volunteers. In detail, twenty
volunteers were measured using Doppler ultrasound velocimetry; the data of the inflow at AA
and outflow at BT and LCCA were applied to the computational models. Centerline velocity
of AA inlet was achieved by measurements through the apical 5-chamber view and the
suprasternal long axis view of the aortic arch. For other arteries (BT, LCCA and LSA), Doppler
velocimetry has been conducted at the proximal and distal sites of the targeted vessels. The

measured velocities are considered effective if the difference between the two measurements
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for each vessel is less than 5%. Time-variant maximum velocity at the measured site was then
extracted from the upper edge of the velocity sonogram (Fig.1c). As the velocity boundary
conditions, the flow rates at AA, BT, LCCA and LSA can be calculated based on the measured
time-variant maximum velocity and the assumed flat flow profile for AA and parabolic flow
profile for the others. In fact, there is strong secondary flow occurred in the root of AA, however,
this flow pattern may have less effects on the descending aorta and the distal region than the
region close to AA [29]. Most studies focused on type-B aortic dissection neglected it and
assigned flat velocity profile at the aortic inlet [30-32]. The flow rates over a cardiac cycle were
calculated from the measured data of twenty volunteers for each velocity boundary. Fig.1d
shows the velocity curves during one cardiac cycle assigned to AA, BT, LCCA and LSA for
these models. Pressure boundaries were applied on the outlets of the celiac artery, superior
mesenteric artery, renal arteries and common iliac arteries. These outlets in the models have
been assigned as extension with zero pressure at the distal extension ends {33}. Each pressure
outlets were extended by 25-times of the diameter of the corresponding outlets and zero
pressure was assigned to the extended ends. By this means, the distal resistance could be

partially simulated. #m

2.5 | Optimization scenarios

The follow-up examinations show occlusion of the limb-SGs, the occurrence of which can be
analyzed by hemodynamic analysis and suggestions that may improve the hemodynamic
environment by modifying the SGs can be discussed. Basic flow analysis on the original plan
of SGs implies inappropriate flow division in each arterial branch, thus, optimization schemes
are studied in this study by modifying the octopus SG set via Geomagic Studio (3D System,
USA) to investigate various flow conditions. As shown in Fig.2f, the reconstructed model based
on the first CTA scan after octopus treatment is used as the base model for modification. In the
first scenario (Length-scenario), the length of the head-SG is extended to analyze the influence

of the beginning position of parallel limb-SGs on flow perfusion for the vascular system. Eight
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models with various extending length of head-SG are studied (2-10cm) and shown in Fig.2g.
Taking the flow proportion in each pathway as the optimization goal, the best extending length
is selected, and based on that selected model, the second SG modification scenario on diameter
(Diameter-scenario) can be investigated. The diameters of limb SGs are then varied by 1-2mm
(further reduction is not suitable for this specific case) to adjust visceral perfusion (Fig.2h).
Suggestions of wise SG placement for similar patient case can be then proposed, as far as the

flow division is concerned.

3 | Results

3.1 | Hemodynamic analysis of the patient

The flow perfusion in patients with type-B aortic dissection can be dramatically disrupted by
the establishment of FL. In some patients, direct perfusion to the viscera or even lower limbs
can be substituted by FL. In the particular patient we studied, after the first interventional
treatment with an aortic SG sealing the primary entry, the TL and FL are still existed and
respectively supply flow to the right renal artery and the lower limbs (TL) and to the CA, SMA
and LRA (FL). Fig.3a shows the velocity streamlines for each pre- and post-octopus treatment
cases at systolic peak. The flow is generally organized when examined just post-TEVAR. The
FL plays an important role in perfusion to visceral arteries and the left lower limb. In the second
examination post-TEVAR (pre-octopus 1month), closure of the FL disturbs flow towards the
limb and vortical flow is presented in the sac near the visceral arteries (arrow indicated).
Besides, higher velocity is found in TL and visceral arteries. After octopus treatment, flow
velocities in TL and in PSG-2 increase; while vortical flow is found in PSG-1 and reduced flow
is found in PSG-1 and -3. In one-year post-octopus, PSG-1 and PSG-3 were closed and high
velocity can be still observed in PSG-2. Flow velocities, at systolic peak, in the region below
the TL-FL bifurcation and above the visceral arteries (as shown by the blue square in Fig.3a)
are recorded for each case. The averaged velocity in this region for the post-octopus models is
calculated by the integral of the velocity based on the volume and then dividing it with the
volume.of the vessel segment. The variation of them is shown in Fig.3b. It is obvious that the

average velocity in PSG-1 and PSG-3 of this volume was relative low compared with PSG-2.
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The average velocity in PSG-1 of this area declined dramatically before it was occluded, which
contributes to the thrombosis in this branch.

Apart from velocity streamlines, loading pattern is also crucial for hemodynamic analysis of
vessel remodeling. Fig.4 shows the relative residence time (RRT) and time average wall shear
stress (TAWSS) distributions in the three limb-SGs. It can be found that, after octopus treatment,
high RRT is found in the proximal region of PSG-1 and middle region of PSG-3, indicating
possible surface thrombosis in these lumen. High TAWSS is found at the proximal region of
the PSGs, and a sharp loading drop can also be found at the root of PSG-3, indicating flow
impact in this region and danger of SG transposition. The average pressure drop from ascending
aorta to the abdominal region during a cardiac cycle for the pre- and post-octopus models are
3.41lmmHg, 12.1mmHg, 19.4mmHg, 17.1mmHg and 25.7mmHg respectively according to the
examination history; while the average pressure drop over a cardiac cycle for the normal case
is 1.60mmHg, implicating the implanted PSGs may greatly influence the loading condition in
their upstream.

Tablel shows the averaged flow division to aortic branches during a cardiac cycle. The
perfusion in the first-examined model (pre-octopus 11months) is similar as the computation of
normal aorta. However, since the left common iliac artery (CIA) is occluded at the second
examination (pre-octopus Imonth), the perfusion in visceral arteries and right CIA varies
greatly; CA and SMA take more than 30% of the inflow of ascending aorta, and the perfusion
to the lower limbs is largely reduced. After octopus treatment, the perfusion to the branches
does not improve. The occlusion of PSG-1 and -3 in the following examinations may be related

to the abnormal flow perfusion to the visceral and limb arteries.

3.2 | Optimization scenarios and hemodynamic features

In order to improve the flow condition induced by the parallel stents, optimization scenarios
were investigated. The Length-scenario is firstly applied by extending the head-SG; then, based
on the optimized length, Diameter-scenario is studied by varying the diameter of the limb-SGs
(Fig.2f-h). By extending the head-SG with 2-10cm, Fig.5a shows pressure distribution of the

cases in Length-scenario at systolic peak. The results indicate that the pressure drops from the
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ascending aorta to the downstream more smoothly in the cases with extended SG-head. Further,
the pressure drop from the inlet of ascending aorta to the outlets of CIAs over a cardiac cycle
of each case is quantified (Fig.5b). It indicates that the pressure drop decreases significantly
when the SG-head is extended from 2cm to 4cm. Although the pressure drop continues to
decrease as the SG-head further extended, the variation is trivial (less than 8.2% with extension
of 5-10em). Fig.5c shows the variation of flow proportion to the FL in these cases. It increases
from 41.7% to 48.9%, when the SG head is extended from 2 to 4cm, and increases slightly with
further extension (5-10cm). Indeed, the FL supplies flow to the CA, SMA and LRA. The flow
proportion for them in the normal aorta is 20.76%; thus, increasing of the FL flow proportion
is not supportive for maintaining the nature visceral blood supply. Detailed flow proportions to
aortic branches are listed in Table 2.

Combining the results of pressure drop and flow division, Length-scenario with extension
of SG head by 4cm is selected as the optimization, and it is applied for Diameter-scenario. Due
to the exceeded flow portion to the FL, the diameters of PSG-1 and -2 are modified to simulate
treatment with smaller diameters of body grafts. As shown in Fig.5d, by reducing the diameter
of both body grafts by 1 and 2mm respectively, the flow entering the limb SGs is improved. As
quantified in Table 2, by comparing to the perfusion of the control model, the flow proportion

is improved in the model with 2mm-diameter reduction.

4 | Discussion

Parallel endografts has been increasingly used in endovascular repair for main vasculatures,
especially for patients cannot be treated by conventional vessel interventions or open surgery
[14]. However, there are still some concerns regarding using parallel stenting technique,
including the incidence of endoleak and occlusion of the stents, and failure to reconstruct
natural flow division in branches [14, 33]. In addition, there is no obvious evidence to show
that which combination of endograft and parallel graft is the best [34]. In the present study, a
longitudinal study of a patient experienced treatment with octopus technique [25] is conducted.
By analyzing the flow and loading conditions of this patient, we reveal flow and loading

distributions are unsatisfactory during the follow-ups and suggest this might be one of the main
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factors for the failure of this treatment. Thus, Length and Diameter-scenarios are investigated
in order to propose optimized plans of this complicated stenting treatment and provide
suggestions for future similar operations.

Based on this longitudinal study, the value of TAWSS around the root of PSG-1 is relatively
high, indicating a higher drag force occurred on this PSG. Besides, stenosis is found in the
PSG-1 and -3, inducing relatively low pressure distributions around these regions, disturbing
the flow entering the target visceral arteries. This might be one of the main factors that result
in thrombosis near this area, and thus leads to the occlusion in PSG-1 and -3 before the last
follow-up. Furthermore, the percentage of flow entering into SMA was 33.4%, while only 8.75%
of total inflow from the ascending aorta entering into SMA in the control model (Table 1),
which means such morphology of the post-octopus (1 week) model might not be able to
maintain a natural visceral perfusion.

The pressure drop from the ascending aorta to the outlets of common iliac arteries over a
cardiac cycle is quantified in each model. The pressure drop in the original model of post-
octopus (1 week) is 19.4mmHg; while it is 1.60mmHg in the control model. By extending the
length of the head-SG, the pressure drop can be gradually decreased. It is decreased by
approximately 32.0% with extension of the SG head by 4cm; while with further extension, the
pressure drop keeps a decreasing tread but with trivial magnitude variation (13.2-11.9mmHg).
At the same time, with the extension of SG-head, blood flow entering into the original FL
increased (Fig 4c), which results in more blood flowing into the three PSGs and induces
abnormal visceral perfusion. Therefore, another optimization scenario is needed.

Compared with the case L-4cm, the proportions of flow entering into each branch (CA, SMA,
LRA) were closer to their counterparts in control model, and the perfusion in case D-2mm is
better than that in case D-1mm (Table 2). The results indicate that the diameters of PSG-1 and
PSG-3 selected in this patient might not the best. Although the pressure drop in case D-1mm
(19.1mmHg) and in D-2mm (25.2mmHg) are larger than that in L-4cm (13.1mmHg), the
optimization scenario D-2mm was treated as the best one among all of the scenarios
considering both pressure drop and perfusion in this study. In fact, further reduction of the

diameter of PSG-1 and PSG-3 may mismatch the studied vessel.
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One of the most important advantages of parallel endograft octopus technique is that
individual customization is not necessary [35]. Thus, in clinical operations, octopus grafts are
often constructed based on available device, and more importantly, selection of length and
diameter of the SGs is possible. Although the octopus technique can be successful applied in a
number of patients [7, 25, 36], its mid- and long-term outcomes need to be further determined
and stenting plan needs to be quantitatively studied [37]. In the current patient case, the
prognosis is not satisfactory in long-term follow-up. Based on hemodynamic analysis, the
occlusion of the two 1limb-SGs is proposed to be related to the local loading conditions and
visceral flow divisions. Both of the conditions can be simply improved by extending the length
of the head-SG and reducing the diameter of the limb-SGs. Based on this study, it can be
confirmed that maintaining the nature flow division and pressure distribution is important for
the.octopus vascular reconstruction. Hemodynamic analysis can contribute to predicting and
evaluating the post-treatment results, and thus, providing suggestions on wise selection of the

combination of SGs for vascular reconstruction.

5 | Limitations

This study was conducted based on multiple follow-up data of a patient case operated by
octopus stenting. Indeed, solid medical conclusions should be better determined by involving
a greater number of patient cases. However, patients with complex parallel stenting are not
common and the conditions of them are highly individualized. Based on the current patient
case, this study preliminarily shows the importance of maintaining hemodynamic conditions
in the vasculature and proposes suggestions on selection and placement of endografts, which
might be helpful in treatment plan for future complicated stenting operations with multiple and
parallel stenting. This study also suffers from limitations of patient-specific boundary
conditions and the lacking of fluid-wall interaction analysis. Indeed, computational studies with
individualized parameters would be good to reflect the actual flow situations; however, in most
conditions, velocimetry and intraluminal pressure measurements are not available. A summary
of the boundary conditions in recent computational studies is presented in S2, supplementary

material. In this study, extended outlets have been applied in the model to partially take account
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of the distal resistance, however, the compliance of the distal vessels have not been considered.
Besides, most regions of the aortic system of the patient have been reconstructed by stents,
thus, the distensibility of the aortic wall is weak and the interaction between the wall and the
blood flow was neglected. More accurate quantitative results would be achieved when detailed
patient-specific boundary data is available, but we believe, the current study may still reflect a
few flow features generated by the morphology of the aorta. Furthermore, the secondary flow
at the root of the aorta was ignored in this study as it might take less influence on the flow in
the descending aorta than that in the ascending aorta. At last, this is a retrospective study,
reviewing the flaws of the stent design in a post-operated patient. It emphasizes the importance
of 'diameter and position selections of the device, but more valuable studies should be

conducted on prospective cases to direct stenting plan.

6 | Conclusions

In this study, morphological and hemodynamic factors that induce the unsatisfactory prognosis
of the studied patient have been investigated. A serial of optimization scenarios were presented
to improve the perfusion and pressure distributions. The results indicate that, for this particular
case, by extending the head-SG with 4cm and reducing the limb-SGs by 2mm, the flow and
loading conditions of the reconstructed aortic system can be greatly improved. This indicates
that pre-treatment planning on wise selection of the length and diameter of SGs is important
for the parallel stenting treatment; it should be considered for future treatments to improve the

prognosis for patients.
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Table 1. Flow division in aortic branches

Case

Flow division [%] (flow amount in branches/inflow at ascending

aorta)

FL TL CA SMA LRA RRA CIA

Normal aorta
Pre-octopus (11M)
Pre-octopus (1M)
Post-octopus (1W)
Post-octopus (6M)
Post-octopus (12M)

- - 7.65 8.75 4.36 2.46 51.1
64.1 14.5 7.78 8.26 3.13 3.53 55.8
40.3 37.8 17.3 17.51 9.09 7.26 27.1
41.7 36.6 4.7 334 3.82 10.8 25.8
39.9 38.7 2.32 34.3 3.79 9.71 28.9
26.6 52.2 - 26.9 - 17.7 34.0

FL — false lumen, TL — true lumen, CA — celiac artery, SMA - superior mesenteric artery, LRA

— left renal artery, RRA — right renal artery, CIA — left and right common iliac arteries
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Table 2. Flow division in aortic branches for the optimized models

Flow division [%] (flow amount in branches/inflow at ascending

Case aorta)
FL TL CA SMA LRA RRA CIA
Normal aorta - - 7.65 8.75 4.36 2.46 51.1

Post-octopus
41.7 36.6 4.7 334 3.82 10.8 25.8

(1 week)

L-2cm 43.7 34.0 8.58 31.8 3.67 9.71 24.5
L-3cm 48.9 29.3 19.1 27.5 2.68 7.91 21.7
L-4cm 48.9 29.1 18.8 27.2 3.14 8.67 20.7
L-Scm 49.7 27.8 20.8 26.1 2.92 7.54 20.8
L-6¢cm 50.0 28.0 21.1 25.8 2.88 8.38 19.9
L-7cm 50.8 26.7 21.3 26.3 3.22 7.15 20.1
L-8cm 50.8 27.2 21.2 26.4 3.07 8.11 19.3
L-10cm 51.4 26.7 21.6 26.1 3.40 7.59 19.3
D-1mm 41.9 36.2 16.4 22.0 3.31 9.82 26.7
D-2mm 335 44.8 11.0 17.6 4.61 12.0 33.0

FL — false lumen, TL — true lumen, CA — celiac artery, SMA - superior mesenteric artery, LRA
— left renal artery, RRA — right renal artery, CIA — left and right common iliac arteries
L-xcm — extension of the SG head by xecm

D-xmm - reduction of the diameters of the limb SGs by xmm
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Fig.1 (a) shows the representative slices of CTA datasets; (b) displays the 3-D reconstructed
aortic model; (c) shows the Doppler ultrasound velocimetry; and (d) is the extracted velocity
data as the velocity boundary conditions for the computational models.
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Fig.2 (a-e) shows the reconstructed models of the patient pre- and post-octopus treatment; (f)
displays base model of SGs modification; (g) and (h) show the length and diameter scenario
respectively.
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Fig.3 (a) shows the velocity streamline distributions at systolic peak in each pre- and post-
octopus models; (b) shows the averaged velocity at systolic peak in each branches in the
region of the blue square;

This article is protected by copyright. All rights reserved.



' /‘ f : ,;,\ @ i 1 Reversed ] 3

{

R J . RRT

Nt [s/Pa]

5.00

. 4.00

PSG-1 3.00

— © 200

) 1.00

PSG-2 ’ 0.00

Pdst-octopus Post-octopus  Post-octopus
(1 week) (6 months) (12 months)

(b)
/ j )&

Fig.4 (a) and (b) respectively show the RRT and TAWSS distributions in the limb SGs post-

PSG-3

octopus.
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Fig.5 (a) displays the pressure distributions of the models of Length-scenario; (b) shows the
pressure drop over an cardiac cycle of the models of Length-scenario as well as the control
model; (c) shows the proportion of flow entering the original FL; (d) shows the velocity
streamlines at systolic peak in the models of Diameter-scenario.
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Mini-Abstract

The results indicate that when reconstructing the flow pathways via octopus stenting, it is
important to ensure the flow distribution as physiological required with this new morphology.
Position (or length) of the head-SG and diameter of the limb-SGs play an important role in
controlling flow division, and high TAWSS around the head-SG acts as a main factor for graft
immigration. This study, by proposing optimization suggestions with hemodynamic analyses
for a specific case, implicates that pre-treatment SG scenarios may assist in wise selection and
placement of the device and thus may improve long-term effectiveness of this kind of

challenging endovascular repair techniques.

Graphical table of contents

Stent-graft to

Octopu
seal primary entry

techniqus

False
lumen
U‘"

\

Occlusion

!

Pre-octopus

i Head stent-graft

| < —Limb stent-grafts
PSG-1: to CA

PSG-2: to SMA
PSG-3: to LRA

|

1 |

Pre-octopus Post-octopus Post-oct }ll)us Post-octopus
(11 months) (1 month) (1 week) (6 months) (12 months)
(® Length Scenario
! i = I [ | [ ] [ ] | [ ]
to=g AR LT T TH T
1 fll I 3em | - | \ | \ \ \
)
i I [&\ wnfll Lk | | |
i [ f‘” (i | 6cm( | - J |
{\ | - | | Hi \ | Tem| =y |
{ || Beginning of il | th i \ || 8cm| |
'\l parallel stent-grafts 8! LIt I | L | Ll J
1\ | |
) il \ \ \ | \ 10cm:
Ll
A “ Diameter Scenario
\ |
\| kx
AN 3 {
3 )
= (
Ll @
It Reduce 1mm Reduce 2mm

In this study,we established computational models based on CTA datasets of a patient who was treated
by octopus stenting technique, with multiple post-treatment follow-ups(a-e). Hemodynamic condition

was analyzed based on both the base

models as well as optimized models. Suggestions for better stent-

graft arrangement for this kind of complicated stenting technique, in order to better direct the blood

flow, were proposed(g-h).
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