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Haemodynamic changes in visceral
hybrid repairs of type Ill and type
V thoracoabdominal aortic
aneurysms
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The visceral hybrid procedure combining retrograde visceral bypass grafting and completion
endovascular stent grafting is a feasible alternative to conventional open surgical or wholly
endovascular repairs of thoracoabdominal aneurysms (TAAA). However, the wide variability in visceral
hybrid configurations means that a priori prediction of surgical outcome based on haemodynamic
flow profiles such as velocity pattern and wall shear stress post repair remain challenging. We sought
to appraise the clinical relevance of computational fluid dynamics (CFD) analyses in the setting of
visceral hybrid TAAA repairs. Two patients, one with a type Il and the other with a type VTAAA,
underwent successful elective and emergency visceral hybrid repairs, respectively. Flow patterns and
haemodynamic parameters were analysed using reconstructed pre- and post-operative CT scans.
Both type Il and type V TAAAs showed highly disturbed flow patterns with varying helicity values
preoperatively within their respective aneurysms. Low time-averaged wall shear stress (TAWSS)

and high endothelial cell action potential (ECAP) and relative residence time (RRT) associated with
thrombogenic susceptibility was observed in the posterior aspect of both TAAAs preoperatively.
Despite differing bypass configurations in the elective and emergency repairs, both treatment
options appear to improve haemodynamic performance compared to preoperative study. However,
we observed reduced TAWSS in the right iliac artery (portending a theoretical risk of future graft and
possibly limb thrombosis), after the elective type Il visceral hybrid repair, but not the emergency
typeV repair. We surmise that this difference may be attributed to the higher neo-bifurcation of the
aortic stent graft in the type lll as compared to the type V repair. Our results demonstrate that CFD
can be used in complicated visceral hybrid repair to yield potentially actionable predictive insights
with implications on surveillance and enhanced post-operative management, even in patients with
complicated geometrical bypass configurations.

Overall treatment for thoracoabdominal aneurysms (TAAA) has improved considerably over the past three
decades because of advances in surgical techniques. Although open surgical repair remains popular, it has since
been supplanted by total endovascular repair"* Unfortunately, these operations still carry significant risks of
complications and mortality, with the potential of ischemic insult to the spinal cord, kidneys and other visceral
organs>*, The visceral hybrid approach® involves surgically rerouting the visceral and renal branches followed
by endovascular exclusion of the TAAA with an endograft. This method is an appealing alternative as it avoids
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the need for thoracotomy or left heart bypass, reduces time under ischemia®, and may circumvent the need
for catheter manipulations around the renal and mesenteric arteries”®. Early results have proven encouraging
although there remains a paucity of data on long-term outcomes in the literature’.

Translational research in vascular surgery has offered compelling evidence for a causal association between
haemodynamic flow parameters and clinical outcomes. Computational fluid dynamics (CFD) is a useful tool
which is gaining traction for its ability to provide a priori predictions concerning the growth or rupture of aortic
aneurysms'’. Indeed, our recent collective study has provided some evidence supporting the application of CFD
in clinical studies of aortic aneurysm"!. Arzani et al. showed that the oscillatory shear index (OSI) is highly asso-
ciated with thrombus deposition in an abdominal aortic aneurysm'2 Alterations in the shear stress distribution
are also recognized to modulate endothelial cell gene expression'?, which are in turn linked to increased oxida-
tive stress, reduced nitric oxide production, vessel atherosclerosis, atheroma/neointima formation, aneurysmal
growth, and thrombogenic potential'*'.

To our knowledge, only one recent CFD analysis has investigated the hemodynamic effect of retrograde vis-
ceral revascularization in the abdominal aorta'®. However, the model may be limited by its simplicity to analyse
the complex haemodynamic conditions before and after TAAA therapy. Here, we conducted the first CED study
to explore and compare the haemodynamic changes in two patient-specific TAAAs before and after hybrid repairs
with different configurations. Through these simulations, we show that the three-dimensional flow field and
changes in wall shear stress can provide important clues to the aetiology of procedural-related complications. The
insights gleaned from this analysis could be used to complement pre-operative planning and decision making
and provide personalised follow-up and surveillance recommendations for patients in the post-operative setting.

Methods

Analysis of pre-operative and post-operative CT scans. The two cases of TAAA were reconstructed
from CT images as showed in Fig. 1. Case 1 is a patient who has been diagnosed with type III TAAA and was
scheduled for an elective repair. A four-limbed stent graft was constructed during the procedure. Two inverted
(16 x8 mm) Dacron trouser-grafts function as the conduits. The renal arteries are sequentially anastomosed in
an end-to-side fashion. The two remaining graft limbs are routed along the base of the small bowel mesentery to
the celiac axis and superior mesenteric artery (SMA) in an end-to-side fashion. The right common iliac artery
was used as the inflow. In the second case, the patient had a type V TAAA and underwent emergency repair.
Retrograde visceral bypasses (coeliac/SMA) were created from a right common iliac inflow using a bifurcated
graft followed by TAAA stent-grafting. However, a type 1b endoleak with associated further aneurysm expan-
sion required a further bifurcated graft to be used for bilateral renal debranching with distal stent graft exten-
sion. In both cases, total endovascular aneurysm exclusion was achieved by completion endo-grafting with good
results. The study protocol was approved by the Domain Specific Review Board of the National Health Group
(Singapore) and written informed consent were obtained from individual patients. All research was performed
in accordance with relevant guidelines/regulations.

Geometrical information of thoracic aortic aneurysms was extracted from axial images consisting of
1087-1486 slices (with an in-plane resolution of 512 by 512 pixels and slice thickness of 0.6 mm) obtained from
contrast-enhanced CT scans. As depicted in Fig. 1, the images were processed using Mimics, an image processing
software (Materialise NV, Leuven, Belgium), to segment the 3D geometries of the aneurysms. The maximum
diameters of the aortic aneurysms were measured from the images, with 55.41 mm for case I and 65.89 mm for
case I1. To ensure smooth and accurate representations, we applied a previously published smoothing approach'’.
Firstly, a mask was created on the CT scans by selecting an appropriate brightness threshold and properly
cropping the region of interest to isolate the pure blood flow aortic and vascular lumens. Using this mask, a
3D representation of the lumen surface geometry was computed and then smoothed to eliminate significant
variations. Our aim was to preserve the lumen volume, minimize distortion, and optimize the patients’ vessel
geometry while keeping computational costs low. We employed two different smoothing algorithms: one with

Pre-treatment  Post-treatment Pre-treatment Post-treatment
Case 1 Case 1 Case 2 Case 2

Figure 1. 3D patient geometries of two clinical cases were reconstructed from CT images from pre- and post-
treatments.
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10 repeats and a high smoothing factor of 0.8, and the other with 30 to 50 repeats and a low smoothing factor of
0.1. The final choice of smoothing parameters was made to achieve minimal model deformation. To ensure the
consistency of the smoothing process, the lumen volume was calculated, and a difference of less than 3% before
and after the smoothing process was considered acceptable.

Numerical simulation. Time-dependent transient waveforms of flow rate'® were applied at the ascending
aorta for all the models (Fig. 2). Based on the literature, the three supra-aortic branches were prescribed 5% of
the flow volume'® and the renal arteries for the pre-treatment was set to 10% of the thoracic flow?. For the post-
treatment model, based on the literature, the distributions for the coeliac artery, superior mesenteric artery and
renal arteries were set to 31%, 23%, and 23%, respectivelyl6’21. For the iliac arteries in the pre and post-TEVAR
models, the three-element Windkessel model was adopted as the outlet boundary condition®?-?%. Further details
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Figure 2. (a) Time-dependent inlet velocity profile applied at inlets of all geometries and the three-element
Windkessel model was applied at iliac arteries. (b) Pressure profile was plotted for each outlet.
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and values of parameters used are provided in the Supplementary Material. The flow rate at the visceral arteries
for post-TEVAR was mapped with pressure boundary conditions with a reference to the pressure in a healthy
model according to the published literature's.

The numerical model was solved in ANSYS FLUENT using the iterative Semi-Implicit Method for Pressure
Linked Equations (SIMPLE). A non-Newtonian Carreau fluid model was assumed, as it has been shown to
render better modelling of the rheology and viscosity of blood®. The graft and arterial wall were set as no-slip
conditions. Meshing was done in ANSYS ICEM, and mesh convergence tests were performed to ensure that the
numerical calculations are acceptable. The difference in peak wall shear stress during steady flow conditions
between different meshing and time steps were within acceptable thresholds (i.e., below 3%)*. More details on
mesh convergence have been evaluated in Sect. S1 of the Supplementary Text. The transient simulation was run
for five cycles with time step set at 0.001 s, and only results from the last cycle will be discussed. We monitored the
convergence residuals until the convergence criterion of 10~ was achieved. The Reynolds number is calculated
as with a maximum Reynolds number of Re,,, = 1725 among all the cases.

To examine the alterations in helical flow before and after visceral repair, we utilized helicity as a quantifying
parameter. Helicity was determined by calculating the absolute local normalized helicity as Eq. (1)

V-

Helicity = W,
)

(1)
where V represents the velocity field, and w is the vorticity determined through V x V262, Helicity serves as a
directionally independent voxel-wise measure, with a value of 0 denoting no helical flow and a value of 1 denot-
ing maximal helical flow. We evaluated the risk of thrombosis by calculating the time-averaged wall shear stress
(TAWSS) and endothelial cell activation potential (ECAP). TAWSS is defined as the averaged WSS acting upon
the wall for the entire cardiac cycle?. The oscillatory shear index (OSI) describes the oscillation of the wall
shear stress®®. Endothelial cell activation potential (ECAP)derived as the quotient of OSI and TAWSS has been
shown to characterize the ‘thrombogenic susceptibility’ of the vessel wall*'. The relative residence time (RRT)
is a frequently used metric for estimating the duration that particles stay in close proximity to the wall*>**. RRT
is calculated using the Eq. (2)

1
= (1=2x OSI) x TAWSS’ 2)

RRT

where OSI refers to oscillatory shear index and TAWSS represents time-averaged wall shear stress. This formula
allows for the quantification of the residence time and provides insights into the hemodynamic conditions that
influence particle-wall interactions.

Informed consent statement. Informed consent was obtained from all subjects involved in the study.

Results
The haemodynamic changes of flow patterns for both treated and untreated TAAA were separately investigated
at four phases of the cardiac cycle (early systole, mid systole, late systole and early diastole).

The vorticity plots obtained from the patient-specific simulations are summarized below. Differences in
vorticity dynamics were observed between the two pre- and post-treatment cases. In Case I, which involves type
III TAAA, the presence of a high curvature at the inner wall near the abdominal region, combined with rapid
systolic forward flow, resulted in the development of elevated vorticity in this inner wall region, forming a shear
layer (Fig. 3a—d). During late systole, retrograde flow emerged in the region near the anterior wall of the proximal
descending aorta, creating a highly recirculating region with intense vorticity magnitude. However, this intense
region was resolved by the visceral hybrid repair, as no high vorticity was observed along the abdominal region,
except for a small region at the right iliac artery (Fig. 3e-h).

In Case II, involving type V TAAA, the aneurysm is located outside the main aorta region and exhibits a less
symmetric geometry compared to type IIl TAAA. The combination of fast-moving forward flow and the luminal
expansion of the aneurysm creates a highly disturbed flow region that persists throughout the entire cardiac cycle.
The presence of retrograde flow from the distal end of the aorta further amplifies the overall vorticity and leads
to the formation of a recirculation region within the aneurysmal area (Fig. 4a-d). Another noteworthy observa-
tion is that during the late systole to early diastole phase, these regions of weak vorticity can cause the release
of blood particles from within the vortex, particularly at the anterior portion of the vortex. These particles then
flow towards the posterior wall of the aneurysm, resulting in the formation of a stagnation flow region. However,
this stagnation flow region is subsequently resolved by the visceral hybrid repair (Fig. 4e-h).

Helical flow patterns are prominently observed during systole in both cases before treatment, as highlighted
by the computational results of helicity presented in Figs. 5 and 6. In the case of type III TAAA, the flow exhibits
a dominant rotational nature throughout the systole (Fig. 5a—d). This results in the emergence of a numerically
large helicity value in the lumen near the abdominal region, which subsequently gets redistributed through the
four-limbed stent graft in the visceral hybrid repair (Fig. 5e-h). Furthermore, we observed that these high helicity
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Figure 3. Instantaneous vorticity plots were generated at four representative time instants. Top row: vorticity
changes of Type III TAAA before treatment at different time instants in the cardiac cycle: (a) early systole,

(b) peak systole, (c) late systole, and (d) early diastole. Bottom row: vorticity changes after post-treatment

at different time instants in one cardiac cycle: (e) early systole, (f) peak systole, (g) late systole, and (h) early
diastole.

flow features are effectively reduced during the early diastole (Fig. 5d). Additionally, we noticed relatively low
helicity in the right iliac artery, which can be attributed to the sharp bending of the stent graft configuration.

For type V TAAA, we observed a decrease in helicity flow within the aneurysm, primarily attributable to its
highly asymmetric geometry (Fig. 6a—d). After the visceral hybrid repair, the average helicity decreased further.
Unlike the case of type III TAAA visceral repair, where prominent helical flow was observed in the four-limbed
stent graft, no significant helical flow patterns were observed in the corresponding regions of the type V TAA
visceral hybrid repair (Fig. 6e-h). However, it is noteworthy that the iliac artery exhibited higher helicity after
the graft deployment, regardless of whether it was in an antegrade or retrograde direction.

Figure 7 presents the TAWSS for both clinical cases before and after treatment. We found low TAWSS (<1 Pa)
at the posterior side of aneurysm in case 1, which was eliminated after treatment. For case 2, we observed low
TAWSS at the posterior side of the aneurysm. However, there was no low TAWSS at the entry of the stent graft and
the right common iliac artery. High TAWSS (>3 Pa) was found at the placement of the stent graft in both cases.

Endothelial cell action potential (ECAP) was evaluated as shown in Fig. 8. Before treatment, the TAAA in
case 1 had a small region with high ECAP (> 1.4 Pa™) at the posterior side of the aneurysm, which was reduced
post-treatment. This was accompanied by a high ECAP at the right common iliac artery. Case 2 had a large region
exposed to high ECAP at the anterior side of aneurysm, which was eliminated post-treatment.

Results for RRT are shown in Fig. 9. Prior to treatment, a region of elevated RRT (> 5 s) was observed within
the aneurysm for type IIl TAAA. Similarly, high RRT values were observed in type V TAAA before the visceral
repair. However, following the visceral repair, the high RRT region was significantly reduced. Nevertheless, in
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Figure 4. Instantaneous vorticity plots were generated at four representative time instants. Top row: Vorticity
changes of Type V TAAA before treatment at different phases in the cardiac cycle: (a) early systole, (b) peak
systole, (c) late systole, and (d) early diastole. Bottom row: Vorticity changes after treatment at different time
instants in one cardiac cycle: (e) early systole, (f) peak systole, (g) late systole, and (h) early diastole.

type III TAAA, a region exposed to elevated RRT persisted after the visceral repair due to the configuration of
the four-limbed stent graft, which aligns with the presence of the high ECAP region.

Discussion
To the best of our knowledge, this study is the first to explore haemodynamic differences before and after two
different visceral hybrid repairs for thoracoabdominal aneurysms with complicated geometrical features using
patient-specific images. A comprehensive analysis was conducted on hemodynamics in pre and post-operative
conditions by examining vorticity, helicity, time-averaged wall shear stress (TAWSS), relative residence time
(RRT) and endothelial cell action potential (ECAP). The results of our study provide insights into the impact of
different surgical approaches on hemodynamic parameters in patients with complex thoracoabdominal aneu-
rysms. These findings can contribute to our understanding of the clinical outcomes associated with these pro-
cedures and may assist in informing surgical decision.

The quantification of helicity measures the degree of rotation and spiral movement within a fluid flow. High
helicity is considered to have favorable physiological effects as it promotes efficient transportation of blood,
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Figure 5. Helicity was plotted at four representative time instants. The top row illustrates variations of helicity
in pre-treatment Type III TAAA at: (a) early systole, (b) peak systole, (c) late systole, and (d) early diastole. The
bottom row displays variations of helicity after treatment at: (e) early systole, (f) peak systole, (g) late systole, and
(h) early diastole.

reduces flow disruptions, and helps prevent the accumulation of atherogenic particles on arterial surfaces?®**-3.
In this study, helicity was utilized to quantitatively differentiate flow patterns in various visceral repair configu-
rations, along with the analysis of vorticity features and wall shear stress parameters. The findings of the study
suggest that the hybrid repair approach utilizing an endovascular stent graft and open visceral reconstruction may
offer advantages over a total endovascular approach in terms of hemodynamic performance in selected patients.
In addition, published research suggests that blood flow in more tortuous vessels exhibits higher helicity?>273¢7,
In our observations during the pre-operative stage of Case 1 and Case 2, we found a significant difference
in helicity magnitude in the “non-pathological” thoracic portion of the vessel. The relatively higher helicity
observed in the pre-operative stage of Case 2 in the ascending aorta, compared to Case 1, can be attributed to
the more tortuous nature of the region, which can also mitigate flow distortion. This finding is consistent with
existing literature?®. Flow patterns are closely related to the anatomical features of the aneurysm before treat-
ment. Changes in flow patterns can affect thrombus formation. The deposition of platelets on the aneurysmal
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Figure 6. Helicity was plotted at four representative time instants. The top row illustrates variations of helicity
in pre-treatment Type V TAAA at: (a) early systole, (b) peak systole, (c) late systole, and (d) early diastole. The
bottom row displays variations of helicity after treatment at: (e) early systole, (f) peak systole, (g) late systole, and
(h) early diastole.

wall is associated with the recirculation flow and helicity, which can ultimately lead to thrombosis®®*. Kelsey
et al. showed that ECAP > 1.4 Pa are found at the thrombus site®! which can be used as a critical threshold to
evaluate the chance of thrombus*’. Low TAWSS with high ECAP and high RRT is also correlated to the regions
of intraluminal thrombus development*"*2. As observed in the vorticity of case 1 in Fig. 3, the tortuous geom-
etry changes the results of flow direction in the recirculation region with stagnation flow found at the posterior.
The low vorticity caused low TAWSS at the posterior side of the aneurysm with a high ECAP value (>1.4 Pa™).
The recirculation region was found to occupy the entire aneurysm in case 2 throughout the cardiac cycle. The
occurrence of such recirculation zones with low vorticity (< 18.75 s™') breaks into a disturbed flow region with
low helicity in early diastole, which can redistribute the platelets to regions of low TAWSS, thereby initiating the
process of the thrombus formation. This corresponds to a higher ECAP (>1.4 Pa™') and high RRT (>5 s) at the
posterior side of the aneurysm, which can indicate thrombus formation in the aneurysm. Our results indicate
that the presence of an aneurysm can alter the vorticity and helicity within the blood vessels, potentially leading
to an increased risk of blood clots, thrombosis, or other complications. It is important for doctors to carefully
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Figure 7. Time-averaged wall shear stress (TAWSS) distribution for pre- and post-treatment. Left: case 1
(elective repair), right: case 2 (emergency repair).

evaluate the flow patterns within an aneurysm before deciding on a course of treatment, in order to ensure the
best possible outcome for the patient.

Retrograde flow in the bypass grafts following a visceral hybrid procedure has been previously studied in
an idealized model but not in a patient-specific model'®. In our patient-specific studies, we found that in the
elective repair for case 1, in which the neo-bifurcation of stent graft is high, the right iliac artery was exposed to
an increased risk of thrombosis evident from the high ECAP value (1.4 Pa™!) and high RRT value (>5 s) accom-
panied by an extremely low TAWSS (< 0.3 Pa) with low helicity due to the stent graft configuration. We have
further shown that by changing the configuration, the risk of thrombosis can be reduced, as demonstrated in
Sect. S4 of the supplementary text with a reduced ECAP value. No high ECAP region was found postoperatively
in Case 2. We hypothesize that in Case 1, the high ECAP and high RRT found in post operative case was due
to the large volume of flow exiting the left iliac artery through the stent graft. Helical flow is believed to have a
protective role against atherosclerosis in the circulatory system. However, the use of a four-limbed stent graft
configuration may diminish this protective effect and expose the iliac arteries to a more pathological condition
in the post-operative phase. This visceral hybrid repair may create a less physiological flow structure compared
to a healthy aorta. In a healthy aorta, helical flow contributes to improved blood flow efficiency, especially in
the presence of distorted arterial geometry*. Our findings from the two different visceral repairs demonstrate
that the implementation of a four-limbed stent graft configuration could attenuate this effect but paradoxically
exacerbate the adverse consequences associated with the distributed flow region.

Clinically, the occurrence of retrograde flow in the bypass graft can induce blood flow disturbances, such as
recirculation and the subsequent trapping of particles at inflow sites. This could lead to in-graft failure or unfa-
vourable stent patency'®*. Several steps can be taken to prevent in-graft failure or unfavourable stent patency.
First, it is important to carefully select the appropriate type of stent according to the specific application. Second,
the stent should be properly sized and positioned to ensure proper fit and function. Third, the stent should be
securely attached to the vessel to prevent it from moving or becoming dislodged. Therefore, in this case, it is
important to closely monitor the stent post-implantation to ensure that it is functioning properly and to promptly
address any issues that may arise.

This is a pilot study to describe the haemodynamic changes between pre- and post-visceral hybrid repairs of
thoracoabdominal aneurysms. The main limitation is the use of only two sets of CT images without continuous
follow-up studies to confirm our predicted risk of thrombus after hybrid treatment. We acknowledge that using
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Figure 8. Spatial distribution of endothelial cell action potential (ECAP) for the pre- and post-treatment for
two different configurations of treatment. Left: case 1 (elective repair), right: case 2 (emergency repair).

literature-based velocity and pressure profiles is a limitation in the present study. Furthermore, it is possible
that wall shear stress values have been overestimated by the CFD model employed herein. As such, conducting
an FSI investigation could yield more precise outcomes for future research endeavours. Other potential areas
of improvement may involve enlisting a larger patient sample with personalized boundary conditions derived
from both initial examinations and follow-up assessments to enhance accuracy.

Conclusion

Using computational fluid dynamics, we present a unique preliminary study of two different patient-specific
haemodynamic patterns for geometric configurations of visceral hybrid repairs (retrograde visceral and renal
bypass grafts and completion endovascular stent grafting) of thoracoabdominal aortic aneurysms. The findings
suggest that an image-based CFD study can potentially be used to predict the risk of thrombus formation for
visceral hybrid repair. Our data suggests a potential predictive role of CFD in complex aneurysm repair, with
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Figure 9. Spatial distribution of relative residence time (RRT) for the pre- and post-treatment for two different
configurations of treatment. Upper row: case 1 type III TAAA before and after treatment, bottom row: case 2
type V TAAA before and after treatment.

implications for post-operative surveillance. Future research can further investigate the role of CFD in predicting
post-operative outcomes in visceral hybrid repairs.

Data availability
The data are not publicly available as this may compromise the individual privacy. Data may be available from
the corresponding author upon reasonable request.

Received: 16 January 2023; Accepted: 8 August 2023
Published online: 23 August 2023

References

1.
2.

3.

10.

11.

12.

13.

Chilton, T. D., Smeds, M. R. & Charlton-Ouw, K. M. Advances in endovascular aortic repair. Appl. Eng. Sci. 12, 100116 (2022).
Ellahi, A. et al. Effectiveness of endovascular repair versus open surgery for the treatment of thoracoabdominal aneurysm: A
systematic review and meta analysis. Ann. Med. Surg. 81, 104477 (2022).

LeMaire, S. A., Price, M. D., Green, S. Y., Zarda, S. & Coselli, J. S. Results of open thoracoabdominal aortic aneurysm repair. Ann.
Cardiothorac. Surg. 1, 286-292 (2012).

. Schepens, M. A, Heijmen, R. H., Ranschaert, W., Sonker, U. & Morshuis, W. J. Thoracoabdominal aortic aneurysm repair: Results

of conventional open surgery. Eur. J. Vasc. Endovasc. Surg. 37, 640-645 (2009).

. Shuto, T. et al. Ten-year experience of the thoraco-abdominal aortic aneurysm treatment using a hybrid thoracic endovascular

aortic repair. Interact. Cardiovasc. Thorac. Surg. https://doi.org/10.1093/icvts/ivy021 (2018).

. Orozco-Sevilla, V., Weldon, S. A. & Coselli, J. S. Hybrid thoracoabdominal aortic aneurysm repair: Is the future here? J. Vis. Surg.

4, 61. https://doi.org/10.21037/jovs.2018.02.14 (2018).

. Oderich, G. S., Escobar, G. A., Gloviczki, P, Bower, T. C. & Mendes, B. C. Endovascular Aortic Repair 483-497 (Springer, 2017).
. Choong, A. et al. Recent advances in thoraco-abdominal aortic aneurysm repair. Surgeon 8, 28-38 (2010).
. Rosenblum, J. M. & Chen, E. P. Thoracoabdominal aortic aneurysm repair: Open, endovascular, or hybrid? Gen. Thorac. Cardiovasc.

Surg. https://doi.org/10.1007/s11748-017-0820-y (2017).

Tse, K. M., Chiu, P, Lee, H. P. & Ho, P. Investigation of hemodynamics in the development of dissecting aneurysm within patient-
specific dissecting aneurismal aortas using computational fluid dynamics (CFD) simulations. J. Biomech. 44, 827-836. https://doi.
org/10.1016/j.jbiomech.2010.12.014 (2011).

Ong, C. W. et al. Computational fluid dynamics modelling of hemodynamic parameters in the human diseased aorta—A systematic
review. Ann. Vasc. Surg. 63, 336 (2019).

Arzani, A., Suh, G.-Y., Dalman, R. L. & Shadden, S. C. A longitudinal comparison of hemodynamics and intraluminal thrombus
deposition in abdominal aortic aneurysms. Am. J. Physiol. Heart Circ. Physiol. 307, H1786-H1795. https://doi.org/10.1152/ajphe
art.00461.2014 (2014).

Chiu, J.-J. & Chien, S. Effects of disturbed flow on vascular endothelium: Pathophysiological basis and clinical perspectives. Physiol.
Rev. 91, 2009. https://doi.org/10.1152/physrev.00047.02009 (2011).

Scientific Reports |

(2023) 13:13760 | https://doi.org/10.1038/s41598-023-40323-1 nature portfolio


https://doi.org/10.1093/icvts/ivy021
https://doi.org/10.21037/jovs.2018.02.14
https://doi.org/10.1007/s11748-017-0820-y
https://doi.org/10.1016/j.jbiomech.2010.12.014
https://doi.org/10.1016/j.jbiomech.2010.12.014
https://doi.org/10.1152/ajpheart.00461.2014
https://doi.org/10.1152/ajpheart.00461.2014
https://doi.org/10.1152/physrev.00047.02009

www.nature.com/scientificreports/

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Lehous, S., Castier, Y. & Tedgui, A. Molecular mechanisms of the vascular responses to haemodynamic forces. J. Intern. Med. 259,
381-392 (2006).

Harrison, D. et al. Endothelial mechanotransduction, nitric oxide and vascular inflammation. J. Intern. Med. 259, 351-363 (2006).
Wen, J. et al. A computational simulation of the effect of hybrid treatment for thoracoabdominal aortic aneurysm on the hemo-
dynamics of abdominal aorta. Sci. Rep. 6, 23801. https://doi.org/10.1038/srep23801 (2016).

Moulakakis, K. G. et al. Comparison of fluid dynamics variations between chimney and fenestrated endografts for pararenal
aneurysms repair: A patient specific computational study as motivation for clinical decision-making. Vasc. Endovasc. Surg. 53,
572-582 (2019).

Olufsen, M. S. et al. Numerical simulation and experimental validation of blood flow in arteries with structured-tree outflow
conditions. Ann. Biomed. Eng. 28, 1281-1299. https://doi.org/10.1114/1.1326031 (2000).

Shahcheraghi, N., Dwyer, H. A,, Cheer, A. Y., Barakat, A. I. & Rutaganira, T. Unsteady and three-dimensional simulation of blood
flow in the human aortic arch. J. Biomech. Eng. 124, 378-387. https://doi.org/10.1115/1.1487357 (2002).

Shipkowitz, T., Rodgers, V. G. J., Frazin, L. ]. & Chandran, K. B. Numerical study on the effect of secondary flow in the human
aorta on local shear stresses in abdominal aortic branches. J. Biomech. 33, 717-728 (2000).

Moore, J. J. E. & Ku, D. N. Pulsatile velocity measurements in a model of the human abdominal aorta under resting conditions. J.
Biomech. Eng. 116, 337-346. https://doi.org/10.1115/1.2895740 (1994).

Menichini, C., Cheng, Z., Gibbs, R. G.]. & Xu, X. Y. A computational model for false lumen thrombosis in type B aortic dissection
following thoracic endovascular repair. J. Biomech. 66, 36-43 (2018).

Dillon-Murphy, D., Noorani, A., Nordsletten, D. & Figueroa, C. A. Multi-modality image-based computational analysis of haemo-
dynamics in aortic dissection. Biomech. Model. Mechanobiol. 15, 857-876 (2016).

Xiao, N., Alastruey, J. & Alberto Figueroa, C. A systematic comparison between 1-D and 3-D hemodynamics in compliant arterial
models. Int. ]. Numer. Methods Biomed. Eng. 30, 204-231 (2014).

Zhang, P, Liu, X, Sun, A, Fan, Y. & Deng, X. Hemodynamic insight into overlapping bare-metal stents strategy in the treatment
of aortic aneurysm. J. Biomech. 48, 2041-2046 (2015).

Dyverfeldt, P, Trenti, C., Ziegler, M., Bjarnegard, N. & Lindenberger, M. Helical flow in tortuous aortas and its relationship to
turbulence: A whole-aorta 4D flow MRI study. Front. Cardiovasc. Med. 10, 604. https://doi.org/10.3389/fcvm.2023.1124604 (2023).
Morbiducci, U. et al. Mechanistic insight into the physiological relevance of helical blood flow in the human aorta: An in vivo
study. Biomech. Model. Mechanobiol. 10, 339-355. https://doi.org/10.1007/s10237-010-0238-2 (2011).

Garcia, J., Barker, A. J., Collins, J. D., Carr, J. C. & Markl, M. Volumetric quantification of absolute local normalized helicity in
patients with bicuspid aortic valve and aortic dilatation. Magn. Reson. Med. 78, 689-701 (2017).

Tan, F. et al. Fluid-structure interaction analysis of wall stress and flow patterns in a thoracic aortic aneurysm. Int. J. Appl. Mech.
1, 179-199 (2009).

Wen, C.-Y,, Yang, A.-S., Tseng, L.-Y. & Chai, J.-W. Investigation of pulsatile flowfield in healthy thoracic aorta models. Ann. Biomed.
Eng. 38, 391-402. https://doi.org/10.1007/s10439-009-9835-6 (2010).

Kelsey Lachlan, J., Powell Janet, T., Norman Paul, E., Miller, K. & Doyle Barry, J. A comparison of hemodynamic metrics and
intraluminal thrombus burden in a common iliac artery aneurysm. Int. J. Numer. Methods Biomed. Eng. 33, ¢2821. https://doi.org/
10.1002/cnm.2821 (2016).

Himburg, H. A. et al. Spatial comparison between wall shear stress measures and porcine arterial endothelial permeability. Am.
J. Physiol. Heart Circ. Physiol. 286, H1916-H1922. https://doi.org/10.1152/ajpheart.00897.2003 (2004).

Trenti, C. et al. Wall shear stress and relative residence time as potential risk factors for abdominal aortic aneurysms in males:
A 4D flow cardiovascular magnetic resonance case—control study. J. Cardiovasc. Magn. Reson. 24, 18. https://doi.org/10.1186/
$12968-022-00848-2 (2022).

Chiu, T. L., Tang, A. Y. S., Cheng, S. W. K. & Chow, K. W. Analysis of flow patterns on branched endografts for aortic arch aneu-
rysms. Inform. Med. Unlock. 13, 62-70 (2018).

Morbiducci, U., Ponzini, R., Grigioni, M. & Redaelli, A. Helical flow as fluid dynamic signature for atherogenesis risk in aortoc-
oronary bypass. A numeric study. J. Biomech. 40, 519-534. https://doi.org/10.1016/j.jbiomech.2006.02.017 (2007).

Gallo, D., Steinman, D. A., Bijari, P. B. & Morbiducci, U. Helical flow in carotid bifurcation as surrogate marker of exposure to
disturbed shear. J. Biomech. 45, 2398-2404 (2012).

Cheng, Z. et al. Assessment of hemodynamic conditions in the aorta following root replacement with composite valve-conduit
graft. Ann. Biomed. Eng. 44, 1392-1404 (2016).

Bluestein, D., Niu, L., Schoephoerster, R. & Dewanjee, M. Steady flow in an aneurysm model: Correlation between fluid dynamics
and blood platelet deposition. J. Biomech. Eng. 118, 280-286 (1996).

Martorell, J. et al. Extent of flow recirculation governs expression of atherosclerotic and thrombotic biomarkers in arterial bifurca-
tions. Cardiovasc. Res. 103, 37-46 (2014).

Salman, H. E., Ramazanli, B., Yavuz, M. M. & Yalcin, H. C. Biomechanical investigation of disturbed hemodynamics-induced
tissue degeneration in abdominal aortic aneurysms using computational and experimental techniques. Front. Bioeng. Biotechnol.
7,111 (2019).

Lozowy, R. J., Kuhn, D. C,, Ducas, A. A. & Boyd, A. J. The relationship between pulsatile flow impingement and intraluminal
thrombus deposition in abdominal aortic aneurysms. Cardiovasc. Eng. Technol. 8, 57-69 (2017).

Zambrano, B. A. et al. Association of intraluminal thrombus, hemodynamic forces, and abdominal aortic aneurysm expansion
using longitudinal CT images. Ann. Biomed. Eng. 44, 1502-1514 (2016).

Davies, P. F Hemodynamic shear stress and the endothelium in cardiovascular pathophysiology. Nat. Clin. Pract. Cardiovasc. Med.
6, 16-26. https://doi.org/10.1038/ncpcardio1397 (2009).

Acknowledgements

The authors thanks Dr Nicholas Syn from Yong Loo Lin School of Medicine, National University of Singapore
for helping proofread the manuscript. This research is supported by A*STARs HMT HTPO-BEP RUN2 Grant
(Grant Number: C211318010). The authors would like to express their sincere gratitude to the reviewers for their
invaluable contributions in enhancing the quality of this manuscript.

Author contributions

Conceptual design: CW.O., LW. and M.T. Analysis and interpretation: C.W.O., LW,, M.T. and EC. Modeling:
C.W.0,, X.Y.X, H.L.L. Data collection: L.W. and A.C. Writing the article: C.W.O., LW. and M.T. Critical revision
of the article: X.Y.X., A.M. R. and H.L.L. Obtaining funding: E.C. and A.C. Final approval of the article: X.Y.X.,
AMR,, HLL. and A.C. Overall responsibility: C.W.O. and A.C. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2023) 13:13760 | https://doi.org/10.1038/s41598-023-40323-1 nature portfolio


https://doi.org/10.1038/srep23801
https://doi.org/10.1114/1.1326031
https://doi.org/10.1115/1.1487357
https://doi.org/10.1115/1.2895740
https://doi.org/10.3389/fcvm.2023.1124604
https://doi.org/10.1007/s10237-010-0238-2
https://doi.org/10.1007/s10439-009-9835-6
https://doi.org/10.1002/cnm.2821
https://doi.org/10.1002/cnm.2821
https://doi.org/10.1152/ajpheart.00897.2003
https://doi.org/10.1186/s12968-022-00848-2
https://doi.org/10.1186/s12968-022-00848-2
https://doi.org/10.1016/j.jbiomech.2006.02.017
https://doi.org/10.1038/ncpcardio1397

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-40323-1.

Correspondence and requests for materials should be addressed to A.M.T.L.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:13760 | https://doi.org/10.1038/s41598-023-40323-1 nature portfolio


https://doi.org/10.1038/s41598-023-40323-1
https://doi.org/10.1038/s41598-023-40323-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Haemodynamic changes in visceral hybrid repairs of type III and type V thoracoabdominal aortic aneurysms
	Methods
	Analysis of pre-operative and post-operative CT scans. 
	Numerical simulation. 
	Informed consent statement. 

	Results
	Discussion
	Conclusion
	References
	Acknowledgements


