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Accounting for 1.5% of thoracic trauma, blunt thoracic aortic injury (BTAI) is a rare disease with a
high mortality rate that nowadays is treated mostly via thoracic endovascular aortic repair (TEVAR).
Personalised computational models based on fluid—solid interaction (FSI) principals not only

support clinical researchers in studying virtual therapy response, but also are capable of predicting
eventual outcomes. The present work studies the variation of key haemodynamic parameters in a
clinical case of BTAI after successful TEVAR, using a two-way FSI model. The three-dimensional (3D)
patient-specific geometries of the patient were coupled with three-element Windkessel model for
both prior and post intervention cases, forcing a correct prediction of blood flow over each section.
Results showed significant improvement in velocity and pressure distribution after stenting. High
oscillatory, low magnitude shear (HOLMES) regions require careful examination in future follow-ups,
since thrombus formation was confirmed in some previously clinically reported cases of BTAI treated
with TEVAR. The strength of swirling flows along aorta was also damped after stent deployment.
Highlighting the importance of haemodynamic parameters in case-specific therapies. In future
studies, compromising motion of aortic wall due to excessive cost of FSI simulations can be considered
and should be based on the objectives of studies to achieve a more clinical-friendly patient-specific
CFD model

Among all trauma-related fatality, thoracic trauma is the reason of approximately 25% of deaths'. Accounting for
1.5% of thoracic trauma, blunt thoracic aortic injury (BTAI) is a rare and mostly fatal disease with in-hospital
mortality rate of 46%?2. BTAL is a tear caused by a combination of shear forces and increased intravascular pressure
wherein rapid deceleration exists in most cases’. Motor vehicle collision is the foremost common cause of BTAI
with 81% of cases®. Injury is possible anywhere along the aorta; from ascending aorta to iliac bifurcation notably
aortic isthmus®. Currently the classification of BTAI is based on the involvement of aortic wall layers; Grade I
(intimal tear), Grade II (intramural hematoma), Grade III (pseudo aneurysm), and Grade IV (rupture)®”. In
majority of BTAI cases (50.3%) a pseudo aneurysm is present (grade III) wherein intima, media, and adventitia
layers are torn®. This pseudo aneurysm creates local changes in the area of the lumen and is prone to creation of
narrowing regions. The locally narrowed areas which are also observed in patients suffering from coarctation,
are seen to cause swirling flows, proximal and distal to the narrowed region specially during deceleration and
diastolic phase of cardiac cycle. Furthermore, these disorganised flows result in twisting and instability of their
downstream?~'? and are observed to result in swirling patterns of endothelial cells which are suggestive of vorti-
ces several millimeters downstream from the narrowed region'’. Blood acceleration and complex downstream
recirculation across these regions leads to a jet impinging on the aortic wall'* which may further lead to aortic
wall dilation'"' and even rupture'.

The recommended standard treatment in adults suffering from BTAI, is thoracic endovascular aortic repair
(TEVAR)". Seemingly thoracic endovascular grafts are safe and effective for the treatment of BTAI, for both
short-term and follow-up results. These devices lead to very low rates of aortic injury-related mortality'’"°.
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However, serious attention is required in further follow-ups for immediate diagnosis of consequent problems.
In a recent study, on long-term outcomes of using these grafts in patients suffering from BTAI, late formation
of thrombus; most commonly at the distal aspect of the stent graft was confirmed in 26% of the patients after
TEVARY. Also, iatrogenic coarctation as a result of device underexpansion and aortic remodeling has also been
reported which predispose patients to long-term consequences®. Therefore, studying therapy response by com-
paring patients’ condition before and after the operation, helps clinical researchers to identify possible follow-up
problems as well as creating systematic framework in treatment of BTAIL

In recent years a number of studies have been done on BTAI, focusing on simulating the motor vehicle
accident, its impact on thoracic region, and possibility of blunt thoracic aortic rupture (BTAR). For instance, Di
Labbio et al.*! studied the evolution of pulsatile flow in a circular cross-sectional pipe subjected to a transverse
impulse body force and declared that although the corresponding transverse wall shear stress may not actually
cause rupture, it probably has significant role in occurrence of rupture away from aortic isthmus. Wei et al.??
used a model based on finite element methods (FEM) for the aorta-heart system and developed a real car crash
scenario by considering both hydrodynamic and kinematic effects. The study tried to predict aortic isthmus
laceration and other possible injuries on ribs and diaphragm during motor vehicle collision. In agreement with
previous study others showed that max stress occurs in the isthmus region. It was also concluded that compar-
ing the stretching that occurs at the ascending aorta to the bending generated at the aortic arch, bending is a
leading factor in BTAR?*%,

Personalised computational fluid dynamics (CFD) along with FEM, with the ability to represent haemody-
namic metrics, can support physicians in terms of management of aortic diseases, predicting possible future
scenarios, and leading to design and analyse of new therapy methods?*-%%. In addition, CFD tools coupled with
machine learning algorithms have promising future potential to increase the accuracy of simulations, as well
as reducing the computational costs?”. However, despite the potentials of numerical simulations, to the best of
author’s knowledge, no single study has been reported to utilise CFD analysis based on fluid-solid interaction
(FSI) principals, in a clinical case of BTAI to consider the variation of haemodynamic parameters before and
after the treatment; therefore, the prior purpose of this study is to demonstrate the efficacy of treatment on a
patient who had suffered from BTAI and also to prognosticate possible long-term outcomes of stenting, using
FSI modelling along with available patient-specific data.

In this study two patient-specific cases were driven from pre and post intervention aortic computed tomog-
raphy angiography (CTA) images of a 30-year—old male suffering from BTAI considering inclusion of aortic wall
motion. For each case, personalised geometry of the patient was extracted from CTA images and was coupled
with tuned three element Windkessel model. The velocity profile of the patient was also integrated using pulse
wave Doppler echocardiography. Finally, to comprehend the treatment outcomes, following parameters were
calculated and compared in both prior and post intervention phases;

Velocity and streamline distribution
Pressure distribution

Wall shear stress (WSS) indices
Swirling strength (SS)

Aortic wall displacement

Von Mises stress

AN

What is more, by compromising aortic wall motions to reduce the cost of simulations and therefore, using the
basics of this model in future personalised simulations, various invasive, non-invasive, or combination of both
treatments can be applied on prior to intervention case virtually before any medical or surgical procedures. This
eventually helps clinical researchers obtain the best case-specific solution for BTAI allowing better treatment
planning for such patients.

Results
Velocity and streamline distribution. Figure 1 shows the forward and backward streamline patterns
of both prior and post intervention for three major stages of cardiac cycle. In both cases; during mid systole
(Fig. 1a,d) uniform streamlines are observed along ascending aorta (AA) and aortic arch prior to pseudo aneu-
rysm Some mild vortices through pseudo aneurysm in prior intervention case can be seen. Figure 1b,e illustrate
moderate vortices along and after the narrowing region of pseudo aneurysm. This is due to increase of flow
velocity during peak systole in prior intervention, which are not present in post intervention case. Although
both cases demonstrate disordered streamlines with chaotic vortices in aortic arch during diastole (Fig. 1¢,f); in
prior intervention case high-velocity swirling flow due to local narrowing is observed along descending aorta
(DA). The velocity contour of three selected cross-sectional planes for both cases are also presented in Fig. 1. The
high value of velocity seems to be damped in all post intervention cases and the difference between maximum
and minimum values of velocity has been reduced after stent deployment, resulting in uniformity of velocity
fields over each cross-section. What is more, prior to intervention, brachiocephalic trunk (BT), left common
carotid artery (LCC), and left subclavian artery (LS) received 31.66%, 9.60%, and 15.80% of the total inlet flow
during systolic phase of cardiac cycle respectively, as opposed to 26.30%, 10.73%, and 18.20% after TEVAR
(Table 1) The resulting 16.93% of decrease in BT flow rate after removing the coarcted region via treatment,
boosted blood distribution to LCC and LS and also led to 6.55% of flow increase for DA.

Figure 2 shows upper branches more closely for both cases. It can be observed that before intervention due
to special geometry of the patient’s aorta, LCC and LS have narrower roots with smaller cross section areas that
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Figure 1. Velocity and streamline distribution on right anterior and left posterior for prior and post
intervention case. (a,d) mid systole, (b,e) peak systole, and (c,d) diastole.

Prior to intervention 31.66 9.60 15.80 41.23
Post intervention 26.30 10.37 18.20 43.93

Table 1. Percentage of flow distribution for both prior and post intervention cases during systolic phase.

Prior to intervention case Post intervention case

Figure 2. Geometry change in aorta after stenting.

Scientific Reports | (2023) 13:8355 | https://doi.org/10.1038/s41598-023-35585-8 nature portfolio



www.nature.com/scientificreports/

Pressure
l 125

115
105

95

|85

(mmHg)

can lead to higher velocity magnitudes. This is in agreement with lower velocity magnitudes in LCC and LS after
stent deployment (Fig. 1).

Pressure distribution. The pressure distribution along the interested region of affected aorta is shown in
Fig. 3 during three major time points of cardiac cycle for both cases. The highest pressure is observed at both mid
and peak systole along AA (Fig. 3a,b,d,e) as opposed to the diastole point where the entire aorta shows a relative
similar pressure (Fig. 3¢,f); about 105 mmHg. Additionally, during mid systole and peak systole, the pressure
drop is shown to be the same but with different absolute values. At peak systole (Fig. 3b,e), a sudden pressure
decrease can be observed at aortic arch. However, the value of pressure has decreased further for the post inter-
vention case; highlighting the efficacy of the existence of stent.

Wall shear stress (WSS) indices.  Performing patient-specific simulations, several WSS indices are com-
monly used to delineate the distribution of WSS as meaningful spatial parameters®.. Based on the following
equation™, the time average of WSS (TAWSS):

1 T
TAWSS = f/ |wss|dt 1)
T/ o

wherein T is the length of cardiac cycle (0.731s) and wss is the magnitude of wall shear vector is derived on the
vessel wall for both cases and is shown in Fig. 4a,d. Intensive and scattered high values of TAWSS due to specific
curvature of aorta are observed in anterior AA for both prior and post intervention cases respectively. In addition,
aortic arch prior to pseudo aneurysm, posterior pseudo aneurysm, and the local narrowing of prior intervention
hold high values of TAWSS comparing prior to post intervention case. Reduction of moderate values of TAWSS
along DA is also observed in post intervention in contrast to prior intervention case.

Oscillatory shear index (OSI) is a dimensionless WSS index, which shows the effect of oscillatory forces on
endothelial cells®. This parameter has a value between 0 and 0.5 and is defined as:

|4 wssd|

OSI=05(1— —F——
TAWSS

)
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Figure 3. Pressure distribution on right anterior and left posterior for prior and post intervention cases. (a,d)
mid systole, (b,e) peak systole, and (c,d) diastole.
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Figure 4. Wall shear stress indices on right anterior and left posterior for prior and post intervention cases.
(a,d) TAWSS (Time average wall shear stress), (b,e) OSI (Oscillatory shear index), and (c,d) HOLMES (High
oscillatory low magnitude shear index).

High values of OSI located in posterior AA of prior to stenting case are not present in post intervention as
opposed to high OSI area in the anterior AA, that have been expanded after stenting (Fig. 4b,e).

The narrow strip of moderate values of OSI that is found in anterior pseudo aneurysm and continues along
DA in prior to intervention case, confronts considerable enlargement of area and magnitude after stenting. In
addition, looking into the same figure aortic arch faced higher magnitude of OSI after stent deployment.

To compare prior and post intervention case, regions of low-magnitude TAWSS and high OSI are of high
importance. High oscillatory, low magnitude shear (HOLMES) (Eq. 3) as a modified form of TAWSS, indicates
these regions®®. Low and high magnitudes of HOLMES are presented in Fig. 4c,f for both cases. It can be seen
that regions of low magnitude HOLMES follows the approximate pattern of high magnitude OSI and low TAWSS.

HOLMES = TAWSS x (0.5 — OSI) 3)

Swirling strength (SS).  Figure 5 shows the SS of blood through all regions at different cardiac time points.
The swirling strength shows the strength of the blood as it passes each region toward downstream vessels. This
parameter is introduced by Zhou et al.** and Adrian et al.*® and has been validated by Qi-Qiang®, that greater
absolute value of SS, results in stronger internal circulation. SS is defined as the imaginary part of the complex

=
Eigen value of the velocity gradient tensor ( J ), wherein U, V, and W are velocity components in x, y, and z
direction respectively;

—  _, [8U/ox aU/dy aU/oz
7 =VU = |av/ax aV/dy aV/oz (4)
IW/dx AW /dy AW /dz

Thirty-eight planes were created along the aorta for the SS calculation in both cases (Fig. 5d,g) as one cannot
calculate this for the entire volume of aortae. Thus, the insertion of more planes results in better approximation
of SS. Plane one, is located prior to the pseudo aneurysm region, the pseudo aneurysm continues from plane
one to seven, and from plane eight onwards (eight to thirty-eight) are inserted along DA.

During all three major time points (Fig. 5a—c), it can be seen that the overall SS for prior intervention case is
greater than post intervention. As the cardiac cycle completes, the value of SS varies along the affirmation planes.
However, proceeding the cardiac cycle, the upstream planes show higher values of SS relative to the downstream
planes specifically for prior intervention case.

Time average swirling strength (TASS) is also introduced and has been derived in all planes to study both
cases considering the changes of velocity gradient during one cardiac cycle. Figure 5e demonstrates the reduc-
tion of TASS after stenting. It can be seen that the eighth plane which is located immediately after the end of the
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Figure 5. Swirling strength and plane locations. (a) SS (swirling strength) along planes for both cases during
mid systole, (b) SS (swirling strength) along planes for both cases during peak systole, (c) SS (swirling strength)
along planes for both cases during diastole, (d,g) Plane locations for both cases, (e) TASS (time average swirling

strength) along planes for both cases, and (f) normalised mean SS (swirling strength) in all 38 planes during one
cardiac cycle.

local narrowing of pseudo aneurysm has the highest value of SS during all three major time points and holds the
highest value of TASS to compare the general circulation of blood flow along the region of interest during one
cardiac cycle, independent of the location of planes, the mean SS in all planes are found by adding up the values
of SS for each plane and dividing the sum by the number of planes for both prior and post intervention cases.
To remove any possible outliers, the normalised mean SS in all planes is presented in Fig. 5f. Being in agreement
with other forms of SS, the normalised mean SS in all planes shows overall reduction of flow circulation

Aortic wall displacement. Figure 6 indicates aortic wall displacement during three major time points of
cardiac cycle for both prior and post intervention cases. During peak systole (Fig. 6b,e), AA and upper branches
have the highest value of displacement in both cases. However, displacement of upper branches has decreased

post stenting with increase in wall displacement along DA. The same pattern also exists in mid (Fig. 6a,d) and
diastolic (Fig. 6¢,f) phases with lower magnitudes.

Von Mises stress. A standard method of predicting material destruction of aortic wall under haemody-
namic forces is the measurement of Von Mises stress®”. During mid systolic phase of prior to intervention case
(Fig. 7a), high values of Von Mises stress are observed prior, along, and immediately after the end of pseudoa-
neurysm, root of the upper branches, and inner curvature of AA. The same pattern with greater magnitudes is
seen during the peak and diastolic phases (Fig. 7b,c). Post stenting (Fig. 7d-f) root of the upper branches and
inner curvature of AA still hold high values of Von Mises. However, overall reduction of Von Mises values along

aortic wall with corresponding range of 3.78-29.44 kPa during peak systole is observed which is in contrast to
3.07-109.58 kPa for prior to intervention case.

Effect of wall motion. Considering the interaction between blood and aortic wall during the cardiac cycle,
the maximum displacement of wall reached approximate 0.3 mm in both cases. Taking into account that HOL-
MES is a representative for both TAWSS and OSI, Fig. 8a—f shows the percentage change in HOLMES in the
presence of aortic wall motion. To better comprehend the change, three different color scales were applied on
both cases. Figure 8b,e demonstrate that even small amount of wall displacement can cause considerable change

of at least == 10% in HOLMES and outspreading of over and under estimated values of HOLMES along desired
aorta.

Discussion

Blunt thoracic aortic injury (BTAI) with a timely nature and high mortality rate>***’, predominantly happens in
young adults**!. However, despite promising abilities of computational models along with advances in clinical
imaging techniques which is an essence in reinforcement of clinical decisions?>-%’, it seems that the link between
clinical researchers of BTAI and invaluable computational haemodynamics is still lacking in the literature.
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Figure 6. Aortic wall displacement in right anterior and left posterior for prior and post intervention cases.
(a,d) mid systole, (b,e) peak systole, and (c,d) diastole.

In this study, a computational model with considering interaction of blood and vessel wall was deployed
on a successful TEVAR case for both prior and post intervention. Principal haemodynamic parameters were
compared before and after stenting to demonstrate the efficacy of treatment on the patient and also to predict
any eventual outcomes after TEVAR. Additionally, in order to study the effect of aortic wall motion, rigid wall
simulations were also conducted.

The invasion of the three-layered false lumen created a iatrogenic coarctation segment and the removal of
coarcted section of aorta via stenting, led to meaningful enhancement in flow velocity and streamlines boosting
downstream perfusion'?. which finally resulted in increased aortic wall displacement along DA and decreased
displacements in upper branches.

Stent deployment resulted in disappearance of disorganised streamlines within the pseudo aneurysm during
mid and peak systolic phases. Intra-aneurysmal disordered streamlines are also reported in the study of Tse*.
Locally narrowed area of the aorta which is located at the end of the pseudo aneurysm can cause helical flows,
proximal and distal to the narrowed region specially during deceleration and diastolic phases of cardiac cycle®'%
post TEVAR, chaotic swirling flows during these phases do not exist further.

Analysing pressure distribution in computational simulations is vital for predicting possible hypertension.
Whether Hypertension is a cause or consequent of stiffening the aortic wall, it can disrupt heart mechanisms in
distributing blood to organs and increase the risk of renal complications***%. In current study, results indicated
significant pressure decrease during peak systolic phase after TEVAR. This emphasises on efficacy of the treat-
ment which is further validated by the simulation results. However, concerns may rise in younger patients of
BTAI who receive an endovascular graft which is much stiffer than young aorta, resulting in aortic wall stiffness
and possibility of hypertension*+*>.

WSS indices are known to be crucial in the study of cardiovascular diseases due to their effect on structure of
the vessel wall*’. Comparing post to pre intervention case, TAWSS had overall reduction which is caused by local
uniformity of lumen via stent deployment; specifically, along aortic arch prior to pseudo aneurysm, posterior
pseudo aneurysm, and the local narrowing of pre intervention case. This reduction can also be seen in other
studies of cardiovascular diseases and will lower the risk of possible future rupture!'>*4,

Low magnitude HOLMES areas can be efficacious indicator of atherosclerosis formation and its progression™.
The stent deployment caused considerable enlargement of areas with low magnitude HOLMES, notably along
anterior DA. Thrombus formation for BTAI cases at distal region of the stent graft was confirmed in 26% of the
patients after TEVAR' which highlights the importance of regions that are prone for atherosclerosis in vessels and
eventually thrombus foundation®. Predicting such regions is highly important and requires careful examination
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Figure 7. Von Mises stress on aortic wall in right anterior and left posterior for prior and post intervention
cases. (a,d) Mid systole, (b,e) peak systole, and (c,d) diastole.

during future follow-ups of the patient. Abdoli et al.”! also reported a semi-occlusive thrombosis located at distal
of the thoracic endo graft nine months after TEVAR for a 29-year-old patient suffering from BTAI which is in
agreement with aforementioned statistics and emphasises on the importance of this in silico parameter further.

Comparison of flow irregularities and expressing vortical motions in pre and post intervention cases of the
patient, can be done using a vortex identifying parameter which is known as swirling strength (SS)!"*2. Notable
reduction of TASS magnitude via stenting was observed which highlights the effectiveness of TEVAR procedure.
The greatest magnitude of SS before intervention, which was seen immediately after the end of pseudo aneurysm
(plane eight), was damped, as well as other distal planes after stenting during all three major phases of cardiac
cycle. In case of unsuccessful TEVAR, wherein the locally narrowed region still exists, vortical structures with
high magnitude of SS gather distal to the coarcted region of the aorta!l. This eventually leads to destroying the
fibrous structure of the aortic wall that may further lead to rupture!>'> which is in agreement with high values
of Von Mises stress immediately after the local narrowing of pseudoaneurysm prior to intervention. Normalised
mean SS in all planes indicated that stent deployment resulted in less vortical strength. However, the magnitude
of normalised mean SS is still considerable even after stenting. Some suggest that existence of swirling flow inside
the vessels can have clinical benefits as it can suppress flow disturbances caused by stent grafts®>**. Based on the
same idea helical stent grafts with the ability to induce swirling flow has been proposed that can result in higher
WSS and prevent the risk of atherosclerosis™; therefore; further study on potentially beneficial range of SS after
stenting that can also be tolerated in vessels seems to be needed.

Inclusion of aortic wall motion increases the accuracy of patient-specific simulations theoretically; as neglect-
ing the compliance of vessel wall, may result in neglecting clinical key areas along the aorta®. Comparing rigid
wall simulations to FSI simulations, significant alter of at least == 10% in HOLMES values in the presence of
aortic compliance for both pre and post stenting cases was observed. Notable over and underestimated values of
HOLMES were outspreaded along the aortae, leading to no significant change of HOLMES distribution pattern
in rigid wall simulations compared to FSI simulations®*°. What is more, each FSI simulation took more than
one week to reach the periodic steady-state due to the excessive computational cost of FSI simulations*"*¢-%. This
cost is not practical in BTAI cases due to emergent nature of BTAI? therefore, compromising the motion of the
vessel wall in future studies can be considered to obtain a more clinical-friendly patient-specific CFD model®.

To the best of author’s knowledge, the present work was the first attempt to propose an FSI model to study
the change of key haemodynamic parameters in a clinical case of BTAI after successful TEVAR. The 3D patient-
specific geometries of the patient were coupled with three-element Windkessel model in a two-way fluid-solid
interaction study, wherein blood was considered a non-Newtonian fluid in both pre and post intervention

Scientific Reports | (2023) 13:8355 | https://doi.org/10.1038/s41598-023-35585-8 nature portfolio



www.nature.com/scientificreports/

Prior to intervention case

NSO \x; W
7 ‘\.‘1/ | )
‘ leference Difference Difference
I 10 I 20

(b) (©

Post intervention case Y 0

i«

: // 5— I
I - ) I "

-5 -10
(%) i (%)

(e) ()

Figure 8. Percentage of HOLMES (Highly oscillatory, low magnitude shear) difference relative to rigid wall
simulation for both cases using three color scales. (a,d) Percentage difference with absolute range of 5%, (b,e)
Percentage difference with absolute range of 10% and, (c,f) percentage difference with absolute range of 20%.

cases. However, compromising the inclusion of aortic wall motion in future studies which include comparison
of patient’s condition before and after treatment may be considered due to excessive computational costs and
should be based on the objectives of the study. Results showed significant enhancement in velocity and pressure
distribution after stenting. Since BTAI studies have reported thrombus formation at the distal aspect of the stent
graft, areas with low values of HOLMES after intervention require careful examination in future follow-ups. In
addition, SS along aorta was also damped after stent deployment, requiring a further investigation for a clinical-
friendly range of SS in patients that are TEVAR candidates.

Methods

To deploy the computational model, a successful TEVAR case was chosen and the study was performed under
IR.JUMS.FMD.REC.1401.257 ethic number. The study protocol was approved by the Rajaie Cardiovascular Medi-
cal and Research Center ethics committee and the participant signed informed consent and all methods were
performed in accordance with the relevant guidelines and regulations. Patient investigated herein is a 30-year-old
male who had been admitted to emergency department of Rajaie Cardiovascular Medical and Research Center
as a result of motor falling down from four-meter height with no known past medical history of any cardiovas-
cular disease. Apart from concomitant skull, T11-12 spine and femoral fractures, initial CTA revealed a pseudo
aneurysmal formation beyond the left subclavian artery consisted with blunt aortic injury. TEVAR was deemed
necessary and proceeded as emergent basis. A 26 x 105 mm Zenith Thoracic Endovascular graft (Cook Medical,
Bloomington, Ind) was deployed from the left femoral artery with acceptable immediate result. One, six and
twelve-month follow-up CTA revealed no complication.

Patient-specific geometry. The three dimensional (3D) fluid domain (blood) of a patient suffering from
aortic blunt trauma was extracted. The affected region starts immediately after the arch and it ends prior to distal
abdominal as shown in Fig. 9b. For the purpose of both capturing the affected region on upstream or down-
stream of blunt trauma region and boosting computational time, further downstream regions were not captured
for this study. The approximate length of the 3D domain was 200 mm; including some regions of brachiocephalic
trunk, left common carotid, left subclavian arteries, and distal abdominal, prior to the renal arteries and the iliac
bifurcation.

Two sets of CT images were available with 1723 and 376 digital imaging and communications in medicine
(DICOM) images and slice interval of 0.5 mm and 1 mm for prior and post invasive intervention respectively.

DICOM images for both prior and post intervention were imported into MIMICS Research 21.0 (Material-
ise, Leuven, Belgium) wherein the region of interest for both domains were extracted. To separate the region of
interest (aorta) from the rest of organs and vessels, several masks and tools were applied. Figure 9a.i, c.i show
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Figure 9. Patient-specific domains and boundary conditions. (a.i) and (c.i) CT scan images of prior and post
intervention cases, (a.ii) and (c.ii) Fluid domains and 3-Element Windkessel model for both cases, (a.iii) and (c.
iii) Solid domains, and (b) Desired region.

the final reconstructing 3D fluid domains. The 3D fluid domains were wrapped and smoothed to improve each
pixel evenness and to ease the process of discretising in further stages of preparing the computational domains.

Both fluid domains were imported into CATIA V21 (Dassault Systems, Velizy-Villacoublay, France) wherein
the boundaries where cropped perpendicular to the z-axis. The final models are shown in Fig. 9.a.ii,c.ii for prior
and post intervention respectively. Blood enters the ascending aorta (AA) and flows through the upper branches,
aortic arch and through the narrowed region toward distal abdominal (DA).

Standard trauma protocol at Rajaie Cardiovascular Medical and Research Center limits the resolution and
slice interval of CT images; as a result, it was not possible to capture wall of the aorta for this study. In a previ-
ous study of Aortic Blunt Trauma, a simple model of aortic wall with constant thickness along aorta was used*.
Furthermore, it has been reported that although aortic wall thickness varies significantly in the population®,
values of less than 4 mm is considered normal®, thus 1.5 mm thickness was chosen.

To generate the aortic wall, 3D fluid domains were imported into SpaceClaim 2019 R3 (ANSYS Inc., Canons-
burg, PA, USA). Faces of fluid domains were fixed and extruded by 1.5 mm normal to every face. The generated
solid domains were cut with respect to fluid domains as shown in Fig. 9a.iii,c.iii for both cases.

Discretising domains (meshing). For the purpose of computational investigation, both fluid (blood) and
solid (vessel) domains were discretised into small elements wherein crucial haemodynamic parameters were
further investigated. The fluid and solid domains were meshed separately using ANSYS Workbench 2019 R3
(ANSYS Inc., Canonsburg, PA, USA). Both fluid and solid were discretised with tetrahedral elements and to
create high quality geometry-aligned elements near the aortic wall, five prismatic layers were used at the wall
of the fluid domains. For the purpose of sensitivity analysis, three sets of mesh elements were used for all cases
and eventually to compromise for both accuracy and computational time, the medium mesh with approximate
300,000 and 40,000 elements were chosen for fluid and solid domains respectively.

Boundary conditions (BC). Due to the emergent nature of these trauma and the need for immediate inter-
vention, patient-specific inlet velocity data prior to intervention was not available. In addition, for the purpose
of consistency an inlet velocity profile was deployed for both prior and post ascending aortic velocity®'. Thus,
the inlet velocity profile of the patient was calculated based on an ideal half sine signal taken from Ventre et al.*%.

V) = Vosin(%) i-fO <t <Tg4T )
0 if T T <t<T

where Vj is the maximum velocity of blood at inlet, T; is the systolic ejection time and T is the length of cardiac
cycle. Using the post-intervention pulsed wave Doppler echocardiography (PW Doppler ECHO) image of the
patient, Vj was reported to be 96.1<%, and a T,; of 0.273s can be achieved. What is more, the length of cardiac
cycle was 0.731s taking into consideration the heartbeat per minute (BPM) of the patient for post intervention.
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BT |LCC |LS DA
R (mmHg s/ml) 9.98 |47.62 |46.01 |1.03
r (mmHg s/ml) 0.03 0.50 0.12 |0.16
C (ml/mmHg) 0.41 0.53 0.38 | 1.36

Table 2. Final tuned Windkessel parameters.

The outlet boundaries of both prior and post intervention fluid domains were coupled with three element
Windkessel models. To calculate Windkessel parameters, the systolic and diastolic pressure for each outlet were
needed. The systolic and diastolic blood pressure for this patient were set to 120 mmHg® and 77.5 mmHg*
respectively. Process of deriving and tuning Windkessel parameters for each outlet was based on the work of
Alimohammadi®. Final tuned Windkessel parameters are listed in Table 2.

Blood was considered to be an incompressible non-Newtonian fluid with density of 1056 kg/m? for both
prior and post intervention®. To exhibit the non-Newtonian behavior of blood, Carreau-Yasuda model was
used. According to:

= (10 — Moo) (1 + ()“CWY)(WD/“ + oo (6)

wherein p is viscosity, (Lo, oo, ACY> V', 6, and m are low shear viscosity, high shear viscosity, time constant, shear
rate, Yasuda exponent, and power law index respectively, u is a function of five parameters® that are presented
in Table 3.

To avoid under-predicting swirling effects of blood flow on aorta, a Shear-Stress Transport (SST) model
with intensity of 1% was used for both cases. Hyperelastic behavior of aortic walls were modelled using a two-
parameter Mooney-Rivlin model®. This model better adopts the mechanical properties of the vessel wall and
provides computational robustness. The material constants of this model are presented in Table 2.

Computational fluid dynamics (CFD). To consider the interaction of blood and aortic wall, a two-way
fluid-solid interaction (FSI) model was used for both prior and post intervention. The properties and BCs of
fluid and solid domains were implemented through CFX 2019 R3 (ANSYS Inc., Canonsburg, PA, USA) and
Transient Structural (ANSYS Inc., Canonsburg, PA, USA), respectively. The interface of solid domain with fluid
domain was initialised within the range of diastolic pressure of the patient and to compensate the elasticity of
aortic wall layers a number of springs were coupled with inner and outer surfaces of aortic walls for both cases.
The continuity and Navier-Stokes equations of fluid domain were coupled with the motion of solid domain
using ANSYS System Coupling 2019 R3 (ANSYS Inc., Canonsburg, PA, USA) for both cases.

For rigid cases simulations were conducted on fluid domains with the same BCs applied for FSI models,
neglecting the motion of solid domain. These simulations are so called “rigid wall “simulations and were carried
out for the purpose of comparison®®.

In all simulations the time step was set to 0.002s and residual mean square errors were held below 1 x 107>,

Limitations. In this study improvement of haemodynamic parameters were achieved only through the
change of geometry after stenting. However, the effect of pharmaceutical treatments (beta-blockers) and diet
were not taken into account. In addition, in the aforementioned patient, stent deployment revealed no compli-
cation after TEVAR in terms of expanding the lumen. Therefore, thickness and elasticity of the stent have been
compromised herein to reduce complexity of the current model. What is more, although the characteristics of
wall change after TEVAR, in current study material properties and thickness of aortic wall for both prior and
post intervention cases were assumed to be the same. More realistic simulations can be conducted in case of
availability of data on aortic wall thickness before and after treatment of BTAIL

Coarcted regions of aorta and their down streams are known to be at risk of failure and therefore rupture.
To the best of our knowledge no experimental data for these regions regarding elasticity and Poisson’s ratio is
available. Therefore, to avoid adding extra supports along these regions and to compensate the elasticity of aortic
wall layers a number of springs were coupled with inner and outer surfaces which resulted in less displacement
in comparison with magnitudes reported in the literature. More realistic FSI models could be proposed in case
of data availability.

Carreau-Yasuda constants Hyperelasticity constants
Ko(Pas) Moo(Pas) Acy(s) a m A (MPa) B (MPa)
0.0220 0.0022 0.1100 0.6440 0.3920 0.1740 1.8810

166

Table 3. Parameters of Carreau-Yasuda blood viscosity model®® and Material constants of aortic wall®’.

Scientific Reports |

(2023) 13:8355 | https://doi.org/10.1038/s41598-023-35585-8 nature portfolio



www.nature.com/scientificreports/

Data availability
The datasets used during the current study is available from the corresponding author on reasonable request.

Received: 8 January 2023; Accepted: 20 May 2023
Published online: 23 May 2023

References

1.
2.

3.

10.
11.
12.
13.
14.

15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
. Alimohammadi, M. Aortic Dissection: Simulation Tools for Disease Management and Understanding (Springer, 2018).
32.

33.

34,
35.
36.

37.

Pehlivanlar Kiigiik, M. Predictors of mortality in cases with thoracic trauma admitted to the intensive care unit: 10-year clinical
outcomes. Turk. J. Trauma Emerg. Surg. 1,1 (2018).

Mouawad, N. J., Paulisin, J., Hofmeister, S. & Thomas, M. B. Blunt thoracic aortic injury—concepts and management. J. Cardio-
thorac. Surg. 15, 1 (2020).

Gaffey, A. C. et al. Natural history of nonoperative management of grade II blunt thoracic aortic injury. Ann. Vasc. Surg. 65, 124-129
(2020).

. Schulman, C. I. et al. Incidence and crash mechanisms of aortic injury during the past decade. J. Trauma Injury Infect. Crit. Care

62, 664-667 (2007).

. Mosquera, V. X. et al. Role of conservative management in traumatic aortic injury: Comparison of long-term results of conserva-

tive, surgical, and endovascular treatment. J. Thorac. Cardiovasc. Surg. 142, 614-621 (2011).

. Fortuna, G. R. Jr. et al. Injury grade is a predictor of aortic-related death among patients with blunt thoracic aortic injury. J. Vasc.

Surg. 63, 1225-1231 (2016).

. Teo, R. et al. Updated trends in the intervention and mortality of blunt thoracic aortic injury: An analysis of the national trauma

data bank. J. Am. Coll. Surg. 231, €269 (2020).

. Akhmerov, A., DuBose, J. & Azizzadeh, A. Blunt thoracic aortic injury: Current therapies, outcomes, and challenges. Ann. Vasc.

Dis. 12, 1-5 (2019).

. Olivieri, L. J. et al. Hemodynamic modeling of surgically repaired coarctation of the aorta. Cardiovasc. Eng. Technol. 2, 288-295

(2011).

Goubergrits, L. et al. MRI-based computational fluid dynamics for diagnosis and treatment prediction: Clinical validation study
in patients with coarctation of aorta. J. Magn. Reson. Imaging 41, 909-916 (2014).

Zhang, X. et al. Analysis of the formation mechanism and occurrence possibility of Post-Stenotic Dilatation of the aorta by CFD
approach. Comput. Methods Programs Biomed. 194, 105522 (2020).

Rafieianzab, D., Abazari, M. A., Soltani, M. & Alimohammadi, M. The effect of coarctation degrees on wall shear stress indices.
Sci. Rep. 11, 1 (2021).

Reidy, M. A. & Lowell Langille, B. The effect of local blood flow patterns on endothelial cell morphology. Exp. Mol. Pathol. 32,
276-289 (1980).

LaDisa, J. E. et al. Computational simulations for aortic coarctation: Representative results from a sampling of patients. J. Biomech.
Eng. 133 (2011).

BIZZA, P. A congenitalis vitiumok nagyereinek vizsgalata. Kiserletes orvostudomany 3 (1951).

Keshavarz-Motamed, Z. et al. Effect of coarctation of the aorta and bicuspid aortic valve on flow dynamics and turbulence in the
aorta using particle image velocimetry. Exp. Fluids 55, 1 (2014).

Starnes, B. W,, Dwivedi, A., Giglia, J., Woo, K. & Yeh, C. Updated outcomes from the TRANSFIX study to evaluate endovascular
repair of blunt thoracic aortic injuries with the Zenith Alpha thoracic device. J. Vasc. Surg. 71, 1851-1857 (2020).

Starnes, B. W. et al. Endovascular repair for blunt thoracic aortic injury using the Zenith Alpha low-profile device. J. Vasc. Surg.
62, 1495-1503.e1 (2015).

Beropoulis, E. et al. Long-term results of thoracic endovascular aortic repair using a low-profile stent-graft. J. Endovasc. Ther. 28,
56-62 (2020).

Thakkar, R. N., Thomaier, L., Qazi, U,, Verde, F. & Malas, M. B. Limitation of imaging in identifying iatrogenic aortic coarctation
following thoracic endovascular aortic repair. Ann. Vasc. Surg. 29(594), e11-594.e16 (2015).

Labbio, G. D., Keshavarz-Motamed, Z. & Kadem, L. Numerical simulation of flows in a circular pipe transversely subjected to a
localized impulsive body force with applications to blunt traumatic aortic rupture. Fluid Dyn. Res. 49, 035510 (2017).

Wei, W, Kahn, C. J. E. & Behr, M. Fluid-structure interaction simulation of aortic blood flow by ventricular beating: A preliminary
model for blunt aortic injuries in vehicle crashes. Int. J. Crashworthiness 25, 299-306 (2019).

Nan, J. et al. Finite element analysis of the mechanism of traumatic aortic rupture (TAR). Comput. Math. Methods Med. 2020, 1-13
(2020).

Grave-Capistrdn, M. A., Prieto-Vazquez, A. Y. & Torres-SanMiguel, C. R. Aortic blunt trauma analysis during a frontal impact.
Appl. Bion. Biomech. 2021, 1-14 (2021).

Romarowski, R. M., Lefieux, A., Morganti, S., Veneziani, A. & Auricchio, F. Patient-specific CFD modelling in the thoracic aorta
with PC-MRI-based boundary conditions: A least-square three-element Windkessel approach. Int. J. Numer. Methods Biomed.
Eng. 34,1 (2018).

Gosling, R. C. et al. Virtual coronary intervention. JACC Cardiovasc. Imaging 12, 865-872 (2019).

Armstrong, A. K., Zampi, J. D,, Itu, L. M. & Benson, L. N. Use of 3D rotational angiography to perform computational fluid dynam-
ics and virtual interventions in aortic coarctation. Catheter. Cardiovasc. Interv. 95, 294-299 (2019).

Abazari, M. A, Rafieianzab, D., Soltani, M. & Alimohammadi, M. The effect of beta-blockers on hemodynamic parameters in
patient-specific blood flow simulations of type-B aortic dissection: A virtual study. Sci. Rep. 11, 1 (2021).

Malawski, F. et al. Deep learning meets computational fluid dynamics to assess CAD in CCTA. Lect. Notes Comput. Sci. 8-17
(2022).

Taebi, A. Deep learning for computational hemodynamics: A brief review of recent advances. Fluids 7, 197 (2022).

Taylor, C. A. et al. Predictive medicine: Computational techniques in therapeutic decision-making. Comput. Aided Surg. 4, 231-247
(1999).

Alimohammadi, M., Pichardo-Almarza, C., Agu, O. & Diaz-Zuccarini, V. Development of a patient-specific multi-scale model to
understand atherosclerosis and calcification locations: Comparison with in vivo data in an aortic dissection. Front. Physiol. 7, 1
(2016).

Zhou, J., Adrian, R.J., Balachandar, S. & Kendall, T. M. Mechanisms for generating coherent packets of hairpin vortices in channel
flow. J. Fluid Mech. 387, 353-396 (1999).

Adrian, R.J., Christensen, K. T. & Liu, Z.-C. Analysis and interpretation of instantaneous turbulent velocity fields. Exp. Fluids 29,
275-290 (2000).

Xiong, Q.-Q., Chen, Z., Li, S.-W., Wang, Y.-D. & Xu, J.-H. Micro-PIV measurement and CFD simulation of flow field and swirling
strength during droplet formation process in a coaxial microchannel. Chem. Eng. Sci. 185, 157-167 (2018).

Shin, E. et al. Hemodynamics in diabetic human aorta using computational fluid dynamics. PLoS ONE 13, 1 (2018).

Scientific Reports |

(2023) 13:8355 | https://doi.org/10.1038/s41598-023-35585-8 nature portfolio



www.nature.com/scientificreports/

39.

40.

41.
42.

43.
44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

61.

62.

63.

64.
65.

66.

67.

68.

. Mohapatra, A. et al. Risk factors for mortality after endovascular repair for blunt thoracic aortic injury. J. Vasc. Surg. 71, 768-773

(2020).

Gogna, S. et al. Does endovascular repair for blunt traumatic aortic injuries provide better outcomes compared to its open tech-

nique? A systematic review and meta-analysis. Surg. Technol. 39, 1 (2021).

D’Alessio, . et al. Thoracic endovascular aortic repair for traumatic aortic injuries: Insight from literature and practical recom-

mendations. J. Cardiovasc. Surg. 61, 1 (2021).

Mehta, C. Improving the endovascular management of blunt thoracic aortic injury. Ann. Thorac. Surg. 113, 1542-1543 (2022).

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 (2011).

Safar, M. E. et al. interaction between hypertension and arterial stiffness. Hypertension 72, 796-805 (2018).

Tigkiropoulos, K. et al. Endovascular repair of blunt thoracic aortic trauma: Is postimplant hypertension an incidental finding?.

Ann. Vasc. Surg. 50, 160-166.e1 (2018).

Martinelli, O. et al. Hypertension, acute stent thrombosis, and paraplegia 6 months after thoracic endovascular aortic repair for

blunt thoracic aortic injury in a 22-year-old patient. Ann. Vasc. Surg. 47(281), e5-281.e10 (2018).

Gerdes, A., Joubert-Hiibner, E., Esders, K. & Sievers, H.-H. Hydrodynamics of aortic arch vessels during perfusion through the

right subclavian artery. Ann. Thorac. Surg. 69, 1425-1430 (2000).

Alimohammadi, M. et al. Evaluation of the hemodynamic effectiveness of aortic dissection treatments via virtual stenting. Int. J.

Artif. Organs 37, 753-762 (2014).

Andersson, M., Lantz, J., Ebbers, T. & Karlsson, M. Multidirectional WSS disturbances in stenotic turbulent flows: A pre- and

post-intervention study in an aortic coarctation. J. Biomech. 51, 8-16 (2017).

Malek, A. M. Hemodynamic shear stress and its role in atherosclerosis. JAMA 282, 2035 (1999).

Man, A. W. C,, Li, H. & Xia, N. Circadian rhythm: Potential therapeutic target for atherosclerosis and thrombosis. Int. J. Mol. Sci.

22,676 (2021).

Abdoli, S., Ham, S. W, Wilcox, A. G., Fleischman, F. & Lam, L. Symptomatic intragraft thrombus following endovascular repair

of blunt thoracic aortic injury. Ann. Vasc. Surg. 42(305), e7-305.e12 (2017).

Deplano, V., Meyer, C., Guivier-Curien, C. & Bertrand, E. New insights into the understanding of flow dynamics in an in vitro

model for abdominal aortic aneurysms. Med. Eng. Phys. 35, 800-809 (2013).

Chen, Z., Fan, Y., Deng, X. & Xu, Z. Swirling flow can suppress flow disturbances in endovascular stents: A numerical study. ASAIO

J. 55, 543-549 (2009).

Sun, A, Fan, Y. & Deng, X. Intentionally induced swirling flow may improve the hemodynamic performance of coronary bifurca-

tion stenting. Catheter. Cardiovasc. Interv. 79, 371-377 (2011).

Lichtenberg, M., Zeller, T., Gaines, P. & Piorkowski, M. BioMimics 3D vascular stent system for femoropopliteal interventions.

Vasa 51, 5-12 (2022).

. Brown, A. G. et al. Accuracy vs computational time: Translating aortic simulations to the clinic. J. Biomech. 45, 516-523 (2012).

. Campobasso, R. et al. Evaluation of peak wall stress in an ascending thoracic aortic aneurysm using FSI simulations: Effects of
aortic stiffness and peripheral resistance. Cardiovasc. Eng. Technol. 9,707-722 (2018).

. Vignali, E., Gasparotti, E., Celi, S. & Avril, S. Fully-coupled FSI computational analyses in the ascending thoracic aorta using
patient-specific conditions and anisotropic material properties. Front. Physiol. 12, 1 (2021).

. Erbel, R. Aortic dimensions and the risk of dissection. Heart 92, 137-142 (2006).

. Malayeri, A. A. et al. Relation of aortic wall thickness and distensibility to cardiovascular risk factors (from the multi-ethnic study

of atherosclerosis [MESAY]). Am. J. Cardiol. 102, 491-496 (2008).

Armour, C. H. et al. The influence of inlet velocity profile on predicted flow in type B aortic dissection. Biomech. Model. Mecha-

nobiol. 20, 481-490 (2020).

Ventre, J. et al. Parameter estimation to study the immediate impact of aortic cross-clamping using reduced order models. Int. J.

Numer. Methods Biomed. Eng. 37, 1 (2019).

Arbabi, C. N. et al. Outcomes and practice patterns of medical management of blunt thoracic aortic injury from the Aortic Trauma

Foundation global registry. J. Vasc. Surg. 75, 625-631 (2022).

Lin, J.-D. et al. Identification of normal blood pressure in different age group. Medicine 95, €3188 (2016).

Alimohammadi, M., Agu, O., Balabani, S. & Diaz-Zuccarini, V. Development of a patient-specific simulation tool to analyse aortic

dissections: Assessment of mixed patient-specific flow and pressure boundary conditions. Med. Eng. Phys. 36, 275-284 (2014).

Gijsen, E. J. H., van de Vosse, F. N. & Janssen, J. D. The influence of the non-Newtonian properties of blood on the flow in large

arteries: Steady flow in a carotid bifurcation model. J. Biomech. 32, 601-608 (1999).

Raghavan, M. L. & Vorp, D. A. Toward a biomechanical tool to evaluate rupture potential of abdominal aortic aneurysm: Identi-

fication of a finite strain constitutive model and evaluation of its applicability. J. Biomech. 33, 475-482 (2000).

Alimohammadi, M. et al. Aortic dissection simulation models for clinical support: Fluid-structure interaction vs. rigid wall models.

BioMed. Eng. 14,1 (2015).

Author contributions

M

.A. supervised the study. R.D. and M.A. conceived the original idea. R.D. carried out the simulations and

drafted the manuscript. A.J. and R.D. analysed the data. N.K.A. participated in data analysis. P.S. and H.P.

pr

ovided clinical perspectives. ER., M.P. and S.G. assisted with clinical data curation. M.A., P.S. and M.S. made

revisions. All authors discussed the results and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.S. or M.A.

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.

Scientific Reports |

(2023) 13:8355 | https://doi.org/10.1038/s41598-023-35585-8 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

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, corrected publication 2023

Scientific Reports | (2023) 13:8355 | https://doi.org/10.1038/s41598-023-35585-8 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	In-silico investigations of haemodynamic parameters for a blunt thoracic aortic injury case
	Results
	Velocity and streamline distribution. 
	Pressure distribution. 
	Wall shear stress (WSS) indices. 
	Swirling strength (SS). 
	Aortic wall displacement. 
	Von Mises stress. 
	Effect of wall motion. 

	Discussion
	Methods
	Patient-specific geometry. 
	Discretising domains (meshing). 
	Boundary conditions (BC). 
	Computational fluid dynamics (CFD). 
	Limitations. 

	References


