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Abstract

Background: The use of left ventricular assist device (LVAD) to treat advanced cardiac heart failure
is constantly increasing, although this device leads to high risk for gastrointestinal.

Methods: Using in-silico flow analysis, we quantified hemodynamic alterations due to continuous-flow
LVAD (HeartWare Inc, Framingham, MA, USA) in the celiac trunk and major branches of the
abdominal aorta and then explored the relationship between wall shear stress (WSS) and celiac trunk
orientation. To assess outflow from aortic branch, a 3D printed patient-specific model of the celiac
trunk reconstructed from a LVAD-supported patient was used to estimate echocardiographic outflow
velocities under continuous-flow conditions and then to calibrate computational simulations. Moreover,
flow pattern and resulting WSS were computed on 5 patients with LVAD implantation.

Results: Peak WSSs were estimated on the three branches of celiac trunk and the LVAD cannula.
Mean values of WSS demonstrated that the left gastric artery experiences the greatest WSS of
9.08+5.45 Pa with an average flow velocity of 0.57+£0.25 m/s when compared to that of other vessel
districts. The common hepatic artery had the less critical WSS of 4.58+1.77 Pa. A positive correlation
was found between the celiac trunk angulation and the WSS stress just distal the ostium of celiac
trunk (R=0.9), and this may increase to vulnerability of this vessel to bleeding.

Conclusions: Although further studies are warranted to confirm these findings in a larger patient
cohort, computational flow simulations may enhance the information of clinical image data and may

have an application in clinical investigations of hemodynamic changes in LVAD-supported patients.

Keywords— left ventricular assist device (LVAD); gastrointestinal bleeding; computational fluid

dynamics; abdominal aorta; celiac trunk.



1. Introduction

Heart transplantation is the gold-standard therapy for patients with heart failure. Unfortunately heart
donors are limited, and alternative methods are needed to treat advanced end-organ failure. The use
of left ventricular assist devices (LVADS) is gaining more acceptance as a bridge to transplant, bridge
to decision or final “destination therapy”, making patients survive on mechanical support (1, 2). Since
these devices may profoundly impact the hemodynamics of entire aorta, especially if support is
provided by a continuous flow pump system, there is an urgent need to better understand these
alterations and the consequent response of the cardiovascular system. These responses may include
short- and long-term postoperative complications after LVAD implantation including renal dysfunction
(3), neurological complications (4) and infection (5). Among these, gastrointestinal bleeding presents
with a range of 11-65% within the first year of LVAD placement (6-8), and treatment options include
anticoagulant/antiplatelets drugs suspension, endoscopic treatment, bowel resection, cardiac
transplantation (9). As in severe aortic stenosis, the continuous pump action of the mechanical
support may determine a deficiency of the high-molecular weight multimer of von Willebrand factor
(10, 11), which predisposes patients to bleeding via a hemodynamic-mediated mechanism (12, 13).
Assessment of LVAD-induced wall shear stress (WSS) may partially provide explanations on the

development of bleeding.

Although hemodynamic measurements can be obtained non-invasively by magnetic resonance
imaging (MRI), LVAD devices are not MRI-compatible. An alternative and feasible option is the use of
in-silico simulations, and here computational flow analysis offers the unique opportunity to simulate
hemodynamics and derive quantitative parameters such as WSS in LVAD-supported patients. The
shear stress represents the frictional force exerted by the flowing blood on the intimal surface of
vessel wall and promotes arterial disease when its value falls above or below the normal, physiologic
range (14). Computational flow analysis has previously been successful in revealing distinct features
of altered hemodynamic in cardiovascular diseases such as aortic aneurysms (15-17) and dissections

(18, 19).

Computational flow analysis was used in the current study to characterize potentially adverse

hemodynamic conditions in the celiac trunk and major branches of the abdominal aorta in five patients



with continuous-flow LVAD devices as well as to explore the relationship of the shear stress
magnitude with the anatomic orientation of the celiac trunk. We retain that altered WSS magnitude in
the celiac trunk wall may trigger biochemical mechanisms causing the development of
gastrointestinal bleeding since high WSS may damage the high-molecular weight multimers of von
Willebrand factor. Outflow conditions from aortic branches were quantified by echocardiographic
imaging on a 3D patient-specific celiac-trunk model under continuous-flow conditions by in-vitro
testing and then used to calibrate computational simulations. This study is motivated by the

occurrence of gastrointestinal bleeding in this patient study group.

2. Material and Methods

2.1 Patient Study Group

After IRB protocol approval and signed informed consent, 5 patients underwent contrast-enhanced
computed-tomography angiography (CTA) following LVAD placement, and were enrolled to assess
the putative cause of bleeding. CTA imaging was performed using a 64-slice scanner (VCT64; GE
Healthcare, Milwaukee, W1, USA) with retrospective ECG gating (80% of R-R cycle). From the
acquired volumetric data, the CTA scans were retro-reconstructed using a multisegment
reconstruction algorithm and thin sections of 0.49-0.62 mm. The patient study group was composed of
4 male (cases A, B, C and E) and 1 female (case D), mean age 57+5 years. All patients were referred
to LVAD implantation due to ischemic (n=3) and non-ischemic (n=2) dilatative cardiomyopathy. The
time of LVAD implantation to CTA imaging was on average of 46 days (range, 21-75 days). The LVAD
(HeartWare Inc, Framingham, Mass, USA) had a continuous flow in the range of 4-5 L/min. Patients B
and E had gastrointestinal bleeding, patients B and C had right ventricular failure and patient E
presented right common iliac artery thrombotic sub-occlusion. From CTA imaging, the azimuth angle
of the celiac trunk centerline with that of descending aorta was measured for each patient, and then

correlated to the shear stress.

2.2 Phantom and Flow circuit
To develop an experimentally-calibrated computational fluid-dynamic model (CFD), physiological flow
splits in the celiac trunk branches were estimated using continuous-wave (CW) Doppler

echocardiography on a patient-specific model of the aorta (case A). For the patient A, the aorta from



the ascending to distal celiac trunk, including the splenic, gastric and hepatic vessels, through the
mesenteric artery ending at the left and right renal arteries was reconstructed from CTA scans using
the vascular modeling toolkit ITK (v.0.9.0; http://www.vmtk.org). Then, the reconstructed patient-
specific anatomy was manufactured by 3D printing technology (Materialise NV; Leuven, Belgium) to
obtain a rigid, transparent flow channel of abdominal aorta (Figure 1). Surface polishing was
performed to reduce inner layer roughness. Then, the 3D printed model (scale 1:1) was connected to
a compliant and transparent silicone phantom model of the thoracic aorta described previously (20)

(see Figure 1).

The continuous-flow circuit consisted of (i) the LVAD device, (ii) the phantom model of entire aorta
with the celiac trunk and (iii) the fluid reserve, all connected by silicone tubes and plastic connectors
(Figure 1). The inlet flow was imposed changing the pump rotation speed of LVAD device to
investigate three different hemodynamic scenarios with cardiac output (CO) of 4, 5 and 6 L/min at
mean aortic pressure of 80 mmHg. Specifically, peripheral resistances and aortic pressure were
varied using adjustable valves placed distal to each outlet. Pressure was continuously measured by
several pressure transducers (X5072 Druck, GE Measurement and Control), and thus recorded with
LabVIEW software (National Instruments, Austin,TX, USA). For flow measurements, an
electromagnetic flowmeter (Optiflux 5300C; Krohne, Duisburg, Germany) was placed on the plastic
tube after the LVAD device. The circuit contained water at room temperature. We performed
echocardiographic imaging with a high-end ultrasound scanner equipped with a X5-1 probe
transducer (EPIQ 7, Philips Healthcare, Andover, Massachusetts). Grayscale was used to visualize
structures of aortic branches, while velocities at each outlet of the abdominal aorta were acquired
using CW Doppler for different inflow scenarios. In all cases, measurement acquisitions were carried
out few minutes after perfusion to warrant a fully developed, non-turbulent flow regime. Starting from
these velocity measures, flow divisions were then estimated from the cross-sectional area of each

branch of the abdominal aorta.

2.3 Computational Fluid Dynamics Simulations
Computational flow analyses were carried out using an approach previously developed by our group

to study hemodynamics in pathologies of the thoracic aorta (15, 18, 21). For each patient, both aortic



geometry and LVAD inflow cannula were segmented from post-operative CTA images using a semi-
automatic threshold-based technique. Image noise and artefacts were reduced by applying a fast
Fourier transform spatial band pass filter and realigning images with respect to the aortic centreline,
respectively. Axial and coronal images were used to reconstruct the complex anatomy of the splenic,
gastric and hepatic vessels as well as the mesenteric and renal arteries. A computational mesh was
then created by discretization of the aortic fluid domain into a set of small elements with unstructured
tetrahedral morphology (element size of 0.8 mm) using GAMBIT 2.3.6 (ANSYS Inc., Canonsburg,
PA). Blood was treated as a Newtonian and incompressible fluid with a density of 1060 kg/m® and
dynamic viscosity of 3.71x10° Pa x s. The aortic wall was assumed rigid with no slip whereas flow
was assumed laminar as qualitatively appeared from the experimental echocardiographic imaging
investigation. The Navier-Stokes equations governing fluid motion were solved using the
computational fluid dynamics software FLUENT v14.0.0 (ANSYS Inc., Canonsburg, PA) assuming
steady analysis. This is reasonable because the continuous-flow generated by the LVAD does not
determine appreciable flow differences between systole and diastole (22). To obtain realistic results
from simulations, inflow and outflow boundary conditions were imposed according to the LVAD
experimental setting described in the previous section and to the corresponding echocardiographic
measurements of aortic branches. For the patient A, inflow from the cannula was kept constant for the
entire cardiac cycle according to the device settings chosen for each patient. Moreover, a steady
nonsignificant aortic flow was assumed to be present at aortic valve inlet (2% of CO) as reported by
others (22). For patient A, flow split division computed from the echocardiographic flow measurements
were imposed in each branch of the aorta. In addition, for case A only, the effect of LVAD outflow on
WSS distribution was investigated with three different levels of CO (i.e., 4, 5 and 6 L/min). For other
patients, the inflow was set according to LVAD setting while flow divisions were imposed according to
data from the perfusion testing performed for patient A. Post-processing of hemodynamic simulations

was performed with Paraview (Kitware Inc., Clifton Park, NY).

3. Results
For the celiac trunk model of patient A, flow velocities were experimentally derived from ultrasound
measurements at different LVAD inflow pump rotation speeds and then used to calculate flow splits in

the celiac trunk branch (Table 1). The higher the inflow from the LVAD device, the greater the flow



velocity in each branch as assessed by echocardiography. Spectral evaluation of the CW Doppler
profiles confirmed a fully-developed, continuous flow in all investigated vessels of the celiac trunk

model (Figure 2).

Hemodynamic disturbances induced by the LVAD placement were investigated for CO=5 L/min by
flow streamlines analysis and WSSs. Laminar flow with peak velocities in correspondence of the
cannula and LVAD graft anastomosis site was observed for the case A for which boundary conditions
were calibrated by perfusion experiments (Figure 3). Flow entering the ascending aorta and aortic
arch was slightly disorganized, but returned laminar in the descending aorta and distal aortic
branches. Pronounced flow velocities were also observed in the arterial tree of the celiac trunk but not
in the renal arteries. Distribution of WSS evinced focally high values of shear stress in the LVAD graft
anastomosis site and just after the ostium of the celiac trunk (Figure 3). It can be also observed that
shear stress is influenced by the LVAD pump rotation speed (Figure 4). In particular, WSS values
were more pronounced in three investigated points as the CO was increased. (P1, P2, P3=1.7, 2.6,
3.9 Paat 4 L/min; P1, P2, P3 =26, 3.4,5.5 Paat5 L/min and P1, P2, P3=4.7,8.3,13.7 Paat6
L/min). As the CO dictated by the LVAD device increased, the regions of the vessel wall at greater

shear stress were consistently large.

Similar flow pattern and WSS distribution were observed in the celiac trunk of other patients with
continuous-flow LVAD (Figure 5). Patients B and E exhibited the highest velocity of the flow circulating
in the gastric, hepatic and splenic arteries as well as the mesenteric artery. Patient A exhibited low
laminar flow conditions in the arterial tree of the abdominal aorta. This flow changes are likely caused
by the particular anatomy of the celiac trunk of each patient. Likewise, the distribution of WSS was
marked in patient B and E as compared to that shown by other cases. Mean values of WSS
demonstrated that the left gastric artery experiences the greatest WSS of 9.08+5.45 Pa with an
average flow velocity of 0.57+0.25 m/s when compared to shear stress in the other vessel districts
(see Table 2). Among celiac trunk branches, the common hepatic artery had the less critical shear
stress with a mean value of 4.58+1.77 Pa. High mean values of WSS were observed in the
mesenteric artery (8.16+3.88 Pa) whereas the distal abdominal aorta experiences low shear stress

(2.14+1.89 Pa) and flow velocities (0.26+0.12 m/s).



A strong positive correlation of WSS with the morphological anatomy of the celiac trunk (as quantified
by the azimuth angle of the celiac trunk with respect to the abdominal aortic centerline) was found
(Figure 6). Indeed, patients A, C and D with celiac trunk orientation of ~120 degree had lower WSS

magnitudes than those of patients B and E with angles of 145 and 173 degree, respectively.

4. Discussion

To our knowledge, this is the first study integrating ultrasound flow velocity measurements performed
on a 3D printed anatomic model with computational flow analysis in order to derive personalized
insights into the shear stress induced by the LVAD on the different branches of the celiac trunk. We
demonstrated that shear stress in LVAD-supported patients differs among the branches of the celiac
trunk, and stress magnitudes are likely associated to the anatomical orientation of this major branch of
the abdominal aorta. This can have direct and possibly catastrophic clinical consequences because
an altered shear stress environment may induce pathological degradation of the von Willebrand

factor, thereby promoting LVAD-related complications as gastrointestinal bleeding (9).

All investigations of blood flow in different types of LVADs have been mainly focused on the shear
stress, turbulence, and flow velocity of the LVAD cannula by numerical simulations (22-27). Karmonik
et al. (22) compared flow patterns of lateral versus anterior insertion of LVAD outflow cannula and
concluded that the anterior geometry of the anastomosis leads to less disorganized flow at the root of
the supra-aortic vessels and no impingement pressure zones at the contralateral aortic wall. Later,
they observed significant retrograde flow in the ascending aorta of LVAD-supported patients who
developed aortic insufficiency as a major complication of the continuous-flow assist device (26). A
relationship between the cannula orientation (azimuth and polar angle) and the resulting
hemodynamic alterations (pressure gradients, WSS, and turbulent energy dissipation) with the
occurrence of the aortic insufficiency was found. In the present analysis, we corroborated the altered
shear stress distribution in the outflow cannula and, most importantly, observe that shear stress
remains pronounced in the distal districts of the aorta including the splenic and gastric arteries of the
celiac trunk. Moreover, we found a robust correlation between the celiac trunk orientation and the

resulting WSS magnitude. Patients B with a pronounced angulation of the celiac trunk exhibited the



highest WSS because the flow jet of blood was accelerated in the lumen of the celiac trunk and thus
collided the vessel wall distally. This likely caused the gastrointestinal bleeding seen clinical for patient
B. While, patients A, C and D presented lower magnitudes of the flow jet and resulting WSS at the
ostium of the celiac trunk when compared to that of patient B and E. Various authors (28, 29) have
demonstrated histologic changes in the aortic wall in response to high shear stress caused by the
relatively small conduit cross-section of LVAD cannula. In the ascending aortic wall of failing heart,
histological analysis showed more elastic fiber fragmentation, smooth-muscle-cell disorientation and
depletion, fibrosis, medial degenerative changes and atherosclerotic changes after continuous-flow
LVAD support (transplantation or autopsy) than at the time of LVAD implantation (28). We here
speculate a similar flow-mediated mechanism for the celiac trunk in which the LVAD-induced non-
physiological blood flow in this relatively-small vessel may locally increase the shear stress causing a

structural damage of the vessel wall integrity.

It is known that pulsatile flow exhibits more favorable hemodynamic conditions including reduced
WSS and lower pressures when compared to that of continuous-flow LVAD. Cyclic stretch of smooth
muscle cell in-vitro is directly responsible for the proliferation of endothelial cell, expression of
contractile phenotype, and the production of autocrine growth factors (30). Notwithstanding, clinical
applications of continuous-flow LVAD is increasing since this device is usually smaller and produce
less frequent bleeding and infections (31), although the absence of pulse pressure may in turn
increase systemic vascular resistances and afterload. The mechanism underlying gastrointestinal
bleeding on long-term continuous flow mechanical support is multifactorial and includes variables as
the effect blood interaction with the device surface, anticoagulation therapies and an altered shear
stress which participates in the damage of von Willebrand factor. Therefore, it is important to
understand the point at which shear stress becomes damaging and why the occurrence of bleeding
differ among patients and types of LVADs (pulsatile vs continuous-flow). However, WSS is difficult to
guantify since LVAD is not compatible with 4D MRI flow imaging or with in-vitro models. Using
computational flow simulations, values of time average WSS over one cardiac cycle were barely ~2.0
Pa near the celiac trunk of the healthy human abdominal aorta (32) and ~1.0 Pa near the celiac trunk
of abdominal aortic aneurysms with diameter < 5.0 cm (33). Magnitudes of WSS as derived by 4D

flow MRI were found lower in patients with pancreaticoduodenal artery aneurysms concomitant with



celiac trunk stenosis when compared to those of healthy controls (WSS ~ 2.0 Pa) (34). Our findings
indicate that WSSs in LVAD-supported patients are markedly higher than those suggested by these
studies (see Table 2), and this may result in pathologic von Willebrand degradation by a shear-
mediated mechanism well described in literature (10). Although this study is not exhaustive, we
highlighted that computational flow simulations enhance the information of clinical image data and
may have an application in clinical investigations of hemodynamic alterations induced by LVAD

implantation.

Study Limitation

One of the major limitations of this study is the low number of patients investigated. LVAD-supported
patients who require CT with contrast agent are rare since this imaging technique is commonly
indicated in complicated procedures (35). For comparison purposes, it would be ideal to have CT
scans pre- and post LVAD implantation to assess whether hemodynamic alterations are induced by
the mechanical support or the patient aortic anatomies. Moreover, our patient study group included
different LVAD-related complications. Once again, this patient population is rare, and it could be
unethical to perform a prospective CT contrast-enhanced study with potential harmful effects for the
patients. Outflow boundary conditions as determined for patient A were not specific for other cases,
and this may impact WSS as this parameter is sensitive to flow conditions. Convergence analysis of
mesh quality was not performed at this stage. However, this experimentally-calibrated computational

flow model offers unique opportunity to simulate flow patterns in patients with LVAD implantation.

5. Conclusion

This study demonstrates that altered shear stress occurs in the arterial tree of the celiac trunk in
patients with continuous-flow LVAD and that such hemodynamic parameter is affected by the
orientation of this major branch of the abdominal aorta as well as the speed of the pump device. As
mechanical support moves toward a final “destination therapy” in heart failure, more studies are
needed to understand the pathophysiological mechanisms underlying the LVAD-related complications
so that in-silico modeling may enhance the information available from medical imaging towards the

use of personalized therapeutic strategies.
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Figure Legends
Figure 1: Schematic of continuous-flow circuit showing snapshots of the aortic model and the 3D

printed patient-specific celiac trunk model

Figure 2: Examples of echocardiographic measurements performed on (A) abdominal aorta just distal

renal arteries and (B) mesenteric artery at LVAD flow rate of 5 L/min

Figure 3: Flow pattern and WSS distribution for the entire aorta of the patient A with CO=5 L/min; the

inset in the middles shows flow streamlines for the major branches of the abdominal aorta

Figure 4: Maps of WSS in the celiac trunk at different LVAD pump rotation speeds and selected point

magnitudes of WSS

Figure 5: Flow patterns (top row) and corresponding WSS distribution (bottom row) in the celiac trunk

of each investigated patients

Figure 6: Correlation plot illustrating linear relationship between the celiac trunk orientation and the

shear stress parameter
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Table 1: Measured echocardiographic velocities at different LVAD inflows and computed flow splits

for each branch of the abdominal aorta according to vessel diameter of patient case A.

LGA CHA SA MA RRA LRA AA

CO= 4 [L/min]
Velocity [cm/s] 9.8 155 31.4 34.3 15.6 17.1 37.2
Flow division [%)] 15 25 11.9 13.1 25 2.8 48.2

CO= 5 [L/min]
Velocity [cm/s] 20.1 22.2 29.0 45.1 22.4 18.2 45.0
Flow division [%] 2.8 3.1 9.4 14.6 3.2 2.4 49.2

CO=6 [L/min]
Velocity [cm/s] 33.8 47.0 53.2 70.1 45.9 43.0 43.9
Flow division [%] 3.6 5.2 13.6 19.9 4.9 4.7 37.3

Note: CO = Cardiac Output; LGA = left gastric artery; CHA = common hepatic artery; SA = splenic artery; MA =

mesenteric artery; RRA = right renal artery; LRA = left renal artery; AA = abdominal artery

17



Table 2: Mean (+ standard deviation) of flow velocity and shear stress computed in the celiac trunk

and other aortic branches

LGA CHA SA MA RRA LRA AA

Velocity [m/s] 0.57+0.25  0.52+0.17 0.32+0.06  0.81+0.28 0.24+0.08 0.61+0.73  0.26+0.12

WSS [Pa] 9.08+5.45 4.58+1.77 6.34+2.65 8.16+3.88 2.63+0.95 5.73%6.32  2.14+1.89

Note: LGA = left gastric artery; CHA = common hepatic artery; SA = splenic artery; MA = mesenteric artery; RRA
=right renal artery; LRA = left renal artery; AA = abdominal artery

18



Figure 1

Reservoir

Flow Meter

. Pressure Transducer

/ ; Resistance

2 ¢

19



Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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