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Abstract—Poor perfusion of the aortic arch is a suspected
cause for peri- and post-operative neurological complications
associated with cardiopulmonary bypass (CPB). High-speed
jets from 8 to 10FR pediatric/neonatal cannulae delivering
~1 L/min of blood can accrue sub-lethal hemolytic damage
while also subjecting the aorta to non-physiologic flow
conditions that compromise cerebral perfusion. Therefore,
we emphasize the importance of cannulation strategy and
hypothesize engineering better CPB perfusion through a
redesigned aortic cannula tip. This study employs computa-
tional fluid dynamics to investigate novel diffuser-tipped
aortic cannulae for shape sensitivity to cerebral perfusion, in
an in silico cross-clamped aortic arch model modeled with
fixed outflow resistances. 17 parametrically altered configu-
rations of an 8FR end-hole and several diffuser cone angled
tips in combination with jet incidence angles toward or away
from the head—neck vessels were studied. Experimental
pressure-flow characterizations were also conducted on these
cannula tip designs. An 8FR end-hole aortic cannula
delivering 1 L/min along the transverse aortic arch was
found to give rise to backflow from the brachicephalic artery
(BCA), irrespective of angular orientation, for the chosen
ascending aortic insertion location. Parametric alteration of
the cannula tip to include a diffuser cone angle (tested up to
7°) eliminated BCA backflow for any tested angle of jet
incidence. Experiments revealed that a 1 cm long 10° diffuser
cone tip demonstrated the best pressure-flow performance
improvement in contrast with either an end-hole tip or
diffuser cone angles greater than 10°. Performance further
improved when the diffuser was preceded by an expanded
four-lobe swirl inducer attachment—a novel component. In
conclusion, aortic cannula orientation is crucial in determin-
ing net head—neck perfusion but precise angulations and
insertion-depths are difficult to achieve practically. Altering
the cannula tip to include a diffuser cone angle has been
shown for the first time to have potential in ensuring a net
positive outflow at the BCA. Cannula insertion distanced
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from the BCA inlet may also avoid backflow owing to the
Venturi effect, but the diffuser tipped cannula design presents
a promising solution to mitigate this issue irrespective of
in vivo cannula tip orientation.

INTRODUCTION

The arterial cannula has been shown to have a
greater impact on regulating flow rate under continu-
ous flow pumping conditions in a neonatal extracor-
poreal circulation than the venous cannula.*® Further,
large multi-center clinical studies have reported the
association of a single arterial cannulation site to
stroke risk and mortality post CPB circulatory arrest,
in addition to other post-operative complications such
as bleeding, renal or respiratory failure and sepsis.>
This warrants specific attention to arterial perfusion in
conjunction with improving peri- and post-operative
CPB outcomes. Common arterial cannulation sites are
located at the aorta, femoral, axillary or subclavian
(with or without a side graft), external iliac, and
innominate artery. Arterial perfusion by cannulation
of the ascending aorta is regarded as an important
advance in cardiovascular surgery and is the focus of
this study since the technique eliminates the issues of
retrograde aortic perfusion”' and the need for a second
incision for femoral cannulation during CPB. The
aortic cannula must ideally be placed high up in the
ascending aorta'® but improper technique can occa-
sionally result in profuse bleeding as a result of im-
proper cannula placement. To date, CPB has been
studied in regard to clinical stroke-risk,” but there have
been few reported studies of the detailed fluid
dynamics associated with aortic cannulation,'>!6-31:40
all underscoring the association of biomechanical risks
with aortic cannulation. Despite advances in surgical
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techniques leading to decreased mortality after repair
of complex congenital cardiac conditions, neurologic
morbility is still significant. Given that the incidence of
neurological morbidity is as high as 30% in infants and
children®?” undergoing CPB in sharp contrast with 2—
5% amongst adults, the issue of aortic perfusion dur-
ing CPB deserves attention in young patients.

The conventional principle for characterizing arterial
cannula devices has been based on driving pressure drop
vs. outflow rate characteristics*® studied from in vitro
experiments.®*® Pressure-flow characteristics in general
become increasingly unfavorable at reduced outflow
diameters, for conventional end-hole type standard
aortic outflow cannula configurations. Post intervention
recovery has been reported to be suboptimal®*3**! and
unless better aortic cannulation techniques are devel-
oped, the incidence of cannula-related problems can be
expected to grow in proportion to the increased utili-
zation of cardiopulmonary bypass (CPB) procedures or
continuous-flow pediatric blood pumps. Poor perfusion
of the aortic arch is hypothesized as a cause for neu-
rological complications which may attribute to
increased stroke risk on account of dislodged emboli
transported in a non-physiologic flow field created by a
single high speed cannula jet. Our previous numerical
and experimental studies in a cuboidal test-rig setup™
have demonstrated that an efficient aortic outflow
cannula tip design can make a difference in allowing
higher blood volume flow rates at low exit force, which
can potentially mitigate intimal vascular damage and
shear related blood damage risks. This suggests that in
addition to cannulation strategy, cannula tip design can
improve the practice of aortic cannulation.

Apart from preordained extra-operative cannula
design and determination of device deployment, intra-
operative monitoring of their performance viz. cannula
outflow velocity, pressure gradients and real-time
aortic flow distributions—would be of great value.
However, today we are limited in the availability of
accurate, reproducible and noninvasive imaging
modalities to achieve this feat satisfactorily in the en-
tire aortic arch during CPB. While phase contrast MRI
(PC-MRI)* can be employed to examine physiological
flow conditions in larger vessels either pre- or post-
operatively, it cannot be used intra-operatively. Fur-
ther, although transcranial Doppler Ultrasound?® is a
sensitive, real time tool for monitoring cerebral blood
flow velocity which is employed intra-operatively it has
a relatively small field of view for velocity measure-
ment is difficult to span the entire aortic arch and
limits precise intra-operative monitoring of pressures
during CPB. This again emphasizes the importance for
numerical modeling in the cannulated aortic arch, in
order to adjudge the quality of perfusion during CPB.
Recent studies in regard to neonatal aortic cannula
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design have suggested that engineering better device-
specific jet flows™ through a re-engineered cannula tip
may have an impact on improved hemodynamics and
reduced sub-lethal hemolytic damage. In this study, we
move one step closer to identifying parameters of
importance in designing novel aortic cannula tips for
use in a neonatal aortic arch that satisfy the prevailing
emphasis on favorable pressure-flow characteristics
(i.e., lower M-numbers>®) while also paying attention
to sensitivity of the tip design on perfusion to the
head—neck vessels of the aortic arch, during CPB. Our
goal is therefore to extend both the design rationale
and the relevance of having a diffuser cannula tip—an
improvement to the standard end-hole tip
design—presenting not only decreased blood damage
and increased permissible flow rates, as indicated from
our previous studies®® but by additionally examining
aortic perfusion in an in silico CFD setting.

Finally, to-date, although fluid dynamic design of
blood handling devices,***** stents,'' vascular grafts’
and heart valves' have been studied using coupled CFD
shape optimization methodologies, the application of
this paradigm to fully three-dimensional (3D) para-
metric shape sensitivity analysis of hemodynamics dur-
ing aortic cannulation has been found wanting.
Therefore, a coupled CFD shape sensitivity analysis is
presented in this study for the first time in relation to the
cannula tip, focusing efforts toward a diffuser tip design.

METHODS

This study was divided into several stages in order
to first establish the importance of aortic cannula tip
design on outflow hemodynamics and then to examine
the effects of cannula tip design and orientation on
perfusion to the great vessel branches of the aortic arch
providing cerebral perfusion. The improvements pro-
posed by way of the novel cannula designs evaluated in
this study relate to the internal flow-control for effec-
tively decreasing jet velocity while reducing wall-shear
stress within in the cannula, and mitigating early onset
of turbulent unsteadiness in the jet wake. For specific
application to neonatal and pediatric CPB perfusion,
design considerations included having a small inner
diameter of cannula (2 mm) to minimize disruption of
the aorta; a diffuser tip hypothesized to improve
pressure-drop vs. flow-rate characteristics and reduces
exit force (and outflow velocity); and a diverging and
then converging four-lobe swirl inducer responsible for
reducing the wall shear stress (WSS) experienced by the
blood in the device and also simultaneously improving
vorticity of the coherent jet core in order to propel flow
forward in a manner delaying the separation of flow in
the diffuser cone. Use of a diffuser cone angle tip has
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already been shown in previous studies to create vastly
different jet flow characteristics than an end-hole tip
with significantly diminished normalized index of
hemolysis blood damage for a range of physiologically
relevant flow regimes.””> In this regard, three novel
design features of hemodynamically superior aortic
cannulae are presented (see Fig. 1, i-iii), each designed
to delay onset of turbulence in the cannula jet wake,
while simultaneously reducing exit force of the jet, for
minimizing risk of intimal vascular injury, and
improving outflow rate vs. driving pressure drop per-
fusion characteristics. This study additionally exam-
ines the merit of the diffuser tip’s potentially significant
role in improving head—neck perfusion in the aortic
arch, which has not been previously investigated.

The methods have been organized as follows: First,
“Cuboidal Test-Rig Simulations—An Initial Test of
Cannula Tip Impact on Outflow” section describes, a
direct numerical simulation (DNS) CFD employed in
order to study the internal flow and device-specific jet
flows hemodynamics of three cannula tip designs—end-
hole, diffuser tip and diffuser tip preceded with four-lobe
swirl inducer—in cuboidal test rig. Next, in “Flow
Visualization and Pressure-Flow Experiments—Visual
Corroboration of Numerical Results” section defines
experimental methods for corroborating the observa-
tions from numerical experiments using high-speed dye
flow visualization studies comparing cannula tip designs
visually for their outflow jets, while also establishing the
independent role of each component in the proposed
cannula design modification. Device-specific pressure-
flow characteristics are also evaluated. Finally ““Aortic
Arch Simulations with Resistance Boundary Condi-
tions” and “Shape Sensitivity Objective Functions™
sections define a shape-sensitivity analysis strategy to
further discover the utility of the diffuser tip design in a
cannulated neonatal aortic arch model, and examine the

role of tip geometry and orientation on aortic head—neck
vessel perfusion. The issue of cerebral hypoperfusion
during CPB is addressed by first modeling the jet flows
emanating from an end-hole cannula tip in a standard
initial aortic cannulation orientation and insertion site,
following which sensitivity of altered cannula tip-design
and orientation on head—neck perfusion is studied by
coupling CFD with a mesh-morphing based parametric
shape alteration paradigm.

Cuboidal Test-Rig Simulations—An Initial Test of
Cannula Tip Impact on Outflow

DNS CFD is first used to examine internal hemo-
dynamics and the early developing cannula jet region
and compare a conventional end-hole cannula tip jet
against a diffuser cone tip designed to decelerate flow
with and without a four-lobe swirl inducer preceding it
(see Fig. 1). The swirl inducer is defined in terms of its
four-lobed chamber design viz. the depth of the
grooves of these four lobes and the pitch of the helical
grooves. In this study, the utility of the swirl inducer is
demonstrated in regard to its potential benefit for im-
proved cannula hemodynamics using the two specific
design features shown in Fig. 1. The design rationale
for the swirl-inducer is to delay near-wall flow reversal
(i.e., separation flow) effects of the proposed diffuser
tip design. The diffuser tip is defined by the half-angle
of the conical tip, 0 (see Fig. 2¢), which is examined in
greater detail using a shape-coupled CFD approach in
the latter half of this study. Novel designs tested in this
section were composed of an elongated tube (inner
diameter, D = 2 mm) having at least one of the fol-
lowing improvements: (a) a 1.0 cm long 7° diffuser
cone tip with 2 mm inner diameter, D (Fig. 1, 1); and
(b) a four-lobe swirl inducer chamber (one complete
360° swirl over a 50 mm pitch), first diverging to 2.25D

225°

ﬂ\ﬂ‘
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FIGURE 1. Left: Side profile views of three novel embodiments of 8FR cannula tips ending with a 7° diffuser cone tip. The two
four-lobe swirl inducer design embodiments are depicted with differently sized lobe geometries. Right: The cross sectional shapes
of the three cannula tip designs (arranged concentrically) depicted on the left have been demonstrated on the right in an isometric

view clipped through the middle (i.e., at red-line on left).
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and then converging to meet the inlet of a 1 cm long 7°
diffuser cone tip having inlet diameter, D (Fig. 1, ii).
For numerical flow testing in the cuboidal test-rig, a 7°
diffuser was chosen as a feasible test model on account
of preliminary dye flow visualization studies (not
shown) which indicated an oscillating jet for large cone
angles.

A second-order finite difference artificial compress-
ibility solver’**** was employed for this section of the
methods to numerically model the jet flows in a cuboidal
test rig, in a manner similar to that conducted in previ-
ous studies.?” The simulations in this section involved at
least 1.5 M fluid nodes with a length scale discretization
of ~0.03 mm and simulation time resolution of
O(10) s. Incompressible and Newtonian blood flow
with constant hemodynamic properties (p = 1060 kg/
m®, u = 3.71 x 107? Pa s) was simulated with no-slip
boundary conditions enforced at confining walls, which
were assumed rigid and impermeable. 3D unsteady fluid
dynamics of the confined jet streams was modeled at
steady inflow rates corresponding to a Reynolds number
(Re) of 1780 (~0.6 L/min). The studies described in this
section were conducted in the Blacklight shared-mem-
ory supercomputing cyberarchitecture of the Pittsburgh

End-hole. Insertion angle, a,
relative to baseline

Supercomputing Center, in parallel on 32 cores con-
suming up to 48 h per run.

Flow Visualization and Pressure-Flow
Experiments—Visual Corroboration of Numerical
Results

In order to further visually assess effects of the
proposed cannula tip design improvements, dye flow
visualization experiments were conducted to observe
separation of flow past the cannula outlet and coher-
ence of the resulting jet from different embodiments of
the proposed diffuser tip, under steady physiological
cannulation flow rates corresponding to Re 1780. A
cuboidal test-rig developed for experimental testing of
cannula jets® is employed in order to evaluate novel
prototype cannula tip designs. Geometries were mod-
eled in Pro-Engineer (Parametric Technology Corp.,
Needham, MA) and saved in STL format, whereupon
they were prototyped by 3-D printer (Perfactory Mini,
EnvisionTec, Dearborn, MI) at a resolution of ~25 um
and a build height of 50 um. To accentuate the swirl
inducing properties of the four-lobe swirl inducer de-
sign described in “Cuboidal Test-Rig Simulations—An

FIGURE 2. (a) Unstructured finite volume mesh as seen on the 8FR cannulated aortic arch walls indicating local refinement at the
cannula inlet regions and the aortic outlets. (b) The ASD control volume (dark blue, right) used to morph the volume mesh while
making adjustments to the aortic cannula tip orientation angle (toward or away from the head-neck branches, in the X-Y plane)
and diffuser cone angle, in the Sculptor software program. (c) Parameters employed for shape sensitivity studies are illustrated,
along with two sample cannulation configurations: « is the insertion angle subtended with the baseline insertion orientation (red
dotted line) defined on the X-Y plane; and 0 is the half-angle of the diffuser cone tip.
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Initial Test of Cannula Tip Impact on Outflow™ sec-
tion (Fig. 1, ii) the experimentally tested design had an
expanded divergent-convergent four-lobe swirl inducer
chamber (see Fig. 1, iii) with deeper swirl lobes (one
complete 360° swirl over a 50 mm pitch) having an
outer diameter 4.25 times the rated cannula inner
diameter, D, followed by a 1.0 cm long 7° diffuser cone
tip. In order to isolate the jet wake in these visualiza-
tions, the mean image captured before the entry of the
jet into the chamber was mathematically subtracted
away from each frame of the high-speed video of the
developing jet wake using a simple MATLAB image-
processing routine.

In addition to the flow visualization setup, a second
in vitro flow loop was employed to characterize jet
axial pressure-flow characteristics (shown in Fig. 6a).
Jet axial pressure measurements were obtained 70 mm
downstream of the cannula inlet and at the immedi-
ately downstream of the submersible pump, using
TruWave disposable pressure transducers (Edwards
Life Sciences, Irvine, CA, USA). In order to identify
the contributions of the diffuser to improved jet
dynamics, pressure measurements were made for a
range of flow rates for a rapid-prototyped models of
5°, 10° and 15° diffuser cone tips, with 0.5 or 1.0 cm
each having cone inlet diameter of 2 mm, at identical
flow conditions.

Aortic Arch Simulations with Resistance Boundary
Conditions

Having established the fact that minor alterations to
cannula tip design lead to tangible variability in the flow
field from the DNS cuboidal test rig simulations (see
“Cuboidal Test Rig” section), the next goal was to
examine the effect of cannula tip geometry and orien-
tation on aortic head—neck perfusion. It has been shown
that stenoses or occlusions in the great vessels lead to
altered flow direction in the vertebral arteries (seen on
vertebral sonograms).'”> Therefore, reversal of flow in
one of these great vessel branches may be expected to
have similar effects in altering cerebral perfusion during
CPB. To study the possible occurrence of flow reversals
in the head—neck vessel branches, numerical simulation
of different cannula designs placed in a clamped aorta
was conducted. The vessel model for the aortic arch in
these simulations were created from magnetic resonance
angiography (MRA) reconstructions of a neonatal
aortic arch® which was cannulated by in silico para-
metrically insertion of a cannula tip into the ascending
aorta after cross-clamping it.

Three-dimensional CFD models of blood flow
inside the cross-clamped aortic arch were conducted to
compare the flow characteristics of several cannulae
designs created by morphing an initial cannula design

(end-hole, straight tip) in a pre-defined baseline ori-
entation (Fig. 2) into different configurations. Given
the aorta’s helically twisted transverse shape, surgeons
prefer to insert the cannula straight along the trans-
verse arch direction. This orientation was considered
as an initial cannulation position (see Fig. 2, left)
which in-turn was parametrically altered to create a
range of cannula tip configurations. A set of 17 tip
configurations was automatically populated by altering
both tip conical angle and outflow orientation using an
algorithm defining an optimal Latin hypercube design
of experiments,*” implemented in the Sculptor software
package (Optimal Solutions Software, LLC, Idaho
Falls, ID) for optimal designs for computer experi-
ments based on a set of predefined parameters.

The parameters chosen for cannula insertion included
cannula insertion angle, o, and cannula tip diffuser cone
angle, 0, with the zero cone angle being the limiting case of
an end-hole design. Insertion depth and location of inci-
sion were maintained constant (see Fig. 2). Traditionally,
such parametric design alterations would require the
time-consuming process of regenerating a new geometry
and CFD mesh for each new cannula orientation. How-
ever, in this study, a commercial meshing morphing tool,
implemented in the Sculptor software, was employed to
deform the shape of the cannula tip parametrically using
arbitrary shape deformation (ASD) technology for
smooth volumetric shape deformations, based on move-
ments of user-defined control points. A cylindrical ASD
volume (Fig. 2, right) was employed for maximum con-
trol over mesh deformation of the axis-symmetric tip
geometries and reduced likelihood of negative mesh
volumes after deformation.

Three-dimensional unsteady CFD simulations were
conducted in a cross-clamped aortic perfusion during
CPB, under 1 L/min (~Re 2150) steady cannulation
flow, assuming continuous flow blood pumping from
the extracorporeal circuit. The simulations described
this section were conducted in commercial software,
Fluent (ANSYS Inc, Cannonsburg, PA), using a sec-
ond order accurate PISO finite volume numerical dis-
cretization for pressure and velocity to solver the
unsteady incompressible Navier—Stokes equations. The
non-uniform unstructured finite volume mesh was
generated with tetrahedral elements (~100,000 fluid
elements) in Gambit (ANSYS Inc., Cannonsburg, PA)
with finer elements in the head—neck vessels and near
the cannula tip (see Fig. 2). Adaptive time-stepping
was considered in order to favor better solution con-
vergence and instantaneous flow field data was ana-
lyzed at the after one second of flow.

Mesh sensitivity analysis was performed for the
un-morphed original meshed geometry (i.e., end-hole
cannula in standard orientation), by examining con-
vergence of the head—neck outflow distributions
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achieved to within 5% of mass flow at each outlet, to
ensure the consistency of the baseline case. Since mesh
morphing was applied to the cannula tip region, the
cannula region was adaptively refined to a higher
density by adjusting the number of nodes along an
edge length during meshing, in order to both improve
the quality of flow physics in the region and to avoid
negative or highly skewed volumes resulting from mesh
morphing. Hence, all simulations had the same mesh
configuration, although morphed at the cannula re-
gion. This approach helped ensure that the flow results
from the different cannula orientation cases in our
optimal Latin hypercube of experiments were compa-
rable to the best possible extent.

Incompressible and Newtonian blood flow model-
ing with constant hemodynamic properties (p =
1060 kg/m®, 4 = 3.71 x 1073 Pa s) was employed and
no-slip boundary conditions were enforced at confin-
ing vessel walls and the aortic cross clamp, which were
assumed rigid and impermeable. Head—neck outlets
were modeled using a constant outflow resistance
equation which regulated cerebral blood flow and
pressure at the outlets to the aortic arch, while pre-
serving flow continuity (converged to within O(10~%)).
The constant outflow resistances, R;, applied at an
outlet, i, was used to iteratively update pressure, P, at
an outlet based upon the net outflow rate, Q,, after
each iteration, for steady cannulation conditions. A
relaxation parameter, o, was employed during outlet
pressure correction to ensure stability of the solution
(o < 1.0). This was achieved in the following simple
two-step procedure:

Pi= QiR+ Py (1)

P,‘:OC(P,‘—P,/,), (2)

where P, is the operating pressure which was set at
S mmHg simulative of central venous pressure. Equa-
tion (2) defines a relaxation approach to help with
simulation convergence while iteratively adjusting the
pressure at the aortic outlets in order to achieve the
eventual outflow distributions characteristic of a given
aortic cannula configuration. The flow-independent
vascular resistances applied at outflow boundaries of
the neonatal aortic arch model were tuned such that
they ensured a head-neck outflow split of 40% at
steady cannulation flow using the baseline end-hole
cannula. Resistances of the individual head—neck ves-
sels were set relative to each other as per Poiseuille
equation i.e., vascular resistance is inversely related to
the fourth power of outlet diameter.

Note that the goal of the Fluent CFD coupled shape-
sensitivity simulation approach described in this section
was less to examine local flow structures at the cannula
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tip but rather to determine the head—neck vessel flow
distribution resulting from different cannula orienta-
tions. But although the mesh resolution chosen for this
shape-sensitivity analysis was lower in spatial resolu-
tion in comparison with the DNS cuboidal test-rig
simulations (in “Cuboidal Test-Rig Simulations—An
Initial Test of Cannula Tip Impact on Outflow” sec-
tion), spatiotemporal resolution was sufficient to ob-
serve similar major flow structures and developing jet-
axial velocity profiles as that seen in the cannula jets
tested in the cuboidal test rig. The shape-sensitivity
analysis in this section were conducted in parallel on a
8-core Intel Xeon processor with 8§ GB of RAM and
consumed approximately an hour per CFD run.

Shape Sensitivity Objective Functions

Cerebral perfusion is a fraction of the flow leaving
the aortic head—neck vessels, accounting for the flow
diverted into the subclavian arteries. Normal cerebral
blood flow i.c., the total of flow through the left and
right vertebral and internal carotid arteries, accounts
for 22-25% of the cardiac output in neonates and 15%
(~850 mL/min) in adults. The proportion of cerebral
perfusion to cardiac output is higher in the case of
neonates and therefore, it is of utmost importance to
ensure continuous positive outflow into the great vessel
branches. Given that cerebral perfusion is a fraction of
the flow out the aortic head—neck vessels, an objective
function considering maximization of perfusion to the
head-neck vessels of the aortic arch i.e., minimizing
flow to the descending aorta (DAo), was computed as
an index of efficiency of cerebral perfusion. The two
specific functions analyzed for shape-sensitivity were:
(1) percentage DAo mass flow split; and (2) mass flow
at the brachicephalic artery (BCA).

Perfusion in the great vessels as a result of geometric
changes was collected for each case from the instanta-
neous flow field after 1 s of flow. The result of analysis
was finally rendered using as a surface plot defining the
objective function vs. the two independent parameters
considered in this study viz. diffuser half-cone angle and
insertion angle orientation change. The shape-sensi-
tivity surface plots were prepared by applying a simple-
krigging operation onto the data resulting from simu-
lations and effectively define the shape-sensitivity of
cannula tip configuration on head—neck perfusion.

RESULTS

Cuboidal Test Rig

As an initial examination of the cannula jet, the
instantaneous shear layer surrounding the irrotational
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jet core was visualized using flow streamlines in the
near-outlet region (Fig. 3a), and the velocity field in
the early jet region (Fig. 4). The computationally tes-
ted embodiment of the swirl inducer with diffuser tip
(see Fig. 1, ii), revealed four coherent vortical struc-
tures created by each of the four lobes of the swirl-
inducer, which were visible distinctly through visuali-
zation of 3D vorticity and helicity isocontours
(Figs. 3b and 3c). The temporal unsteadiness in the jet
was noted 0.03 s into jet development were found to be
tangibly reduced by virtue of the four-lobe swirl
chamber (Fig. 4) in comparison with a standard end-
hole cannula of the same inner diameter as well as one
with a 7° diffuser cone tip but without a swirl inducer.
This supports the initial hypothesis that the swirl
inducer presents an internal flow-control feature for
increased permissible flow rate and pressure-flow
characteristics in combination with the diffuser tip
design, delaying the onset of flow separation and
complex jet wake turbulence at physiological CPB flow

(a)

(b)

rates; facilitating a more coherent jet stream at high
speeds.

Dye Flow Visualization

In order to identify the individual contributions of
the diffuser and the swirl inducer to the improved jet
dynamics, component-wise function (Figs. 5a—5¢) of
the diffuser and swirl-inducer regions was studied
individually by dye flow visualization. The novel swirl-
inducing design that was experimentally tested had
more pronounced internal flow control features (see
Fig. 1, iii), featuring a greater expanded region (4.25D)
than the version tested in the cuboidal chamber using
CFD. The swirl inducer encompassed one full 360°
twist along its length in order to rotate the incoming
fluid by a greater angle during its linear travel. In-
creased expansion at the swirl inducer enhanced
swirling flow, reduces mean flow velocity in the swirl
chamber and is likely to reduce fluid induced shear

Helicity

-ve +ve

FIGURE 3. (a) Flow streamlines colored by velocity in test cases of an 8FR (~2 mm) cannula integrated with a 7° diffuser cone (Re
1780 at diffuser inlet) are presented i.e., preceded with (above) and without (below) a four-lobe swirl inducer chamber. A tight
coherent jet core is created as the swirl chamber converges down to the diameter of the diffuser inlet. Jet temporal unsteadiness at
the diffuser cone is tangibly reduced by virtue of the swirl chamber. (b) The tested swirl inducer (shown in Fig. 1, ii) was three times
the diameter of the cannula body and is associated with four coherent vortical structures matching the lobes of the swirl inducer,
as highlighted by the vorticity isosurfaces. (c) Isosurfaces highlighting positive and negative helicity of vortical structures in the
swirl inducer lobes better define the rotation about the vortex cores shown in (b).
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FIGURE 4. Comparison of three cannula jets all having a
minimum diameter of 2 mm, observed at 0.03 s from jet initi-
ation (Re 1780). The swirl inducer cannula tip (middle—shown
in Fig. 1, ii) has a distinctly more coherent jet than the end-
hole tip’s complex unsteady/dissipating jet wake (top). The
diffuser tip jet (bottom) is marginally more coherent than the
end-hole jet but had a shorter potential core length and
experienced earlier flow separation in the diffuser cone than
the version preceded with a swirl inducer.

(b)
L
(c)

FIGURE 5. (a) Dye flow visualization of the four-lobe swirl-
inducer plus 7° diffuser tip cannula shown in Fig. 1, iii. (b, c)
The individual component-wise function of the swirl-inducer
(b) and diffuser (c) regions of the novel cannula design, The
swirl inducer led to a more coherent tighter jet, as demon-
strated from DNS CFD simulations, while the diffuser com-
ponent reduced outflow velocity while increasing the
diverging cone-angle of the jet.
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stress inside the device. Despite its higher exit velocity,
the end-hole tip jet as visible by means of the diffusive
dye front was noted to propagate axially at a slower
rate in the early developing jet region (close to the
inlet) due to the highly dissipative nature of the
developing end-hole jet owing to its turbulent charac-
teristics, in contrast with the jets from the novel dif-
fuser tip design embodiments equipped with swirl
inducers which exhibited diffusive dye fronts propa-
gating forward more rapidly owing to less dissipation
in the developing jet region.

The Coanda effect i.e., the property of a jet stream
to adhere to the boundary wall, was observable from
the dye flow visualizations in 1 cm long diffuser cone
angles exceeding 10° (not shown). This effect mani-
fested itself by way of a periodic oscillation in the jet
stream which became more pronounced at high dif-
fuser angles. Dye flow visualization conducted on a
1.0 cm long 7° diffuser tip in contrast with a 2.0 cm
long one revealed that the Coanda effect was more
pronounced for a longer diffuser length, indicating a
potentially a limiting length for diffuser tip. This effect
may possibly be mitigated until longer diffuser tip
lengths with a stronger swirl inducer preceding the tip.
The dye-flow visualization experiments confirmed that
size and prominence of the swirl inducer grooves are
important factors in contributing to improved coher-
ence of the outlet jet at high speeds.

Experimental Analysis of Diffuser Angle Sensitivity to
Pressure-Flow Characteristics

The experimental setup employed for pressure-flow
measurements along the jet axial length is shown in
Fig. 6a. Analysis of static pressures downstream of the
end-hole and diffuser cone jets revealed that the dif-
fuser showed significantly positive static pressure val-
ues 70 mm axially downstream of the jet inlet, in
comparison with an equivalent end-hole cannula,
indicating a softer outflow jet i.e., lower exit force and
outflow velocity. Several diffuser cone angles were
analyzed to arrive at an optimal diffuser cone angle.
Figure 6b shows the pressure drop vs. flow rate rela-
tionship for an end-hole and several diffuser tips, along
the jet axis. The end-hole cannula tip required a sig-
nificantly higher driving pressure from the pump in
order to propel axially forward, in comparison with the
diffuser cone cannula tip. This analysis suggests that
the diffuser not only provides desirable jet flow char-
acteristics, as has been discussed by virtue of its
potential core length, velocity field and blood damage
analyzed in previous studies,” but simultaneously also
has desirable pressure-flow characteristics which can
reduce the requirement of pumping pressures in the
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FIGURE 6. (a) Experimental setup for characterizing pres-
sure drop vs. flow rate relationships in several diffuser tipped
cannulae (8FR inlet inner diameter, ID) and the one 7° diffuser
tip preceded by the four-lobe swirl inducer tested in dye-flow
visualization studies (magenta line—cannula iii in Fig. 1). (b)
Pressure-flow characteristics measured along the cannula jet-
axis are compared against a standard 8FR ID end-hole can-
nula (black line). Flow rate was dynamically scaled to that of
blood, based on Re. Pressure drop is for 70 mm section along
the jet axis. Inner diameter is 2 mm for all cases.

extracorporeal circulation circuit during CPB proce-
dures.

Lower downstream static pressures were noted for
the swirl inducer jet without the diffuser therefore
indicating that it is likely to have undesirably high
outflow speeds for the same flow rates, at the cost of
higher driving pressure gradient from the pump. The
cost of greater exit force is may translate in likely
intimal vascular damage to the aorta. The addition of
the diffuser clearly reduced the exit force of the swirl
inducer jet, as was verified by the higher (more posi-
tive) values of static pressure observed 70 mm axially
downstream. The diffuser also allowed the jet to

propagate axially with lesser driving pressure from the
pump. The end-hole tip required a greater pump
driving pressure in order to propel the same volume of
fluid axially forward, in comparison with the swirl-in-
duced jets.

In Silico Sensitivity of Diffuser Angle and Insertion
Orientation on Head—Neck perfusion

In an ideal use case or mode of operation, the
cannula blood jet (typically Re 650-2150) exits along
the direction of the transverse aortic arch, heading
towards the curvature of the DAo, in a manner that
mitigates high-speed jet impingement on the walls of
head-and-neck vessel branches, minimizing stroke risk
due to dislodged thrombi from the mechanical cir-
culatory support systems. The straight end-hole jet
elicited a large reaction on the aortic wall (see red in
Fig. 7, left) as evidenced by higher WSS, presenting a
threat of diverting emboli from the clamp region or
the extra-corporeal circulation into the head—neck
vessels. WSS in the end-hole case was uniformly
higher throughout the transverse arch, most pro-
nounced at the location of jet impingement and up to
ten times higher than the physiologic time-averaged
WSS expected physiologically in an aorta.?’ This high
WSS carried forward through the aortic isthmus due
to the high velocity of the outflow jet streamlining
along the DAo. WSS in the diffuser tip cases were
markedly lower at the aortic isthmus and DAo,
including at the region of jet impingement due to the
reduced outflow jet speed of the diffuser tip (see
Fig. 7b).

Shape sensitivity analysis was conducted with the
goal of seeking monotonicity between the decision
variables. The tested cannula tip configurations filled
an optimal Latin Hypercube of design experiments
defining the response for cerebral perfusion as a
function of input parameters (see Fig. 2c): (a) can-
nula insertion angle, a¢—defined relative to an initial
feasible cannulation angle, positive in the direction
of head and neck vessels; and (b) diffuser cone angle
of cannula tip, 6. The BCA was noticed to experi-
ence backflow, given the set resistance outflow con-
ditions, if either the cannula jet was directed straight
toward the left common carotid artery (LCCA) or
left subclavian artery (LSCA), or when angled di-
rectly toward the junction between LCCA, BCA or
LCCA, LSCA. While the orientation of the end-hole
cannula toward the head and neck vessels improved
net volume of flow towards the head and neck, it did
not solve the problem of backflow at the BCA. The
anticipated alteration in flow direction at the verte-
bral arteries as a result of a BCA backflow event has
been illustrated in Fig. 8."> However, cerebral
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FIGURE 7. Comparison between: (a) WSS; and (b) streamlines colored by velocity magnitude; in two in vivo cannulation con-
figurations considered in the optimal Latin hypercube viz. the end-hole cannula angled toward the head—-neck vessels (left) and a
0 = 7° diffuser tipped cannula inserted the same angle, « (see Fig. 2 for definitions of 0, «). BCA backflow was observed for the end-
hole tip (left). The diffuser (right) markedly reduced backflow issues and outflow velocity for the same cannulation flow rate. The
illustrated diffuser tip angled toward the head—neck vessels (right) had the best head-neck perfusion ratio for the set resistance
outflow boundary conditions in the test neonatal arch and had reduced peak and mean WSS in the aortic arch in contrast with an
end-hole cannula. BCA: brachicephalic artery; LCCA: left common carotid artery; LSCA: left subclavian artery.

FIGURE 8. The flow directions expected in the vertebral
arteries (labeled: V) as a result of non-physiologic BCA flow
direction (red: occlusion or backflow) distinctly indicates a
situation with compromised cerebral blood flow in this con-
figuration.'? BCA: brachicephalic artery.
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perfusion was noted to improve with diffuser tip
angle, irrespective of the cannulation orientation
angle. The 7° diffuser cannula angled toward the
BCA had the best head—neck perfusion ratio (see
Fig. 7, right) with ~50% of flow diverted to the
head-neck vessels for the modeled outflow resistance
conditions in contrast with ~40% at the initial
position with an end-hole tip.

The shape sensitivity CFD studies conducted on the
17 cannula tip configurations revealed important ef-
fects on head-and-neck mass flow distribution and are
summarized as simple-krigging surface plots in Fig. 8.
Generally, the closer the jet was angled toward the
base of the BCA, the greater was the extent of back-
flow observed (blue regions on Fig. 9b). This is ex-
pected as a result of the Venturi effect driven by the
high speed jet. Existence of optimal insertion charac-
teristics as well as diffuser tipped cannula angle
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FIGURE 9. Shape sensitivity analysis results rendered as surface plots prepared by simple krigging. Expected variation of: (a)
DAo perfusion; and (b) BCA flow for changes in insertion angle, «, relative to the baseline insertion configuration; and diffuser

cone angle, 0, are indicated.

requires further investigation using a coupled inverse
optimization framework.

DISCUSSION

Impact of Diffuser Design on Head—Neck Perfusion

The behavior of the aortic cannula jets proximal to
the BCA ascribed to the Coanda-effect and the physics
of the simple Venturi effect cumulatively provide an
apt justification for poor perfusion of head—neck ves-
sels of the aortic arch during high perfusion rates
through tiny cannula apertures. These effects may be
avoided by using a larger end-hole cannula angled
toward the DAo; but cannula size is restricted on

account of the small diameter of the pediatric aortic
arch and the fact that aortic disruption must be kept to
a minimum, while angulation of the tip too much away
from the head—neck vessels may compromise cerebral
perfusion, as confirmed by our analysis of orientation
sensitivity of perfusion. On the other hand, a novel
diffuser tipped cannula device not only reduced peak
velocities and WSS observed in the aortic arch but also
guaranteed positive perfusion for any given orientation
of the tip. The altered hemodynamics due to either
occlusion or backflow at the BCA can have repercus-
sions on the direction of flow in the vertebral arteries,
as has been revealed by previous clinical studies.'” The
effect of BCA backflow may be better understood in
analogy to the condition of right subclavian steal
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caused by brachiocephalic occlusion. This condition
leads to antegrade flow in left vertebral artery and
retrograde in right vertebral artery and compensation
of BCA flow by both the subclavian artery and col-
lateral antegrade flow supply to right common carotid
artery and compromised cerebral blood flow (see
Fig. 8). This situation is clearly undesirable and may
be averted by virtue of the diffuser tipped aortic can-
nula as per this study.

In regard to the optimal diffuser design, the ana-
lytical solution to Jeffery Hamel wedge flow (White,
Viscous fluid flow*?) indicates a direct proportionality
between the likelihood of flow separation at a given
length in the direction of flow of a diverging channel,
flow Re as well as diffuser cone angle, 6. Therefore,
flow reversal leading to energy dissipation in the dif-
fuser cone is likely to increase with both Re and 0,
having a limiting case of corresponding to a velocity
profile associated with vanishing WSS. Studies have
also shown that the separation length is a function of
0,%° indicating that at a higher Re, a smaller cone angle
is desirable to remain in the flow regime of un-stalled
flows which are merely decelerated by the diffuser.
Further, for a large cone angle, a shorter length is
desirable in order to mitigate the event of flow sepa-
ration by along the length of the diffuser cone itself,
corresponding to a velocity profile with vanishing
WSS. This suggests the existence of a tradeoff between
diffuser cone length and cone angle to prevent flow
separation along the diffuser cone, which may also
present itself as a solution to the issue of increased
local energy dissipation and the Coanda effect docu-
mented previously in the aortic cannula design litera-
ture.'** Further computational optimization studies
may still need to be conducted in order to engineer the
ideal diffuser tip investigating the effect of linear gra-
dient in the walls in contrast with a hyperbolic or
parabolic variation in the diffuser gradient.

The Swirl Inducer Design

In addition to the diffuser cone angle concept, a
four-lobe swirl inducer design was also proposed to
precede outflow of the cannula tip which is demon-
strated in this study to help in improving coherence of
the jet, delay onset of turbulence in the flow field, and
also improve pressure-flow characteristics. Not only
does the swirl inducer have benefits in terms of pres-
sure-flow dynamics that may positively impact the
operation of the extracorporeal circuit, but it helps
accentuate a natural helical flow characteristic of blood
vessels. The swirl inducer inherently creates helical flow
which is established in the literature to constitutes an
important flow signature in vessels.”” In fact, recent
literature has indicated that helical flow in the aortic
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arch, originated by its complex curvature amongst
other complex anatomical traits,”'” plays a key role in
promoting physiologically advantageous phenomena
such as improved vascular washout and relatively
uniform WSS distributions®® as well as avoidance of
turbulence development.”® Given that aortic arches
cannulated using today’s state-of-the-art end-hole type
cannulae are associated with a highly non-physiologi-
cal flow fields, the design of outflow tips which facili-
tate physiologic helical aortic flows is of the essence.’
Therefore, the swirl inducer may be a crucial design
feature to investigate in future as a direction towards
making aortic cannulation hemodynamics more phys-
iological, holding promise for improving patient out-
comes after CPB. In this study, the shape-sensitivity
studies were limited to the diffuser cone alone but the
swirl inducer design requires further investigation to
determine its optimal features (i.e., number of turns,
pitch and lobe shape).

Study Limitations and Future Direction

There are limitations to this study’s numerical
approach to modeling shape sensitivity of perfusion,
despite the use of resistance boundary conditions. Other
numerical studies have shown that cerebral blood flow
results are less dependent on the cannula position if
cerebral pressure autoregulation is assumed.'” How-
ever, the present study considers fixed outflow resis-
tances and ignores effects of cerebral autoregulation
under the assumption that the drastic change in perfu-
sion pressure and flow from a physiological to CPB
scenario is too large to be compensated by autoregula-
tion.'® The time dependency of cerebral autoregulation
cannot be completely discounted however and it may be
possible to truly capture this effect using a more realistic
approach to outflow resistance modeling that is capable
of capturing the transition from physiological to CPB
perfusion in a time-dependent fashion.

More generally, the cannula tip design concepts
described in this study are applicable additionally to
pediatric Ventricular Assist Devices (VADs). VADs
have undergone decades of development and in recent
years have gained increasing clinical use. The pumps
themselves have evolved considerably but unfortu-
nately there has been virtually no concerted attention
in regard to cannulae. Consequently, the cannulae that
are currently implanted in patients of all ages are ra-
ther primitive compared to the elegant blood pumps to
which they are attached. In order to translate the dif-
fuser tipped aortic cannula for use in conjunction with
VADs or in CPB procedures on real patients, inno-
vative introducers for the proposed diffuser-tip will
require to be designed to enable minimum aortic
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disruption while ensuring efficient, adequate and safe
connection to the arterial circulation.

Finally, aortic cannulation may not be the only
reason for neurological complications in neonates or
pediatric patients. Clinical studies have suggested sev-
eral aspects of patient management before and after
the circulatory arrest (i.e., during low-flow CPB) that
are as important in protecting the patient, including
hemodynamic factors like flow pulsatility, thermal
factors like adequate cooling of the brain, cold reper-
fusion and re-warming time,*’ as well as clinical factors
that predispose neurological risk during CPB, like
perioperative glucose levels.'”> While inferences in
regard to these factors is difficult to obtain from ret-
rospective studies and randomized clinical trials may
help unravel some of these mysteries, lack of unifor-
mity of in equipment and clinical practice makes data
collection for CPB procedures in different institutions
practically difficult. However, improvement in medical
device technology such as by way of aortic cannula
redesign as proposed in this study may help eliminate
at least equipment-related factors in the complex series
of events potentially impacting peri- and post-opera-
tive neurological complications.

CONCLUSION

Appropriate aortic cannulation today may be re-
garded an art more than a precise science without real
time image-guidance feedback during the procedure
and often precise orientation and depth of insertion is
difficult in real CPB scenarios. In this study, CFD was
employed to delineate the significant role of cannula
tip design and orientation on head-neck perfusion
during CPB as well as to help better define the science
of appropriate aortic cannulation through analysis of
head-neck perfusion in the aortic arch. The studies
have revealed that aortic cannulation by an end-hole
cannula tip is likely to lead to backflow from the BCA
given the close-range Venturi effect of the high speed
cannula jet stream. While the aortic orientation angle
of the cannula tip was found to have a crucial role in
determining the net head—neck flow volume, the issue
of backflow at the BCA could not be averted by ori-
entation alone. However, a net positive BCA outflow
was possible to achieve only by altering the outflow tip
to include a diffuser cone angle. More than orientation
angle therefore, altering the end-hole tip design to a
diffuser cone was found to play the most significant
role improving head—neck perfusion. Placing the can-
nula sufficiently distanced from the BCA branch may
also be critical in mitigating BCA backflow although

such practice deviates from the conventional rule of
thumb for positioning the aortic cannula ideally high
up in the ascending aorta.'”

Hence, overshadowing the rationale of lower out-
flow velocities, jet wake hemodynamics and sub-lethal
blood damage presented in our earlier studies,” the
diffuser tip presents itself as a promising new design
avenue to explore in regard to aortic cannulae designed
for neuroprotection during neonatal or pediatric CPB.
This design also has potential application in adult
aortic cannulae used in conjunction with CPB or
VADs, where atheroembolism from the ascending
aorta owing to cannula jets is a major cause for com-
plications. The diffuser tipped cannula’s reduced out-
flow velocities and therefore subdued reaction loads as
well as WSS on the aortic wall may potentially mitigate
the dislodgement of potentially mortal emboli created
from atherosclerotic plaque. For future improvement
of arterial cannula tip design, sensitivity of the pro-
posed four-lobe swirl inducer design on pressure-flow
characteristics and in silco cannulated aortic arch
perfusion demands more critical attention. Based on
flow visualization and pressure-flow characterizations
presented in this work, future efforts must not only
focus on characterizing effects of swirl lobe shape (i.e.,
groove depth), but also the pitch, number of turns and
the diameter of the swirl inducer on the quality of the
resulting cannula jet.

The described methodology for shape-sensitivity
coupled CFD has great potential value in conducting
patient-specific pre-surgical planning for medical de-
vice use. The identical methodology may be used to
iteratively modify a parametrically defined cannula tip
configuration (e.g., diffuser tip angle) within a gradi-
ent-based steepest descent optimization framework,
and define optimal tip design on a patient-specific basis
prior to surgery. It also lays a foundation for rapid
evaluation of hemodynamic merit of several device
designs in the context of vascular access device
research and development.
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