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Stroke is caused by an interruption of brain
blood supply and is one of the leading causes
of death and disability. A mild reduction of 2-
5°C in tissue temperature through
hypothermia has shown reduced tissue infarct
size, increased tissue recovery, and positive
neurological effects. This paper seeks to
predict the outlet blood temperature in the
common carotid bifurcation branches. In our
model a catheter injects cooled blood into the
carotid artery bifurcation with a constant
artery wall temperature. Final model
simulations show outlet temperatures of the
carotid bifurcation branches with varying
artery inlet flow rates. Simulating the effect of
cooling in the common carotid bifurcation
allows future work in predicting brain tissue
hypothermia potential and more advanced
brain tissue thermal simulations.
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1. Introduction and Background

Stroke is caused by an interruption of brain
blood supply and is one of the leading causes of
death and disability in the world [1]. The ability
to rapidly induce localized mild hypothermia has
proven benefits in reduction of tissue death from
an ischemic stroke, which account for 87% of all
strokes [2]. A mild reduction of 2-5°C in tissue
temperature has shown reduced tissue infarct
size, increased tissue recovery, and positive
neurological effects [3,4]. This paper seeks to
predict the outlet temperatures in the bifurcation
branches of the common carotid artery.
Simulating the effect of cooling in the common
carotid bifurcation through Computational Fluid
Dynamics (CFD) software allows future work in
predicting deep brain tissue hypothermia
penetration.

Therapeutic hypothermia (TH) is a new
treatment that reduces a patient’s temperature to
induce mild to moderate levels of hypothermia
(2-5°C  reduction in tissue temperature)
throughout the entire body or at specific organs.
The objective of TH is a reduction or elimination
of reperfusion injury associated with re-
establishing blood flow to an ischemic organ.

Therapeutic hypothermia has already proven
benefits in the applications of cardiac arrest in
numerous research journals and clinical studies
[5,6]. Current treatments such as cooling caps,
blankets, and ice bathes lack the ability to deliver
rapid localized cooling to organs.

Current mechanical thrombectomy devices
such as the Concentric Merci Retriever [7]
remove a neurovasculature blockage but do not
couple with hypothermia solutions. A unique
blood cooling system may be coupled with
similar devices into a single tissue salvage
solution. This combination has delivered rapid
brain tissue cooling - up to 8°C in under 5
minutes during canine testing [8].

2. Governing Equations and Models

2.1 Validation of COMSOL Software:

Modeling practices and software were
validated through comparison with analytical
solutions. Fluid flow was validated by measuring
pressure drop and mass balance using the Steady
State Laminar Flow module. The inlet tube
velocity was calculated by setting a constant
flow rate with a fixed cross-sectional area using
Q=VA, where Q is volumetric flow rate, A the
area, and V is the inlet velocity

Reynolds number was calculated from Eq. (1)
where p,V,D, and p are fluid density, inlet
velocity, tube diameter, and dynamic viscosity.
Flows with a Reynolds number less than 2300
are considered fully laminar [9].
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Pressure drop across the tube was calculated
using the Poiseuille equation Eq. (2), where y, L,
Q, and r are the dynamic viscosity, tube length,
volumetric flow rate, and radius.

_ 8ulQ
T ot

AP (2)
The model used material properties of water at
37°C, a length of 0.106 m, diameter of 6.5E-3m,
inlet velocity of 0.22 m/s, with a no slip
condition along the walls, and zero pressure at
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the outlet. A physics generated mesh was
applied, consisting of 542,000 elements.
COMSOL predicted the pressure drop with an
error of 0.20% from the analytical calculation. A
mass balance was performed on the inlet and
outlet with an error of 0.001%.

The same geometry, materials, meshing, and
flow boundary conditions were applied to a heat
transfer model using the Non-Isothermal Flow
module. A consistent surface temperature was
prescribed at the walls, and a zero temperature
gradient at the outlet. Temperature change along
an axis of a tube with developing laminar flow
and constant surface temperature were predicted
by Eq. (3). Where Ty is the surface temperature,
T 1s the mean outlet temperature, Ty, ; is the
mean inlet temperature, P is the tube perimeter,
m is the mass flow rate, C, is specific heat
capacity, and h is the average heat transfer
coefficient along the tube.

Te — Trmo Px _
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Eq. (4) defines the Prandlt number which was
solved into Eq. (5) that defines the average heat
transfer coefficient in this case.
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The mean outlet temperature in COMSOL was
simulated with an error of 0.09% from the
analytical calculation, the mass balance and
pressure drop error remained consistent with the
isothermal case.

2.2 Bifurcation Model:

To wvalidate bifurcation models a 3D
symmetric 45° angle bifurcation was simulated to
estimate the flow, pressure, temperature, and
geometry characteristics of the final model.
Figure 1 shows a symmetric arterial bifurcation
with the initial branch designated as PO, and each
branch of the bifurcation as P1 and P2.

PO

!

7N\

P2 P1

Figure 1: A symmetric bifurcation diagram, showing
parent and two branches.

Flow in a symmetric bifurcation follows the
principles of the Poiseuille equation presented in
Eq. (2). The pressure drop was first calculated in
PO branch, then in each respective bifurcated
branch P1 and P2. The flow rate from P1 and P2
was estimated to each be % the flow rate of PO.
The total pressure drop across a bifurcation
branch is then determined by the sum of PO and
P1 or P2. This is an idealized simplistic case that
relies on the assumption of steady laminar flow,
in a rigid tube. Inlet boundary conditions of
pressure, velocity, and mass flow rate were
simulated in a laminar flow CFD simulation with
a mean difference of 0.77% from analytically
calculated values.

An asymmetric bifurcated steady state flow in
rigid tubes can be defined by the introduction of
a bifurcation index in Eq. (6), relating the radii of
each bifurcation branch.

a;
a=—

(6)

a

The flow rate in asymmetric branches can be
determined by simultaneous solving of Eq. (7)
and Eq. (8) by inserting the previously solved
bifurcation index.
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2.3 Temperature predication with catheter:

A catheter injects fluid along the centerline
axis of a three dimensional tube with assumed
constant surface temperature. The catheter has an
insert length 1/14™ of the total tube length. The
flow, geometry, material, and heat transfer
boundary conditions are the same as the models
presented in section 2.1. Additionally, a no slip
is applied to the catheter walls, with a constant
inlet temperature. A total number of 638,000
mesh elements were used.

The combined volumetric flow rate of the
catheter and artery determine a mean fully
developed velocity, Reynolds number, and
Prandlt number. Using these values produces the
mean outlet temperature. The mean difference
between the models and analytical: outlet
temperature 0.15%, pressure drop 1.65%, and
outlet flow rate 3.0%.

3. Methods and use of COMSOL for
Final Model

3.1 Geometry:

The final model was constructed 3-
Dimensionally in SolidWorks and imported into
COMSOL using LiveLink capabilities. Initial
geometric values were informed by the work of
Perktold [11], and adjusted based on the mean
values from studies of healthy adults to account
for variations [12,13]. The model is constructed
with dimensions as shown in Table 1
corresponding to locations in Figure 2. The
length of CCA was made sufficiently long to
allow for full mixing of the fluid. The model is
an idealized mock artery that does not account
for curvature of the artery branches, torosity, and
surrounding tissue.

The 6F (2.0E-3 m) catheter was modeled as an
extruded cut with an inner diameter of 1.8E-3 m
and a length 1/14™ that of the CCA. This allowed
flow modeling analytically to be modeled as
flow through a tube not an annulus, it is assumed
that the catheter enters the body prior to the
geometry, and only the tip of the catheter is
modeled. The wall thickness of the catheter was
negated.

CCA Inlet

Catheter Inlet

CCA

L

ICA Bulb

Figure 2: Final model in a top down line drawing
view, with side view of catheter insertion.

Table 1: Geometry values for final 3D model.

Geometry Value(mm)
CCA Length 70.0
CCA Diameter 6.5
Catheter Length 5.0
Catheter Diameter 1.8
ICA Length 30.0
ICA Diameter 4.4
ICA Bulb Max Diameter 6.5
ECA Length 30.0
ECA Diameter 4.0
ICA/ECA Angle to CCA o

Centerline 2

3.2 Fluid Properties:

The properties were based on the fluid and
thermal properties of blood, shown in Table 1.
Blood may behave as a Non-Newtonian fluid,
however the fluid was assumed to act Newtonian
based on the arterial sizes being much larger
than that of a typical red blood cell (7um), and
above the threshold of 1mm [14].
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Table 2: Fluid and thermal properties of blood.

Property Value Source
Density 1060[kg/m*3] [9]
Dynamic 0.0035[Pa*s] [15]
Viscosity
C;‘ﬁ’&‘fi y | 04920V | [l6]
Specific Heat 3600[J/(kg*K)] [16]

3.3 Boundary Conditions and Solver:

Boundary conditions for flow and heat
transfer were prescribed to the model as show in
Table 2. A default GMRES iteration based solver
was used for all modeling. The Non-Isothermal
Flow module was used in version 4.2 of
COMSOL.

Table 3: Flow and heat transfer boundary conditions.

Boundary Condition Value
Mass Flow 4.5 ml/s —
Artery Inlet Rate 8.5 ml/s
Catheter Mass Flow 2.65E-3
Inlet Rate [keg/s]
ICA Outlet Pressure No 0 [Pa]
Viscous
ECA Outlet Pressure No 0 [Pa]
Viscous
Remaining .
Boundaries No Slip )
Artery Inlet
Temperature Temperature 310 [K]
Catheter
Inlet/Wall Temperature 301 [K]
Temperature
Wall
Temperature Temperature 310 [K]
ICA & ECA Normal
Outflow Temperature -
Gradient =0

The artery inlet varied by setting the input to a
parameter and performing a parametric sweep.
The inlet boundary conditions of the artery are
assumed to be steady state using a mean flow
rate. This assumption is physiologically false as
the human heart produces a waveform resulting

in pulsatile flow in the arterial network.
However, since the objective was to determine
the effects of cooling averaged over a long
period of time, the steady flow assumption may
prove to be valid. Artery inlet temperature is
based on average core temperature of the human
body prior to hypothermia treatment.

Catheter inlet and temperature was determined
through previous work [8]. The exterior walls of
the catheter were set to a no slip condition.
Outlets of the ICA and ECA were set to a zero
pressure no viscous forces condition, with a zero
temperature gradient at outlet.

3.4 Meshing and Mesh Convergence:

A mesh convergence study was completed
using pressure drop and mean outlet temperature
of the ICA branch as convergence criteria;
pressure drop is shown in Figure 3. The final
model has 757,000 tetrahedral elements, 102,000
prism elements, and 860,000 total elements. The
mesh was generated use the ‘Physics Based
Mesh — Finer’ setting within COMSOL.
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Figure 3: Final model mesh convergence study based
on pressure drop.

4. Results

A mean blood flow rate of 7.5E-6 m"3/s was
determined by existing literature on healthy
adults[13]. This blood flow rate was run for
models presented in sections 4.1 and 4.2..
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4.1 Velocity and Pressure Distribution:

Figure 4 shows the velocity distribution in
the bifurcation. A pressure maxima occurs
between the ICA and ECA branches, this
corresponds with other literature [15].

Slice: Velocity magnitude (m/s)
A 1431
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0
vo

Figure 4: Velocity distribution along the centerline
plane axis, as presented in a top down view.

4.2 Temperature Distribution:

Figure 5 shows the temperature distribution
along the centerline axis. A higher mean velocity
along the inner walls of the ICA and ECA
branch, Figure 4 causes an increase in heat
transfer coefficient (h). The constant wall
temperature  implies an infinite thermal
capacitance for the surrounding tissue.
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Figure 5: Temperature distribution along the
centerline plane axis, as presented in a top down view.

4.3 Artery Inlet Parametric Study:

The final model was also run using a
parametric study by varying artery inlet blood
flow rates. The flows ranged in value from 4.5
ml/s to 8.5 ml/s.

Figure 6 shows the temperature distribution at
the point in the CCA directly prior to the
bifurcation. Figures 7 and 8 show the outlet
temperature distribution of the ICA and ECA at
flow rates of 4.5 ml/s and 8.5 ml/s. Figure 9
shows the temperature distribution for blood
flow rates in the ICA and ECA varied
parametrically from 4.5 ml/s to 8.5 ml/s
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Figure 6: Temperature distribution of CCA directly
prior to bifurcation with two flow rates.
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Figure 7: Temperature distribution of ICA outlet with
two flow rates.
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Figure 8: Temperature distribution of ECA outlet
with two flow rates.
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Figure 9: Temperature distribution of ECA and ICA
outlet with two blood flow rates.

5. Discussion and Future Work

The correlation between artery flow rate and
temperature at the ICA and ECA outlets shows a
decrease in cooling as artery flow rate rises. We
successfully predict the outlet temperatures in
the carotid bifurcation based on an assumed
constant artery wall temperature. The modeling
and data gathered here will be used to inform
more detailed models of the carotid bifurcation,
and the cerebral arterial network. Ultimately we
seek to determine the ability for cooled blood to
remove thermal energy from surrounding brain
tissue.

Future work on the this model will include
understanding the effect of pulsatile vs. steady
state flow conditions, heat transfer through
conduction to surrounding tissue, and a detailed
anatomical model provided through scanned
imaging techniques.
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