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A CFD cardiac catheter model was developed to
determine the potential for blood hemolysis during
administration of local therapeutic hypothermia using
a CoolGuide catheter. In vivo animal studies have
shown that mild hypothermia may reduce reperfusion
injury often associated with heart attack. The
CoolGuide Catheter System (CCS) delivers rapid local
cooling through a cardiac catheter, reducing tissue
temperatures 2 — 4°C within five minutes. During
system operation blood is externally cooled and
delivered to cardiac tissue through a catheter. The
pressure drop through the catheter imposes shear
stress on blood. Hemolysis can result if shear stress
exceeds 150 Pa. The CFD model considers a 6Fr
catheter with and without a 3.556E-4m guide wire
insert during typical operation of the CCS. CFD results
validated by comparison to analytical solutions and
experimental data. Model outputs and experimental
results show that blood damage during administration
of hypothermia is unlikely in the catheter component of
the CCS.
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1 Introduction

Tissue damage associated with heart attack is the leading
cause of death in the United States [1]. FocalCool, LLC
developed a CoolGuide Catheter System (CCS) to
administer therapeutic hypothermia to cardiac tissue in the
event of a heart attack. The CCS is designed to reduce
local tissue temperature 2 — 4°C within five minutes. In
vivo animal tests have shown that therapeutic hypothermia
has the ability to limit post traumatic reperfusion injury

[2].

The CCS pumps blood from the patient, through an
external heat exchanger and catheter, and delivers local
cooling to cardiac tissue. During normal operation the
CoolGuide system can deliver approximately 105 Watts of
cooling and blood is exposed to a 160 kPa pressure drop
through the catheter. This pressure drop imposes shear
stress on red blood cells (RBCs). Mechanical blood
damage (hemolysis) may result from exposure to shear
stress greater than 150 Pa [3]. Experts believe that for safe
operation the percent hemolysis must remain under 0.8%
[4]. Hemolysis is define by percentage of free hemoglobin

pHb (1 - i)c(ij
% free hemoglobin= (Hbx1000) (1)
X

where pHb is plasma-free hemoglobin concentration after
the cooling procedure (mg/dL), Hct is the percent
hematoctrit (%), and tHb is the total hemoglobin
concentration in whole blood (g/dL). Hemolysis will
increase as a result of increased shear stress. High RBC
concentration and temperature reduction can increase
pressure drop and shear stress. Exposure history can also
lead to increased hemolysis [5]. This study considers
potential for blood damage in the catheter component of
the CCS at typical operation capacity (50 — 130ml/min).
Blood analog flow through a 6Fr catheter (1.422E-3m
ID/2.000E-3m OD) with and without a 0.014in (3.556E-
4m) diameter guide wire insert was simulated.

A two dimensional, axi-symmetric, computational fluid
dynamic (CFD) catheter model was developed to predict
flow through the catheter during administration of
therapeutic hypothermia. In vitro experimental data was
collected and compared to the simulation outputs; showing
a 5.38% average difference in pressure drop, for applicable
configurations, and 2.38% average difference in
temperature increase through the catheter.

Limitations result from the usage of a two dimensional
symmetric geometry and cylindrical coordinate system
which require an assumed concentric guide wire
configuration. During performance testing the guide wire
insert does not remain fully concentric within the catheter.
Laminar flow through an eccentric annulus will result in a
pressure drop approximately 60% lower than the
equivalent concentric flow [7], [8].

Blood is exposed to an average 99.52 Pa shear stress;
approximately 66% of the blood damage threshold. The
assumed concentricity at the maximum flow rate of 130
ml/min creates an artificially high pressure drop. Despite
model limitations damage during administration of
therapeutic hypothermia using 6Fr catheter (with and
without guide wire insert) at the tested flow rates is
unlikely.

2 Experimental Methods

In vitro experimental data was obtained mock cardiac loop,
as shown in Figure 1. The loop consists of two fluid
circuits each driven by peristaltic pumps. A 44.2% by
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weight aqueous glycerine solution (blood analogue) is
circulated at 3500ml/min in the mock loop and maintained
at 38°C. In the CCS circuit blood is cooled by an external
shell and tube heat exchanger to 12 — 22°C, depending on
flow rate, and resupplied to the mock loop through a
cardiac catheter [2].

Experimental data was collected with a 6Fr catheter with
and without a 3.55E-4m diameter guide wire. Three
performance tests at flow rates from S50ml/min to
130ml/min on 20ml/min intervals were conducted and the

results were averaged to minimize random error
flow meter

flow pressure
meter S transducers pump

heater &
T reservoir

- o

bog —
sampling
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Figure 1: Schematic of in vitro experimental set up. Blood
analog is pumped from an insertion sheath located at the femoral
insert (dashed lines) through an external heat exchanger and back
through the catheter. Temperature, pressure, and flow
measurements are taken throughout the loop.

3 CFD Methods

3.1 Physics and Solver Settings A non — isothermal
laminar Newtonian flow model was applied to predict the
blood analog flow through the catheter. The Reynolds
numbers and shear rates were calculated across the range
of flow rates to ensure a suitable model was applied.

=
temperature X
[H-] probes
—— .

valves

The Reynolds number turbulence threshold for internal
pipe flow is 2100 [12]. Blood behaves as Non-Newtonian
fluid at shear rates less than 20 per second. At shear rates
greater than 200 per second blood will behave as a
Newtonian fluid [11]. The Reynolds number is calculated
using the hydraulic diameter shown in Eq. 2 and the shear
rate at the pipe wall for a Newtonian fluid is calculated
using Eq. 3. Table 1 shows the Reynolds numbers and
shear rates at each experimental point for configurations
with and without a guide wire insert. Reynolds numbers
are all below the turbulence threshold and shear rates are
all large enough to assume Newtonian flow.

puby _ 2pu(n, — 1)
u p

@)

. _8u

V—D—h 3)

Where Rejp, is the Reynolds number, p is the blood analog
density, kg/m’, u is the blood analog velocity, m/s, Dy, is
the hydraulic diameter, m, y is the dynamic viscosity, Pa-s,
1, is the catheter inner radius, m, 7; is the guide wire outer
radius, m, and y is the shear rate, 1/s.

Table 1: Reynolds Number/Shear Rate Calculation

Reynolds

Number Shear Shear Rate
Flow Rate | Reynolds w/ Guide | Rate With Guide
[ml/min] Number Wire [1/s] Wire [1/s]
50 271.46 217.28 | 2929.58 4186.92
70 380.05 304.19 | 4112.68 5831.78
90 488.63 391.11 | 5295.77 7551.4
110 597.22 478.02 | 6478.87 9196.26
130 705.81 564.93 | 7661.97 10915.89

To simulate the laminar, Newtonian, non-isothermal flow
2D cylindrical coordinates were applied. The governing
continuity, momentum, and energy equations are shown in
Eq. 4-6[12].

10 0
~ 3y (i) + —— (pu,) )
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T "oz

10/ ou, 0%u, (5)
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Where r is the radial location, m, p is the blood analog
density, kg/m®, u, is the r — component velocity, m/s, z is
the axial location, m, u, is the z — component velocity,
m/s, P is the pressure, Pa, u is the dynamic viscosity, Pa-s,
g 1s the acceleration due to gravity in the z direction,
m/s’, o is the thermal diffusivity, m%s, and T is
temperature, K.

3.2 Geometry Development A 1.003m long 6 Fr catheter
was simulated with and without a 3.556E-4m diameter
guide wire insert. The inner diameter of the 6Fr catheter is
1.422E-3m.
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Our model geometry assumes the guide wire remains
concentric. However, in the actual application the guide
will lie against a vessel wall creating an eccentric annulus.
An eccentric annulus will create a 60% smaller friction
factor then the comparable concentric annulus, shown by
Eq. 7 and 8 [7]. Dimensions used in these equations are
shown in Figure 2. Since we are assuming a concentric
guidewire our simulation predictions present the maximum
possible shear stress imposed on blood. The concentric
assumption also allows a 2D axisymmetric analysis.

€

e = — (7
24

4 8

fRe = T3 T502 ®

Where e* is the dimensionless eccentricity, € is the
eccentric displacement, m, 7, is the inner catheter radius,
m, 1; is the outer guide wire radius, m, f is the friction
factor, and Re is the Reynolds number of the annular flow.

Y

2*ro—

3

Figure 2: Eccentric annulus schematic. Eq. 6 and 7 show the
relationship between friction and dimensionless eccentricity.
For our concentric models ¢ is zero.

3.3 Input Parameters Thermal fluid properties and
geometric dimension were input into the CFD simulation.
The blood analog viscosity and specific heat were
interpolated from Dow Corning Corporation data sheets
for 44.2% by weight glycerine solution and input as
functions of temperature [6]. Fluid properties are
calculated at 35°C for isothermal simulations. Table 3
shows input parameters, variables used to assign
parameters, parameter value or expression and unit.

Table 3: CFD Input Parameters

Parameter Variable | Expression Unit
Catheter Inner
Diameter IDe 1.422E-3 [m]
Cathfeter Outer ODec 5 000E.3 (]
Diameter
Guide Wire
Radius ODw 3.556E-4 [m]
Flow Cross N R 5
Section Area A Pi*(ID¢/2)"2 [m7]
Flow Cross N R
Section Area Aw PEO(]()I\B/CZ/ )222)2' [m’]
with Guide Wire
Blood Analog ;
Density tho_b 1102 [kg/m’]
Blood Analog
Conductivity k b 0.477 [W/mK]
Blood Analog 0.01031*exp(- )
Viscosity mu_b 0.035*T) [Pa*s]
Blood Analog 7.1%(T-
Specific Heat cp_b 273.15)+3204.7 [J/kgK]
Catheter Wall ;
Density tho_c 830 [kg/m’]
Catheter Wall
Conductivity ke 0.437 [W/mK]
Catheter Wall
Specific Heat cp_c 2800 [J/kgK]
Aorta .
Temperature T_inf 31LIS [K]
Lab
Temperature T_lab 293.15 K]
Input from Data —
Inlet . Appendix A.
Temperature T_in Range(285.15- (K]
308.15)
Blood Analog Q cath (50, 70, 90, 110, [ml{:nn]
Flow rate - 130)/6E7 3
[m’/s]
Blood Analog . Q_cath/A or
Velocity U_in Q cath/Aw [m/s]

3.4 Boundary Conditions Figure 3 shows a schematic of
the approximate 2D cylindrical geometry and boundary
conditions applied. Blood analog enters the fluid domain
with a uniform velocity and fixed temperature. The
magnitude of the velocity is set to correspond to the flow
rate of blood analog. The temperature is assigned to the
equivalent of experimental data. The catheter and guide
wire walls maintain the default wall boundary condition,
no slip. The outlet is assigned zero pressure and zero flux.
Axial symmetry is applied along the z axis.
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Figure 3: Schematic of CFD computational domain (left) and
heat flux boundary conditions (right). The axial symmetric
computational domain consists of three sub-domains: guide wire,
fluid domain, and catheter wall.

A heat flux boundary condition was assigned along the
outer catheter wall using a piece wise function to account
for multiple boundary conditions. The catheter simulation
approximates the heat flux assuming two heat flux
boundary conditions, free convection to and from the lab
environment and convection in a concentric annulus with
constant surface temperature from the aorta flow. The heat
flux boundary conditions are shown on the right side of
Figure 3 applied to geometry cross sections. The free
convection boundary was assumed for 0.2m of the axial
length prior to entering the mock aorta, and 0.2m after
exiting the mock aorta. The annular convection was
assumed for the 0.603m length that the catheter is inside
the mock aorta.

Empirical heat transfer correlations were used to
approximate the heat transfer coefficients. The correlation
used to calculate the heat transfer coefficient from the
aorta to the lab assumes fully developed laminar flow in a
circular tube annulus. To validate the correlation the
Reynolds number was calculated in Eq. 9. The Reynolds
number of the blood analog through the in the annulus is
1406.

Using the definition of Nusselt number, Eq. 10, we also
assume that the aorta wall is insulated and the catheter
outer wall is at constant temperature. Finally, assuming
that we have diameter ratio (catheter outer diameter/ aorta
inner diameter) 0.1, the Nusselt number is approximatly is
11.56 [13]. The corresponding heat transfer coefficient at
the outer catheter wall, h,, is 2757 W/m’K.

Qa

Re, = puby = ZPW(% — 1) ©)
K u
h,D
NuDh = ak h (10)

Where Re, is the Reynolds number of the aorta stream, p
is the blood analog density, kg/m’, u is the blood analog
velocity, m/s, Dy is the hydraulic diameter, m, u is the
blood analog dynamic viscosity, Pa-s, Q, is the volumetric
flow rate of the blood analog, ml/min, 7, is the inner radius
of the glass aorta, m, and r; is the outer radius of the
catheter, m.

The catheter outer wall is exposed to free convection to a
20°C lab environment. A correlation for a long horizontal
cylinder was used to approximate the heat transfer between
the catheter wall and lab. Eq. 11 and 12 were used to
calculate the free convection heat transfer coefficient [13].
The calculated heat transfer coefficient, h; is 12.51
W/m’K to/from the 20°C lab environment.

— gﬂ(Ts - Too)D3
va

Ra, (11)

1

0.387Ra’,
Nup =| 0.60 + ———L2 (12)

2\27
(1 + (0.599)16)
Pr
Where Raj is the Rayleigh number of air, g is the
acceleration due to gravity, m/s’, f is the thermal
expansion coefficient, 1/K, Ty is the average of the catheter
wall temperature and air temperature, K, and T, is the lab
air temperature, K, D is the outer catheter diameter, m, v is
the kinematic viscosity, m%/s, a is the thermal diffusivity,

m?/s, Nuy, is the Nusselt number of the air stream, and Pr
is the Prandtl number of air.

4 Results

4.1 Solution Quality Mesh independence was used to
measure solution quality and stability. Pressure drop was
used as the convergence criterion due is proportionality to
shear stress and the intended analysis. Figure 4 shows the
pressure drop as a function of number of elements for
simulations with and without guide wire insert. The final
mesh configuration for both simulations consisted of
350,619 total degrees of freedom.
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Figure 2: Pressure Drop, mmHg, as a function of number of mesh elements. A) 6Fr, B) 6Fr with guide wire. A final mesh configuration
for both simulations was chosen at 115,200 elements and 350,619 degrees of freedom.

4.2 Comparison to Experimental Data CFD simulation
output pressure drop, temperature change through the
catheter, and cooling capacity, for hypothermic
simulations, were compared to experimental data. Figure 5
shows CFD output pressure drop compared to
experimental and control volume predicted pressure drop.
Experimental data is an average of three data points at
each flow rate. The average difference between CFD
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produced pressure drop for isothermal and hypothermic
6Fr catheter simulations and experimental data is 5.83%.
The concentric guide wire simulations show a larger
pressure drop than experimental data due to guide wire
eccentricity that occurs during actual operation.
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Figure 3: Pressure drop, mmHg, as a function of flow rate, ml/min, for four configurations simulated. (A) Isothermal 6Fr
catheter, (B) Isothermal 6Fr catheter with guide wire, (C) Hypothermic 6Fr catheter, (D) Hypothermic 6Fr catheter with guide

wire.
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4.3 Comparison to Anaylstic Solutions Simulation
results were compared to analytical solutions
provided in [12], [14]. An isothermal CFD pipe flow
example was recreated with 2.11% average
difference in pressure drop from published values.
Simulation results were compared to analytical
solutions provided in [12], [14]. The isothermal 6Fr
simulation showed an average 6.78% difference to
analytical solution shear stress. The difference in
CFD output pressure drop and experimental pressure
drop is responsible for the majority of difference
between theoretical shear stress and simulation
output shear stress.

The cooling capacity of the CCS is calculated by Eq.
13.

Gecs = mCp(T, — Ttip) (13)

Where q.. is the cooling capacity of the CCS, W, m
is the mass flow rate of blood analog in the catheter,
kg/s, Cp is the specific heat of blood analog, J/kgK,
T, is the core temperature of the mock loop, K, and
T,;p is the temperature at the catheter outlet, K.

12 +
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@ Experimental

Figure 6 shows the temperature of the blood analog
through the catheter compared to experimental
temperature change and CV model produced
temperature change. At the lower flow rates blood
analog enters the catheter at a lower temperature due
to the constant cooling capacity of coolant in the
external heat exchanger. As the flow rate increases
the temperature at the inlet increases, but the
temperature change through the catheter decreases.
The CFD and CV models assign temperature at inlet
comparable to experimental data. The average
difference between the temperature change produced
by the CFD model and experimental data is 2.38%
over the range of flow rates.

Figure 7 shows the cooling capacity of the 6Fr and
6Fr with guide wire hypothermic simulations as a
function of blood analog flow rate in the catheter.
The cooling capacity ranges from approximately 40 —
100W. The CFD produced capacity shows an average
3.77% difference from experimental data.
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40 60 80 100 120 140

Flow Rate [ml/min]
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Figure 6: Change in temperature, °C, through catheter as a function of flow rate, ml/min. A) 6Fr hypothermic, B) 6Fr
hypothermic with guide wire. The inlet temperature ranges from 12°C to 22°C depending on flow rate. The CFD simulation
shows 2.38% difference in temperature change through the catheter from experimental data and the CV model.
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Figure 7: Cooling capacity, W, as a function of flow rate, ml/min. A) 6Fr hypothermic, B) 6Fr hypothermic with guide wire. The
cooling capacity produced by the CFD simulation shows 3.77% average difference from experimental data.

4.4 Shear Analysis Exposure to shear stress beyond
150 Pa can result in hemolysis [3]. Eq. 14 and 15
show the shear profile functions for laminar pipe
flow and laminar flow through a concentric annulus
[16]. The maximum shear stress occurs at the catheter
wall without a guide wire and on the guide wire wall
with a guide wire. During administration of
hypothermia with a guide wire, blood will be exposed
to the largest shear stress along the guide wire wall.
The maximum shear stress is approximately 108 Pa
near the inlet,.

_ 0P 1
OPR' R' r
Mow=-3;,2G "% (15)

Where t(r) is shear stress as a function of radial
location, Pa, P is pressure, Pa, L is axial catheter

length, m, 7 is the radial location, m, and R’ is the
radial location where the maximum fluid velocity
occurs, m.

Figure 8 shows the average shear stress inside the
catheter as a function of blood analog flow rate for
each configuration tested. The shear stress was
integrated along the catheter wall and guide wire wall
for each configuration. The maximum shear stress is
produced during administration of hypothermia with
a guide wire. The average shear stress that occurs
along the guide wire wall with a 130 ml/min flow
rate is 99.52 Pa, approximated 66% of the blood
damage threshold. Since this is below shear stress
threshold it is unlikely that clinically meaningful
blood damage will occur in the catheter component
of the CoolGuide Catheter System during normal
operation with a 6 Fr catheter.
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Figure 8: Average shear stress, Pa, as a function of blood analog flow rate, ml/min. All configurations have an
averarge shear stress that lies below the critical threshold for clinically meaningful blood damage. Duration of use

will also play a role in determining final safety conclusions.

5 Conclusion

A two dimensional axial symmetric CFD model was
developed to predict shear stress behavior imposed
on blood during application of therapeutic
hypothermia with the CoolGuide Catheter System
(CCS).

Model output pressure is validated by comparison to
published example problems, analytical solutions,
and in vitro experimental data. The average
difference  between simulation output and
experimental pressure drop was 5.38%.

The heat flux that occurs through the catheter wall to
the external environment was considered for
hypothermic simulations. Correlations for forced
laminar convection and free convections were used to
calculate boundary conditions. The average
temperature change of blood analog through the
catheter shows an average 2.38% difference from
experimental data.

The shear stress for each configuration simulated was
plotted as a function of radial position in the catheter.
For catheter only configurations the maximum shear
stress occurred along the catheter wall. During use
with a guide wire the maximum shear stress occurred
along the guide wire wall. The average maximum
shear stress was plotted as a function of flow rate for
each configuration. At the highest flow rate, 130
ml/min, the maximum shear stress was observed

during delivery of therapeutic hypothermia with a
guide wire as 99.52 Pa.

Despite limitations associated with 2D simulation of
the 3D such as concentric design, catheter flow,
uncertainty associated with blood viscosity, and
diameter; it is unlikely that administration of
therapeutic hypothermia with a 6Fr catheter with and
without a 3.55E-4m guide wire will result in
clinically significant blood damage.

The study neglects other components of the CCS
(peristaltic pump, external heat exchanger, etc) in the
blood damage analysis. Shear exposure history is also
neglected[5]. Thorough experimental blood safety
testing will be necessary prior to concluding the
CoolGuide System can safely apply local therapeutic
hypothermia to cardiac tissue.
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