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A new device has been designed, developed and tested to improve the capacity of vascular drug
and stem cell delivery. The device consists of a catheter with a multitude of small lumens (instead of
a large central channel lumen). The use of multiple lumens provides a number of benefits to medical
intervention. First, the multiple lumens are spread across the catheter cross section. As a consequence,
the medication/stem cells are more effectively dispersed into the artery. Second, the construction of the

new catheter has an increased mechanical strength compared to the standard single-lumen catheter —
therefore, it is able to resist compressive forces caused by a pressurized balloon. This fact makes the
new design able to preserve medication/stem cell flowrates without causing mechanical hemolysis to the
cells. Finally, the newly designed device prohibits clumping of stem cells carried in solution.

Introduction

A major cause of death in the developed world, and
increasingly in developing countries stems from failure of
the cardiovascular system. While cardiovascular diseases
have many different manifestations, myocardial infarction
(heart attacks) are among the most common. They occur
when coronary arteries that supply blood to the heart become
occluded through the progressive buildup of arterial plaque
and inflammation.

An outcome of infarction is the injury or death of cardiac
tissue which leads to other related health problems. Treatment
of this type of cardiovascular disease typically first involves
dietary and lifestyle changes to reduce the presence of clogging
cholesterols within the blood, cholesterol medication, and
surgical intervention. Among the most common surgical
interventions are balloon angioplasty, stenting, medicated
stenting [1-7], atherectomy [8-25], or a combination
treatment. One positive outcome of these treatments is that
they often increase the compliance of the artery wall which is a
measure of cardiovascular health [26-35].

When preventative treatments are not effective, aninfarction
incident occurs and loss of life or permanent cardiovascular
damage may occur. With tissue damage, post-infarction
treatment may be used and among possible treatment options
is the direct injection of stem cells into the injured area where
the cells may stimulate cardiac muscle regeneration.

During the procedure, a wire-guided catheter is positioned
just upstream of the injury and a balloon is sometimes inflated

to temporarily occlude blood flow and open the artery. The
stem cells are injected into the artery and the hope is that the
cells fully wash the tissue walls which bound the flow.

A prerequisite to the treatment is that the cells must contact
the tissue and therefore, the fluid mechanics of the injection
device must be given consideration. In fact, while the present
application is for stem cell injection, the technique which is
described here is not limited to that treatment. Extension to
non-living medication injections is straightforward.

With the background discussed, the remainder of this
manuscript describes the design, analysis, and performance
of a multi-lumen injection catheter that has been previously
mentioned in the scientific literature but not in an all-
encompassing single manuscript.

Methods

The investigation carried out here has two major parts.
First, experiments were performed on both single- and multi-
lumen catheters to investigate the fluid mechanic behaviors.
Among the issues dealt with was the potential of the catheter
to cause cellular injury to the injectant when used with an
inflated balloon. Changes to the viability of cells were obtained
before and after the injectant is passed through the catheter.
Also, benchtop experiments were performed to determine
how resistant the two catheter designs are to the compressive
pressure of a balloon.

The second part of the study is numerical. A mathematical
model was constructed to calculate the flow field throughout the
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catheters for various flowrates, balloon pressures, and states of
compression. The outcome from the simulations are multifold.
First, predictions of cellular damage are obtained and compared
with the results from the aforementioned experiments. Second,
the distribution of the injectant are determined downstream
of the catheter location and a comparison of the performance
of the two catheters is made. In particular, the catheter which
leads to a more uniform distribution of injectant within the
artery is judged superior. Finally, by varying parameters such
as viscosity and flowrate, the effect of these quantities on the
catheter performance will be provided.

Figure 1 shows a drawing of the physical situation. In the
figure, two situations are illustrated. In the first part of the
image, an injectant is seen to rapidly spread into an artery
(preferred result) while in the second portion, the injectant is
seen to spread slowly (not preferred).

To better showcase the comparison between a single-
lumen catheter and a multi-lumen catheter, Figure 2 has been
prepared. There, an illustration of the multi-lumen catheter
is provided. This catheter is termed the ND® Infusion Catheter
which was also subject to prior published research [36-38].

Preferably, the injection catheters would be positioned
centrally within an artery, as shown in Figure 3. It is recognized
that Figure 3 represents an idealized situation. In actual
applications, the catheter would not be centrally located, the
artery would not be circular, and in fact, the artery would not be
straight. However, this idealization is used to demonstrate the
efficacy of the numerical method which will be fully articulated
later. Also, modern computational resources make extensions
to non-straight, non-circular, and non-centrally located
cases trivial. In fact, computational methods, combined with
medical imaging technologies mean that it is possible to create
patient-specific studies based on an individual patient’s artery
dimensions [39]. While such patient specific studies have great
importance for actual therapies, the vast range of differences
from patient to patient make those types of studies irrelevant
for generalized results.

A computerized image of the multi-lumen ND® Infusion
Catheter is provided in Figure 4. There, major components
of the catheter are indicated by annotation. As seen in the
image, there is a balloon that surrounds the catheter and is
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Figure 1: Illustration of rapid and slow injectant dispersion into an artery.
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Figure 2: Illustration of multi-lumen catheter.
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Figure 3: Cross-sectional view of a multi-lumen catheter within an idealized
circular artery.
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Figure 4: Image of the multi-lumen catheter along with major components

highlighted.

used for adjunctive angioplasty. The internal fluid passages
include a mixing chamber that ensures a well-mixed fluid
prior to injection into the artery. At the distal end of the artery
are multiple ports which allow the injectant to enter into the
artery.

More details of the system are shown in Figure 5. There, a
sectioned view is provided so that the internal structures of the
catheter can be seen.

The experiments

During the experiments on both the single- and multi-
lumen catheters, the angio balloons were inflated. The inflation
affected the channel opening within the catheters, as seen in
Figure 6. There, a photograph of a standard single-lumen
catheter is shown where balloon pressure has compressed the
internal channel.
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With the single-lumen catheter, balloon pressures were
carefully recorded and sequentially increased. At each pressure
setting, high-precision pin gauges were inserted into the lumen
to determine the open diameter. For balloon pressures in the
0-6 atm range, the single-lumen catheter diameter decreased
modestly. Then, for pressures in excess of 6 atm, the diameter
decrease became much more rapid. At balloon pressures of
approximately 10atm, there was very little remaining open
area. Coincident fluid mechanic experiments showed that when
the balloon pressure was approximately 10 atm or higher, the
flowrate through the catheter decreased to almost no flow.
Figure 7 shows a piecewise linear approximation of the open
diameter as the balloon pressure increases. In the figure, data
symbols are shown as markers.

Similar experiments were performed on the multi-lumen
catheter. The multiple lumens have a diameter of 0.152 mm.
When the surrounding balloon was pressurized, it was found
that there was no measurable decrease in the diameter of the
lumens (up to inflation pressures of 12 atm). This finding
confirms that the multi-lumen device is compression resistant
to these pressures.

The methods of cell infusion

Next, for the pressurized single- and multi-lumen catheters,
an injectant was used. The purpose of this experiment was to
assess whether the catheters have an adverse effect on the
viability of cells carried in the injectant. The injectant contained
5 million MSC cells per ml of volume. The single lumen catheter
(A Trek Coronary Dilatation Catheter, 3.5 by 15 mm, Abbot
Vascular, Santa Clara, CA) and the multi-lumen catheter (ND®
Infusion Catheter, Translational Research Institute, Gilbert,
AZ) where the comparison devices. A contrast solution (50/50
with normal saline) was used to pressurize the balloons.

At the initiation of the experiment, the catheters were
flushed with saline. Next, a 0.33 cc infusion of the cell solution
was injected at 4ml/min. The catheters were then again flushed.
Trypan blue was used to assess the viability of the cells. At
each balloon pressure setting, seven replicate experiments
were performed. For each catheter, experiments at pressures
ranging from 0 atm to 12 atm were completed.

The results from the viability study are shown in Figure 8.
It is seen that for both catheters, there is very little loss in cell
viability for balloon pressures 8 atm or less. On the other hand,
for pressures that exceed this value, the standard catheter leads
to a marked decrease in cell viability. No change is observed for
the ND Infusion multi-lumen catheter.

The numerical simulations

Next, numerical calculations of the fluid flow were
performed. These calculations, commonly referred to as
Computational Fluid Dynamics (CFD) are based on equations
that govern conservation of mass and momentum within a
flowing fluid.

The boundary conditions used in the CFD analysis are
shown in Figure 9. In that figure, flow passes from right to left.

Sectioned View of Multi-Lumen Catheter Within Artery
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Multiple Injection Ports, Opens to the Artery

Figure 5: Sectioned view of the multi-lumen catheter within an artery.
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Compressed Inner Lumen

Figure 6: Photograph showing the compression of an inner lumen when subjected

to elevated balloon pressure. Balloon pressure = 10 atm.
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Figure 7: Open diameter of the single lumen catheter for increasing balloon
pressures.
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Figure 8: Experimental results for mechanical hemolysis and cell viability.
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There are two inlets, one for blood and a second inlet for the
injectant. At all fluid-solid interfaces, a no-slip condition is
used. At the outlet, weak downstream conditions are employed
(zero second derivative on all transported variables).

A necessary step in a computational analysis is the
subdivision of the fluid region into a multitude of computational
grid points (elements). The deployment of elements is optimal
when the elements are more numerous at areas of interest or
areas where the flow field changes rapidly. Depictions of the
two computational meshes are provided in Figures 10 and 11,
respectively, for the single-lumen and multi-lumen cases.
The figures show a set of nested images that are increasing
magnifications of the mesh. As seen in the figures the elements
are locally concentrated at the walls of the catheter where high
velocity gradients exist.

Artery Medication Inlet

Port for Medication to
Enter the Bloodstream
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&
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Figure 11: Computational mesh for the multi-lumen catheter simulat
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Because the flowrates were low, the flow was well within the
laminar regime and a laminar solver was employed. The inlet
velocity of the blood was extracted from cardiac-cycle averages.
The relevant governing equations are those for concentration
of species mass and momentum. The conservation of species
equation is expressed as

2
% v oC, _ 0 2"
ot Ox, Ox;
for species k. The first term on the left is the unsteady
variation in local concentration, the second term is the
advection term. The term on the right side of the equation

represents diffusion.

(1)

The conservation of momentum equation is
ou ou b o%u.
“hplu, L | =L L =123 (2)
P TPy, )T ey, M

i i i

Here, tensor notation is used for compactness. The first
term on the left is the unsteady change in local momentum.
The second term is the advection of momentum within the
fluid. On the right-hand side are the pressure gradient and
shear-stress momentum terms.

In total, 16 different simulations were completed for
various catheter designs, the presence or absence of a balloon,
injectant viscosity, and injectant flowrate. A summary of the 16
cases is provided in Table 1.

As evident from Table 1, the first issue to be investigated
is whether the presence or absence of the inflation balloon
upstream of the injection affects the results. Next, different
inlet conditions are explored which will be discussed in some
detail later. Third, two different injectant viscosities are used
which represent upper and lower bounds of typical carrying
fluids. Finally, a low and high injection rate are studied.

Table 1: List of simulations.

- Injectant Vi ity | Injectant fl t
Lumens | Balloon | Inlet Condition njectant Viscosity | fnjectan _o wrate
(mPa-s) (ml/min)
1 No 1.4 5

single Flowrate
2 single Yes Pressure 1.4 5
3 single No Flowrate 4.7 5
4 single Yes Pressure 4.7 5
5  single No Flowrate 1.4 10
6 single Yes Pressure 1.4 10
7 single No Flowrate 4.7 10
8 single Yes Pressure 4.7 10
9  multiple No Flowrate 1.4 5
10  multiple Yes Pressure 1.4 5
11 multiple No Flowrate 4.7 5
12 multiple yes Pressure 4.7 5
13 multiple no Flowrate 1.4 10
14  multiple yes Pressure 1.4 10
15  multiple no Flowrate 4.7 10
16 multiple yes Pressure 4.7 10
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When no inflation balloon is used, the blood flow is not
occluded and a coronary artery flowrate of 60 cc/min was
used as the blood inlet condition. With a balloon in place, the
blood velocity was not known a priori however, it is expected
that the overall pressure within the artery segment will be
unchanged. Therefore, the resulting inlet pressures from the
no balloon cases were used as input for the counterpart balloon
calculations.

Blood was modeled as a non-Newtonian fluid with an
Ostwald-de Waele constitutive model [40] that is

T=Ky (3)

Here, K = 0.0147 (kg/m-s'>*) and n = 0.78 [41]. The blood
model is similar to that described in [10].

A demonstration of typical computational results is set forth
in Figure 12. There, a bolus of injectant is seen emerging from
the distal end of an injection catheter. The bolus can be defined
by a predetermined concentration level (e.g. 10%, 1%). The
spread of these concentration boluses can then be determined
from the simulations and comparisons can be made between
the different cases listed in Table 1.

Quantitative comparisons of the various results from the
cases of Table 1 will be presented in a series of images.

First, since the value of the diffusivity (D) from Eq. (1)
is not known with great certainly, a sensitivity study was
performed to assess its importance. Four versions of Case 1
from Table 1 were calculated. Each version used a different
value for diffusivity (0, 1e-12, 1e-9, and 2e-9 m?/s). As seen
in Figure 13, the percentage of cross sectional area occupied
by concentrations of 1% or 10% was hardly affected by the
diffusivity value (despite the very large range). These results
show that the final outcome does not depend on the relatively
uncertain value of the diffusivity. The clear conclusion from
this is that the injection spread is driven almost entirely by
advection and fluid mixing rather than by molecular diffusion.

The general trends displayed in Figure 13 are expected.
The injectant occupies increasingly greater cross sectional
area at further locations downstream of the injection location.
Furthermore, the lower concentration bolus (1%) occupies a
much larger space than the higher concentration bolus (10%).

The next issue to be studied is whether the carrier fluid
viscosity exerts an influence on the injectant spread. To test
this, results from Case 1 and Case 3 from Table 1 are shown in
Figure 14. Both results correspond to a single-lumen catheter;
the cases differ by the carrying fluid. It is seen that there is
virtually no difference in the results — so that viscosity is
not an important factor. The results shown in Figure 14 are
representative of other comparisons of low viscosity/high
viscosity cases.

Next, the effect of the presence or absence of an upstream
angio balloon is determined. Here, Cases 3 and 4 from Table
1 are compared. It is seen that the upstream balloon reduces
the spread of both the 1% and 10% bolus regions and thereby
would reduce the effectiveness of the injectant. The findings

Figure 12: Emerging bolus of injectant from a catheter, an example of
computational results.

Table 2: Listing of red blood cells critical shear stress and duration of application.

Critical Shear Stress Pa (dyne/cm?) ‘Duration (s)

4000 (40000) [42] 0.00001
1000 (10000) [43] 0.0001
800 (8000) [+] 0.001
450-700 (4500-7000) [42] 0.01
600 (6000) [45] 0.01
560 (5600) [46] 0.001
500 (5000) [47] 0.01
450 (4500) [48] 0.001
425 (4250) [49] 0.6
400 (4000) [50] 0.01
255 (2550) [51] 0.7
255 (2550) [52] 240
150 (1500) [53] 120
60 (600) [54] (no injury) 100
60 (600) [55] (no injury) 100
25 (250) [56](no injury) 1000

Area Occupied by >1%
Four different Diffusivity Values

RRNENETES

g
b °
S 10 e ©° °
5 o .
Q\c L]
Y S Area Occupied by >10%
5

Four different Diffusivity Values

0 5 10 15 20 25 30

Distance From Injectant Tip (mm)

Figure 13: The effect of diffusivity on the spread of injectant within the artery.

that are shown in Figure 15 are representative of other balloon/
no balloon comparisons for the single-lumen catheter.

Next, the importance of flowrate is investigated. An
example of the results is shown in Figure 15. There, Cases 3
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and 7 are compared, which differ only in the injectant flowrate.
Case 7 has twice the injectant flow (10 ml/min compared with
5 ml/min). It is seen that both the 1% and 10% bolus regions
experience a notable increase in spread. In the region close to
the injection location, there is almost no difference in spread.
However, for longer distances from the catheter, beginning at
approximately 15 mm, the two sets of results begin to diverge
and the higher injectant flow spreads nearly linearly with
downstream distance.

Next, attention is turned to the results from the multi-
lumen catheter. First, the effect of the presence or absence of a
balloon is presented. In contrast with a single lumen catheter
(Figure 15), the presence of a balloon actually results in a
slightly faster injectant spread downstream of the catheter.
This behavior is due to the location of the multiple injection
ports which are near the periphery of the catheter cross
section, located where the disturbing presence of the balloon
is more easily felt.

When the injectant flowrate is increased and a multi-lumen
catheter is employed (Figure 18), the injectant more quickly
spreads across the artery cross section. In fact, the results
are similar to those already presented for the single-lumen
case (Figure 16). When the injectant flow is 10ml/min, the
downstream spread of injectant increases nearly linearly with
downstream position.

The last dispersion comparison to be shown is the
differences between the single and multi-lumen cases. There
was not a universal trend for these two catheter designs; in
some cases, the injectant spread quicker from the multi-lumen
device whereas in other cases, the reverse occurred. Since the
use of balloons is quite common in these injection procedures,
it was decided to focus attention on comparing the dispersion
for that situation. Figure 19 has been prepared. The figure
shows that there is a modest improvement in the injectant
distribution when a multi-lumen device is used. Also, when
cross-sectional contours are shown, it was found that the
injectant bolus was more predisposed to the arterial wall for
the multi-lumen case. This finding suggests that not only is
the percentage of area taken up by the injectant improved but
so too is the geometric distribution.

With these results presented, it is possible to provide a
summary of the single-lumen and multi-lumen injectant

20
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Figure 14: Influence of fluid viscosity on the injection diffusion
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Figure 15: The effect of upstream balloon on injectant spread for the single-lumen
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Figure 16: Impact of injectant flowrate on the spread of the bolus within the artery

for the single-lumen catheter.
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distribution capacities. First, the diffusivity of the injectant
within the blood and the viscosity of the injectant have a
negligible effect. Second for the single-lumen case, the
presence of an upstream balloon reduces the injectant spread.
The situation is reversed for the multi-lumen case. There, a
balloon improves the injectant dispersion. For both catheter
designs, increasing the injectant flow improves the dispersion,
particularly at more downstream locations.

Comparison of the two catheters reveals that there is no
general improvement or degradation in spread with the use
of a single- or multi-lumen catheter. However, for the very
common situation where an upstream balloon is used, the
multi-lumen catheter is superior, not only in the occupation
of cross sectional area by the injectant but also the geometric
distribution of the bolus.

Impact of catheter on cell viability

The last part of the study deals with computations of
potential hemolysis in the two catheters. Experimental results
have already been reported and Figure 8 showed that while the
multi-lumen device resisted compression and hemolysis, for
high balloon inflation pressures, the single-lumen catheter
lead to a significant loss of cell viability.

To test this finding, numerical simulations were performed
on the fluid flowing through the catheter. The potential for
hemolysis within cells is related to the level of shear stress
experienced by the cells and the duration of shear. Red blood
cell data has extensive literature on these hemolysis thresholds
and allow the creation of a database of critical exposures.
That database is reproduced in Table 2. Red blood cells will be
used as the surrogate for stem cells because of this wealth of
mechanical hemolysis information.

As mentioned earlier, the simulations, which are based on
the equations of mass and momentum conservation, provide
a continuous distribution of pressure, velocity, shear stress,
and other flow variables. Integration of the shear stress along
streamlines enabled a comparison of the shear stress history
experienced by fluid to the critical values listed in Table 2.
From that comparison, the likelihood of cellular injury from
the single- or multi-lumen case could be found.

The findings for the single-lumen case are presented in
Figure 20 and correspond to a 4ml/min injectant flow. The
figure shows two sets of results which correspond respectively,
to the low and high fluid viscosity. Also on the image, there is
a hemolysis threshold - values of stress above the threshold
indicate that there is a risk of stress-caused cellular damage.

According to the data displayed in the figure, the stress
experienced by the cells within the fluid rise to a hemolysis
threshold for balloon pressures of approximately 7-8 atm. This
predictive finding matches well with the experimental results
shown earlier.

Since the multi-lumen catheter resists the compressive
forces from the balloon, the counterpart study was not
necessary. However, to further explore the potential for
hemolysis within the multi-lumen device, a different study was

performed. The injectant flowrate was sequentially increased
and the shear stress and exposure durations were recorded and
compared with the threshold for cellular damage. The results
of that study are set forth in Figure 21. There, it is seen that
the high-viscosity fluid leads to larger stresses exerted on the
cells (as expected) however even for flowrates up to 10 ml/
min, neither case has stress levels that reach the hemolysis
threshold. This finding reinforces the earlier studies showing
that the multi-lumen device does not present a risk for cellular
injury.

Discussion

The results shown in this study provide some guidance for
the design of catheters or for their use in medical situations. For
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Figure 19: Comparison of injectant dispersion for the single- and multi-lumen

cases in the presence of an upstream balloon.
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Figure 20: Simulated mechanical hemolysis for various balloon inflation pressures,

single-lumen catheter.
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Figure 21: Simulated mechanical hemolysis for various injectant flowrates, multi-
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cases where a catheter is to be used with an inflation balloon,
particularly when the balloon inflation reaches values of ~7-8
atm, it is advantageous to use a multi-lumen catheter. The
multi-lumen catheter is able to resist the compressive effect
the balloon and it maintains the open channels for injection.
One consequence of this is that there is a lower likelihood that
cells injected through the catheter can become injured by shear
stress.

Another finding is that for both catheters, some factors
affect the dispersion of medication or stem cells downstream of
the injection location. For instance, the viscosity of the carrying
fluid and the diffusivity do not materially affect the dispersion.
However, the presence or absence of an upstream balloon can
cause an effect. Furthermore, the injectant flowrate also plays
arole. Larger injectant flows give more effective dispersion.

Concluding Remarks

Here, a multiple part study was undertaken. First, two
catheters used for the injection of liquids into the artery
system were obtained. Then, benchtop tests were performed
to determine whether the catheters present a risk to cellular
damage when the injectant contains stem cells. It was
discovered that when an inflation balloon is used, a single-
lumen catheter is compressed and the fluid passageway is
narrowed. This narrowing increases the shear stress within the
injectant and can cause loss of cell viability. Such cell damage
was found for balloon pressures that exceeded approximately 8
atm for an injectant flowrate of 4ml/min.

Next, a numerical model was developed to identify the
factors which control the spread of injectant into the artery
downstream of the injection location. It was discovered that
the injectant diffusivity in blood and the carrying fluid viscosity
are not important factors. The rate of injectant flowrate
however can affect the percentage of downstream cross section
that contains the injectant. Also, the presence of an upstream
balloon impacts the dispersion but its effect depends on the
type of catheter used.

Finally, the simulations were used to attempt to predict
whether cellular damage has occurred. It was found that the
stress within the fluid reached RBC-level hemolysis thresholds
when the upstream balloon pressure rose to ~7-8 atm in the
single-lumen catheter and with a 4ml/min injectant flow.
This finding confirms the experimental results. Furthermore,
for the multi-lumen catheter, the balloon pressure was not
an influencing factor however our calculations show that the
multi-lumen device leads to sub-threshold stress for flowrates
up to 10 ml/min.

It is hoped that this study provides some justification for
further exploration of multi-lumen injection catheters and
also that the numerical simulations discussed here become
used more widely as a design and evaluation tool.
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