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Abstract

Motivated by a novel gas embolotherapy technique, a bench top vascular bifurcation model is used to investigate the splitting of long
bubbles in a series of liquid-filled bifurcations. The developmental gas embolotherapy technique aims to treat cancer by infarcting tumors
with gas emboli that are formed by selective acoustic vaporization of ~6 um, intravascular, perfluorcarbon droplets. The resulting gas
bubbles are large enough to extend through several vessel bifurcations. The current bench top experiments examine the effects of gravity
and flow on bubble transport through multiple bifurcations. The effect of gravity is varied by changing the roll angle of the bifurcating
network about its parent tube. Splitting at each bifurcation is nearly even when the roll angle is zero. It is demonstrated that bubbles can
either stick at one of the second bifurcations or in the second generation daughter tubes, even though the flow rate in the parent tube is
constant. The findings of this work indicate that both gravity and flow are important in determining the bubble transport, and suggest
that a treatment strategy that includes multiple doses may be effective in delivering emboli to vessels not occluded by the initial dose.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

A bench top vascular bifurcation model is used to inves-
tigate the splitting of long bubbles in a series of liquid-filled
bifurcations. These experiments are motivated by a gas
embolotherapy technique (Kripfgans et al., 2000, 2002;
Bull, 2003; Kripfgans et al., 2004; Ye and Bull, 2004b; Bull,
2005) that we are developing for the potential treatment of
cancer by using gas emboli to infarct tumors. Gas embolo-
therapy is described in more detail elsewhere (Bull, 2005).
The gas bubbles originate as perfluorocarbon droplets that
are small enough to pass through capillaries and are
injected into the bloodstream. Low intensity ultrasound is
used to track their motion, and they are vaporized at the
desired location for treatment via high intensity ultrasound
to produce gas bubbles whose volumes are approximately
125 to 150 times the droplet volume. The liquid droplets
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are stabilized by an albumin shell, and the acoustic droplet
vaporization may occur as a result of disruption of this
albumin shell (Kripfgans et al., 2000, 2002, 2004). The
resulting gas bubbles are large enough to occlude capillar-
ies and have persistence times on the order of days, indicat-
ing their potential to infarct tumors. In other studies, we
have computationally investigated the potential of this
bubble vaporization to damage or rupture vessels (Ye
and Bull, 2004a,b).

Achieving complete tumor necrosis requires infarction
of most of the tumor. However, it has been shown that
embolotherapy can be successful with partial necrosis (suc-
cess has been observed with about 78% tumor necrosis for
solid emboli) (Di Segni et al., 1997). Understanding the
transport and splitting of the gas bubbles, which can be
long enough to extend through more than one bifurcation,
is necessary in order to design delivery strategies.

In previous studies of bubble transport through a single
bifurcation in which one branch of the bifurcation was
higher than the other, we have demonstrated that flow
and gravity compete to determine the splitting dynamics
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of the bubble (Calderon and Bull, 2004; Calderon et al.,
2005). For slow enough flows and strong enough gravita-
tional effects, the entire bubble travels into the upper
branch of the bifurcation. Below a critical value of the flow
rate, the bubble does not split. For stronger flows and/or
weaker gravitational effects, the bubble will split and the
splitting is more homogeneous at higher flow rates. Moti-
vated by air embolism, previous studies of bubbles in sin-
gle, straight, inclined tubes have shown that gravity can
oppose flow to immobilize bubbles (Cavanagh and Eck-
mann, 1999, 2002; DeBisschop et al., 2002). Previous
researchers have studied scenarios wherein air bubbles stick
in the microcirculation (Suzuki and Eckmann, 2003), and
have investigated the usefulness of surfactants in dislodging
emboli (Eckmann et al., 2001; Branger and Eckmann,
2002; Cavanagh and Eckmann, 2002; Eckmann and Cava-
nagh, 2003; Eckmann and Diamond, 2004; Suzuki et al.,
2004). The single bifurcation experiments (Calderon and
Bull, 2004; Calderon et al., 2005) did not consider bubble
sticking as the minimum vessel size modeled in that study
was still too large to allow for bubble sticking in the flow
conditions considered.

The current experiments investigate the behavior of a
bubble as it passes through a series of two geometrically
symmetric bifurcations. The bubbles in gas embolotherapy
are long compared to the vessel diameter, and may extend
through more than one vessel bifurcation at a time. Few
previous investigations have considered the transport of
bubbles through bifurcations and have primarily focused
on bubbles or droplets that are small compared to the tube
diameter (Chang et al., 1981; Manga, 1996). This investiga-
tion provides new information about the dynamics of long
bubbles in bifurcating vessel networks. Additionally, the
tube diameters after the second set of bifurcations are small
enough to allow the possibility of bubble sticking.

A range of effective Bond numbers, which depend on
gravity and the positioning of the bifurcation, and capillary
numbers are investigated. The experiments are designed to
match the Reynolds, Bond and capillary numbers to the
physiological values for arterioles, and provide guidance
in achieving a uniform delivery of bubbles to tumor vascu-
lature. This study investigates the splitting and sticking
behavior of bubbles in multiple bifurcations and may also
be applicable to air embolism.

2. Experiments

A sketch of the bifurcating network model is shown in
Fig. 1. The parent tube (referred to as generation 0 and
denoted by the label LO in Fig. 1) divides into two first gen-
eration daughter tubes (labeled L1 and L2 in Fig. 1) at the
first bifurcation. These daughter tubes split at the two sec-
ond generation bifurcations into four second generation
daughter tubes (labeled L3, L4, LS5, and L6 in Fig. 1).
The dimensions in Fig. 1 are in units of centimeters. The
diameter of the parent tube is 0.1 cm. Each set of successive
generation tubes has a diameter 0.78 times the diameter of
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Fig. 1. Sketch of experimental setup (to scale). The parent tube (gener-
ation 0, labeled segment LO0) bifurcates into first generation daughter tubes
(denoted by L1 and L2), each of which further bifurcate into second
generation daughter tubes (denoted by L3-L6). The bifurcation angle is
78° at each bifurcation and the diameter of each generation of tubes is 0.78
times the diameter of the previous generation. The geometry was chosen to
match typical physiological geometry for arterioles. Dimensions are in
centimeters.

the previous generation. The branching angle at both the
bifurcations is 78°. These values are chosen to match phys-
iological values for arterioles (Fung, 1997; Calderon et al.,
2005).

The bifurcation model (Fig. 2) was made using 5-inch
square, 0.2-inch thick, cast acrylic sheets (McMaster-Carr,
Chicago, IL). The circular cross-section of the channels
was achieved by machining semicircular channels in two
mirror halves, followed by aligning the two halves with
locator pins and bolting them together. To accomplish
the circular lumen, ball-end mills (Fullerton Tool Co. Sag-
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Fig. 2. Experimental bifurcating tube network. Tygon tubing connects the
test section to the syringe pump and to the constant pressure reservoirs.
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inaw, MI) of 0.04, 0.031 and 0.024 inches diameter were
used to machine the channel branches of respective diame-
ters. All machining was performed using a 3-axis mill (Che-
valier Machinery Inc., Santa Fe Springs, CA) with
programmable CNC (Milltronics Manufacturing, Waco-
nia, MN). Forty through-holes were drilled along the
perimeter of the bifurcating channel and in two 5-inch
square, 0.35-inch thick, cast acrylic sheets, which were
placed above and below the mated channel, and 1-inch
long, 6/32 binding screws, flat washers, and nuts (McMas-
ter-Carr, Chicago, IL) are used to bolt the two halves
together ensuring a tight seal to avoid any leakage.

The parent tube of the model bifurcation was connected
to a syringe pump (PHD 2000 Programmable, Harvard
Apparatus Inc., Holliston, MA) and the outlets of the
daughter tubes were connected to reservoirs via Tygon tub-
ing. The reservoirs were open to the atmosphere and were
allowed to overflow so that each free surface was main-
tained at a constant elevation. This configuration resulted
in constant reservoir pressures that were the same for each
reservoir. The experiments were conducted at room tem-
perature. The blood phase was modeled by filtered water
and the perfluorocarbon bubble was modeled by an air
bubble. The two mirror halves of the bifurcating channel
were cleaned thoroughly at regular periods using soap
and water.

In each experiment, an air bubble was placed into the
parent tube by a microliter syringe inserted through a side
port connector in the experimental circuit. The bubble was
placed a sufficient distance upstream from the bifurcation
so that the bubble and surrounding water reach steady flow
far in front of the bifurcation. Flow from the syringe pump
into the parent tube of the bifurcation was set to a constant
value and the motion of the bubble through the bifurcation
was imaged by a CCD camera and recorded on digital
video tape (DCR-PC110, Sony, Tokyo, Japan).

These digital videos were then transferred to a computer
(Dell PC, Round Rock, TX) and converted to sequenced
bitmap images for analysis using Adobe Premier (Adobe
Systems Incorporated, San Jose, CA). From image analy-
sis, the length of the bubbles in each of the branches of
the two bifurcations was measured. These length measure-
ments are made after the bubble splitting is complete. This
includes scenarios where the initial bubble goes through
both the bifurcations, with portions of the initial bubble
having reached the four second generation daughter tubes,
as well as scenarios where a portion of the initial bubble
gets stuck at one of the second generation bifurcations
and the remaining bubble reaches the second generation
daughter tubes. Volume of these bubbles was then com-
puted by multiplying the length with the cross-sectional
area of the corresponding branch.

A range of flow rates and roll angles were investigated.
While the flow rate is set using the syringe pump that drives
the flow, the roll angle is defined as the angle made by the
plane of the bifurcation (all tubes are in the same plane)
with the horizontal. The roll angle is varied by rotating

the bifurcation plane about the axis passing through the
parent tube. The flow conditions are set to match different
non-dimensional parameter values to what is observed in
arterioles in the physiological situation. These non-dimen-
sional parameters of interest are now defined and their val-
ues in the current experiments are discussed in relation to
the corresponding physiological values.

Changing the flow rate changes the capillary number,
Ca = uU/o, where U= characteristic fluid velocity,
¢ = surface tension, and p = fluid viscosity. The capillary
number indicates the ratio of viscous forces to surface ten-
sion forces, and may be thought of as a dimensionless flow
rate. At each roll angle, bubble transport is studied at
flow rates of 0.06, 0.08, 0.1, 0.2 and 0.3 ml/min. These
correspond to capillary numbers of 1.64E-05, 2.19E-05,
2.74E-05, 5.47E-05 and 8.21E-05 respectively. The range
of capillary numbers observed in arterioles in the human
circulation, based on properties of blood and perfluorocar-
bon, is 6.51E-04-4.89E-04 (Chang et al., 1981; Halpern and
Gaver, 1994; Ghadiali and Gaver, 2003; Calderon et al.,
2005). The Reynolds number, Re = UDpp/u, an indicator
of the relative magnitudes of inertial and viscous forces,
is also a function of the flow rate. Here, Dp is the diameter
of the parent tube while U, u and p are the average velocity
(in the parent tube), viscosity and density of the core fluid
(water), respectively. The Reynolds numbers correspond-
ing to the above flow rates are 1.33, 1.77, 2.21, 4.42 and
6.63. The range of Reynolds numbers observed in arterioles
in the human circulation, based on properties of blood and
perfluorocarbon, is 1.04-2.93E-01 (Chang et al., 1981;
Halpern and Gaver, 1994; Ghadiali and Gaver, 2003; Cald-
eron et al., 2005).

Another non-dimensional parameter of interest is the
Bond number, Bo = ApgD;/a, where Ap is the density dif-
ference between the core fluid and the bubble, g is the grav-
itational acceleration, Dp is the parent tube diameter, and o
is the surface tension between the core fluid and bubble gas
(water and air in our case). The Bond number is an indica-
tor of the relative magnitudes of forces due to gravity and
surface tension. In order to include the effect of varying roll
angles, a modified Bond number can be defined as
Bo* = Bo - sin(0) (Calderon et al., 2005). Although the
Bond number in these experiments is higher than the phys-
iological value expected in arterioles, it is the modified
Bond number that is of interest when considering the appli-
cability of these results to physiological situations. Small
values of the roll angle, 0, can be used to make the modified
Bond numbers mimic the physiological values of Bond
numbers. The Bond number in this study is Bo = 3.58E-
02. Experiments are conducted at roll angles of 0, 15, 30
and 45°. This corresponds to modified Bond numbers,
Bo*, of 0, 9.3E-03, 1.79E-02 and 2.53E-03. The range of
Bond numbers observed in arterioles in the human circula-
tion, based on properties of blood and perfluorocarbon, is
2.0E-03—2.81E-04 (Chang et al.,, 1981; Halpern and
Gaver, 1994; Ghadiali and Gaver, 2003; Calderon et al.,
2005).
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3. Results and discussion

Five runs were conducted for all combinations of roll
angles and flow rates. The number of runs was selected
to achieve statistical significance. All results presented here
are averages over the runs corresponding to each flow con-
dition. The error bars in all graphs indicate the standard
error of the mean.

Fig. 3 presents the splitting ratio of the bubble as a func-
tion of capillary number at the four roll angles considered.
Here, the splitting ratio is defined as the ratio of the volume
of the bubble in the lower half of the bifurcation (V) after
it has passed through the first bifurcation to the volume of
the bubble in the upper half of the bifurcation (V}). For
0 = 0°, the bubbles split nearly evenly at the first bifurca-
tion. The evenness in splitting is clearer at the higher flow
rates. In order to make sure that the machining of the
bifurcation is symmetric, the bifurcation model was flipped
over, and symmetric bubble splitting was again observed at
roll angle equal to zero. Then data was collected for non-
zero roll angles. At low flow rates even small perturbations
(possible sources of perturbations/errors are discussed
below) lead to instability in the splitting behavior of the
bubble. This is reflected in the large error bars at the lower
flow rates. This is similar to observations by Baroud et al.
(Baroud et al., in press) in their investigation of a low-vis-
cosity finger propagating through a single horizontal fluid-
filled bifurcation as a model of airway reopening. In the
absence of compliance elements at the ends of daughter
branches of the bifurcation, uneven splitting of the finger
always occurred in their model experiments. Based on lin-
ear stability analysis they concluded that any perturbation
that increases the finger in one branch of the bifurcation
compared to the length of the finger in the other branch
leads to growth in the asymmetry due to the reduction in
viscous resistance in the fluid-filled branch ahead of the
longer finger. In our experiments, we observe that this
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Fig. 3. Splitting ratio (=V,/V;) vs. capillary number for roll angles of 0°,
15°, 30° and 45°. At zero roll angle splitting is almost even as expected.
Splitting ratio decreases with increasing roll angles. Higher flow rates lead
to more homogeneous splitting.

instability is more pronounced as the capillary number
approaches 2.74E-05. As the roll angle is increased, the
splitting ratio decreases as expected. This simply indicates
that a larger portion of the bubble travels to the upper half
of the bifurcation due to buoyancy. The effect of gravity is
more pronounced at lower flow rates. Higher flow rates
increase the homogeneity in splitting.

Fig. 4 studies the bubble splitting at the lower second
bifurcation in detail. The volume ratios V,/V,, Vi/V,,
and V,/V, correspond to the ratio of bubble volume in sec-
tions L1, L3, and L4 divided by the initial bubble volume,
Vo, respectively. These are referred to as V7 ratio, V3 ratio
and ¥, ratio in this discussion. The sections L1, L3, and L4
are shown in Fig. 1. For 0 =0°, the V/; ratio is zero for
higher capillary numbers, indicating that the bubble passes
entirely through the bifurcation. When the capillary num-
ber is low, V] ratio is small and non-zero. A non-zero value
of V; ratio indicates bubble sticking at the lower second
bifurcation. V3 ratio is consistently higher than Vj ratio.
A larger portion of the bubble enters L3 as compared to
L4 as the bubble splits through the second bifurcation. It
is thought that since the flow is already “turning’” after
passing through the first bifurcation, L3 is the more natural
choice for the bubble to enter. This would explain why a
larger portion of the bubble enters L3 compared to L4.
As the roll angle is increased to 15° we observe non-zero
values of V| ratio for the entire range of capillary numbers
considered. Since the syringe pump is supplying a constant
flow rate, once the bubble sticks at the lower second bifur-
cation in this manner, the entire flow is diverted into the
upper half of the bifurcation. This is a significant result
with respect to the gas embolotherapy application since
such sticking is desirable to better occlude blood flow to
the tumor. Here, we have a bubble sticking as the first gen-
eration daughter tube bifurcates into second generation
daughter tubes of a smaller diameter. This corresponds to
the sticking behavior discussed by Chang et al. (Chang
et al.,, 1981). Three phase solid-liquid-gas contact lines
form at the ends of the bubble, and the net surface tension
contact force acting at these contact lines balances the pres-
sure drop across the bubble. As the roll angle is further
increased to 30° and 45°, we continue to observe this stick-
ing of the bubble at the lower second bifurcation for the
entire range of capillary numbers. For 6 = 45° the values
of V3 ratio and V, ratio become comparable i.e. the bubble
does not consistently prefer L3. The effect of gravity in
pushing the bubble towards L4 counteracts the flow “turn-
ing” effect and the bubble does not have a strong prefer-
ence for L3.

Some salient features of the flow are shown in Fig. 5,
which presents a series of snapshots for a low flow rate
(Q = 0.06 ml/min; Ca = 1.64E-05) at zero roll angle. We
see that although the final state is a nearly even splitting,
as would be expected when the effect of gravity is absent,
the intermediate stages are not symmetrical. The bubble
repeatedly sticks and slides in the different channels. This
corresponds to the fact that at low capillary numbers even
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Fig. 4. Bubble volume in lower first generation branch (V,/V}) and subsequent lower second generation branches (V3/V, and V4/V;) vs. Ca, for (a) 6 = 0°,
(b) 6 =15°, (c) 8 =30° and (d) 0 = 45°. As roll angle increases bubble sticking in the lower second bifurcation occurs for wider range of capillary numbers

(this corresponds to non-zero values of V/Vy).

small perturbations affect the flow significantly. Contact
angle hysteresis also plays an important role here. Once
the bubble sticks at a certain location and a three phase
solid-liquid—gas contact line forms, the contact angle must
decrease below a critical value for the bubble to slide
(Chang et al., 1981). While this adjustment in contact angle
takes place where the bubble is stuck, the flow is diverted
through the other branches of the bifurcation.

Until now we have discussed the sticking of the bubble
at the lower second bifurcation. However, we also observed
sticking of the bubble in the smallest second generation
daughter tubes after the bubble had completely passed
through both bifurcations. This is shown in Fig. 6. Here,
we see a series of snapshots for Q=0.1 ml/min
(Ca = 2.74E-05) at a roll angle of 15°. As expected a larger
portion of the bubble goes into the upper portion after
splitting at the first bifurcation. At both the lower and
upper second bifurcations, we observe a complete splitting
of the respective bubbles. After this second splitting of the
bubbles, the longest bubble (in L6) continues to move due
to significant buoyancy force and exits the system. The
remaining three bubbles (in L3, L4 and L5) stick in their

respective second generation daughter tubes and the entire
flow is diverted through L6. This indicates that sticking
behavior can be expected in smaller arterioles and capillar-
ies in the absence of strong buoyancy forces. Note that here
we have sticking in a tube where the cross section does not
vary. A close look reveals that both the menisci are in the
same direction when the bubble sticks in this fashion. Thus,
the surface tension at both the front and rear menisci
opposes the flow and the bubble can stick.

Fig. 7 shows an example of a situation in which both
kinds of bubble sticking are observed, i.e. sticking at a
bifurcation as well as in the small diameter second genera-
tion daughter tube. Here, a series of snapshots for
0 =0.08 ml/min (Ca =2.19E-05) at a roll angle of 30°
are presented. As expected for a low flow rate combined
with a high roll angle, gravity is very dominant and a very
large portion of the bubble goes into L6. This portion of
the bubble continues moving due to significant buoyancy
force and exits the bifurcation model. The entire flow is
then diverted through this channel. The portion of bubble
that had entered L5 sticks in the tube. We also observed a
sticking of the bubble in the lower part of the bifurcation
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Fig. 5. Snapshots of bubble transport for 0 = 0° and Q = 0.06 ml/min (Ca = 1.64E-05) at (a) t=15.0s, (b) t =17.5s, (¢c) t =20.0s, (d) t =22.55, (e)
t=27.5s. and (f) = 32.5s. Although the eventual splitting of the bubble is fairly homogeneous as expected, homogeneity is not observed at all times
while the bubble is passing through the bifurcations. For small flow rates even small perturbations have a significant effect on the overall bubble dynamics.

Fig. 6. Snapshots of bubble transport for # = 15° and Q = 0.1 ml/min (Ca = 2.74E-05) at (a) t=2.5s, (b) t=7.5s, (c) t=10.0s, (d) t=11.55, (e)
t=14.0s. and (f) 1 =16.5s. The bubble in the uppermost second generation daughter tube (L6) continues to move and leaves the bifurcation model.
Bubbles in the remaining second generation daughter tubes (L3, L4 and L5) stick. All the flow is diverted through L6.

model at the second lower bifurcation. An effective strategy
will likely combine sticking at both locations to ensure ade-
quate occlusion of blood flow to the tumor.

This study represents an idealization of an inherently
complex physiologic flow situation, and consequently there
are a number of limitations. For example, the fluidics chan-

nels do not exactly mimic arterioles, which are lined with
endothelial cells and are filled with blood rather than
water. Rather these experiments are intended to match rel-
evant dimensionless parameters and provide insights into
the governing fluid mechanics. This work is a first step in
understanding the phenomena, and subsequent studies
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Fig. 7. Snapshots of bubble transport for 6 = 30° and Q = 0.08 ml/min (Ca = 2.19E-05) at (a) r=1.5s, (b) r=6.0s, (c) t=12.0s, (d) 1=14.0s, (¢)
t=18.0 s and (f) # = 22.0 s. Both types of bubble sticking observed—in the lower second bifurcation as well as in one of the second generation daughter
tubes (L5). The longest bubble in the uppermost second generation daughter tube (L6) continues to move and leaves the bifurcation model. All the flow is

diverted through L6.

are needed to determine the contributions of cellular com-
ponents of blood and endothelial cells (Wong and Bull,
2005). The current experiments use a constant flow rate
condition, which does not allow complete occlusion of
the bifurcation network. However, complete occlusion of
the tumor vasculature is possible in the physiologic situa-
tion because blood flow will be shunted away from the
tumor vasculature as it becomes occluded. In these bench
top experiments, flow is directed to the sections of the
bifurcating tube network that are not occluded, suggesting
that a subsequent dose of bubbles would likely be carried
to the un-occluded sections. Therefore, multiple doses
may be an effective clinical strategy, and this could be
explored in future studies.

Some possible sources of error in this study include
small machining asymmetries, variations in the tightness
of bolts along the channels, all the channels not being pre-
cisely in the same plane due to clamping of the model to the
stand, small differences in the lengths of the tygon tubing
(thus changing the resistance), etc. All of these appear to
be quite small and efforts were made to minimize sources
of error. As was pointed out in the above discussion, bub-
ble splitting at the lower flow rates appears somewhat
unstable at 0 = 0. That is, small perturbations in the system
arising from minor imperfections or asymmetries in an
individual bifurcation, may cause asymmetries in splitting
to grow, and this can lead to overall asymmetric splitting.
Although bubble splitting was on average nearly even for
0 =0, it was not always even for an individual run at the
lower Ca. This is particularly relevant to gas embolother-
apy and air embolism, as actual blood vessels will rarely,
if ever, be truly symmetric. Future theoretical work could

assess the sensitivity of bubble
asymmetries.

splitting to minor

4. Conclusions

Splitting at each bifurcation is nearly even when the roll
angle is zero. For non-zero roll angles, splitting is less even
and bubbles can stick in one side of second bifurcation
even though the flow rate in the parent tube is constant.
Sticking occurs in the lower second bifurcation for 6 > 0°
when the flow rate (Ca) is below a critical value, which
depends on 6. In addition to bubbles sticking at the second
bifurcation, bubble sticking was also observed in the
straight second generation channels, which corresponds
to the maximum surface tension force opposing the bubble
motion. The homogeneity of splitting in a bifurcating ves-
sel network will affect how uniformly tumors can be
infracted. Faster flow rates result in more even splitting.
The findings of this work indicate that both gravity and
flow need to be considered in developing embolization pro-
tocols. The sticking of bubbles in the bifurcation sections
that receive less of the flow suggests that a treatment strat-
egy that includes multiple doses may be effective in deliver-
ing emboli to vessels not occluded by the initial dose.
Subsequent bubble doses will be carried by the flow to
the unblocked vessels, where they may stick to produce a
more uniform tumor infarction.
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