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Abstract

In order for vacuum assisted venous return to be used safely and efficiently, a full
understanding of venous return is necessary. Through the use of the concepts of
conservation of energy and viscous energy dissipation, a theoretical model of venous
return utilizing vacuum assist has been developed in this work. The effectiveness and
accuracy of this model has been verified through in vitro laboratory investigations and
statistical analysis. In summary, the developed model accurately predicts flow rates
given cannula size, amount of vacuum applied, and circuit dimensions. Although
vacuum assisted venous return can provide higher flows through smaller cannula,
vacuum assist can lead to increased levels of shear stress that the blood is exposed to as
well as an increased likelihood of cavitation in the venous line. Both of which may lead
to an exacerbation of the detrimental effects of cardiopulmonary bypass.
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Introduction

Traditionally, venous return to the cardiotomy reservoir on the heart lung machine
has been made possible by creating a siphon in the venous line. Recently, as technology
has made it possible to perform minimally invasive heart surgery, the need for less
cumbersome cannulation techinques has arisen [1]. In parallel to this is the desire to
decrease the hemodilutional effect of cardiopulmonary bypass by miniaturizing the
bypass circuit and subsequently decreasing the prime volume [2, 3]. With both these
demands being placed on the perfusionist, the advent of utilizing assisted venous return
arose. One common form of assisted venous return is accomplished by connecting a
vacuum source to the cardiotomy reservoir; hence the name vacuum assisted venous
return (VAVR). This technique increases the pressure drop across the venous cannula
and lines resulting in higher flows even with smaller cannulas and lines [4, 5]. The
venous return rate becomes a function of both the siphon (gravity) and the amount of
negative pressure (vacuum) applied. The use of VAVR can also decreases the prime
volume requirement for the cardiopulmonary bypass circuit, resulting in decreased
hemodilution [2, 3].

The results of using VAVR have not yet been adequately investigated outside of
its ability to achieve higher flows through smaller bore venous cannula [6]. Previous
studies have all been centered on in vifro and in vivo measurements done with little or no
theoretical analysis. Nor has a good model of venous return been developed which
considers the pressure drops and shear forces associated with different venous line

configurations. In short, at a superficial level VAVR appears to be a success because



circuit miniaturization is possible while maintaining adequate flow rates. But, on a
clinical level the net costs have yet to be thoroughly investigated.

Numerous studies have investigated the effect of shear stress on hemolysis,
platelet activation, and complement activation [7, 8, 9, 10]. Each of which can have a
significant effect on the hemostasis and post-operative morbidity associated with
cardiopulmonary bypass [11, 12]. Yet, the combining of what is known about the effects
of shear stress on the formed elements of blood and the use of VAVR has been ignored.

The focus of this paper is to first develop a model of venous return from which
the effects of utilizing VAVR can be implied. An in vitro laboratory investigation will
then be used to verify the validity of the proposed model. The goal is to develop a tool
that perfusionists and surgeons can use to make informed decisions regarding when to
use VAVR. This work will also lay the foundation for follow-up studies focused on the
activation of complement and platelets as well as hemolysis associated with VAVR.
Background

When modeling fluid systems, the amount of detail and the complexity of the
model depend greatly on the number of dimensions chosen for the model. The use of
either one, two, or three-dimensional modeling is possible [13]. One-dimensional models
use the concept of streamline flow in which there is no variation in the velocity or the
pressure except for that which occurs along the streamline [13]. However, it is still
possible to use one-dimensional modeling of fluid flow through a tube network as long as
the streamlines are parallel at the entrance and exit to the tube [14]. For this model, this

condition will be assumed.



Two and three-dimensional models result in more complex computations. For
this reason, one-dimensional models are often used in more complex cases and the results
are still valid. As mentioned previously, the goal of the present work is to provide a
model for perfusionists and surgeons to use in their practice; therefore, it is important to
keep the model simple. For these reasons, a one-dimensional model is most appropriate.

The Bernoulli Theorem

There are three fundamental forms of energy associated with the flow of fluids
through tubes, one of these being kinetic and two being potential. The kinetic energy is
the energy associated with the fluid’s velocity, V. The potential energy is derived from
two sources, one being gravity associated with a height, Z, above some reference point
(datum) and the second being pressure, P [15, 16]. The equation representing the sum of
these energies represents one form of what is known as Bernoulli’s Theorem as shown in
Equation 1[17].

2

E-gze T4t 1

Where E = total energy at a point, g = acceleration due to gravity, Z = height above a
reference line, P = pressure, p = density, and V = average velocity.

The principle of conservation of energy states that energy can not be created nor
destroyed. However, forms of energy can be interconverted [15]. Therefore, between

any two points along a tube the expression of Equation 2 must apply [17].

E+E, =FE,+E, 2



Equation 2 states that the energy at point one (E;) plus any mechanical energy (Ey) added
must be equal to the energy at point two (E;) plus the energy lost (E). For the model
being developed, there is no mechanical energy input; therefore, the mechanical energy
term is dropped. The lost energy term accounts for frictional losses along a tube. These
losses occur at entrances, exits, diverging and converging segments, bends, and changes
in cross sectional area. These will be described in detail in following sections.

Combining Equations 1 and 2 gives a more common form of the Bernoulli
equation [13, 17]:

2 V2
ng+j+#=g22+72+72+EL 3

2
Solving Equation 3 for the pressure drop from point 1 to point 2 results in the following

fundamental equation defining the pressure drop along any section of tube, also known as

the Bernoulli equation [17, 18]:

vz -n) 4

AP=pg(Z, - Z)+p 5 +E,

In Equation 4, the head loss due to friction (Ep) is the energy losses between two points.
This term is important for the development of this model. It incorporates all the pressure
head losses associated with the viscous effects of the fluid (blood in this case), diameter
changes, entrance and exit effects, and convergence and divergence of flow. Equation 4
is the form of the Bernoulli equation that will be used in the formation of the model of

venous return to the cardiopulmonary bypass circuit and the effects of utilizing VAVR.



At this point, it is important to describe some concepts imperative to the
development of the model. First, flow is defined as a volume of fluid moving past a
given point per unit of time [19]. The variables that determine flow, Q, are pressure, P,

and resistance, R, in the following manner [19]:

AP
- — 5
¢ R
From Equation 5 it can be concluded that in order for flow to change there must be either
a change in pressure drop or a change in resistance. Yet, a closer look at the definition of

flow reveals that it is the product of average velocity, V, and cross-sectional area, A [15]:

O=V*4 6

For a system with constant flow, any change in area must be offset by a change in
velocity. Using Equation 6, the relationship between cross-sectional area and velocity for
a constant flow system is as shown in Equation 7.
K*A1=V2*A2:V2=m[i] 7
4,

This point will become important as different diameter tubing is considered.

Next, in order to apply the particular laws to the model, a few assumptions have
to be made. First, the blood will be considered to be a Newtonian, incompressible fluid.
This is a common assumption required to solve problems involving the flow of blood and

is necessary in order to use the equations chosen. Second, it will be assumed that the

flow is fully developed at all times therefore neglecting entrance lengths, again this is



another common assumption. Lastly, the system will be assumed to be rigid and closed.
This means that the net flow through the system must be constant.

By examining the Bernoulli equation and neglecting the head loss due to friction
for a moment, a couple of implications can be made by inspection. An increase in
velocity leads to a decrease in pressure and vice versa [15]. This simple concept works
well when the viscous effects of a fluid are ignored. But, as mentioned earlier, the
viscous effects have an important role in this model due to the viscous nature of blood
and the relatively small tubing diameters.

The Head Loss Factor

With the foundation of the model laid out, it is now important to examine the head
losses in more detail. This factor is made up of the pressure losses (or gains) which occur
along any defined length of tube. The magnitude of this factor depends primarily on the
geometry of the tube network combined with the flow conditions (i.e. laminar versus
turbulent flow).

As mentioned previously, there are many causes of head loss in fluid flow through
a tube. Friction along a tube, in bends, converging and diverging segments, diameter
changes, entrances, and exits all contribute the head loss along a tube. Historically, the
equations and coefficients that govern the head losses were derived from experimental
data.

Frictional Head Losses along Tubes

Frictional head loss along tubes is likely the most significant factor effecting the
overall pressure head loss [20]. This term includes the effects of laminar or turbulent

flow. Frictional head losses also play a major role in the shear stress experienced by a



fluid flowing through a tube. The general equation for the frictional head loss along a

tube is known as the Darcy-Weisbach Equation [17, 18, 21]:

h _f*i*V_z 8
777 D 2g

As mentioned previous, the frictional head loss depends on whether or not the fluid is in
laminar or turbulent flow. The way this is accommodated by Equation 8 is through the
dimensionless friction factor, £,

At this point, it is important to define the conditions for laminar and turbulent
flow. Traditionally, the Reynolds number has been the measure of the flow regime. It is

defined by Equation 9 [22, 23].

V*¥*D*p

Reynolds number, Ny, =

In Equation 9, the fluid viscosity is denoted as pu. The transition from laminar to
turbulent flow regimes is generally accepted to occur at 2,300 and will therefore be used
for the model being developed [16, 23].

The friction factor for laminar flow was initially determined experimentally by
several investigators. The initial investigator, Nikuradse, has been given credit for
developing the standard for this measurement. The equations were derived from a family
of curves depicting the friction factor versus Reynolds number [13, 24]. In equation

format, the friction factor for laminar flow is defined as [13, 17]:

64 64* u
Ny V*D*p

f= 10



One equation for the friction factor for turbulent flow is [13, 17]:

0316 0316*x"*
(NRe)O.ZS - (V*D*p)o.zs 11

f=

Substituting the appropriate friction factor equation into Equation 8 gives an estimate of
the frictional head loss along a length of tube. It is important to note that the Reynolds
number must be known or calculated for the selection of the proper equation.

Frictional Head Losses Due to Entrance and Exit Effects

When a fluid is accelerated into a tube opening from a reservoir, there is a
conversion of energy from the potential form to the kinetic form. By the same token, the
geometry of the entrance has a great effect on magnitude of the amount of energy lost
through the tube opening [17]. For instance, small openings result in a greater energy
loss than large openings. Therefore, it would be expected that small openings would
result in greater pressure drops. Depending on the geometry of the downstream tube, this
pressure drop may or may not be reversible.

At an exit of a tube into a reservoir, the opposite occurs. Just before the fluid
leaves the tube it has a velocity associated with it; therefore, there is kinetic energy [17].
Once the fluid enters the reservoir the velocity becomes zero; therefore, the kinetic
energy must be accounted for in some form. The result is that the kinetic energy is
converted into a potential energy in the form of pressure in combination with a portion of
the head being lost to the exit effects.

In either situation, the equation for the calculation of the head loss due to an exit

or entrance is given in Equation 12 [17, 18].
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The head loss constant, K, has been derived by some investigators as well as determined
experimentally by others [17, 18]. The tips of venous cannulas are unique when
compared to the inlets to tubes of previous studies. For this reason, the value of K, used
in the calculation of the head loss due to the cannula entrance will be determined from
experimental data for each cannula.

The velocity V is that which the upstream fluid is experiencing and V; is that of
the down stream fluid. For an entrance, if the fluid was in a reservoir of infinite area, V;
would be considered zero. But, because the model being developed is for the human
body, this is not the case. The fluid must have some initial velocity, Vi, before it enters
through the venous line through the venous cannula. Therefore, the velocity V; will be
determined by the area of the vessel, either the superior or the inferior vena cava, and the
flow through the system as outlined by Equation 6.

For the head loss at an exit, it is the velocity V, that is typically assumed to be
zero. As the fluid leaves the tubing it is collected in the reservoir and the assumption that
the velocity is zero in the reservoir is valid [17]. Therefore, the equation for the head loss

due to exit effects becomes:

h_=K, — 13
g

Frictional Head Losses Due to Sudden Diameter Changes

The equation for calculating the head loss due to sudden diameter changes is

identical to Equation 12. The difference being in the head loss constant, Ky, [17].
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In general, the value of K for a change in diameter is dependent on the ratio of the areas
as well as the nature of the contraction or enlargement (either gradual or abrupt). Values
of K, for diameter changes have been derived through experimentation and theory and
are reported in graphical form by several authors [14, 17, 18]. The need to account for
the head loss due to sudden changes in diameter will depend on the configuration of the
venous line being investigated.

Frictional Head Losses Due to Diverging Flow

When a fluid that is flowing in a single tube meets a bifurcation, there is a loss of
pressure head as the fluid is forced to separate. The degree or significance of the head
loss depends on the diameter of the tubes into which the fluid will be separating as well
as the diameter of the feed tube [14, 18]. But, it also is greatly affected by the angle of
the bifurcating tube [14]. The greater this angle, the greater will be the head loss. In the

models being developed, the separation of flow is depicted in Figure 1.

<

Figure 1: Schematic of the diverging
flow configuration.

10



With respect to the model for venous return, the diverging angles o; and o are equal;
therefore, they will be known simply as a.

The calculation of the head loss for diverging flow is more complicated then those
defined previously. The equation for the head loss from point 0 to 1 is similar to
Equations 12 and 14 [18]:

(VO;VI)Z s
g

hdiv/O,l =8By,

The equation is the same for the flow from point 0 to point 2, just substitute the subscript
2 in for the subscript 1:

v,-v.)

2g 16

hdiv/0,2 =Byo

The calculation of the head loss constants (Ky ;, Ko2) are shown in Equations 17

and 18 [14]:

2
|4 V.
Ko =4+ (2’12 -4 )(71) -24, (?lj cosa' 17

0 0

AN V.
Ky, =4 +(24, - ,11)( I—}J - 2,12( ﬁ] cosa' 18

0 0

Where A; = 0.07120%"! + 0.37 for o < 22.5°, A; = 1.0 for o = 22.5°, A, = 0.05920.* 7%
+0.37 for o < 22.5°, A, = 0.9 for a0 >22.5°, and o' = 1.41a - 0.005940:.
Combining Equations 17 and 18 with Equations 15 and 16, respectively, gives the

total head loss of the flow separation from point 0 to points 1 and 2.
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Head Losses Due to Converging Flows

Much like the diverging flow situation, the calculation of the head loss due to
converging flow is more complex than those defined previously. Converging flow can
have a significant effect on the pressure drop through a tubing network due to the
collision of particles and the imparting of their energy on surrounding particles.

The schematic for converging flows is shown in Figure 2.

1 2
B,

N

v
0

Figure 2: Schematic of the converging
flow configuration.

As done with diverging flow, the angles 3, and f3; will be equal and will therefore be
known simply as p.
The equation for calculating the head loss due to the converging flow from points

1 to O is similar to that used for diverging flow [18]:

(v-v)

22 19

hcon/l,O =8By

The equation is the same for the flow from point 2 to point 0, just substitute the subscript
2 in for the subscript 1:

(v,-7)

2g 20

hcon/2,0 =8a0

12



The calculation of the head loss constants (K o, K2,) is shown in Equations 21 and 22
[14].

N IANIA T AT I AE- A
o= 7] 12 ) L coss o[ 72 2] s |
sl ) (3G () 8) ] 2

Where Bi' = 1.41B; — 0.00594p3,% and B,' = 1.41B, — 0.00594p,%

But, as mentioned previously, B; and 3; are equal, therefore:

fB'=1415-0.00594 5>

The constant A3 has been determined experimentally by researchers and is typically
depicted graphically [14]. A typical value of A3 for a angle B less than 45° is

approximately 0.96. There is no algebraic equation for this value.

Venous Line Configurations

With all the pertinent equations for head losses defined, the next step is to define
venous line configurations that will be considered for the model. The two methods of
cannulation for venous return to the cardiopulmonary bypass circuit are using a single
dual-stage cannula or using two single-stage cannulas. The configurations are shown in

the Figures 3 and 4.
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Dual-Stage

Venous
Cannula
Cardiotomy
4 Reservoir Datum

Figure 3: Venous return utilizing a single
dual-stage venous cannula.

In Figure 3, point 1 refers to the right atrium, point 2 refers to the connection of
the cannula to the venous line, point 3 refers to the connection of the venous line to the
cardiotomy inlet, and point 4 refers to the level of the outlet from the venous line into the

cardiotomy reservoir.

Single-Stage

Venous
Cannula
Cardiotomy
5 Reservoir Datum

Figure 4: Venous return utilizing two
single-stage venous cannula.

In Figure 4, point 1 refers to the right atrium, point 2 refers to the connection

between the superior vena cava cannula and the venous line, point 3 refers to the

14



connection between the inferior vena cava cannula and the venous line, point 4 refers to
the junction of the superior and inferior vena cava venous lines, and point 5 refers to the
level of the outlet from the venous line into the cardiotomy reservoir.

The basis for these models, as mentioned previously, is Bernoulli’s energy
balance equation as defined in Equation 3. There is an initial amount of energy
associated with the blood’s velocity before it enters the venous cannula from the superior
vena cava (SVC), inferior vena cava (IVC), or the right atrium (RA). As the blood flows
in through the venous cannula(s) and through the venous line(s), energy is lost, but these
losses can be accounted for utilizing the head loss equations defined earlier. By using
these equations it is possible to determine flow rates expected for various combinations
of cannula(s), tubing diameters, heights, and applied vacuum.

Development of the Detailed Model for the Dual-Stage Cannulation Technique

Beginning with the configuration where a single dual-stage venous cannula is
used, as shown in Figure 3, the model starts with a basic statement of the energy balance

equation given in Equation 2:

E=E,+E,,, 23
E,=E+E,,, 24
E;=E,+E, ;, 25
Where:
E ,=h,+h, 26
E s = 2%t 3t Perging ftow  Ponverging flow 27

15



EL/3,4 =34t hexit 28

Converting Equations 26 through 28 into the format of Equation 3 gives:

PV PV}
ng+7l+?l=gZZ+?2+72+ E L, 29
vy PV}
gz, + =+ —22 =gZ +— +——23 +E,,, 30
vy Ve
gZ3+—;)3—+ —2§-=gZ4+“I;4~+ 74+ E ;4 31

Solving Equation 29 for P;, Equation 30 for P,, and Equation 31 for P3 gives:

p V2_V2

P=pg(Z,- 7))+ 1’2*‘%"‘/35@1,2 32
p\VE-V2

P, =pg(Z;-Z,)+ })3"‘(%2)%05)/2,3 33
p\Vi-v}

Pi=pg(Z,-Z;)+ P + %*’PEUM 34

Knowing that the pressure P4 is found in the fluid at the level of outlet of the
venous return into the cardiotomy reservoir, it can be assumed that the pressure at that

point, using Bernoulli’ principle, is equal to:

Py=pgZ.+ P, 35

Where P, is equal to the pressure in the cardiotomy and Z. is the height of the fluid

column above the outlet of the venous line into the cardiotomy reservoir (datum). The

16



velocity V4 is zero, as mentioned previously, because it is assumed that there is no
velocity associated with the fluid while it is in the reservoir. The reference line, or
datum, is set at the outlet of the venous return into the cardiotomy; therefore, Z4 is also
zero. By making these substitutions along with Equation 35 into Equation 34 a solution
for P; in terms of P¢ is obtained. Substituting this equation for P; into that for P,
(Equation 33), the equation for P; into that for P; (Equation 32), and the specific weight,
¥, in for pg, all three pressures have solutions in terms of the cardiotomy pressure.

2

V,
‘Pl = PC + }/ (ZC - Zl - Z-I- hf/3,4 + hexit + hdiv.jlow + 2 * hf2,3 + hcon.ﬂow + hentrance + hf/l,ZJ 36

sz * 37
P=Pty|Zc-2,- g‘*' hf/3,4 + Ry + hdiv.ﬂow +2 hf2,3 + hcon.ﬂow

2

V.
])3=PC+7(ZC—Z3—§+hf/3,4+hexitj 38

Equations 35 through 38 can be used to determine what type of pressure drops
would be associated with each section of venous line shown in Figure 3. A convenient
way to use this model would be to use a spreadsheet; in this work Quattro Pro was used.
Solving Equation 36 for the flow with the pressure P; set to zero will give the
theoretically obtainable flow that will allow for complete drainage of the SVC, IVC, and
RA. The reason for setting P; to zero is that while on cardiopulmonary bypass, complete
draining of the right side of the heart would result in a pressure of zero, or possibly
slightly negative depending on the siphon, or combination of siphon and vacuum,

drainage. Therefore, components (i.e. cannula) would be chosen in a manner that would
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yield complete drainage of the right atrium, thus the goal would be to achieve a P,
pressure of 0 mmHg.

Quattro Pro, using an iterative method, will solve for the flow given all the
cannula and tubing dimensions, heights, and the pressure of the cardiotomy, Pc. This
pressure is zero or atmospheric when no vacuum is applied. As vacuum is applied, the
value of P¢ is the amount of negative pressure applied.

Development of the Detailed Model for the Single-Stage Cannulation Technique

Just as was done for the dual-stage cannulation technique, the single-stage

cannulation model begins with the basic energy balance equations. But, because there

are two separate cannulas, each needs their own set of equations as shown below:

Ege=E,+ EL/SVC,2 39
Ech = E3 +E LIVC3 40
Ez = E4 o EL/2,4 41
E3 = E4 + EL/3,4 42
E, =Es+ EL/4,5 43

Where:
E = hentrance,lVC + hbend,IVC + hf/IVCcannula 44
E 1 isvc2 = Ponpance svc t Poona sve + Prisvc cannua 45
E Li2,4 = hf /SVCline + hcanverging Slows/2 4 46
E L/3,4 = h f1IVC line + hconverging Sflows/3,4 47
EL/4,5 = hf/4,5 + R 48
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Converting Equations 39 through 43 into the format of Equation 3 gives:

P.,. V2 P, V2
8y + ;VC"' S2VC=gZZ+?2+72+EL/SVC,2 49
Pue Vi B 7 50
&Ly + P il 5 =gZ3+7+7+EL/IVC,3
2 2
gZz+?2+72=gZ4+7“+—£~+Em,4 S1
3 32 4 I/42 52
ng+?+7=gZ4+‘;+“‘2_+Eu3,4
P, V}? P V?
gZ4+7“+74=ng+—l{)i+—25—+EL,4)5 53

Solving Equation 49 for Pgyc, Equation 50 for Pryc, Equation 51 for P,, Equation

52 for P3, and Equation 53 for P4 yields:

P(V22 B VS2VC)

5 +PE g 54

Poc=p8(Zy- Zgye)t P+

P (V32 = Vl%/C)

Pye=p g(Z3 - ZIVC)+ P+ +PE L s 35

2
P2=pg(Z4—Zz)+R,+£(V422;V22)+pEU2,4 56
ﬂ=pg(Z4-Za)+ﬂ+M+pEm,4 57

p(v2-v2)

P4=pg(Zs_Z4)+Ps+f+pEu4,s 58
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As was the case in the dual-stage cannulation model, the pressure at the level of
the outlet from the venous line into the cardiotomy reservoir, Ps in this case, depends on
the hydrostatic pressure head from the fluid column above. This pressure can be

calculated using the following formula derivable from the Bernoulli equation:

Pi=pgZ.+ F 59

As was the case with the dual-stage cannula model, P, is equal to the pressure in the
cardiotomy and Z, is the height of the fluid column above the outlet of the venous line
into the cardiotomy reservoir (datum). The velocity of the fluid in the cardiotomy
reservoir is zero; therefore, Vs is zero. Also, because the height Zs is set at the reference
line, or datum, this value is also zero. Making these substitutions along with Equation 59
into Equation 58, a solution for P, in terms of P¢ is obtained. Substituting the new
equation for P4 into that for P; (Equation 57) and P, (Equation 56), solutions for both P;
and P; in terms of P are obtained. Finally, substituting the equation for P3 into that for
Prvc (Equation 55) and substituting the equation for P, into that for Pgyc (Equation 54)

gives equations for Pryc and Psyc in terms of Pc. The results are shown in the equations
below with the specific weight, y, substituted in for pg:

2

SVC
PSVC = PC + ]’ (ZC - ZSVC - 2g + hf/4,5 + haxir + hf/SVCIine + hcon.ﬂaw/3,4 + hent.,SVC + hf/SVCcanmdaJ 60

Vive
Pyc=Fe+y (Zc ~ Ly - 2g + Prras t B + Brpvcine t Poon owza * Ponive + Priive canmia 61

V2
PZ = PC + 7[ZC - ZZ - é-l- hf/4,5 + hexi[ + hf/SVCline + hcan.ﬂow/2,4] 62

2

V.
P= P+ y[Zc -Zs- iJf Brigst Bl + Apypcine + hcan.ﬂow/3,4J 63
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2

P=P+(Z-Z-Vih h] 64
s = Loty Lo~ 4y 2g+ 7185t Pow
Equations 59 through 64 can be used to characterize the pressures and the
pressure drops associated with each cannula and section of venous line used in the case of

bi-caval cannulation.

The easiest way to use the model for equipment selection for cardiopulmonary
bypass would be similar to the case of the dual-stage cannulation technique. A
spreadsheet such as Quattro Pro could be used to solve Equations 59 through 64. The
geometric parameters such as cannula sizes, lengths and heights could then be entered
into the spreadsheet. With optimal drainage, the pressure in the superior and inferior
vena cava will become zero. Therefore, the best approach to solving the problem would
be to set the pressures of the superior and inferior cava (Psyc and Pyyc, Equations 60 and
61) to zero and solve for flow. This will lead to optimal drainage of both vessels.

When using this model for in vivo analysis, two assumptions are necessary. First,
it should be assumed that that approximately two-thirds of the circulating blood volume
of a patient returns to the right side of the heart via the inferior vena cava whereas one-
third of the circulating blood volume returns to the right heart via the superior vena cava.
Second, an appropriate ratio between the superior and inferior vena cava cross sectional
areas must be determined. This is necessary for the proper conversion of flow to velocity
in each vessel.

Once the proper values are entered, Quattro Pro will use an iterative method as
done in the case of the dual-stage cannula, to solve for the flow. The independent

variable will be the cardiotomy pressure, Pc, which is zero (atmospheric) when no
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vacuum is applied. As vacuum is added, the cardiotomy pressure becomes the amount of
applied vacuum.

Wall Shear Stress

The shear stress is a function of the viscosity and the shear rate of the fluid
flowing through a tube network. The viscosity is the internal friction or resistance of
fluid to flow. With respect to the level of shear stress for a cylindrical geometry similar

to that of Figure 5, Equation 65 is commonly used [17, 25]:

AP

~

v\m‘”\ - \

_/

L

Figure S: Representation of the factors
associated with shear stress.

AP*p
2L

65

T =

Where AP = pressure drop along pipe, R = radius of pipe, L = length of pipe, and r =
distance from the center of the pipe.

The value of shear stress becomes a maximum when the distance from the center
of the tube, r, is equal to the tube radius, R [16, 25]. Therefore, the maximum shear stress

is located at the wall of the tube and is calculated using Equation 66.

22



AP*R
z-max = Twal] = 2L 66

If the pressure drop across any section of tubing is known along with the radius and the
length of the tube, the wall shear stress can be estimated.
Effects of High Shear Stress Levels on Flowing Blood

Numerous researchers have investigated the importance of shear stress when
looking at the flow of blood through tubes. It has been shown that high levels of shear
can activate platelets and leukocytes as well as result in the destruction of red blood cells.
Wall shear stress values between 1,500 and 3,000 dynes/cm2 have been shown to cause
measurable amounts of hemolysis [26, 27]. Leukocyte activation has been shown to
occur at wall shear stress levels between 75 to 800 dynes/cm?” [27]. Finally, platelets
have been shown to be activated by wall shear stress levels between 60 and 100
dynes/cm? [9, 10, 27]. All of these factors can impair hemostasis as well as contribute to
the post-operative morbidity associated with cardiopulmonary bypass.

The effect of vacuum assisted venous return on the formed elements of blood is
not the focus of this study, but shear levels will be examined. The intention is that if
there is significant increases in the levels of shear stress associated with VAVR, the study
should be taken to the next level. The focus would be to compare activated platelet and
complement levels as well as the level of hemolysis associated with VAVR.

Cavitation
Cavitation is a phenomenon that occurs when gas is pulled out of solution to form

gaseous emboli [16, 18]. The degree to which this occurs depends on the vapor pressure
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of the liquid, the gas partial pressures, the pressure applied to the fluid, and the number of
nucleation sites (which are necessary to form the gaseous emboli) [16, 18, 28].

Blood, with its hemoglobin content, has the ability to transport a significant
quantity of dissolved oxygen and carbon dioxide. For this model, the blood conditions of
interest are those of venous blood because that is the type of blood which will be
subjected to the effects of VAVR. Common values for the partial pressures of venous

blood are as follows [29, 30]:

Po; 40 mmHg
Pcoz 46 mmHg
Pio @ 37°C 47 mmHg
Pn2 571 mmHg
Ptotal 704 mmHg

When the pressure that the blood is being exposed to falls below the sum of the vapor
pressure of water and partial pressures of the dissolved gases, gaseous micro-emboli can
form. The likelihood or degree of cavitation to occur in a fluid is measured by the Thoma
coefficient, K [16, 28]:

P -

- © i 67
A=ovin

N

Where P, = absolute static pressure, P; = bubble pressure = Pyapor + Pgas, p = liquid
density, and V = reference velocity.

As mentioned previously, red blood cells, because of their gas content, are
particularly susceptible to cavitation. The red blood cell can only withstand slight

decreases in pressure [16, 31]. Also, blood to air interfaces are known to adversely effect
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the formed elements of the blood resulting in an augmentation of the inflammatory
response [7, 8, 9, 10].

Gaseous micro-emboli too small to be removed from the cardiopulmonary bypass
circuit through filters or purge lines may also be transmitted to the patient resulting in
stroke. Several studies have shown that assisted venous return exacerbates micro-emboli
transmission into the arterial line of the cardiopulmonary bypass circuit. This is a
potential source of stroke [4, 32].

The ability for cavitation to occur depends on the presence of nucleation sites in
the blood [16, 28]. The critical pressure (P;) at which cavitation will occur depends on
the initial radius of the bubble nucleus (Ry) and the surface tension (¢). The definition of

the critical pressure is given in Equation 68 [16, 31].

20
P=P+P ——— 68
g R,
Where P, = vapor pressure, P, = gas pressure, Ry = initial radius of bubble, and ¢ =
surface tension.
Because the bubble nucleus radius and the surface tension coefficient are difficult

values to estimate, the critical pressure for cavitation will not be directly calculated [16,

31].
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Laboratory Procedure

The purpose of the laboratory was to verify the accuracy of the model proposed in
this work for the two venous cannulation techniques utilizing vacuum assisted venous return.
The circuit configuration was similar to those used by other researchers to study the flows
through venous cannula(s) [6, 33, 34]. Due to the acceptance of this circuit configuration by
other researchers who were studying similar parameters, the configuration was deemed
acceptable for the purpose of this laboratory investigation.

Cannula sizes [in French where 3 mm = 1 French (Fr.)] were chosen from those
manufacturers suggest while using VAVR and in a manner that would give a good
representation of a small, medium, and large size cannula(s).

The type of experiment performed is classified as a repeated measures test [35]. The
design of a repeated measures test is to use the same test subject for each of the independent
variables. This allows for the controlling of inter-subject differences because the subject, the
blood, is its own perfectly matched control [35].

To fulfill the criteria for a repeated measures test, the test circuit was primed with a
mixture of blood and Plasmalyte solution similar to what would be used for cardiopulmonary
bypass (CPB). This value can range from the 20% to 27%. For this investigation, a
hematocrit of 22% was chosen to be the target value. The assumption is that this is a fair
representation of what may be seen while on CPB and would result in a representative blood
viscosity. The same blood was then exposed to each cannula included in the study as well as
each level of applied vacuum. The independent variables were the cannula size and the

amount of vacuum applied.
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One caution in performing a repeated measures test on blood for any length of time
would be the viability of the blood over the course of the test. Hemolysis levels may become
significant and the effect on viscosity may become a confounding variable. For this reason,
samples were drawn periodically during the investigation for a plasma free hemoglobin test.
This is a commonly accepted measure of hemolysis and was therefore used to assess the
condition of the blood being used.

Another concern with utilizing a repeated measures test design is the possibility of
sequential or time dependent effects. If, in this study, the applied vacuum levels were
incrementally administered, any time dependent effects of the circuit itself may confound the
results by erroneously affecting the measured variables. For this reason, random numbers
were applied to each level of vacuum to be applied to the system and for each trial to be

performed. The goal was to evenly distribute any time dependent effect over all levels [35].
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Equipment

The following equipment was used in the laboratory investigation:

Bio-Medicus Centrifugal Pump. model: 550, s/n: 7194
Medela Low Vacuum Aspirator. model: Basic 036, s/n: 971377
IRMA SL Blood Analysis System. p/n: 443900, s/n: 21615
Hatteland Instrumentering Ultrasonic Microbubble Detector. model: CMD10, s/n: 100
Biotek Universal Pressure Meter. model: DPM-2 Plus, s/n: 141025
DLP Pressure Display. model: 60000 Series, s/n: 418098
Bard CPS Heat Exchanger. p/n: H-9430, lot #: 43BGX501-9602
Heater/Cooler.
Bovine Blood
Avecor Cardiotomy/Venous Reservoir with Filter. model: CVR with Filter,
lot #’s: HV00599, HV00625
Terumo Hard Shell Venous Reservoir. model: CX*SX10R, lot #’s: 990224, 990715H
C-Clamp
Avecor Soft Shell Venous Reservoir.
Assorted 3/8” and 1/4” 1.D. PVC tubing
Assorted connectors and with and without luer locks

The following venous cannula were tested in the experiment:

Single-Stage

1. DLP 24 Fr., model 66124
2. DLP 18 Fr., model 66118
3. DLP 12 Fr., model 66112

Dual-Stage

1. DLP 29/29 Fr., model 91329
2. Sarns 28/38 Fr., model 4864

The circuit configurations used in this study are shown in Figures 6 & 7 on the following

pages. The appropriate dimensions follow in Tables 1 & 2.
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Figure 6: Circuit configuration used to test the model for the dual-stage venous cannula.
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Figure 7: Circuit configuration used to test the model for the two single-stage venous cannula.
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Parameter Inner Diameter (cm) Length (cm)
DLP 29/29 Fr. 91329 0.85 383
Sarns 32/40 Fr. 16472 0.95 39.1
Sarns 28/38 Fr. 4864 0.95 40.2
Length 2-4 0.95 153.7
Length 3-4 0.95 153.7
Length 4-5 0.95 76.7
Height Zcannula, Z1, Z2 N/A 66.0
Height Z;3 N/A 38.1
Height Z¢ N/A 16.8

Table 1: Measured dimensions for the dual-stage cannula circuit of Figure 6.

Parameter Inner Diameter (cm) Length (cm)
DLP 24 Fr. 66124 0.60 343
DLP 18 Fr. 66118 0.45 34.0
DLP 12 Fr. 66112 0.25 30.5
Length 2-3 0.95 153.7
Length 3-4 0.95 153.7
Length 4-5 0.95 76.7
Height Zcannutas Z1, Z2, Z3 N/A 66.0
Height Z4 N/A 38.1
Height Z¢ N/A 16.8

Table 2: Measured dimensions for the single-stage cannula circuit of Figure 7.

The source of blood for this experiment was from a bovine specimen obtained from

Ember Foods, Milwaukee, Wisconsin. Once the blood was collected it was heparinized with

40,000 units of beef lung heparin. It was then transported to the lab where it was filtered to

remove any debris and bagged in Viaflex bags for storage. A sample was taken with a 3cc

syringe and the IRMA blood gas analyzer was used to determine the hematocrit of the blood.
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A second sample was also drawn for an activated clotting time (ACT). This was done
periodically throughout the experiment and additional heparin was added, as needed, to
maintain an ACT greater than 600 seconds.

With the circuit primed with the appropriate amount of blood and Plasmalyte and
thoroughly de-aired, a second blood gas sample was drawn to verify the hematocrit using the
IRMA blood gas analyzer. Also, a blood sample was drawn for plasma free hemoglobin
measurement, this value was considered the baseline. The results of the blood gas data are
located in Appendix A. The Hatteland Instrumentering CMD-20 Bubble Detector was also
set up per the User’s Manual with the counting interval set to 1 minute.

The pump speed (in RPMs) of the Bio-Medicus was initially set to a value that
allowed the system to be at equilibrium. This meant that the fluid level in each reservoir
remained constant. The circuit was inspected to verify that there was no air remaining on
connectors or tubing walls.

Using the random number table generated by Quattro Pro, the pressure values to be
used in the lab were assigned an order of application for each trial. The results of these
random assignments are located in Appendix B. Using this table, the first cardiotomy
pressure was applied to the circuit. Once the circuit flow was stabilized the pressure and
flow readings were taken as depicted in the circuit diagrams. The results for the dual-stage
cannulas are located in Appendix C and the results of the single-stage cannulas are located in
Appendix D. Next, the bubble detector was activated for the one-minute count interval. The
bubble counts for the dual-stage and the single-stage cannulas are located in Appendix E.

For each cannula, five trials were performed at each cardiotomy pressure. One

sample of blood was taken for plasma free hemoglobin measurement and another for a blood
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gas analysis after the completion of all five trials for any given cannula. At this point, the
blood flow was stopped temporarily while the next cannula was connected into the circuit.

The circuit was then restarted and the test procedure was repeated. This was done for each

cannula included in the study.
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Results

Tables 3 and 4 give the flows obtained from the model as predicted by Equations 36,

60, and 61 along with the corresponding average measured flow. Detailed data from the

model is available in Appendix F. The measured values of pressure and flow for each

cannula are located in Appendices C and D.

Cardiotomy 28/38 Fr. Dual-Stage Cannula 29/29 Fr. Dual-Stage Cannula
E;‘:IslsHug PrecEiLcl:/t:r:Snlilow Me:;zzzglglow Pre(ﬁi:/t;cilnlilow Mengfr:zglglow
[L/min] [L/min]

0 3.43 343+ 0.02 3.33 3.07 £ 0.03
-10 3.96 4.05% 0.11 3.62 3.61 £ 0.05
-20 4.44 4.53 + 0.08 4.05 4.08 + 0.03
-30 4.88 494+ 0.03 4.45 4.50 £ 0.06
-40 5.30 529+ 0.17 4.83 491 % 0.06
-50 5.69 570+ 0.02 5.18 531+ 0.03
-60 6.05 595+ 0.06 5.51 5.61% 0.03
-70 6.41 6.32+ 0.07 5.83 5.85+ 0.03
-80 6.74 6.58 £ 0.05 6.13 6.16 = 0.03

Table 3: Predicted and average measured flows for each dual-stage cannula. Average
measured flows reported as mean + standard deviation (n=5).
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24 Fr. Single-Stage 18 Fr. Single-Stage 12 Fr. Single-Stage
) Cannula Cannula Cannula
Cardiotomy
Pressure | predicted Average Predicted Average Predicted Average
Hg] Measured Measured Measured
[mmHg Flow Flow Flow
Lmin] | T°% | (min] | POV | [Lmin] | TV
[L/min] [L/min] [L/min]
0 3.22 3.08+0.03 2.37 2.22+0.01 0.58 0.67 £ 0.01
-10 3.69 3.55+0.05 2.73 2.60 £ 0.04 0.73 0.79 £ 0.01
-20 411 4.04 +0.05 3.06 2.96 +0.01 0.88 0.89 £ 0.01
-30 4.49 448 +0.04 3.26 3.30 £ 0.04 1.03 1.04 + 0.01
-40 4.85 489+ 0.04 3.52 3.67 £ 0.06 1.18 1.13+0.01
-50 5.19 5.30+0.02 3.77 3.94 +0.02 1.32 1.25+0.02
-60 5.52 5.64 +0.05 4.01 426+0.01 1.47 1.37 £ 0.01
-70 5.82 6.01 £ 0.08 4.24 4.50 + 0.06 1.61 1.46 + 0.01
-80 6.12 6.35+0.06 4.46 4.76 £ 0.02 1.75 1.57 £ 0.01

Table 4: Predicted and average measured flows for each single-stage cannula. Average
measured flows reported as mean + standard deviation (n=5).
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The graphs located in Figures 8 through 12 show the relationship between the

predicted flows and the average measured flows of Tables 3 and 4 along with the

corresponding error bars.

28/38 Fr. Predicted and Measured Flows vs.
Vacuum (n=5)

"

Flow [L/min]

N Wb OO N

o -10 -20 -30 -40 -50 -60 -70 -80
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—e— Predicted Flow [L/min] —s— Measured Flow [L/min]

Figure 8: Graph of the predicted and average measured flows at each
level of vacuum for the 28/38 Fr. dual-stage cannula

29/29 Fr. Predicted and Measured Flow vs.
Vacuum (n=5)
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Figure 9: Graph of the predicted and average measured flows at
each level of vacuum for the 29/29 Fr. dual-stage cannula.
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24 Fr. Predicted and Measured Flows vs.
Vacuum (n=5)
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Figure 10: Graph of the predicted and average measured flows at
each level of vacuum for the dual 24 Fr. single-stage cannulas.

18 Fr. Predicted and Measured Flows vs.
Vacuum (n=5)
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Figure 11: Graph of the predicted and average measured flows at
each level of vacuum for the dual 18 Fr. single-stage cannulas.
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12 Fr. Predicted and Measured Flows vs.
Vacuum (n=5)
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Figure 12: Graph of the predicted and average measured flows at
each level of vacuum for the dual 12 Fr. single-stage cannulas.
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Tables 5 and 6 give the predicted pressure drop values obtained from the

combinations of Equations 36 & 37, Equations 60 & 62, and Equations 61 & 62 along with

the average measured values for the pressure drop across each cannula.

28/38 Fr. Dual-Stage Cannula 29/29 Fr. Dual-Stage Cannula
Cardiotomy Averase A
Pressure Predicted verag Predicted verage
Measured Measured
[mmHg] Pressure Drop p Pressure Drop
[mmHg] ressure Drop [mmHg] Pressure Drop

[mmHg] [mmHg]

0 19 12+0.55 24 17 £0.55
-10 25 15+1.10 28 20+ 0.00
-20 31 17 +£2.51 35 24 +0.55
-30 37 22+ 0.55 42 28 £ 0.00
-40 43 22+ 586 49 32+0.45
-50 50 28 +0.55 57 36 +0.55
-60 56 30+ 0.84 64 40+ 1.64
-70 63 32+1.64 71 43 +0.84
-80 69 34+1.14 78 46 £ 0.55

Table S: Predicted and average measured pressure drop for each dual-stage cannula.
Average measured pressure drop reported as mean + standard deviation (n=5).
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24 Fr. Single-Stage 18 Fr. Single-Stage 12 Fr. Single-Stage
Cannula Cannula Cannula

Cardiotomy ; Average . Average . Average
Pressure I;redlcted Measured II”redlcted Measured I;redlcted Measured
[mmHg] TOSSUIE | pressure TOSSUTE | pressure TOSSUIE | pressure

Drop Drop Df(;I; Drop Drop Drop

H mm mmH

mmbg) | (0P | mmg] | ot | fmmHg]) | o oR
0 23 14 +0.55 30 21 £0.55 36 31+£0.55
-10 30 18 £ 0.84 39 27+ 0.84 45 38 +£0.55
-20 37 22+0.45 48 32+0.89 55 46 +0.45
-30 44 26+ 0.84 53 38+ 0.45 64 55+0.84
-40 51 29 +0.00 61 43 £ 0.55 74 62 £ 0.45
-50 58 34+0.45 70 50+0.84 83 70 £ 0.89
-60 65 38+£0.45 78 56 +0.45 93 78 £ 0.55
-70 72 41 £ 0.89 86 62+ 1.00 105 87+ 0.89
-80 79 45+ 0.84 94 68 +0.55 112 96 + 0.84

Table 6: Predicted and average measured pressure drop for each single-stage cannula.
Average measured pressure drop reported as mean =+ standard deviation (n=5).
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The graphs located in Figures 13 through 17 show the relationship between the
predicted and the average measured pressure drop across each cannula along with the

corresponding error bars.

28/38 Fr. Predicted and Measured Cannula
Pressure Drop vs. Vacuum (n=5)
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Figure 13: Graph of the predicted and average measured pressure
drop at each level of vacuum for the 28/38 Fr. dual-stage cannula.

29/29 Fr. Predicted and Measured Cannula
Pressure Drop vs. Vacuum (n=5)
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Figure 14: Graph of the predicted and average measured pressure
drop at each level of vacuum for the 29/29 Fr. dual-stage cannula.



24 Fr. Predicted and Measured Cannula
Pressure Drop vs. Vacuum(n=5)
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Figure 15: Graph of the predicted and average measured pressure
drop at each level of vacuum for the 24 Fr. single-stage cannula.

18 Fr. Predicted and Measured Cannula
Pressure Drop vs. Vacuum (n=5)
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Figure 16: Graph of the predicted and average measured pressure
drop at each level of vacuum for the 18 Fr. single-stage cannula.
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12 Fr. Predicted and Measured Cannula
Pressure Drop vs. Vacuum (n=5)
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Figure 17: Graph of the predicted and average measured pressure
drop at each level of vacuum for the 12 Fr. single-stage cannula.
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Tables 7 and 8 give the predicted cannula wall shear stress values using the cannula

pressure drop data of Tables 5 and 6 in combination with Equation 66 and the estimated

average wall shear stress values for each cannula.

28/38 Fr. Dual-Stage Cannula 29/29 Fr. Dual-Stage Cannula
Cardiotomy Average Average
Pressure Predicted Wall fverag Predicted Wall fverag
Estimated Wall Estimated Wall
[mmHg] Shear Stress Shear Stress
[dynes /cmz] Shear Stress [dynes /cm2] Shear Stress
Y [dynes/cm?] Y [dynes/cm?]
0 147 91 £4.31 179 123 +4.05
-10 194 120 + 8.63 210 148 £ 6.19
-20 243 137+ 19.77 261 180+ 12.15
-30 292 170+ 4.31 313 207 £ 4.05
-40 341 176 + 46.12 365 238 +3.31
-50 392 224 +4.31 418 269 + 0.00
-60 443 235+ 6.59 472 294 + 4.05
-70 494 250+ 12.94 526 317 +£0.00
-80 546 271 £ 8.98 580 337+4.05

Table 7: Predicted and average estimated values of wall shear stress for each dual-stage
cannula. Average estimated wall shear stress reported as mean + standard deviation (n=5).
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24 Fr. Single-Stage 18 Fr. Single-Stage 12 Fr. Single-Stage
Cannula Cannula Cannula
. Average . Average . Average
Cardiotomy | Predicted Estimafed Predicted Estimatged Predicted Estima%ed
Pressure Wall Wall Wall Wall Wall Wall
[mmHg] Shear Shear Shear Shear Shear Shear
Stress Stress Stress Stress SUESs Stress
[dynes/ [dynes/ [dynes/
2 [dynes/ 2 [dynes/ 2 [dynes/
om’] cm’] om’] cm2] om’] cmz]

0 136 91+3.19 132 123 £2.42 98 84 £1.50
-10 176 120 £ 4.88 171 148 + 3.69 124 104 £1.50
-20 216 137 £2.61 210 180 +3.94 150 125+1.22
-30 256 170 £ 4.88 234 207 £ 1.97 176 151 £2.29
-40 297 176 £ 0.00 271 238+2.42 202 170 £1.22
-50 338 224 +£2.61 307 269 + 3.69 228 191 £2.44
-60 379 235+2.61 343 294 + 1.97 254 213 £1.50
-70 420 250+£5.21 379 317 £ 4.41 280 2381+2.44
-80 461 271 £ 4.88 416 3371242 306 262 +£2.29

Table 8: Predicted and average estimated values of wall shear stress for each single-stage
cannula. Average estimated wall shear stress reported as mean + standard deviation (n=5).
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The graphs located in Figures 18 through 22 show the relationship between the
predicted and the average estimated value of wall shear stress across each cannula along with

the corresponding error bars.

28/38 Fr. Predicted and Estimated Wall Shear
Stress vs. Vacuum (n=5)
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Figure 18: Graph of the predicted and average estimated wall
shear stress values for the 28/38 Fr. dual-stage cannula.

29/29 Fr. Predicted and Estimated Wall Shear
Stress vs. Vacuum (n=5)
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Figure 19: Graph of the predicted and average estimated wall
shear stress values for the 29/29 Fr. dual-stage cannula.
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24 Fr. Predicted and Estimated Wall Shear
Stress vs. Vacuum (n=5)
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Figure 20: Graph of the predicted and average estimated wall
shear stress values for the 24 Fr. single-stage cannula.

18 Fr. Predicted and Estimated Wall Shear
Stress vs. Vacuum (n=5)
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Figure 21: Graph of the predicted and average estimated wall
shear stress values for the 18 Fr. single-stage cannula.
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12 Fr. Predicted and Estimated Wall Shear
Stress vs. Vacuum (n=5)
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Figure 22: Graph of the predicted and average estimated wall
shear stress values for the 12 Fr. single-stage cannula.
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Tables 9 through 13 give the average bubble counts for each size level and at each
level of vacuum. Level 1 denotes bubble sizes in the range of 0-10 microns, Level 2 denotes

bubble sizes between 10-20 microns, Level 3 denotes bubble sizes between 20-30 microns,

and Level 4 denotes bubbles sizes between 30-40 microns.

Cardiotomy Average Bubble Count
Pressure
[mmHg] Level 1 Level 2 Level 3 Level 4
0 23 +8.91 9+4.97 136 + 8.23 165 +£9.32
-10 19 £5.27 11+£0.45 128 +4.21 156 £ 5.13
-20 13+ 8.62 11 £ 0.55 128 £5.94 156 £ 6.91
-30 17 £7.05 11+0.45 129 +3.78 158 +4.51
-40 13£9.26 13 £5.37 127 +£5.89 156 £3.94
-50 9+9.07 11+045 132 £3.13 161 £4.27
-60 14£11.55 11 +£0.71 131 +£6.02 159+ 7.14
-70 22£0.71 11+£0.45 128 + 4.66 156 £ 5.70
-80 12£7.01 13+5.61 125+ 6.30 154 £9.04

Table 9: Average bubble counts at each level of vacuum for the 28/38 Fr. dual-stage
cannula. Bubble counts reported as mean * standard deviation (n=5).

Cardiotomy Average Bubble Count
Pressure
[mmHg] Level 1 Level 2 Level 3 Level 4
0 17 £ 8.50 10+ 045 124 +2.59 151 £2.59
-10 14 £ 6.48 13+5.27 125 £5.15 149 £ 7.09
-20 19 +5.32 11 £0.55 128 + 5.63 156 + 6.98
-30 9+6.98 10+ 0.84 122 £10.06 148 £11.97
-40 21+£1.23 10+ 0.84 123 + 6.30 150 £7.54
-50 14 +7.60 10 £ 0.00 121+ 1.00 147 £ 1.41
-60 19+5.50 10 +0.55 123 +£6.40 150 £ 8.01
-70 22+0.55 11 £0.55 126 +3.96 153 +£4.39
-80 19+£4.97 10 £0.55 125+ 5.26 153 £6.38

Table 10: Average bubble counts at each level of vacuum for the 29/29 Fr. dual-stage
cannula. Bubble counts reported as mean * standard deviation (n=5).
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Cardiotomy Average Bubble Count
Pressure
[mmHg] Level 1 Level 2 Level 3 Level 4
0 20+ 6.14 12 +1.30 147 +£4.77 179 £ 5.36
-10 18 +6.26 12 £0.55 146 £ 2.49 178 +£3.36
-20 17+ 1041 12 £ 0.55 145 £4.77 176 £ 5.36
-30 7+6.96 15+7.40 142 +2.05 175 £3.27
-40 10+£9.20 10 £1.79 146 + 14.50 175+ 12.14
-50 14+7.92 12+ 1.48 144 £ 5.64 175+ 4.97
-60 16 £ 8.61 12 £6.10 142 £7.13 172 £ 16.24
-70 17 +£7.68 10+ 1.64 145 £18.04 176 £ 15.53
-80 12 +£11.37 12 £6.31 141 +11.23 171 £ 6.42

Table 11: Average bubble counts at each level of vacuum for the 24 Fr. single-stage
cannula. Bubble counts reported as mean + standard deviation (n=5).

Cardiotomy Average Bubble Count
Pressure
[mmHg] Level 1 Level 2 Level 3 Level 4
0 10+ 5.74 13+0.58 155+5.12 186 £ 6.29
-10 12+11.80 12 £ 0.55 154 +£5.17 186 + 6.34
-20 13 +£8.37 13+1.30 158 +4.24 189 £ 8.77
-30 17+ 14.14 13+1.82 153+£9.99 185+ 12.27
-40 16 + 13.24 13 £0.89 159+ 7.99 199+ 11.63
-50 9+8.64 14+ 0.71 150+ 10.73 192 +11.42
-60 10+ 4.51 14+ 1.00 157 £2.39 195+£3.13
-70 13£11.37 14 £2.17 154+ 1.10 188 £ 7.30
-80 13+4.76 13+045 156 + 8.35 189 + 8.62

Table 12: Average bubble counts at each level of vacuum for the 18 Fr. single-stage
cannula. Bubble counts reported as mean + standard deviation (n=5).
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Cardiotomy Average Bubble Count

Pressure

[mmHg] Level 1 Level 2 Level 3 Level 4
0 10+ 10.31 13+0.55 158 £ 6.35 192 £7.50
-10 7+7.09 13+£0.55 159+4.16 190 £5.03
-20 19+ 11.11 141541 158 £9.13 192 £+ 11.19
-30 19+11.22 13+0.45 161 £ 10.41 194 £ 6.42
-40 13+ 10.29 12 +5.37 151 £2.30 176 +5.48
-50 19+10.83 14 £ 0.55 156 + 6.89 195 £ 8.11
-60 19+ 13.07 11+1.14 152+ 9.76 181+ 12.44
-70 24+11.73 14+5.50 144 + 8.08 186 £ 10.21
-80 15+12.34 14+0.84 151 +6.28 193 £ 8.04

Table 13: Average bubble counts at each level of vacuum for the 12 Fr. single-stage
cannula. Bubble counts reported as mean + standard deviation (n=5).

The graphs located in Figures 23 through 27 show the relationship between vacuum

and bubble counts at each size level for each cannula.

Average Bubble Counts vs. Vacuum
28/38 Fr. Dual-Stage Cannula
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Figure 23: Graph of the average bubble count per level versus the
amount of vacuum applied for the 28/38 Fr. dual-stage cannula.
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Average Bubble Counts vs. Vacuum
29/29 Fr. Dual-Stage Cannula
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Figure 24: Graph of the average bubble count per level versus the
amount of vacuum applied for the 29/29 Fr. dual-stage cannula.

Average Bubble Counts vs. Vacuum
24 Fr. Single-Stage Cannula
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Figure 25: Graph of the average bubble count per level versus the
amount of vacuum applied for the 24 Fr. single-stage cannula.
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Average Bubble Counts vs. Vacuum
18 Fr. Single-Stage Cannula
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Figure 26: Graph of the average bubble count per level versus the
amount of vacuum applied for the 18 Fr. single-stage cannula.
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Figure 27: Graph of the average bubble count per level versus the
amount of vacuum applied for the 12 Fr. single-stage cannula.
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As mentioned on page 9, due to the unique geometry of the cannula tips (inlets),
values of the inlet head loss constant, K;, for each cannula would need to be determined from
experimental data. These values could then be used in the model for the calculation of the
head loss due to the entrance into the cannula.

In order to determine the inlet head loss constant for each cannula, the measured
flows were entered into the model of Appendix F. The Solve for function of Quattro Pro was
then used to determine the inlet head loss constant for each level of vacuum assuming a right
atrial pressure, P, of zero. The average value of Ky, for each cannula was then used as the

constant in the model. Table 14 gives the average value of Ky, for each cannula.

Cannula Inlet Head Loss Constant, K.
28/38 Fr. Dual-Stage Cannula 5.96
29/29 Fr. Dual-Stage Cannula 4.36
24 Fr. Single-Stage Cannula 4.39
18 Fr. Single-Stage Cannula 1.33
12 Fr. Single-Stage Cannula 0.18

Table 14: Average value of the inlet head loss constant for each cannula.
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Analysis

To compare the predicted and measured flow values, linear regression was
performed on the combined data. The measured flows were the dependent variable and
the predicted flows were the independent variable. The resulting regression equation

(Equation 69) applies to all five cannulas tested over the range of vacuum specified.

measured flow = 0.00565 + (0.9977 * predicted flow) 69

Figure 28 shows the plot of all the measured flow values for each cannula versus the

predicted flow values along with the regression line of Equation 69.
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Figure 28: Graph of the measured versus predicted flows for all
cannulas tested along with the corresponding regression line,
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To verify the model’s ability to accurately predict flow rates, the slope (bold) of

Equation 69 was tested using the t-statistic equation shown in Equation 70 [38].

b-A 70

S

Where b is the slope being tested, Py is the slope value that b is being compared with, and
Sp is an estimate of the variance from the regression data. If the model results matched
the measured data exactly, the slope of the regression line would be 1.0 [35]. Therefore,
by substituting the slope of Equation 69 in for b and substituting 1.0 in for B, a t-statistic
was calculated. The value of the t-statistic comparing the slope of Equation 69 to 1.0 was
—0.722 (Appendix H). With a t-critical value of 1.645 for an alpha () of 0.05 and 224
degrees of freedom, it was concluded that the model is an exact predictor of flow over the
range of vacuum specified.

The next step was to perform a two-way ANOVA test to see if there was any
significant difference between the flows at each level of vacuum and between each
cannula. The ANOVA analysis showed a statistically significant difference between the
flows when compared to vacuum levels and between cannula (p = 0.00). The Bonferroni
t-test was then used to determine between which levels of vacuum was a significant
change in flow detected. The results showed that for each increased level of vacuum
applied (-10 mmHg increments) there was a statistically significant increase in flow

(p<0.05).
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The next set of data analyzed was the predicted and estimated values of cannula
wall shear stress. As was done in the comparison of predicted to measured flows, linear

regression was performed. The regression equation is shown in Equation 71.

estimated wall shear stress = 36.390 + (0.5569 * predicted wall shear stress) 71

Figure 29 shows the plot of all the estimated wall shear stress values for each cannula

versus the predicted values along with the regression line from Equation 71.
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Figure 29: Graph of the estimated versus predicted cannula wall
shear stress values for all cannulas tested along with the
corresponding regression line.

The slope of Equation 71 was compared to 1.0 using Equation 70. The t-statistic
was calculated to be -17.013 (Appendix H). Comparing this to a critical t-value of 1.645
with an alpha of 0.05 and 224 degrees of freedom, it was concluded that there was a

statistically significant difference between the predicted and measured values. Therefore,
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the model is not an exact predictor of cannula wall shear stress over the range of vacuum
tested.

If the model was not predictive of cannula wall shear stress, the slope of the
regression equation would be zero meaning no relationship between the estimated and
predicted values exists. Equation 70 was again used but with 3, set to zero to test this.
The calculated t-statistic was 21.38 (Appendix H). Comparing this to the critical t-value
equal to 1.645, it was concluded with a alph equal to 0.05 and 224 degrees of freedom,
that there was a statistically significant difference between the slope of the shear stress
regression line and zero. Therefore, it was concluded that the model is predictive of
cannula wall shear stress values over the range of vacuum specified.

Next, a two-way ANOVA test was performed to see if there was any significant
difference between the wall shear stress values at each level of vacuum and between each
cannula. The ANOVA analysis showed a statistically significant difference between the
wall shear stress values when compared to vacuum levels and between each cannula (p =
0.00). The Bonferroni t-test was then used to determine between which levels of vacuum
was a significant change detected. The results showed that for each level of vacuum
applied (-10 mmHg increments), there was a statistically significant increase in the
estimated wall shear stress for each cannula (p<0.05).

The last set of data to be analyzed was the bubble counts for each cannula at each
level of vacuum. Using a one-way ANOVA test it was shown that there were significant
differences in the bubble counts when compared to vacuum levels for the 28/38 Fr.
(p=0.05) and 29/29 Fr. (p=0.004) dual-stage cannulas as well as the 12 Fr. (p=0.02)

single-stage cannula. The Bonferroni t-Test showed that the increases in bubble counts
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did not correlate with the increased levels of vacuum. Therefore, it can be concluded that
increasing the level of vacuum applied to the cardiotomy over the range of 0 to —80
mmHg did not result in an increase in the number of gaseous microemboli detected.
Conclusions

From the statistical analysis performed on the data collected in the laboratory
investigation and that obtained from the model, it can be concluded that the model is an
exact predictor of flow over the range of vacuum specified. This was evidenced by the
calculated t-statistic that verified that the slope of Equation 69 was not significantly
different from 1.0.

The model was not an accurate predictor of wall shear stress for the cannulas and
vacuum pressures used in this work. This was evidenced by the calculated t-statistic that
showed the slope of Equation 71 was significantly different from 1.0. However, it was
shown that the model was predictive of the wall shear stress by the t-statistic that verified
the slope of Equation 71 was significantly different from 0.0.

A potential source for the discrepancy between the predicted and the measured
values could be the assumptions made in the development of the model. One possible
source of error is the assumption that Reynolds numbers of 2300 or greater represent
turbulent flow. In this model, Reynolds numbers greater than or equal to 2300 resulted in
the use of a different equation for the friction factor used in determining the frictional
head loss as shown in Equation 11. This equation accounts for the added resistance that
results from turbulent flow. The added resistance corresponds to an increased pressure
drop. In reality, the transition from laminar to turbulent flow is not easily predicted.

There are conditions where laminar flow will tend to stay laminar and turbulent flow will
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tend to stay turbulent, regardless of the Reynolds number. But, because the frictional
head loss calculation in this model depends strictly on the Reynolds number, the result
may be the overestimation of the pressure drop, and hence the estimated wall shear stress,
using Equation 66.

The analysis of the bubble count data indicates that cavitation was not an issue
with respect to vacuum assisted venous return. But, by performing power analysis (sce
Appendix G) on the bubble count data, it can be shown that there is a strong chance that
the conclusions drawn from the bubble count analysis are not accurate (strong probability
of a Type Il error). Therefore, the potential for cavitation with the use of VAVR should
not be ignored for several reasons. First, the data collected in this work had too low of a
power to make any reasonable determinations about the effect that VAVR can have on
cavitation. Second, there have been reports of increased amounts of micro-air detected in
the arterial line while using VAVR [4,32]. Third, as the amount of vacuum is increased,
the likelihood of pulling gas out of blood increases as shown by the Thoma coefficient
equation on page 24 (Equation 67).

In order to determine the effects of VAVR on cavitation, a study focused on this
phenomenon needs to be performed with more data collected. One particular point of
interest would be pump inlets, especially centrifugal pumps, which are known to generate
high levels of negative pressure. Focusing on the effect VAVR has on the pump inlet
pressure and the cavitation potential would be worthwhile.

Even though the model did not accurate predict wall shear stress values, both the
model and the lab results show that the use of VAVR significantly increases cannula wall

shear stress. This should be a major focus for follow-up studies. As mentioned on page
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2, numerous studies have shown the detrimental effects of shear stress on platelets,

complement, and red blood cells. The magnitude of the increase in wall shear stress

shown in this work warrants further investigation on this topic as it pertains to the use of

VAVR. The next logic step would be to collect data on platelet and activated
compliment levels (C3a and C5a in particular) from in vivo animal experiments.

The model proposed in this paper could be a useful tool for the perfusionist who
chooses to utilize the technique of VAVR. It can also be beneficial to other researchers

who are investigating the effects of vacuum assisted venous return.
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Appendix A:
Blood Gas Data
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Appendix B:
Random Number Tables



Trial #1 Trial #2 Trial #3 Trial #4 Trial #5
Random # | Pressure | Random # | Pressure | Random # | Pressure | Random # | Pressure | Random # Pressure

0.2982 0 0.9413 0 0.0625 0 0.1770 0 0.8268 o]

0.7151 -10 0.6362 -10 0.1072 -10 0.2441 -10 0.4993 -10

0.0330 -20 0.3522 -20 0.6649 -20 0.7203 -20 0.2969 -20

0.8744 -30 0.0257 -30 0.2895 -30 0.6106 -30 0.7047 -30

0.5342 -40 0.9734 -40 0.6781 -40 0.8295 -40 0.8220 -40

0.6316 -50 0.7572 -50 0.3441 -50 0.0446 -50 0.0567 -50

0.8910 -60 0.7081 -60 0.1727 -60 0.4264 -80 0.4544 -60

0.2575 -70 0.9116 -70 0.7230 -70 0.4462 -70 0.1884 -70

0.9316 -80 0.0164 -80 0.9401 -80 0.0079 -80 0.9486 -80

0.2772 -90 0.1098 -90 0.9605 -90 0.4266 -90 0.6438 -90

0.7158 -100 0.0163 -100 0.5459 -100 0.1863 -100 0.3759 -100

Trial # Order [Pressures in mmHg]

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th

1 -20 -70 -90 0 -40 -50 -10 -100 -30 -60 -80
2 -100 -80 -30 -80 -20 -10 -60 -50 -70 0 -40
3 0 -10 -60 -30 -50 -100 -20 -40 -70 -80 -90
4 -80 -50 0 -100 -10 -60 -90 -70 -30 -20 -40
5 -50 -70 -20 -100 -60 -10 -80 -30 -40 4] -80




Appendix C:
Measured Flow and Cannula Pressure Drop Data for the Dual-
Stage Cannulas



Flow [L/min]

Pc[mmHg] | o 10 | -20 | -30 | 40 | 50 | -60 | -70 | -80

3.45 | 425 | 466 | 490 | 5.00 | 568 | 5.86 | 6.43 | 6.49

Sams 28/38 '3.43 | 4.00 | 4.50 | 4.98 | 5.35 | 560 | 5.91 | 6.30 | 6.61
Stagy | 3:41 [ 397 [ 453 [ 407 [ 541 | 573 | 5.98 | 6.28 | 6.62
conos, | 344 | 4.02 | 447 | 4.92 | 540 | 5.70 | 5.97 | 6.32 | 6.59
3.41 | 4.01 | 4.48 | 493 | 520 | 569 | 601 | 6.26 | 6.58

3.06 | 3.59 | 4.06 | 452 | 486 | 534 | 558 | 583 [ 614

DFLF"D gf;f_g 3.05 | 3.65 | 410 | 456 | 4.94 | 530 | 5.59 | 5.88 | 618
Stagy | 3:05 [ 367 [ 412 [ 439 [ 6.01 | 5.34 | 5.64 | 5.7 | 615
o | 311 | 3.56 | 4.06 | 4.51 | 4.88 | 5.20 | 5.50 | 5.82 [ 6.14

3.06 | 3.57 | 4.04 | 450 | 487 | 528 | 565 | 5.83 | 6.20

Pressure Drop Across Cannula [mmHg]

Pc [mmHg] | o 10 | -20 | -30 40 | 50 | 60 | -70 | -80

12 17 | 13 21 12 28 29 29 34

Same28098 ™11 [ 15 [ 19 | 22 | 24 | 20 | 20 | 33 | 34
Stage | 12 | 15 [ 19 | 22 | 26 | 28 | 30 | 32 | %
Cornula |12 | 15 | 18 | 22 | 25 | 29 | 30 | 33 | 33
1 | 14 | 18 | 21 | 25 | 28 | 31 | 32 | 35

16 | 20 | 24 | 28 | 32 | 36 | 40 | 42 | 45

OLP29%29 ™17 [ 20 | 24 | 28 | 32 | 36 | 37 | 43 | 46
Stage | 17 | 20 | 25 | 28 | 33 | 37 | a1 | 43 | 46
Commita |16 | 20 | 25 | 28 | 32 | 36 | 40 | 42 | 45

17 20 24 28 32 37 41 44 46




Appendix D:
Measured Flow and Cannula Pressure Drop Data for the Single-
Stage Cannulas



Flow [L/min]

Pc [mmHg] | o -10 -20 | -30 -40 50 | -60 -70 | -80

DLP 12Fr. | 0.66 | 0.78 | 0.88 | 1.04 | 1.13 | 1.24 | 1.37 | 1.48 | 1.57

Single- 067 | 078 | 09 | 105 | 113 [ 128 | 1.37 | 1.45 | 1.58

Stage 067 [ 079 | 09 | 102 | 114 [ 124 | 1.36 | 1.46 | 1.56

Venous 066 | 0.79 | 0.89 | 1.03 | 114 [ 1.26 | 1.37 | 1.47 | 1.58

Cannula 067 | 079 | 09 | 105|113 [ 125 [ 1.36 | 1.46 | 1.57

DLP18Fr. | 221 | 2.58 | 296 | 3.32 | 3.74 | 3.93 | 428 | 4.46 | 4.74

Single- 221 | 257 | 295 | 3.24 | 361 | 3.96 | 4.26 | 460 | 4.76

Stage 224 | 265 | 297 | 3.32 | 3.65 | 3.92 | 425 | 447 | 4.79

Venous 222 | 263 | 295 | 328 | 362 | 3.95 | 425 | 449 | 475

Cannula 223 | 258 | 297 | 333 | 3.71 | 3.94 | 425 | 450 | 4.78

DLP24 Fr. | 3.03 | 357 | 405 | 451 [ 493 | 526 | 568 | 597 | 6.40

Single- 3.11 | 3.54 | 404 | 445 | 484 | 532 | 556 | 6.10 | 6.43

Stage 3.10 | 361 | 403 | 453 | 486 | 530 | 570 | 6.01 | 6.31

Venous 3.09 | 3.53 | 405 | 447 | 487 [ 5.31 | 565 | 6.07 | 6.33

Cannula 3.05 | 348 | 405 | 444 | 494 | 531 [ 563 | 589 | 6.28

Pressure Drop Across Cannula [mmHg]

Pc [mmHg] | o 10 | -20 | -30 | 40 | -50 -60 | -70 | -80

31 37 45 53 61 68 76 86 94

30 37 45 55 61 70 77 84 95

30 38 45 53 61 68 77 86 93

PLEI2FN 731 [ 38 | a4 | 54 | o1 | 69 | 76 | 86 | 93
Stage | 31 | 37 | 45 [ 54 | 60 | 68 | 76 | 85 | o4
Verons |32 | 38 | 47 | 56 | 63 | 70 | 81 | 90 | 98
Cannula |30 | 39 | 46 | 57 | 64 | 73 | 81 | 87 | 100

31 40 46 56 64 71 77 90 94

31 39 47 57 63 71 79 89 99

30 39 47 57 64 72 80 88 98

22 26 30 37 43 49 55 60 66

21 25 32 37 42 50 55 62 66

21 27 32 37 43 48 55 60 67

DLP A8 Fr. 1126 | 31 | 36 | 43 | 50 | 55 | 62 | ¢

Single- o1 127 | 32 | 37 | 42 | 49 | 54 [ 81 | &

\2§fﬁ; 22 | 27 | 32 | 39 | 45 | 51 | 58 | 63 | 69

Cannula |21 | 26 | 33 | 38 | 44 | 50 | 58 | 65 | 69

21 | 28 | 32 | 38 | 44 | 50 | 57 | 63 | 70

21 | 26 | 33 | 39 | 44 | 51 | 57 | 64 | 70

21 | 28 | 33 | 38 | 44 | 50 | 58 | 64 | 70

14 | 17 | 21 | 26 | 29 | 32 | 37 | 39 | 45

15 | 18 | 22 | 24 | 29 | 33 | 36 | 41 | 44

DLp24F, |14 | 19 [ 22 | 26 | 29 | 33 | 37 | 41 [ 43

15 18 22 25 29 33 37 41 44

Single- 5T 97 [ 22 | 25 | 20 | 33 | 37 | 40 | 43

Vsetr?g:s 14 18 21 26 30 34 39 40 | 47
Cannula 14 18 22 25 30 34 37 43 46

14 19 21 26 30 35 39 42 45

14 18 22 26 30 34 38 43 46

14 17 22 26 29 34 38 39 46




Appendix E:
Measured Bubble Counts for the Dual-Stage and Single-Stage
Cannulas



28/38 Fr. Dual-Stage Cannula:

Pc=0 |Pc=-T0[Pc=-20]Pc=-30 [Pc=-40 [Pc=-50 | Pc=-60 | Pc=-70 | Pc = -8

24 21 11 22 1 11 21 22 14

23 22 23 23 22 1 0 22 10

Level 1 35 22 21 22 23 10 23 23 14
10 10 10 10 10 23 22 21 20

21 22 2 9 10 1 2 22 1

12 10 11 11 11 12 10 11 10

11 11 11 11 11 11 12 11 11

Level 2 0 11 10 11 11 11 11 11 23
11 11 11 11 11 11 11 10 10

10 11 10 10 23 11 11 11 11
141 121 136 132 130 137 125 129 123
133 131 132 133 128 131 138 128 130
Level 3 147 131 123 131 132 129 134 134 125
132 128 129 127 129 134 131 121 116
126 130 122 124 117 131 125 127 132
172 148 165 160 150 167 152 157 149
162 160 161 162 156 159 168 156 158
Level 4 176 160 150 160 161 156 164 164 163
160 155 157 155 157 163 159 148 141
153 159 149 151 156 159 152 155 160

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

Level 5 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

29129 Fr. Dual-Stage Cannula:
Pc=0 [Pc=-T0[Pc=-20[Pc=-30[Pc=-40 [Pc=-50 | Pc=-60 | Pc=-70 | Pc =80

21 10 23 10 22 9 21 22 10

2 22 22 1 22 21 9 21 21

Level 1 21 10 10 6 21 3 23 21 20
21 8 21 9 21 15 20 22 22

21 20 21 20 19 20 20 22 21

10 11 11 11 11 10 10 11 11

11 22 11 11 11 10 11 10 10

Level 2 10 10 11 9 10 10 11 10 10
10 10 10 10 10 10 10 11 11

10 10 10 10 9 10 10 11 10
121 129 136 127 130 122 122 131 132
126 130 130 132 126 122 126 125 125
Level 3 125 127 129 106 122 121 132 120 118
126 119 12 125 123 120 120 126 128
121 120 121 118 113 120 115 127 123

148 157 166 154 158 148 148 159 161
153 157 158 160 154 149 154 152 153
Level 4 152 142 157 129 148 146 161 147 144
153 145 153 152 150 146 146 154 156
148 146 147 144 138 146 140 155 150

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

Level 5 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0




24 Fr. Single-Stage Cannula:

Pc=0 [Pc=-10[Pc=-20Pc=-30[Pc=-40 | Pc=-50 | Pc=-b0 | Pc=-70 | Pc=.
25 12 22 0 0 24 25 0 0
24 25 10 0 1 12 26 24 0
Level 1 25 26 25 10 13 0 25 10 23
26 14 27 26 13 26 1 27 10
2 12 1 1 25 9 2 25 26
12 12 12 24 12 12 12 11 12
12 12 11 12 12 12 13 12 11
Level 2 12 13 12 12 12 12 12 0 11
13 13 13 13 12 13 12 13 12
13 12 12 12 0 13 10 12 13
143 141 147 124 149 140 144 134 138
138 148 130 141 146 139 151 141 135
Level 3 147 150 144 145 148 138 144 145 137
151 150 155 150 146 151 144 156 145
154 143 147 148 143 152 125 147 150
175 172 178 166 166 171 175 162 167
168 181 158 172 178 169 184 172 164
Level 4 179 183 175 176 180 168 176 176 166
184 182 189 182 177 184 175 190 176
187 174 178 180 174 184 151 179 183
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
Level 5 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
18 Fr. Single-Stage Cannula:
Pc=0 [Pc=-T0[Pc=-20]Pc=-30 [Pc=-40 [ Pc=-50 | Pc=-60 | Pc =-70 | Pc =-80
7 26 20 36 13 2 15 2 14
2 1 3 2 3 2 13 26 9
Level 1 15 26 4 4 29 7 8 27 16
13 4 16 8 26 23 4 8 13
14 2 20 36 7 13 9 4 15
14 13 13 11 12 13 13 13 13
13 12 14 13 14 13 13 13 13
Level 2 13 13 14 14 14 14 14 13 14
14 12 12 16 14 13 15 18 13
13 11 14 13 12 15 14 13 11
161 151 156 135 148 150 157 151 150
152 146 160 154 160 150 158 153 151
Level 3 158 155 165 161 170 162 160 163 162
150 160 154 151 157 134 161 153 170
152 160 157 162 158 1565 151 161 148
196 183 189 163 181 182 191 183 182
184 177 194 187 194 182 190 187 183
Level 4 192 188 201 196 208 197 194 187 198
183 191 177 187 208 203 198 188 201
177 189 182 191 206 194 202 193 181
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
Level 5 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0




12 Fr. Single-Stage Cannula:

Pc=0 [Pc=-10]Pc=-20Pc=-30 [Pc=-40 | Pc=-50 | Pc=-80 | Pc=-70 | Pe = -80

3 3 28 31 26 26 26 33 3

15 15 15 15 1 16 21 27 8

Level 1 4 3 28 19 14 7 27 15 14
15 1 3 14 16 19 7 28 33

14 12 19 16 9 26 13 17 15

13 13 14 14 13 13 13 13 13

14 13 13 1 11 14 13 13 13

Level 2 14 13 14 14 13 14 13 13 25
11 14 13 21 9 12 0 16 8

14 14 14 16 13 16 15 16 13
161 158 161 163 150 153 154 156 159
158 159 158 159 127 162 154 158 159
Level 3 163 155 163 163 151 163 158 156 139
155 161 155 160 162 151 140 121 138
151 161 151 159 163 153 156 127 159
196 192 196 197 183 186 188 189 193
192 194 192 193 155 197 187 193 193
Level 4 199 189 199 198 184 198 192 189 183
187 187 187 190 182 196 162 159 194

187 186 187 193 176 197 184 199 201

0 12 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

Level 5 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0




Appendix F:
Predicted Data from the Model for Each Cannula
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Appendix G:
Statistical Powers for the Analysis of the Bubble Count Data of
Each Cannula



Cannula Statistical Power
28/38 Fr. Dual-Stage Cannula 0.44
29/29 Fr. Dual-Stage Cannula 0.79
24 Fr. Single-Stage Cannula 0.61
18 Fr. Single-Stage Cannula 0.08
12 Fr. Single-Stage Cannula 0.06




Appendix H:
t-Statistic Calculation for the Comparison of the Model and
Measured Data



Cannula Vacuum
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Measured Flow squared values Predicted Flow Estimated Wall Shear Stress squared values Predicted Wall Shear Stress

3.45
3.43
3.41
3.44
3.4
4.25
4
3.97
4.02
4.01
4.66
45
4.53

11.9025
11.7649
11.6281
11.8336
11.6281
18.0625
16
15.7609
16.1604
16.0801
21.7156
20.25
20.5209
19.9809
20.0704
24.01
24.8004
247009
24,2064
24.3049
25
28.6225
29.2681
29.16
27.9841
32.2624
32.3761
32.8329
32.49
32.3761
34.3396
34.9281
35.7604
35.6409
36.1201
41.3449
39.69
39.4384
39.9424
39.1876
42.1201
43.6921
43.8244
43.4281
43.2964
9.3636
9.3025
9.3025
9.6721
9.3636
12.8881
13.3225
13.4689
12,6736
12.7449
16.4836
16.81
16.9744
16.4836
16.3216
20.4304
20.7936
18.2721
20.3401
20.25
23.6196
24,4036
25.1001
23.8144
23.7169
28.5156
28.09
28.5156
27.9841
27.8784

3.48
3.48
3.48
3.48
3.48
4.02
4.02
4.02
4.02
4.02
4.49
4.49
4.49
4.49
4.49
492
4.92

492
492
5.31
5.31
5.31
5.31
5.31
5.67
5.67
5.67
5.67
5.67

6.31
6.31
6.31
6.31
6.59
6.59
6.59
6.59
6.59
3.21
32
3.21
a2
3.21
3.56
3.56
3.56
3.56

4.01
4.01
4.01
401
4.01
4.44
4.44
4.44
4.44
4.44
4.84
484

484
4.84
5.22

6.22
5.22
5.22

94.5
86.62
94.5
945
86.62
133.87
118.12
118.12
118.12
110.25
102.37
149.62
149.62
141.74
141.74
165.37
173.24
173.24
173.24
1656.37
945
188.99
204.74
196.87
196.87
220.49
228.37
220.49
228.37
220.49
228.37
228.37
236.24
236.24
24412
22837
258.87
251.99
259.87
251.99
267.74
267.74
283.49
259.87
275.62
118.33
125.72
126.72
118.33
125.72
147.91
147.91
147.91
147.91
147.91
177.48
177.49
184.88
184.88
177.49
207.07
207.07
207.07
207.07
207.07
236.65
236.65
244.05
236.65
236.65
266.23
266.23
273.63
266.23
273.63

8830.25
7503.0244
8930.25
8930.25
7503.0244
17921.1769
13952.3344
13962.3344
13852.3344
12155.0625
10479.6169
22386.1444
22386.1444
20090.2276
20090.2276
27347.2369
30012.0976
30012.0976
30012.0976
27347.2369
8930.25
35717.2201
41918.4676
38757.7969
38757.7969
48615.8401
52152.8569
48615.8401
52152.8569
48615.8401
52152.8568
52152.8569
55809.3376
55809.3376
59584.5744
52152.8569
67532.4169
63498.9601
676532.4169
63498.9601
71684.7076
71684.7076
80366.5801
67532.4169
75966.3844
14001.9889
15805.5184
15805.5184
14001.9889
15805.5184
21877.3681
21877.3681
21877.3681
21877.3681
21877.3681
31502.7001
31502.7001
34180.6144
34180.6144
31502.7001
42877.9849
42877.9849
42877.9849
42877.9849
42877.9849
56003.2225
56003.2225
59560.4025
56003.2225
56003.2225
70878.4129
70878.4129
74873.3769
70878.4129
74873.3769

122.26
122.26
12226
122.26
122.26
166.92
165.92
165.92
165.92
165.92
211.79
211.79
211.79
211.79
211.79
259.55
259.55
259.55
259.55
259.55
308.97
308.97
308.97
308.97
308.97
359.88
359.88
359.88
359.88
359.88
412.13
41213
41213
412.13
41213

465.6

465.6

465.6

465.6

465.6
520.21
520.21
520.21
520.21
520.21
155.26
155.26
155.26
155.26
155.26
187.19
187.19
187.18
187.19
187.19
233.96
233.96
233.96
233.96
233.96
281.36
281.36
281.36
281.36
281.36
329.22
329.22
329.22
329.22
320.22
377.42
377.42
377.42
377.42
377.42
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31.1364
31.2481
31.8096
31.2481
31.9225
33.9889
34.5744
34.4569
33.8724
33.9889
37.6996
38.1924
37.8225
37.6996
38.44
0.4356
0.4489
0.4489
0.4356
0.4489
0.6084
0.6084
0.6241
0.6241
0.6241
0.7744
0.81
0.81
0.7921
0.81
1.0816
1.1025
1.0404
1.0609
1.1025
1.2769
1.2769
1.2996
1.2996
1.2769
1.5376
1.6384
1.5376
1.5876
1.5625
1.8769
1.8769
1.8496
1.8769
1.8496
2.1804
2.1025
2.1316
21609
21316
2.4649
2.4964
2.4336
2.4964
2.4649
4.8841
4.8841
5.0176
4.9284
49729
6.6564
6.6049
7.0225
6.9169
6.6564
8.7616
8.7025
8.8209
8.7025
8.8209
11.0224
10.4976

205.81
273.63
303.21
285.81
303.21
310.6
318
318
310.6
325.39
332.79
340.19
340.19
332.79
340.19
86.04
81.94
83.31
84.67
83.31
102.43
103.79
106.52
105.16
103.79
125.64
12428
124.28
124.28
125.64
148.86
152.96
148.86
151.59
151.59
169.34
170.71
170.71
169.34
169.34
188.46
195.29
189.83
191.19
191.18
214.41
215.78
210.31
211.68
213.05
240.36
233.53
240.36
238.99
236.26
262.21
266.31
255.38
262.21
262.21
97.03
92.62
92.62
94.82
92.62
116.87
112.46
121.28
114.67
121.28
136.72
143.34
141.13
141.13
143.34
167.59
165.39

87503.5561
74873.3769
91936.3041
87503.5561
91936.3041
96472.36
101124
101124
96472.36
105878.6521
110749.1841
115729.2361
115729.2361
110749.1841
115729.2361
7402.8816
6714.1636
6940.5561
7169.0089
6940.5561
10491.9049
10772.3641
11346.5104
11058.6256
10772.3641
15785.4096
15445.5184
15445.5184
15445.5184
15785.4096
22159.2996
23396.7616
22159.2996
22979.5281
22979.5281
28676.0356
28141.9041
29141.9041
28676.0356
28676.0356
35517.1716
38138.1841
36035.4289
36553.6161
36553.6161
45971.6481
46561.0084
44230.2961
44808.4224
45390.3025
57772.9296
54536.2608
57772.9296
57116.2201
55818.7876
68754.0841
70821.0161
65218.9444
68754.0841
68754.0841
9414.8209
8578.4644
8578.4644
8990.8324
8578.4644
13658.5969
12647.2516
14708.8384
13149.2089
14708.8384
18692.3584
20546.3556
18917.6769
19917.6769
20546.3556
28086.4081
27353.8521

425.86
425.86
425.86
425.86
425.86
474.49
474.49
474.49
474.49
474.49
523.23
523.23
523.23
523.23
523.23

96.49

96.49

96.49

96.49

96.49
12211
122.11
12211
12211
122.11
147.84
147.84
147.84
147.84
147.84
173.78
173.78
173.78
173.78
17378
199.96
198.96
199.96
199.96
199.96
226.37
226.37
226.37
226.37
226.37
252.96
252.96
252.96
252.96
252.96
279.71
279.71
279.71
279.71
279.71
306.56
306.56
306.56
306.56
306.56
127.03
127.03
127.03
127.03
127.03
167.73
167.73
167.73
167.73
167.73
205.37
205.37
205.37
205.37
205.37
231.1¢
231.18
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6.28
Sum 877.93
Sum”2/n 3425.604822
Difference 673.1050782

11.0224
10.7584
11.0889
13.8876
13.0321
13.3225
13.1044
13.7641
15.4449
15.6816
15.3664
15.6025
15.5236
18.3184
18.1476
18.0625
18.0625
18.0625
19.8916
21.16
19.9809
20.1601
20.25
22.4676
22,6576
22.9441
22.5625
22.8484
9.1809
9.6721
9.61
9.5481
9.3025
12.7449
12.53186
13.0321
12.4609
121104
16.4025
16.3216
16.2409
16.4025
16.4025
20.3401
19.8025
20.5209
19.8809
19.7136
24.3049
23.4256
23.6196
23.7169
24.4036
27.6676
28.3024
28.09
28.1961
28.1961
32.2624
30.9136
32.49
31.9225
31.6969
35.6409
37.21
36.1201
36.8449
34.6921
40.96
41.3449
39.8161
40.0689
39.4384
4098.7099

3.21 165.39
321 165.39
3.21 165.39
3.54 194.05
3.54 189.64
3.54 191.85
3.54 191.85
3.54 189.64
3.88 220.52
3.88 220.52
3.88 216.11
3.88 222.72
3.88 218.31
4.23 24818
4.23 249.18
4.23 246.98
4.23 246.98
4.23 246.98
458 271.24
4.58 280.08
4.58 271.24
458 277.85
4.58 275.65
4.96 297.7
4.96 297.7
4.96 302.11
4,96 299.9
4.96 302.11
31 81.61
3.1 84.52
31 81.61
31 84.62
3.1 84.52
3.58 102.01
3.58 104.92
3.68 110.75
3.58 104.92
3.58 99.09
4.02 122.41
4.02 128.24
4.02 125.32
4.02 128.24
4.02 128.24
4.45 151.55
4.45 142.81
4.45 151.55
4.45 148.64
4.45 148.64
4.86 171.96
4.886 171.96
4.86 171.96
4,86 171.96
4.86 169.04
5.26 192.36
5.26 195.27
5.26 198.19
5.26 195.27
5.26 195.27
5.65 2215
5.65 212.76
5.65 2215
5.65 218.59
565 218.59
6.03 230,25
6.03 244 82
6.03 2419
6.03 244,82
6.03 230.25
6.41 268.13
6.41 262.31
6.41 256.48
6.41 262.31
6.41 259.39
Sum 43128.29
Sum*2/n 8266886.215
Difference 1023926.104

27353.8521
27353.8521
27353.8521
37655.4025
35963.3296
36806.4225
36806.4225
35963.3296
48629.0704
48629.0704
46703.5321
49604.1984
47659.2561
62090.6724
62090.6724
60899.1204
60999.1204
60999.1204
73571.1376
78433.6036
73571.1376
77200.6225
75982.9225
88625.29
88625.29
91270.4521
89940.01
91270.4521
6660.1921
7143.6304
6660.1921
7143.6304
7143.6304
10406.0401
11008.2064
12266.5625
11008.2064
9818.8281
14984.2081
16445.4976
15705.1024
16445.4976
16445.4976
22967.4025
20394.6961
22967.4025
22093.8496
22093.8496
29570.2416
29570.2416
28570.2416
29570.2416
28574.5216
37002.3696
38130.3729
39279.2761
38130.3729
38130.3729
49062.25
45266.8176
49062.25
47781.5881
47781.5881
53015.0625
$9836.8324
58515.61
59936.8324
53015.0625
71893.6969
68806.5361
65781.9904
68806.5361
67283.1721
9290812.318

23119
231.19
231.19
264.56
264.56
264.56
264.56
264.56
297.18
297.18
297.18
297.18
297.18
328.88
328.88
328.88
328.88
32888
359.49
359.49
358.49
359.49
359.49
388.78
388.78
388.78
388.78
388.78
135.08
135.08
135.08
135.08
135.08
173.24
173.24
173.24
173.24
173.24

211.2

211.2

211.2

211.2

211.2
248 82
248.82
248.82
248.82
248.82
28599
285.99
285.99
285.99
285.99
322.61
322.61
322.61
322.61
322.81

358.6

358.6

358.6

358.6

358.6
393.87
393.87
393.87
393.87
393.87
428.33
428.33
428.33
428.33
428.33



sb2 9.86012E-06
sb 0.003140083

t (slope=1) -0.721964335
t (slope=0}  317.7409174

t crit (95%) 1.645
Resuits

t (slope=1) non-sig diff in slopes

t (slope=0) sig. Diff. In slopes

sb2
sb

t (slope=1)
t (slope=0)

t crit (95%)
Results

t (slope=1)
t (slope=0)

0.000678281
0.026043829

-17.01329569
21.38351549

1.645

sig. Diff. In slopes
sig. Diff. In slopes



Regression analysis on measured vs. predicted flow:

SUMMARY QUTPUT

Regression Statistics
Muitiple R 0.998899991
R Square 0.997801192
Adjusted R Square 0.997791332
Standard Error 0.081467167
Observations 225
ANOVA
of SS MS F Significance F

Regression 1 671.6250497 671.6 101196 2.408E-298
Residual 223 1.480028535 0.007
Total 224 673.1050782

Coefficients _Standard Error _tStat_P-value  Lower 95%  Upper 95%  Lower 95% Upper 95%
Intercept 0.005652997 0.013398209 0.422 0.6735 -0.020750275 0.0320563 -0.02075027 0.032056269
Predicted Flow 0.997732972  0.003136415 318.1 2E-298 0.991552175 1.0039138 0.991552175 1.003913769
Rearession analysis on measured vs. predicted wall shear stress:
SUMMARY OUTPUT

Regression Statistics
Multiple R 0.921272666
R Square 0.848743326
Adjusted R Square 0.848065045
Standard Error 26.35355143
QObservations 225
ANOVA
df SS MS F Significance F

Regression 1 869050.4471 9E+05 1251.3 1.99867E-93
Residual 223 154875.657 694.5
Total 224  1023926.104

Coefficients _Standard Error _t Stat P-value  Lower 95%  Upper 95% Lower 95.0% Upper 95.0%
Intercept 36.39004023 4.728502018 7.696 5E-13 27.07178586 45.708295 27.07178586 45.7082946
Predicted Wall Shear Stress  0.556908629 0.015743475 35.37 2E-93 0.525883644 0.5879336 0.525883644 0.587933615
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