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CHAPTER 1
INTRODUCTION

1.1 Basic Concept of AVM
The cerebral arteriovenous malformation (AVM) system or
fistula, in its general form, is a network with large
caliber vessels that yields an alternate pathway for blood
flow between arteries and veins. It consists of a feeding
artery, AVM core, draining vein and capillary bed which is
juxtaposed in parallel with the AVM as shown in

figure.1.1, [1] [7]
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Figure.l.l Physiologic Representation of AVM System



where the feeding artery supplies blood to both capillary
bed and AVM core, and then converges into a draining vein.
We know that normal blood circulation begins at the feeding
artery, through the capillary bed, to the draining vein,
whereas in AVM patients, there are some additional vessels
existing between the feeding artery and the draining vein.
Also, because of their large <caliber compared to the
capillary bed, AVMs usually have a lower intravascular
resistance. This produces high-flow and low-pressure
characteristics, and shunts most of the flow from the
physiological capillary beds. Thus this nonnutritional
pathway actually "steals" the blood away from capillary beds
and reduces the blood supply to normal brain tissue adjacent
to the AVM core. As a result, varying degrees of cerebral
ischemia and central nervous system dysfunction occur. To
treat these cases, neurosurgical and interventional
radiological techniques are used to surgically resect and
gradually embolize the AVM core so that the normal capillary
bloocd flow would be restored. Unfortunately, several
patients who underwent this procedure suffered from variable
degrees of Dbrain swelling and hemorrhage after AVM
occlusion[2] [3]. The precise mechanisms for this swelling
are still poorly understood, though a variety of research
is currently underway. One hypothesis[3] suggests that
decreased perfusion in the surrounding normal brain sharing
the same circulation leads - to a state of vasomotor paresis,

that is , autoregulation mechanism failure, and that , after



AVM resection, blood from the AVM wvascular bed is routed
into previously underperfused vasculature which is unable to
autoregulate effectively. This causes the capillary bed to

be acutely overlcaded and may lead to edema or hemorrhage.

1.2 AVM Modeling Consideration
In order to better understand this abnormal result, Blesser
et al developed a simplified computer model to simulate the
hemodynamic response of the cerebral circulation to AVM
embolization[1] . Their model has been used to qualitatively
simulate some of the observed alterations in pressure and
flow resulting from AVM occlusion. In a recent study, it was
found that the hemodynamic response of AVM occlusion varies
in individuals[1] [2] and may be affected by many factors[8]
such as cerebral autoregulation function and sympathetic
nervous system function. Thus, a hemodynamic response
analysis incorporating these different factors following AVM
occlusion will be helpful to discover the reasons behind
the aforementioned problems. In this paper we investigate
three possible factors which are (1) different degrees of
autoregulation mechanism .failure (2) sympathetic nervous
system dysfunction and (3} patients having increased

intracranial pressure.



CHAPTER 2
MODELING BACKGROUND

2.1 Original Model Construction
It was found in a recent study that about 18% of AVM
patients will develop hyperemia and subsequent hemorrhage
which is the major cause of postoperative morbidity and
mortality(1][2], The precise mechanisms are poorly
understood, although a shunting of blood through a
nonnutritional pathway with associated hypoperfusion of
adjacent tissue is likely. In general, AVMs have an
intravascular resistance to flow lower than that of the
surrounding brain vasculature[l][é], resulting in a high
flow/low resistance system. This may 1lead to decreased
perfusion to the surrounding normal brain tissue sharing the
same circulation. The high nonnutritive flows into the AVM
are thought to create a "steal" phenomenon. Several lines
of evidence have implicated the significant preoperative
steal as an important pathophysiological event[6]. With
removal of the AVM, this "steal" is reversed, and marginally
perfused tissue receives a proportionally greater flow. If
the adjacent areas have been chronically ischemic, they may
have lost the ability to autoregulate{l][2]. If this is the
case, removal of the AVM will result in high flows into
these areas of brain with diminished or absent

autoregulation and subsequent hyperperfusion injury, i.e.,



cerebral swelling or intracerebral hemorrhage. In order to
better understand the effect of progressive AVM occlusion on
cerebrovascular pressure and flow, Blesser et al have
developed a simplified model of the AVM configuratioﬁ which
was simulated on a 486-based personal computer using the
VisSim (Visual solutions 1Inc.,Westford, MA) graphical
modeling program[Appendix]. To simplify the simulation
procedure in their model, the AVM system (figure 1.1) was
simplified and rearranged as shown in figure 2.1, where two
feeding arteries are considered as one and some very small

shunts from the capillary bed to the AVM core are neglected.
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Figure 2.1 Rearranged Representation of AVM System
Based on this simplified diagram, a mechanical equivalent
circuit is derived as shown in figure 2.2, where each branch
can be modeled with a 'tube' and an elastic ‘'ball’
representing the compliance of the vessel. The feeding

artery supplies the blood to both capillary bed and fistula-



like AVM branch and both empty into a draining vein.
Electrically, each branch can be represented by two separate
lumped proximal and distal resistors and a capacitor
representing the compliance of the vessel. The ele'ctrical

analog circuit of the total system can be
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Figure 2.2 The Mechanical Equivalent of AVM System
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Figure 2.3 Electrical Equivalent of AVM System



represented by figure 2.3. Subscripts in the figures denote
the following: a = feeding artery, £ = fistula, c =
capillary bed, v = draining vein, b, m, e = the beginning,
middle and end of the aforementioned vessel éegment
respectively. All resistors are considered to be nonlinear
and pressure dependent, satisfying the Hagen-Poiseulle’s
equation, where blood flow(Q) is directly related to the
pressure difference(AP) and the fourth power of radius(r),
and is inversely related to the length of vessel¢L) and

viscosity (7). The equation is expressed as

APnr*
Q= (2.1)
87l
. AP 87l .
Note that the resistance of the vessel R=—=—F is a
r

function of the vessel radius which is assumed pressure
dependent. A set of equations can be derived from the
electric circuit (figure 2.3). We can begin from a typical
branch which is represented by figure 2.4.
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Figure 2.4 Electrical and Mechanical
Representation of a Typical Branch




Kirchoff’s Current Law at the central node produces:

(PBX’PW)GXBM=CXPW +(Pux = Bex )G o (2.2)

OF  PuGu +PexGam = CxPis + Pog (Goage +Cixgr) (2.3)

where a general conductance

4

8Ln

Gxyz = (2.4)

and r = tube radius, L = tube length, 7 = blood viscosity.
Therefore, the conductance Gxyz is a function of the tube
radius (r) which is further a function of the transmural
pressure Ptrx, which is defined as the pressure difference
between vessel internal and external pressure, and is
expressed mathematically as,
G =X (r) = K [f(Ptrx)] (2.5)

From the mechanical representation shown in figure 2.4

Pbx+ P,
Pare= (2 P (2.6)

If the ambient pressure(approximated as Pext) is neglected,
then the transmural pressure would only be a function of the

average internal pressure Pav,

_ Pbx+ Pmx _
2

that is Ptrx Pav (2.7)

The simulation block diagram for the typical branch can be

developed from equations(2.3)to(2.7)and is shown in figure



2.5. In the figure, F;; is the known input source, and the
left side from A to B represents equation(2.3), where Gg,,
is the sum of G,, and G,,. The right side represents the
derivation of the nonlinearity of the vessel conductance
G and G which are represented by
equation(2.7),(2.5),(2.4). In order to combine the four
branches together, the other three branch equations can be

derived in a similar way. We therefore obtain for the four

branches:
Arterjy: PbaGaSm + ‘PeaGmu = Capma + Pma(Game + Ga‘)m) (28)
Capllla'y ‘Pchnbm +])¢chbm = Cc‘pmc + Pmc(Gcme +Gcbm) (29)
Fistula  B,G,,, +P,G,, =C P, +P (G +Gen) (2.10)
Vein: B,G,.+P.,G,. =CPE, +P.(G,. +G,,) (2.11)
Note that F.=R.=F
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Figure 2.5 Block Diagram for a Typical. Branch

Four equations are not enough to solve for the six unknowns
Pma, Pea, Pmc, Pmf, Pbv and Pmv, so another two equations

are needed. These are written at the branch confluent and

effluent points:

P G +Pmch:m+ijG m

P,=—"= g‘ +G., +G @12
B FroyG e + PucGome + FrnGrom (2.13)
v Gwm +Gcme+G e

The six equations are enough to solve for the six
unknowns. The total system block diagram is shown in figure

2.6, where the four branches, artery, capillary, fistula and
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2.6, where the four branches, artery, capillary, fistula and
vein are treated as four compound blocks [Appendix] which
are similar to the typical branch shown in figure 2.5. The
source in figure 2.6 is a simuiated feeding artery pressure
wave that varies from 35 to 50 mmHg, and the sink pressure
is assumed to be 5 mmHg. In order to include these diagram
into VisSim, Dr. W.Blesser estimated the wvarious system
parameters through many experiments so that the simulation
of the model will produce physiologically meaningful

results.

2.2 Parameter Estimation
(1) . Estimation of the conductance constants
It is assumed, in Blesser’s model, that the branch resistive
effects are nonlinear and that they are a function of

changes in diameter due to the transmural pressures. From

APrr*
the Poiseuille's equation, Q= Sﬂi , the branch conductance
n
can be expressed by:
4 G
G=2 =k or K=— (2.14)

~t

The proportionality constant, K, can be determined if some
estimation for the branch resistance or conductance (G) and
the radius (r) are assumed. The branch resistance can be

approximated from the expected pressure drops across them.



For example Blesser assumed the blood flow

feeding artery is 50 ml/min./100g,

and expected pressure

(Q)

in the

drops from Pba to Pma at quiescence (AP) can be calculated

as follows:

Assume Pma = 32mmHg [7]
We know Pba = 1/2(35+50)=42.5 mmHg
Thus ‘AP = 42.5-32 = 10.5 mmHg
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Figure 2.6 Total AVM System Block Representation

Then the branch resistance AR will be
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M=£= ~1045——z2*10"(mmHg—min/ml)
O 50x100

The model also assumes that the total resistance of the AVM
branch is 1/4 the resistance of the overall capillary
branch. From these values and published estimates of
anatomic radii (see Table 2.1), the proportionality constant
K for the wvarious branches can be evaluated in accordance
with equation(2.14).

For the arterial branch:

-3
K= l((_)29—155‘)_2 =614 [siemens/mm*]

(2) . Functional relationship between radii and transmural
pressure

From the radii(r) vs. transmural pressure (Ptr) curve
obtained from Blesser (figure 2.7), a linearized relation
around a quiescent operating point at the branch midpoint is
assumed, and can be expressed as
r=r,+mPtr (2.15)
For the arterial branch:
At the quiescent point, assuming(7]
r =lmm Pma = 32 mmHg
and the excursion of Pma is from 27 to 37 mmHg. Thus

Ap,.. =(37-27)=10mmHg
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For this pressure variation, r is also assumed[7] to
vary between 0.5 and 1.5 mm or

Ar =1mm

The compliant effect m would be

The intercept, r,, can be derived by assuming[7] that
at quiescence r = 1 mm and Pma = 32 mmHg
Thus, substituting into equation(2.15),

1= r, +0.1%32

or r, = -2.2
e raf( Per)
PV A an&{y
o ————— —— —_—————
Yo=Vot+mPer
0S5 b—— e — —— - — ——=—
/
dé

Figure 2.7 Radii-Transmural Pressure Curve
As shown in figure 2.7, r can have a negative value and
still produce a physiologically meaningful relationship

between radius r and transmural pressure Ptr. In the figure,
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r varies between 0.5 and 1.5mm as Ptr varies between 27 and
37mmHg. Considering the compliant effect m, the values shown
in the table 2.1 assume that this compliant effect (m)

increases as the veins are approached.

(3). Length of branch segments:
From the definition of the conductance constant K,

equation(2.14), we obtain

/a

=— (2.16)
8Ln

Since K has already been evaluated and the viscosity of
blood () 1is a physical "constant” (n=2.6-10‘5mmHg—sec),

then, for each segment, L can be calculated by
L=—+- (2.17)

For the artery:

L= A
8-600-2.6-10

=26 ([mm]

(4). Compliance of branches:
The compliance (C) is defined as volume change (AV) /

pressure change (AP), that is

C=— 2.18
AP (2.18)

and for a tubular elements
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AV = aL(rk -r2. ) (2.18)
where r=r,+mp,
For the artery.
Voue =—2.24+0.1%37 = 1.5mm
Vin = —2.24+0.1*%27 = 0.5 mm
AV = 7%2.6%(1.5 —-0.5*) =314 mm®
AP=PF  —P. =37-27=10mmHg
3
Ca=—A—I—/—=—l4—=31.4mm3/mmHg
AP 10
These parameters can be arranged in table 2.1.
Table 2.1 Values of system parameters
Tube | Seg |resist, rad. K Pmx| m f len. { 1}C
x 10 | mm [avg) mm
2 . - = -
ART ABM 95 | 600 12 1 2.2 | 25 03
AME | 2 | 95 | 600 1 22| 25
CBM | 8 ) 300 A2 | -7 50
CAP 8 13 b 013
CME | 4 .95 | 300 J4 | -87 | 50
FME | 1.5 | 1.2 | 300 .14 | -1.04| 50
VEIN [VBM | .5 1.35| 600 7 18 | .24 25 01
VME | 5 | 1.35| 600 18 | .24 | 25 |




17

Using all the above equations, diagrams and systen
parameters, the VisSim modeling software discussed in the
Appendix was used to simulate the entire model. We will
begin at the "SOURCE" branch.

The VisSim block diagram of the "SOURCE" is shown in
figure 2.8, where block 1 is the sinusoid function
generation block which has amplitude 80 and frequency 6.28.
Block 2 is the limit block which has lower limit O and upper
limit 300 and is used to limit the output signal to the
specified upper and lower Dbound. Block 3 is a
summingjunction block which performs the summation of the
two input signals, one from block 2, the other from block
5. Block 4 is a gain block that produces the product of the
input signal coming from the summingjunction block and the
specified gain. Block 5 1is an integration block which
performs the integration of the signal coming from block 4;
the wvalues shown in the Dblock represent the initial
condition and the block ID. Block 6 is also a gain block,
which performs a feed back function from block 5 to block 3.
The combination of these blocks from "A" to "B" performs the
solution of the first order differential equation which is
similar with that shown in the appendix. The differential
equation of the source branch can be derived from figer 2.8

and is shown in equation(2.20).

Y(f) +%Y(t) ~60sin(t) =0 (2.20)
8sin(f) +14+Y(t) = B, () | (2.21)
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VisSim-Diagram1:source & 4 branches.source 50/35
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Figure 2.8 The VisSim Block Diagram of "SOURCE" Branch
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Block 7 & block 8 are similar to block 1 & block 2 used as a
function generator. Block 9 is a constant block which has
the constant value of 14. With the summing Jjunction
block(block 10), the final result Pba is obtained from the
summation of the constant, sinusoid function and y(t) which
is derived from the differential equation. Thus from "B" to
"ce, the equation can be derived and shown in
equation(2.21). The curve plotted in the plot block shows
the simulation result with the output ranging from 35 to 50
mmHg. Figure 2.9 shows the VisSim block diagram of the two
node equations which are represented in equations(2.12) ¢
(2.13). Variable blocks "APME", "CPBM", "FPBM" and "VPBM"
are the result of the products of vessel pressure and
conductance of each branch in figure 2.10 to figure 2.13.
For instance, "APME" is the result of the product of Pma and
Game, which is shown in figure 2.10. Block 12 & block 13 are
the divide(/) blocks, it makes the input 1 divided by r. In
the figure, the five compound blocks on the 1left side
represent the artery, capillary, fistula and vein branches
as well as the input source. figure 2.10 to figure 2.13
shows the VisSim diagram of each vessel branch. The artery
branch is shown in figure 2.10, where the whole block
diagram can be divided into several sections. The diagram
from "A" to "B" represents the simulation of the
differential equation(2.8). Pba is the known input source,
Pea, Pma are the distal and central feeding artery

pressures. Blocks 1,2,3 & 4 are the



