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ABSTRACT

Stereotactic radiosurgery has proven to be an effective method of treating deep and inacces-
sible or inoperable arteriovenous malformations (AVMs) of the brain. Complete radiation-
induced obliteration of an angiographically-demonstrable AVM occurs after an average la-
tent period of about 1-2 yr post-treatment. During this latent period, the probability of
hemorrhaging remains prior to complete thrombotic obliteration, primarily because of hemo-
dynamic alterations in and around the AVM as a result of the pathophysiological changes
following radiation treatment. A hemodynamic compartmental flow model is proposed to
describe this process and to analyze temporal alterations in blood flow rates and pressure
gradients within the AVM. It is found that increases in pressure gradients across certain
vascular structures within the AVM occur after treatment. However, the magnitude of these
pressure. alterations may be within the normal physiological variations in cerebrovascular
blood pressure. It is also found that limiting radiosurgical treatment to only part of the
entire arterial phase of the AVM volume may induce alterations in pressure gradients which
persist in unirradiated vascular shunts, even after complete obliteration of the treated AVM
volume. This may increase the probability of hemorrhage from the untreated shunts of the
AVM. These pressure alterations induced by partial-volume radiosurgical treatment may
also cause redistribution of regional cerebral blood flow (rCBF) resulting in increased flow
through the untreated shunts of the AVM. Discussion includes the pathophysiological basis
of the altered cerebral blood flow dynamics, and clinical examples of alterations leading to

abnormal flow from persisting vascular shunts following stereotactic radiosurgery.

Key Words : arteriovenous malformation, cerebral hemodynamics, compartmental flow

model, intracranial hemorrhage, regional cerebral blood flow, stereotactic radiosurgery



INTRODUCTION

The management of intracranial arteriovenous malformations (AVMs) is one of the
most difficult areas of vascular neurosurgery. Stereotactic radiosurgery has proven to be an
effective method of treating deep inoperable AVMs (1,4,5,7,8,9,13,14,15,16,19,20,22,28,29).
Radiation injury to the AVM vessels causes endothelial cell damage and proliferation,
intima degeneration, media degeneration and hyalin thickening, which leads to altered
blood flow dynamics, hemostasis? and eventually thrombosis and obliteration of the AVM
(1,7,10,16,28). Following radiosurgery, complete AVM obliteration may be observed to occur
with an average latent interval of about 1-2 yr, depending on a number of factors, including
AVM size, location, and treatment dose (4,5,8,9,15,16). Radiation-induced vascular and
hemodynamic changes can be observed on cerebral angiography after an initial induction
period of approximately 1 yr; irradiated vessels begin to narrow and blood flow dynamics
are altered with conversion of high-volume, high-flow hemodynamics to a decreased flow
rate and angiographic filling; complete closure of the AVM usually occurs after an addi-
tional year or more (7,8,9,15). The underlying pathophysiological mechanisms involved in
this latency interval are not well understood, but are central to the clinical outcome of the
treatment procedure. During this period when abnormal vascular shunts still remain patent
and hemodynamic alterations occur, patients remain vulnerable to intracranial hemorrhage
(15,16,28).

As the radiosurgically-treated AVM shunts narrow and close off, the distribution of
pressure gradients and the regional cerebral blood flow (rCBF) patterns in the AVM, as well
as in the surrounding cerebral vasculature, are expected to change considerably. It is not
known whether the probability of intracranial hemorrhage increases during this period prior
to closure because of progressive hemodynamic alterations. This information currently is
based on clinical experience solely, but primarily in those patients who already have sus-
tained one or multiple hemorrhages prior to treatment. An understanding of the temporal

patterns of rCBF perturbations underlying this process would permit the introduction of



methods, where appropriate, that may influence treatment strategies.

A hemodynamic compartmental flow model of an angiographically-demonstrable
AVM, based on anatomical structures described by Yamada et al (30,31), is proposéd to
simulate narrowing of blood vessels in the radiosurgically-treated AVM, and to simulate
changes in blood flow rates and pressure gradients in different components of the AVM.
The alterations following complete- and partial-volume treatments of AVMs are compared.
For the purposes of this report, complete-volume treatment of an intracranial AVM means
the inclusion of the entire arterial phase of the AVM (including all aberrant feeders and
shunts) in the treatment target volume; any other cases where only portions of the entire
arterial phase are targeted are considered to be partial-volume treatments. Potential clinical
applications are presented as examples of hemodynamic alterations that may occur as a

result of stereotactic radiosurgical treatment of AVMs.

METHODS

Compartmental Anatomy

The intracranial AVM model consists of three linked compartments : (1) arterial
feeders that connect nearby arteries to the AVM, (2) thin shunting arterioles, and (3) central
vessels of the AVM core which drain into the venous system (30,31) (Figure 1a, 1b). Each
compartment may be considered to consist of a collection of parallel vessels of equal length
with a Poisson distribution of vessel radii. Thus, each compartment can be defined by three
variables: the length of the vessels [, the number of vessels N, and the mean radius of each
distribution r. The subscripts F, S, C are used to denote the compartments of the feeding
arteries, the shunting arterioles, and the core vessels, respectively.
Flow Dynamics

Laminar flow of a homogenous fluid along a tube can be described with Poiseiulle’s

equation (11,26):
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Flow rate = Eé;-’Al—P (1)

where

AP = pressure gradient across the tube

r = radius of the tube

1 = coeflicient of viscosity of the fluid

[ = length of the tube.

Equation (1) serves as the biophysical basis for the AVM model. Flow rates through each
compartment can be calculated as the total Poiseiullian flow through the collection of par-
allel tubes within each compartment. A constant Newtonian blood viscosity of 0.04 Poise

is assumed. Equation (1) can be expressed as

flow rate = A—}f (2)
where hemodynamic resistance,
R=2 (3)
For our model,
Flowavpm = %‘:}:‘T— (4)

where the total hemodynamic resistance of the AVM is equal to the sum of the resistances
in the feeding artery, shunting arteriole, and core vessel compartments, or Ravar = RF +
Rs + Rc.

Hemodynamic resistances in the individual AVM compartments are

1
RF = ENF 1 (5)
fZ
1
Rs = 'z"aﬁs-i— (6)
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where N, Ng, N¢c, are the total number of vessels in each compartment, and Z #+Zs, Ze,

are the individual resistances of the Poisson distribution of vessels in each compartment, so

that

8nlp
Zf=—ap (8)
ﬂr}P,.f Np
8nls
(9)

" wriP. Ns

_ _ 8nlc
¢ ariP, Nc

(10)
For equations (8), (9), and (10), P.,, P,.,, and P,  are the Poisson coefficients, so that
P, ' Np, P.,Ng, and P, N¢ represent the number of vessels in each compartment with a
specific radius.
Pressure Gradients and Flow Rates

Table 1 lists the compartmental parameters selected to represent small (low-flow)
and large (high-flow) intracranial AVMs. The relatively large number of vessels in parallel
within each compartment results in a low hemodynamic resistance shunt. The hemodynamic
resistance of each compartment is calculated using equations (5), (6), and (7), and the blood
flow rate through the AVM obtained. There is only limited hemodynamic data available
on AVMs because of the difficulty of performing intraoperative measurements. Batjer et
al have demonstrated that hemodynamic alterations occur after flow-directed embolization
of intracranial AVMs (2,3). Nornes and his colleagues (18,23,24,25) have used directional
ultrasound and Doppler shift techniques to measure pressure gradients and blood flow rates

in untreated AVMs prior to surgical resection; their measurements are used to adjust the

initial parameters in our model. A pressure gradient of approximately 456 mmHg across the



© AVM is assumed. Vessel sizes in each compartment are chosen based on representative AVM
shunt sizes and structures discussed by Yamada et al (30,31): average radii of 1 cm for the
feeding arteries; 0.1 cm for the shuiitirig arterioles; 1 cm for the core vessels. The lengths of
vessels in each compartment are assumed to be in the 1-5 cm range, which agrees well with
average sizes of typical AVM vessels (23,30,31). Finally, thé number of vessels in the three
compartments are adjusted in order to reproduce the flow rates measured by Nornes et al
(18,23,24,25) for small (low-flow, 150 ml/min) and large (high-flow, 440 ml/min) AVMs.
Although actual vessel sizes and numbers will surely vary between individual AVMs, the
values chosen are adequate for this initial analysis.

Application of the Model

The model may now be used to simulate the vascular and hemodynamic changes that
occur after a variable initial induction period following radiosurgery. We have evaluated
two different luminal narrowing rates. The first assumes a constant narrowing rate of 0.025
mm/mon. The second assumes that smaller vessels undergo narrowing more rapidly than
larger vessels; therefore vessels with radii less than 0.2 mm would close off at a rate of 0.05
mm/mon and larger vessels at 0.025 mm/mon. These representative rates were chosen to
produce AVM obliteration within periods comparable to those observed in radiosurgical
 clinical series (7,8,9,16).

The changing distribution of vessel radii in each compartment is followed over time,
and the hemodynamic resistances and pressure gradients in each compartment are calcu-
lated. This permits the alterations in blood flow rate through the AVM to be determined.
By changing the number of abnormal AVM vessels in each compartment that undergoes
radiation-induced vessel narrowing, the compartmental flow model of the AVM is used to
compare the consequences of complete- and partial-volume irradiation procedures. Two
partial-volume irradiation examples are considered: (1) the entire volume of the central
core compartment of the AVM is treated, but only partial volumes of the feeding arterial

and shunting arteriole compartments are irradiated; (2) only partial volumes of all three



AVM compartments are irradiated. Selected clinical cases are presented as representative
examples of hemodynamic alterations that may result from complete- and partial-volume

stereotactic radiosurgery of large high-flow AVMs.

RESULTS

Complete-Volume Treatment

Blood flow rates are calculated for a small (low-flow, 150 ml/ m.m) and a large (high-
flow, 440 ml/min) AVM following complete-volume irradiation. Hemodynamic resistance
and pressure gradients are demonstrated to be highest in the shunting arteriole compart-
ment in both cases. Alterations in hemodynamic pa.rametefs following radiosurgery are
calculated as radiation-induced luminal narrowing of AVM vessels occurs after a variable
initial induction period (Figures 2 and 3): blood flow rates through the AVM are plotted
versus time; blood pressure gradients in the three AVM compartments are plotted versus
time.

Once radiation-induced hemodynamic changes begin, blood flow through the treated
AVM decreases exponentially to zero and complete obliteration occurs within 6-12 mon for
a small AVM (Figure 2a), and 10-14 mon for a large AVM (Figure 3a). Pressure gradients in
the feeding arteries and the central shunts of the AVM core begin to fall immediately as flow
decreases (Figures 2b, 2d, 3b, 3d). However, pressure gradients in the shunting arteriole
compartment demonstrate an initial increase as AVM blood flow decreases (Figures 2c and
3c). This transient rise in pressure can be understood in terms of the strong dependence
of hemodynamic resistance on the inverse fourth power of the vessel radius; vessels in
the shunting arteriole compartment of the AVM are the smallest and therefore the relative
change in radius in this compartment is the greatest. This causes the relative hemodynamic
resistance of this compartment to rise as flow through the AVM decreases. This rise in
pressure is eventually terminated when the vessels are obliterated completely and flow

ceases. The pattern of changes in pressure gradients in all three AVM compartments are




demonstrated to be similar for small and large AVMs. However, pressure alterations persist
for longer periods in large AVMs because they require more time for complete obliteration
to occur.

Two different luminal narrowing rates were evaluated: (1) a radius-dependent rate
where smaller vessels close off faster; (2) a radius-independent rate where all vessels close off
at the same rate. It is demonstrated that there are no qualitative differences between these
two different narrowing rates; the faster radius-dependent rate simply results in more rapid
AVM obliteration. A radius-dependent luminal narrowing rate resulted in complete AVM
obliteration in about 6 mon (Figure 2a) and 12 mon (Figure 3a) for small and large AVMs
respectively; the slower radius-independent luminal narrowing rate resulted in complete
AVM obliteration in about 12 mon (Figure 2a) and 16 mon (Figure 3a) for small and large
AVMs respectively.

Case Report. A 38 year old white male with a large left temporal lobe AVM suffered a
massive hemorrhage 4 mon prior to treatment. He was treated with stereotactic radiosurgery
(27 GyE, 230 MeV /u helium ions); the radiation dose was delivered through 7 ports in

3 covering the entire arterial phase of

3 daily fractions to a target volume of 34,000 mm
the AVM. Angiographic examination demonstrated complete obliteration of the AVM with
restoration of normal cerebral blood flow patterns 1 yr after radiosurgery (Figure 4a-b).
Partial-Volume Treatment

When all abnormal vessels in the central core compartment are irradiated, but the
feeding arterial and shunting arteriole compartments are irradiated incompletely (a situa-
tion that can occur in clinical situations), complete AVM obliteration may be achieved when
all shunting vessels in the core compartment close off. However, obliteration of the AVM
occurs after a much longer time (32-36 mon), and assumes a biphasic temporal pattern
(Figure 5a). In the first phase, irradiated vessels in all three AVM compartments begin to

close off, resulting in an initial decrease in total AVM blood flow. A plateau period follows

as the larger vessels in the AVM core take a longer time to undergo luminal narrowing and



ultimate obliteration. The second phase of decrease in AVM blood flow begins when vessels
in the central core compartment have narrowed sufficiently to cause an increase in the total
hemodynamic resistance of the AVM. Eventually, all vessels in the core compartment are
obliterated and blood flow through the AVM ceases. The pressure profiles demonstrate
the expected exponential decrease in pressure in the feeding arterial compartment (Figure
5b), but there is an extended period of increased pressure gradient in the shunting arteri-
ole compartment where pressure increases from aboﬁt 36.5 mmHg to about 40 mmHg for
approximately 15 mon (Figure 5c). A large increase in the pressure gradjentl also occurs
transiently in the core vessel compartment; pressure increases from 1.5 mmHg to almost 45
mmHg in the 4-5 mon prior to complete AVM obliteration (Figure 5d).

When only 50% of all three AVM compartments are treated, it appears that total
blood flow through the AVM does not reduce to zero. Blood flow through a large AVM
decreases from a pre-treatment value of 440 ml/min to about 140 ml/min over a period of
approximately 12 mon (Figure 6a). However, there are significant alterations in pressure
gradients in the various AVM compartments; blood pressure in the feeding arterial and core
compartments decrease (Figure 6b, 6d), but pressure in the shunting arteriole compartment
increases from 36.5 mmHg to over 40 mmHg, and remains permanently elevated (Figure
6¢).

Case Report. A 20 year old white male with a large right basal ganglia AVM suffered
an intracranial hemorrhage 7 mon prior to treatment. Surgical clipping of selected vessels
was performed to in an attempt to decrease AVM blood flow rate before radiosurgery. He
was treated with stereotactic radiosurgery (20 GyE, 230 MeV/u helium ions); the radia-
tion dose was delivered through 4 ports in 2 daily fractions to a target volume of 1,600
mm? covering only the anterior portion of the angiographically-demonstrable AVM volume
(Figure 7a). Angiographic examination demonstrated obliteration of the targeted AVM
volume with corresponding decrease in size of the anterior feeding vessels at 1 year after

radiosurgery (Figure 7b). However, the posterior portion of the AVM remained patent, and
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the feeding artery supplying this component of the AVM had increased in size, associated

with an increased rate of blood flow through the persisting untreated AVM shunts.

DISCUSSION

The intracranial AVM is essentially an arteriovenous shunt that “short circuits”
blood directly from the arterial system to the venous system. The absence of functional
capillaries and the large number of pathological vessels in an AVM results in its low hemo-
dynamic resistance and high blood flow rates. The high flow rates through these malformed
vessels also increase their susceptibility to hemorrhage (17,27). It is presently unclear if
hemodynamic alterations in and around a radiosurgically-treated AVM may increase the
probability of hemorrhage prior to complete obliteration. A compartmental flow model,
based on anatomical structures described by Yamada et al (30,31), is developed to analyze
alterations in hemodynamic parameters of a radiosurgically-treated AVM.

Although the AVM is composed of tortuous clusters of abnormal shunts, and not
a collection of straight vessels, the compartmental flow model appears to be an adequate
method for modeling the functional hemodynamic characteristics of the AVM as it undergoes
reaction to radiation injury and thrombosis. A convoluted tube with many turns and
angles has been demonstrated to be equivalent, in terms of its hemodynamic resistance, to
a straight tube of greater length (6). The linear sum of the typical vessel lengths in the
three AVM compartments is not equal to the total AVM diameter. AVM vessels are usually
tangled into a cluster and the actual size of the malformation is smaller than the linear sum
of these hemodynamically equivalent straight vessel lengths.

All our calculations are based on Poiseiulle’s equation for laminar flow; therefore
all turbulent activity is precluded from the model. However, this does not appear to be a
serious limitation since studies have shown that most AVM flow is laminar (25), although
the high flow rates in some AVMs may produce turbulence in the venous drainage (25).

Although actual narrowing rates of AVM vessels following irradiation are not known,
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representative values are chosen based on hemodynamic and flow alterations observed on
follow-up cerebral angiographic examinations of our large series of patients with radiosur-
gically treated AVMs (7,8,9,16). Evaluation of two different rates of luminal narrowing
demonstrates that there is no major difference in the temporal patterns of hemodynamic
alterations post-radiosurgery; exponential decreases in AVM flow rate are observed in both
cases. The only differences observed are that more rapid rates of luminal narrowing result
in more rapid rates of AVM vessel closure and obliteration.

Calculations for complete-volume radiosurgical treatment of an AVM demonstrate
an exponential decrease in blood flow until complete obliteration is achieved. However,
there is a transient increase in blood pressure in the shunting arterioles. Mathematically,
the hemodynamic resistance of the vessels in this compartment approaches infinity and the
pressure gradient across the entire AVM exists in this single AVM compartment. Physio-
logically, hemostasis and vessel thrombosis are expected to occur once AVM blood flow has
decreased to a certain critical level; blood flow through the AVM approaches zero and there
is no longer any pressure gradient across the AVM. At this stage, the AVM is obliterated
and the risk of hemorrhage is precluded.

These transient increases in pressure gradients are relatively small (4-8 mmHg),
and may be within the range of physiological fluctuations in systemic blood pressure that
occur in various normal activities such as exercise (12). This implies that the increased
risk of hemorrhage from this transient rise in pressure may not be signific'ant compared to
the spontaneous rate df hemorrhage in untreated patients with cerebral AVMs. Therefore,
although patients remain at risk for hemorrhage until the AVM is completely obliterated,
there should be little or no increase in risk due to pressure changes following the radiosurgical
procedure. We are presently examining the clinical results of our treatment series to assess
this hypothesis.

In order to minimize the risks of radiation injury to normal brain surrounding an

AVM, it is necessary to identify the core of the AVM and restrict stereotactic radiosurgery
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in so far as possible to that target volume. It is still unclear how best to define the core
of the AVM on cerebral angiography or CT and MRI scanning. From the point of view of
blood flow dynamics, we define the AVM core as the hemodynamic or physiological center
of the AVM through which all AVM blood flow must pass; it is not the anatomical center
of the AVM shunts. In our compartmental flow model, the core of the AVM is comprised
of the central core compartment (Fig 1a). For the partial-volume treatment approach is
to be successful, all functional vessels in the core compartment must be irradiated. Our
calculations demonstrate that, although the latency period for complete obliteration to
occur is prolonged, AVM flow eventually decreases to zero if all aberrant vessels in the
central core compartment are uniformly irradiated. However, there is a large increase in
pressure in the core vessels which may increase the risk of hemorrhage before complete
obliteration is achieved. This large rise in pressure in the core is only temporary (about 4-5
mon) and eventually all vessels in the core close off, blood flow through the AVM ceases,
and pressure in this core compartment decreases to zero (Fig 5d). If all vessels in the
core close off evenly and simultaneously, there should be no increased risk of hemorrhage
from this rise in intraluminal pressure, as the thickened core vessel walls may be able to
withstand this increase in pressure that arises naturally as a consequence of hemodynamic
resistance increase and flow decrease. However, if some vessels in the central compartment
close at a slower rate than others, resulting in differential flow and pressure dynamics in
the different vascular shunts, then these vessels may be subjected to a very large increase
in blood pressure which may, in turn, increase the risk of hemorrhage.

The above situation may exist in the partial-volume treatment of an AVM only
if the radiosurgically-treated anatomical core corresponds with its true physiological core.
If these do not correspond, then the untreated portion of the AVM may remain patent,
resulting in persisting vascular shunts. In terms of the compartmental flow model, each
AVM compartment is incompletely irradiated. Total AVM blood flow does not decrease

to zero and permanent alterations in pressure profiles are obtained. The quantitative na-
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ture of these alterations depends on the distribution of vessel radii and relative volume of
each compartment treated. However, a persistent pressure increase in any compartment
may result in an increased probability of hemorrhage from the residual shunts of the un-
treated AVM volume. We are presently testing the compartmental flow model in relation to
dose-dependent, time-dependent, and volume-dependent variables involved in the vascular
reaction of the AVM to radiation injury. These perturbations will be examined and applied

to selected clinical observations in our patient series.

CONCLUSIONS

The complex and variable pathophysiology of intracranial AVMs makes it difficult
to predict their precise temporal, morphologic, and- pathophysiological response to radio-
surgical treatment. AVMs vary considerably in size, shape, and location, but it is the
abnormal hemodynamics of the AVM that cause the majority of its symptoms, particu-
larly in high-volume, high-flow AVMs. A compartmental flow model has been developed
based on current concepts of the functional anatomy of cerebral AVMs; such a model may
prove to be a valuable method of analyzing the vascular and hemodynamic alterations that
result following radiosurgery. With the introduction of multistage therapeutic strategies
that include embolization, clipping of selected feeding vessels, and partial surgical resec-
tion, followed by radiosurgery, the altered hemodynamics become much more complex. It
is necessary to understand the profound effects of these hemodynamic perturbations on the
efficacy of the radiosurgical procedure. Our model is adaptable for varying latencies and
obliteration rates depending on treatment volumes and radiation doses used, and these vari-
ables are presently being examined. The model can also be expanded to include analysis of
steal and reperfusion phenomena by the addition of appropriate compartments to represent
normal vasculature surrounding the AVM. Physiological adaptations may be examined by
assuming nonlinear luminal narrowing rates. In this report, we have applied the model to

analyze the differences between complete- and partial-volume radiosurgery of intracranial
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AVMs. The initial results suggest that some permanent pressure and flow readjustments
may occur as a result of partial-volume treatment strategies, and that this may lead to

higher probabilities of hemorrhage from untreated shunts of the AVM.
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FIGURE LEGENDS

Figure la. The intracranial AVM is composed of a cluster of pathological vessels of vary-
ing sizes. The different vessel compartments serve as the basis for the compartmental flow
model. (From Yamada S, Cojocaru T: Arteriovenous malformations, in Wood JH (ed):
Cerebral Blood Flow, Physiologic and Clinical Aspects, New York, McGréw Hill, 1987, pp
580-592.) b. The intracranial AVM is modelled as a series of three linked flow compart-
ments: the feeding arteries; the shunting arterioles; and the vessels of the central core.
Blood flows from the cerebral arterial system into the AVM and drains into the cerebral
venous system. Each flow compartment consists of parallel vessels of equal length with a
Poisson distribution of vessel radii. The relative size of each compartment in this schematic
diagram represents the blood volume in each flow compartment; it is greatest in the central
core and least in the shunting arteriole compartment. The arrows represent the blood flow

rates; flow rates are equal between compartments since they are linked serially.

Figure 2. AVM blood flow rate and pressure gradients in the different compartments fol-
lowing stereotactic radiosurgery. Vessel radii are decreased to simulate progressive narrow-
ing of the AVM after radiosurgery. A variable initial induction period precedes the onset
of radiation-induced hemodynamic alterations; plots demonstrate hemodynamic changes
occuring after this initial induction period. Two different luminal narrowing rates are eval-
uated: (1) a radius-independent rate of 0.025 mm/mon (dotted lines); (2) a progressive
radius-dependent rate where large vessels close off at 0.025 mm/mon until they reach a
vessel radius <‘)f 0.2 mm, and thereafter close off at 0.05 m.rﬁ/mon (solid lines). The plots
are calculated for a small AVM according to parameters in Table 1. a. Blood flow rate
through the AVM decreases exponentially from 150 ml/min to 0 ml/min as the AVM closes
off completely. b-d. Alterations in pressure gradients across the three AVM compartments

versus time are demonstrated.
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Figure 3. Alterations in blood flow rate and pressure gradients in a large AVM, according
to parameters in Table 1. a. Blood flow rate through the AVM decreases from 440 ml/min
to 0 ml/min as the AVM closes off completely. b-d. Alterations in pressure gradients across

the three AVM compartments versus time are demonstrated.

Figure 4. Lateral cerebral angiograms of a 38 year old male with a large left temporal lobe
AVM. a. The large AVM demonstrates cerebral steal; normal perfusion to the surrounding
vasculature is markedly reduced. The circumscribed area indicates the treatment target
volume. b. One year after stereotactic radiosurgery (27 GyE, 230 MeV /u helium ions) the

AVM is completely obliterated, and normal cerebral blood flow patterns are restored.

Figure 5. Alterations in blood flow rate and pressure gradients in a large AVM; the core
compartment is completely irradiated but only 50% of vessels in the feeding arterial and
shunting arteriole compartments are irradiated. a. The temporal pattern of blood flow
rate through the partially-treated AVM is biphasic. There is an initial decrease in flow due
to closure of smaller vessels in the shunting arteriole compartment, a brief plateau where
minimal decrease in flow occurs for about 10 mon, followed by rapid decrease as the larger
vessels in the completely-treated core are closed off. The time for complete obliteration
is increased to 32-36 mon. b-d. The distribution of pressure gradients in the three AVM
compartments with time differs markedly from that in the AVM that has received uniform
irradiation to all compartments (cf Fig 3); the period of transient pressure increase in
the shunting arterioles is prolonged and the core vessels of the central compartment are
subjected to a large increase in blood pressure just before complete AVM obliteration. Note
that the scale for the pressure axis in d. has been changed to accomodate the magnitude

of the pressure increase in the core compartment (cf Fig 2d, 3d, 6d).

Figure 6. Alterations in blood flow rate and pressure gradients in a large AVM; only 50% of
vessels in all three AVM compartments are irradiated. a. Blood flow rate does not decrease

to zero as untreated vessels remain patent. b-d. Pressure gradients versus time across the

21



AVM compartments are altered permanently; blood pressure in the thin shunting arterioles

is increased.

Figure 7. Lateral cerebral angiograms of a 20 year old male with a large right basal
ganglia AVM. a. The circumscribed area indicates the treatment target volume, which
included only the anterior portion of the AVM. b. One year after stereotactic radiosurgery
(20 GyE, 230 MeV /u helium ions), the treated volume has undergone obliteration, with
concommitant reduction in size of its feeding artery. However, the posterior portion of the
AVM remains patent, and the feeding vessel has increased in size, resulting in an increased

rate of blood flow through the untreated AVM shunts.
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TABLE 1

INITIAL PARAMETERS FOR COMPARTMENTAL FLOW MODEL OF
INTRACRANIAL ARTERIOVENOUS MALFORMATIONS

Small AVM Large AVM
Compartments | Feeding Shunting Core Feeding Shunting Core
Arteries Arterioles Vessels Arteries | Arterioles Vessels
Number of
vessels in 4 10 20 5 20 40
each compt.
()
Length of
vessels in 3.0 cm 1.0 cm 5.0 cm 3.0 cm 1.0 cm 5.0 cm
each compt.
(1)
Average vessel
radius 0.1 cm 0.01 cm 0.1 cm 0.1 cm 0.01 cm 0.1 cm
(r)
Pressure
gradient 2.5 mmHg | 41.4 mmHg | 1.1 mmHg | 7 mmHg | 36.6 mmHg | 1.6 mmHg
(&P)
Total AVM
blood flow 150 ml/min 440 ml/min
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