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Abstract

Background: Brain arteriovenous malformations (AVMs) produce circulatory and
functional disturbances in adjacent as well as in remote areas of the brain, but their
physiological effect on the cerebrospinal fluid (CSF) pressure is not well known.

Methods: The hypothesis of an intrinsic disease mechanism leading to increased
CSF pressure in all patients with brain AVM is outlined, based on a theory of
hemodynamic control of intracranial pressure that asserts that CSF pressure is
a fraction of the systemic arterial pressure as predicted by a two-resistor series
circuit hydraulic model. The resistors are the arteriolar resistance (that is regulated
by vasomotor tonus), and the venous resistance (which is mechanically passive
as a Starling resistor). This theory is discussed and compared with the knowledge
accumulated by now on intravasal pressures and CSF pressure measured in
patients with brain AVM.

Results: The theory provides a basis for understanding the occurrence of
pseudotumor cerebri syndrome in patients with nonhemorrhagic brain AVMs,
for the occurrence of local mass effect and brain edema bordering unruptured
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AVMs, and for the development of hydrocephalus in patients with unruptured Website: online
AVMs. The theory also contributes to a better appreciation of the pathophysiology www.surgicalneurologyint.com
of dural arteriovenous fistulas, of vein of Galen aneurismal malformation, and of DOI:
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autoregulation-related disorders in AVM patients.

Conclusions: The hydraulic hypothesis provides a comprehensive frame to
understand brain AVM hemodynamics and its effect on the CSF dynamics.

Key Words: Brain arteriovenous malformation, cerebral autoregulation,
cerebrospinal fluid pressure, dural arteriovenous fistula, intracranial hypertension,
Starling resistor

INTRODUCTION
Brain  arteriovenous  malformations  (AVMs)  are
physiologically active lesions due to the artery-to-vein
shunt flow. Circulatory and functional disturbances
may be produced in adjacent as well as in remote areas

of the brain. Intracranial pressure is well-known to be
increased in patients with brain AVM in connection
with acute bleeding episodes and in case of associated
obstructive hydrocephalus (intracranial pressure is by
classic definition the cerebrospinal fluid pressure [P_J,
and these terms are used interchangeably in this text).
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Otherwise intracranial pressure has commonly not been
a major concern in the management of AVM patients,
especially in the adult patient group. However, increased
P, and papilledema clinically resembling pseudotumor
cerebri has been reported in patients with unruptured
brain AVMs, and symptom resolution is known to occur
after  AVM  removal [#30%1 Increased cerebral blood
volume (CBV) resulting from venous hypertension,
and increased cercbrospinal fluid (CSF) volume due to
impaired absorption, were suggested as probable major
factors in the development of intracranial hypertension in
these patients, but the fact that symptoms of increased
P
with similar angiographic findings was considered an
enigma .l Instead, it seems reasonable to presume that
these sporadic reports of intracranial hypertension do not
represent exceptional cases but indicate the existence of
an intrinsic disease mechanism leading to increased P,
in all AVM patients. The same disease mechanisms could
be involved in the occurrence of mass effect and brain
edema in patients with unruptured brain AVMs.

would occur in some cases and not in others

The purpose of this article is to present a theory for
the pathophysiology of development of increased P,

in patients with brain AVMs applying a basic hydrauhc
hypothesis relating cerebral intravasal and CSE pressures.

THEORY OF HEMODYNAMIC CONTROL OF
INTRACRANIAL PRESSURE

In the ecarly literature,""! it was recognized that most
instantancous, physiological variations of P, must be a
reflection of the pulsatile alterations in pressure of the
intracranial blood compartment (other immediate P_, changes
were recognized to be produced by changes in posture), but
that in normal conditions there is no constant relationship
of steady state P_; and the systemic arterial pressure. In 1973
Lofgren3 proposed a basic hydraulic hypothesis to relate
the cerebral blood circulation and the P, [Figure 1]. The
premises, deliberately oversimplified, were. (a) the Monro—
Kellie theory (i.c., the cranial compartment is incompressible,
the total volume of its contents — brain tissue, blood, CSF,
and any expansive process when such is the case — is constant,
and any increase in volume of one of the cranial constituents
has to be compensated by a decrease in volume of another);
(b) the electrical circuits analogy of the law of Poiseuille for
flow of an ideal fluid in a cylindrical pipe (Le., the pressure
drop is the volumetric flow times the resistance to fluid
movement); and (c) the outlet venous pressure is zero. Given
these premises, we have:

P=F(R +R)
and
P =R, F

where F is the cerebral blood flow (CBF), and the other
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Figure |: Basic hydraulic model of the relation between arterial
pressure and cerebrospinal fluid pressure. A = cerebral artery;
DS = dural venous sinus; CSF = cerebrospinal fluid; P, = cortical
artery blood pressure; P_ = cerebrospinal fluid pressure;
P, = dural sinus pressure; P_ = systemic arterial blood pressure
P_ =subarachnoid venous pressure;R_=inflow (arteriolar) resistance;
R, =outflow (venous) resistance; SA = systemic (precerebral) artery;
SV = subarachnoid vein; a black arrow indicates the site of venous
collapse; the white arrows indicate the direction of blood flow

definitions are provided in Figure 1. R is regulated
by vasomotor tonus and, in conditions of functioning
cerebral autoregulation, it adapts continuously to keep
constant blood flow rate. At the venous outflow a state
of zero transmural pressure in the subarachnoid veins
related to the CSF space is assumed, thus

P =P,

Eliminating I and solving for P_, gives:
PR +R)"=P R

P,=P.R (R +R)"

And finally:

P,=P [1+R/R]"

The latter equation describes a linear relationship
between P and P_, with a slope varying with the ratio
of the cerebrovascular resistances R (which is regulated
bV vasomotor tonus and cerebral autoregulahon) and

R (which is passive). In other words, intracranial pressure
Is at any moment a fraction of the arterial blood pressure
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quantitatively determined by the coordinated action of
the inflow and outflow cerebrovascular resistances. The
pressure transmission from P to P, increases when R
does not adapt (i.e,, in case of max1mum dilation or
maximum constriction of the afferent arterioles), and
theoretically P = P_ when R is zero.l'7:#336%]

The venous resistance R~ has the properties of a
Starling resistor.*! The subarachnoid veins are valveless,
collapsible vessels that are distally kept open by their dural
attachments as they enter the dural sinuses. The terminal
vein segment just proximal to the sinus entrance has special
pressure-flow properties. The pressure in the compartment
bordering these veins (i.e., P_) is in equilibrium with the
inward-acting pressure (P ) over a wide range of pressures.
At their end segment the subarachnoid veins can be
either open, or partially collapsed, or almost completely
collapsed. When partially collapsed, the veins widen when
more fluid is entering than is leaving, and they close
when more fluid is leaving than entering. Under normal
baseline conditions P_; is considerably higher than the
outflow pressure (i.e,, P ), and I is independent of the
latter. Thus, under normal conditions P = P_, > P, the
driving force across the system (P, — P_ ) is less than the
total pressure drop (P — P, ), and I is largely independent
of the downstream pressure in the dural sinuses P, a
phenomenon that has been referred to as the vascular
waterfall.'*373% The occurrence of a pressure drop or
vascular waterfall in the intracranial venous drainage was
demonstrated in animal experiments in the baboon"* and
dog.” Due to the vascular waterfall, increase in P, does
not influence cerebral venous outflow as long as P“ >P,.
The magnitude of the waterfall (the pressure dlfference
P — P,) probably works as a buffer in the immediate
regulation of the intracranial pressure, and provides an
explanation on why the brain is not drained of venous
blood each time a person sits up.®”!

The concept of a hydraulic model of the cerebrovascular
bed consisting of a Starling resistor coupled in series
with an upstream resistance has been studied by Chopp,
et al” in a physical model involving fluid flow in a
Starling resistor (a collapsible tube encased in a rigid
fluid-filled chamber) in series with an upstream adjustable
clamp (a resistor corresponding to R in the nomenclature
of the present text), and performing volume-pressure
tests by injecting fluid into the rigid chamber. The
volume-pressure curves obtained in this model were
in agreement with volume-pressure curves of the CSF
obtained in animal experiments, including data obtained
in experimental work by the same group and from the
literature, supporting the hypothesis that the exponential
pressure response of P . to a transient increase in CSF
volume observed in in vivo results from compression
of the cerebral vessels, presumably the veins. Some
aspects of the hydraulic hypothesis were investigated in
experiments on animals: Impaired cerebral autoregulation,
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induced in dogs by pharmacological manipulations
of P or by hypovolemic hypotension, was associated
with a rise in P_,"? and a close dependence of P,

P was seen to emerge after a global ischemia- mduced
impairment of the cerebral autoregulation in rabbits
and in pigs."”>! In clinical practice, the hydraulic model
provides a theoretical background for the increase in
intracranial pressure provoked by an increase in SAP
that can be observed in patients with acute,
brain injury and sustained intracranial hypertension, and
endorses the use of induced arterial hypotension and
precapillary vasoconstriction to reduce the hydrostatic
capillary pressure for reduction of brain edema as part of
the management of this category of patients.!"’

severe

Before discussing the relevance of the hydraulic hypothesis
to AVM physiopathology, the role of a related physiological
phenomenon has to be emphasized: The limits put by
venous tissue distensibility on the condition of zero
transmural pressure between the bridging subarachnoid
veins and CSF expressed as P = P_. A short description of
the volume-pressure relationship in veins can be elucidating.
(26671 In an isolated vein with fluid infusion, when the
intraluminal pressure rises from zero, the intravasal volume
increases by changing the vessel’s cross-sectional shape from
a more or less collapsed flat form to an elliptic form and
then to a circular shape, which corresponds to the largest
volume per unit of vessel length. The venous volume-
pressure curve is sigmoid in shape with three defined
segments. Beginning at the semi-collapsed zero-pressure
condition up to the point where the luminal volume
increase brings the venous cross-section to a completely
circular shape the venous volume-pressure relationship
is approximately linear (i.e., the vessel wall resistance
to increasing luminal pressure is zero). Further venous
pressure increase will lead to vessel wall distension and
further venous dilation, but now intraluminal pressure
increases more than vessel volume and the volume-pressure
relationship becomes curvilinear, turning away from the
volume axis. In this phase, the vein becomes less distensible
the more it is stretched. When the maximum venous wall
distension is reached the volume-pressure curve becomes
parallel to the pressure axis, and further intravenous pressure
increase will no longer increase venous volume. Let us now
place this isolated vein preparation in a fluid-filled, closed
compartment, such as the intracranial cavity: The extravasal
fluid pressure will fluctuate parallel with venous pressure as
long as the venous volume-pressure relationship is linear (a
situation that is analog to the condition when P_ =P ), and
further increase in intravasal pressure will have a decreasing
effect and finally no effect on the extravasal pressure.

BRAIN ARTERIOVENOUS MALFORMATIONS

Brain AVMs are congenital lesions that morphologically
consist of three components: The afferent or feeding
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arteries, the nidus, and the draining veins. 754045470

Compared with ordinary arteries, the feeding arteries
are usually dilated, tortuous, and eclongated. Instead
of a capillary network connecting arterial and venous
circulations, in an AVM inflowing arteries supply a nidus
consisting of a coiled tangle of primitive, malformed
arterioles (50-200 micra in diameter), that branch off the
feeding arteries and shunt directly into malformed venous
loops (0.5-2 mm in diameter), which in their turn run into
the main draining vein (s). The draining vein is as a rule
particularly dilated, sometimes ancurismal, and reversal
of blood flow direction may occur in tributaries of the
draining vein (s)."! Microscopically, AVM vessel structure
may vary from fairly well differentiated arteries and veins
to unmistakably abnormal vessels that resemble neither
artery nor vein, and present degenerative changes such as
hyalinized walls, fibrosis, atheromatosis, and thrombosis,
as well as necrotic areas after minor hemorrhages. Lack
of a high-resistance arteriolar bed and presence of a
low-resistance nidus generates high blood flow rate and
hypotension in the feeding artery combined to intranidal
and draining vein hypertension. Brain AVMs are known to
Increase in size on serial angiography, which has been more
extensively documented in small ones.”¢!" AVM growth
occurs due to enlargement of its arterial and venous
components, recruitment of new arterial feeders (including
dural feeders), and growth of the nidus. AVM feeder
arteries are known to dilate with time. Studies on normal
cerebral arteries”® and on arteries feeding cerebral AVMs!*’)
seem to support the hypothesis that each segment of the
cerebral arteries adapts the luminal diameter locally in
response to sustained changes of blood flow so that wall
shear stress (the force exerted along the endothelium
by the viscous drag of flowing blood) on the long term
is kept within optimum limits. Those studies*” were
done using mathematical calculations on measurements
of cerebral arterial diameter in digital subtraction
angiography, and measurements of cerebral artery blood
flow velocity using transcranial Doppler sonography. Wall
shear stress can be estimated from velocity measurements
from phase-contrast magnetic resonance angiography, but
only recently the technical limitations of this technique
were overcome, making possible to test the hypothesis of
wall shear stress remodelling in cerebral AVM feeders.!”!
In a study of whole-brain velocity-encoded angiograms
obtained with  phase-contrast magnetic  resonance
angiography,” AVM  patients who were asymptomatic
or had mild symptoms did not present any significant
difference in wall shear stress in feeding vessels compared
with  normal contralateral vessels, whereas patients
presenting with severe symptoms (hemorrhage, severe
headache, intractable seizures, or focal neurologic deficits)
had significantly higher wall shear stress in AVM feeding
vessels compared with contralateral vessels. After removal
of the AVM the feeder artery walls are known to remodel
again, this time slowly reducing their caliber.*”" Blood
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flow is laminar in the feeding artery®! but has been
suggested to go over to turbulence inside the nidus and
in the proximal draining vein. Some conversion of the
kinetic energy of high flow velocities and laminar flow
in the feeder arteries into potential energy with further
increase in lateral pressure probably occurs within and just
beyond the nidus.™! Intraoperative Doppler measurements
showed that laminar blood flow in the draining vein is
disturbed just distal to the nidus, becoming more distally
pulsatile with velocities and waveforms as in arteries.!1”#
Arterialized Doppler waveforms were recorded also in the
dural sinuses in patients with brain AVM.™ The draining
vein is subjected to intensive pressure- and flow-related
strains that may lead to structural fatigue, focal dilation,
and varix formation.

THE HYDRAULIC HYPOTHESIS AND BRAIN
ARTERIOVENOUS MALFORMATIONS

The following is a theory for the pathophysiology of
occurrence of increased P_; in patients with unruptured brain
AVMs applying the basic hydraulic hypothesis [Iigure 2]. In
a brain AVM the vascular resistance in the arterial feeders

Psa Pa Pgy = Pest Py

—> SA

J

Figure 2: Basic hydraulic model of the relation between arterial
pressure and cerebrospinal fluid pressure in the presence of a brain
AVM.The system shown in this figure is to be coupled in parallel to
a number of systems as in Figure |. P_represents the pressure in
the terminal AVM feeder artery; empirically we know that P, <P_
in most AVM cases. See the other abbreviations in Figure |




Surgical Neurology International 2013, 4:%%%

(inflow resistance, or R ) is very low, and the increased
blood pressure in the high-flow draining vein is transmitted
to the subarachnoid veins and to the CSI; thus increasing
P and P . Given the principle of communicating vessels,
the locally increased pressure transmission P to P_ at the
draining vein is transmitted to the whole CSF space, which
can induce general subarachnoid vein compression (and
thus generally increased R) far away from the vein
draining the arteriovenous shunt. For each patient with
AVM the magnitude of pressure transmission P to P,
and global increase in R will depend on the pattern of the
AVM venous drainage (number of veins and presence of
anastomoses with veins draining normal brain) and whether
maximum draining vein distensibility is reached of not.
Globally increased P_; decreases cerebral perfusion pressure,
and whether this leads to decreased CBF will depend by
and large on the functional status of cerebral autoregulation.
At the point when maximum AVM draining vein distension
is achieved the pressure transmission P to P_ is limited,
but upstream venous pressure increase (to the AVM nidus
and connected venous territories) is not limited, and brain
edema can evolve. Shunt flow to the dural sinus increases
P,. When P is increased the pressure gradient across the
arachnoid villi decreases, leading to a relative hinder of CSF
absorption that can result in increase in CSF volume and
further increase in P_,. On the long run, any effect of P, on

¢ probably depends on the magnitude of the shunt flow
and pressure transmission, and on whether the vascular
waterfall at the entry of the subarachnoid veins into the
dural sinus is present or is abolished, either intermittently
or permanentlv In the extreme situation when P &
equals P_; and a steady state is achieved, P, and P_, will
oscillate together over time, and general Cerebral venous
engorgement and CSF outflow obstruction will develop
that may result in hydrocephalus development when other
CFS outflow mechanisms (e.g., CSF bulk flow to the spinal
canal) become exhausted.

In the following sections AVM hemodynamics is reviewed
and the physiological and clinical relevance of the basic
hydraulic model are discussed.

CEREBRAL ARTERIAL AND VENOUS
PRESSURES IN BRAIN AVMS

There are several studies reporting pressure measurements
in brain AVM vessels during open surgery for AVM
excision. The measurements were done by direct puncture
of the feeding arteries,P520344 and of the draining
B:53342461 While in normal conditions cortical artery
pressure was found to be in average 92% of the mean
SAPBY these studies showed that in most cases the pressure
in the AVM-feeding arteries measured just adjacent to
the AVM nidus is substantially lower than SAP, and that
AVM-draining vein pressure, measured just distal to the
AVM nidus, 1s higher than normal cortical vein pressure.

velns.
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After removal of the AVM or clamping of the feeding
artery, the pressure in the proximal stump of the feeding
artery increased to approximately the level of the SAP,
and the pressure in the draining vein decreased drastically.
Pooling detailed data charts published in some of these
studies®5203 4424659 and not considering methodological
discrepancies (the zero pressure level may have been
calibrated using somewhat different reference sites), gives
the following results: Before AVM excision the average
feeding artery pressure was 49.3 mmllg (SD = 16.9;
N = 75), corresponding to 64.1% (SD = 22.8; N = 75)
of SAP and the average draining vein pressure was
17.1 mmllg (SD = 6.1; N = 54). Draining vein pressure
was in average 12.5 mmllg (SD = 6.6; N = 46) higher
that the central venous pressure. After AVM  excision
the pressure in the artery stump was in average
72.2 mmHg (SD =11; N=19), or 84% (SD = 14.2; N = 18)
of the SAP Measurements of intravascular pressure done
by microcatheterization of the feeders in transarterial
embolization showed similar findings concerning feeder
artery pressures, which in three representative studies!!*?!%%
was in average 50%, 55%, and 68%, respectively, of the
mean SAP before AVM embolization. A tendency for
lower terminal feeder artery pressures to occur in longer
feeding arteries was observed in one study,™! but it
was not confirmed in another study.?” Feeding artery
pressures were found to be significantly higher in AVMs
with previous hemorrhage than in clinically unruptured
AVMs. B+ A tendency to higher feeder artery pressures
occurred in AVM feeders with brain-nourishing branches
distal to the nidus™ as well as in small AVMs (with nidus
up to 3 cm in diameter).®! The draining vein pressure was
significantly higher in AVMs with previous hemorrhage
than in unruptured AVMs in one study,*!! but this finding
was not corroborated in a subsequent study.*! A positive
linear correlation between feeder artery pressure and
draining vein pressure, without any apparent influence
of venous stenosis on angiography, was reported;!
this finding cannot be corroborated in the pool of data
described earlier. In patients with unruptured AVMs
presenting with mass effect, draining vein pressure before
surgical removal of the AVM in 10 patients (22 mmHg in
average) was significantly higher than in six patients with
unruptured AVMs without mass effect (12 mmHg).*
Summarizing, in terms of the hydraulic hypothesis these
studies described an intravascular pressure drop from the
circle of Willis to the terminal AVM feeding artery that is
consistent with low R, and an increase in AVM draining
vein pressure that accordmg to elementary flow dynamics
is in equilibrium with P_,.

CSF AND SUPERIOR SAGITTAL SINUS
PRESSURES IN BRAIN AVMS

Lofgren’s group started a study on P
brain AVM two decades ago.

.« I patients

with A preliminary
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communication was published in abstract form,!®! but the
study was never completed. The following is a summary
of the available data of this unique study together with
some complementary information (J Lofgren, personal
communication, 2011). The patient population was a
series of 50 patients with supratentorial cerebral AVMs
undergoing endovascular treatment. One of the patients
had papilledema. P, measured by means of lumbar
puncture in all patients before treatment was in average
15.1 mmHg (SD = 4.4; range §-30 mmHg), in one-third
of the cases P, was higher than 15 mmHg, and after
complete or partial AVM embolization P_; had decreased
to 93 mmHg (SD = 15). P had a posmve linear
correlation (R = 0.64; P = 00001) with the volume of
the AVM nidus estimated from angiographic images.
A definitively raised P_; was the case in all patients with
an AVM nidus measuring more than 4 cm in maximum
diameter. P_; values were related to the various size groups
used in the staging system of Spetzler and Martin, " that
1s, AVMs with angiographic diameters 0-3, 3-6, and larger
than 6 cm. Normal or nearly normal P_; was observed in
patients with AVMs less than 3 ¢cm, and at a size larger than
6 cm P_; was higher than 15 mmHg. The interpretation is
possible that even an AVM of smallest size has a definite
effect on the fluid pressure and that this effect increases
linearly with the size, if initially almost imperceptibly, with
about 1 mmHg/ml AVM volume. In a subset of 14 patients
the CSF dynamics was evaluated with the constant rate
infusion method; the CSF outflow resistance was in
average 8.5 mmllg/min/ml (SD = 3.9), that was mostly
within the normal range, and did not correlate thoroughly
to P_. In another subset of 20 patients the pressure in
the superior sagittal sinus (P_), with zero at the level of
the jugular vein, was measured by means of transfemoral
venous catheterization both before and after complete
or partial AVM embolization. In these 20 patients P_
was in average 9 mmllg (SD = 3.24; range 4-15 mmllg)
before embolization, and 4.8 mmllg (SD = 1.88; range
2-9 mmHg) after embolization; the corresponding P

cst
measured via lumbar puncture in this patient subset

was 14.8 mmllg (SD = 4.5; range 8-24 mmllg) before

embolization, and 11.05 mmllg (SD = 3.86; range
5-19 mmllg) after embolization; P, related linearly
with P before embolization (R = 0.79; P = 0.0001).

Summarizing, the main observatlons were that brain
AVMs, even in the absence of hemorrhage or obstructive
hydroccphalus cause a disturbance of the CSF circulation
in the direction of increased P . In this study, the
increased level of lumbar P_; was 1n dlrect proportion to
the volume of the AVM, and there was a proportional
elevation of the dural sinus pressure that can be secondary
to increased blood flow. The increase of P probably
resulted of the increased shunt flow, and the venous
waterfall was diminished but not erased, as shown by
a positive gradient P, — P and average CSF outflow

588

resistance within normal values in the patients where the
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appropriate measurements were done. The increase of
P, can be explained by the basic hydraulic hypothesis,
and the overall results are not in discordance with this
hypothesis.

MASS EFFECT AND BRAIN EDEMA
BORDERING UNRUPTURED BRAIN AVYMS

Imaging studies of clinically unruptured brain AVMs show
evidence of mass effect (i.e., compression, distortion, and
displacement of normal anatomic structures by the AVM
nidus, its arterial feeders and efferent veins) in 44-55% of
patients# and brain edema in 3.3-3.9% of patients.!>>*#!
This is an intriguing observation, since in craniotomy for
nonhemorrhagic AVMs the dura mater is usually loose,
and the brain pulsates normally. It is likely that in this
situation brain swelling is suppressed by properly controlled
ventilation and some degree of hypotension during general
anesthesia (see below) that decrease the shunt-flow
through the AVM, which is blood pressure-dependent, in
this way also decreasing the pressure transmission from P,
to P, (according to the hydraulic hypothesis). Abnormal
venous outflow resulting in venous hypertension has been
suggested to be the cause of brain edema.®! In the context
of a pressure transmission mechanism as described in the
hydraulic hypothesis the development of parenchymal
brain edema is dependent on the magnitude of venous
hypertension resulting from the arteriovenous shunt, and
on the presence of venous outflow obstruction. Since the
terminal venous orifices at the entrance in the dural sinuses
are not known to dilate in the presence of AVM, venous
outflow obstruction can be in part determined by normal
venous anatomy In the presence of venous hypertension.
In an arteriovenous shunt the draining vein is the driving
source of transmural pressure input to the CSF space,
and the association of cerebral venous hypertension with
venous outflow obstruction can both increase the pressure
transmission to CSI" and, by further increasing the tension
on the venous wall, accelerate the development of venous
pathology (degenerative mural changes, varicosities and
dilated venous sacs, and thrombosis). In the presence of
venous outflow obstruction the pressure transmission from
P to P is limited to the point when maximum vein
dilation is ach1eved but pressure redistribution upstream to
the AVM nidus and to adjacent venous territories through
anastomoses is not limited, leading to the development of
perinidal and perivenous vasogenic brain edema.

DURAL ARTERIOVENOUS FISTULAS

Brain edema, symptomatic increased intracranial pressure,
and papilledema are common presentations in patients
with unruptured dural arteriovenous fistulas  (DAVF),
both in those DAVFs with direct cortical vein drainage
and in those draining into a venous sinus with retrograde
drainage into subarachnoid veins.>'%**  Application of
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the basic hydraulic model seems to be straightforward in
DAVFs with direct cortical venous drainage with reference
to the pressure transmission at the draining vein, but the
situation is more dramatic since the draining vein of a
DAVE often exhibits more profound pathological changes
than the draining vein of a brain AVM. The reason is that
the ctiology of DAVE is usually thrombosis of a dural sinus
or a cerebral vein, and the aggressive development of brain
edema in DAVF compared with brain AVM is probably
intensified by local postthrombotic venous stenosis and
congestion. DAVFs did not arouse the same interest as
brain AVMs for studies of intravasal pressure. Meticulous
measurements of intraventricular P measured via an
external ventriculostomy, and P, measured via a catheter
placed into the surgically exposed superior sagittal sinus,
were reported in an adult patient with severe intracranial
hypertension due to a DAVEPY In that case, the DAVFE had
feeders from the right external carotid artery drained to the
ipsilateral sinus transversus (that presented with irregular
lumen and stenosis in the images provided in the case
report) with insufficient antegrade venous drainage and
reflux to the contralateral sinus transversus and to cortical
veins, that is, it was a DAVF that could be classified!"” as
type Ila + b. The mean P, was 30 mmlHg, and P, was
clearly above normal values but constantly 2-3 mmHg lower
than P_. Both P_; and P, normalized after embolization
through, and ligature of the external carotid artery feeding
the DAVE The authors concluded that increased P, was
the cause of intracranial hypertension,P” but it is more
probable that in this case the cause of increased P_; was
blood pressure transmission as proposed by the hydraulic
model aggravated by blood flow stagnation in cortical veins,
since the vascular waterfall was not erased even if lowered,
and the patient did not present with hydrocephalus.

A single-case report illustrated particularly well the role
of venous hypertension in arteriovenous shunt-related
brain edema:®! A patient presenting with headache
and progressive lower extremity weakness was found to
present edema and contrast-agent enhancement of the
medulla on magnetic resonance imaging (MRI), and a
small, nonruptured cerebellar AVM with drainage to the
anterior spinal vein on angiography. This case’s clinical
presentation and initial imaging findings (MRI) are
typically associated to spinal DAVFs or to intracranial
DAVFs with spinal perimedullary drainage (classified
as type VI"), but the pathophysiological mechanism of
brain edema (localized venous hypertension) can be the
same in DAVF and in AVM.

HYDROCEPHALUS IN PATIENTS WITH
NONRUPTURED AVMS

The occurrence of hydrocephalus in  patients with
unruptured brain AVMs is uncommon. When present
in these patients, hydrocephalus usually results of
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obstruction of the CSI space, typically obstruction of
the interventricular foramen or of the Sylvian aqueduct,
either by an enlarged draining vein or by the AVM
nidus itself.!"" Appreciable pressure increase in the dural
sinus is expected for sure in patients with brain AVM
because of direct shunting of arterial blood into the
sinus lumen. That was the case in patients reported with
symptomatic intracranial hypertension associated with
high-flow, unruptured brain AVMs, 253061 but  these
patients did not develop hydrocephalus. In contrast,
noncommunicating hydrocephalus is common in the
pediatric  AVM  population with huge arteriovenous
shunts. Hydrocephalus occurs in 38% of infants (aged
from 1 month to 2 years) with high-flow brain AVMs."**!
Rare cases of hydrocephalus associated with nonruptured
AVMs in adult patients with no evidence of obstruction
of the CSF space were recently reported: One patient
with AVM in the cerebellum presenting with large
varicosities in the draining veins,!' and one patient with
a choroidal-type AVM.I"I In these cases development of
hydrocephalus was attributed to pressure increase in the
deep cerebral venous system.'>1°) Unfortunately neither
P, nor other relevant pressure measurements were done
in these patients, but those reports provide imaging
evidence of engorged periventricular and transmedullary

veins. 1210

Considering the basic hydraulic hypothesis, it is appealing
to hypothesize that the development of nonobstructive
hydrocephalus in patients with unruptured brain AVM
can be related to the absence of a vascular waterfall (i.e., a
positive pressure gradient P_~P,) at the venous entry
into the dural sinuses. It is likely that CSF resorption
will not be appreciably disturbed and communicating
hydrocephalus will not develop in AVM patients as long as
the vascular waterfall is preserved. Since locally increasing
P, to the P_, level will result in increased CSF absorption
elsewhere, it is reasonable to suppose that the vascular
waterfall has to be eliminated globally for hydrocephalus
development.  Attempts  to  produce  experimental
hydrocephalus by occluding large venous conduits have
usually failed because of the development of venous
collaterals and enlargement of alternative routes of CSF
drainage.™ This concept scems to apply consistently to
well-established concepts of CSF secretion, bulk flow and
absorption (hydrocephalus would in this case develop
due to increased resistance to CSF absorption in the
arachnoid villi, which is pressure-dependent) as well as
to recent hypotheses of CSFE formation and absorption
at the cerebral capillaries (hydrocephalus development
due to CSF absorption disturbance because of increased
hydrostatic  pressure in  the cerebral venules and
capillaries). In most adult patients with nonruptured AVM,
the pressure input into the dural sinus is presumably not
large enough to abolish the vascular waterfall enduringly,
and these patients usually do not develop communicating
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hydrocephalus. The situation is different in the pediatric
AVM population in which P, can be high enough, and
steadily so, to erase the vascular waterfall and to stop CSI¥
absorption in the arachnoid villi; in addition, increased
venous pressure per se would contribute to development
of macrocrania in neonates and infants, when the skull
sutures are still not closed. A similar situation occurs
in infants with obstruction of the superior vena cava in
infants that develop nonobstructive hydrocephalus that
is attributed to global increase in the cranial venous
sinus pressure.'22 This is probably also the case in the
few documented cases of communicating hydrocephalus
in adults with nonruptured AVM, as indicated by the
presence of engorged deep cerebral veins in these patients.

VEIN OF GALEN ANEURISMAL
MALFORMATION

Hydrocephalus occurs in 46.8% of patients with vein of
Galen aneurismal malformation (VGAM), and increased
venous sinus pressure has been considered of primary
importance in the development of hydrocephalus in
these patients.”” Huge dural sinus pressures, well
over P, were measured in two patients with VGAM
and hydrocephalus.® In this study, intraventricular
pressure (P_) and superior sagittal sinus pressure (P,)
were  measured  before and  after  transvenous
embolization of the VGAMs. Preembolization P,
was very high in both patients (450 mmI1,O and 50
mmlLO, respectively) and about five times higher
than P, (which was 90 mmH,0O and 110 mmH,0).
Embolization led to a remarkable fall of P, in both
patients (down to 20 mmH,O and zero, respectively),
and to slightly decreased P (80 mmH,O and 100
mml1,0). From the point of view of the basic hydraulic
hypothesis a VGAM represent a focus of extremely
elevated blood flow and venous pressure that faraway
exceeds the limit of pressure transmission from P_to P_,
due to maximum vein distension. A factor that could
limit the pressure transmission in VGAMs is the atypical
character of its venous drainage. A VGAMs draining
vein is not an otherwise normal brain vein that also
drains an arteriovenous shunt, but it is more accurately
an anomalous vein (the median prosencephalic vein,
that is the embryological forerunner of the vein of
Galen) that does not collect normal brain veins, and
that often drains into a persistent falcine sinus.””! Other
venous anomalies that can influence the distribution of
the shunt-related venous hypertension are absence of
the straight sinus in most cases of VGAM, persistence
of other embryonic sinuses such as the occipital
and marginal sinuses, and an ill-defined anatomical
configuration of the remainder of the venous system.?!”!
Moreover, in young patients with distensible skull high
draining venous pressure alone is probably a major
determinant of the development of macrocephaly.

s
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AUTOREGULATION-RELATED PHENOMENA

Cerebral autoregulation is the intrinsic property of the brain
to maintain constant blood flow despite changes in arterial
perfusion pressure by modulation of brain artery vascular
tone, especially in small arterioles. In healthy individuals,
cerebral autoregulation mechanisms are effective when
the SAP is kept within approximate lower and upper
limits of 60 and 150 mmHg, respectively, but these limits
are not at all inflexible; they vary with the level of arterial
P_, they are higher in patients with chronic hypertension,
and autoregulation is abolished in acute conditions with
associated brain tissue lactacidosis.>*>%! The upper limit
of auroregulation is particularly variable, since SAP levels
well above this theoretical threshold occur in daily life
without generating hypertensive encephalopathy.” There
is evidence suggesting that autoregulation in the AVM
feeding artery territories undergoes adaptive changes due
to chronic hypoperfusion, with the lower limit shifted to
a lower SAP level in patients with brain AVM studied
under neuroleptic counscious sedation.”? In humans,
under neuroleptanalgesia cerebral autoregulation persists
to the mean SAP level of 40 mmHg, below which it
disappears.® The existence of a shift of the autoregulation
with tolerance of lower arterial pressure levels under
general anesthesia or in chronic cerebral hypoperfusion
makes sense, since the average AVM feeding artery
pressure was 49.3 mmllg (SD = 16.9) in measurements
pooled from the literature (presented earlier), and thus
under conditions of ordinary autoregulation limits many
of those patients would present with overt vasomotor
paralysis in the AVM-related vascular territories.

The concept cerebrovascular steal refers to the regional
hypoperfusion of the brain parenchyma around an AVM.
The clinical correlate of steal is the finding of patients
with unruptured AVM  presenting with progressive or
variable neurological deficits. The steal results from two
factors, namely the pressure difference between arteries
feeding the AVM and arteries feeding the brain that
brings on redistribution of blood flow from the brain
parenchyma sharing the same feeding arteries as the AVM
to the arteriovenous shunt, and the local reduction of the
cerebral perfusion pressure (i.c., inflow pressure minus
outflow pressure) because of the increase in the venous
pressure combined to decrease of the arterial pressure.[#7%
Considering basic principles of hemodynamics there should
be no question that the vascular steal occurs,” and
actually it can be visualized on angiography of high-flow
AVMs, when a rapid filling of the feeding arteries (often
also of collateral arteries communicating with the feeders)
and ecarly filling of the draining veins is associated to
poor filling of the normal cerebral arteries bordering the
AVM in the midarterial phase. Within its intrinsic limits,
cerebral autoregulation mechanisms make possible to
compensate for the cerebrovascular steal by promoting
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dilation of the arteriolar resistance vessels in response to
the regional decrease in perfusion pressure close to the
AVM. Regional CBF can be quantified with good spatial
resolution around brain AVMs in studies using either the
¥Xe inhalation method or the stable xenon computed
tomography (Xe-CT). In a pioncer study using both these
methods," the local CBF in 15 patients with supratentorial
AVMs (nine were large AVMs, with nidus measuring
6-14 cm) was compared with measurements in nine normal
volunteers, and the following results were found: Compared
with the normal group, the local CBI values for gray
matter and for white matter in AVM patients were both
significantly reduced in the brain parenchyma adjacent to
the AVM, and in the contralateral brain hemisphere local
CBF was significantly reduced in the gray matter but not
in the white matter; the hemispheres containing an AVM
presented with greater reduction in gray matter local CBF
than the contralateral hemisphere; in five patients the
measurements were repeated after successtul AVM excision,
and all local CBF reductions in gray and white matter
improved to normal values.

A remarkable blood pressure-flow relation to a hypotensive
challenge in AVM patients was observed in a study using
the '»Xe method by Taneda, et al.l* In this study, regional
CBF (gray matter flow only) was measured in eight patients
with AVMs at least 4 cm in size, first at normotension and
later during pharmacologically induced decrease in systemic
arterial blood pressure. In six patients the hemispheric
CBF paradoxically increased on both brain hemispheres in
response to hypotension (the CBF increase being larger in
the AVM hemisphere than in the opposite hemisphere),
in one patient with a hemorrhagic lesion the hemispheric
CBF increased in the AVM hemisphere and decreased
on the opposite side, and in one patient (also with a
hemorrhagic lesion) the hemispheric CBEF decreased on
both sides but the reduction was milder on the AVM side;
moreover, an increase of more than 50% of CBF in response
to hypotension was recorded in at least a single detector in
all cases (even in the case with average CBF reduction).
The CBF measurements were repeated in five patients after
excision of the AVMs, and then no increase was observed
in response to hypotension. In explaining this phenomenon
Taneda, et al.® emphasized the role of the venous side of
the shunt system: Since the arterial pressure in an AVM
is directly mediated to the venous side, decreasing the
arterial pressure decreases the venous back-pressure and
improves CBF even in the brain hemisphere contralateral
to the AVM. This paradoxical blood pressure-flow relation
can be simply understood in the context of the hydraulic
hypothesis: Reducing the venous back-pressure at the AVM
draining vein also reduces P_; globally, and thus the cerebral
perfusion pressure in the underperfused brain parenchyma
can increase despite a decrease of SAP

These considerations on cerebral autoregulation and
paradoxical blood pressure-flow responses in patients with
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brain AVMs can be further scrutinized considering the use
of profound systemic arterial hypotension during surgery for
AVM excision. Pertuiset et al.P! reported on their experience
and on the theoretical and experimental background of
setting the level of mean SAP between 40 and 50 mmHg in
AVM surgery. In a group of patients with large, superficial
AVMs regional CBV was monitored using an isotope
technique during blood pressure manipulations. It was
shown that when SAP decreases to <50 mmllg the CBV
decreases in the AVM and increases in the normal brain
surrounding the AVM as a result of normal autoregulation,
and when the mean SAP rises again to bascline levels CBV
in the AVM becomes quite high, and decreases significantly
everywhere else. The brain surrounding an AVM had a
lesser CBV response compared to the response in a group
of patients with saccular aneurysms.

The term normal perfusion pressure breakthrough (NPPB)
refers to the onset of acute or sub-acute brain swelling,
cither with or without hemorrhage, following resection
or embolization of large, high-flow brain AVMs
despite complete obliteration of the AVM nidus.[%¢!
The pathophysiology of NPPB is supposed to be the
restoration of normal perfusion pressure in the arteries
feeding the brain tissue surrounding an AVM after its
obliteration. In the presence of the AVM that parenchyma
is chronically hypoperfused and its arteries” autoregulatory
capacity is impaired after being chronically operating
at its limit (i.c., maximally dilated), which
renders the parenchyma vulnerable to the restoration
of normal perfusion pressure when failure of the inflow
arteries to constrict leads to foci of disruption in the
capillary bed, resulting in brain edema, hemorrhage, or
both.l® In theory, this concept is in full agreement with
the hydraulic hypothesis, the segmental lack of vessel
tonus (low, nonreactive R ) explaining the development
of hyperemia and brain edema. However, NPPB occurs
rarely in practice and should not be used to explain away
faulty surgical technique.”’ Pressure autoregulation and
CO, reactivity in cerebral arteries remote from the AVM is
intact in most patients after AVM resection.!"”!) Probably
most hyperemic complications of AVM therapy can be
explained by obstruction of the venous system of the brain
adjacent to the AVM, either resulting from the therapeutic
procedure or from postoperative thrombosis.!!  The
occurrence of NPPB in a patient with unruptured brain
AVM and intracranial hypertension was well-documented
in at least one publication. Barrow!® reported a patient
with subjective bruit, visual loss and papilledema, and a
high-flow AVM draining into the superior sagittal sinus,
and an opening P_; of 500 mmILO (ie., 35 mmlg) on
lumbar puncture that seemingly developed white matter
edema and temporary neurological deficits about 36 hours
after removal of the AVM. Briefly, NPPB is a rare event
that has a sound theoretical basis that is in agreement
with the hydraulic hypothesis. It is appealing to speculate

lower
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whether the pretreatment level of P_; could be a predictive
factor for posttreatment NPPB.

CONCLUDING REMARKS

The indication for treatment in patients with brain AVMs
has been focused mainly on the mortality and permanent
neurological morbidity associated to AVM bleeding and
rebleeding, and to a minor extent to the occurrence of
epilepsy, headache, and progressive neurological deficits
due to perfusion steal phenomenon. The basic hydraulic
hypothesis points to another underlying effect of brain
AVM on CSF dynamics whose significance for symptom
development, nonhemorrhagic and hemorrhagic as well,
has not been examined properly. A chronic increase
in P, especially in the cases where pressure level
approaches the breakpoint of the CSF pressure-volume
curve (when the system passes from a high-compliant
to a low-compliant state) can have an aggravating effect
on several well-known pathophysiological mechanisms
related to brain AVM. A most obvious implication is
that the possibility of a habitually increased P_, must
be considered in measurements and monitoring of the
intracranial pressure in AVM patients, when indicated, for
proper interpretation of the pressure values. The bascline
P, level can influence the severity of spontanecous
brain AVM bleeding. The intracranial pressure rise in
such events may start at an abnormally high level and
with a compromised volume reserve that would make
the pressure effect greater than otherwise would have
been the case. The basic hydraulic hypothesis provides
a comprehensive frame to understand the knowledge
accumulated by now on P_, pressure measurements in
AVM vessels, and hydrocephalus development (or not)
in patients with brain AVM. There is no reason not to
retain it as a tentative hypothesis for future mathematical
models of brain AVM dynamics as well as for prospective
data collection and investigation of its relevance for the
natural history and management strategies in patients
with AVM or other arteriovenous shunts in the brain.
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