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Can Induction of Systemic Hypotension Help Prevent
Nidus Rupture Complicating Arteriovenous

Malformation Embolization?: Analysis of Underlying
Mechanisms Achieved Using a Theoretical Model

Tarik F. Massoud, George J. Hademenos, William L. Young, Erzhen Gao, and John Pile-Spellman

BACKGROUND AND PURPOSE: Nidus rupture is a serious complication of intracranial
arteriovenous malformation (AVM) embolotherapy, but its pathogenetic mechanisms are not
well described. An AVM model based on electrical network analysis was used to investigate
theoretically the potential role of hemodynamic perturbations for elevating the risk of nidus
vessel rupture (Rrupt) after simulated AVM embolotherapy, and to assess the potential benefit
of systemic hypotension for preventing rupture.

METHODS: Five separate hypothetical mechanisms for nidus hemorrhage were studied: 1)
intranidal rerouting of blood pressure; 2) extranidal rerouting of blood pressure; 3) occlusion
of draining veins with glue; 4) delayed thrombosis of draining veins; and 5) excessively high
injection pressures proximal to the nidus. Simulated occlusion of vessels or elevated injection
pressures were implemented into the AVM model, and electrical circuit analysis revealed the
consequent changes in intranidal flow, pressure, and Rrupt for the nidus vessels. An expression
for Rrupt was derived based on the functional distribution of the critical radii of component
vessels. If AVM rupture was observed (Rrupt $100%) at systemic normotension (mean pressure
[P] 5 74 mm Hg), the theoretical embolization was repeated under systemic hypotension (minor
P 5 70 mm Hg, moderate P 5 50 mm Hg, or profound P 5 25 mm Hg) to assess the potential
benefit of this maneuver in reducing hemorrhage rates.

RESULTS: All five pathogenetic mechanisms under investigation were able to produce rup-
ture of AVMs during or after embolotherapy. These different mechanisms had in common the
capability of generating surges in intranidal hemodynamic parameters resulting in nidus vessel
rupture. The theoretical induction of systemic hypotension during and after treatment was
shown to be of significant benefit in attenuating these surges and reducing Rrupt to safer levels
below 100%.

CONCLUSION: The induction of systemic hypotension during and after AVM embolization
would appear theoretically to be of potential use in preventing iatrogenic nidus hemorrhage.
The described AVM model should serve as a useful research tool for further theoretical in-
vestigations of AVM embolotherapy and its hemodynamic sequelae.

Considerable strides have been made in the field of
endovascular embolotherapy of intracranial arterio-
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venous malformations (AVMs) since the first em-
bolization procedure was reported in 1960 (1). Not-
withstanding this evolution, the embolization of
AVMs, as currently practiced, continues to carry a
significant intrinsic risk of transient or permanent
neurologic deficits or death (2). The complication
of intracranial hemorrhage remains the most life-
threatening sequela of intracranial AVM emboli-
zation (2). In a series of 283 AVMs treated with
embolotherapy, periembolization subarachnoid
hemorrhage and intracerebral hemorrhage occurred
in 3.1% and 2.1% of patients, respectively (2).

To date, little attention has been paid to the path-
ogenetic mechanisms that result in the occurrence
of nidus rupture in association with AVM embo-
lotherapy (3). No prior reports exist that specifi-
cally investigate the mechanisms responsible for
these iatrogenic events. A better understanding of
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FIG 1. Schematic diagram of the electrical network describing the biomathematical AVM hemodynamic model.
CCA, common carotid artery; ECA, external carotid artery; ICA, internal carotid artery; SCA, subclavian artery; VA,
vertebral artery; PCA, posterior cerebral artery; ACA, anterior cerebral artery; MCA, middle cerebral artery; E,
electromotive force; N, node; L, loop; i, blood flow; R, resistance; SP, systemic pressure, AF, arterial feeder; DV,
draining vein; CVP, central venous pressure. (Reproduced with permission of authors and publisher, reference 4).

the underlying hemodynamic and biophysical
mechanisms implicated in altering the risk of AVM
nidus rupture with embolization is required. This
may help to define further those extrinsic contrib-
uting factors (for example, those related to the em-
bolization technique or strategy that is used, or
those determined by the skill of the operator) and
intrinsic contributing factors (that may be related
to the characteristics of the AVM being treated)
that must be taken into consideration to reduce/
eliminate iatrogenic hemorrhagic complications.
Ultimately, this knowledge may help in lowering
the morbidity and mortality for patients treated by
embolization.

A detailed study of events occurring within an
AVM nidus, prior to and during its endovascular
occlusion with embolic agents, has been hampered
by the usual inherent angioarchitectural complexi-
ties of these lesions, and the lack of sufficient res-
olution with current imaging techniques to enable
the acquisition of detailed intranidal fine structural or
hemodynamic information or both. Furthermore, the
lack of possible microcatheter access to minute and
fragile plexiform vessels precludes a direct compre-
hensive appraisal of intranidal hemodynamics.

The recent development and applicability of bio-
mathematical models as experimental investigative
tools in the field of cerebrovascular therapy (4–6)
helps somewhat to overcome this limitation in that

they provide at least the theoretical means to in-
vestigate intranidal AVM hemodynamics on a qual-
itative basis. A biomathematical AVM model was
developed previously based on electrical network
analysis and possessing a multiple array of simu-
lated intertwining plexiform and fistulous nidus
vessels (4). In the present study, this AVM model
was used to test the theoretical frameworks and le-
gitimacy of five different mechanisms that have
been speculated upon previously in the literature as
possible mechanisms for nidus rupture complicat-
ing AVM embolotherapy. In addition, a more im-
portant goal was to test the theoretical benefit of
induced systemic hypotension as a way to reduce
elevated risks of nidus rupture during and after
AVM embolotherapy.

Methods
The details of this AVM model and its calculations are de-

scribed elsewhere (4–6), in the Appendix and in Figure 1.

Simulations of AVM Embolization

The described model was used to simulate theoretically the
response of an intracranial AVM to transarterial embolizations.
Of note, the model used was a representation of a single AVM.
Ideally, a large spectrum of computationally and labor-inten-
sive models with varying features and characteristics (6) would
have been used to simulate a multitude of AVMs and their
responses to embolization. The great advantage of using one
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FIG 2. Schematic diagram of a portion of the electrical network AVM model to show the effects of extranidal rerouting of blood pressure
after incomplete nidus occlusion with embolic glue (mechanism 2). Panel A: Features of the normal AVM model prior to simulated
embolization. Note normal mean pressures in vessels i7 (47 mm Hg), i6 (66 mm Hg), i2 (66 mm Hg), and i1 (47 mm Hg) that form a
loop outside the nidus. Panels B to E: Progressive partial occlusion of the nidus with simulated glue (gray) when embolization is achieved
via AF2. Note changes in values of mean pressures in the extranidal loop and resulting rupture of nidus vessel i21 (checkered vessel
in B and C) and nidus vessel i37 (checkered vessel in D and E).

model only, however, is the ability to compare different mech-
anisms of nidus rupture in a simulated single AVM.

Five mechanisms (numbered 1 to 5) of nidus rupture were
investigated; the first four of these by the application of dif-
ferent patterns or schemes of AVM vessel occlusion. These
first four modeled patterns were based on clinical knowledge
derived from: 1) previously reported hypotheses as to how
AVMs might rupture after embolic agent deposition in the ni-
dus (3, 7); 2) previously reported angiographic observations of
the various patterns by which vessels of an AVM nidus tend
to occlude owing to the spread and deposition of embolic glue
(8, 9); and 3) previously documented iatrogenic complications
due to the spread of embolic glue or thrombus to AVM drain-
ing veins (10). The fifth mechanism of nidus rupture was stud-
ied by subjecting the AVM nidus vessels to simulated surges
in intravascular pressure caused by elevated injection pressures
originating more proximally within the arterial feeders. These
five possible mechanisms of nidus rupture and the correspond-
ing categories of AVM embolization simulations that form the
central theme of this investigation are outlined in more detail
in the following sections.

Intranidal Rerouting of Blood Flow.—It has been suggested
by Viñuela et al (11) that abrupt embolic occlusion of an in-
tranidal fistula may result in rerouting of significantly high
shunting blood flow through delicate plexiform portions of a
nidus, which may result in their immediate rupture. This spec-
ulative mechanism of intranidal redistribution of hemodynamic
forces was tested in the AVM model by occlusion of the four
intranidal fistulous vessels in a systematic fashion, individually
and in all possible combinations that included adjoining fis-
tulous vessels (while maintaining all plexiform vessels patent).
The minimum number of occluded fistulous vessels was one,
and the maximum number was all four in continuity. Thus, a
total of 10 experimental simulations of AVM embolotherapy
were possible, reflecting occlusion of the intranidal fistula to
varying degrees (Table 1). For each simulation, the blood flow,
intravascular pressure, and risk of rupture were calculated for
all remaining unoccluded nidus vessels (see Appendix).

Because it is believed that intranidal fistulous vessels carry
higher hemodynamic loads than their plexiform counterparts
(12), it was reasoned, in conceiving the above schemes of ves-
sel occlusion, that if dangerous rerouting of flow and intravas-
cular pressure were to occur, then this would be more likely
consequent to redistribution from the fistulous to the weaker
and narrower plexiform vessels, and not vice versa. However,
to scrutinize the hemodynamic significance and consequences
(with regard to nidus rupture) of occluding intranidal fistulous

vis-à-vis plexiform vessels further, three additional sets of 10
experimental simulations were performed as control experi-
ments to the first set described above by occluding similar
combinations of: 1) four (ie, a similar number to the fistulous
vessels) random plexiform vessels (i11, i12, i26, and i32—
chosen through use of a random number generator) while
maintaining the intranidal fistula patent; 2) the four random
plexiform vessels in addition to occluding the four fistulous
vessels (Table 1); and 3) the four vessels i13, i18, i25, and i36
(originally fistulous in nature) that were rendered deliberately
into plexiform instead (ie, in an entirely plexiform nidus).

Extranidal Rerouting of Blood Flow.—A likely mechanism
of postembolization nidus rupture has been pointed out pre-
viously by Kvam et al (13), and subsequently emphasized by
Spetzler et al (14, 15), and others (3, 16). This results from
partial nidus embolization causing upstream pressure eleva-
tions in arterial feeders; this pressure increase is subsequently
rerouted extranidally and transmitted to persistently unobliter-
ated portions of the nidus, contributing to peri- or postembol-
ization AVM rupture. This mechanism was tested in the AVM
model by progressive occlusion of the nidus emanating from
the site of ingress of AF2 (as if embolic glue were being in-
jected via AF2) and spreading toward the draining veins (Fig
2) in a manner compatible with clinical observations by Dion
and Mathis (8). Accompanying this simulated nidus occlusion,
it was assumed that the resulting intravascular pressure within
AF2 (vessel i7) would rise (as has been shown previously in
experimental and clinical settings [17]) to the maximum extent
possible, because the distal aspect of this feeder and its junc-
tion with the nidus was assumed to be always totally occluded
by the simulated embolic glue. This maximum pressure would
have to be no more than the surrounding normal cortical ar-
terial pressures; ie, approximately 90% to 95% of mean sys-
temic pressure. This value is 70 mm Hg in our model. Once
these two prerequisites (the schemes of increasing nidus oblit-
eration and a resulting mean pressure of 70 mm Hg in AF2)
were determined, AVM model simulations were performed to
establish two factors: 1) intranidal rupture occurs in the per-
sistently patent aspects of the nidus as it progressively under-
goes embolization via AF2, and 2) the corresponding rises in
intravascular pressure in extranidal vessels i6, i2, and i1 (Fig
1 and 2). These particular extranidal vessels are connected to
the nidus in the form of a loop and, therefore, form a potential
route for transmission of the elevated pressure in AF2 (ie,
70 mm Hg) back to patent aspects of the nidus via an alter-
native feeder (AF1). Any rises in pressure within these vessels
might suggest the occurrence of extranidal rerouting of he-
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TABLE 1: Results of theoretical simulations of intranidal rerouting of blood flow consequent to partial embolization of the AVM (mechanism 1)

Occluded Fistulous
Nidus Vessel

Occluded Plexiform
Nidus Vessels

(i11, i12, i26, i32)

Nidus Vessel
Demonstrating

Rupture

Value of Risk of Rupture (%) for Ruptured Nidus Vessel
when Embolization Performed at Systemic:

Normotension
Moderate

Hypotension Profound Hypotension

(A) Occlusion of Intranidal Pistulous Vessels Only

i13

i13 1 i18

i13 1 i18 1 i25

i13 1 i18 1 i25 1 i36

i18

· · ·
· · ·
· · ·
· · ·
· · ·

none
none
none
none
none

· · ·
· · ·
· · ·
· · ·
· · ·

· · ·
· · ·
· · ·
· · ·
· · ·

· · ·
· · ·
· · ·
· · ·
· · ·

i18 1 i25

i18 1 i25 1 i36

i25

i25 1 i36

i36

· · ·
· · ·
· · ·

· · ·
· · ·

none
none
i24

and i26

i26

i26

and i37

· · ·
· · ·

100.5
100.8
101.3
100.9
100.5

· · ·
· · ·
86.4
86.7
87.2
86.9
86.4

· · ·
· · ·
62.8
63.2
63.7
63.4
62.9

(B) Occlusion of Intranidal Fistulous and Plexiform Vessels

i13

i13 1 i18

i13 1 i18 1 i25

i13 1 i18 1 i25 1 i36

i18

u

u

u

u

u

none
none
none
none
none

· · ·
· · ·
· · ·
· · ·
· · ·

· · ·
· · ·
· · ·
· · ·
· · ·

· · ·
· · ·
· · ·
· · ·
· · ·

i18 1 i25

i18 1 i25 1 i36

i25

i25 1 i36

i36

u

u

u

u

u

none
none
i17

and i24

i17

and i37

i17

· · ·
· · ·

100.5
101.1
100.8
100.0
100.6

· · ·
· · ·
86.4
87.0
86.8
85.9
86.6

· · ·
· · ·
62.9
63.4
63.2
62.4
63.0

Note.—For position of individual nidus vessels, see Figure 1. The values of risk of rupture for individual AVM nidus vessels in their normal
state prior to embolization ranged from 4.4% to 91.2%. A value of risk of rupture .100% implied nidus vessel rupture. All nidus vessels not
experiencing rupture had risk values ,100%.

modynamic forces and implicate this in the production of nidus
rupture.

Extension of Embolic Glue to Draining Veins.—The disas-
trous complication that occurs when embolic glue extends to
and undergoes polymerization within draining veins, resulting
in immediate rupture of an AVM nidus (9, 10), was simulated
by occluding DV1 totally in the presence of varying degrees
of distal intranidal fistula occlusion. These schemes of vascular
occlusion were conceived in order to simulate the inadvertent
extension of glue from the distal intranidal fistula to the main
draining vein of the AVM during its embolization. Four sim-
ulations in total were performed (Table 2). For each simulation,
the blood flow, pressure, and risk of rupture were calculated
for all remaining unoccluded nidus vessels, as described
previously.

Stasis and Delayed Thrombosis in Draining Veins.—Flow
reduction and delayed thrombosis of draining veins (in the ab-
sence of glue polymerization in the draining veins) sufficient
to induce venous outlet obstruction after partial AVM occlu-
sion has been implicated as a further mechanism for AVM
rupture complicating embolization (3, 9, 11, 18). A number of
patterns of vascular occlusion of the AVM model were con-
ceived to reflect varying extents of nidus (both plexiform and
fistulous portions) embolization and draining vein occlusion
that in combination might result in nidus rupture. This pro-
duced a total of 15 AVM model simulations, as outlined in
Table 3. It can be seen from Table 3 that an attempt was made
to represent partial embolization of AVMs by progressively
increasing extents (percentages) of nidus vessel occlusion. Ow-
ing to the presence of a fistula in this AVM, however, it was

reasoned that embolic glue would fill this path of least resis-
tance preferentially, resulting in a non-uniform occlusion of
the nidus. Therefore, simulations were performed in such a
manner that simulated embolic glue would always occlude the
distal third of the fistula to the same extent (percentage) as the
more proximal third of plexiform vessels within the nidus (Ta-
ble 3). It was also argued that stasis and thrombosis of DV1
(that draining the fistula) would be much more significant than
that of DV2 consequent to the occlusion of the distal portions
of the intranidal fistula. Therefore, this simulated occlusion of
the draining veins was weighted toward DV1, with thrombosis
of DV2 only occurring once 50% of DV1 had thrombosed. For
each simulation, the blood flow, intravascular pressure, and
risk of rupture were calculated for all remaining unoccluded
vessels of the nidus, as described previously.

Elevated Transarterial Injection Pressures.—High surges in
intranidal pressure as a result of the dissipation of elevated
downstream arterial feeder injection pressures (during delivery
of contrast medium or embolic agents or both) may result in
AVM nidus rupture (7). This was simulated in the AVM model
by increasing the intravascular pressures of AF1 or AF2 by
increments of 5 mm Hg to a maximum of 50 mm Hg above
baseline intravascular pressure for these feeders. These rises in
pressure are typical of those obtained in vessels of experimen-
tal animals (19). The resulting AVM simulation, following
each distinct increase in arterial feeder pressure, provided val-
ues for the blood flow, intravascular pressure, and risk of rup-
ture for all intranidal vessels situated downstream from the site
of injection. Twenty-two simulations (11 simulations by sim-
ulating injection through AF1 and 11 simulations by injection
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TABLE 2: Results of theoretical simulations of embolic glue extension from the intranidal fistula to the draining veins of the AVM
(mechanism 3)

Occluded Fistulous
Nidus Vessel

Occluded Draining
Vein (DV1)

Nidus Vessel
Demonstrating

Rupture

Value of Risk of Rupture (%) for Ruptured Nidus Vessel
when Embolization Performed at Systemic:

Normotension
Moderate

Hypotension Profound Hypotension

i13 1 i18 1 i25 1 i36

i18 1 i25 1 i36

i25 1 i36

i36

u

u

u

u

none
none
i34

i34

· · ·
· · ·

103.5
103.5

· · ·
· · ·
89.5
89.5

· · ·
· · ·
65.9
65.9

Note.—For position of individual nidus vessels, see Figure 1. The values of risk of rupture for individual AVM nidus vessels in their normal
state prior to embolization ranged from 4.4% to 91.2%. A value of risk of rupture .100% implies nidus vessel rupture. All nidus vessels not
experiencing rupture had risk values ,100%.

through AF2) were performed at these higher arterial feeder
pressures.

Effects of Systemic Hypotension on Risk of Nidus Rupture

In this study, we hypothesized that the induction of systemic
hypotension during and after AVM embolization might theo-
retically be of benefit in reducing the risk of rupture of intran-
idal vessels by lowering their intravascular pressure and con-
sequent biomechanical stresses on the vessel walls. The
previously described mechanisms of AVM rupture consequent
to embolization were divided into those that might yield im-
mediate rupture during (or within a few hours of) the procedure
(mechanisms 1, 2, 3, and 5), and that which might be delayed,
possibly occurring up to weeks after the procedure (mechanism
4). For simulations that yielded cases of immediate rupture
during embolization, theoretical systemic hypotension was in-
duced into the AVM circuit by reducing the mean systemic
blood pressure from its normal level of 74 mm Hg (4) down
to 50 mm Hg (moderate hypotension) or 25 mm Hg (profound/
extreme hypotension), as may be possible for short durations
in clinical practice using controlled hypotensive anesthesia
(20) (vide infra). For simulations that yielded cases of delayed
rupture after embolization, theoretical systemic hypotension
was induced by a simulated reduction down to 70 mm Hg
(minor hypotension), as may be possible in clinical practice
using oral antihypertensive medication (21) (vide infra). The
resultant reduction in values of mean blood pressure transmit-
ted to the arterial feeders, the draining veins, and the central
venous pressure are shown in Figure 3. Therefore, the specific
simulations that demonstrated rupture of intranidal vessels at
systemic normotension were repeated using these newer levels
of lower blood pressure implemented into the AVM circuit.
Special attention was paid to any reduction in the value of the
risk of rupture with induced systemic hypotension for those
vessels that had previously demonstrated rupture at normoten-
sion. More specifically, we examined whether systemic hypo-
tension resulted in a risk of rupture , 100% for nidus vessels
with a previous risk $ 100%.

Results
The simulated total volumetric blood flow

through the normal AVM model before any treat-
ment was 814 mL/min, akin to values of flow
through large intracranial AVMs (22). The values
of risk of rupture for individual AVM nidus vessels
in their normal state prior to embolization ranged
from 4.4% to 91.2%.

The results of simulating intranidal rerouting of
blood flow (mechanism 1) consequent to emboli-
zation are shown in Table 1. Nidus rupture (risk of

rupture $100%) only occurred with occlusion of
the distal aspects of the intranidal fistula (section
[A] of Table 1). Occlusion of both fistulous and
plexiform vessels did not affect this tendency for
rupture to be dictated by occlusion of the distal
portions of the intranidal fistula (section [B] of Ta-
ble 1). No rupture occurred when only four plexi-
form vessels were occluded nor when vessels i13,
i18, i25, and i36 were occluded in an entirely plex-
iform low-flow (total flow 5 234 mL/min) nidus.

The results of simulating extranidal rerouting of
blood flow (mechanism 2) consequent to emboli-
zation are shown in Figure 2. The baseline intra-
vascular pressures for vessels i7, i6, i2, and i1 prior
to nidus embolization are depicted in panel A. Pro-
gressive nidus embolization and the changes in in-
travascular pressure in the extranidal loop of ves-
sels under examination is depicted in panels B–E.
It can be seen that intranidal rupture occurs in the
unobliterated portions of the nidus (vessels i21 and
i37) fed by AF1. Furthermore, this rupture occurs
in conjunction with a redistribution of intravascular
pressures in vessels situated extranidally, suggest-
ing that elevations in arterial feeder pressure with
partial nidus embolization can be transmitted via
other feeders (or branches of the same feeder) to
vulnerable patent portions of the nidus. In our mod-
el, a mean pressure of 70 mm Hg in AF2 conse-
quent to partial intranidal embolization resulted in
a rerouting of blood flow and elevation of AF1
pressure from its normal 47 mm Hg to a maximum
of 61 mm Hg. Because of these findings, a further
test was performed to examine whether the intran-
idal rupture occurring in these simulations was a
result of extranidal rerouting of blood flow (as sus-
pected), or instead, possibly as a result of an in-
tranidal rerouting of blood flow consequent to the
presence of glue within the nidus (ie, as might oc-
cur by mechanism 1). Thus, all the described in-
tranidal partial embolization simulations were re-
peated while preventing AF1 pressure from rising
above its normal value of 47 mm Hg (by repeatedly
adjusting its resistance). This maneuver eliminated
the effects of extranidal rerouting of flow onto the
patent portions of the nidus fed by AF1. Should
rupture have occurred at this stage, then this might
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FIG 3. Line diagram representing mean blood pressure drops
across the theoretical AVM according to position within the cir-
culation. At normotension, mean systemic pressure is 74 mm Hg.
When systemic hypotension is induced in the circulation, the
mean systemic pressure falls to 70 mm Hg (minor hypotension),
50 mm Hg (moderate hypotension), or 25 mm Hg (profound
hypotension).

FIG 4. Graph to show how injection pressures (that are in ad-
dition to the baseline intravascular pressures) in intranidal ves-
sels i21 and i37 (when an injection is performed through AF1),
and in vessel i12 (when an injection is performed through AF2)
affect the risk of rupture of these vessels. Vessels i21 and i37
rupture (risk .100%) with high injection pressures.

FIG 5. 3D bar chart to show changes in risk of rupture for in-
tranidal vessels i21 (dark columns) and i37 (light columns), both
of which were found to rupture after extranidal rerouting of pres-
sure consequent to partial embolization via AF1 (mechanism 2,
as in Fig 2). B to E represent extent of progressive nidus occlu-
sion as depicted in Figure 2. Note that both vessels rupture (risk
.100%) at systemic normotension (74 mm Hg). The reduction
in risk of rupture occurs with moderate systemic hypotension (50
mm Hg) and is more pronounced at profound systemic hypoten-
sion (25 mm Hg).

have suggested that intranidal (not extranidal) re-
routing of flow was the main culprit in the gener-
ation of nidus rupture. Our results, however,
showed that rupture did not occur when maintain-
ing AF1 pressure at 47 mm Hg, pointing to extran-
idal rerouting of blood flow as the likely main
cause of the observed rupture in patent aspects of
the nidus.

The results of simulating extension of embolic
glue to the draining veins of an AVM (mechanism
3) are shown in Table 2. Nidus rupture was ob-
served when occlusion of the distal aspects of the
intranidal fistula occurred in conjunction with ob-
struction of DV1.

The results of simulating blood stasis and even-
tual delayed thrombosis in the draining veins of an
AVM (mechanism 4) are shown in Table 3. Nidus
rupture was observed when a small extent of the
nidus was obliterated in conjunction with consid-
erable thrombosis of both draining veins.

The results of simulating the effects of elevated
injection pressures within arterial feeders (mecha-
nism 5) on the risk of rupture in downstream in-
tranidal vessels are shown in Figure 4. Pressure in-
creases in AF1 resulted in rupture of two intranidal
vessels (i21 and i37), whereas simulated injections
through AF2 only resulted in a marked rise in risk
of rupture for vessel i12, but actual rupture did not
occur.

Theoretical systemic hypotension was investi-
gated in all cases of AVM nidus rupture that were
observed during the study of mechanisms 1 to 5.
For all cases of nidus rupture observed at systemic
normotension, the repetition of the same simulated
embolization in the presence of systemic hypoten-
sion resulted in a lowering of the risk of nidus rup-

ture to ,100%. This observed theoretical benefit
during or after embolization was present with all
three degrees (minor, moderate, and profound) of
systemic hypotension. The extent by which the risk
of nidus rupture was reduced appeared proportional
to the degree of systemic hypotension—the greatest
reduction in risk of nidus rupture occurred during
profound systemic hypotension. This is exemplified
and illustrated in Figure 5, which demonstrates
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graphically the reduction in risk of rupture for in-
tranidal vessels i21 and i37, both of which were
found to rupture after extranidal rerouting of pres-
sure consequent to embolization via AF1 (as ex-
plained above for mechanism 2; also see Figure 2).

Discussion

Causes of Embolotherapy-induced Hemorrhage
Other than the five possible mechanisms of nidus

rupture complicating AVM embolotherapy that
form the subject of our present theoretical study,
there exist several other potential causes of intra-
cranial hemorrhage consequent to AVM emboliza-
tion that cannot be investigated with this particular
AVM model. The most important of these causes
is rupture of dysplastic aneurysms situated within
an AVM nidus or more proximally on arterial feed-
ers (7, 8, 23). These aneurysms occur in up to 58%
of AVMs (24), and have a significant impact on the
strategies adopted to induce embolization in these
AVMs in an effort to avoid aneurysm rupture dur-
ing the procedure. Analysis of the theoretical he-
modynamic alterations present within an aneurysm
subsequent to partial embolization of an AVM re-
quires an overall more complex theoretical mod-
eling process (which takes into account a combi-
nation of AVM and aneurysm models), and,
therefore, will be the subject of a separate future
study. Four other suggested causes of intracranial
hemorrhage that may complicate embolization of
AVMs, but that were not investigated in this study,
are: 1) the ‘‘normal perfusion pressure break-
through’’ phenomenon (13, 16, 25–27); 2) ‘‘occlu-
sive hyperemia’’ (28, 29); 3) potential direct tox-
icity of embolic agents on nidus vessel walls (30–
32); and 4) recanalization of previously occluded
nidus portions that results in reexposure of blood
flow to weakened vessel walls (33). Also, other me-
chanical causes of rupture and hemorrhage that
specifically affect arterial feeders (23, 34), such as
traumatic microcatheter or microguidewire manip-
ulations, were not simulated in this study.

Biomathematical AVM Model
Models are necessary to achieve reproducibility,

which is an essential component of scientific ex-
perimentation (35). The numerous advantages of
biomathematical modeling and the rationale behind
using this experimental approach have been de-
scribed previously (4, 36). Biomathematical models
offer one way to understand theoretically AVM
physiologic mechanisms under normal hemody-
namic conditions and during simulated therapy,
particularly in a region of an AVM (the nidus) that
is otherwise inaccessible to detailed investigations
by any other current technique. Generally speaking,
the results of biomathematical modeling are not in-
tended to be extrapolated directly to the clinical
setting but, instead, to be used as a framework

within which clinical phenomena can be better un-
derstood and possible implications suggested, and
as a forum for research and exploration of new
ideas (37). The advantages and disadvantages of
the specific AVM model used in this study have
been discussed at length previously (4–6). Extrap-
olation to a human AVM setting may not be pos-
sible with this model in assessing the risk of hem-
orrhage after treatment, but qualitative appreciation
can be obtained for the ability of embolization to
induce hemodynamic and biomechanical alterations
in the stability of the nidus vessels and to induce
rupture.

The general principles and philosophical premis-
es of modeling in biomedical research have been
reviewed in detail by the authors recently (38); the
current modeling study was conducted within the
framework of these previously reported guidelines.
It bears reiterating that a large potential for error
exists when adopting this research approach. Lim-
itations of the modeling process as applied to bio-
medical systems in general include:

1. The process is subjective. For example, in the
current study numerous assumptions were made
in model creation and in the ensuing emboliza-
tion simulations (as described in the Methods
section). Small errors in any of these assump-
tions have the potential for causing large errors
in experimental results. Dedicated parameter
sensitivity analysis studies are necessary to es-
tablish the extent of any such error.

2. Models represent isolated systems, whereas the
real systems being modeled are rarely isolated,
or even isolatable in principle.

3. Minimal-parameter models may not be explan-
atory to one’s satisfaction because they may ne-
glect properties that are emphasized in more tra-
ditional physiologic work. Thus it may be
necessary to ‘‘overmodel’’ in the mathematical
sense, to provide a model that has appeal to a
community of scholars who have arrived at their
understandings of the real world (e.g. of AVMs)
through a different route.

4. A serious pitfall arises when the results of mod-
eling experiments, such as this one, are believed
to be entirely descriptive of the real-world situ-
ation (ie, embolization of AVMs) rather than re-
alizing that they are merely the implications of
the hypothesis built into the model. Regardless
of how carefully created or complete a theoretical
analysis may be, there always remains the dan-
ger that such scientific extrapolation may be log-
ical but not at all descriptive of the real world.
Until actual measured data from human AVMs
back up theoretical predictions, these predictions
remain in the world of uncertainty. Therefore,
the purpose of the experimental approach adopt-
ed in this study is to provoke contemplation and
reflection upon the issues presented, and not to
take place of new experimental observations.
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Mechanisms of Nidus Rupture at Embolotherapy

It has long been speculated that hemodynamic
disturbances resulting from embolization of AVMs
might be responsible for iatrogenic hemorrhagic
complications. These hemodynamic disturbances
may take on two forms that act independently or
in association: 1) an elevation of intravascular pres-
sure proximal to the site of an obstruction, and 2)
a rerouting of blood flow and pressure away from
the site of an obstruction.

No direct evidence exists to support the notion
that intranidal rerouting of dangerous hemodynam-
ics from one part of the nidus to another can cause
AVM rupture. Instead, on empirical grounds it has
been believed by Viñuela et al (11), and alluded to
earlier by Kvam et al (13), that such rerouting does
occur locally within an AVM nidus. Our results
lend theoretical support to this potential mechanism
of nidus rupture, especially when an intranidal fis-
tula is obstructed.

Contrary to the mechanism of intranidal rerout-
ing of hemodynamics at AVM embolization, that
occurring extranidally is publicized much more of-
ten as a probable mechanism of AVM hemorrhage
(3, 13–15). The occurrence of extranidal rerouting
of blood flow via sperate feeders can be appreciated
readily on transcranial Doppler studies during and
after AVM embolization (39). Moreover, it is
known for certain that downstream obstruction
within the AVM circulation (eg, by partial embo-
lization of the nidus) causes more proximal eleva-
tions in intravascular pressure within arterial feed-
ers (14, 15, 17, 40). It is then assumed that these
higher intravascular pressures are or can be trans-
mitted back (rerouted) to patent aspects of the ni-
dus, causing them to rupture. This, however, has
never been demonstrated by simultaneous measure-
ments of intravascular pressure in separate feeders
(as compared with the transcranial Doppler study
referenced previously). The results of this study in-
dicate that these assumptions appear well founded,
at least from a theoretical standpoint. In the AVM
model used, partial embolization was capable of
inducing extranidal elevations in pressure that were
relayed back (via a different feeder) to unoccluded
parts of the nidus resulting in their rupture.

The evidence that partial nidus embolization
causes more proximal elevation of pressure within
arterial feeders has been described by Gao et al
(41). A downstream obstruction within the nidus
exerts an equal yet opposite force against the he-
modynamic forces generated by blood pressure
within the arterial feeder in driving the blood
through the nidus. Therefore, the pressure level at
the site of the obstruction builds up (and is trans-
mitted upstream) to become equal in magnitude to
that at the source of the pressure head (ie, that driv-
ing the previously patent arterial feeder). This el-
evated pressure in an obstructed feeder can: 1) be
transmitted back to the nidus via the same feeder
(if this is partially occluded) or alternative branch-

es/feeders (3, 13–16); 2) result in progressive di-
latation of the stagnant feeder and even its eventual
rupture (13, 27) or rupture of an associated dys-
plastic aneurysm (13); 3) be transmitted to adjacent
cerebral tissue to result in hyperemic complications
(13, 16, 25–27); and/or 4) simply equilibrate with
the intravascular pressure in adjacent vessels/vas-
cular beds. For this reason, we postulate that the
maximum possible extent to which mean pressure
in an obstructed feeder can elevate consequent to
nidus embolization is the same value as mean pres-
sures in normal cortical vessels of that patient; ie,
about 90% of mean systemic blood pressure. In this
regard, Ahuja et al (42) observed postembolization
hemorrhages in two patients in whom mean arterial
feeder pressures increased to above 80% (reaching
.85% of mean systemic pressure levels) of the
preembolization levels. Also, Handa et al (40) not-
ed that there was a gradual increase in arterial feed-
er pressure as each subsequent injection of embolic
agent occluded greater portions of an AVM nidus.
As the arteriovenous shunt decreased, the pressure
gradually increased in the arterial feeders, so that
well-embolized and poorly embolized AVMs had
mean feeder pressure increases of 27 mm Hg and
11 mm Hg, respectively.

The complication of draining vein occlusion
with embolic glue is a dreaded one because it can
lead to immediate (10) or delayed (27) AVM rup-
ture. Our results lend support to this mechanism.
Embolization of a draining vein, however, does not
always lead to complications (43). In one series,
glue underwent polymerization within AVM drain-
ing veins in seven patients, no clinical sequelae en-
sued in six patients, and in one patient nidus rup-
ture occurred 12 hours after embolization (44).
Based on such findings, it has been speculated that
occlusion of the draining vein may or may not be
significant, depending on the size and dynamic im-
portance of this vessel and flow changes through
the nidus (43). The results of this study concur with
these ideas and provide a theoretical backing to this
mechanism of nidus rupture following embolization.

When embolization of an AVM nidus is incom-
plete but is greater than 50% in extent, progressive
thrombosis may ensue for at least three reasons (45,
46): 1) reduced intranidal flow, 2) continued throm-
bogenic effect of the glue, and 3) persistence of the
inflammatory process following exposure of nidus
vessels to the embolic agent. This progressive
thrombosis may lead to two possible changes in the
remaining patent aspects of the nidus and in the
draining veins. First, it may lead to complete oblit-
eration of the nidus, with or without distal exten-
sion to segments of the draining veins (45). Alter-
natively, the resultant flow stasis predominates, and
the progressive thrombosis occurs only/mainly in
the draining veins while sparing the residual por-
tions of the AVM nidus. This resultant venous out-
let obstruction, occurring in the presence of patent
nidus remnants, can lead to rupture (11). Viñuela
et al (11) reported on two patients who bled 4 and
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5 days post embolization, both of whom had 50%
to 75% nidus obliteration, noticeable early stagna-
tion in the draining veins, and no glue or under-
lying stenoses in the draining veins. Extensive
thrombosis of the draining veins was confirmed at
surgery for removal of these AVMs.

Injections of excessive volumes of fluid (34) or
elevated injection pressures (7, 47) can cause vessel
perforation, but this is usually reported in relation
to rupture of arterial feeders or associated dysplas-
tic aneurysms or both. For example, Nakstad et al
(48) reported rupture of a small arterial branch of
a large AVM feeder when injecting 0.5 mL of con-
trast medium. Rupture of an arterial feeder may
also occur because of direct injection pressure in
the presence of a partially occluded artery; eg, with
embolic particles (7). Our results suggest that this
mechanism might also operate within the nidus. El-
evated injection pressures (within the ranges sim-
ulated in this study) during delivery of contrast me-
dium or embolic agent in arterial feeders could lead
to rupture of downstream nidus vessels.

Influence of Systemic Hypotension
Several authors have reported on methods that

attempt to reduce the risk of hemorrhage during or
immediately after AVM surgery or embolization.
Of particular note, these maneuvers are usually
driven at lowering the potentially dangerous ele-
vated pressures in arterial feeders of AVMs after
partial nidus obliteration. Thus, Spetzler et al (14)
have stressed the importance of proximal arterial
feeder ligation or clipping after intraoperative nidus
embolization. Sorimachi et al (16) have extended
the same principle to endovascular procedures by
suggesting proximal occlusion of stagnant arterial
feeders with coils. Even ligation of the cervical in-
ternal carotid artery after AVM embolization has
been used in the past (49). Staged embolization or
surgery or both of large AVMs is another approach
designed to reduce gradually the expected eleva-
tions in arterial feeder pressures if a total occlusion/
excision of these lesions were to be carried out (8,
14). Interestingly, Tamaki et al (50) have suggested
that in these large AVMs it is possible to perform
one-stage excision with the aid of graded occlusion
of the cervical carotid artery by using Selverstone
clamps to ‘‘modulate’’ distal blood flow and pres-
sure in the postoperative period.

With regard to induction of systemic hypoten-
sion, this has been advocated previously for two
reasons in relation to performing endovascular em-
bolization of intracranial AVMs. First, during the
procedure, simply as a means to control dynami-
cally the gradual filling of a nidus with slowly po-
lymerizing glue (51); and second, in the immediate
period after the procedure, with the patient in in-
tensive care, as a means of reducing possible hy-
peremic complications (9, 49, 52, 53). There exists
a third way to make use of deliberate hypotension
as an aid to AVM embolotherapy, but this has been

reported on only sparingly (9, 49, 54). To our
knowledge, Ling et al (9) are the only group to
have reported specifically on the potential benefit
of hypotension in lowering the rates of hemorrhage
that occurs during AVM embolotherapy. Based on
their experience in embolization of 300 AVMs,
they recommend a reduction in systemic blood
pressure of 20–30 mm Hg from a time just before
embolization till the third day post embolization. In
this study, we provide a theoretical analysis of the
underlying hemodynamic and biophysical mecha-
nisms responsible for a lowering of this risk of
AVM rupture with systemic hypotension.

The induction of systemic hypotension (eg, by
using the vasodilators sodium nitroprusside, es-
molol, or isoflurane alone or in combination [55])
is a routine technique for cerebrovascular surgery
(56, 57), and has been employed as well during
conventional transarterial embolization of AVMs
(51). Mean systemic pressure levels of 40–50 mm
Hg are compatible with brain safety because they
do not preclude subsequent restoration of mito-
chondrial redox of cytochrome a and a3 in cerebral
cortical cells, and somatosensory evoked potentials
are maintained (20). Profound controlled hypoten-
sion, even down to mean systemic pressures of 25
mm Hg, may be tolerated for a limited time (58).

The results of this theoretical study raise the pos-
sibility that even moderate systemic hypotension
(mean pressure of 50 mm Hg) during embolization
of AVMs might be of benefit in maintaining the
risk of AVM rupture below dangerously critical
levels. This applies to mechanisms 1 to 3 and
mechanism 5 in this study, because these mecha-
nisms tend to yield early rupture, and, therefore,
the use of hypotensive anesthesia during the em-
bolization might counteract any potential elevations
in risk of AVM rupture. Mechanism 4, on the other
hand, tends to result in delayed rupture, even up to
a month after the embolization (18). Our results
suggest that for this duration, even minor reduc-
tions in systemic blood pressure might be helpful
in avoiding AVM rupture by mechanism 4. In nor-
motensive patients, a minor sustained reduction of
systemic blood pressure, eg, by 4–5 mm Hg, is
possible with oral antihypertensive medication
(21). This degree of hypotension usually has no
clinical side effects (21). It is therefore tempting to
propose, in partially embolized AVMs in which a
prominent degree of stagnation is observed in the
draining veins on postembolization angiograms,
that these patients might benefit from a short course
of oral antihypertensives of a 1-month duration af-
ter treatment and after discharge from intensive
care. This prophylaxis might prove sufficient to re-
duce the risk of nidus rupture should delayed ve-
nous thrombosis occur.

These suggestions regarding the use of systemic
hypotension during and after AVM embolotherapy
should be considered within the overall context of
this theoretical study. In reality, the inherent bio-
logical and biovariability traits of cerebral AVMs
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are not accurately or entirely reproducible with a
biomathematical model. Thus, it is not possible to
simulate complex biological events, nor is it pos-
sible to study the impact that heparinization during
(3) or after (29) embolization might have on the
risk of AVM rupture. Another limitation of the
mathematical results of this study is that it is con-
ceptually difficult to judge the real biological im-
pact of minor systemic hypotension on AVM he-
modynamics. Given the wide variations in systemic
blood pressure experienced during normal activi-
ties, and that most AVMs rupture during sleep (59),
a reduction of 4–5 mm Hg in mean systemic pres-
sure might appear at first to be insignificant. Of
note, Marks et al (53) in a recent small series found
no benefit in maintaining the mean systemic pres-
sure at 65–75 mm Hg for 2 to 3 days post
embolization.

It remains unclear from this study to what extent
these results obtained when using the single AVM
model presented could differ in the presence of al-
ternative AVM model hemodynamic features, such
as underlying feeder pressure values and total vol-
umetric flow volume. As stated, a large spectrum
of computationally and labor-intensive models with
varying features and characteristics (as presented in
a prior report [6]) would have to be used to sim-
ulate a multitude of AVMs and their responses to
embolization. This issue was beyond the scope of
this study. By future adoption of this approach, we
plan to define the sensitivity of the model charac-
teristics to the results of embolization simulations
obtained.

The findings of this theoretical study should
serve as a springboard for further discussion and
analysis of mechanisms of AVM rupture and their
prevention. The results of this study can only be
verified by further detailed clinical observations
following implementation of the suggestions herein
on a trial basis, or more ideally, by pooling of data
from many centers in a randomized trial to test the
benefits of systemic pressure reduction during and
after AVM embolization.

Appendix

Electrical Network AVM Model

The AVM network, nestled within a simulated
circulatory network of the head and neck, consisted
of four arterial feeders, two draining veins, and a
nidus angioarchitecture with a randomly distributed
array of 28 interconnected plexiform and fistulous
components, as shown in Figure 1. Twenty-four of
the nidus vessels were plexiform and four nidus
vessels were fistulous (i13, i18, i25, and i36 in Fig-
ure 1). Two arterial feeders (AF1 and AF2) were
considered major feeders, wheras AF3 and AF4 (a
simulated transdural supply) were minor feeders.
Both draining veins drained into the simulated in-
tracranial venous sinuses.

The pressure values implemented into the AVM
circuit were: mean systemic blood pressure of
74 mm Hg; mean arterial feeder pressure of 47 mm
Hg (for major arterial feeders); mean arterial feeder
pressure of 50 mm Hg (for minor arterial feeders);
mean draining vein pressure of 17 mm Hg; and
mean central venous pressure of 5 mm Hg. All the
above values were considered for the purpose of
this study to be ‘‘typical’’ or average ones, and
were obtained from pooled historical data (4). A
separate parameter sensitivity analytical study (6)
that characterized the functioning of this AVM
model when wide ranges of values (instead of sin-
gle ones) were implemented into the model, re-
vealed that the adoption of the above values re-
sulted in an acceptable representation of a single
‘‘typical’’ high-flow large intracranial AVM based
on its total volumetric blood flow rate (814 mL/min)
and its baseline risk of rupture (less than 100%).

Using an electrical analogy of Ohm’s law, flow
rate was determined based on Poiseuille’s law giv-
en the aforementioned pressures and resistance of
each nidus vessel. In order to determine the he-
modynamic quantities within each vessel of the
vascular array during each simulation of an em-
bolization procedure, network analysis of the loops
and nodes constituting the AVM model circuit was
performed to yield 41 linear equations correspond-
ing to the 41 vessels of the circuit and yielding 41
distinct values of volumetric flow rate (4). The 41
derived linear equations were solved simultaneous-
ly by expanding a simplified version of Poiseuille’s
formula into matrix form. The matrices correspond-
ing to pressure and resistance were created using a
spreadsheet application (Microsoft Excel) and
transported to an advanced mathematical compu-
tation program (Mathematica, Champaign, IL) for
solution of the flow rate values for all 41 vessels
(4). Thus, circuit analysis of the AVM vasculature
based on the conservation of flow and voltage re-
vealed the flow rate through each vessel in the
AVM network. Once the volumetric flow rate was
determined for each simulation, it was then possi-
ble to calculate other hemodynamic parameters
such as the intravascular pressure and the risk of
rupture for each nidus vessel.

Risk of AVM Nidus Rupture

The highly tortuous, structurally weak intranidal
vessels subjected to the continual impingement of
large hemodynamic forces make AVMs highly sus-
ceptible to hemorrhage. The precise location or re-
gion of rupture is extremely difficult to observe an-
giographically and to detect histologically, and
remains a source of speculation in the study of
AVMs. It is believed commonly that, based on the
biomechanical properties of the intranidal vessels,
rupture occurs when the cumulative hemodynamic
stresses of the vessel wall exceeds its elastic mod-
ulus (5).



AJNR: 21, August 20001266 MASSOUD

An expression for the risk of rupture can be de-
rived based on the functional distribution of the
critical radius over a range of intravascular pres-
sures experienced by a cylindrical vessel during a
normal cardiac cycle (5, 6) and is given as: Risk
5 ln [Pexp/Pmin]/ln [Pmax/Pmin], where Pmin and
Pmax are the central venous pressure and the ‘‘max-
imum intranidal pressure,’’ respectively, and Pexp is
the pressure of the nidus vessel determined during
simulation (5, 6). The complete mathematical der-
ivation of the above expression and more detailed
discussion of the rationale for the logarithmic ex-
pressions and the terms Pmin and Pmax are as de-
scribed in a prior report (5), to which the attention
of the reader is directed.

The expression given above represents a relative
measurement of the probability or risk of rupture
and is multiplied by 100% to present the result as
a percentage of risk of rupture. Of particular im-
portance to this study is whether these values of
risk of rupture for individual nidus vessels equal or
surpass the 100% limit. Should this occur for any
nidus vessel, ie, the probability becomes that of
certain rupture, then the whole AVM nidus is
deemed to have ruptured. The maximum extent to
which the risk of rupture rises above 100% is the-
oretically of no significance—it is merely the oc-
currence of rupture (ie, the risk being $100%) that
is of paramount importance.

Another method of deriving an expression of risk
of nidus vessel rupture has been reported by Gao
et al (60). This expression is based on more de-
tailed characteristics of intranidal vessels, and was
not used in this study.
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