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Histopathologic Characteristics of a Chronic
Arteriovenous Malformation in a Swine Model:

Preliminary Study

Tarik F. Massoud, Harry V. Vinters, Kuo H. Chao, Fernando Viñuela, and Reza Jahan

BACKGROUND AND PURPOSE: The experimental induction of histologic transformations
in microvessels of similar caliber to those of nidus vessels of cerebral arteriovenous malfor-
mations (AVMs) has not been attempted previously. Our goal was to examine preliminarily
the histopathologic characteristics of nidus vessels and the angiographic features of a chronic
AVM model in swine.

METHODS: AVM models were fashioned from bilateral carotid retia mirabilia of seven
swine after the surgical formation of large unilateral carotid-jugular fistulas. One AVM model
was made for immediate use, whereas in the other six, follow-up angiography was obtained at
varying intervals (2 to 180 days) after model creation. Light and electron microscopy, immu-
nohistochemistry (using monoclonal antibodies against smooth muscle actin and PC10 against
proliferating cell nuclear antigen), and histometry were performed on the nidus vessels of three
swine: one acutely created, one 2 months old, and one 6 months old.

RESULTS: Vascular dilatation and tortuosity of the main arterial feeder and draining vein
were evident angiographically as early as 4 days after AVM creation, and were maximal in the
6-month-old model. Compared with the acutely created nidus vessels, those in the two chronic
models revealed disrupted and attenuated elastica and intimal hyperplasia that was focal (‘‘cush-
ions’’) or generalized, leading to luminal occlusion. Variable numbers of cells in the tunica media
of chronic nidus vessels contained smooth muscle actin. PC10/proliferating cell nuclear antigen
immunoreactivity was observed in the endothelium and subendothelial layers. Histometry showed
increases in intimal hyperplasia and medial thickness in the chronic vessels.

CONCLUSION: Nidus vessels in this chronic swine AVM model exhibited striking histologic
changes similar to those seen in cerebral AVMs. The induced vessel growth seen angiograph-
ically and histologically in components of the chronic AVMs was consistent with the presence
of persistently raised intravascular hemodynamic loads. This preliminary feasibility study sug-
gests that the realistic histologic characteristics of this chronic AVM model are an attractive
feature, and if confirmed in future, more comprehensive, studies would be of benefit in accurate
histopathologic interpretation of the effects of superimposed experimental embolotherapy or
radiosurgery. This model may provide a useful experimental tool to study the dynamic cellular
and tissue events that dictate the development and natural history of AVMs.

An acute-phase model of cerebral arteriovenous
malformations (AVMs) was developed previously
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in swine, with a nidus fashioned from bilateral ca-
rotid retia mirabilia after surgical carotid-jugular
fistula formation (1). True to the act of experimen-
tal model construction is the mandatory require-
ment of validation of this model by testing its ac-
curacy (2); this is achieved by matching the
model’s behavior with known scientific observa-
tions about cerebral AVMs. In this respect, the re-
alistic acute-phase angiographic and hemodynamic
features of this model have been demonstrated pre-
viously (1, 3, 4).

The primary aim of this preliminary study was
twofold: to assess the initial feasibility of maintain-
ing live laboratory swine for variable periods after
surgical carotid-jugular fistula formation and to
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FIG 1. Anatomic basis and features of the swine AVM model.
A, Schematic representation of the normal left carotid arterial anatomy of the swine head and neck. The carotid rete mirabile is situated

at the termination of the ascending pharyngeal artery. In the swine, the internal carotid artery is very short and joins the rete to the
circle of Willis. CC indicates common carotid artery; EC, external carotid artery; IM, internal maxillary artery; MM, middle meningeal
artery supplying the ramus anastomoticus; RA, ramus anastomoticus; AA, arteria anastomotica; AP, ascending pharyngeal artery; O,
occipital artery; BA, basilar artery; CW, circle of Willis; PC, posterior cerebral artery; MC, middle cerebral artery; AC, anterior cerebral
artery; C, ciliary artery; EE, external ethmoidal artery.

B, Schematic representation of the AVM model after creation of a right carotid–jugular fistula. Arrows indicate direction of flow; that
is, from the left common carotid artery to both retia mirabilia (nidus) via the three feeding arteries (left ascending pharyngeal artery, left
ramus anastomoticus, and left arteria anastomotica), and retrograde down the right ascending pharyngeal artery toward the right carotid-
jugular fistula. Note balloon occlusion of the right external carotid artery.

C, Detail from a plastic cast of both carotid retia mirabilia of the swine shows the complex branching pattern of this microvascular
bed. The surrounding nonvascular structures have been removed. Arrows indicate left and right ascending pharyngeal arteries. (Courtesy
of Marc P. Ghysels, MD, Department of Medical Imaging, University of Liege, Belgium).

scrutinize further this swine model by examining
the angiographic and histopathologic (light and
electron microscopic, immunohistochemical, and
histometric) changes in the nidus of chronic AVM
models. It was intended that these preliminary in-
vestigations serve as an appropriate test of feasi-
bility before engaging in future larger and more
elaborate histopathologic studies that could help es-
tablish the basis for accurate histologic interpreta-
tion when using this chronic AVM model for lab-
oratory testing and for the development of new
embolization materials (5–7) or radiosurgical strat-
egies (8) for cerebral AVMs. A secondary goal of
the study was to gain some preliminary general in-
sight into the histopathologic behavior of this mod-
el as a means of establishing the feasibility of 1)
future, more extensive, studies to elucidate the tem-
poral histopathologic transformation/evolution of
the nidus microvasculature within this experimental
AVM when exposed to varying and prolonged he-
modynamic stresses (our ultimate goal in this re-
spect is to be able to shed some light on mecha-
nisms of cell and tissue proliferation in cerebral
AVMs in relation to their underlying hemodynamic
milieu); and 2) future studies that will attempt to
assess the possible role of angiogenesis in the de-
velopment of AVMs (9).

Methods

AVM Model Construction and Angiography

All animal experimentation was conducted in accordance
with policies and guidelines set by the University Chancellor’s
Animal Research Committee and the National Institutes of
Health. Seven Red Duroc swine were used in this study, three
of which were used for histopathologic studies (see below).
The animals were both male and female, were 3 to 4 months
old, weighed 30 to 40 kg, and were maintained on a standard
laboratory diet. After an overnight fast, each swine was pre-
medicated with intramuscular 20 mg/kg of ketamine and 2 mg/
kg of xylazine. General anesthesia was maintained with me-
chanical ventilation and inhalation of 1% to 2% halothane after
endotracheal intubation.

The relevant vascular anatomy of the swine head and neck
and the details of constructing the AVM model have been de-
scribed previously (1) (Fig 1). After performing baseline an-
giography, a right side-to-side carotid-jugular fistula was con-
structed surgically using an aseptic technique, as described in
prior reports. Additional occlusion of three side branches in
the swine neck (right occipital artery, right external carotid
artery, and muscular branch of the right ascending pharyngeal
artery) was undertaken deliberately to ensure that shunting
from the left to the right side of the neck was maximal across
the AVM nidus in this long-term follow-up study, in which
recruitment of many collateral pathways to the fistula would
be expected over time. This optional maneuver is usually omit-
ted in acute-phase uses of this model (3, 10). Immediate post-
operative angiography was performed by selective injection of
the left common carotid and ascending pharyngeal arteries to
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demonstrate components of the AVM model and blood diver-
sion through both retia (the nidus) toward the contralateral
neck fistula. Subcutaneous tissues and skin were sutured in
layers. During the procedure, the swine received prophylactic
0.9 to 1.2 3 106 units of penicillin G intramuscularly. Follow-
up angiography on chronically maintained animals was per-
formed similarly under general anesthesia to view the AVM
model before the animals were killed.

Histopathology of the AVM Nidus

Vascular components of the AVM model were removed at
autopsy in three animals. Euthanasia of the swine was per-
formed using standard methods (pentobarbital 100 mg/kg in-
traarterially). At autopsy, a large incision was made in the cal-
varia and the brain was removed. Careful dissection of the
parasellar dural reflections and within both cavernous sinuses
revealed the underlying retia and the midline interretial con-
nections. The AVM was removed in toto, and specimens were
fixed by immersion in neutral buffered formalin or glutaral-
dehyde solutions. Specimens for light microscopy were em-
bedded in paraffin or plastic and serial 5-mm-thick sections
were obtained of paraffin-embedded specimens. Every fourth
section was stained with hematoxylin-eosin before examina-
tion. Intervening sections were stained with elastica van Gie-
son, mucicarmine, which shows acidic epithelial mucosub-
stances (11), and periodic acid-Schiff stains for complex
carbohydrates. Specimens for transmission electron microsco-
py were postfixed, washed, and dehydrated. They were then
embedded in plastic and sectioned in thicknesses of 70 nm.
These sections were mounted on grids and stained with lead
citrate and uranyl acetate before examination using a Siemens
electron microscope.

Immunohistochemical studies using monoclonal antibody to
smooth muscle actin and PC10 antibody directed against a 36-
kD cell cycle–regulated nuclear protein proliferating cell nu-
clear antigen (PCNA) were also performed in a standard fash-
ion. For smooth muscle actin studies, paraffin sections (5-mm
thick) on poly-L-lysine (0.01%) coated slides were deparaffin-
ized, treated with 3% hydrogen peroxide in methanol to inhibit
endogenous peroxidase activity, and hydrated. The slides were
rinsed in 0.01 mol/L phosphate-buffered saline and blocked
with 3% normal goat serum. Incubation with the monoclonal
antibody to smooth muscle actin (Sigma Chemical Co, St Lou-
is, MO) at 1:400 dilution was carried out overnight at 48C.
Control slides of adjacent sections were incubated with normal
mouse serum in place of primary antiserum. A standard avidin-
biotin peroxidase method was followed using biotinylated
horse antimouse immunoglobulins (applied at 0.05 mg/mL)
and an avidin-biotin complex. The peroxidase enzyme was vi-
sualized with the chromogen diaminobenzidine (0.01 mg/mL
1 0.005% H2O2). The slides were lightly counterstained with
hematoxylin-eosin, dehydrated, and mounted with coverslips.
For PC10/PCNA studies, the procedure was as above except
that the primary antiserum was PC10 (Novacastra, Newcastle-
upon-Tyne, England) at 1:50 dilution. After three 5-minute
rinses with phosphate-buffered saline, sections were incubated
for 30 minutes with a secondary antibody (biotinylated horse
antimouse) at 1:200 dilution, followed by a tertiary avidin-
biotin complexed antibody. All sections were examined using
a 3100 oil immersion lens mounted on an Olympus BH-2
microscope. However, quantification of proliferating cell pop-
ulations (counting of smooth muscle and PC10/PCNA immu-
noreactive cells per unit area) was not carried out owing to the
small sample size in this preliminary feasibility study.

Histometric Analysis of the AVM Nidus

Histologic sections stained with elastica van Gieson were
selected and photographed for morphometry. Magnified copies
of the photomicrographs (final magnification varied from
3160 to 3336) were projected and traced. For each of the

three types of nidus vessels under investigation (acute, 2-
month-old, and 6-month-old), a total of 18 vessels (selected at
random from right and left retia) were traced, and measure-
ments of these (corrected for magnification) were performed
with the aid of an automated image analyzer (Zeiss Interactive
Digital Analysis System, Carl Zeiss, Inc., Thornwood, NY) to
reveal the circumference of the vessel lumen (in mm), the
length of the internal elastic lamina (in mm), and the circum-
ference of the outer margin of the media (in mm). From these,
the following parameters were calculated automatically and
their means (6 SD) derived: the area of the vessel lumen (in
mm2), the entire area enclosed by the internal elastic lamina
(in mm2), the area of intimal hyperplasia (in mm2), the entire
area enclosed by the outer margin of media (in mm2), the area
of the media (in mm2), the medial thickness (in mm), and the
radius of the vessel (in mm). The results of histometric analysis
were examined qualitatively for general trends. Statistical anal-
ysis was not possible owing to the small number of specimens
in this preliminary study.

Results
All swine tolerated the general anesthesia and

the surgical and endovascular procedures with no
ill effects. One model was created for use in the
acute phase. The other six swine were kept for fol-
low-up, during which all the animals appeared nor-
mal, with no obvious ill effects.

Immediate postoperative angiography showed a
successful acute-phase simulation of an AVM in all
swine. Upon selective injection of the left common
carotid artery or ascending pharyngeal artery, a
very rapid angiographic sequence was observed in
each model: orthograde flow in the left ascending
pharyngeal artery (main feeder), shunting through
both retia mirabilia across the midline (nidus), and
rapid retrograde flow down the right ascending
pharyngeal artery and common carotid artery
(main draining vein) to the fistula (Fig 2A). Beyond
the fistula, opacified blood in the external jugular
vein dispersed mostly in an orthograde direction.

Follow-up angiography in six swine was per-
formed from days 2 to 180 after surgery: one swine
at day 2, one swine at day 4, two swine at day 14,
one swine at day 56 (shown in Fig 2B), and one
swine at day 180 (shown in Fig 2C). The persistent
increased blood flow through each AVM model re-
sulted in progressive dilatation (see sizes below)
and tortuosity (judged subjectively) of its main ar-
terial feeder and draining vein. This vascular dila-
tation was evident as early as day 4 after AVM
creation, and was maximal in the 6-month-old
model (Fig 2C). The main feeder and draining
veins were considerably dilated in the most chronic
models, attaining sizes similar to that of the normal
external carotid artery in the swine (normally, the
ascending pharyngeal artery [about 2 mm in di-
ameter] is less than half the size of the external
carotid artery [5 mm]). In addition, unlike the nor-
mally straight ascending pharyngeal artery, these
AVM components became elongated and tortuous,
a reflection of the long-term increased intravascular
hemodynamic load. On the other hand, angiograph-
ic changes in the microvessels of the AVM nidus
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FIG 2. A, Frontal view of a superselective left ascending pharyngeal arteriogram shows rapid shunting flow through the AVM nidus
and retrograde flow in the draining vein portion of the AVM down toward the carotid-jugular fistula immediately after model construction.
Straight coils were used to occlude right-sided neck branches during model construction. Arrows indicate direction of flow.

B, Frontal left common carotid arteriogram shows features of the same AVM model as in A but 2 months later. Note dilatation and
some elongation of the component vessels as well as marked dilatation of the external jugular vein.

C, Frontal left common carotid arteriogram shows features of the 6-month-old AVM model. Note dilatation and elongation of its
component vessels and the overall coarse pattern of nidus microvessels. In this swine, the muscular branch of the right ascending
pharyngeal artery (arrow) was not occluded during model construction owing to temporary vasospasm, which prevented access. This
allowed the delayed recruitment of blood via anastomoses with the namesake contralateral artery, in parallel with shunting across the
AVM nidus.

were more difficult to assess by measurements of
vascular caliber, because the size of individual mi-
crovessels was just beyond the size limit for digital
subtraction angiographic resolution. Nevertheless,
these were judged subjectively to show a probable
increase in caliber and an overall coarser vascular
pattern, especially in the most chronic models.

Among the six swine followed up beyond the
acute period, histopathologic studies were conduct-
ed on one 2-month-old and one 6-month-old AVM
nidus. In addition, nidus histology of the acutely
created AVM model acted as a control specimen
(Fig 3). The decision to analyze histopathologically
only three of the seven swine in this study was
made a priori. Owing to the preliminary feasibility
nature of this study, it was thought that examina-
tion of one swine at each end of the experimental
follow-up period and one swine as close to halfway
through this period as possible would be sufficient
to gain the intended glimpse of possible trends in
histopathologic observations. Although analysis of
all seven swine would have been marginally more
useful, it was thought that this small number would
still be insufficient to provide statistically relevant
data. Clearly, the small number of experimental
subjects used in this study precludes the formation
of solid conclusions. However, on the basis of these
preliminary results, our future goal is to launch a
more comprehensive study with a larger number of
experimental animals examined at greater intervals
with the aim of achieving statistically significant
results.

Light microscopic findings in the acute model
were as described previously in the literature (also
see below) for the normal swine rete mirabile (12–
14). Light microscopy of the chronic nidi revealed
striking changes, many of which were similar to
those encountered in human AVM specimens.
These included disrupted and attenuated elastica
with overlying focal intimal hyperplasia (ie, intimal
cushions or endoluminal pads of Conti [15]), severe
intimal thickening (which in places produced com-
plete luminal occlusion), and mucicarmine-positive
ground substance among cells of hyperplastic inti-
ma. The 6-month-old nidus vessels were generally
of larger caliber and more ectatic, with noticeable
segments of mural thinning, and the intimal cush-
ions appeared somewhat less prominent than in the
2-month-old nidus; however, intimal hyperplasia
was measurably increased on histometry (see be-
low). None of the above changes was observed in
the acute model (ie, the normal retial microvesels).

Electron micrographs of the chronic model ves-
sels were markedly abnormal (Fig 4), displaying
thinning and attenuation of the endothelium with
focal breaks or gaps in the endothelial barrier. Un-
derlying fibromuscular hyperplasia was noted with
prominent smooth muscle and fibroblast cells,
which were separated by bands of collagen and
granular and fibrillar material, probably represent-
ing glycosaminoglycans. The internal elastic lami-
na was disrupted.

Immunohistochemical studies showed that vari-
able numbers of cells in the tunica media contained
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FIG 3. Histologic and immunohistochem-
ical features of the swine AVM models.

A, Immunohistochemical features of the
nidus microvessels in the acute AVM mod-
el (ie, of normal rete mirabile microves-
sels) using monoclonal antibody to smooth
muscle actin, followed by counterstaining
with hematoxylin-eosin. Original magnifi-
cation 340.

B, Histologic section of the 2-month-old
nidus vessels after staining with elastica
van Gieson. Note the prominent intimal hy-
perplasia that occludes vessels in places
and prominent disruption of the elastica.
Original magnification 316.

C, Immunohistochemical features of the
nidus microvessels in the 2-month-old
AVM model using monoclonal antibody to
smooth muscle actin, followed by counter-
staining with hematoxylin-eosin. Note me-
dial thickening and intimal hyperplasia.
Original magnification 340.

D, Immunohistochemical features of the
nidus microvessels in the 2-month-old
AVM model using PC10 antibody to PCNA
followed by counterstaining with hematox-
ylin-eosin. Note widespread presence of
proliferating cells. Original magnification
3104.

E, Histologic section of the 2-month-old
nidus vessels after staining with mucicar-
mine. Note the mucicarmine-positive
ground substance among cells of hyper-
plastic intima. Original magnification 340.

F, Histologic section of the 6-month-old
nidus vessels after staining with elastica
van Gieson. Note the multifocal destruc-
tion of the elastica layer (arrow) and the
intimal hyperplasia in the form of an en-
doluminal cushion (arrowhead). Original
magnification 340.

G, Histologic section of the 6-month-old
nidus vessels after staining with hematox-
ylin-eosin. Note the focal segments of mu-
ral thinning (arrow). Original magnification
340.

FIG 4. Electron micrographs of nidus ves-
sels in the acute AVM model (ie, of normal
rete mirabile microvessels) (A) and in the
2-month-old AVM model (B). L indicates
vessel lumen. Original magnifications
37500.

A, Note the normal and variably promi-
nent endothelium. Smooth muscle cells
(arrows) are immediately deep to the in-
ternal elastic lamina.

B, Note thinning and attenuation of the
endothelium with focal breaks in the en-
dothelial barrier (straight arrows). Under-
lying fibromuscular hyperplasia is noted
with prominent smooth muscle and fibro-
blast cells, which are separated by bands
of collagen and granular and fibrillar ma-
terial, probably representing glycosamino-
glycans. Curved arrow indicates a focus in
which the internal elastic lamina is
attenuated.
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FIG 5. A, Histogram of mean values (6 SD) for five histometric parameters that characterize various areas (in mm2) of the nidus
microvessels when measured in the acute, 2-month-old, and 6-month-old AVM models. The five parameters were 1) area of the vessel
lumen, 2) entire area enclosed by the internal elastic lamina, 3) area of intimal hyperplasia, 4) entire area enclosed by the outer margin
of media, and 5) area of media.

B, Histogram of mean values (6 SD) for the medial thickness and vessel radius (in mm) of the nidus microvessels when measured
in the acute, 2-month-old, and 6-month-old AVM models.

smooth muscle actin; these were more prominent
in the vessels of the chronic nidus. PC10/PCNA
immunoreactivity was observed in the endothelium
and subendothelial layers, but no obvious qualita-
tive difference in immunoreactivity was found be-
tween the acute and chronic nidus microvessels
(Fig 3).

The results of histometric measurements are
shown in Figure 5. The diameter of the nidus vessel
averaged 328 mm in the acute model and 490 mm
(ie, twice the obtained vessel radius) in the swine
kept for 6 months. The 6-month-old vessels dis-
played the largest measurements and calculations
of medial thickness, vessel radius, and areas. Par-
ticularly prominent were the increases in intimal
hyperplasia and medial thickness seen in the chron-
ic models.

Discussion
Several striking transmural microscopic changes

in chronic AVM nidus vessels were observed in
this preliminary study. These included attenuated
or destroyed elastica, marked intimal hyperplasia,
vessel dilatation, areas of mural thinning, and ul-
trastructural abnormalities in the endothelium and
subendothelium. Despite the preliminary nature of
this study, its findings are useful on two fronts.
First, they reveal that the chronic swine AVM mod-
el is likely to be useful when performing histo-
pathologic studies of new embolic agents or ex-
perimental radiosurgery, because the histologic
effects of these interventions would be superim-
posed on a background of realistic histologic
changes representative of cerebral AVMs. Howev-
er, a more concrete and reliable confirmation of this
likelihood could only be obtained in future studies

using many more experimental subjects. The pres-
ent study establishes the feasibility of this line of
investigation. Second, these initial findings lend in-
direct support to hypotheses suggesting that many
of the complex histopathologic features observed
in human AVMs are secondary to hemodynamic
stresses induced by high intravascular blood flow
(16).

Histology and Immunohistochemistry of Cerebral
AVMs

The combination of primary and acquired his-
tologic features (see below) in the nidus of cerebral
AVMs is usually revealed as numerous enlarged
and abnormal artery-like and vein-like channels
(17) with intervening unidentifiable types of ves-
sels (15, 18–23). Artery-like microvessels usually
contain a well-defined internal elastic lamina, al-
though the elastica may be split or focally deficient
in some areas. Vein-like microvessels usually con-
tain no discernible elastica, but may be markedly
thickened. The endothelium is thickened and pro-
jects into the lumen as endoluminal pads of Conti
(15). Some vascular channels within an AVM show
localized smooth muscle hyperplasia, possibly at
sites of platelet-fibrin thrombus deposition that may
be determined by hemodynamic factors. Throm-
bosis may occlude the vessels, or the thrombi may
be mural with ensuing organization. Calcification
is often present in AVM vessel walls, but frank
complicated atherosclerosis with ulceration is rare-
ly seen in AVM channels. The extravascular neural
parenchymal component of an AVM also shows
characteristic features: abundant evidence of old
hemorrhage is often present, and extensive gliosis
is frequently encountered within brain tissue. Ul-
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trastructural study of AVMs reveals myofibrillary
aggregates with densities within smooth muscle
cells; endothelial gaps are present; and subendothe-
lial basement membranes are thick, reticulated, or
multilaminated (17, 24, 25).

The assessment of cellular proliferation in his-
tologic material is a valuable component of con-
ventional histopathologic analysis. Methods that
permit in situ assessment of cellular proliferation,
such as immunohistochemistry, are preferable to
methods that require disruption of tissues, such as
flow cytometry (26). A particular advantage is that
the immunohistologic demonstration of cell cycle–
related antigens allows spatial orientation to be
shown, and the phenotype of proliferating cells can
be determined by double staining methods. Smooth
muscle cells in vessels of cerebral AVMs have been
studied previously using a monoclonal antibody
against the muscle protein actin (22). Similar stud-
ies on smooth muscle cell proliferation have been
performed in vein of Galen malformations (27) and
in AVMs previously treated by embolization (28).
Cell proliferation can also be assessed in formalin-
fixed, paraffin-embedded tissue using monoclonal
antibody PC10 directed against PCNA (28). PCNA
is the cofactor of DNA polymerase delta, an en-
zyme required for DNA replication (29). The rate
of synthesis of PCNA correlates directly with the
proliferative state of cells. Using this method, in-
vestigators have analyzed patterns of endothelial
proliferation over embolization material in AVM
vessels (28). Quantitative immunohistochemical
analysis (ie, cell counts per unit area) was not per-
formed in this preliminary study owing to the small
number of specimens examined. Future, more ex-
tensive, studies using these immunohistochemical
techniques could provide us with a more dynamic
picture of cellular events in this experimental AVM
model and in cerebral AVMs.

Swine AVM Model
Past experimental in vivo studies of AVMs have

been hampered by the lack of an appropriate animal
model that possesses a representative AVM nidus.
Therefore, a limited perspective of histopathologic
reactions in vessels subjected to arteriovenous
shunting has been available only from such models
as experimental large arteriovenous fistulas in
sheep (30) and rabbits (16). In these, changes in
the dilated and tortuous arterial limbs resulted in
frequent interruptions of the internal elastic lamina,
medial thinning, and intimal proliferation. Changes
in the venous portion of the fistulas consisted of
marked intimal thickening, loose intimal prolifer-
ation of smooth muscle, deposition of metachromic
extracellular material, and loss or extensive frag-
mentation of elastica. In chronic models, venous
intimal tears resulted in the accumulation of mural
thrombi and eventual mural fibrosis.

These histopathologic observations in large ex-
perimental arteriovenous fistulas provide some in-

dication of vessel reaction when subjected to he-
modynamic stress. However, a more accurate
experimental replication of events within a human
AVM nidus would be expected if experimental
shunting were possible through microvessels of the
same caliber as those of a human nidus. The carotid
rete mirabile of the swine consists of a compact
plexus of intertwining microarteries with an angio-
graphic appearance similar to a plexiform human
AVM nidus (14). The average diameter of normal
rete vessels was reported previously by Lee et al
(13) to be 154 mm, although it is unclear if this
represented only the luminal diameter. In this study,
the diameter (including mural thickness) was 328
mm. The reason for this disparity is unclear, but,
conveniently, both are comparable to the size of
human AVM nidus vessels, which in one study
were shown to have an average diameter of 265
mm (20). Histologically, however, the normal rete
microarteries are relatively thick-walled relative to
human AVMs. Light microscopy reveals a well-de-
fined undulating internal elastic lamina and a pre-
dominantly muscular tunica media with an average
thickness of 36 mm, as reported previously by
Brothers et al (12), or of 25 mm, as seen in this
study.

Bilateral retia mirabilia of the swine were suc-
cessfully incorporated into an in vivo experimental
AVM model. The normal swine carotid rete mira-
bile possesses relatively low blood flow owing to
a small drop in intravascular pressure between its
afferent and efferent arteries. On the other hand,
cerebral AVMs possess high shunting flow induced
by significant arteriovenous pressure gradients.
Thus, the AVM model was created by diverting
(from one side of the neck to the other, across the
midline) and increasing blood flow through bilat-
eral retia after surgical formation of a large unilat-
eral carotid-jugular fistula (1, 3, 4).

One important limitation of this AVM model ac-
curately is its position at the skull base within both
cavernous sinuses; therefore, unlike cerebral
AVMs, it is not close to or surrounded by brain
tissue. Histopathologic effects on adjacent brain pa-
renchyma cannot be reproduced using this model.
Nevertheless, the model offers several advantages:
1) it is simple to construct (10); 2) it possesses an
accessible, intact, and fast-flowing nidus; 3) it pos-
sesses feeders and draining veins that are easy to
catheterize and to observe at angiography; 4) the
degree of blood shunting across the nidus is vari-
able, thus simulating a spectrum of low- and high-
flow AVMs; 5) en bloc removal of the AVM model
is possible at animal autopsy, thus allowing histo-
logic examination of its vascular components; and
6) as demonstrated for the first time in this study,
the model can be maintained for a chronic period,
thereby enabling the performance of temporal an-
giographic and vascular histopathologic studies.

A significant benefit of this AVM model is its
replication of the hemodynamic features of simple
cerebral AVMs. In previous studies using this mod-
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el, it was observed that an average arteriovenous
pressure gradient of 28 mm Hg exists across the
nidus (4), and the average peak flow velocity falls
across the nidus from 63.4 6 24.6 cm/s in the main
feeder to 38.9 6 13.7 cm/s in the main draining
vein (3). Hemodynamic assessments of swine were
not conducted in the present preliminary study, but
it would appear reasonable to assume that similar
hemodynamic conditions were present in the AVM
models under investigation. The ability to establish
the prevailing hemodynamic conditions across the
nidus of this AVM model accurately represents a
significant advantage that will be made use of in
future larger studies to correlate the model’s his-
tologic findings with its hemodynamic features.

Histomorphogenesis of AVM Microvessels
Cerebral AVMs are highly dynamic rather than

static entities (31). They are constantly subjected to
circulatory mechanical forces and to a variety of
pathologic alterations that progressively transform
them into complex vascular anomalies. Most
AVMs do not become symptomatic until the third
decade of life. It is logical, therefore, to conclude
that these lesions undergo morphologic and he-
modynamic changes even after the brain has
reached maturity. Marin–Padilla (31) has stated that
‘‘... it should be of great significance in the study
of these malformations to be able to distinguish and
to separate their primary or original features from
the secondary or acquired ones.’’

The abnormal morphogenetic evolution of
AVMs (ie, the dynamic cellular and tissue events
that dictate their development and natural history)
has been speculated upon but remains unknown.
The lack of this knowledge stems in part from the
inability to perform such dynamic investigations on
human AVM specimens, from the near absence of
naturally occurring animal models of AVMs, and
from the previous lack of in vivo experimental
models of AVMs. The availability of the described
swine AVM model now provides a potential tool
for investigating this issue. The interesting results
of this preliminary study will form a springboard
for future more extensive studies to elucidate the
temporal histopathologic transformation/evolution
of the nidus microvasculature within this experi-
mental AVM model and to correlate these changes
with detailed hemodynamic parameters prevailing
across the nidus.

Some precursory observations relevant to this is-
sue of AVM histomorphogenesis can be made from
the findings of this study. For example, the dilata-
tion and elongation of the arterial feeder and nidus
vessels observed at angiography and histometry in
the more chronic AVM models are consistent with
the observations of Nornes and Grip (32) in cere-
bral AVM feeders. They postulated that this vessel
growth could arise after two possible hemodynamic
triggers: low intraluminal pressure and high flow
velocity. Both triggers have been shown previously

to be integral features of this swine AVM model
(3, 4). It is known that lowering of blood pressure
tends to reduce tangential wall tension and results
in vessel dilatation (33). It has been suggested that
endothelial cell membrane potential changes asso-
ciated with higher flow (either via shear stress–ac-
tivated channels or stretch-activated channels) may
regulate blood vessel tone via direct action on un-
derlying smooth muscle cells (34). Dilatation may
then result from electrical coupling (hyperpolariza-
tion transmitted to the smooth muscle cells) or by
release of potent vasorelaxants, such as endothelial-
derived relaxing factor (34).

The observed thickening of nidus vessels (me-
dial and intimal) in chronic models is most likely
due to the persistent effects of increased disturbed
flow and regions of low shear stress (near bifur-
cations and curved segments) present in this highly
intertwining vascular structure (35). Oscillations in
the direction of wall shear stress are also likely to
contribute to the marked formation of intimal hy-
perplasia (36, 37). The noted increase in medial
thickness seen in the more chronic nidus vessels
suggests at first the presence of an underlying hy-
pertensive angiopathy (38, 39). This finding is dif-
ficult to interpret precisely, given the known lower
mean pressure values (compared with values in the
normal state before surgery) in the arterial feeder
and draining vein, and the presence of a pressure
gradient across the AVM nidus. One possibility is
that this may be more a reflection of the frequent
occurrence of zones of low shear stress causing
vascular thickening in a highly complex bifurcating
network of microvessels.

The swine model used did not replicate the ‘‘me-
tamorphotic proliferative angiodysplasia or capil-
laropathy’’ that would appear to characterize the
primary disease process in the embryologic genesis
of AVMs (25); this occurs at approximately the
third week of gestation in humans (40). Therefore,
the histologic appearance of these changes alone
remain unknown. Nevertheless, the prominent and
realistic histologic transformations seen in the
swine microvessels due to high blood flow suggest
that these induced or secondary features might play
a preeminent role in shaping the final histopatho-
logic picture of cerebral AVMs as observed in sur-
gical or autopsy specimens.

It is tempting to postulate various molecular
mechanisms or pathways by which our observed
histopathologic transformations might occur as a
result of hemodynamic stress. Such an analysis,
however, is beyond the scope of this preliminary
investigation. What is known is that mechanical
forces associated with blood flow play an important
role in the regulation of vascular structure and re-
modeling (41). Significant regulation of blood ves-
sel responses occurs by the action of hemodynamic
shear stress on the endothelium. In turn, flow-me-
diated endothelial mechanotransduction leads to
biophysical, biochemical, and gene regulatory re-
sponses (41). Characterization of growth factor ex-
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pression within nidus microvessels of this AVM
model will be undertaken in future, more compre-
hensive, studies. By an extension of this line of
experimentation we believe that this approach may
help toward an understanding of the possible role
of angiogenesis in high-flow vascular beds (9) and,
eventually, the potential development of antiangi-
ogenic adjunctive therapy for cerebral AVMs (42).
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