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Modification of a Previously Described Arteriovenous
Malformation Model in the Swine: Endovascular and

Combined Surgical/Endovascular
Construction and Hemodynamics

Ralf Siekmann, Ajay K. Wakhloo, Baruch B. Lieber, Matthew J. Gounis, Afshin A. Divani, and L. Nelson Hopkins

BACKGROUND AND PURPOSE: The rete mirabile in swine has been proposed as an ar-
teriovenous malformation (AVM) model for acute experimental studies through surgical cre-
ation of a large carotid-jugular fistula. This report describes two endovascular modifications
to simplify the surgical creation and provides hemodynamic parameters for the AVM model.

METHODS: An AVM model was created in 29 animals to study n-butyl 2-cyanoacrylate
polymerization kinetics. The common carotid artery (CCA) was punctured and a guiding cath-
eter was inserted tightly into the origin of the ascending pharyngeal artery (APA). The CCA
was ligated proximal to the catheter to create a pressure drop across the rete, which represented
the AVM nidus. The catheter hub was opened whenever needed and served as the venous
drainage of the AVM nidus. The contralateral APA served as the arterial feeder. Instead of
the surgical ligation of the CCA, a temporary balloon occlusion was performed in three
animals.

RESULTS: A mean pressure gradient of 14.9 6 10.5 mm Hg (range, 4–42 mm Hg) was
measured across the rete. The mean flow rate was 30.4 6 14.2 mL/min (range, 3.5–46 mL/
min), as measured at the venous drainage.

CONCLUSION: The endovascular and combined surgical-endovascular rete AVM model in
swine is easy to construct and is less time-consuming than are the currently used models for
acute experimental studies. Hemodynamic parameters can be monitored during the entire ex-
periment and correspond to values found in human cerebral AVMs.

The endovascular treatment of arteriovenous mal-
formations (AVMs) remains an art owing to the
complexity of the AVM nidus, the supplying arte-
rial feeders, and draining veins. Since its introduc-
tion in 1994 (1), the AVM model in swine has been
widely used for research as well as for training and
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education (2–7). This model uses both the left and
the right parts of the swine’s rete mirabile, a fine
vascular network that supplies the cerebral arteries.
It has some similarities to a plexiform human
AVM. Surgical construction of one common carot-
id to a jugular vein fistula through a large side-to-
side anastomosis facilitates the flow across the rete
(Fig 1A). Subsequently, an endovascular occlusion
of several ipsilateral branches and ligation of the
ipsilateral common carotid artery are necessary to
create the pressure drop required for the ‘‘arterio-
arterial’’ shunt in the model.

The goal of our study was to simplify the exist-
ing combined surgical and endovascular construc-
tion of the AVM model in swine and to evaluate
hemodynamic parameters before the planned em-
bolization of the AVM.

Methods
All animal experiments were conducted in accordance with

the policies set by the local University Institutional Animal
Care and Use Committee (IACUC). Twenty-nine swine (four
Mini Yucatan and 25 Barnyard) were used. The animals were
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FIG 1. Schematic illustration of the simplified AVM model in
swine. Large arrows indicate the direction of blood flow through
the rete mirabile. A 6F-guide catheter is tightly fit into the left
APA beyond the origin of the OA and serves as the venous seg-
ment of the AVM model. The CCA is surgically ligated proximal
to the guide catheter. The proximal end of the catheter is opened
to reduce the pressure and drives the blood toward the collection
basin. A microcatheter placed in the right APA serves as the
arterial side of the AVM model (Note.—RCCA 5 right CCA;
RAPA 5 right APA; RFA 5 right femoral artery; MB 5 muscular
branch of the APA).

The inset (A) shows the surgical preparation of the AVM model
in swine as previously described by Massoud et al (1). The ar-
teriovenous fistula and the endovascularly placed balloon within
the ECA (empty arrow) promotes the blood flow from the right
APA into the left jugular vein (arrows).

on average 4.2 months old (range, 3–6 months old) and of
both sexes. The average weight of the Mini Yucatan swine was
32 kg (range, 30–36 kg) and of the Barnyard was 38 kg (range,
27–108 kg). All pigs were maintained on a standard laboratory
diet. After an overnight fast, each swine was premedicated
with an intramuscular administration of 3 mL/100 kg of Tel-
azol and Xylazine and a subsequent intramuscular injection of
0.02 mg/kg of Atropine. General anesthesia was maintained
with spontaneous ventilation or mechanical inhalation of 2%
to 3% isoflurane or both via nose cone or endotracheal intu-
bation. During the procedure, ECG and systemic blood pres-
sure were monitored.

Under general anesthesia the femoral artery was punctured
by means of Doppler sonography guidance and the modified
Seldinger technique. A 7F-introducer sheath was placed into
the groin. After heparinization with an initial bolus of 100 U/
kg, we inserted a 6F-angled Envoy guiding catheter (Cordis
Endovascular Systems, Miami, FL) into the right common ca-
rotid artery (CCA), obtaining angiograms in anteroposterior
projections. Based on experience in humans, heparin infusions
were adjusted to the bodyweight of the animal and the half-
life of the drug to maintain a 2- to 3-times the baseline value
of activated clotting time (ACT). ACTs, however, were not
obtained. We used Ioxilan 62% 300 mgI/mL (Oxilan 300;
Cook, Bloomington, IN) as a contrast agent. The selective an-
giograms through the diagnostic catheters were performed us-
ing 8 mL of pure contrast agent for the CCA, 4 mL for the
ascending pharyngeal artery (APA), and 1–3 mL for the APA
angiogram through the microcatheters. For the image acquisi-

tion, an Angiorex system (Toshiba, Japan) was used at a frame
rate of 3.75 and 7.5 frames per second.

Subsequently, a surgical dissection of the left CCA was per-
formed. A 7F-introducer sheath was placed after puncturing
the CCA at the midcervical level proximal to the APA’s origin.
The CCA was ligated proximal to the sheath. Diagnostic an-
giograms of the CCA in anteroposterior and oblique projec-
tions were obtained. A 6F Envoy guiding catheter with an an-
gled or straight tip was inserted tightly into the origin of the
APA beyond the origin of the occipital artery (OA) (Fig 1). In
three animals, a temporary balloon occlusion was performed
instead of a surgical ligation of the CCA. After placing a 10F-
introducer sheath into the left common femoral artery, a 10-mm
nondetachable 9.4F balloon catheter (Medtronic Zeppelin Mi-
cro Interventional Systems, Sunnyvale, CA), with a maximum
inflation volume of 0.8 mL, was inflated with a solution of
contrast agent and saline (1:1 by volume). The 6F Envoy cath-
eter was inserted through the balloon catheter and placed into
the APA, as described above (Fig 2A and B). Contrast medium
was injected through the 6F Envoy to obtain an optimal an-
giographic view of the rete. A submentooccipital projection
was used for optimal delineation of the rete. The vascular anat-
omy of the rete was frequently visualized to rule out catheter-
induced vasospasm. Vasospasm was frequently observed at the
origin of the APA and in its entire length up to the rete. Small
amounts of papaverin hydrochloride (between 12 and 18 mg,
dependent on the weight of the pig) diluted in 20 mL of saline
was slowly infused over 15 to 20 minutes by using a Harvard
infusion pump (Harvard Apparatus Model 22, Southnatic,
MA). Repeat angiography was performed to document the ef-
fect of papaverin. Intravascular pressure measurements on both
sides of the rete were performed only after complete resolution
of the spasm. A CODMAN MicroSensor Intracranial Pressure
(ICP) transducer (Johnson & Johnson Professional, Inc., Rayn-
ham, MA) was used to monitor the pressure. The transducers
were placed in the right CCA close to the origin of the APA,
in the left APA, and connected to an ICP Express pressure
measurement unit. To determine the blood flow across the rete,
we collected a blood sample through the 6F-guide catheter
from the left APA over a period of 30 seconds. Subsequently,
the collected heparinized blood was reinjected through the
femoral sheath. A FasTracker18 microcatheter (Target Thera-
peutics, Fremont, CA) was then introduced into the right APA
through the guide catheter and superselective angiograms were
obtained with and without opening the 6F-guide catheter in the
left APA that served as the venous drainage.

In the last three animals, we injected 3 mL of contrast agent
by using a microinjector pump that was designed and manu-
factured by the senior authors (patent pending). These injec-
tions were performed at an injection speed of 1 mL/s and a
maximum pressure of 20 atm (Fig 3A and B). The purpose of
these micropump injections was to exclude any examiner-de-
pendent influence on angiographic visualization of the rete by
changes in injection pressure.

Results

The endovascular and combined surgical-endo-
vascular construction of the AVM was successful
in all 29 animals. Two animals did not survive for
reasons unrelated to the technical aspects of the
procedure. In all survivors, a pressure gradient
across the AVM nidus (rete) could be found. The
mean pressure gradient was 14.9 6 10.5 mm Hg
(range, 4–42 mm Hg). The mean flow across the
retia was 30.4 6 14.2 mL/min (range, 3.5–46 mL/
min). The filling of the guiding catheter, represent-
ing the venous drainage of the model, was seen on
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FIG 2. A, Left APA angiogram in right
oblique projection obtained using a 6F
catheter after occlusion of the CCA with a
nondetachable 9.4F balloon catheter. The
contrast agent injection was performed to
demonstrate the complete occlusion of the
CCA and the ECA with the balloon and the
exact placement of the 6F guiding catheter
within the APA.

B, Nonsubtracted angiogram of the
same animal as in A shows the contrast
agent–filled occlusive balloon in the left
CCA.

FIG 3. A, Right APA angiogram in antero-
posterior and submentooccipital projection
of the arteriovenous shunt through the rete
mirabile. Contrast material was adminis-
trated using an injector pump with preset
parameters (injection speed, 1 mL/s; max-
imal injection pressure, 20 atm). There is
a complete opacification of the ipsilateral
(right) and only a partial opacification of
the contralateral (left) rete.

B, Angiogram after opening the draining
catheter on the left side; same animal and
same injection parameters as in A. The left
APA is apparent and the contrast agent–
filled guide catheter represents the extend-
ed venous segment of the AVM.

angiograms only after opening the catheter hub and
draining the blood.

Discussion
The swine rete is a valuable model because of

its similarity to the vascular network of a plexiform
human AVM. The pressure drop across the swine
AVM model is commonly achieved through the
surgical creation of a large carotid-jugular fistula
on one side (1). Although the model has proven to
be extremely useful, there are some drawbacks.
The creation of an arteriovenous fistula is a time-
consuming procedure, requiring both surgical and
endovascular skills. Furthermore, as described by
Massoud et al in the original article regarding the
AVM model in the swine (1), endovascular occlu-

sion of at least three vessels is necessary (the mus-
cular branch of the APA, the OA, and the external
carotid artery [ECA]). One of the goals of our com-
bined surgical-endovascular and endovascular ap-
proach alone was to simplify this model. The tight
insertion of the 6F-guiding catheter into the origin
of the APA on the venous side eliminated the need
to create an arteriovenous fistula. After opening the
catheter hub to the atmospheric pressure, an aver-
age pressure gradient of 14.9 mm Hg was mea-
sured, a significantly smaller value than recently
reported by Murayama et al in their swine AVM
model (8). Prior to embolization, they found a
mean pressure of 79.5 mm Hg in the arterial feeder,
whereas the mean pressure in the draining vein
measured 52.0 mm Hg, yielding an average pres-
sure gradient of approximately 27 mm Hg. They
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also reported an average mean velocity of 39.3 cm/s
in the draining vein prior to embolization. In com-
parison, we measured a mean flow of 30.4 mL/min,
corresponding to a cross-sectional mean velocity of
22 cm/s and instantaneous velocity up to 44 cm/
sec on average (1.7 mm inner diameter of the guid-
ing catheter used) (9, 10). The discrepancy in find-
ings could be related to differences between the
two studies in residual perfusion of the brain via
the rete. Blood flow velocities in our rete AVM
model corresponded well with values found in
feeding arteries and draining veins of human ce-
rebral AVM, as recently reported (11–13).

There are three major advantages to the proposed
model: 1) The combined surgical-endovascular ap-
proach is easier to create and, thus, saves time. 2)
This model does not require selective occlusion of
the OA, the muscular branch of the APA, and the
ECA. 3) The model mimics hemodynamic param-
eters of human cerebral AVMs.

The original report by Massoud et al describes
the ECA being occluded by using a hand-tied or
Goldvalve detachable balloon, whereas the two
branches of the APA were occluded by placing
simple coils or endovascular unipolar electrocoag-
ulation via the microguidewire. Our AVM model,
however, can at this point only be used for acute
studies (14).

Conclusion
Our simplified AVM model in swine is easier to

construct than are current AVM models. It can be
performed as a combined surgical and endovascu-
lar technique as well as an endovascular approach
alone. Hemodynamic data, similar to the human ce-
rebral AVM, can be obtained to characterize the
arteriovenous shunt. Nonetheless, this model has
only been evaluated in acute preparation and for
interventional training, and the understanding of n-
butyl 2-cyanoacrylate kinetics.
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