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Arteriovenous Malformation Animal Model for Radiosurgery:
The Rete Mirabile

Antonio A. F. De Salles, Timothy D. Solberg, Paul Mischel, Tarik F. Massoud, Andres Plasencia, Steven Goetsch,
Evandro De Souza, and Fernando Viñuela

PURPOSE: To study the effects of single-dose radiation on the porcine rete mirabile, a tangle of
microvessels that mimics human arteriovenous malformations of the brain.METHODS: Eight retia
mirabilia received a single dose of radiation under stereotactic location with digital angiography
and CT. The following doses were applied: 20, 30, 40, 50, 60, 70, 80, and 90 Gy. The animals were
followed up for a period of 7 months. Findings at neurologic examination, serial angiography, and
histopathologic examination were analyzed. RESULTS: Progressive occlusion as observed by
angiography corresponded to the histopathologic finding of intimal hyperplasia; that is, marked
thickening of the vessel wall, progressing to occlusion of the vascular lumen, and associated
thrombosis. A direct dose response was noted for these changes. Neurologic findings were related
to the dose distribution and to histologic findings in structures adjacent to the rete mirabile.
CONCLUSION: The rete mirabile is an excellent model by which to study the radiologic and
histologic effects of single-dose radiation to the microvasculature of the central nervous system.
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Arteriovenous malformations (AVMs) of the
brain are congenital tangles of abnormal ves-
sels that can cause intracranial bleeding, sei-
zures, severe headaches, progressive neuro-
logic deficits, and a significant decrease in life
span by more than 20 years (1–5). Focused
single-dose radiation, or radiosurgery, progres-
sively obliterates AVMs within 1 to several years
(3, 6–11). The risk of intracranial hemorrhage
persists during this period (7, 8, 10), and there
is a limit to the size of the AVMs that can be
treated successfully. As the size of the AVM
increases, the therapeutic dose that can be
safely delivered decreases (8, 11, 12). The ra-
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diosurgery dose for AVMs has been determined
empirically and has not been substantiated ex-
perimentally owing to the lack of an experimen-
tal model. Better understanding of the effects of
radiosurgery on the microvasculature of the
central nervous system may lead to strategies
for improving the success rate of radiosurgery
and to a decrease in the complication rate (13,
14). This article describes an experimental an-
imal model that serves to study radiosurgical
dose and radiation sensitizers, as well as radio-
logic, histologic, and radiobiological changes
brought about by radiosurgery to a conglomer-
ate of microvessels resembling a human AVM of
the brain.

Materials and Methods

Animal Preparation

Four Red Duroc swine weighing 20 to 40 kg were anes-
thetized. Diazepam (0.5 to 1 mg/kg) was injected intra-
muscularly, and endotracheal intubation was performed.
Halothane (1% to 1.5%) was used to maintain the anes-
thesia. A stereotactic frame designed for the swine and
compatible with the Brown-Roberts-Wells (BRW) system
(Radionics Co, Burlington, Mass) was attached to the an-
imals’ head (15). A local anesthetic was injected bilater-
1



Fig 1. Anteroposterior (A) and lateral
(B) views of a stereotactic angiogram of
the rete mirabile. The ascending pharyn-
geal artery feeds the rete mirabile. The
largest artery is the external carotid artery,
the small artery draining the rete mirabile
is the internal carotid artery (center of the
figures). For detailed anatomy see Man-
chola et al (4). The dimensions and target
coordinates of the retia were identified on
the angiogram and transferred to the CT
scans.

Fig 2. Radiosurgical plan displayed
on coronal (A) and axial (B) recon-
structed CT scans. Notice the 90% isodose
line covering the left rete and the 20%
isodose line covering the right rete (ani-
mal 1, Table 2). The coronal view shows
that there was large spread of the 20%
isodose line around the left rete as well as
high levels of radiation to structures lo-
cated between the retia (star). Isodose
lines were normalized to 100%. There was,
however, a high degree of homogeneity
throughout each rete (see Table 2).
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ally in an area over the angle of the jaw and in two areas
over the scalp. The screw pins that held the stereotactic
frame in place were attached to these sites. The BRW
stereotaxic ring was attached to the swine frame. Angio-
graphic and computed tomographic (CT) localizers were
used during imaging acquisition.

Imaging Acquisition

The angiographic technique for imaging the swine has
been described in a previous article (16). Briefly, the ani-
mal’s groin was sterilized, the femoral artery was punc-
tured and catheterized by a standard Seldinger technique,
and a 5.5F to 4F Viñuela catheter (Cook, Bloomington,
Ind) was guided cephalad under fluoroscopy. The right and
left common carotid arteries were then selectively cathe-
terized, and angiographic films showing the right and left
retia in anteroposterior and lateral views were obtained
(Fig 1). The animal was transferred to the CT suite, where
3-mm-thick coronal sections were obtained. The orienta-
tion of the animal’s brain in relation to the CT gantry was
coronal because of the orientation of the stereotactic frame
(Fig 2). The data obtained were transferred by magnetic
tape to the radiosurgery planning computer. The CT scan
was used to define the contour of the animal’s head, nec-
essary for calculating beam attenuation (17).
Radiosurgery Procedure

The radiosurgery planning was developed by using the
SRS-200 Philips software (Philips Medical Systems, Shel-
ton, Conn) (8). Fiducials of the angiographic localizing
box and the outline of each rete mirabile were digitized into
the planning computer. The dimensions and the stereotac-
tic coordinates of the rete mirabile were obtained by using
anteroposterior and lateral angiographic views (Table 1).
These dimensions could not be appreciated on CT scans
because of the proximity of the rete mirabile to the bone of
the skull base. The isocenter coordinates were transferred
to the CT scan and the dose distribution was displayed in
a multiplanar fashion. Dimensions obtained from a pair of
anteroposterior and lateral films tend to overestimate the
axial size of the rete mirabile (18, 19).

The radiosurgery treatment plan was developed to
cover both retia mirabilia in each animal. A single iso-
center, with a 12-mm-diameter collimator, was used on
each rete mirabile. Output of collimators as small as 10
mm in diameter have been shown to be accurate to better
than 5% (20). The peripheral dose delivered to each rete
mirabile varied from 20 to 90 Gy in 10-Gy increments
(Table 2). The desired dose distribution to each rete was
obtained by selective weighting of arcs (21). Because
there was overlapping of dose distribution between right
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and left retia mirabilia, the dose to the brain stem, hypo-
thalamus, pituitary, hippocampus, and cranial nerves was
significant in some animals (Fig 2). This was allowed to
permit the study of neurologic and histologic changes in
structures related to the rete mirabile. A high degree of
homogeneity in dose distribution throughout each rete
was, however, the goal of the radiosurgery planning (Table
2).

Neurologic and Radiologic Follow-up

Animals were observed weekly for 10 minutes during
their regular activities. The activity level in the cage was
noted by simple observation. Quantification of this activity
was not performed. The animal’s use of extremities, bal-
ance, drive for food, corneal reflex, eye movements, and
pupillary response to light were checked. Abnormal activ-
ities such as seizures, rotatory behavior, and persistent
scratching on the cage walls were registered. Animals
were examined at least every 2 months with digital sub-

Fig 3. Linear regression of the angiographic response over
time related to radiosurgical dose. The curves 20–30 Gy and
80–90 Gy are significantly different (P , .05).

TABLE 1: Dimensions of the rete mirabile in four swine

Animal
Dimension, cm Volume,

cm2*Lateral Anteroposterior Axial

1 L 1.2 1.7 2.0 2.13
R 1.5 1.7 1.9 2.54

2 L 1.5 1.8 2.0 2.83
R 1.3 1.6 2.0 2.18

3 L 1.3 2.0 2.0 2.72
R 1.4 1.9 2.0 2.79

4 L 1.4 1.8 2.1 2.77
R 1.4 2.1 2.0 3.08

Mean 1.38 1.83 2.00 2.63
SD 0.01 0.16 0.05 0.31

* Volume was calculated by using the formula V 5 4/3P 3 L/2 3

AP/2 3 A/2.
traction angiography. The volume and density of the rete
mirabile were analyzed. Stenosis of feeding and draining
vessels was measured. The radiation effects on the radio-
logic aspect of the rete mirabile were graded from zero to
four, zero representing no effect and four maximal effect.

Histopathologic Studies

Animals were killed by barbiturate overdose. The skull
was removed and the retia mirabilia recovered intact for
histologic analysis. The relationship of the rete mirabile to
the cranial nerves and base of the brain, as well as its
macroscopic aspect, were documented by photographs.
The retia mirabilia, cranial nerves, and brain were fixed in
10% buffered formaline for a minimum of 2 weeks. After
gross examination, the brain was sectioned coronally, and
sections of brain, retia mirabilia, and cranial nerves were
obtained for light microscopic examination. Paraffin-em-
bedded material was stained with hematoxylin-eosin and
examined by the neuropathologist, who was unaware of
the dose of radiation received by each rete mirabile. The
histologic findings were graded from zero to four, zero
being no change and four maximal change.

Statistical Analysis

Paired and unpaired t tests were used to compare para-
metric data. Significance was considered at the P , .05
level.

Results

Neurologic Findings

All animals had some neurologic dysfunc-
tion, as all received a minimum of 60 Gy to the
left rete mirabile (Table 3). Findings in those
receiving lower doses included slight right-sided

TABLE 2: Parameters for radiosurgery in four swine

Animal

Prescription
Percentage
of Isodense

Line

Peripheral
Dose, Gy

Maximum
Dose, Gy

Homogeneity,
%*

1 L 90 90 100 11
R 20 20 22 10

2 L 90 80 89 11
R 33 30 35 16

3 L 90 70 78 11
R 51 40 45 13

4 L 90 60 67 12
R 75 50 54 8

* Five arcs were used for each rete. Arcs were weighted to obtain
the desired dose distribution; a 12-mm collimator was used for each
rete mirabile. Homogeneity was calculated by using the formula Ho-
mogeneity % 5 [(Maximum dose 2 Peripheral dose)/Peripheral dose]
3 100.



hemiparesis and some loss of coordination and
impaired eye movements on the left side. These
complications were relatively minor and the an-
imals were followed up for a period of 7 months
and were killed on schedule. Animals receiving
greater than 70 Gy to the left side had more
severe symptoms related to the structures in the
vicinity of the rete mirabile (Table 4). Eye
movement dysfunction was the most common
finding, since the cranial nerves III, IV, and VI are
in close relationship to the rete mirabile. One
animal had blindness in one eye. The radiosur-
gical dose for this animal’s ipsilateral rete mira-
bile was 80 Gy. The animal that received the
highest dose, 90 Gy, had severe right-sided
hemiparesis and seizure episodes. The animals
with severe hemiparesis, blindness, or seizures
were killed prematurely.

Angiographic Findings

During the first 2 months after radiosurgery,
few angiographic changes were observed, de-
spite the different doses delivered. Retia mira-
bilia that received more than 50 Gy showed a
substantial (50% or greater) decrease in vascu-
larity 4 to 5 months after radiation. The vascular
density at 5 months was inversely proportional
to the radiation dose delivered (Fig 3). The rete
mirabile in the animal that received 90 Gy was
almost completely obliterated at 5 months. Nar-
rowing of the vessel feeding the rete was ob-
served in parallel with its disappearance. The
existing vessel displayed the same phenome-
non observed in the feeding vessel (Fig 4).

Histopathology

The radiated rete mirabile exhibited a spec-
trum of pathologic changes. Intimal hyperpla-
sia, consisting of marked proliferation of the
intima with progressive occlusion of the lumen,
was prominent in small arteries and arterioles
(Fig 5). These observations exhibited a direct

TABLE 3: Severity of symptoms in response to radiation dose in
four swine

Animal Hemiparesis
Ocular Motor
Function

Visual Function Seizure

1 Severe Moderate Moderate Severe
2 Severe Severe Severe . . .

3 Moderate Mild . . . . . .

4 Mild . . . . . . . . .
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correlation with the dose of radiation. Vascular
thrombosis paralleled hyperplasia (Fig 6).
Other associated changes included perivascular
inflammation in a predominantly perivenous
distribution, dystrophic microcalcification, and
hemosiderosis. None of these changes showed
a clear relationship to the radiosurgical dose.
The peduncle was affected in every animal

studied; overt necrosis was observed with doses
above 50 Gy. The peduncular region that re-
ceived 80 Gy showed a large region of hemor-
rhagic necrosis surrounded by a region of glio-
sis, foamy microphages, edema and axonal
swelling, thickened and hyalinazed blood ves-
sels with a rim of inflammatory process, and
astrocyte atypia. The intensity of this finding
was similar at doses above 50 Gy. Histologic
changes in intracavernous sinus cranial nerves
started to appear with doses above 53 Gy.
These changes consisted of inflammatory pro-
cesses with edema, microphages, lymphocytes,
macrophages, and eosynophils. Doses above
70 Gy led to demyelinization, inflammatory pro-
cesses, and lymphocytic vasculitis. The gasse-
rian ganglion showed histologic changes at
doses above 35 Gy. At a dose of 35 Gy, mild
lymphocytic infiltration was seen; however, at a
dose of 65 Gy, a severe inflammatory process
with vascular wall thickening and thrombosis
was observed. The maximal dose delivered to
the pituitary gland was 20 Gy. There were no
histologic changes in the pituitary gland at
these doses. The hippocampus showed mild
inflammatory processes at a dose of 36 Gy and
a small infarct involving the dentate giros and

TABLE 4: Dose delivered to structures related to the rete mirabile

Animal

1 2 3 4

Gy (%) Gy (%) Gy (%) Gy (%)

Cerebral L 80 (80)* 71 (80)* 62 (80)* 53 (80)*
peduncle R 15 (15)† 22 (25) 35 (45) 47 (70)*

Pituitary 20 (20) 18 (20) 16 (20) 13 (20)
Hippocampus L 40 (40)* 36 (40) 31 (40)† 26 (40)

R 15 (15) 22 (25) 35 (45) 37 (55)
Cavernous L 95 (95)* 84 (95)* 74 (95)* 63 (95)
sinus nerves R 25 (25) 36 (40) 43 (55)† 53 (80)

Trigeminal L 85 (85)* 75 (85)* 65 (85)* 56 (85)
ganglion R 15 (15) 22 (25) 35 (45) 37 (55)†

Note.—% indicates prescription isodose line; dose described is
within 5% of the isodose line to the structures.

* Detected symptoms related to the structures.
† Lowest dose leading to abnormal histologic findings.

AJNR: 17, September 1996



Fig 5. Photomicrographs show thick-
ening of vessel wall (A) consisting of hy-
perplasia of intimal muscular cells and fi-
broblasts (arrow), transverse and
longitudinal views, and complete throm-
bosis of the vascular lumen (B) (arrow).

Fig 4. Digital angiography 6 months
after radiosurgery, anteroposterior (A)
and lateral (B) views (compare with Fig
2). Upper images represent the rete mira-
bile that received 20 Gy, lower images
show the almost complete disappearance
of the rete that received 90 Gy. Notice the
narrowing of the ascending pharyngeal ar-
tery exiting the common carotid artery
seen in the lower right corner of A (upper
image).
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CA3 region at a dose of 40 Gy, which was the
highest dose delivered to the hippocampus.

Discussion

This work validates the usefulness of an ani-
mal model for the study of single-dose radiation
effects to a central nervous system vascular
structure that mimics AVMs of the brain treated
by radiosurgery (3). The swine’s rete mirabile
possesses several attributes of an AVM candi-
date for radiosurgery. It is a tangle of microar-
teries and arterioles fed and drained by large
blood vessels. The diameter of the rete mi-
crovessels, an average of 154 mm (22), is close
to the diameter of vessels composing an AVM
nidus, an average of 265 mm (23). The rete is in
close relationship to vital structures of the ani-
mal’s brain. The effects of radiation to the vas-
culature can be followed up by means of an-
giography, as demonstrated. The effects of



radiation to adjacent structures can be followed
up by means of neurologic examination and
confirmed with histologic studies. Effects to ad-
jacent structures can also be followed up over
time by CT.
An important distinction between the hemo-

dynamics of the rete mirabile and those of hu-
man AVMs is the difference in the blood pres-
sure across these two structures. The rete is an
arterioarterial system, while the AVM is an arte-
riovenous system and thus has a higher pres-
sure gradient between feeding and draining ves-
sels than the gradient observed in the rete (24,
25). The importance of this pressure gradient
on the obliteration rate of AVMs or of the rete
mirabile after radiosurgery is unknown. This
question is under investigation in our laborato-
ries (26). The histologic difference between the
rete, including the lack of venules in the body of
the rete mirabile, and human AVMs is another

Fig 6. Thrombosis paralleled hyperplasia and was directly
proportional to the dose delivered.
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important factor against using the rete mirabile
as a model for AVMs.

Neurologic Findings

Few experimental studies have evaluated
clinical changes after radiosurgery. We ob-
served hemiparesis, blindness, eye movement
deficits, seizures, and slow development in the
animals we studied. The rete mirabile is situated
within the cavernous sinus (19) and therefore in
proximity to structures related to these neuro-
logic manifestations. There was no intention to
avoid these structures when the radiosurgery
plan was developed. The only criterion for plan
selection was complete coverage of both retia.
This was accomplished with a high degree of
homogeneity within each rete. The coverage of
both retia with a substantial and homogeneous
radiation dose led to superimposition of the iso-
dose lines outside the retia with consequent
high-dose radiation delivered to structures near
the retia. The importance of homogeneity when
covering an AVM has been a matter of contro-
versy. Groups using linear accelerator or parti-
cle beam-based radiosurgery tend to prescribe
a more homogeneous dose distribution to the
nidus, with approximately a 20% difference be-
tween the peripheral and the central dose (8,
12). On the other hand, groups using the
gamma unit tend to prescribe a less homoge-
neous dose to the nidus, with approximately a
50% difference between the peripheral and the
central dose (9). This animal model offers the
opportunity to study this issue in future experi-
ments.
The function of the rete mirabile is poorly

understood. The following hypotheses have
been formulated to explain its presence in some
animals: thermal exchange in the brains of the
camel and whale, hemodynamic regulation in
the whale and giraffe, collateral anastomosis in
all of them, monitoring of air humidity in goats,
and a source of extrapulmonary gas exchange
for improvement of brain oxygenation in birds
(19, 27). Because physiological parameters
were not monitored by our protocol, this study
provides no information regarding effects of ob-
struction of the rete mirabile on the animals’
intracranial vascular physiology.

Angiographic Findings

The angiographic findings were consistent
with progressive obliteration of the rete mira-

AJNR: 17, September 1996
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bile. The density of vessels outlined by the con-
trast material, as well as the size of the rete
mirabile, decreased over the follow-up period.
The time required for the angiographic findings
to become apparent was clearly related to the
radiosurgical dose. A high dose led to earlier
obliteration than a low dose. Large variation
among animals was observed. This is consistent
with the findings in humans, in whom not all
AVMs treated are obliterated in the same time
frame (8) or respond in the same way to radio-
surgery (3, 7, 9, 11). Variable responses to sin-
gle-dose radiation in the same species has been
well documented in vivo (28), and in vitro (29).
We found narrowing of the feeding and drain-

ing vessels of the rete mirabile. This finding was
consistent with the fact that the vessel feeding
the rete mirabile terminates in this structure.
The narrowing of the draining vessel was anal-
ogous to AVM veins returning to normal size
after treatment by radiosurgery. As drainage
demand decreases, the draining vessel be-
comes atrophic. The animals were not allowed
to survive long enough for us to observe total
disappearance of both feeding and draining
vessels. Because both retia were radiated, the
neurologic findings were too severe to permit
longer follow-up. A study in which only one rete
is radiated and then followed up with long-term
angiography may disclose the final fate of the
feeding and draining vessels.

Histologic Findings

Progressive vessel wall thickening and
thrombosis of the myriad vessels composing
the AVM nidus are the hallmarks of the radio-
surgical effect on these lesions (3). Intimal hy-
perplasia was observed in the rete mirabile ra-
diated with doses larger than 20 Gy and
followed up for more than 4 months. Intimal
hyperplasia paralleled vascular thrombosis and
was directly proportional to the radiosurgical
dose. These histopathologic findings were cor-
roborated by the longitudinal angiographic data
demonstrating that the rete mirabile obliteration
rate was proportional to the radiosurgical dose.
Microvascular response to radiosurgery ob-

served in the rete mirabile represents a vascular
repair reaction. This reaction, previously ob-
served in experimental studies (28, 30–32), is
common to microvessels in other sites of the
body (29). Nilsson et al (32) studied the effect
of gamma radiation to the basilar artery of the
cat. They delivered doses higher than the doses
applied in the present study and observed more
necrosis of the basilar artery wall than thicken-
ing and vascular obliteration. Small vessels in
the basilar adventitia and adjacent brain stem,
most likely located in the “fall off” of the high
doses applied, showed classical findings of hy-
alinization and obliteration. This repair reaction
initiates with crumpling of endothelial cells,
which partially or totally obliterate the lumen of
small vessels. The endothelial cell crumpling is
followed by intimal hyperplasia that evolves to
atrophy of smooth muscle media cells. The me-
dia cells are finally replaced by hyaline and
fibrinoid material (33–35). Structures surround-
ing the rete mirabile showed classical findings
of radiation-induced edema and necrosis, as
well as gliosis (36).
Structures surrounding the rete mirabile

showed important histologic responses that
were reflected in the animals’ neurologic status.
It was possible to define limiting doses where
neurologic and histologic changes were not ob-
served during the time frame of this study. This
study defined the tolerance of these structures
to radiosurgery, establishing important dose
limits for further studies with this animal model.

Conclusion

This study delineates an important animal
model with a natural structure that in many
ways resembles an AVM response to radiosur-
gery. The histologic findings of hyperplasia,
thrombosis, and inflammatory processes are
similar to the response to radiosurgery de-
scribed for AVMs. The time course of radiologic
changes, as well as the neurologic deficits ob-
served, also support this animal model as suit-
able for studies to elucidate effects of radiation
to a conglomerate of microvasculature in the
central nervous system. The size of the swine
brain is ideal for imaging studies, such as mag-
netic resonance imaging, position emission to-
mography, and angiography. The effects of in-
cremental doses of radiation alone or in
association with embolization as shown on ra-
diologic studies can be promptly related to his-
tologic findings. The swine is a promising ani-
mal model for radiosurgical studies.
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