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High-Flow Angiopathy: 
Cerebral Blood Vessel Changes in 
Experimental Chronic Arteriovenous 
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Profound vascular damage secondary to high-flow extracranial states has been well 
characterized. However, changes in cerebral vasculature secondary to high-flow states 
have not been studied. To determine changes related to high-flow states in cerebral 
vessels, a rabbit model was developed in which torrential flow was created in the 
vertebrals, carotids, basilar, and vessels of the circle of Willis by means of a carotid
jugular shunt after ligation of the proximal carotid. The clinical , angiographic, and 
histologic changes noted in the animal model include: (1) abrupt clinical deterioration 
after a variable interval with some animals developing ptosis, (2) afferent vessel 
dilatation and the development of prominent anastomotic channels, (3) variable cerebral 
vessel histopathology- related to duration and relative proximity to the shunt-affecting 
all three vessel layers, (4) plump, irregular, and clumped endothelium, denuded with 
adherent platelets, (5) irregular, duplicated, and thinned internal elastic membrane, 
frayed with invasion of the intima by mesenchymal celis, (6) vacuolization and necrosis 
of the media muscle, and (7) invasion of adventitia by foreign cells and small blood 
vessels. The high-flow angiopathy seen in this model may help explain vascular changes 
associated with high-flow cerebral vascular lesions, as well as other types of vascular 
damage. 

High flow rates and velocities [1-3] that have been associated with vascular 
damage to extracranial vessels are also known to occur in cerebral arteriovenous 
malformations (AVMs) and fistulas [4, 5]. HistologiC changes in surgically resected 
AVMs show extensive and profound vascular disease; however, it is not clear if 
these changes are secondary to the deleterious effects of high flow per se or are 
part of the primary disease. These changes include an increase in the size, length, 
and number of the vessels; intimal thickening and destruction; elastic degeneration; 
irregular thickening or thinning of vessel walls with thrombosis, recannalization , 
and siderosis; and an increase in the number of very small vessels [6]. The 
angiographic evidence of vascular changes include ectasia and tortuosity [7], 
aneurysm formation [8] , stenosis, and thrombosis of arterial feeders and venous 
drainage [9, 10]. This study documents the cl inical, pathologic, and angiographic 
changes associated with high-flow cerebral vascular states in an experimental 
model. 

Materials and Methods 

New Zealand rabbits (n = 16) were anesthetized and maintained with halothane (1-2%). 
After intubation, the left carotid artery and the external jugular were aseptically disected and 
the proximal common carotid artery was ligated . The distal common carotid stump was then 
joined to the external jugular vein with an end-to-end anastomosis using microsurgical 
technique (Fig. 1). The distal external carotid was ligated in the initial animals to simplify 
surgery. The incision was sutured and the animal allowed to recover. 

Clinical inspection of the animals was performed to note focal neurologic signs. Animals 
showing signs of systemic illness or weakness had angiography and were theo sacrificed by 
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Fig. 1.-Anatomic diagram showing cephalic vessels and carotid jugular 
fistula. 

gluteraldehyde perfusion under halothane anesthesia. All remaining 
animals were sacrificed in a similar fashion after 9 months, regardless 
of their clinical condition. Autopsy was performed on any animal with 
an acute demise; however, histologic examination was performed 
only on animals that were sacrificed acutely and adequately perfused. 

Angiograms were performed by either the retrograde axillary or 
transfemoral route via a cutdown. A mid-arterial film was obtained 
during hand injection of 3-4 ml of Con ray 60 (Mallinckrodt; iothala
mate meglumine) into the aortic arch with an anode-film distance of 
40 in . and an anode-animal distance of 38 in . The angiograms were 
used to assess and grade: (1) ectasia, (2) anastomotic prominence, 
(3) shunt patency and prominence, and (4) the size of the cerebral 
vessels. A measure of the vascular dilatation was obtained by adding 
the measured diameter of the mid-basilar, plus a vertebral at the C1 
level and a carotid artery. When both carotids or vertebrals were well 
visualized , a mean of the two was used in the calculation. Because 
of the difficulty in routinely identifying the postcommunal portion of 
the posterior communication artery, for our purposes the term "pos
terior communicating artery" includes the precommunal portion of the 
posterior cerebral artery. 

At sacrifice, the animals were perfused with saline followed by 
gluteraldehyde (2.5%); the brains were inspected grossly after re
moval. The cerebral vessels after post fixation in 2% Dalton 's chrome 
osmium were embedded in epoxy resin and thin-sectioned. They 
were examined by both light and transmission microscopy for vas
cular disease. 

Controls consisted of 20 normal New Zealand rabbits in which 
angiography and histology were performed in identical ways . 

Results 

A total of 16 rabbits underwent distal carotid-jugular anas
tomosis and proximal carotid ligation. 

Survival and Morbidity 

The mean survival time was 5.85 weeks (SEM ± 2.8), with 
a range of 0.5-35.9. A majority of the animals (12 of 16) 
underwent an abrupt deterioration characterized by lethargy 

after an initial healthy period, with sudden death occurring in 
four animals. Autopsy failed to reveal cardiopulmonary cause 
of death in any animal. Intermittent unilateral ptosis on the 
side of the shunt, or ataxia, was seen in three animals. 
Inspection of the brain revealed blood surrounding the basilar 
artery, suggesting subarachnoid hemorrhage in three animals. 

Angiographic Changes 

Half the animals were sufficiently stable to survive angiog
raphy (Figs. 2 and 3). The time of angiography ranged from 
0.86 to 35.9 weeks after surgery, with a mean of 16.4 weeks. 
The afferent vessels leading to the shunt-including the ver
tebrals, carotids, basilar, and circle of Willis-were moder
ately to markedly tortuous in all animals (seven of eight) that 
had angiograms at 6 or more weeks post surgery. While 
these changes were not prominent in the single animal who 
underwent angiography 6 days after surgery, they were seen 
in the single animal with thrombosis of the fistula on angiog
raphy. The additive measure of vascular dilation as described 
above was 5.78 mm (SEM ± 1.9) vs 3.11 mm (SEM ± 0.15) 
for normals. Of all the vessels, the internal carotid artery and 
posterior communicating artery ipsilateral to the shunt con
sistently showed the greatest dilation. Anastomotic chan
nels-including costocervical to vertebral , occipital to verte
bral, maxillary to ethmoidal, and external carotid to external 
carotid-were present in a majority of animals (five of eight). 
These channels were seen in only those animals that had 
marked flow through the shunt at the time of angiography. 
Shunt patency and prominence were graded as torrential in 
four of eight animals, marked in one of eight, discernible in 
two of eight, and thrombosed in one of eight. 

Histopathology 

Thirty cerebral vessels from eight animals were examined 
histologically. They ranged from 1.2-35 weeks post surgery, 
with a mean of 15.0 (SEM ± 3.6). The vessels showing the 
greatest histologic changes were those closest to the shunt. 
In the same animal, the left posterior communicating artery 
showed more severe changes relative to the right posterior 
communicating artery. Nonafferent cerebral vessels-i.e. , the 
middle cerebral artery-showed no evidence of disease (Fig. 
4). 

Progressive pathological changes were noted over time. 
The early events were characterized by changes in the en
dothelium. These changes, seen as early as 8 days after 
surgery, consisted of rounding and protrusion of the endothe
lial cells into the vascular lumen. This was followed by des
quamation, platelet adherence, and attempts at reendothe
lialization (Figs. 5 and 6). This reendothelialization was char
acterized by migration of mononucleated cells onto and 
among the adherent platelets. Weibel-Palade bodies, cellular 
inclusions typically found in endothelial cells, were not seen 
in these cells . Smooth-muscle vacuolization occurred early 
after desquamation but was not seen in later stages. Typical 
mesenchymal cell proliferation was observed in response to 
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Fig. 2.-Anteroposterior view from a normal rabbit cer
ebral angiogram. Note normal size of basilar (arrow) and 
very small posterior communicating artery (arrowhead). 

Fig . 3. -Anteroposterior (A) and lateral (8) views of rabbit after proximal carotid artery ligation 
and distal carotid artery-external jugular anastomosis (open arrow). Note anastomosis. which. 
while patent. has undergone stenosis. The afferent vessels to fistula- including carotid arteries 
and vertebrals as well as basilar (straight arrow) and vessels of circle of Willis . particularly left 
posterior communicating artery (arrowhead)-are markedly dilated. Prominent extra- and intracra
nial anastomotic channels are seen. 

4 

Fig. 4.-Normal right middle cerebral artery. 
Note flattened. almost indistinguishable endothelial 
cell . a thin dark continuous internal elastic lamina. 
uniform vacuole-free smooth muscle cells . and ad
ventitia free of vessels and foreign cells. (Magnifi
cation = 950x ) 

5 
Fig. 5.-Posterior communicating artery show

ing corrugation of internal elastic lamina (thin long 
arrows). adherent platelets. and nucleated cell 
(thick short arrows). (Magnification = 950x ) 

6 

Fig . 6.-Electron micrograph showing migration of 
smooth muscle cells through breaks in internal elastic 
lamina (arrow) . Note absence of endothelial cells with 
their characteristic cytoplasmic Weibel-Palade bodies. 
(Magnification = 6500x ) 
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desquamation. In addition , capillary proliferation was ob
served in the adventitia (Fig. 7). These new vessels in the 
adventitia, characterized as capillaries because of their lack 
of smooth muscle, possess fenestrated, "leaky, " endothelial 
junctions (Fig. 8) that are atypical of normal cerebral arteries, 
which have tight junctions. 

Discussion 

The purpose of this study was to characterize the clinical , 
angiographic, and histopathologic changes associated with 
cerebral high-flow states in otherwise normal animals. Em
ploying a rabbit model of high-flow angiopathy, the present 
study demonstrated histopathologic changes remarkably sim
ilar to those found in human surgical pathology in high-flow 
arteriovenous malformations [6, 11 , 12]. In both cases, dis
ease involves not only destructive changes of the internal 
elastic membrane and endothelium, but also alteration of the 
muscular layer. In human AVM specimens the plethora of 
small vessels without a muscular layer-that is, the associ
ated telangectatic [6] or primitive embryologic components 
[13]-are similar in appearance to the capillaries within ad
ventitia that developed in the hemodynamically stressed ves
sels of the present model. The development of these new 
capillaries without the characteristics of an intact blood-brain 
barrier is clearly abnormal [14]. The histopathology of high
flow angiopathy in our rabbit preparation raises doubts as to 
the primacy of these findings as the "nidus." Indeed, that 
these small vessels are also seen in the periphery of surgically 
resected A VMs suggests that they may in fact simply be 
anastomotic collaterals. Failure to consider the profound ef-

Fig . 7.-Basilar artery showing absence of inter
nal elastic lamina. Abnormal adherent cells of lu
minal surface consists of platelets and nucleated 
cells. Note proliferating smooth muscle cells against 
luminal surface and adventitial capillary (arrow) . 

Fig. 8.-Ultrastructural demonstration of same 
capillary seen in Figure 7 with fenestrated endothe
lial junction (arrow) . (Magnification = 17,OOOx ) 

fects of hemodynamic stress on the angioarchitecture of 
normal vessels associated with an A VM may be confounding 
our current understanding of AVMs. 

Because of early postmortem changes, less is known about 
the pathology of endothelia in human AVMs. There is, how
ever, abundant experimental evidence that endothelial de
struction and platelet interactions may play a pivotal role in 
the initiation of vessel damage in many disease states [15]. 
Endothelium damage and destruction with ongoing activation 
of platelets attributable to turbulence and shearing forces [3] 
may account for much of the changes seen in this model of 
high-flow angiopathy. 

Clinically, the development of abrupt deterioration in these 
animals may reflect either a cerebral vascular steal or high
output cardiac failure despite negative cardiovascular pathol
ogy at autopsy. The intermittent ptosis seen on the side of 
the shunt may be secondary to the vascular ectasia, acting 
as a mass (Fig. 3B). The angiographic changes seen in this 
model of marked vessel ectasia as well as anastomotic prom
inence is well appreciated. Significantly, these changes may 
represent angiographic signs of vascular damage in high-flow 
states. 

High-flow angiopathy produces profound and progressive 
angiographic, histologic, and, in some cases, clinical changes. 
This model may be useful not only in the study of these states 
but also in experimental interventional radiology. 
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