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u" Laser energy at a wavelength of 480 nm was applied in l-usec pulses of 3 to 10 mJ to two models of 
vasospasm. Rabbit common carotid arteries (CCA's) were constricted chronically by the application of human 
blood within a silicone sheath. Peak vasospasm developed 24 to 48 hours later, and persisted for up to 6 days. 
Endovascular laser treatment was delivered to 40 CCA's via a 200-~m diameter silica quartz fiber introduced 
through the femoral artery. The CCA caliber increased from 60% of the pre-vasospasm control diameter to a 
minimum post-laser diameter of 83% of control. No instances of laser-induced perforation or of arterial 
thrombosis were observed for up to 60 days after treatment. Prophylactic laser application to nine normal 
vessels was able to attenuate the development of vasospasm if blood was applied immediately thereafter (88% 
vs. 59% of control diameter, p < 0.02), but not if blood was applied 7 days later. Studies in 16 normal CCA's 
established that there was a considerable margin between the laser energy required to induce dilatation and 
that which caused perforation, providing that the fiber remained relatively central within the artery. Morpho- 
logical examination demonstrated focal loss of endothelial cells immediately after laser application, followed 
approximately 7 days later by the development of areas of intimal hyperplasia. Only minimal changes were 
observed in the medial or adventitial layers. 

In a second study, the basilar artery of seven dogs was constricted chronically by two intracisternal injections 
of autologous blood 3 days apart. Five dogs received endovascular laser treatment 7 or 10 days after the first 
injection, when basilar artery diameter was reduced to a mean of 61% and 77% of control, respectively. 
Immediately following treatment, basilar artery diameter increased to 104% and 102% of resting diameter, 
respectively. Both untreated and laser-treated arteries were smaller than the control diameter at 30 days (80% 
and 82%, respectively), but in each group the vasodilatory response to hypereapnia was preserved. 

These findings indicate that l-usec laser pulses are well tolerated by systemic and cerebral arteries in two 
different animal models, and suggest that the 480-nm pulsed-dye laser may have an application for the 
treatment or prophylaxis of cerebral vasospasm. 
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p ULSED-DYE lasers have been used increasingly to 
treat a variety of  medical conditions. These in- 
clude the eradication of  port-wine stains, 2'5 the 

fragmentation of  urinary calculi, ~8 the ablation of ath- 
eromatous plaques, ~3,t4 and thrombolysis following ex- 
perimental myocardial infarction, s This type of  laser 
has several important features. First, depending upon 
the dye selected, laser emission can be varied through- 
out the visible spectrum and matched to the absorption 
peak of  the target tissue. Second, energy can be deliv- 
ered by single optical fibers. Third, because the pulse 

duration is generally shorter than the thermal relaxation 
time of  neighboring tissues, heat-induced injury to sur- 
rounding structures is minimized. 

Recent reports from our laboratory have demon- 
strated that the pulsed-dye laser may be o f  benefit in 
the treatment of  vasospasm. Intravascular delivery of  
low pulse energies induces sustained dilatation in rabbit 
femoral arteries constricted acutely by a variety of  
pharmacological agents, 7 and in isolated dog basilar 
artery segments constricted by superfusion with he- 
molysate. ~6 Extravascular irradiation of  rabbit basilar 
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artery constricted in vivo either by superfusion with 
hemolysate, or by a "two-hemorrhage" subarachnoid 
hemorrhage (SAH) protocol, is similarly effective. "~ 
However. our previous studies have not permitted us 
to assess the duration of dilatation or to determine 
long-term effects on the arterial wall. 

Intracranial arteries differ fundamentally in structure 
from extracerebral vessels, principally because they 
have no more than a rudimentary adventitia. A chronic 
model of cerebral vasospasm clearly would be the most 
appropriate manner in which to study the long-term 
effects of laser treatment on vasospasm. Unfortunately, 
the smallest laser fiber available to us initially was 
slightly too large and inflexible to permit catheterization 
of an intraeranial artery in spasm. For this reason we 
elected first to undertake a pilot study using an extra- 
cerebral vessel. 

Materials and Methods 

Chronic Vasospasm in Rabbit Common 
Carotid Artery 

New Zealand White rabbits of either sex, each weigh- 
ing 2 to 3 kg, were anesthetized with ketamine hydro- 
chloride, 30 mg/kg, and 4% halothane by inhalation. 
Following endotracheal intubation, anesthesia was 
maintained with 1% to 2% halothane. End-tidal CO2 
was maintained between 35 and 45 mm Hg. Systemic 
blood pressure was monitored in selected animals via a 
brachial or femoral artery catheter. Bilateral common 
carotid artery (CCA) angiography was obtained with 
Renografin-60 as the contrast material following selec- 
tive catheterization via a Tracker-18 catheter intro- 
duced via the femoral artery.* The Tracker catheter was 
then removed and the femoral artery iigated. 

Both CCA's were exposed through a midline cervical 
incision. All loose areolar tissue investing the vessels 
was excised. Silicone tubing with an internal diameter 
of 2.6 mm was divided into 3-cm lengths and copper 
wire markers were attached to each end. The sleeves 
were stored in 70% isopropanol until use; one sleeve 
was placed around each CCA. The space between the 
artery and the tube was filled with fresh nonheparinized 
human blood, after which the animals were allowed to 
recover. 

The rabbits were reanesthetized 24 to 48 hours later, 
and angiography was repeated as before. In the rare 
event that spasm was not evident, blood application 
was repeated and the animals were reassessed 24 hours 
later. The rabbits were divided into five groups: a con- 
trol group, a laser-treated group; a sham-treated group; 
a group with laser prophylaxis; and a group with laser 
vessel perforation. 

Control Group. The time course of untreated vaso- 
spasm was established by serial angiography in 15 

('CA's from 13 rabbits. The silicone sleeves were re- 
moved after 7 days. In nine animals, the left CCA was 
excised at the time of cuff removal, and angiography 
was then repeated 30 and 60 days later. 

The ability of vessels with vasospasm to relax in the 
presence of a vasodilator was assessed angiographically 
in a further six CCA's 24 hours after blood application. 
Papaverine, 30 mg, was diluted to 2 ml with saline, 
and warmed to 37"C. Following carotid angiography, 
papaverine was infused continuously via the Tracker 
catheter over a 5-minute period, and angiography was 
repeated I0 minutes later. 

Laser Treatment Group. Twenty-four to 48 hours 
after the induction of spasm, 40 CCA's from 32 rabbits 
received endovascular laser therapy from a 1-usec 
pulsed-dye laser at a wavelength of 480 nm.t  The tip 
of the Tracker-18 catheter was positioned in the proxi- 
mal CCA. A polytetrafluoroethylene (PTFE)-coated 
fused silica quartz fiber with a 200-um diameter and a 
fire-polished ball tip (spot size 0.6 to 1.1 ram) was 
inserted into the Tracker-18 catheter and advanced 
coaxially under fluoroscopic control to the most distal 
extent of the spasm. Laser light was delivered to the 
quartz fiber at a range of pulse energies between 4.7 
and l0 mJ (pulse-pulse variation < 10%) and a repe- 
tition rate of 2 Hz. The fiber was withdrawn progres- 
sively into the catheter during treatment, at a rate of 
approximately 1 mm/sec, until the entire area under 
the cuff was irradiated. Angiography was then repeated. 
If no dilatation was observed, treatment was repeated 
at a higher pulse energy. If only modest enlargement 
was seen, laser treatment was repeated using the same 
parameters. 

Animals were allowed to recover after laser treat- 
ment. The silicone cuffs remained in situ for the first 7 
days. Serial angiography was performed as before at 
intervals for up to 60 days. in seven rabbits the contra- 
lateral CCA was excised shortly after laser dilatation, 
and angiograms were obtained 30 and 60 days later. 

Sham-Treated Group. The effect of Tracker cathe- 
ter and laser fiber insertion was determined in five 
vessels. Angiograms and morphological studies were 
obtained immediately after 200-um fiber insertion, and 
at varying intervals thereafter. 

Laser Prophylaxis Group. In nine rabbits, laser 
energy of 7 to 10 mJ (20 to 50 pulses/cm of vessel) was 
applied unilaterally to a 4-cm length of normal CCA. 
Silicone sheaths and human blood were applied to the 
irradiated region either immediately thereafter (five 
vessels) or 7 days later (four vessels). Angiography was 
obtained simultaneously from left and right CCA's 24 
hours after blood application, via a catheter placed in 
the aortic arch. 

* Tracker-18 catheter manufactured by Target Therapeu- 
tics, San Jose, California. 

t Dymed Spectrum Series 3010 pulsed-dye laser manufac- 
tured by Dymed Corp., Marlborough, Massachusetts. 
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Pet'[bration Stud)' (;rotq~. The threshold for laser 
perforation was determined in 16 normal CCA's. The 
vessels were exposed and kept moist by intermittent 
irrigation with Ringer's solution. A 200-um diameter 
quartz fiber was inserted into the arter3.' as before, but 
was kept static within the vessel so that laser energy was 
applied to a single focus. The threshold for perforation 
was established at varying pulse energies when the fiber 
tip was placed either centrally within the vessel, adjacent 
to but not touching the wall, or indenting the artery. 
The position of the ball tip was verified by observation 
through an operating microscope. Irradiation was dis- 
continued if perforation had not occurred by the 200th 
pulse. 

Rabbits were sacrificed by pentobarbital sodium 
overdose. The brains were removed, sectioned at 5-ram 
intervals, and stained with 4% 2-3-5 triphenyltetrazo- 
lium chloride (TTC). The CCA's were excised after in 
situ perfusion through the ascending aorta with 1% 
glutaraldehyde solution containing 100 mM sodium 
cacodylate buffer at a pH of 7.4. The arteries were 
subjected to light microscopy (after hematoxylin and 
eosin and/or elastin staining) and/or transmission elec- 
tron microscopy. 

Dog "Two-Hemorrhage" SAH Model 

Seven adult mongrel dogs, each weighing 20 to 35 
kg, were anesthetized with 2.5% thiamylal sodium and 
ventilated mechanically with a dual-phase respirator.~ 
End-tidal CO2 was maintained at 40 mm Hg.w The head 
was fixed in a stereotactic frame and left vertebral 
angiography was obtained via a No. 6.5 French catheter 
introduced from the femoral artery.}l The dogs were 
subjected to a "two-hemorrhage" SAH protocol as de- 
scribed previously? ? In brief, the occipitonuchal area 
was shaved and the head flexed acutely. The cisterna 
magna was punctured with a No. 19 needle. After 
withdrawal of 3 ml clear cerebrospinal fluid, 3 ml of 
fresh autologous nonheparinized blood was injected 
slowly into the subarachnoid space over I to 2 minutes. 
The stereotactic frame was removed and the animal 
was placed 30* head down for 20 minutes to promote 
pooling of blood in the basal cistern. Three days later a 
second hemorrhage was induced in a manner similar 
to the first. 

In two animals, the time course of untreated vaso- 
spasm was established for up to 30 days by serial an- 
giography. The remaining five dogs received endovas- 
cular laser treatment either 7 or 10 days after the first 
SAH. Following vertebral angiography, the left anterior 
spinal artery was catheterized with a Tracker-18 cathe- 
ter. The tip was positioned, where possible, as far as the 

Dual-phase respirator manufactured by Harvard Appa- 
ratus, South Natick, Massachusetts. 

w C02 monitor manufactured by Accucap, Datascope Corp, 
Paramus, New Jersey. 

[1 Catheter manufactured by Cook Co., Bloomington, In- 
diana. 

bifurcation of the anterior spinal artery. A 125-u bare 
fused silica quartz fiber (spot size 0.6 to 0.7 mm), with 
a platinum marker at the tip, was inserted into the 
catheter and manipulated as far into the basilar artery 
as possible. The catheter was then withdrawn into the 
vertebral artery, leaving the fiber in situ. An energy of 
3 mJ was applied to the quartz fiber at a repetition rate 
of 2 Hz. Approximately 20 pulses/era were applied to 
the basilar and anterior spinal arteries as the fiber was 
withdrawn progressively into the vertebral artery. An- 
giography was repeated immediately after treatment 
and at intervals for up to 60 days. 

The animals were sacrificed by exsanguination under 
anesthesia, and perfusion through the left vertebral 
artery with buffered 1% glutaraldehyde solution at pH 
7.4. The basilar artery was excised for morphological 
examination. 

Data Collection and Analysis 

All vessel diameters were measured angiographically 
using a • 7 magnifying loupe. The x-ray source and 
film were kept at a fixed distance from the animal. The 
diameter of the rabbit CCA was measured at five points 
in the region under the silicone sleeve, while the diam- 
eter of the dog basilar arteries was measured at eight 
points throughout the laser-treated area (or equivalent 
area in the case of the two control studies). 

Values are expressed as mean + standard deviation. 
Student's t-test, paired or unpaired as appropriate, was 
used to determine statistical significance. P values of < 
0.05 were considered significant. 

Results 

Rabbit Common Carotid Artery. Model 

Control Group. The CCA diameter was uniform 
throughout the segment under study (mean diameter 
1.93 _ 0.2 rnm). The induction of bilateral CCA spasm 
was tolerated well, with a mortality rate of less than 
8%. Vasospasm developed within 24 hours in more 
than 94% of the CCA's, and was generally more severe 
in younger animals. Arterial constriction reached a 
maximum at 24 and 48 hours, when vessel caliber was 
reduced to a minimum of 60% (1.15 + 0.2 ram) and 
53% (I. 15 + 0.2 ram) of control diameter, respectively. 
Vessel caliber enlarged progressively thereafter, was 
80% (1.54 + 0.4 ram) of control by 72 hours, and had 
returned to near-normal diameter 6 days after blood 
application. 

Intracarotid injection of 30 mg papaverine over 5 
minutes resulted in transient hypotension, but blood 
pressure in every case was normal at the time of repeat 
angiography. Arterial diameter increased by 11% in 
the segment of the artery in spasm ( 1.54 _+ 0.2 mm vs. 
1.33 _+ 0.2 ram) and by 14% in normal CCA proxi- 
mal to the segment in spasm (2.06 _+ 0.2 mm vs. 1.8 
_+ 0.1 ram). 

Carotid arteries in spasm exhibited the morphological 
characteristics of vasculopathy. An acute inflammatory 
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Fic~. 1. Rabbit right common carotid artery arteriograms+ A: Control group artery. B: Artery 24 hours 
after induction of vasospasm. The ends of the silicone slecvcs are marked with copper wire. C: Artery 
immediately after laser treatment. 

infiltrate was present in almost all cases within 24 to 48 
hours of  blood application, but the arteries appeared 
normal at 30 days. Erythroc3r were seen routinely 
within the adventitia of  constricted vessels. 

After ligation of  the contralateral vessel. CCA diam- 
eter increased by 22% over a period of 60 days (2.37 _+ 
0.2 mm vs. 1.95 __ 0.2 mm), but no histological abnor- 
malities were seen in these arteries. 

FIG. 2. Time course of treated and untreated vasospasm 
in rabbit common carotid arteries constricted chronically by 
the application of human blood within a silicone sleeve im- 
pregnated with 70% isopropanol. Open bars represent un- 
treated vessels and solid bars indicate vessels treated on Day 
2 with endovascular therapy from a l-#sec pulsed-dye laser 
(480 rim). Minimum arterial caliber in the region under the 
sleeve is given in both groups. Data are expressed as mean _+ 
standard deviation, n = number of arteries. 

Laser Treatment Group. Intravascular pulsed-dye 
laser irradiation dilated the constricted CCA's in all 40 
experiments. In one additional case (the fourth in the 
series), the CCA was perforated during insertion of the 
quartz fiber. In the remainder, between 15 and 64 
pulses/cm of vessel at an energy ranging from 4.7 to 10 
mJ were required to increase caliber from a peak spasm 
diameter of  60% of control (1.15 _ 0.29 mm) to a 
minimum post-laser diameter of  83% of control (1.59 
_+ 0.29 mm, p < 0.001) (Fig. 1). No more than three 
treatments were required for any single artery. The time 
course of  treated and untreated vasospasm is shown in 
Fig. 2. Some return of  constriction was observed in 
50% of  CCA's 48 to 72 hours after treatment, although 
at each stage vessels remained larger than in the un- 
treated control group. Repeat constriction was seen only 
in arteries in which complete dilatation was not 
achieved initially. There were no instances of  laser- 
induced perforation or of  arterial thrombosis. Sixty 
days after laser treatment, the CCA diameter was a 
maximum of  11% larger than the untreated areas of  
the same vessel. Even after ligation of the contralateral 
CCA, there was no excessive dilatation of  the laser- 
treated segment (maximum 6% larger than the un- 
treated portion of  the same artery: 2.6 _+ 0.03 mm vs. 
2.45 _+ 0.02 mm). 

Light microscopic examination of  paraffin-embed- 
ded transverse sections, stained with hematoxylin and 
eosin or elastin, demonstrated that laser treatment was 
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FzG. 4. Transverse section of rabbit common carotid ar- 
tery 60 days after laser dilatation. Intimal hyperplasia is evi- 
dent in this segment of vessel, although the majority of the 
artery appeared normal. H & E, x 120. 

FIG. 3. Transverse ~eclion of a rabbit common carotid 
artery 24 hours after endovascular laser dilatation. While some 
pans of the vessel wall (top) exhibit loss of endothelial cells 
and stretching of the media and adventitia, other parts of the 
artery appear normal (bottom). Elastin, • 115. 

asym metrical in every case. Large segments of  the vessel 
circumference were often little different from control, 
while in other areas there was loss of  endothelial cells 
immediately after treatment (Fig. 3). No disruption of  
the medial or adventitial cell layers was observed, al- 
though patchy loss of  smooth-muscle cell nuclei was 
seen ~ceasionally a few days after treatment_ Intramural 

hematomas and dissections did not occur. Small 
patches of intimal hyperplasia, up to five cells in thick- 
ness, developed approximately 5 to 7 days after treat- 
ment and were present in almost all specimens by 60 
days (Fig. 4). Regenerated endothelial cells were often 
cuboidal rather than fiat, and were associated with 
intimal smooth-muscle proliferation. Similar findings 
were seen by electron microscopy. While in some areas 
there was complete loss of  endothelial cells after dila- 
tation, the opposite side of  the vessel at the same point 
usually appeared normal (Fig. 5). Surprisingly, few 
olatelets and erythrocytes were adherent to denuded 
areas. 

A solitary laser-induced complication occurred when 
the quartz fiber became unbonded from its PTFE 
sheath. During treatment, only the PTFE covering was 
withdrawn into the Tracker catheter, while the fiber 
itself remained static within the artery. The entire dose 

FIG. 5. Scanning electron micrographs showing opposite walls of a rabbit common carotid artery imme- 
dialely after laser dilalation. Bar = 10 urn. A: Normal endothelium. B: There is a loss of endothelial ceils, 
with platelet adhesion to the internal elastic lamina. 

J. Neurosurg. / Volume 75/October, 1991 617 



R. Macfarlane, et al. 

FK;. 6. Angiograms showing results of laser prophylaxis. A: Control vessels. The common carotid arteries 
(CCA's) were of the same caliber, therefore only the left is shown. B: Immediately after laser irradiation of 
the left CCA to the area marked by arrows. Silicone sleeves and blood were applied immediately. C: Arch 
aortogram 24 hours later showing considerably more spasm on the untreated side. 

for the 3.5-cm segment of  vessel was delivered to a focal 
point (spot size approximately l mm). A small saccular 
aneurysm (0.6 m m  in diameter) developed immediate- 
ly in the vessel, but did not enlarge over the ensuing 
60 days. 

No neurological complications attributable to laser 
treatment were seen, and no infarcts were visible in 

FIG. 7. Results of perforation studies in 16 normal rabbit 
common carotid arteries. Varying pulse energies were applied 
via a 200-#m fiber which was fixed either centrally within the 
artery, adjacent to but not touching the wall, or indenting the 
vessel. Application was discontinued if perforation had not 
occurred by the 200th pulse. Results are expressed as the mean 
+ standard deviation. 

brains serially sectioned and stained with TTC. How- 
ever, two control and three laser-treated rabbits were 
sacrificed prematurely because of the development of  
foot drop related to multiple femoral artery cannula- 
tions. 

Sham-Treated Group. Sham laser treatment of  five 
CCA's increased spasm immediately by an average of 
15%, but this resolved within 20 minutes and subse- 
quent caliber did not differ significantly from control 
arteries. In no instance was dilatation seen after inser- 
tion of the fiber or Tracker catheter. Scanning electron 
microscopic examination of these arteries demon- 
strated some immediate asymmetrical loss of  endothe- 
lial cells but, unlike laser-treated vessels, intimal hyper- 
plasia did not develop later. 

Laser Prophylaxis Group. Laser irradiation of nor- 
mal CCA's (7 to l0 m J, 20 to 50 pulses/cm of vessel) 
did not alter the angiographic appearance of the vessel. 
The severity of  vasospasm was significantly less in 
arteries in which blood was applied immediately after 
laser pretreatment (88 % vs. 59% of control diameter; p 
< 0.02) (Fig. 6). However, laser pretreatment had no 
significant effect on the severity of spasm if blood was 
applied l week later. 

Perforation Study Group. Because laser-induced 
perforations usually bled only momentarily, it was pos- 
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sible in most cases to perform multiple studies on 
different segments of the same artery. The threshold for 
perforation was dependent on both the pulse energy 
and the relationship between the fiber tip and the 
arterial wall. While at an energy of 8 m J, 200 pulses 
rarely caused perforation if the fiber was centrally 
placed; lateral placement at the same pulse energy 
required an average of 33 _+ 15 pulses to cause perfo- 
ration, and if the fiber indented the artery only four 
__. one pulses. The results of these studies are shown 
in Fig. 7. 

Intravascular Treatment of Dog Basilar ArtetT 
The "two-hemorrhage" protocol resulted in severe 

vasospasm in all dogs. Basilar artery diameter was re- 
duced to 61% +_. 10% of control at 7 days, and 77% + 
8% at 10 days. Laser treatment was attempted 7 days 
after induction of spasm in three dogs. In one it was 
possible to insert the quartz fiber tip to the mid-basilar 
region, while in the other two only the junction of the 
anterior spinal and basilar arteries was reached. The 
final two dogs were catheterized 10 days after the first 
SAH and, in both, the fiber was inserted to within I cm 
of the basilar apex. Laser treatment increased mean 
basilar and/or anterior spinal artery diameter to 104% 
_ 2% and 102% _+ 2% of control at 7 and 10 days, 
respectively (Fig. 8). 

Two dogs died immediately after laser dilatation; one 
was sacrificed electively and the other did not recover 
from anesthesia and died 2 hours later. In the second 
animal, which was treated 7 days after induction of 
vasospasm, great difficulty was encountered in negoti- 
ating the bifurcation of the anterior spinal artery to 
enter the basilar artery. Catheterization failed on one 
side of "the diamond," but was successful on the other. 
At postmortem examination, it was found that the 
entire laser-treated segment had dilated uniformly, but 
that the side of failed catheterization had perforated 
about 0.5 cm from the bifurcation. 

No neurological deficit was apparent in the three 
surviving laser-treated dogs. In these animals, and in 
both controls, the basilar artery diameter at 30 days was 
smaller than the pre-vasospasm state (80% _+ 6% and 
82% +_ 0.5%, respectively). However, in both groups, 
the vasodilatory response to hypercapnia (PaCO.~ 70 
mm Hg) was preserved (104% and 90% of basal di- 
ameter, respectively) (Fig. 9). 

Morphological examination of the basilar artery im- 
mediately after laser treatment showed uniform loss of 
endothelial cells but, as with the rabbit model, there 
was little adhesion of red cells or platelets to denuded 
areas and no injury to smooth muscle. Sixty days after 
dilatation, vessels appeared normal throughout and, in 
particular, there was no evidence ofintimal hyperplasia. 

Discussion 

This study demonstrates that the 480-nm l-~sec 
pulsed-dye laser is able to dilate both systemic and 
cerebral arteries in chronic spasm. Immediately after 

laser application the diameter of rabbit CCA's was 
increased from 60% to 83% of control values, and dog 
basilar artery from 61% to 104%. Arteries remained 
larger than untreated control vessels for as long as 
vasospasm persisted. Laser pretreatment of normal rab- 
bit CCA's attenuated the development of immediate 
vasospasm (88% vs. 59%), but not if spasm was induced 
7 days later. Dilatation was well tolerated by both types 
of artery. There were no instances of laser-induced 
perforation, arterial thrombosis, or embolic complica- 
tions. The only aneurysm to develop in experiments on 
40 rabbit CCA's and five dog basilar arteries followed 
an accidental over-treatment. 

Morphological examination has shown that laser dil- 
atation results frequently in patches of endothelial in- 
jury. However, the presence of lesser changes in control 
animals suggests that this occurs in part as a conse- 
quence of catheterization. Only minimal injury is 
caused to the medial and adventitial layers. 

Chronic Vasospasm in Rabbit Carotid Artery 
Although systemic arteries differ in structure from 

intracranial vessels, chronic vasospasm still can be in- 
duced. Heterologous blood was contained within a sil- 
icone sheath to reduce the rate of resorption, and the 
tubing was impregnated with isopropanol to induce a 
slow rate of hemolysis. Peak spasm developed 24 to 48 
hours later and persisted for up to 6 days. The response 
to intra-arterial papaverine was almost identical to that 
reported in dog basilar artery following experimental 
SAH. m7 This model therefore fulfills the basic criteria 
for vasospasm: namely, chronicity, resistance to phar- 
macological vasodilators, and evidence of vasculopathy. 

Laser Treatment of Systemic Vasospasm 
Dilatation followed laser application in all experi- 

ments. Although overall the degree of dilatation 
achieved with the rabbit CCA model was less than that 
for the dog basilar artery study, this was the result of 
a different treatment strategy. In early rabbit experi- 
ments only the minimum energy necessary to cause 
any significant dilatation was applied. However, once 
it became apparent that injury to the vessel wall 
was minimal, treatment was continued in the remain- 
ing experiments until near-normal arterial caliber was 
restored. 

Morphological Studies 
Histological examination of CCA's demonstrated 

that morphological changes were asymmetrical in every 
case. This is thought due to the rigidity of the 200-t~m 
fiber and the curve at the origin of each CCA, which 
caused displacement of the fiber tip to one side of the 
artery, This has two consequences. First, the degree of 
injury caused to parts of the vessel wall is likely to be 
greater than necessary to cause complete dilatation. 
Indeed, in a small number of arteries examined no 
evidence of endothelial injury was seen, indicating that 
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FIG. 8. Serial left vertebral angiograms. Uppet:" Sludies in a dog that received endovascular laser treatment 
tothebasilararteryl0daysafterinductionofvasospasm A: Control study. B:Studybeforelaserapplication. 
C: Study immediately after laser. The distal I cm of the basilar artery was not treated for fear that the fiber tip 
might perforate the basilar apex. D: Study 30 days later, PaCO_, 40 mm Hg. E: Study at the same time as 
D with a PaCO2 of 70 mm Hg. The vasodilator3' response to hypercapnia is preserved. Lower: Results of 
endovascular dilatation of the anterior spinal and proximal basilar artery in a dog 7 days after induction of 
vasospasm. The caliber of treated and untreated portions of the same vessel is contrasted. A: Control study. 
B: Study before laser application. C: Study immediately after laser application to area between arrows. D: 
Study 24 hours later. E: Study 48 hours after laser dilatation. F: Study 4 days after treatment. 

vascular damage is not an invariable consequence of  
laser therapy. Possible causes of  endothelial cell loss are 
thermomechanical ablation ~ or cavitation-mediated 
damage. Second, asymmetrical morphological changes 
may explain why repeat constriction was observed in 

some vessels 48 to 72 hours after treatment. This oc- 
curred only in cases in which normal vessel caliber was 
not restored after laser treatment. Morphological ex- 
amination of  one such artery demonstrated that spasm 
recurred only on the under-treated side of the artery. 
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Pulsed-dye laser treatment of vasospasm 

FIG. 9. Time course of untreated vasospasm (open bars) 
and following endovascular laser therapy (solid bar,,) 7 or 10 
days after induction of chronic vasospasm in seven dogs by 
intracisternal injection of autologous blood 3 days apart. Data 
are expressed as mean _+ standard deviation. 

Vasospasm Prophylaxis 

Laser pretreatment of normal CCA's attenuated the 
development of immediate vasospasm, but not if spasm 
was induced 7 days later. This suggests that the laser 
effect may be relatively short-lived. However, because 
the artery appeared normal both before and after pre- 
treatment, the laser energy administered was necessarily 
empirical, and it is possible that administration of a 
higher dose might have proved more effective. 

Perforation Studies 
Delivery of excessive energy to the rabbit CCA re- 

sulted in endothelial denudation, intramural hemor- 
rhage, thermal debris, dissection, aneurysm formation, 
or perforation. The risk of perforation was dependent 
on both the pulse energy and, more important, the 
distance from the fiber tip to the vessel wall. There was 
a considerable margin between the energy necessary to 
induce dilatation and that which caused perforation at 
pulse energies within the therapeutic range, providing 
that the fiber was not placed near or touching the 
arterial wall. The demonstration that only a few pulses 
are necessary to cause perforation if the fiber indents 
the arterial wall has important implications for treat- 
ment. Laser energy should never be applied during 
advancement of the fiber, because of the high proba- 
bility that perforation will occur when a tortuous seg- 
ment of artery is encountered. For this reason, the fiber 
was inserted to the most distal extent of spasm, and 
treatment administered during fiber withdrawal into 
the catheter. 

Laser Treatment of Cerebral Vasospasm 
The canine two-hemorrhage SAH model is not ideal 

to study pulsed-dye laser treatment of vasospasm for 
two reasons. First, the dog basilar artery is formed not 
directly from the vertebral arteries but by the union of 
four anterior spinal arteries, and it is often very tortu- 
ous. Second, the smallest catheter that will deliver the 

laser fiber has an external diameter of 1.3 ram, whereas 
the dog basilar artery, in spasm is only approximately 
0.9 ram. Catheterization is necessarily traumatic. In no 
dog treated 7 days after induction of vasospasm was it 
possible to insert the fiber to the basilar apex and, in 
one case, the anterior spinal artery was perforated dur- 
ing the attempt. 

Results of laser treatment in the canine model were 
very similar to those in the rabbit CCA. Laser treatment 
restored the basilar artery to its prespasm diameter, and 
no long-term complications were observed. Although 
the arterial diameter was less than control values 30 
and 60 days after treatment, this was true also for the 
control group, suggesting that this was a consequence 
of the SAH protocol. In both groups, the vasodilatory 
response to hypercapnia was preserved. 

The morphological appearance of laser-treated dog 
basilar artery was similar to that of treated rabbit CCA. 
Focal loss of endothelial cells occurred immediately 
after treatment, but was not accompanied by large 
aggregations of platelets or red cells. Damage to the 
internal elastic lamina and media was negligible. How- 
ever, the laser effect was much more uniform, and 
intimal hyperplasia did not occur as a late complication. 

Mechanism of Dilatation 
While the precise mechanism by which arteries are 

dilatated has not been established, it is likely to be due 
to rapid vessel expansion caused by the enlargement 
and/or subsequent collapse of a cavitation bubble gen- 
erated by erythrocyte microvaporization. 4 The proce- 
dure merits comparison with balloon angioplasty, 
which has been used with some success in the treatment 
of cerebral vasospasm. 9'~22~ Endothelial injury is also a 
complication of this procedure, and may result in pro- 
gressive intimal smooth-muscle proliferationY 9 Per- 
sistent and generalized loss of endothelium-dependent 
relaxation may O c c u r .  19 However, endothelial injury is 
not universal after pulsed-dye laser dilatation, and the 
degree of injury and subsequent intimal proliferation 
seen in rabbit CCA is considerably less than that ob- 
served after moderate balloon injury to rabbit iliac 
arteryJ 9 The latter may be of importance since experi- 
ments have shown that endothelial dysfunction may 
persist after regrowth, t5'~9 Furthermore, lipid accumu- 
lates preferentially in areas of intimal thickening cov- 
ered by regenerated endothelium, and may predispose 
to atherosclerosis.~ 

Conclusions 

These findings suggest that 480-nm l-usec laser 
pulses may be of benefit not only in the treatment of 
established cerebral vasospasm, but also as a prophylac- 
tic measure in patients at high risk of developing this 
complication after aneurysmal SAH. Further work is 
required to optimize the delivery of laser energy to the 
vessel wall, in order to maximize vasodilatation while 
at the same time minimizing the risk of endothelial 
injury. 

J. Neurosurg. / Volume 75 / October, 1991 621 



R. Macfarlane, et al. 

Acknuwledgments 

The technical assistance of Staci Kcrrigan. Lisa Bucklcy, 
and Thomas Haw is gratefulty acknowledged. 

References 

1. Anderson RR, Parrish JA: Microvasculature can be selec- 
tively damaged using dye lasers: a basic theory and exper- 
imental evidence in human skin. Lasers Surg Med 1: 
263-276, 1981 

2. Anderson RR, Parrish JA: Selective photothermolysis: 
precise microsurge~' by selective absorption of pulsed 
irradiation. Science 220:524-527, [983 

3. Clowes AW, Reidy MA, Clowes MM: Kinetics of cellular 
proliferation after arterial injury: I. Smooth muscle 
gro~th in the absence of cndothclium. Lab Invest 49: 
327-333, 1983 

4. Gange RW, Jaenicke KF. Anderson RR, et al: Effect of 
preirradiation tissue target temperature upon selective 
vascular damage induced by 577-nm tunable dye laser 
pulses. Microvasc Res 28:125-130, 1984 

5. Garden JM, Polla LL, Tan OT: The treatment of port- 
wine stains by the pulsed-dye laser. Analysis of pulse 
duration and long-term therapy. Arch Dermatol 124: 
889-896, 1988 

6. Garden JM, Tan OT, Kerschmann R, et al: Effect of dye 
laser pulse duration on selective cutaneous vascular in- 
ju~,. J Invest Dermato187:653-657, 1986 

7. Gregory, KW, Berdus BO. Grandaw PC, et al: Pulsed 
laser-induced vasodilation and vasospasm. Circulation 78 
(Suppl Ii):295, 1988 (Abstract) 

8. Gregory KW, Guerrero JL, Girsky M, et al: Coronary 
artery, laser thrombolysis in acute canine myocardial in- 
farction. Circulation 80 (Suppl 11):344, 1989 (Abstract) 

9. Higashida RT, Halbach VV, Cahan LD, et al: Translu- 
minal angioplasty for treatment of intracranial arterial 
vasospasm. J Neurosurg 71:648-653, 1989 

10. Kuwayama A, Zervas NT, Shintani A, et ah Papaverine 
hydrochloride and experimental hemorrhagic cerebral ar- 
terial spasm. Stroke 3:27-33, 1972 

! 1. Minick CR, Stemerman MB, Insull W Jr: Effect of regen- 
erated endothelium on lipid accumulation in the arterial 
wall. Proc Natl Acad Sci USA 74:1724-1728, 1977 

12. Newell DW, Eskridge JM, Mayberg MR, et al: Angio- 
plasty for the treatment of symptomatic vasospasm fol- 
lowing subarachnoid hemorrhage. J Neurosurg 71: 
654-660, 1989 

13. Prince MR. Dcutsch TF, Matthews-Roth MM, et ai: 
Preferential light absorption in atheromas in vitro. Impli- 
cations lbr laser angioplasty. J Clin Invest 78:295-302, 
1986 

14. Prince MR, Deutsch TF, Shapiro AH, et al: Selective 
ablation of atheromas using a flashlamp-excited dye laser 
at 465 nm. Proc Natl Acad SCi USA 83:7064-7068, 
1986 

15. Shimokawa H, Aarhus LL, Vanhoutte PM: Porcine cor- 
onary arteries with regenerated endothelium have a re- 
duced endothelium-dependent responsiveness to aggre- 
gating platelets and serotonin. Cite Res 61:256-270, 
1987 

16. Teramura A, Macfarlane R, Owen C J, et al: Application 
of the I-usec pulsed-dye laser to the treatment of experi- 
mental cerebral vasospasm. J Neurosurg 75:271-276, 
1991 

17. Varsos VG, Liszczak TM, Hart DH, et al: Delayed cere- 
bral vasospasm is not reversible by aminophylline, ni- 
fedipine, or papaverine in a "two-hemorrhage" canine 
model. J Neurosurg 58:11-17, 1983 

18. Watson G, Murray S, Dretler SP, et al: The pulsed-dye 
laser for fragmenting urinary calculi. J Urol 138: 
195-198, 1987 

19. Weidinger EF, McLenachan JM, Cybulsky MI, et al: 
Persistent dysfunction of regenerated endothelium after 
balloon angioplasty of rabbit lilac artery. Circulation 81: 
1667-1679, 1990 

20. Zubkov YN, Nikiforov BM, Shustin VA: Balloon catheter 
technique for dilatation of constricted cerebral arteries 
after aneurysmal SAH. Acta Neurochir 70:65-79, 1984 

Manuscript received February. 4, 1991. 
This study was supported by National Institutes of Health 

Grant HL22573, a gift from the Pappas Fund for Neurosur- 
gical Research to Dr. Zervas, and SDIO Contract N00014-86- 
K-00116 to the Wellman Laboratories of Photomedicine. 

Mr. Macfarlane was supported by East Anglian Regional 
Health Authority. 

The 1991 Bayer Neurosurgery Award was presented to Mr. 
Macfarlane for this work. 

Address for Mr. Macfarlane: Department of Neurological 
Surgery, Addenbrooke's Hospital, Cambridge, England. 

Address reprint requests to: Nicholas T. Zervas, M.D., 
Neurosurgical Service, Massachusetts General Hospital, Bos- 
ton, Massachusetts 02 114. 

629 J. Neurosurg, / Volume 75/October. 1991 


