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ABSTRACT ¥

‘Subarachnoid hemorrhage (SAH), which may be»complicated by cerebral

) vaSospasm'(VSP),‘is fatal or seVerely aisabling'in about17QZvof cases

o

»

7(1795.

A’uodel was created in monkeys”for studies of the pathogenesis of

. the VSP as a basis for attempts to devise rational therapiges. The
. \ [} N . t v v

present work consisted“bf_thrée,studiesi(A; B,.andiC).u

R

STUDY A

¥

f Cerebral vasogpasm was created by inducing SAH #h 25 monkeys, and -

‘\

correlation was'sought between the size'of the hemorrhage seen'on the,.-
first CT 'scan with the, severity and time-course of VSP for up to 21
days Eighteen‘&onkeys ‘were studied for at least 48 “hr. Investigations

included neurological examination, determination‘of cerebral'blood flow
- b } g R _

'w(CBF), computed‘tomography-(CT) scans, and measurement of vessel»caliber

~om angiograms. - S, R ” . . IR
[
The 1nciderice of. VSP was significantly éigher on Days 0, 7, and 14
(< 0.001, < 0.01, and < 0.0, respectively), apd/redut’ion in vessel,
caliber was significantly greater at those times (Day 7, p < 0.02; Days

0 and 14, p <_0.05) in the-large-SAH group than in-the.small/mediumeAH

£ =Y . . S . N
y

.
5 ? . -

Conclusions; 1. The time-course of the VSP was very similar to
—_— N "

| thatlafterASAH-in humans.AHZ. ‘The gize of the SAH seen on the lnitial

‘

CT scan correlated with the severity of VSP aPparent;radiographically

for up to 14 days.

- group. o | o | S e

s



" This model had two ma jor disadvantages:

g> 1. There was a high incidence of.subdural;henatomas, necessitating

J

large numbers of animals for\study.
2. 1In most cases, the VSP was localized to ‘the pericallosal artery

(the artery closest to the site of blood injection and to the

[
’

collection of blood visible on CT scans); therefore, no obvious
» . . - .

neurologic defiéits'developedl

AN

STUDY B (P_uot Study')
| Two new ap;roaches for thebcreatlon of a bettet’model of chronic VSP

wete lnvestlgated. ‘,,‘ ‘ii t S o ‘\\
In Gtoupbl in eight monkeys, blood was injected under direct vision

£ A

1nto the subarachnoid space through a right frontolateral craniectomy.
‘.In,Group‘Z,ninjtwo monkeys,-the'subarachnoid,space was widely opened

‘atvthe‘right‘sylvian fissure,‘expoeing'the right side of the citcle.of

Willis and.aphenoidal‘mlddle,cerebral~artery;«ann a hematpna (1.5 to 5

-ml) was placed_agalnst“the arteries. vIsolatipn Qf the segment of‘the

circle of'Willis'and'placement.ef the henatona'nrovidedba model'of'VS?
closer % tnat in man.‘ | |

sty e o  “~,"’ - "}

B R
q

Having developed a reliable methoé toiinduce‘chrcnic cerebral VSP
\ - ' : ) : 4 ,
after SAH fn primates, a double-blind ttial-of nimodipine was copducted

‘ after 1nducing‘SAH in”30 monkeys. Using microsurgical techniquea,
: frontotemporal craniectomy 8 petformed and the subarachnoid clsterns
‘lwere eggged unilaterally. ‘CSF was dra}ned and a fresh hematoma from an

average of 7 ml of autologous blood was carefully placed against the

vi



. " o \? . “
v .
ma jor anterior circulation arteries on one side _The'monkeys, allocated

v A ¥
. randomly to two groups of 15, received placebo,'or nimodipine (1 mg/kg),

o

"every 8 hr for 7 to l4 days after the SAH. Indices determined before

.and after SAH were as for Study A, together with assessment of patho-

«

-y . ) . .
1ogical'changes in cerebral—vessel walls on light and electron

;vmicroscopy. .f.'
In the placebo group, delayed ischemic neurologic deficit developed
" 1n one monkey 4 days post-SAH and wasg present at death on’ Day 14,

. \.!q‘
such-deficit 6ccurred in the nimodipin} group. Significant VSP (31-IOOZ

reduction in vessel caliber) developed in 26 (87%) of the 30 animals

Al

- VSP, was significantly more common (p < 0 0001)- and more severe (p <
eO Ol) ‘on the clot side than on the non—clot side on Day 7, and was lessgi

N

or absent on Day 14 just before death. VSP was more common overall in’

fthe»placebo group, and on Days 7 and 14 its incidence was significantly.
fhigher\(p < 0 05) in this group than in thednimodipine group ’However,

‘the average percentage reduction in caliber of the maximally constricted
vessel in each monkey was not significantly different in the two groups :

The pathologic changes in vessels that were in spasm are described in

Cgetatt. o

e R 'viif



 PREFACE |
) ' - N . . ° — % ’
- ‘v ‘ ¢ ) - . . "l> v ‘ ‘»,»’

"1t {s estimated that as many as 5 million persons in Northlimerica

N

6;rbor satcular cereﬂtal aneurysms, 90Z of yhich may rupture to-produce.
.a SAH. With an annual incidence of 12 per 100,000 population, in the

‘U.S.A. about 28 ,000 aneurysms rupture each year (ll 179) Aneurysmal‘

<

SAH carries a- very poor prognosis'. about 40~ SOZ of the p?tients die

' within 2 weeks as a result of their first bleeding (8-13,179, 196)

lthe 50- 602 who survive the acute stage, cerebral VSP may developudn
about 25~ 372 =~ the reported figures range from 21% to 66% (16,18, 196
198 203). In 10-17% of these cases,~neurologic deterioration (including
death) will occur 1-2. wk after the hemorrhage. Clearly, the 60 707

‘ morbidity and mortality rates (8 11, 20 21,179) demonstrate much room for

<
R . #

improvement. g o e .
S G
Therapeutic strategies.of potential benefit include improved

diagnosis (awareness of warning signs) and early referral to a’
\

‘:eurosurgical center (55), ptevention of rebleeding, treatment of ,
, cerebral VSP, -and improved surgical rtsults. One approacggfor the

prevention of rebleeding, and perhgps oﬁ VSP, is early operation

R
(17,19,304,305). At present howeverf\there 18 no treatment that can

o

_;_reliably'prevent the deterioration in neurological status that results

from VSP-(19 32 305) ~ Numerous pharmacological agents have been tried
"
to relieve the vSP (44), usually unsuccessfully, the_treatment of VSP .

Eemains uncertaindand unsatisfactory (16 44 45)

N

The inadequacy of current therapies teflects our lack of knowledge '

of the condition, an. ignorance that stems largely from the absénce until

-~
’
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recently of anqéxpefiméntﬁl model of chfohic VSP‘that could mimic the

. clinical;syndromé_(46;48,52,53). ‘ihe:ptegénbfgtdhies, in monkeys,»were
designed :d'creétg d:ﬁodéi df'chipniﬁ‘VSf by induéingfg 1§;ge SAH;.tHen
ﬁ'to test éhe hyﬁo;hesis Ehat ;hé sizé,of'the SAH‘aé appa£éﬁt on CT scans
is critical to the developm;nt'of sev;re chronic VSP and finally to’

\ .
investigate thg\efficacy of one»pharmacologic agent in preventing VSP '

after SAH. The agent chqsen was nimodipine wliich: antagonises balcium S

entrance tQ cerebraljamooth—musclevcella and~thus might‘be expected to
- prevent or reduce the severity of chromic cerebral VSP after SAH

(49-51). N
.! o :
; o
.p‘
‘ .
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—_ CHAPTER ONE

THE PROBLEM

I. CEREBRAL ANEURYSMS AND SUBARACHNOID HEMORRHAGE:
!

~ HISTORYCAL REVIEW
N

\

The firét recorﬂed deseription of what appears to be a subarachnoid
hemorrhage is in the 0ld Testament, 2;Kings 4:18-20: ° "And when the

child was gfown? it fell on a day, that he went out to his father to the

" reapers. Andphe sald unto his father, My head, my head. And he said to

a lad, Carty him to his mother. And-,.;”he‘sat on her knees till noon,

",%and then died.”

L]

.Morgagni of Padua in 1583 was, probablyﬂthe_first to describe a

: dilation of cerébral vessels at necropsy, but the first precise

descriptien‘of'an intracranial aneurysm; of the carotid artery 1n the

eavernOus sinus;‘was by Biumi of Milan in 1778. Blackall in 1813,

first described the symptoms “and clinical signs of 1ntracranial

. hemotrhage. “The patient, a 20-year-old woman, complained of headache

and photophobia, and necrnpey‘revealed a pea—sized'aneurysm at the
distal end of the basilar'artery. Serres, in 1819, diagnosed a ruptured
Py

aneurysm in a 59—year—old woman basing his pre-necropsy Opinion on the

sequence of neurological signs after the acute event; -the cause of death

proved to be an egg—sized aneurysm of the basilar artery. It is ’ ?)’-',

1nteresting that these two first clinico—pathological descriptions of

'Lcerebral aneurysms were made on female patients ‘harboring a basilar

lMuch of this review was compiled from references no. 1 2, 4, 11, 15,
20, 22 =25, 54. '
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artery'aneurysm; at present, the known incidence.of such aneurysms is.
very low - 3-4%, compared with 90-95% in the anterior cerebral

circulation (2,4,11)Q

-Clinical-DiagnosiS=f R .

In 1859, in eviewing 62 reported cases of aneurysms of the.

cerebral vessels, Gull emphasized their recognition at necropsy rather

4;than during 1ife, and it was not until 1564 that accurate clinical ‘
& ({ . )
diagnosis began”to be made with any regularity. In that year Hutchinson

made a clinical diagnosis of intracranial aneurysm, an;~in 1875 he
verified this when‘the patient died (from a pelvic abscess) necropsy .
vrevealed an aneurysm within the inner part of the middle fossa H
There was a'major advance in the diagnosis of . SAH in 1891:fvhen
rQuinke introduced ‘the lumbar puncture. A fuﬂther Stimulus‘to the
clinical diagnosis of intracranial aneurysms occurred in 1923, _when
Symonds repor{ed five cases dﬂﬁgnosed during life and concluded that
ruptured aneurysms are initially indicated by SAH with symptoms and

signs suggestive of a tumor at the base of the braincxyThe first

: extensive review was by McDonald and Korb, in 1939, who assembled 1125

1§
s ‘

:*cases of saccular.aneurysm from 407 reports published upsto,the end of_
1937, all had been verified at necropsy or operation . @

Cerebral angiography, introduced by Moniz in 1927, proved to be the
,most significant advance in establishing the diagnosis of cerebral

aneurysm. Moniz used an open surgical methodAfor'introducing contrast

Q
)

,.medium into the carotid artery, and Loman and MyBrsonrwere the pioneers
in the development of percutaneoua carotidvangiography,.first reported

in 1936.



fhe_introductioniofvcerebral'computed tomography. (CT).1in-1972 o
revolutionized‘the approachrto the investigation of intracranial plgw/
pathology in: the practice'of neurology and neurosurgery. .English
engineer G.N. Hounsfield,'a computer expert working in theﬂcentral '
Reséarch Laboratories of EMI directed his attention to the problem of
vreconstructive transmission X—ray scanning In fact the mathematics e
had been 'worked out' by Radon in 1917 and again independently, by
Bracewell in 1936 (316) HOunsfield'S‘work which was,independent»of
the others , began in 1967; it would bring him the 1979 Nobel Prize in
: Mediciner This he shared with physicist AM. Cormack who, - in 1963 andq/,
’il964, described'mathematics related to the reconstruction"of a cross-
sectional rad!ographic.image that_couldvbe'applied tootomography'(157).

o T R T ‘
, R g

Nonsurgical Therapy ‘ ' | o Ca \\
Until the nineteenth century, therapy consisted of: bed—rest supple—

mented with medication thOught to be appropriate, for example, in 1761

Morgagni suggested using ergotamine, potassium iodide, strychnine Wand .
' \ R

" galvanic current. |

-
-1

Conservative therapy was the only treatment until it was fOund in *

o

1809 that occluding ‘the cervical carotid artery could relieve symptcms'> _ :
\ ' ~ _ S .
and signs of an unruptured aneurysm or prevent rebleeding from a . -

ruptured one. This treatme t was not very widely practised but it is

of interest that Vanzktti bi 1858, reported the cyre of two carotid
' f’

compression of the

aneurysms in the caverhous sinus by prolonged digitav

fipsilateral carotid artéry. o-further innouations vere introduced

. until»abOut l7,years agd. |
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Ant1fibrinolysins o , | s

Gibbs; in 1967, followed by Mullen In 1968 and Norlen in 1969,

'ointroduced the idea of using antifibrinolytic agents to prevent natural
L 8 :
lysis of ‘the clot sealing a ruptured aneurysm. An NIH Co—operative

Study completed in 1975 indicated that antifibrinolytic therapy reduced
LN

the rate of early rebleeding (occurring within 14 days) by nearly half

from 20.9% (with bed-rest only) to 11%.

¢

Extracranial Surgical Occlusion S,

The firstrsurgical tthapy forhcerehral aneurysms was'unilateral'
4 ligation of the common carotid artery in the neck; this was.used R
successfully by Travers, in 1809 to.treat a carotiducavernous“fistula
;that was causing unilateral pulsating exophthalmos. In 1902 Sir Victor

Horsley reported successful treatment of saccular aneurysms found at
_Operation by unilateral occlusion of~the common carotid Unilateral .

ligation of the internal carotid was first used by Turner in 1926 and by

’Dott a few years lateﬁ, and the: bilateral maneuver was.- introduced by . . E k

. | \
‘ .Hamby and Gardner in. 1932, the latter whichlwas performed in two

N\
stages was reserved fér the treatment of re}ractory aneurysms of| the

Sk d - B T~ ~\
h i ] Y RN

-ncarotid artery 1in the cavernous sinus- s "Y
) i : o v;‘.

Dandy was the pionéer who showed in 1944, that unilateral but not

bilateral occlusion of the vertebral artery in the neck could be safely
used to treat infratentorial aneurysms. In 1950, however; French and-
r' 9, ' K ‘ : Lo

: Haines pointed out that unllateral occlusion‘of.a‘vertebral,artery-COuld

be fatal.



Intracranial Surgery - ‘ o : P

The'first‘attempt at intracranial surgery to treat an aneurysm‘was
by intracranial and cervical occlusion_of the internal carotid artery by
Zeller in 1911; unfortunately the ligature'wasbaccidentally torn,, and_

the patient died. Similarly,_Cushing’svfirst two attempts aghgntra—

cranial surgilcal treatment of'aneurySms, both of them on the internal

carotid artery, resulted in death' in 1917 he ligated the artery after
, | r
an aneurysm on its wall had burst at Operation, and in 1?26 having L N

tapped a sac ‘he believed was an intracerebral cyst he otcluded it with e
fine'strips of fresh muscle fed thrOugh the’puncture.. ‘

Successful surgical treatment of an intracranial aneurysm was
achieved a few years-lateru »In 1931 Dott in Edinburgh wrapped muscle<

around the saccular aneurysm, and 5 years later, Tonnis, in Germany,

split the ‘orpus callosum and applied muscle to cover an aneurysm that

: the then—new technique of Tngiography had revealed in the anterior

B : . v

y' commuuicating artery In- 1937 Mchnnell in Ireland, opened an .

' aneurysmal sac and-packed it with muscle, and on 27th March of the same
year Dandy initiated clip—occlusion._ Dandy applied the clip to the neck 1:,'

of an aneurysm at the jungtion of the right internal carotid and

v

posterior communicating/artery, the patient recovered from his
third-nerve P& sy.;«,z! fﬁlj»‘ o ;'j'} hf; ’dr_‘ih_“'. i ‘
e e s

Surgery in Modeggprimes : o Afie;_,
Modern surgical treatment of intracranial aneurysms began after o
l TN

World War II. Dandy 8- classical monograph in 1944 provfded the impetus,

”f&fh ‘a d between 1945 and 1954 new operative techniques were developed by_.j':'




the U.S.A., Falconer and McKissock.in London, and Gillingham'in' o
1 . . .

‘-Edinburgh . Improved retractors and clips, and investment methods forv‘

aneurysms with broaderu complex-necks, were developed. Great advances

were made .despite che _poor illumination anduréﬁtrictea vision that.;\ﬁ B

. complicated the operation.

[

But with the advent/of improved diagnostic and treatment methods

came recognition of a new development severe chronic cerebral vaso- L

oA N
’ spasm, This»was exemplifiedfin patients who, having appearedfwell'forr
: S ' ~ e e

hours or days aftervthe’hemorrhage~or'postoperatively; experienced -,

‘gtates of confusion, stupor “and coma, with major neurological deficit f[

and invsome cases death. The delayed neurologic deterioration was shown .

~ to be assogiated with severe. arterial narrowing apparent ‘on cerebral

angiography almost invariably the arteries that were in severe Spasm

were in cerebral areas appropriate to the clinical syndrome. Ecker in -

1particular emphasized the problems of spasm in the late. 19403, and in

_1951 he and Rienmenschneider described the angiographic appearances of

diffuse vasospasm in cerebral arteries after SAH. In 1965 Echlin demon— v%e

‘a}strated severe spasm of the basilar artery after its surgical exposure

A 4

:and direct application of fresh blood in monkeys, and in 1968 Simeone S

;,and co-Workers reported for the first time that diffuse prolonged VSP

. could occur in animals.. In that ‘same year Brawley presented evidence in}::»fj.~.z.3 .

dogs that VSP may be both acute and recurrent (biphssic) after a%ulsiOn

: of the anterior cerebral artery and that an injection of fresh arterial if'fi‘fr B

blood into the subarachnoid space cpuses acute and prolonged VSP. =

n

*'ﬂowever, after such experimental induction of SAH in all animal specieS"

0

;hstudied clinical manifestations were minimal or absent. Thus, althoughh»




4 L]
the findingé in experimental animals increased our knowledge of VSP they
could not be extrapolated to VSP in man.
In 1956 Botter;ilv(153) iﬁstituted a system éf clinical grading to -
guide the selectiqn of patients likely to benefit from surgical therap}.
This systeﬁ,_which was expanded by Hunt and'Hééq (154) in 1968, was an

. [}
‘important advance: now, surgical results copld be correlated with the

kneuroloéical status at first medical a&gggﬁiﬁt:s a major influence in
cliniéal outcome. ‘9 |

The greatest technical advance in vascular néufosurgery was in the
1960s, when the intrééuction of the opetating microscope provided for

the first time excellent magnification and illuminatiop of the operative

field. In 1965 Pool published the first accounts on the use of the

kY
'

operating microscope iﬁ intracranial aneurysm surgery. Yasargil (155)

advancedvthé state of the art on microsurgical techniques for cerebral

aneurfsms, and reported a significant decrease in mortality rates. .Fox

(54) demonstréted how the microscope improved intracranial surgery fpr
'aﬁeurysms during 14 years‘of practice: initially from l9§4 totl975;«the

mortalitx in 95;cases Operaéed‘on withbut a microscope Was 15%, ;nd then
. from 1975 fo.}978 in 81 cases éperated §5"f§“ microsurgical technique

it was reduced to 7%. Improved anesthesia and surgical skills, however,

’ could 3136 contribute to the progress made by Fox.
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II. INCIDENCE, PREVALENCE, MORBIDITY AND MORTALITY OF

SUBARACHNOID HEMORRHAGE FROM RUPTURED ANEURYSM

Intracranial éneurysms Fan be‘classifiéd as saccular, athero- -
sclerotic, inflammatory, traumatic or diséecfing aneurysms, or as micro-
aneurysms (3-5). The present review relates only to sacculer of befry
aneurysms,iwﬂfg; account for 66% to 90% of ail cerebral aneurysts (4).

The incidence of saccular aneuryéms in ;hg general populatién has
been estimated as about 1 to 4%, but it varies depending onn the p;pu—
1atibh characteristicé and the nature of the study (i.e., all-systems
necrOps§ or a search for cerebral aneurysms). 'Tgys, reported figures
range from 0.2%Z to 16.0% (2-4,20,21). Spoﬁtané;;s rupture of a saccular
aneurysm 18 the commonest‘caus; of nontraumatic SAH, being respongible
for about 50% (6,7).

As might Be expected, tﬁe geographical incidence of aneurysmal SAH
varies considerably. 1In Rhodesia, a 1982 report stated’that enly
3.5/100,000 population are'éncountered annuaily’(?).‘ In Rochester,
Minnesota, the same'incidence during a 30—ye§r study from 1945 to 1975
remained re@afkébly constant at 11 (8); in Finlagd it :was sald to be at
least 10/100;000 pbéﬁlation (26), and a more recent study quoted an
incidence of 19.4 in central Finland (173). It has been estimgted
(11,20) that approximately 3,000 aneuryéms rupture each yégf in Canada
(12/100,906 pépulation)vand as many a;QZS,OOO in the USA>(12/100,000
pppulafibn) (179). ‘ The ﬁigheét incidence (25/100,000 population/year)
is in Japan, where 28,000 new casesg of SAH are reported annuaily (7).

The ?eported figures may represent dnly.part of the actual’

incidence of SAH among the general population. During a Z-year study in



New.York,,cases at the City‘Morgue that were the result of unrecognized
or untreated SAH equalled about 33% of the number of cases seeh at the
New York university Medical Center (20).

Anedrysmal SAH is highly lethal. Overall, 8% to lsz_of the
patients die within 24 hr, before they can receive medical attention.
T“e mortality rate riges to 20-247 by 48 hr, to 44- 567 by "14 days, and
to 66% by 1-2 months after the rupture (8,-13). The mortality of
*f~aneurysmal SAH 1s directly related to the patients' negrologicel status
at first medieal attention (9,12,13). Phillips Eﬁjél’ 58), &ho‘studied
the assoclation between the patients’ neurological status on admission
to hospital and the mortality rate by 10 days post—SAH, recorded 10%
mortality among patients graded 1 or 2 (asymptomatic or with headache
and nuchal rigidity) 28% 1in grade 3 (focal deficit), and 807 among
those of poore; neurological status (grade 4 or S, ma jor deficit or

moribund). Winn et al. (14) studied the same association but with

& .-
mortality rates by 6 months post-SAH: 1in patients graded 1 on admis-

<
“oa

sion, mortality was 15%; in those/gtadeduZ it was 30%, for grade 3 the

| mortality increased to S54%, and for grade 4 to 65%; and all patients
graded 5 had died. In general, in North America the l-year survival
rate is 47% for patients in good nShrological state (grade ‘1) when first
seen by a physician, compared with only 8% for those in neurological
grade 5. Repper’and Zerves (198), however, studying,the l-year outcone
of 112 good-risk SAH patients, observed a management mortality of only
11%, although functional recovery was very poor: only 46Z% of the
patients tecevered completely,;fSZ were eﬁdtionally.impaired, and only
447% were able to return to their previous (or compatablq} jobs; 20Z%

obtained lesser employment, and 242 were unable to work.



The complications most commonly responsible for the rising

1]

mortality rate after the acute stage are cerebral ischemia, rebleeding,
and hydroéephalus.‘LThe-iscﬁemia results from'severe VSP;.which‘devélops
in about 25-37% of cases withiﬁ 2 weeks; rebieediﬁg; if'untrea;ed, kills
up to 30% of patients within a decade of their first SAH; éﬁd

hydrocephalus may prove lethal by about 3 weeks post-SAH if no therapy

is given to the patient.

10
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II1. CURRENT CONCEPTS OF CEREBRAL ANEURYSMS

o —

IR e

The pathogenesis of cerebral berry aneurysms is a sﬁgject of
continuing debate. To understand the controversy over the origin of
these sacs requires knowledge of the morphology of cerebral arteries and

aneurysms.

Microscopic Anatémzrof Cerebral Vessels
All of the extracefebral intracranial afteries have a sihilar ‘

structure aﬁé are composed of the th?ee coaxial ébats: .the tunicé

inﬁimaL lined by a layer of endothelial cells; Zhe tunica media, or

muscularis and elastin fibérs; and a collagenous tunica adventiéia. ‘An

internal elastica separates th; intima from the media, but the external

"elastic lamina that characterizes extfacrénial arteries is absent (56).

;Aréénd Bifurcations of arteries, the intima maykhave focal thickenings

at the lateral anglés¥ face, dorsﬁm,'and apex. Thezmuscularis‘media méy 3

ceagseé abruptly at the épex (medial defects of Forbus),.leaQing a gap

P

‘consisting only of intima, elastic lamina, and adventitia; these defects

N .
may be present at birth But in many cases develop postnatally (57). It»
has been suggested that the medial defects constitute a physi?iogicai |
mechanism to maintain blood flow during vasoconstriction; howe&ef, this
explanation‘is inconsistent with their distribution, somé for&s having
no defects and otﬁérs ha;ing a-&efect at ‘the lateral’angle rather than

at the apex.b‘The most plausible explanation is that they act as a raphe

between the muscle of the adjoining arterial wall at sites where the
: ' 1 . &

[

direction of vasocbnstridtidn is ‘in two very different or almost

opposing directions (Fig. 1). This thesis is substantiated by the
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?IGURE 1

A: Scanning electron hicrographs of the luninal surface of a
niddle cerebral artery and daughter branch. X 156. :

B: At higher magnification (X 625), note corpugations of the
endothelium (due to contraction of media) on both veésels - but absence

at the apex or bifurcation, probably due to lack of media in this region

(medial defect of Forbus). R




observation that medial defects have a known predilection for acute
angles, whether apical or lateral (57).' o ‘ B

The intergal elaaticglamina of human cerebral arteries consists of

‘two -layers; the 1um1nal surface 1s a fibrous mesh that transforms into a

sponge-like layer, and the outer layer, which is adjacent to the media,
.forms a solid mass. This internal elastic lamina contains fenestrations

: ‘ : . : .
(Fig. 2) which are present at all ages (they have been described in new-

hd 1

" borns ‘and in adults up to 90 years of age). Campbell and Roach (58),

who measured these,ﬁwind0ws"in the ;nternal elastic lamina at the

" bifurcation of human cerebral arteries, recordedvtwo Very different sets

of figuresv(means + SEM). In "normal’ 1nternalvelast%Ca,'the mean
diameter was Ztht 0.13 m, the numherbofhfenestrations was 5518.1 39?‘
per mmz, and_the area ofbinternal elastic lamina:that contained normal
,fenestrationsfaveraged 1.8:£ 0.16%. _In:13‘of the'28 specimens they
‘studied,.there'were enlarged.(ahnormal)'fenestrations.near-the>apek of.
the bifurcation: their mean diameter was 7.0 + O 34 pm (signfficantly
greater th;n the normal), their number was 1ess (2606 + 284/mm ), and
the area containing then was significantly greater (15 0 + 1. 1%).
Campbell and ;ssociates proposed that the’ enlarged fenestrations :-
represent:a weakness in the 1nternal elastic 1amina=at the apexbof the
bifurcation, a: defect that may contribute to the. initiation of micro- g
aneurysms- They also opined that the internal elastic 1amina at the )
apex of bifurdations may have a fragmentation or gap, together with

lumpy degradation both of which increase with age and are presumed due

‘to hemodynamic factors (58 59)

13
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Scanning (left) and transmission (right) electron micrographs of
internal elastic lamina (EL) of a middle cerebral artery. Note the
normal fenestrations (arrow heads), 1.25 to 3 ym in diameter, that allow
‘communication between.the tunica media (M) and the basal membrane :
- beneath the endothelium (E). L = lumen; A X 1150; B X 4580; C X 5500;

D X 17;500.
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All of these features of the internal elastica are considered of

‘major importance in the formation of berry aneurysms.

Qgtieal Microscopy of Saccular Aneurysms

'Most saccular aneurysms occur at the apices of a major arterial
bifurcation or at the origin of smallihrangﬁgé from such arteriee; they
~do not occur on.peripheral branches of cerebral or cerébellar arteries
or on small intracerehral vessels (60). ‘The aneurusmal sac. 1s charac-
terized by absence of the normal 1ayers ofvthe vegsel wall (56 60 62),
it is 'devoid of media, which usually ceases abruptly proximal to the
neck but in some cases.extends for ehort»distances‘into it. At about"’
‘the‘same point, the internal»elastic'lanina isiabsent or exists as
fragmentary rennants. .In:some(nlaces the intima appeare_normal, but in
"manyrothers it contains-eubintimaiAproiiferations consisting of smooth—
muscie fibere and elastiea. Atherosclerotic changes are usually
"confined to the intimal pads ‘at the entrance of the sac, the .adventitia
serves asﬂthe outer.layer ofvthe-sac. :

The thickness of'the'sao Wail varies; small aneurysms are thin-
‘walled_and most large onesvhaveAthicker wails, but-parts of~the‘neck and
Saé may Vary in size. Thichened walls have a iaminated'appearanee; the
- muiti-layered capsule isvcomposed3of fibrous”laminae interspersed with
deposits'of henoeiderin ,cholesteroli and foam eells. 'The’outer agpect
- of thecwall consists of loose fibrous tigsue; this 1is infiltrated with
leukocrtes and lymphocytes, and phagocytes filled with hemosiderin if
hemorrhage has dttufied-v Thﬁfmbosis, in varying degrees of

organization is a common finding in large aneurysms '(56,60,62).

15
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In long—standing aneurysms, most of the wall may be calcified or
may evidence arteriosclerosis similar to that in cerebral arteries
(62,63). Rupture is identifiable microscOpically as a break in the.
wall, usually at the dome of‘the aneurysm. Vasa vasorum commonly invade

the outer wall‘(Fig}“3), occasionally extending into the intima 1if this

has undergone severe proliferation (63,64).

Electron Microscopy (EM) of Saccular Aneurysms.

Scanning EM of the luminal surface of surgicallyjobtained-intna— |
‘cranial saccnlar;anenrysms (65) and the eXperimentally inédced cerebral
aneurysms (66) reveals regressive changes of;any‘endothelial cells still
present;be.g., balloon-1like protrusions, crater-like defects, and
bridges composed of cytoplaSm (Fig. 4). Gaps are present at junctionsfi
of these endothelial cells, with many  leukocytes and»platelets adherent.
The end&bhelium varies | usually, near the fissures of the- aneurysmal
fundus, itiis missing, at the aneurysmal body it has an irregular
pattern of small convolutions and intervening gullies, and near the neck
vqf the aneurysm it is fairly well preserved. Theiadventitia may remain.
unchanged (65). | | | |

On transmission EM, the most significant findings are: 1. snlit-
ting of the elastic’ lamina in the sac,‘_Z. no elastica at the Site of
‘rupture, this having been replaced by collagenous tissue, and ‘subendo-

v thelial thickening of the: basement membrane, 3. scanty,‘sclerotic

smooth-muscle cells, geparated by dystrophic basement membranes, cell
o | o ‘ . - : ,

debris, and other cells with aué%phagic vacuoles; and 4. vasa vasorum

inVadingbthe outer'nall and\internal elastic lamina (60,64). The

e



17
Blmm251 kU 31 2E 2 AEA S 3 l R ‘

6.

FIGURE 3

‘ channing‘_electrQn micrograph of f_:h,e cut edge of aneurysmal wall,
showing vasa vasorum (arrows) invading the ‘tunica adventitia. X 312.
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_‘endothelial cgl 8 contain'intracthplasmic vacuoles that are empty or

“ ”A)are full/of lipid- material. Within the-connective-tiSSue some well-

'preserved fibroblasts with star-like prolongations are seen, and the
cytoplasm of muscular fibers/contains swollen mitochondria and dilated - .
endoplasnic reticulum.’

v

;Pathogenesis of Saccular Aneurysms

Three main theories have been édvanced to explain the origin of -
y { ,

cerebral»b ry neurysms. One postulates a congenital defect of the

‘media at the ap\ of arterial bifurcations, another that degenerative'

changes within he.vesselﬁwalls damage the_internal~e1atica! allowing
.. the fofﬁatioﬁ‘of saccularvaneurysms;‘andbthe third'theorybho1ds;that-
congenital efelts and_degenerativeschanges”act toéether in;the
‘ffom;;o'n of anew sms~.',(7.-,56,68:)'. |

Medial-defect Theory '

This theory, propounded by Eppinger and Forbus, holds that

- PR

o aneurysms orginste from an inborn defect in the elastic pr0perties of

[N

the arterial wall. \The defect is said to be a result of lack of 3

muscularis lamina, together with degeneration of the elastic membrane }i'

1due to its overstretching in response to hemodymamic stresses at the ;.

“’apex of bifurcations (56 68)

Degeneration»Theory i

-

Many investigators do not consider absence of the media as the Rt

., .

'i'> primary factor in the deve10pment of aneurysms.‘ this medial defect is .

\
\: .

"-fsaid to be present in 802 of the cerebral arteries of normal subjects

Jand of patients with saccular aneurysms (56) Wbreover areas lacking

: muscularis can tolerate high intraluminal pressures (up to- 600 mm Hg)



. .aj
without bulging; Stehbens (57) theorized that the medial defects act as

a raphe between the muscle of adjoining arterial wall at sites where

vasoconstriction 1is in opposite direction, and suggested that "medial

raphe would be a: more appropriate term. He'also found'that-the pre- o

1 ) he

‘valence oi,medial defects increases with age, thus establishing that not
.all are congenital | |

Medial defects occur at bifurcations of small and 1arge arteries,
whereas most aneurysms-occur on large arterial bifurcations. Stehbensp
(57) described “three types of . pre—aneurysmal lesions found iﬁ,a study
'of 454 cerebral arterial forks, there were 7 funnel—shaped dilations, 29
areas of thinning, and 14 microscopic evaginations.‘ Funnel*shaped .

4

'dilations occur at apical angles (these are’ the infundibulae seen on

angiography)) the media is absent or . attenuated the internal lamina'is

'degenerated or. absent, and ‘the adventitia is attenuated. In these dila-

\

tions, unlike Forbus s medial defects,.there 18 no abrupt discontinuity ‘

~ of the media and the adventitia.is not thickened Areas of thinning are

found at the apex and adjacent to the distal side of the - branches of
’ large bifurcations. Groesly, the wall is thin, with attenuation of the

: adventitia, absence of the media and internal elastica, and slight

e

,thickening of the intima The lesions bulge when perfused at a pressure,f

/

of 30 cm H2 3 Small or. microscOpic evaginatiqns are early aqeurysmal

changes visible only under the microscope. The intima bulggs out

through a medial defect or’ at its junction with normal tissu" uSually
v . o . \ ‘
there is associated degeneration of ‘the elastica but in some cases - the

..

internal lamina is intact.
This degeneration theory is supported by experimental results

(66 69 73) saccular aneurysms have been induced in rats by causing .:‘f

20



iy

21

Ne

connective—tissueiébnormalities that weaken the arterial wall, and then

Increasing hemodynamic s;fess (71,73).

Combination Theory
1
This theory, adopted by Carmichael, suggests that arterial dégen—
eration and congenital defects play roles of varying importance in the

development of cerebral aneurysms (68), with constant systemic hyper-

tension and impingement of the blood stream as additional factors (73).

Location of Aneurysms

-carotid artery (25-26%); 3. at the;bifurcation of the sphenoidal’segment

- About 90% to 957 of saccular anéd?ysms are on the anterior part of

thg/circle of Willis. The four commonest sites, in order of frequency,

are: 1.71n the region of the anterior communicating artery (28-34%);

2. at the origin of the posterior communicating artery from the internal

=1
of the middle cerebral artery (12-17%); and 4. at- the bifurcation of the

internalbcarotid'artery into anterior and middle cerebf&l'arteries
(4~5%). The incidence of vertebrobasilar aneurysms Lé about 3-47% and

oy

that of cerebellar aneurysms is 1% (2,4,11). Multiple aneurysms are
' : £ '
clinically diagnosed in only 15-20% of the cases; 47Z“o§\a11 double
. U
aneurysms are located contralaterally (2). Pachbiogical analysis, how-

ever, have revealed an incidence of multiple aneﬁrysms as high as 50%.

/

* /
Explanation for this discrepancy among clinical/or patﬁological studies
/

[

derives fromﬁthe 60-70%2 gensitivity of Cerebra angiograghy in detecting

the cerebral aneurysm, incidental multiple apeurysms are found by chance

occasionally at -surgery (156).

o)
{



Factors Predisposing to Aneurysm Formation

Age and Gender

_Thé innidence of cerebral aneurysms is highest during the 4th, S5th,
and 6th décades of life, peaking betwéen the ages of 55 and 60 years
(2,3,5,6,8,11). Saccular aneurysms are rare in childhood; therefote,
they are considéred acquired anomalies (5,6,8).

" Overall, cergbralbaneurysms are more common in women than in men,
in a ratio of f:m 3:2 (6,8,11). Under the age of 40 it 15 more common
invmen than in wnmen_(mif 2.7:1), but thereaftgf the éex—related»ratio
1s reversed. The f:m ratio rises from 3:1 at 60-69 years to nearly 10:1
in the eighth d;cade (5,6,11).

Multiple aneurysms, also, are more-common in femnles than in males
(.- in familial cases of aneurysm there is both a predominance of
feméles (f:m, 1.7:1) and a relatively young age at diagnosis (mean, 39
years), indicating the possibility of an inherited defect of the blood
vessels that renders females more susceptihle to aneurysm formation (7)
The influence of.nteroid;i hormones on collagen proliferation may en-
hance the formation and impair the repair of aneurysms (56,?4); however,
the sex-related aifierences do not correlate with either the ponulétiqn
distribution or the prevalence of hypertgnsion by sex or by age.

a

Herifability

Autosomal dominant inheritance of intracranial berry aneur&sms has
been suggested in some families. Evans'gﬁ_él. (75) described six-:
affected family members in thtee generations, in a pattern that strongly
Suggested dominant inheritapce, and Fox and Ko (76) found 6 proven cases
among 13 siblings, 11 of whom were studied. Intracranial aneurysmsAhave

~ been reported in identigal twiné»(77). Multiple familial éerebral /

22
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aneurysms are much rarer than single ones (77,78), and the frequency of
aneurysms at identical sites in two relatives is more than twice that
expected by chance (78,79). Also, aneurysms tend to rupture at a

' N

younger age in familial than in non—familial cases‘(78,79).

Hypertension

o

Eésential hypertension is one of the most frequently reported
medical conditions in patients with rﬁptured intracranial aneurysms
(80)." Because hypertensioﬁ increases hemodynamic stress ana accelerates
~atherosclerosis, a saccular aneurysm is more likely to develop from a
defect in the media and internal elastica, and is more liable to grow
and rupture, in a hypertensive person !(56). 1In a retrospective stu&y of
nonfatal and 64 fatal cases of ruptured berry aneurysm; Franks (81)
found hyperténgion commoner in the fatal groﬁp;'aléo, the incidence of
~multiple sacs was higher and the survival rate after two hemqrrh&ges was .
poorer in the hypertensive than the normotensive patients. He concluded
that hyperfension may contribute to both development and rupture of
aneurysms. Andrews and Spiegel (79), cdmpariﬁg 212 aneurysm patients
with an age-matched population,'fﬁund q}stolic pressufe significanﬁly;
higher in the female patients in the age groups 18 to 54 years; under
55, th male and female hyperEensive p;tients were twice as'likeiy as
the normpal population to have muLEiple aneurysms; and for feméles, but

» |
not males, increasing age and higher systolic and diastolic pressures
all correlated wi;p-én increéﬁing number of lesions. Systolic and
diastolic hypepteﬁéion are significantly more prevalent in association
with”aneurysms in men in the third through sixth decades‘and in women in
the fourth through sixtﬁ deéades (29). Furthe;more, secondary hyper-

]

tension caused by polycystic kidney disease and aortic coarctation is



assoclated with an increased' incidence of cerebral ber

(56,76,78,82).

~and experimental data.(6q,69—71,73) support. the concept that hyper
tension is conducive to the development of berry aneurysms and may

influence their growth and rupture.

Vascular Disorders

Masuzawa et al. (83) reported two Qomen with berry aneuryém who had
' Takayasu's disease. Arteritis was not apparént in the‘intracranialiﬁes—
sels, and no pathoiogical changes were‘fouqd in the vessels édjacent~to
the aneurysm,'leéding the authors to-éonélude»that the sac had resulted
from high érterial pressure or hemodynamic sfress through the patent’
brachiocephalic vessels. Intracranial aneurysms have been reported in
association with absence of one or both internal carotid arteries (73,
84,85), solitary péricgllbsal artery (86), and cerebral arteriovénous |
malfofmations (87,88); in such cases the aneurysm may develop as a.
result of:alfere; hemodynamics (84,87). o

Other Diseases

Aneﬁrysms have been assoclated with several other disorders,
esﬁéciaily-thése affecting connective ﬁissue. The latter include tﬁe
Ehlers-Danlos syndrome (56,57,82,89é£:901ycyst;c kidneys (56,82;89),
fibromuscular arterial hyperplasias (82,89,90), fibfomuscular dysplasia
of Intracranial arteries (91); moyamoya disease (56,92), type-I1I colla-
gen.deficiency~(57), cérebral traﬁsmufal angiitis as a coﬁpligétion of

. systemic lupus erythematosus (93), giant-cell arteritis (94),

medingiomas and gliomas (95), and pituitary tumors (96).
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The incidence of aneurysm co-existent wigh pituitary adenoma is
significantly higher (7.4%7) than in the general population, an associ-
ation whose cause remains obséure. It may be that the.prOIOnged high
level of serum growth hormone in‘Acroﬁegaly produces arteribsclerotic
and degenerative chaqges in the arterial wall, and that hypertension -
which is common in acromegalics - may affectvthe arteriél wall and
predispose tobthe formation of an aneurysm (96,97).’_“

Although none of these associati6ns hés been proved greater than in
age-matched cohtrol subjects, the unusual locationiof the aneurysm sug-
gests an association in some cases, eSpeéially with aortic csarctation.
and'polycystic renal disease. The incfeased incidence of cerebral- v\\\
aneurysms may also relate to the high incidence of hypertension in these \ -

!

conditions (56).r ' ' ' /
L . . ’ )'/
Cigarette-smoking and Alcoholism’ k

K : ’ | N\

‘Bell and Symon's retrospective study (74) of 208 patients with \

ruptured cerebral aneurysms showed a highly significant excess of g
cigarette-smokers among both men and women and indicated fhat continued -
smoking increases the risk of SAH by a factor of 3.9 for men and 3.7 for
women .

. T : . '
Hillbam and Kaste (98), in Finland, studied 75 consecutive patients
15 to 55 years who had verified aneurysmal SAH. In ZSZbof cases,

the patients had drunk large quantities of alcohol in fhe 24 hours

before th bleeding; this incidence of alcoholic intoxication was two to

Experimental data indicated that acute alcoholic intoxication may cause

brief vasodilation and cerebral hyperemia, and that Prolbnged intoxi—l,

N,

N

N
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cation may increase cerebral blood flow when alcohol-withdrawal_symptoms

appear. The authors concluded that occasional alcoholic intoxication

'may heighten the risk of aneurysmal SAH.

Hemodynamics in the Formation and Progress of Aneurysms

Hemodynamic Stress

Berry aneurysms arise at a branching site on the parent artery.

Two ma jor factors conducive to their formation are- the effects of -

’ impingement of the axial stream on the apex of bifurcations and of

pulsatile flow. The hydrostatic pressures exerted upon arterial bi-

furcations are greater than the pressure exerted at the orifices of

»branches and lateral angles (56, 67 89 ,99). The aneurysms arige at a

curve in the artery, these curves, by producing local alterations in
intravascnlar hemodynamics; exert unusual stress on aplcal regions -
which receive the greatest force of the pulse wave. Further evidence of

thé\influence of hemodynamic stress on the origin of saccular aneurysm

1s the fact that virtually all of these sacs point in the direction the

blood would go if the curve at that site were not present. Their dome
or fundus points in the direction of'maximal hemodynamic thrust_in the
pre-aneurysmallsegment of ‘the parent artery - at least until‘the
aneurysm enlarges, when the direction of the fundus may change if it

encounters obstacles. It is rare to find an aneurysm on the concave

side of an arterial curve or pointing in a direction opposite to that of

flow in the parent artery (100).
Hashimoto et al. (73) demonstrated in rats that increased hemo-

dynamic stress is causally related to the development of induced

v'cerebral aneurysm. The animals were made hypertensive and were fed

26
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3—aminopr0prionitrile QCAPN), which causes. fragility of vessel walls
Despite the severe hypertension and BAPN, cerebral aneurysms did not
develop in the group in Which the carotid arteries were not ligated. In.
_.the other two groups {one or both common carotid arteries ligated),
cerebral’aneurysms developed on the vessels in which hemodynamic stress
was.increased.' ; : ’ . ;
| Turbulence '

. Another. principle of hydraulies.4 turbulence, which occurs when the

flow of‘fluios inside a tube‘exeeeds a'cfitical velocity - plays an

<

Important role in the growth and rupture of the sac. Turbulence can

1

components (56,101). Thus, turbul-nce at arterial bifurcations can
weaken aneurysmal walls, stimulati g growth of the sac. The weakening
may precede histological changes.

Pulsatile Flow and- Rupture

Jain, using a lsten model of anéursts, studied‘mechanisms of
aneurysmal rupture (102). ‘When an'aneurysu was subjected to'pulsatile
flow it pulsated visibly and intraluminal pressures proxinal to the
site oscillated but distal pressures ‘fluctuated little When a con-
stricting clamp was applied about 10 cm proximal to the aneurysm, the'
pressure rose proximally but remained unchanged distally and the |
‘aneurysm pulsated until the proXimal ‘vessel was stenosed to a diameter
of 1 mm. When two aneutysms were 1nserted into the system, pulsation
was less in the distal than in the proximal sac; when the pulsating flow

was Increased the proximal aneurysm ruptured, and when overall pressure

was raised (by obstructing the‘outf]ow tube) both lesions rupturedr.l
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simultaneously. Thus, in gsummary, Jain showed'in this model that
repeated stretching of the‘aneurysmal wall weakened it, leading to 1its
rupture; an eneurysm could berprotected by changing from pulsatile to
nonpolsatiievflow, by constriqtiogtﬁe feeding_veseel; and whenlthere
were twovaneurysmsron the circuit, puisation in the distal one was
damped by the proximal aneurysm.

Reviewing the 1iterature, Jain (102) found parallel clinical situa-

9

tions in relation to ruptured multiple aneurysms: of 18 cases of two

~aneurysms on the same vessel or one on a parent vessel and one on its -

branch, in 12. cases the proximal sac had ruptured and in the other 6. the

distal one hed ruptured‘and the proxidal one was thrombosed. Differ—
ences in eize of multiple aoeurysms may affect flow characteristics; for
example’, a soall aneurysm proxiqally may not damp pulsation in a larger
one distally. Also, a sudden marked rise}in‘blood pressure may rupture

multiple aneurysms simultaneously. In a study in humans (56), intra-

aneurysmal pressures were pulsatile and comparable to eystemic pres-

'sures;‘after caga!id‘ligation, they were reduced by two-thirds but some

remained pulsatile.

' Spontaneous Aneurysmal Thrombosis

The shape and size of an aneurysm seem to influence whether the sac

will rupture or will enlarge‘and thrombose. Most aneurysms rupture,

becoming manifest in a sudden, dramatic, catastrophic event. A few go

on to becomevgiants, exceeding 2.5'cm in diameter. .

Roach studied fluctuations in flow and velocity in aneurysm models
(103). In dogs, she identified the aortic trifurcation and tied the
tall artery at various distances before its bifurcation, short aneurysms

(< 1 tube- diameter) were unaltered after 2 weeks' experiments, medium-
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sized aneurysms (2-2.5 tube diameters) ruptured, and long ones (>>4 tube
diameters) thrombosed. These findings,agree with_clinioal experience:
most giant'aneurysms in patients‘are"ﬁaitly thrombosed when found (56,
60,63,99,103). Then, in a plastic model of_the.trifurcation and distal
vessels in dogs, Roach'demonstrated a stagnant zone in thevdistal part
of‘aneurysms: no flow occurred beyond 2:5 tube diameters of an

ey

aneurysm's origin, thus predisposing to thrombosis distally,

Extramural Factors in‘Aneurysmal Growth and Rupture
Suzuki and Ohara (1045 suggestedvthat bleeding from an aneurysm 1is

-stopped gsoon after the rupture by both the CSF's ability to accelerate
clot formation and the spasm of cerebral blood vessels; allowing forma-
tion of a protective layer. The newly formed defensive layer may be
fairly weak in the early stage, so that further _ruptures may occur at
this site Howewer, rebleeding after 3 weeks is rare, Suzuki and Ohara
thought this may be due to reinforcement of the newly formed gibrin—
layer wall by arachnoid-like tissue. and capillary proliferation, These
capillaries are subjected to continuous’pressure from the pulsatile
aneurysm. If, as a result, they ruptureﬁ slight bleeds at the aneu-
rysmal wall will induce formation of another fibrin layer, i.e., the
aneurysm'will grow as the wall is thickenEd\by repedted hemorrhages and
their repair and absorption. If,fhowever, the,capillary hemorrhages are
severe, they will create a weak point that ista’potentialjsite for
~ further rupture. | ’

‘ Pressures and resistance in the environment of an aneurysm may
influence its growth and rupture. Carotid—cavernous and carotid-

ophthalmic aneurysms tend to become giant, the changes of rupture are

reduced by the extramural protection afforded by the dura of the caver-
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" nous sinus and the anterior clinoid process respectively. Rebleeding is
- B - : - AT
~more likely if the intracranial pressure (ICP; recorded epidurally) is

beloﬁ 400 mm HZO; it st0ps:§hen.thevepidural pressure apprqachea the

systemic diastolic pressure (56). Decompression measures 'such as Spinai

tap, mannitol infusion, and ventriculostomy can precipitate further
e )

bleedings by altering the tamponade effect of raised ICP on a weakened

aneurysmal wall. _ ' o

PR

'induction‘of Cerebral Berry'Aneurysms'in Animals . . e

Studies of aneurysms Induced by suturing a segment of a vein to an
artery provide information concerning- hemodynamica but give little
information about the pathogenesis of idiopathic berebral berry aneu—’
rysms (63, 105) However, intracranial aneurysms induced in rats and
monkeys that are grossly.and microscOpically similarvto berry aneurysms
in humans may . be useful for study of the development and pathophysiology
of this disorder and in attempts to devise therapy (66, 106)

»Hashimoto et al. (66,69,70,73),/in experiments in rats, increased:
hemodynamic stress en experimentaily:fragilevcerebral arteries; sacCular
i cerebral aneurysms resulted v The rats were rendered hypertensive with
;deoxycdrticosterone and high-salt diet, unilateral nephrectomy, and
ligation of one or both of the common carotid arte;ies, and the arterial
\‘fragility was induced by feeding BAPN to the animals. BAPN causes
defects in the crossflink formation between elastin-and collagen,_and o
thus connective-tissue abnggmalities. Nagata'et al. (7i) induced an
even higher 4ncidence of cerebral aneurysms in rats, and claimed that

" this higher incidence was due to. the ‘induction of hypertension by . renal

infarction. They,stated that hypertension plays a primary role in the~

30
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development of experimental cerebral aneurysms. Suzuki et al. (5),‘
however, using an experimental model similar to Hashimoto et al.'s,
‘found no absolute relationship between the development of aneurysms and

the degree of hygertension, Their attempts to 1nducetcerebral aneurysms

in a larger'species'(adult dogs) resulted in death of 8 of the 10

‘animals from toxic effeetevof the BAPN. More recen spinosa et al.

\

develop in a non-human primate aftet‘accidental occlug

(67) reported the first cerebrel aneurysm (carotid

of the ipsi-

lateral internal catotid artery. ‘An esSential'featute n fhis. sporadic

case was the occlnsion of the internal carotid artery tpo months before
aneurysmal development (Figs. 5 and 6). This finding agrees with :
Hashimoto' s rat model (66 69,70 73), 1t fs perhaps the 1ncrease in>
hemodynamié&stress that causes aneurysms to develop. If this case could

be reduplicated it would make the closest model to human intracranial

‘aneurysms.

e
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FIGURE 5

\ :

Lateral cerebral angiograms of monkey- 54 at thectime of control
studies (C), immedidtely after occlusion of the left:internal. carotid
artery (=2M) and 2 mo afterwards (2M). C: No aneurysm is seen at the

ophthalmic:carotid junction (arrowhead). 2H' An aneurysm is evident 2 :

- mo after the, occlusion (arrow) of the 1nternal carotid artery.
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IVL,”CURRENT CONCEPTS OF CEREBRAL ARTERIAL SPASM'AND'ITSFTREATMENT'

SignificanceL;Incidence, and Pathophysiology of Vasospasm L

- Half of the 60% of patients who survive the - acute stage of SAH from

'1‘ruptured aneurysm experience delayed neurological deterioration caused ‘
' by one or more of a wide variety of pnoblems, including‘rebleeding,v'

ivasospasm,;hydrocephalus,-and postoperative complications‘f179 196).

‘The prdncipal cause of delayed morbidity and mortality after the initial

event in this dbndrome is cerebral ischemia from VSP (179 196-198) The

"..VSP results from thick hematomas in the basal cisterns, most. commonly

. from a ruptured aneurysm (135 320) but occasionally associated with SAH
from rupture of an arteriovenous malformation (l99),»trauma (200 201
293 294), or surgery (17) ‘Severe symptomatic VSP occurs in about

'25 37Z of patients who suffer SAH from ruptured aneurysm, causing 4

: permanent neurological deficit or death in 7- 17% (50 179 196 198 203)

Vasospasm develops between days 4 and 42 after the hemorrhage, the

‘peak. incidence occurring between days 6 and 8 and lasts for up to 2

iafweeks‘(165-179 204). There is a significant association between severe‘

Q_symptomatic V8P and decreased CBF the initialﬁreurological status post?':

uI' . TR >

. 'SAH, delayed neurological deterdoration,,final non—surgical and surgicalj“7

outcome, whether VSP occurs pre— and/or postOperatiyely, and findings at*.7

necropsy (37 196—198 205 206 208 209 261) In studies 21521 patients

’who died as a result of SAH frdb a saccular aneurysm wtthout surgical

treatment Graham et al (261) found -a significant relationship between |

the presence and degree of angiographic VSP and ischemic brain damage'vy

‘852 of the hemispheres with vessels in spasm had ischemic damage in the “a’

34




!

distribution of the affected vessel, whereas only 18% of the hemispheres
without infarction evidenced mild VSP..
* I 4

The most reliable way to predict severe VSP is from the size of the

SAHJon a CT scan within 3 to 4-days after,the event (290-292). Kistler

;EE.EL' (291), in a prospective study pf’fl patients with aneurysmal SAH,

predicted the development or absence of severe VSP with a higb degreejof
accuracy, based on éT appearances: this complication developed in 20 of
. t .

22 patients in whom CT showed thick layers of blood in the subarachnoid
lspace, éna was absent in 14 of 19 evidenciﬂg no bloodd or a diffuse SAH.
fThese authors attributed the false-positives and false-negatives to

inadequacy of the CT techniqué? Silver et al. (292), aiso, feported

thét the SAH pattern on the CT scan correléted with the presence/absence
of VSP and the devélopment of hydrocephalus, the latter being associated
with inéraventricular\hemorrhage. |  . | : v
Cefeﬁgal arterialiSpasm‘develops gradually over B§urs or days,';ith
hyponatremia and hypovdiemia often pre;eding the clinical syndrome

(196). <Vasoépa§m is commonly manifested by an early reduction in con-

sciousness, and fever (plateau wave between 38° and 39°C), followed by
- focalrsymptoms and signs in the distribution of the compromised vessel
(33,165,206-210). - The syndrome may remain unchanged or resélve within a
few da;s, but it may progress to céusg permanent neurological disability

or, if assoeiated with diffuse severe VSP, may kill the patient

(33,179,197). .

L1

Ty

Pathéggnesis of Cerebral Arterial Spasm

Chronic VSP is an abnormal sustained contraction of the cerebral .

-arteries in response to vﬁsogenic substances in the subarachnoid space.

<
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uptured aneu-

Because it is.neatly always associated with SAH from a
rysm,‘it has been postulatec that the blood that coagulatey in the basal
cisterns is the causal agent (211). Many substances have b envsuggested
Aas mediators of VSP, including serotonin (2i7,238,256), ccre inephrine
.(215,2t7,257), prostaglandins (186,187,196), angiotensin (222), hista—- ~
mides (216), hemoglobin (128,212-214,234,296), 1ipid hydroperoxides
(158) and fibrinogen-degrading products (220,221,258), but no one agent
hag beep identified as responsible ﬁcr VSP. Another hypothesis holds
that VSP is due to increased sensitivity of the cerebral arteries to
norepinephrine and serotonin (223,224). ' &
Bocliin EE.EL’ (225) and Okwuasaba et al. (226) investigated hem—
- orrhagic CSF from;patients with ruptured anegrysm or other CNS disease
”ahd from subjects with no known cerebral dtsdrder; they could not |
identify the vasoconstrictor substance but elimicated serotonin, hist-
amine, norepinephrine, epinephrine, pota;sium, acetylcholine and angio-
tensin LI as the cause of the chronic VSP. More recently, in studies
wfth canine basilar artery i&_xitzg,“Sasaki et al. (158) determined the
vasocongtrictor activity of hemorrhagic CSF from patients wi SAH.
Dithiothreitol and dithiqerythfitol (both, 10-4M), which redgz
disuifide bonds, reveréﬁ contractionsiinduced by the hamorrhagic CSF,
on average by 402 and 6LZ respectivel;; the same molar concentraticn of
5 5'—dithiobis—(2-nitrobenzoic acid), ‘an agent that oxidizes sulfhydryl
groups, reversed the inhibitory effect of the reducﬁng agents; and no
significant reductiontin’YSP was achieved with ;ntagonists of neuro-
transmitters - ;ethydeigide (lo-loM),Aeepyramine (10—7ﬁ5:lphenoxybenza—
]

" mine (10 M), ptopranolol (10~ M) and atropine (10~ M) Sasaki et al.

(158) concluded that prostaglandins, hemoglobin, and lipid hydroper-




oxides are probably the vasoconstrictor agents in hemorrhagic CSF, and
excluded serotonin, h&stamine, norepineohrine and acetylcholine. Voldby
et al. (256) reported a similar range ot concentrations of 5-HT in CSF
; - - N
’~\\\from SAH patients and controls~(between < 2 and 5 nmoles/L), and found
no correlation betneen this concentrationiand the severity of VSP, the
CSF pressure, or the clinical grade of the severity of SAH.
| A more recent hypothesis (165) is that chronic VSP results from the

combination of the .vasoconstrictor effecty”of oxyhemoglobin (oxyHb),

lipid peroxides, and prostaglandins, together with reduced of even
i ~ :

w

absent synthesis of the vasodilator prostacyclin. Lysis and phago-
cytosis of erythrocytes are the chief mechani;ms by nhich blood is
removed from the subarachnoid space, clearing away about 75; of the red
\cells (163). After SAH, blood lysis starts within 24 hours and peaks
during\Fays 5 tot7 (162,163) - coincident with maximal severity of VSP.
In studkes in dogs Intact erythrocytes were inactive whereas hemolyzed - .
red cells altered the tension of isolated basilar artery, (126 164). The
vasogenic activity of-incubated erythrocytes increases within 36 hours;
peaks on Day 3, and then is. maintained for at lé3§1114 days (125, 126),

the contractile activity of the hemolysates is dose—dependent on the
‘concentration of oxyHb (125,126,164,165). " When oxyhb is releasged into

the subarachnoid‘space'it undergoes spontaneOus oxygenation to°methemo-
globin (metHb); this releases saperoxide anions, which damage the cell
membrane by peroxidation of fatty acids (125,161,162;165). In a 7-day
study of dogs, 2 mg of‘lipid hydrOperoxide (lS-hydrOperoxy arachidounic

acid; 15-HPAA) injected into the Subarachnoid space caused hiphasic

‘spasm:_ the initial phase lasted. 10 hours, and. the second, which started T

by Day 2 or 3, lasted for up to the end of the study°(161) High

o

-




concentrations' of peroxide have been found in the CSF of patients with
SAH, correlating with VSP appearances qn angiography (162).

' " In addition to Causing Vsp, lipia hydroperoxidé of 15-HPAA induces
severe degeneration of endothelial cells and myonecrosis of the tﬁnica
5 : '$edia (161). Sasaki et al. (159) postulated that these pathological

changes in the arterial wall dare probably due to the toxic action of'

free radicals‘releasediduring }ipid psroxidation, even in‘the absence of

VSP: although VSP did not.develoﬁ after the induction of ;AH in &égs

‘treated with OKY-IS81, which inhibits thromboxane (Tx), endothélial

damagé and myonecrosis odcurred in both treated and untreated animals,

and OKY-1581 giQen to healthy dogs (no SAH) gave rise to no sideleffects
that could‘éxplain the changes in the arterial wall. Other investi-
gétors (143) have observed that these changes may occur in the art;rial
\‘ wall when only sustained contraction is evident. In VSP induced with
norepinephrine or blood, during the early pﬁase the contraction affects
mainly the endothelial cells, causing them to swell and disrupting the-
tight juncfions; later, when the VSP has become chronig, proliferation
of myointiﬁal‘cells can occur, togetﬂér with vacuolizaﬁiqn and necrosis
bf smooth—muscle'cells and altefations in the.pattern of innervation of
the adventitia (53,110,138,145,299). The tunica adventitia may'become
mérkedly fibrosed, and may be invad;aqby {nflammatory cells éspecially
if VSP is due to SAH (138,227). | |
Free radicals may not have vasocontractive agfivity (298). Their
maiq effect appears to be damage to the vascular endbthelium and tunica
media (125,159,161,162,165,166). Prostacyclin (PCI,) 1is the predominant

prostaglandin synthesized in healthy vascular endothelium at least in

dogs and humans (160,167,168).‘ This agent inhibits platelet aggregation




and is one of the most potent vasodilatoré known to man\(167). After
'SAH, however, 1f the endothelium is damaged the synthgsis-of=?Gi2 is
greatly diminished and its concentration in the arterial wall éécreases
to a critical level, rendering the vessel unprotected from g |
vasoconstrictors (160-165).

, Hemoglobin, alsb,;has vasoconstrictor effects, although the activ-
ity of 'purified' Hb i; only one-third to half that of the hemolysate *
(127,164). 1In addition, Hb is one of tbe main cofactors required for

cyclo-oxygenase to convert arachidonic acid to cyclic endoperoxides

(pGc,,

' prostagléndins. Several studies have documented the capacity of the

PGHZ), the precursors of both vasoconstrictor and vasodilator

arterial wall to synthesize prostaglandins. Hagen et al. (171) reported
that bovine cerebral arteries incubated with 0.l uCi (1-14C)-arachidonic
the

D, and TxB

la’ Fou 25

acid for 3 hours synthesized prostaglandins F 5

aQefégé concéntrations at 1 hour &ere 196 ng for PGE, and 172 ng for
PGFZdﬂ When the endothelium is aéméged, the metabolism of arachidonic
acid in the arterial wall probably shifts toward the synthesis of vaso-
constricﬁﬁf prostaglandins (169,172,176).” Sasaki et al. (160) reported
that qormal canine cerebral arteries transformed 14C-arachidonic acid to
both 6-keto-prostaglandin (PGFla)’ a,Spontaneo;s metabolite of prosta-
cyclin, and small amounts of PGan,.but no other vasocopstrictor prosta-
glandins. Exposure of the.specimeﬁs'to blood for 3 - 8 days decreased
the synthesis of prostacyclin but did not change the ;ynthesis of vaso-
constrictor prostaglandins from éontrol levels. The angiograms indi-
cated rﬁther mild VSP; the authors did not state whether there was any

, association between the degree of VSP And the concentration of prosta-

glandins. Decreased PGI2 in the ébsence of vasoconstrictor prosta-

-
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glandins probably results in mild or minimal VSP in the early stage.

O

Maeda et al. (170); who recorded the biosynthetic activity of prosta-
glandins in canine vascular arteries for 6 days, found that normal

arteries synthesized PGFla (most abqndanc), E2 and D Affer the

4

F2a’ 9°

induction of SAH (8 - 12 ml of blood injected into the chiasmatic cis-

' tern), there was no significant change in the rate of synthesis of

prostaglandins by the spastic arteries‘initially'but on Days 2 and 6 the

synthesis of PGE2 was significantly increased and that of Fla and FZa

wés decreased.

The findipg 6f increased concentrations'of the vasopressor prosta-
glanding F, and E, in the CSF of patients with SAH (174) led Fukumori
et al. to suggest that their increaéed synthesis.is prdbably responsible
for the VSP. Walker et al. (175), alsg, measdredvthe conéentrations of
" vasopressor prostaglandins. In the CSF of patients with SAH the
- increases were grea‘test‘in‘i’GE2 and‘Fzé on Day.8, and in dogs subjected
to SAH théhcéﬁcentrations of PGEZ (most abundant), FZa’ 6;0#0-F2a and
- thromboxane B2 were increased; in vitro, the synthésis of prsstaglandins
in whole cortex and choroid plexus was unaltered by exposure to blood,
but in cerebral vessels thus exposed the synthesis of PS;E2 and‘6-oxo—F1a
was decreagsed. La Torre et al. (177) meagsured the concentfatiSn of
PGF, in.tﬁe CSF of foqt gfoups of patients:

Group' 1 (n = 15) No CNS disorder. Mean an concn., 38 + 6 pg/ml.
Group 2 (n =.6)‘ Menin30fencepﬁalitis; meningioma, or malignant brain
i

tumor. Mean FZa’ 196 i_éZng/ml. | i

i ‘

. « : .
Group 3 (n = 4) Nonaneurysmal SAH (postoperative, hypertensiye, .or .

pituitary apoplexy). Mean an, 40611_92 pg/ﬁl.

Group 4 (n = 8) Aneurysmal SAH. Mean Fy,» 656 + 81 pg/ml.

~ ,!-

v
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The authors found no association between cerebral VSP and the PG—F2
concentrations in the CSF, probably because few CSF samples were
_théined on Days 2 to 12, especially Days 6 to 8 (when VSP is maximal).

i

Although prostacyeclin can reverse vasoconstriction in a dose-

 dependent manner when applied in concentrations of lb~10 to 10_6M, it

5

. .produces constriction when the concentration is 10 °M or greater (169,

. o .
176,184,186). 1In vitro, prostacyclin abolishes the contraction induced

By m;ny‘agpnists; including prostagiandins'TxAz, FZ "DZ’ EZ’ Hé, no-
: repinephrine,»SfHT, éngiotensin, and even that induced by bloody CSF
féom patients (169,173,181—%83,191)- In vivo, prostacyclin given dv in
'baboons causes severe, prolonged dilation of cerebral arteries (176)
_qu, iﬂ dog§, marked hypertenéion, severe taéhycardia with cardiac
arrﬁythmias, and décreased myo;ardial and cerebral blood flows (194).°
In experimentalFSAH,'prostacyclin ;s‘not as effective iﬁ vivo as in
“XEEEE’ in‘dbgs (190), when injeéted’into the vertébfalvartery it failed
to reverse acute VSP (24 hr); and in cats (184), iv injection of prost-
.acyelin (25 - 75 ng/kg/min) or indomethacin (Almg/kg) on day 5, singly
or in tombination, did not rélieve the chronic Qasospaém‘and d;d‘not.
increasé CBF but cauéed marked @ypotension.l Quintana et al. (192),
uéing PGs to treat>vaso§paém iﬁduced by the injection of oxyHb into the
subarachnoid space in cats, reported éignfficant dilation of spastié
arteries and no significant side effects. After SAH, de;reaée& syn-
thesig of ﬁrogtacyclin and 1ﬁcre$sed pfoduction qf vésoconsfrictor PCs
(FZ and EZ) :ésﬁlg in severe'VSP; and, if platelets aggregate‘anﬂ
release thromboxane A, at the site of éndothelial damagé;:vasospasm mayl

/

be exacerbated (172-177).
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Sano and co-workersg (125,158,165) have postulated that delayed .
arterial spasm 1s most likely due to ;he action of free radicals
reieased’duripg auto-oxidation of oxyHb. to metHb, after heﬁolysis.
~ Lipid hydroperoxides in£ib1t the synthesis of prostacyclin and‘damage
the vagcular endothélium; Peroxidgtion of linoleic and arachidonic: acid
is incféased in SAH, facilitated by the act#pn of Hb. This 1néreases
the synthesis of endOpefoxidés, which thus becqmelthe source of vasocon-
strictdr prostaélandins, whoge enzymatic system remaing intact. Vaso-
spasm probably results from the interaction of oxyHb, lipid peroxides,
and ;rbstaglandins, together with a deficit in the synthesis of prosta-
cyclin’(158;180?188)-/‘Thgxmost potent vasocﬁnstrictor prostaglandin is

T e ; - ,
th?omboxane Ay, follﬁbed by F, » E,, and endoperoxide‘H2 (165,174,189,
193). Prostaglaﬁdin; act upon smooth-muscle receﬁtors that are not
blocked by atropine, methysergide, hépyraﬁine,.propranolol and oxybenza-
éiné o; hexomethonium_(193); There‘a;é atlleast five recegtors for

prostaglandins, including those for PGs D, E, F, I and the thromboxanes.

These.agents exert thelir effeéts via adenylate- or guanylate-cyclase

’ .
[N

systems (cAMP, cGMP). A rise in cGMP increases the concentration of
,intraceliular calcium by reléasing‘if ffom‘oféanelles and facili;afing
the ingress of extracellular calcium. Relaxatioh is mediated by cAMP,
which activates'a Spécific prétein kinase; this stimulateé the energy-
requiring system res?onsibie for the binding of caléium in cellular

organelles, and reduces the intracellular concentration of calcium to

less than 1 IO-GM. . °
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Physiology of Smooth—muscle contraction

\\\\ Many questions concerning the mechanisms of smooth—muscle contrac-
tion remain unanswered. ’Howevér, the physiology of stimulus/contraction
coupling merits a brief review‘because it serves as a frameuork for
congideration of thetapy. 'The exact nature of membrane-based trans—
duction events producing smooth-muscle contraction following calcium
mobilization is unknown and the precise nature of calctlm channels in
vascular smooth muscle has not been clarified: Exactly how intracell—
ular calcium is released, sequeatered, and removed, also, is unclear
(228)

Calcium in body fluids exists in two forms - free and bound to |
protein. The concentration ot free calcium is equal in both CSF and
blood; however, the?totallconcentration of calcium is greater in blood
than in CSF, beeause the former contains more protein and tnus more
bound calcium. The concentration of free-calc1um in these fluids is

1.15 x 10 3M and that of intracellular calcium in contact with myo-

filaments (activator calcium) is 1.8 x 10''M at the beginning of con-

'traction, 1'x 10 6M‘fot half-maximal contraction, and 1 x 10 5M for
maximal contraction (231).. In the prehence of activator calcium, the
adenosine triphosphatase (ATP?se)Aassociatediwith.these‘contractor
proteins transformstTP to ADEkand releases the energy required for A~\
contraction of the myofilaments. It is the concentration of free
calcium at‘the actin and myosin fiiaments that determinea'the uegree of
icontraction at any given moment; therefore, by regulating the amount of
intracellular free calcium, smooth—muscle cells regulate the amount of

contraction. There are two sources of this activator calcium:

ektracellular, and bound intracellular calcium. Both the influx of

- -

~m
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calclum into smooth-muscle cells and its 'intracellular release résult in
. smooth-muscle contraction.

The intériér of a smooth=muscle cell ig gseparated from theAextrée
éellulQr ;pace by an ion-impermeable bilayer phogpholipid‘membrane whigng
is s;udded with intrfnsic‘membrane proteins that act as ion-conducting
chanqels. Blockéde of a givén cﬁannel.is'selective, not jus;~for
individual c1a;ses of ion channels but forbspecific gtates of the.given
type of channel (317). Tﬁus, the speéific éétioﬁ of a calcium
antagonist may reflect a preferential interaction between a drug and a
"gpecific type ofvion—éhannel'protein_or the drug's action on a specific.
regioqnof the membréne.phosphdlipid in céntact with that prdtein.

Contractions induced by‘dePolarization in response to_high concen-
trations of potaséium are dependent upon extraéellulgr calcium, and the
tonic cdnﬁractile phase induced by alpha-adrenergic stimulation also |
réflects the avallability of extracellular calcium. Tt has‘therefore
been assumed that caicium ingress causés smooth-muscle contraction ih
' réspoﬁée.QO’both norépinephrine ;nd a hiéh ﬁdtaséium‘cdncentration.

This assumption has been complicatedrbyvthe findings ﬁhat norepinepﬁ-
rine~induced coﬁtfactions can occur in completely depolarized éﬁooth
muscle and'that norepinephrine can activate;arterial s%ooth muscle
1;i;hout causing depolarization. As increased influx of aSCa has been
demonstrated in response to Poth norepinephrine and high-potassium
activation, it has been conéluded that calcium can enterla cell via two .

types of channels:: p&tential—dependent channels (PDCs), that are

cpérated by membrane depolarization, and ;eceptor—operated channels

(RdCs). l . , \\




v\

, , ‘ §
The hypothesis of multiple calcium channels has been. proved by van

Breemen and colieague& (229), who showed that a given dose of the cal-

»
r ¢

’ciumlaptaéonist verapamil can ciose channels sensitive to high potassium
concentrations while keeping the nbrepinephrine-sénsitive ones :fully
dperatioﬁai; Thiéldiffefing sehsitivity indicates eitﬁer two sets of
channels or two\acglﬁating procesges‘impinging on the same channel.
‘When muscle is in the resting state, nei;her the PDCs fnor the ROCs are
open but the~membrane is still permeable to calcium. A§ ghis passive

: 3 : .

. ) »! L 4 @
leak is insensitive to calcium blockers) the resting—state calcium leak

N7

may be a third pathway of entry for calcium into the cellv(229); this

probably relates to the stretch-dependent channel recently rneported

1

(230). L | | /

‘Bevan (236), studying thgkbiphasic responsge of isglated blood
Qesselé, noted. two types ﬁf'smoéthfmuscle 1ntrin§ic tone: the rhythmig
tone, an activity th%p originates from a paceﬁakef‘céll Qithin the
vessei wayb.and is associéted with Calciu?-induced aétibn'pbtentialg'
that propagate:along the véssel, and, thus is sensitive tb calcium
chapnel blockers;‘and maintainedvtdne; qhich-is not associatéd with'
calcium acﬁion potentials. Maintained myogenic tone 1s abégnt in 1a:ge‘
systemic blood vesséls but it is present in smail peripheral arteries,
iAcluding theiihttacréniallpnés. ﬂain;ained tong;?s depen&ent upon

extracellular calcium but independent of fnnetvation, prostaglandins,

and angiotensin; the more a vessel is stretched, the more it contracts -

up to a certain liﬁit,‘and then’ this ability 1s lost. Stretch-dependent.

%Y
channels are temperature-sensitive, and appear to be different from PDCs
, ‘ y _ S

) 5 :
and ROCg. At temperatures below 3&bc, tone 1s absent; but as tempera- .

ture is raised above thisg levélg;the amount of tonevi%creases (236),, It

P
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is of interest that high body temperature (as in malignant: hyperthermia)
veliminates the calcium requirement for myosin/actin interaction inuc
skeletal muscle (195)t\ Rousseaux et al. (210) noted correlation between
'hyperthermia (33 - 390C) SAH, and severe symptomatic vasospasm, 1n up
to 88Z of their patients It is possible that hyperthermia contributes
/
‘to the increased smooth—muscle tone associated with SAH from ruptured
aneurysm.

According to Silver and Stull (232), four‘molecules of calcium bind
to four divalent metal—binding sites on the protein calmodulin to form
‘an actiVe‘calcium-calmodulin complex which 1in turns binds to inactive -
.myosin 1ight—chain kinase (MLCK) to form a catalytically active holo—.
enzyme. Activated MCLK catalyzes phosphorylation of the light-chain

subunit of. myosin (P-light chain), which in turn stimulates actin/myosin

interactions, actomyosin ATPase activity increases concurrently. Intra—f

cellular calcium creates closed bridges,between actin and myosin, and
thus gives rise~;9 contraction and increased ATPase activity. ATPase
Jand tension increase in parallel when the intracellular concentration—of
calcium rises (195) Elevation'of the cytoplasmic concentrationvof
calcium stimulates the sarcopla mic reticulum and membrane Ca—ATPase .to
remove calcium from the cytopfasm, reSulting_in relaxation. The calcium
is then,transterred in some way from the intracellular pool to the

b

- extracellular space (229).

' Vagogenic substances or agonists exert their effects via cAMP or

cGMP (lgS) Kukovetz et al. (235) reviewed the-concept'Of a causal

it een cyclic~AMP increases produced by beta-adrenergic -

%'elaxing effect on smooth muscle.. Drugs such as amino—

frine lowered smooth—muscle tone by inhibiting CAMP
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phosphodiesterase; and,insome‘arter:::;i}éeproterenol an& edenosine-
etimulated'edenylate cyclase‘raised c ’ evels when relaxation |
occurred. These actions ar6:%3b$ntiated by phosphodieetetase inhibitote
and can be mimicked by thevdibutytyl cAMf (247,248;300). Sodium_nitrd—"
,prusside end nitrcglycerin have dose-dependent;effectsJGn-relaxation of
vascular smooth_muscle and increases in GMP levels. ;The relaxent effect
of these guenylate-cfcleee activators, VhiCh is mediatedvby‘cAM?f proba-
bly terminatee in nhoenhorylation of membranerpfoteins»that pertiCI?ate
in»trenspdfting intracellular calcium into the sarcoplasmic retfculum or

S

extruding itlthtqugh the cellvmembrane. _Cyclic AMP,functions'as.a
secondary mes;en;er for 'hormonally induced'relaxation, whereas cGMP {s a
reguletgt/that:CEh‘teverse transmitter—induced contractions.

/;_ | The earcoplesmic reticulum is prohably the nain intfacellular'
'storage site of calcium for regulating the normal cycle of concen—
.itration/relaxation. The mitochondria also can accumulate intracellular
'calcium and thus.may setve as a large calcium sink during excessive

overload (301) Some workers, how . have postulated that the major

“cellular sink of intracelluler cglcium 1is eithef'the plasme membrane~or

the earcoplasmicnreticulum and that mitochondria are'not a
} physiologicelly significant sitel(302): {
"Contractile»prcteinS’disengege nhen theianount eforee calciun
‘within the cell falls as a re8ult of decreaéed rate of entry or extru?
sion.‘ The rate of extrueion of calcium from the cell increases when
protein kinases are activated as-when activetion of beta—receptore
: increases the intracellular concentration o} cAMP Actinrmyosin.intet-
actions decrease when myosin 8 P-light chain is dephosphorylated by its‘

4.

-ilight-chain 8 phosphate- s o “ *l' o "> i T
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Prevention and Treatment of Cerebral ArteriaI‘Spasm

Vasospasm is most likely due to the’action ofbtwo or.more.vasogenic u
agents,thgt attach to specific sites .on the smoothrmuscle membranel |
: (receptors); increasing the concentration of caicium intracellularly
The simplest way to prevent or treat vasospasm would be removal of the
‘agent(s) from the vicinity of the ngceptors (303—305) Taneda (305)
, studied the effects of removing blood clots on the prevention of chronic

,VSP in 239 patients operated on withi 48 hours of SAH or- later. Perma45

_ nent disability from VSP occurred 1in 2 (11/44) of patients in'whom

surgery was-delayed'IO-days or longer a in 27. 72 (26/94) of those

subjected to surgery within 48 hours 't undergoing minimal removal of '

blood’ clots from the ‘basal cisterns, whereas cerebral ischemia from,
va303pasm occurrgd in only 19 9% (11/101) of patients in whom extensive:»

removal of blood cl ts was performed within 48 hours., Mizukami et al. S

(304)'repor _ milar experience with 64 patients operated on within'\

.CT scan before ‘and after surgery, to evaluate the completeness'.

fys:
ofwblood clot removal sho;ed that SAH could be removed except in the

' region of the frontal interhemispheric fissure, on the ipsilateral side l

; of the insular cistern (surgical approach), and the contralateral |

insular cistern. Vasospasm did not dev ’op or was significantly milder

tion from VSP occurred in those cases in which hematomas remained in the L

-

cisterns. Thus it seems that the incidence of symptomatic VSP can be
l‘.

reduced by early, extensive removal of blood clots from the subarachn@id aV

”'space, however, this procedure is technically very difficult and even E

R

1 experienced hands, complete removal of hematomas has not been

e-(soa). Furthermore, some other aurgeons have questioned the

"JU S .
13 -2 t
'y, : )
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usefulness of early surgery and removal of blood clots. In Ljunggren et

al.'s geries of 81 good-risk patients operated on within 48 to 604hours
‘post-SAH;“l7 (21%) suffered delayed iechemiatfrom VSP and 8 of them died
(306), The:e\éuthqfe concluded that early removal of hematomas and
:rinsipg of the\ﬁasalicisterns does not eliminate'the risk of cerebral
ischehig fcem vasodbasm. |
Regardless\of whiﬁh agent(s) operate in the genesis of Vasospdsm,/
it may be possiblelto interfere with the final common pathway of vaso-

constriction (ingress of Ca into the cerebral arterial smooth~muscle
, 2 .

cells) but still not disrupting cardiac, systemic arterial, and neuronal

function. . Some possibilities of therapy for vagospasm have been sum
marized by Towart (131). Potential therapies include calmodulin antag-
onists, to prevent or reverse calcium-inducéd activation of the actin-
myosin complex; phosphodiesterase iuhibitcts, to, iucrease cAMP and the
intracellular sequestration of calcium; proatacyclin analogs, to in—

) crease cAMP; and calcium antagounists, to inhibit calcium ingress into
the vascular smooth-muscle cell.  Silver aqd Stull (232) suggested that
calmodulin antagonists directly inhibit the activation of myosin light-
chain kinase and thus the development of tension; these substances may

also inhibit calmodulin-mediated effects and thus Influence cytoplasmic

calcium levels.” Beta-adrenergic stimulation and consequent activation

< [

of cAMP—dependent‘protein:kinase may”cause relaxation by decreasing’
cytcplasﬁlt calcium levels or attenuating the activ;kion of myosin

. light-chain kinase. Alternatively, telaxetion may result from tue
_phosphorylation of myosin light-chain kinase by cAMP-dependent protein
kinaee, whose affinity‘fot the calcium-calmodulin complex is thereby

~decreased, in this case, direct antegonism of calmodulin or beta- -

)
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adrenergic stimulation of adenylate cyclase would reduce the amount of
calcium-calmodulin bound to myosin light—chain kinase Qnd thus the

phosphorylation of myosin's P-light chain.

Mechanisms of Action of Calcium—entry Blockers

Calcium action in vascular smooth muscle 1is more complex than in
either gkeletal or cardiac muscle, calcium ions in ‘bebvessel wall
serving not only as mediators of excitatiod/contraction coupling but
also as cerriers of transmembrane charges in thetr spontaneous produc-
tion and pfopagation of action potentials (230). Fleckensteid Si al.
(307) foundtthat K+—iedgced eontrection of coronary-artery strips was
inhibited when ehe bathing medium was replaced with a calcium-free
‘solution or when its pH and/or ox&genﬂcontent was reduced. Caleium
entagonists redueed tension slowly in such K+4depolajized coronary
strips,~in contrast to the éxtremely‘rapid'relaxation induced by nitro-
glféerin, and nitrates induced oniy partial relaxation and did not
prevent‘sﬁontanedus recovery. These investigators concluded that both .
the orgenic calcium antagonists and niteates prevent calcium influx,
basing this on the lack of inhibiefon when smooth-muscle fibers were
ddirectly aetivated’by‘the additiqe of ‘ATP and calcium.s Fleckenstein et
al. further reported (308) that'éhe contractility of depolarized vascu-
'1ar smooth muscle is proportional to the extracellular calcium, but that
H 1ons are highly pOCent antagonists of calcium, the vasoconstricting
effect of increasing ex;recelluler calcium disappears.in acidosis or

hypo;ia. H+ ions may compete with calcium for the same sitesfin the

membrane's traneport systems and with myofibrillary ATPase.

.
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LY Calcium blockers act on voltage—senaiti%é?éhannels to inhibit the
uptake of calcium that accompanies depolarization.' All agents-of this
type block K+—induced tension, and the associated 1ncréaséd uptake of

SCA from the egtracellular space, at lower concentrations than are
required to blockvsimilar contractile résbonses to.norepinephrine (309).
The calcium antagonists, as a group, block ghe thake of only ﬁhe extra-
cellular calciumvﬁssodiated with POCs; they do not affeét caleium-
binding, equilibration of resting calcium, or the distribution of rest-

ing free intracellular calcilum, and probably do not act directly to

decrease sensitivity to norepinephriqyfor the affinity of calcium-
7 ‘

\

Cerebral arterial smobth—musclggkells depend solely on extracell-

binding pools.

ular calcium for stimulating alpharadrené&gic, 5-HT, and prosta-
glaﬁdin—Fz receptors. The extent of their depeﬁdénce on extrinsic
sources of calcium perhaps differentiates themlfrom otherrclasses of
smooth-musclé cells (310). In studies of'étrips of rabbii aorté (311),
nimodipine, a calcium antagénist, blocked KCl-induced bugﬂggt norepi-
nephrine*iﬁduced contractions,‘whe?eas phentolamine,xizéalpha-agonist
blocker, had'the‘;everse effect. Norepinephrine probably conttécts this
vascular tissue bqueleasiné calcium stored intracellularly.

The variation in responsiveness of vascular smooth-muscle popula-
tions to calcium antago?ists was illustré;ed by VénhOutte (312), who ;
showéd that contracfion’of the basilar artery is inhibited by much lower
concentr;tions of fhe ?alcium antagonist phenatizine.than are the
gastrpaplenic,’cofonary, or tibial arteries. Pearce and BevanA(313), in

their preliﬁingzy/repo#t on the cerebrovascular actions of diltiazem,

stated that 1nfusiqn=Jates of 30 ug/kg_l/min-l‘caused cerebral vaso-



dilation without reducing peripheral resistance, cardiac output,

. cerebral metabolic rate orwmean ar)erial pressure. They interpreted the
vasodilation without significant change Iin cerebral meéaboric ra&g_iﬁ}
evidence of greater dependence on extracellular calcium by cerebral‘than
by most other‘vasqgigr smooth—muscle cells.  Others, élsd, have provided
evidence tﬁat cerebraiﬁsmooth—muscle cells contain relativgly small g
calcium podls and dgpend mainiy on extracellular calcium for their -
contractions (314,315).

Comparing the responses of segments of rabbit basilar and ear
arteries to various agonists, McCalden and Bevan (314) suggested that
steady—staté norepinephrine contractioné in the former arise almost
entirely from tightly bOUAd eXtracellulgr caicium, and that the differ-
ence in respouses by ;he ear artery relétes to the additional tightly
bound intracellular calcium pool - a source that in the basilar artery

\ . S ;
contributés to.only a brief phasic component insensitive to verapamil
(230). 1In Sésilér artery, the contractile response to K+ and to 5-HT
was reduced by incubation in Ca-free solution (314). The initial rates
of,decliné were similar for bofh and_probaﬁly rebresented depletion of

an extracellular source, but the responsé to S5-HT declined more slowly,:

possibly reflecting a second clearance éompartment: McCald

thought Fhis might be intracellular. The no:gPinephrine c
differ from the K+ curve, perhaps indicating t%}t steadx- ate contrac-
tions use only extracellular calcium. Althouéi these 1 vestigatérs
concluded that the basilar artery mobilizes primarily extracellular

calcium in response to norepinephrine, they pointed out that the phasic

Iy
\

(initially brief) respopsgs to norepinephrine and 5-HT could occur

independently of calcium ingress from Ehe extracellulér»space-but that

<
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these phasic responses play little or no part in the basilar artery's

sustained CQﬁtractiohviﬁ responée to norepinephrine.
g Kazda an&»quart (49), in sfudies of strips Sf rabbit aorta showed
a dé;;:\ependent inhibitoryt;ffecc of nimodipine on K -{nduced
contracdtions, but no inhibitioﬁ of norepiﬁephrine—induced contractions -
eyen w;tb higher concentrations. By contrast, nimodipine stréégly |
inhibited responses to 5-HT in r;bbit bésilar artery (but not systemic
artery). Verapamil, another calcium antagonist, ;nhibits POCs in all
blood vesée;s‘aé well as ROCs in cerebral and coéonary ar;grieé (317).
Towart (132) compared nimodipine's effect on reéponses»by rabbit
arteries ig_xiggé-. In basilar artery, the sustained tonic‘bﬁase of
contraction 1nlresponse to 5-HT was strongly inhibited by nimodipine but

the initial, brief, phasic portion of the contraction was relatively

unaffected; this was thought to indicate that nimodipine's antagonism

d1d not occur at the 5-HT receptors but probably in the ROCs. In saph-

w

‘enOus artery, nimodipine in doses of up to 2.4 x 10-5

M did not affect
initial phasic or tonic contractions in response to 5-HT.
Calcium—-entry blockers block -POCs to inhibit the increased uptake

of extracellular calcium that normally accompanies depolarization. All

calcium antagonists black Kf—induced tension responses and assoclated

Increases in ﬁSCa uptake at much lower concentrations than required to

[

block similar responses to norépinephrine.(309), but 1t is not known
whether'calcium‘antagonists have additional mechanisms of action when./
used in therapeqtié concentrations; only POCs and ROCs afe affected at .
calcium-antagonist concentrations beléw 107N (2295- Calciumentry

blockers do not inhibit tension developing from leakage of calcium or

.1ts release from superficial calcium pbols.' Some cerebral blood vessels
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may use calcium channels .insensitive to calcium—entry}blockers to main-
tain vessel tone, the magnitude of the releasable caicium pool varying
according to the source of ;he smooth muscle. 1In cerebral arteries,
antagonisté are more efficacious if the ingress of calcium gkceeds the
amount of releasable calcium. In systemic arteries, norepinepﬁ;ine-
induced contractions ranged from 80% of. control proximally'to zero in
the most distal branches. Thus, the more peripheral ;n artery,‘the ﬁore
likely it may be to depend compietely on calcium ingress to contract in
respongse to norepinephrine.

Because calcium antagonists may have spefpific blocking aétio&s, and
;he.origin of vasospasm 1is likely éo be multifattorial, Whit% et al.
(23;) studied the effects of nimodipine on contractions 1ndu;ed by S—Hf,
proggaglandin-pzu, thrombin, and whole blood,.iﬁ isolated canine basilar
art;éies. Nimodipine significantly inhibited contractile responses
induced by these diverse agonists whether giQen Before or after them,
.leading these workers to postulate a common calcium-entry channel and
eliciﬁétion of the response by.varied receptor mechaﬁisms. This is the
ratioﬁai&?%br the use of nimodipine in»thé treatment of cerebral
ischemia from SAH-1induced VSP.

From a literature review, Flaim (317) concluded that nifedipine
causgd 50% inhibition of contractilelactivity at a concentration (ICSO)
Of 1079y agéinsf KCl,VB x 1077 against nofepinephrihe and 5-HT, and 10 x
io-s"égainst prostaglandiﬁ?qu. Nifedipiﬂe was a more pogeng iphibitor
of contraction to all agents than verapamil. Like verapamil, it inhib-

- ited contraction mbre stréngly in ce;ebral arteries than in peripheral

vessels. Studies of the effects of seven calcium blockers on isolated

~cerebral arteries gave a mean ICy, of 5'x 10" oM for verapamil and 6 x

° 0

Lo

.
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1071 for nifedipine, and lowest of all (3 x 107M) for nimodipine.
Brandt et al. (219) studied contractions induced in human pial and
mesgenteric arter{es‘by K+, norepinephrine, 5-HT and prostaglandin—FZa.
‘In the pial vessels,nnifédipine and nimodipine almost abolished cén—
tractions induced by K+ and partly inﬁibitgd those induced sy Fou
Nifedipine, but not ﬁimodipine,'more potently relaxed cerebral ﬁhan
ﬁeéenteric ar@eries-gontracted by K+, whereas‘both of these calcium
antagonists inhibited contractionscinduced by calciui_ih plal arteries.
These reéultq iﬁdicate‘that K+, émines, and prostaglandin-F, activate
ﬁhe two types of vesseis by diffeqeni calcium-dependent mechanisms, éng
confirm the potent relaxing effects of these calcium antagonistg. In
studies of dogs, significant relief of spasm was achieved with a small
:dose (0 28 mg/kg) of nimodipine but not with the. same dose of nifedipine
V(Sl). In cats in wh which VSP was induced by the injection of 0.2 ~ 0.3 ml
fresh autologouslblood into the cisterna magna and the pi?l vessels were
monitored with a television camera, nimodipine (0.1 mg/kg) 1njeéted iv,

20-30 minutes after SAH, abolished the spasm; vasodilation was greatest

in arteries und’r 100 ym in diameter (321). )

—SM,Ito /

Auer EE:Ei' (250) aéplied a solution of nimodipine, 2.4 x 10
_exposéd cerebrallvessels in 17'patients_while the aneurysm was being
clipped, 42-72 hr after SAH, gnd inse:ted'a cannula for topical admin-
Istration postoperétively.in 13 of them. ‘CT scan had shown blood in thev
basal cisternsAiﬁ all 17. Vésodilatién'in.respoﬁse to the nimodipine, |
relatively greater inlfhe smaller vesseis, was obéerved in all in-
stanges. A neutologicalrdeficitAcombined with radiographically'vérified

VSP was present postOperatively in two patients, but severe VaSOSpasm

‘was absent in all of the angiograms taken on or about Day 7. It was



concluded that the topical intracisternal administration of nimodipine
intra-operatively reversed the vascular spasm and decreased the\broba~
bility of symptomatic VSP after early'sdrgery. More recently, in a
prospective, multi-institutional, randomized, douh&e—blidd placebd-

. Co 3
controlled trial of‘nimodipine in 125 neurologically normal patients who
had suffered a ruptured aneurysm, a cerebral angiogram and CT scan were
obtained and treatment was started within 96 ‘hours of the SAH (50)
i Nimodipine was given orally, 0.7 mg/kg as a loading dose and then 0.35
mg/kg q4h for,21 days; no ,side effects were seen. A deficit from vaso-
spasm that persisted and was severe, or caused death before the?end of
the treetment, developed in é ofv60 patients giyen‘placebo and 1 of 56
given nimodipine, e difference that was significant (p < 0.05). As
angiographybwas repeated only:if a neurological deficit developed, no
firm'eonclusio: could be draﬁn whether}nimOdipine reduced the frequency
and/or severity of VSP. However, the results provide strong evidence

that this drug reduced the risk of both neurologieeL deterioration and

death. from VSP.
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""CHAPTER TWO

THE PRESENT STUDIES

-

I. OBJECTIVES AND EXPERIMENTAL DESIGN

The present work consisted of three studies (A, B, and C).

STUDY A: DEVELOPING A MODEL OF CHRONIC VASOSPASM: CREATING A LARGE

‘"’ SUBARACHNOID HEMORRHAGE IN MONKEYS

Objectives

l. Create an animal model of chronic VSP following SAH, similar to
that in humaﬁé- | ©

2. TegtAche hypothesis that the size of the‘SAH as seen on CT
scahning ig ¢éritical to ;he development of VSP, as M man.

3f Study the effects of SAH on vessel caliber.

4. Examine the association between VSP aﬁd»hémispheric cerebral

~ blood flow.

5. Document the effect of VSP on neurological status.

Twenty-five monkeys were entered into this observationél investi-
gation. Seven dled within hours after the SAH and therefore were re-
jeétedffrdm the study. The remaining 18 Qere studied for 48 hr or
ionggpj Variébleé measured or observed ih;luded the cerebral—veésel o
:cafiber on angiograns, cérebral blood flow (CBF),'mean‘arterial bloo&
pressure (MABP): size of the SAH 6ﬁ compﬁted»tombgraphy (CT)ksCans, and
neurological status. Baseline values were established, and ;eurological

' . . v -
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sphenoidal mijkle cerebral artery, and anterior cerebral artery, and a

v

58
. '

assessment and CT scanning were performed during the control period. An
SAH was created on Day 0; neuroiogical assessment mas repeated there- 9
after, and the other variebles were tested five times (between 30 min
and 5 hr after the hemorrhage; and on Days 2 7, 14 and 21). Animals
that survived for more. than 7 days were killed (by exsanguination under
general anesthesia) on Day 14 or 21. The brain was removed within a few

hOurs of death, for gross pathology.

ggLDY B: (PILOT STUDY) ESTABLISHING PREFERRED METHODS FOR

CREATING SAH~INDUCED VSP AND FOR CEREBRAL ANGIOGRAPHY

Objectives . | \Ln/
1. Induce a large SAH withinkan 1solated area of the subarachnoid
Space.
2. Develop an experimental angiographic technique tovstudy.the
cerebral arterial cirquietiohvbilaterally.

i

3. ‘Eétablish treatment and experimental procedures  for Study C.

- Design . o | | ' - \

Ten monkeys divided into two grOups were entered into the study.

Baseline measurements were established during the control period. In

‘all 10 monkeys, an SAH was created through a frontolateral craniectomy

(Day 0). In Group 1, in_ eight monkeys, the SAH was created by direct
1njection of blood into the subarachnoid space, into a cistern (right

sylvian, 3; 1nt€rpeduncula§iE2 and chiasmatic, 3). In Group 2 in two

monkeys (once in 1 and twice in 1) the arachno‘i?membrane ‘was opened

widely at the ‘regions. of the supraclinoid internal: carotid artery,

L 4



hematoma of 1.5 ml (n =1) or 5 ml (n' = 2) was placed very carefully

against these arteries. The variables, measured on.Days 7 and l4, were

as in Study A.

A MODEL OF CHRONIC VSP OF THE MIDDLE CEREBRAL ARTERY AFTER

STUDY C:
LARGE SAH IN MONKEYS: A RANDOMIZED, DOUBLE-HLIND
PLACEBO-CONTROLLED TRIAL OF NIMODIPINE
i) Clinical and Radiological Findings v )
i1i) Pathological Findings

»

Objéctives‘

1.

Design ’

'Createkan animal model of severe spasm of the middle cerebral

E N
artery, by inducing a large ldcalizéd SAH.

Study the effects of the SAH on vessel calipg&;

Examine the association betwegn chronic VSP and hemispheric
CBF. |

Document the effects of chronic VSP on neurologicalvstatus.
Investigate th;_éfiicacy'of one pharmacologic agent
(nimodipihe) in preventiné or reducing chronic VSP and/or
delayed ischgmic neﬁrolbgical‘deficits.'

Détermine the;exteﬁt‘of strugturai and/or morphological changes

in cerebral arteries that have been in spasm.

4

This project was~designéd as a yandomized, double-blind, placebo-

'controlled,trial.'A -
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- monkeyé'wére killéq.by intra—arterial fixation‘of

60

?A

~
~N
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Thirty-three monkeys were entered into study; three died shortly

after the SAH was cfeated and were therefore ekcluded. The other 30
: |

were studied for 7 fq 14 days lpost-SAH. They were allocated into two

‘groups of 15 by simple blind randomization of drug therapy; the investi-

gator and statistician were unaware of group allocation until after the

completion of datavanalysis.
In all 30 monkeys, the operative procedure'was the same (right J
frontolateral craniectomy in 28 and left in 2, exposure of the circle of

/

Willis, and placemeng of a hematoma_obtained from 5 ‘to 9 ml of blood)

and a solution of polyethyiene glycol with éater was administered via a

nasogastric tube insertedbtid for 14 days post—SAH; for the experimental
group, the solution contained nimodipine. Vériables measured or

observed were as for study A, together with determination of structural.

-and/or morphologicalichanges in cer"rél arteries. Two of the monkeys

died, one on Day 8 from surgical co Jlications and the othet on Day 13

from aCﬁ}dental self-suffocation. After completioh of the last angio-

gram, on Day 14, while still under gener31 ane5t

the ﬁrain. The
3 X . '
cerebral vessels wete cérefully dissected;'they were examined with light

rl

- microgcopy and both transmission and scanning electron microscopy. .



IT. MATERIALS AND METHODS

Preparation'of Animals - ) v :
® P » g : b

There were some differences in preparation in the three studies,
these are noted where appropriate, Otherwise, the techniques described
pertain to all three studies. v;

Juvenile and adult female cynomolgus monkeys (Macaca fascil//aris)

_weighing 2.3 to 4. 8 kg were studied \\\
Anesthesia was induced with sodium pentobarbital injected iv, 26 to

32 mg/kg b.wt, for all procedures in Study A and for crani?étomy only in v

Studies B and c, and with ketamine HCl injedted im, 6 to 10 mg/kg b.wt,

for other procedures in B and c. The anesthetic agent was supplemented

with a 2:1 mixture of N,0: :0, administered with a variable—phase respira—

tor (Harvard Apparatus Inc., Dover Road, Millis, MA) via an endotracheal'

tube.' In Studies B and C, a cegha&ic or small saphenoas vein was $annu—

lated with a no. 22 catheter for administration of drugs and flu1d3.< .

‘Paralysis was induced and maintained with gallamine 2 mg/kg, every 45 -

‘min; it was injected intra—arterially in Study A and into the cannulated

vein in B and c. Procaine penicillin, 100 000 U/kg b.wt, ~was injected

in after the induction of anesthesia. Body temperature was monitored

S +

peroperatively with a rectal thermometer (Yellow Springs Instrument Co.,é'

Te /

YellowJSprings, OH) and was maintained at 37°C by means of a thermostat

attached to the ghermometer and a heating pad beneath the monkey. A "f‘g~
wide operative area was shaved and the skin was prepared with betadine
‘(scrub and solution) An Operating microscope was used during the

'intracranial surgical procedures.“

B!
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In Study A, the left common carotid artery was dissected and a no, -

‘;y

20 catheter was insertedvinto it thrOugh an 8-0 gilk purse-string~suture ’
placed approximately 3 cm proximal to the bifurcation. In Studies B and

C, the femoral artery on either side was disaected and a no. 5.0 French

o

-
9o -

radiopaque polyethylene catheter with a. sigmoid tip (Fig.,7) was
inserted into it through a transverse arteriotomy between two liéatures. N
The ligatures were tied at the end of each experiment. Xylocaine (22 o

. simple soln) was injected to prevent femoral constriction, 1 ml sc and

after the skin had been opened 1 ml- in the ggmoral sheath. Under
fluoroscopic control, the catheter tip was advanced into the innominate;

artery, 0.5 to l 0 ml of contrast medium was injected and correct

positioning of the catheter ‘was cqnfirmed by filling of both common

carotid arteries. Arterial blo fsamples were obtained periodically
throughOut via the catheter, for blood-gas analysis, determination of
- pH and hematocrit ‘and calculations of CBF, the catheter was flushed
“intermittently with 1 0 ml of 0. QK saline containing arin. (10 U/ml)
to prevent clotting. The respirator was adjusted as‘:::::::3\to keep
_ arterial blood gases within physioloé%!al range, particular attention g
being paj‘to the Pa002 level this was kept as’ 'ﬁose as. spossible to " |
38 mm Hg during measurement of CBF and cerebral angiography, and between:f
130 and 35 mm Hg during 1nduction of SAH., The cathe{er(s) in\the carotid;’
_(Study A) and femoral arteries (Studies gzand C) were connected to a
no. 16 cathether that led via a three-way stOpcock to an injector for ‘

the administrationoof xenon-133 (133Xe), a Cordis injettor (Cordis'fh

Corp.' Miami FL) for applying the contrast medium meglumine iothal-

o

”hl;amatey and a prdﬁsure transducer (model 23 dB, Statham Instrument Co.,iira

-

Oxnord CA) for monitoring arterial blood pressure.; The Beckma |
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FIGURE 7 ' |

Polyethylene catheter with\a‘éiéioid tip, used in ﬂigdiqa B in& c.

the side "holes, and size.of the primary curvature, needed to fit

\thg Jjunction of the aortic arch and innominate artery in the. monkey.
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dynagraph used to record blood pressure was calibrated against a mercury
manometer immediately before each experiment; when drift occurred during

the experiment, the baseline was adjusted to zero.

Induction of Subarachnoid Heforrhage

Surgical procedures were performed under aseptic conditions as for .
humaﬁs.

In Study A, unde;\fluoroscopic monitoring a circumferentially
bevelled no. 20 spinal needle was advéncéd through a midline frontal-
twist drillhole, along the'floor of the anterior fossa to 0. 5 to 1.0 mm
beyond the anterior clinoid process. With its tip }n the chiasmatic
cistern, the needle was secured to the skull by a screw device. In most
cases theré was drainage of 1.0 to 1.5 ml of CSF.‘ Autologous arterial
blood (mean + SD =.1.48 + 0.19 ml/kg b.wt) was injected manually in |
three equal volumes, each over 5 to 7 min; the injection was arrested
immediately 1if signs of 1ntracrania1 hypertension (pupillary dilation’
and/or Cushing response) Le;ame apparent. ‘ ) ;

In Study B, pwo,new methods for creating aﬁ SAH were investigated;
both were carried out thrOugh a right frontolateral craniectomy."With
the animalfs head fixed in a head holder and the arterial PaCO2 stabi-
lized at 30—35 mm Hg, a right frontotemporal skin flap centered at the
pterion was created with an elgstrosurgical unit (Valley Lab, PO BoxA
9015; Boulder,'CO)f A sigméid incigion was:made, beg%nning at the
zygoma, crossing the tehporal region'toﬁard 2he frontOparietal-region,

- and terminating frontally parallel to the sagittal suture (Fig.}8A)

; Theﬁ the temporalis muacle was cut and cauterized creating a U-shaped

- muscular-flap with {its concavity-toward the external auditory'canal




. FIGURE 8

‘ A:" Skin opened with a sigmoid incision, starting at the zygoma and
with its major concavity pointing toward the eye (arrow). - '
B: Temporalis muscle (M) incised in & U-shape, with its concavity
pointing toward the ear (E). ’ - '
C: Renal-shaped craniectomy, and dura mater (D) opened in a
semicircle; frontal (F) and temporal (T) lobes partly exposed.

- .o
- A
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(Fig; 8B). A trephine and a Cloward ci;;; were.used tE‘Efé;te a small
kidney-shaped craniectomy (base centered at the pterion) and bone wax
was applied to arrest bleeding from,tﬁe‘diploic veinsw;Ihe middle ﬁenin—
geal vessels were cauterized and cut while the dura mater was being
opened with a semicircular incision (concavity toward the sphenoid
ridge) (Fig. 8C). The\temporal lobe was gentli retracted with a self-
retaining retractor, the arachrholid membrane was incised at the origin gf
the sylvian cistern, and 3 to 4 ml of CSF was drained.

In SAH method 1 (n = 8), 5 to 6 ml of blood was mahually injected
Qer 10 to 15 min into the subarachnoid space in a cistern (right
ylvian; 3; interpeduncular, 2; and chiasmatic, 3). In method 2 -

_ . v

(n = 3), the arachnoid membrane was opened widely at the regions of éHe
supraclinoid. segment of the internal carotid artery, posterior commun-
icating artery, anterior cerebral a;tery, and sphenoi&al segment of the
middle ce?ebral artery, and a‘ﬁématoma obtaingd from fresh autologous
arférial blood (1.5 ml and 5.0 ml on either side in one monkey aéd
5.0 m1 in the other one) was placéd Very carefully against all four
arterieé.‘ |

In Study C, in 33 monkeys an SAH was cregtgd with th; latter method
(placement of a élot) but using a larger hematoma obtained from 5 to
9 ml of autologous arterial blood (Fig. 9).. ‘.

After creacion,of'the SAH in Study A, the spinal needle was re-

moved, the cranial defect was sealed with bone wax, and the skin was

N

_ sutured with 3-0 nylon. In studies B and C, when the injection had beenl

L]

'completed or hematomas had been placed, the dura mater was closed in

‘watertight fashion with 7-0 silk, the muscular flap was returned*to its

original position, the galea was closed with 2-0 silk, and the skin wasg ’
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/////,»// - - PIGURK 9
- Photonicrographa tnken peroperacively- éf The arachnoid membrane
has been opened, revealing normal intracranial structures, including the
optic nerve (2), internal carotid artery (c), and the middle (m) and
anterior (a) cerebral arteries. No vasospasa or hleeding‘fto- surgery
is present. B: A small fragment of blood clot hqs been placed against
the arteries.  Acute VSP of the middle cerebtgl artery is apparent,
after. placement of hematoma. C. A clot fre . approximately 7 al of-
blood fills the middle fossa. D. The dura sater 'haa been closed after
clot placement. F = frontal lobe; R = retractor.

I
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sutured with 3-0 nylon. Finaily, arteria} PCO, was téturned«to‘about

-

38 mm Hg, the paralysis was reversed;with prost}gmine (0.07 mg/kg) and

atropine (0. 02 mg/kg) injected iv, and the catheters were remoyed

3

After extubation, the monkeys were given routine postoperative care for

! L
3 to 5 hr and then were returned to their cages. . ; :
- ) B 3

Cranial Computed Tomography

CT scans were performed under general anesthesia with intravenously
administered sodium pentobarbital, 1 to 4 wk before the SAH (contrdl)
and on Days 0, 2 (Study A only)§}7, and 14 (Study A only) after its

creation. On each occasbon, eight horizontal sections ‘S mm thick were

A
t

obtained from‘base to top of the cranium. . The scans were obtained with
a scout-view body-scanner (GE model CT/T 8800), with a 3202 matrix,,
1.5 om® pixel, and a scanning time of 9.6 sec (Fig. 10)

The observer grading the SAH on CT scans was uuawarerof the
monkey 8 angiographic status. The edges oféfhtrac;agial hematomas or
layers of blood were delineated on selected f;ﬁme%;’and the obsetver\JV ‘ ¥
used a previously calibrated (1 1) optical measuring system to grade the
SAH. Grading, which was established in Study A, was as follows:

Grade 1:° small SAH i_not apparent on CT |
 Grade 2:  tedium SAH; layers less than 2.0 mm- t ck | ¥ | R
Grade.?: | large SAH, big hematoma or layers 2." |

or more.




\

. / PIGURE 10T

Monkey " sub je{:ted ‘to 'c\;onputed%tonography ‘of the head (under general
anesthesia) R ' : ' oo
. [With the magnift(tion us d mean cranial CT dianetets (+ SD) were 38.5 : ‘-:f_:f'}
"+ 3 mm on fronto—occipital scans and 32,34+ 3 ma on tenporo-tenporal

scans ] \ :

\ T . TR o : -




Cerebral Angiography

3

Cerebral angiography was always performed after CBF studies. The
fadiogtaphy equipnent was of the same specifications as in pre&lous
investigations in this laboratory (106).e

Study A |

Lateral cerebral angiograms and 1in some cases oblique views were
obtained twice on Day 0 (immediately before and within 1 hr afterward)
and once on each ocedhion on Days 2, 7, 14 and 21; one f;lm was obtained
during the arterial phase. Cerebral vessels were measured at feu:
pointa:k the internal carotid artery (ICA) just above the posterior
communicating artery;,tbedprbxlmal middle cerebral artery (MCA), the
| proximal pericallosal aftery (PPA), and the distal pericallosal artery
(DPA). . R . |

‘Studies B and c

Retrogtade (feﬁorocerebral) angiography was berformed, ubing a no.

5 French tadiopaque polyetbylené‘catheter with a sigmoid tip (designed

4

and shaped by the aUthor)”and two side-holes (Fig. 7). An AP-view film '

‘was obtained during the arterial phase 1 wk before the SAH (Day -7) and
+ l

on Days 7 and 14 post—SAH. #he x-ray beam was directed parallel to v{

¥ . 'v'
Reid's baseline and centeredlat'the nasion. Cerebral vessels were, o

1y ‘
meaaured bilaterally (except £or the PPA and - DPA) at 10 point3° the

\ .
segmenta of the . extradural intirnal

/

into the cavernous sinus, the segm ts of the ICA: between ‘the posterior
communicating and ophthalmic ar eries, and the sphenoidal segments of

the MCA, the anterior cerebral 4rteries (ACA), and the PPA “and DPA. The

l§
- Cordis injector was used to inject conttast medium at approximately
- ! . L ‘\ fid : “

10 nl/sec. T e




o o

In Study A, 3 ml of Reno-M—60 was injected into the left carotidr
artery at a pressure of 10 PSI, in Studies B and C, 10 ml of Conray 60
was injected into the innominate artery’and cne common carotid arteries
bilaterally, at a presaure‘varying from 100 to 500 PSI in Study B and

\
steady at 300 PSI in Study C.

Hagnification fact8rs were kept constant and a radiopaque control
device was uaed ‘to correct for variation in film, exposure and develop~

) ment (106). The observer grading variation in vessgel caliber was un-
aware of the animal's identity. Caliber at each of the arcerial sites
was measured'six times, with the same optical system as for CT measure-
men;a, and the average for each site was calculated. | Seriai“meaeure* /
ments were plotted as percentage,change in’vesselﬁcaliber,\and rhis was
graded as folloWB:‘ 2‘+ 1% to,-IOZ = no spasm; ‘112 to -30Z - mild
vasospasm; -31% to -501 - moderate vasospaem, and > 512 reduction =
seve;e vaSOSpasm.\ At the end of Studies A and C for each monkey the
overall incidence of V§§:§Eu\determined, the time course of the VSP was
plotted, and redpé/ioh in vespel caliber (based on meaeurements of the
‘mpximally constricted vessel) was anaiyzed ‘In addition in Study C .the.

-'angiographic appearances of eoiiareral cirnulation on Days 7 and 14 were, }{/f
gradgd: 0 - collateral circnlation not seen; + = appearance of a- ‘small
new channel or mild dilation of collateral circulation apparent on the
initial (control) angiOgram,;++ = one or more medium—sized new channe18°

-

-and~+++ = one or more large new channels.,

2

°

AN . "o

i e s

Measurement of Cerebtal Blood Flow

CBF was measured twice before cerebral angiography -on. each occa-

T

B sion. In studies B and c it was done 15 and 60 ain aftet the injection o ‘-5 '
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of 0.5-1.0 ml of contrast medium (to confirm correct positioning of the
, .

catheter tip in the innominate artery).rbln Study C, CBF was‘measured
b‘2—3 hr or 6-7 hr'after administration of the drug (nimodipine or place-
bo). Hemispheric CBF bilaterally~(Studies B and C) .or on the left '
(Study Aj was determined by intra-arterial 133Xe clearance, using a
single collimated‘sCintillation detector 1 inch.diam; activated with
Naf—thallium) to record‘tadiosCtivity from the dorsolateral fronto-

>

parietal brain regions (Fig. 11) CBF values weré calculated from the

©

initial-slope ingex and were corrected_to a PaCOz of 40 mm Hg.
Methods of handling, dispensing, administering and detecting 133Xe,
‘and for calculating CBF were very similar to those used in this labora-

/

-tory since 1972, they have been reported in detail (107 109).

Preparatfon and Administration of Drugs

o The drugs (including placebo) were prepared by Dr J. A. Rogers,
Associate Professor of Pharmacy at the Universitgjof Albetta. As nimo-
:dipine is very sensitive to light bf ordinary wavelength especially in S

solution (51), all preparations used in Study C. were dispensed and givenj‘

Two methods oﬁ adninistration “were tried in Study B. Method 1. &

ptotal of 25 gelatin cspsules containing'O 5 ml of the vehicle (pohy-i‘

4

-

,,\ F I

ethylene glycol 400), inserted intoi%é:ces ofcbanans or. sections of

’ 'orange, was given to 14 monkeys' it was hOpeE the animals would swallow

€ . . B . .
both fruit and capsule, but four of the animaIs discovered ‘the capsule o

,and threw;it away (but ate the fruit!) Method 2 Ten monkeys were.

lightly sedated with ketamine (6-10 ms/kg) injected im ;%V the vehicle

3

PR
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Measuring cerebral blood flow in a monke /
etectors, ‘avay from the temporalis mxs_clf.4 o

»

.

Note the position of .

*
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F'.iing the nimodipine-containing solutions from normal light this main-

was dispenaed’into a bottle labeled N/P followed by a number.from~1_to d

the coding eystem for medications. After completion of. the study sthe

74

»

. was administered via a nasogastric tube: this method vas successful in

' - . A
all cases and therefore was used in’Study C. ‘ .

Studz C. - For each of the 30 nonkeys studied, 50 ml of the glycol .- -

solution, containing nimodipine 3 mg/ml (n = 15) or placebo‘(n = 15),

" 30. The average weight of the monkeys was about 3 kg and the solution{

o
wap given in I-ml aliquots with 1 ml of water tid at 0730, 1530, and

2330 hOurs (i e., the dosage was 1 mg/kg b.wt, tid), from Day 1 post-SAH.-

J

- to Day 13, and at 0730 hours on Day 14., The animal~care technician gave

’/

the firet two doses each day and the author gave the last one, except at
weekends, when the author gave all doses. | |

Gold-light“haa used when giving‘the dtuge. In addition to: ptotect-li‘
;o .i‘
tained 'blinding of medications~w nimodipine 1is yellow, and under gold ,\

\V
light the solutione appeared identical. -Only Dr. Rogers had access to -

e

code waa broken in two stages:: when all the data had been collected to '

identify animals as belonging to gtoup A or B, ‘and’ when the data had

' been analyzed to identify which group had received nimodipine and which

‘had. had placebo.
% N EE ;:

i LA T e . »* . . - . . . | , . v
. » o i

i

) it died or was killed (undet general aneefhesia, by eXsanguination on
§

g”_Day 14 or 21 in Study A or by cetebral fixation by intra~ax;etia1 per— ;li_ : li‘@

i .Nenrologicalﬁaaaeesmentfand'Tetmination‘of Exnetinents‘

Each monkey underwent neurologica: examination befote and 5 hr

I‘

\



fusion on Day. 14 in’ Study C) A five—divieiongneurological grading

. . . L .
system was used for evaluation N _ .

Grade 1: active, vocal normal ' <
Grade 2: lethargic, upright but unsteady, and not as acfive '
: or vocal, but no significant neurological deficit
: (paresis, paralysis) - '
" Grade 3: no spontaneous attempt to stand upright but appro-
priate responses to stimulation. (touch, sound),
' moderate neurological ‘deficit
: , . (monoparesis, " hemiparesie)
Grade 4: . severely obtunded, . apathetic with. little response
, ~ to stimulation; severe neurological deficit
o (monoplegia hemiplegia, quadriplegia).
Grade 5: moribund, failing vital ﬂigns, no response to

- ‘ _ stimulation. o L e , : //ﬂL_/ff////

Pathologz . o : ;f-V“", 'v.‘, _ T

) ~
The primary fixation solution consisted of 22 glutaraldehyde and ZK %k,;g

~

-1

| formaldehyde in ‘Millonig's bufer, ‘o 12 My PH 7. 4, at 4%C. e

Gross Pathology .; o . P o ,' . i - SRR ;qvf.‘b

The brain vas removed within a few hours of death in moat cases. " )
Groes pathology was noted in detail and the grain was photographed. e 7
was then placed in 102 formaldehyde for 2 to 4 wk (Studiee A and B) or

~ in primary fixation solution for. 24 hr to 4 wk (Study C) ‘ Grosq coronal 'p: '
< e
: s : *Q» S
_or horizontal sections were cut and photographed. ‘

'Microscopic Pathologx BRI ,thr . e f'tv, . .
M; This section pertains only to Study C-\,,

B af‘ Cerebral fixation by intra-arterial perfuaion

Except in the case oiPmonkeys who died before Day 1& the brain was J"-iﬁ

| fixed by intra~arterial perfuaion after the last angiogram on Day 14

'ﬁ‘_Under cohtinuing general aneathesia, paralysis, and meohanical

1
S

é‘fwentiIatioﬁ w'th 662 o in N20 a wide thoracotomy waa performed by S
A Lot
’ chtting throug the fifth intercostal apace bilaterally. The dacending

IR . .
\\ l . L e

_f'ao ta waa cannufated via the 1eft ventricle ~the right atrium waa widely

7\ ) R e 2 , ‘

S R ST W e
S ‘ T R L

Y
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, N A B T3
opened and the descending aBrta ligated. Heparin (3000 U) was injected e
iv 5 min b;}srn,;sg circulating blood was washed out (with 150 ml of
'O 92 saliné at 20 q, infused over 30 sec at ‘a press%re of 110 mm Hg), _!*"f“:
FERR
f'and this was followed immediatgly by perfusion with 1 L of the prfmary \\ef
, fixation solution for 5 to 10 min at 110 mm Hg : The brain wﬁ& removed -

. within 15 to 30 min, and was placed whole in primary fixation solution -

,.-‘ 4.?@_; .

-for a minimum of 24 hr and a maximum of 4 wk at & C-- The cerebral ves-’:i%
‘sels (basilar and middle cerebral arteries, bilaterally) were‘dissected
'b_out very carefully with the aid of an operating microscOpe‘ each was cut
.into three pieces, which ‘were placed in,separate small vials of the same |
\*\\;/ﬁffixation solution. In most cases, the proximal segment (in which 3 A__fdf:f

| :g :
' window 0 5 mmZ had been opened to allow visualization of the luminal

surface) was studied n}tg scanning electron microscspy (SEQ}, the mid

‘4; ;w;with ligﬁt microscopy‘(LM)

ght Microscdﬁy

After fixation for at least 24 hr the tissues’were dehydrated
\

7;and clearing series. 702 ETOH X 2 for 15 minyeach'"852 ETOH f ’
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(Standard 14 laboratory light microscope, model D-7082; Zeiss, x
Obe;&ochen, W. Germany). . o
(3N .

Electron Microscopy (SEM and TEM)

- .4
~ After primary fixation as above, the tissues were washed for 45 min
. i ' N

(3 changes) with Millonig's buffegj 0.13 M,.and re-fixed for 1 hr in 1%
psmium tetroxide th M{llonig's buffer, 0.07 M. _They w%pe then wasﬁed
'for 30 min (3 changes) with dpuBie—distilled wéter, and dehydrated
through the graded series of ethanoi solutioﬂs. -
Samples for SEM were tganéferredfin abselute ‘ethanol to a €O,
crit{;al—point dryer‘(Seevac Inc., Pittsburgh, PA) and when dried were

. . o .
-mounted on aluminum stubs, sputter-coated-with gold (model S150B;

Edwards Crawley, WestASussex, England) and examined in a scanning
. ' N~ . )

N,
\

‘electron microscope at 25 kV (Phillip; model 505).

For TEM,ﬁsampLes iﬁ abéolu;é eghandl were tf;nsferred_to propylene
oxide for 30 min (3 changes), fixed in 1:1 propylene oxidé:aréLdite |
(CYZli) epoxy resin.for j to afﬁr, and put i;§o pure resin in eébquiné “
blocks. They vere left overnightrat room teﬁperéture, then polymerized

' ' \ -
for 48 hr at 60°C. Thin sections CUf'on an_ultr&giﬁrotome (Reichert-
Jugg Ultracut) were mounted on 300-mesh coppér grids;scounterstainqd
with uranyl acetate and lead citrate,'aﬁd exanmined in a transmissi&n
electron Ticroscope at 80 kV' (Phillips model 410;.N;V;_Phill{ps'

. S H
Gloeilampenfabrieken, Eindhoven, The Netherlands).

-

~ Analysis of Data ' .

Studz A

Descriptive statistics were compuggd for each variable. Compari-

sons within groﬁps were made with Student's t tests, and relationships



~ between variables were determined with Pearson's correlation coeffi-

cient. Intergroup comparisons were made with tests of proportion and t
test. Linear regression -lines were fitted and goodness-of-fit measures
: o .

were applied. Significance was assessel as p < 0.05 eibept where other-
wise stated. Results are expressed as mean + SE, except in assessing
i

the Cushing response (mean + SD).

Study B \

No statistical analysfé\wgs made. )

i

‘sEudz C

Tﬁe data were coded, entered into a computer, and ediged. For each
monkey, deécribtive statistics and frequencies were detérmined'for each
vari;ble at eagh time of tg?tiﬁg, and relafionships between VSP and CBF ,
with time were determined by Pearsbn'srcorrelat%pq coefficiéhéfﬂ W%;n
the pharmacfst had identified the nimbdipiné\and placebo groups, intra-
and‘intergroup differences were determinéd. ‘Changes in CBF'iﬁ ﬁhe two
éfbups were compared with two sample E;tests, and the intragroup incid-

’

encesof VSP and: collateral -circulation were analyzed with the Fisher-
. ) : . .

I;win test: Intergroup comparison of the degree'pf VgP with ;ime was by
analysis of va;iance,qand of changes in MABP with-tiﬁé by analys&s of
covariance Qi;h the initial MABP value as covariate,

The level of significance for all tests of comparison or associ-

ation was p < 0.05 except where otherwise stated. Results are expressed

as mean + SE.
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¢
III. RESULTS AND COMMENTS

" STUDY A: CREATING AAiARGE SUBARACHNOID HEMORRHAGE IN MONKEYS

Summary 6f‘Subjects
14

Sevenfy-five sets of measurements were completed on the 25 ménkeys
after.creétionuof the SAH. Sévéﬁ monkeyé died within a few hours; of
the remaining 18, 8 were studied on Day 2, 17 on Day 7, 15 on Day 14;
<and‘}0 on Day 21. ‘ ¢

' The hemqrrhagé as seen on the first CT scan after creation of the -
SAH was graded as small in 3, medium-.in 7, and large in the other 8. 1In
the 10 monkeys whose CT\;as graded as émall or medium, the cerebral |
angiograms reve*ﬁed similar degree, time of onset, and duration of VSP.
'Therefore (and bé\nuse 30 few animals had a small hemorrhage), these'two

grades were consideréd together as the small/medium—SAﬁ group. Thé

other 8 monkeys were considered as the'large-SAH group.

{

Compafisdn of the two grzyps showed no significant differences in
.pre—SAH values for body weight, the measufed»physiologic 1ﬁdices, roent-

genographic appearances, and neurologic assessment, or in the volume of

\\~\\ blood injected intrdcranially (Table 1).

‘\\\There were no significant post—-SAH alterations 1n average values

for MABP, PaC02 or PaO2 at any experimental stage except an increase in

MABP during induction of the SAH.

<
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TABLE 1

STUDY A: Control Vélues'(meaq + SD) for Measured and Observed Indices

" SAH on CT Scan

Variable - L - 2 Small/@edidm \ Large

* No. of monkéys o ’ ' ' LU 8
ﬁody weight, kg “, : : 3.2 + 0.5 o 3.5 4 0.7
Mean arterial BP, mm Hg$ 91 + 14 . 93‘ + 13
“PaCbz, mm Hg | ’ ‘ ‘ 40 + 3 .39 + 4

Vessel caliber, mm:

- P

1ﬁterﬁa1‘cafo£1d | 1,02 + 6.19; 104 +0.15
middle cerebréi : C . 0.90+0.19 - 0.88 + 0.13

proximal p;;icallosal' " 0.89 + 0.15 0.92 + 0.16

;istal pericéiiosal~ i ©0.72 4+ 0.12 0.72 + 0.19 '
Cerebral blédd,flow, m1/100 g/mi‘nb~ 45 + 9 '51 + 13
Neu}ologic assessaent’ : grade 1 _{ grade 1

Blood injected:.

nl/kg body weight . 1.52 +0.18 1.43 + 0.20

I+

total, ml\\\ : © 4.81 + 0.87 4.94 + 0.79




Incidenae of Vasospasm

With VSP considered as > IOZ‘reduction in vessal‘caliber from the
" control vaiue it was present in the small/medium—SAH group in 6 of lO
animals on Day 0, in 5 of 6 on Day 2, 1n_é of 9 on Days 7 and 14, and in
| all’4 studied on Day 21. 1In the 1arge—SAH'group, it was seen in all 8
on Day O, ‘in 2 of 2 on Day 5, in 7 of 8 on Day 7, and in 5 of‘6:on Days
14 and&21. Th; vessel most often (and severely)'affected was’the peri-
callosal artery, especially its p;oximal,segment (507 of the time); this
..was the segment.closes£ to the site(of blood injectian.. The &istal
segment of the peficallbsal’artery was. next in frequency (33%),; followed
by the MCA (11%) anq_cﬁe ICA (6%). |

Calculation of the incidence of VSP an the four arterial sites in

L

‘68 anglograms of the 18 monkeys—sjowed that VSP occurred significantly_

‘more frequently in the large—S4
7 (p-< 0.01), and 14. Intragroup frequencies showed no signifiCant
differences in the small/medium-SAH group but-a significantly higher

incidence of‘VSP in the large-SAH group on bay 0 than on Day 21.

A

Degree and Time-course of VSP

o
W

Intergroup comparison showed greater reduction in vessel caliber in
“the large—SAH group, the difference being significant on Day 0,
Day 7 (p < 0.02), and Day 14.

Small/Medium~SAH Group

~,

VSP was maximal (mean vessel caliber = 71% of control) on Day 2 and
_lessened thereafter (Fig. 13). Fignre 14 illustrates the cerebral

angiograms of an animal graded as having a small SAH on CT.

. , \
ig. 12) on Days 0 (p < 0.001),
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1009 [J small/Medium-SAH on CT

o . P3 Large-SAH on CT
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. - o FIGURE 12

Incidence .of VSP (> «10%Z reduction in vessel caliber), based on data
at the 4 arterial sites in 68.carotid angiograms of the 18 monkeys. VSP
was significantly commoner on Days 0, 7, and 14 in the large-SAH. group.

' Figures within columns are the numbers of animals studied at those ’
‘fimes. Intergroup comparison:. P, < 0.05%; < 0.01**; < 0.001***; ng, not
significant. '

&



VESSEL CALIBER (% of Control) .

604
> 504 o -~ = Small/Medium SAH
S ¥ : 1 . onCT P
3 | 8 /- Large SAH on CT
oJ |
| B § T . T — L
0 2 7 14 21
SAH DAYS AFTER SAH
e
.
FIGURE 13

. r

Time-course of VSP and mean (+ SE) percentage change in vessel
caliber, based ofi measurements of the vessel maximally constricted in
each monkey. The large-SAH group had significantly greater VSP on Days
0, 7, and 14. Figures above and below SE bars indicate numbers of
animals studied at those times. Intergroup comparison:. * = p < 0.05;
*#% = p ¢ 0.02; ns = not significant. - : ’
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" PIouRE 14 ¢

Lateral (upper) and oblique (lower) cerebral anglograms of monkey
29, whicHas graded as having a small SAH on CT scan: C, control;
diffuse dilation on Day 0; severe VSP on day 2. This animal died (from
surgical complications) on Day 3. '

4
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Large—-SAH Group

P

4

VSP was maxiﬁél overall (ﬁe@n vessel caliber = 56% of control) on

Day 7, regardless of the presence.or.qbsence,of VSP on Day 0 (Fig. 13
-and Table 2). In three monkeys (No. 11, 25, and 26) the degree of-VSP

‘'was biphasic. Figures 15 to 18 depict- the CT scans and angiograms of

two representative animals of the large-SAH group, Tabie 3 su@marizes

the relationghip of VSP to the amount of blood seen”in the subarachnoid

. . ' S
space on the first post-SAH CT scan. ) -

\‘ ‘

. Cerebral- Blood Flow

CBF was generaly decreased but not significantly. Values did not

‘appear to correlate with the average percentage reduction in vessel 1
~caliber, in individual animals or in the groups overall.

"'n

Neurological Assessment

Sty

Neurplogical deterioration.(right hemiparesis) developed on Déy 0

in 7 monkéys, 4 of which were graded as haQing a small/medium SAH and 3
' A , .

a large SAH. 1In 6 animals it was mild and disappeared within 48 hours.
" In one monkey of the large-SAH group, the paresis was severe and

accoﬁpanied by fiéﬁt homonymous hemianopsia; these signshdisappeared

gradualiy over 12 days. . | | ‘

' f'Delayed.neurological deficit deveIOpéd in two of'the large—-SAH )

group. Iq one mbnkey,'apathy wés noted frovaay.17 to Day 21, co~

incident with severe Vsﬁvéfrthe pericalloséi artery and 29Zvred0ction in

CBF. 1In the other, unsteadiness and_drowsiﬁess were ﬁoted on‘Days 4 .and
» : .

5; on Day 7, when CBF was reduced to 45%, the anglogram showed moderate

VSP of the pericallosal artery.
, .

4
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TABLE 2 ' -
(.x . . ’
STUDY A: Degree and Time~Course of VSP in the: Ej:ght: Monkeys
(V&’f v - ¥ in the’ Large-SAH Group :
Monkey . 3 L  Degree of VSP
¥ . : \ S :
no. Day 0 . Day 2 ~Day 7 Day 14 / Day 21
9 " Moderate ' None*
11 Moderate Severe . Moderate -Seve‘zjg '
13 Mild ., Mild* | o N
: B X X ! ’ : ’ ¢ “
16 Moderate - ' © Severe -~ Moderate Mild g
19 - None . © . Severe Mild - . Mild
23 . Moderate _ ‘ © Severe ~ Moderate None
25 Moderate - Miid VModerate Mild - None
26 Moderate . Mild  Mild ©  Moderate  Mild

éDi‘ed later that day. Death was due to technical complications.

[

&

.. '
] . e e s o T
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o L
STUDY A: . Summary of Rglationship of SAH Size on CT

\ ) R .
f\ and the Development of Chronic VSP*
\ " A . L
SAH on CT
« Smgll/Medium ‘ P Large
Monkeys . . 10 o 8
Vessels in spasm 52/152 (342) < 0.001 ] " 85/120 (71%) -
4
Degree of sbasm: v ‘ _
Moy 4+
mild 44 (84.5%) _ . on.s. 48 (56%)
moderate 5.(9.571) a.s. 27 (32%)

severe : ‘ 3 (932\\\ » n.s. ' 10 (12%)

VSP maximal . Day2 - = ‘ " Day 7

¥

. i
P

* Réduction in vessel caliber > 102 of control value.

n.s. = not significant.
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' CT scans of monkey 23, showing. large SAH. ‘C, control. Thick
layers of blood in the frontal and pccipital intethenispheric fissures
on Day 0; less blood on Day 7; almost complete reabaotptlon of blood by
Day 14. This animal was not studied on Day 2.
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Lateral angiogtans of uonkey 23.
on Day 0; severe proxinal VSP on Dny T
apparéat on Day 21.
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:&’ | o " FIGURE 17 *

CT scans of monkey 2§V(large-§AH group). C, control. Mixed
(subarachnoid/intracerebral) frontal hematoma, and thick layers of

blood, on Days 0 and 2; a low-density area on Day 7; almost complete
reabsorption of blood and no low-density area apparent on Day l4.
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FIGURE 18

»

Lateral angiograms of monkey 25, showing a biphasic pattern of VSP.
C, control. VSP moderate on Day O. but only mild on Day 2; VSP again
moderate on Day 7 and mild on Day 14; almost normal vessel caliber on
Day 21.
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In general, neurological condition tended. to be poover in the

large—-SAH than in Ehe small/medium-SAH group; the average nedyological

r -

grade was 1.1 and 1.4 respectively.

[

N

Cushing Response during Induction of SAH
7 Cushing response (25% increase in MABP from the pre-~SAH value)

”de eloped in 7 of the 10 monkeys in the small/medium-SAH group and in 4

t 8 in the large~SAH group. Mean (+ SD) increases in MABP during
in
t 447 in the large-SAH group. Linear regression analysis showed no

relationship between the percentage increase in MABP ddring creation of

SAH and the development of VSP at any time post—SAH.

t

Pathology

Gross pathological examination revealed a manf SAH coﬁponent in
monkeys gfaded as having a large SAH on CT scan. This was particulariy
noticeable in th08;NWhiCh died within 7 déys after the‘SAH. In monkeys
killed on Day l4vor Day 21, the,subarachnoid blood had almoét”comp}etely
reabé&rbed. By cori‘trastJ pathological examinatioﬁ revealed a larger
subdural than SAH cbmponentJin monkeys graded as having a smail/medium
SAH on CT écaﬂ. Four monkeys in the large-SAH group and one in the
sﬁéli/medium-éAH group had a small intracereb%al hemorrhage, in the
ri%ht gyrusﬁrectus in one and in‘the left iﬁ f0urf | |
Comment

=§ Despite intensive effort to produce a model of VSP for the study of

its pathophysiology and treatment, previous investigations have failed

92



93

to' reproduce VSP as in humans (47,111). In most experiments, VSP has

beén maximal about 1 to.4 days after SAH and has lasted a few days, has

"

been milder than in man, and has not given rise to delayed neﬁrological
deficit (112-118). Moreover,,although some investigators‘have obtained

fairly chronié VSP by inducing large SAH (119,120), this has not re-

A

sulted in the prolonged arterial narrowing seen in humans. More recent- - g

“ly, Frazee et al. (121) noted that when the SAH was 1nduced5with a large -
. . «
needle (which they presumed caused a large SAH), VSP occurred more

_frequently (in all of four/cases) than when a smaller needle was used

-

(in two of five). They algo reported reflex asymmetry, but did not
\‘ .

.state whether this developed acutely and persisted up to Day 5 (fhe
duration of théir experimeﬁts) or had a delayed onset coincident with
the ébserved 32%‘reduction in vessel caliber.
S . .
In the prengE study (A), a model i:vthe monkey'wés developed in
which the VSP fesulting from a small/medium SAH resembled .that feported

3

in previous studies but the VSP following a large SAH closely re embled

that which develops in man. 1In humans, reduction in vessel caliber isg

maiimal on Day 7, lasts up to 2 wk, arnd in some cases glves {ise to /
delayed neurol§gié;l deficit. The success in mimicking VSP in man ///.
/

probably stems mainly from the volume of §lood injected (more-than mogé
" other investigators have used): this wés;éalculated from the resulté of
experiments in a similar strafﬁ of moﬁkeys, in which 1.67 to 2.b ml
blood/kg body wt was lethal for 50% by 20 hr (122).

Figher et al. (34) reported severe VSP in 23 of 24 patients whose
SAH was apparent on CT scan as localized clots and/or thick layers of

N .
blood but in only 1 of 18 whose SAH was diffuse or not apparent on the

CT scan. Davis et al. (36) also observed a direct correlation between
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the-extent of the bleeding and the sevefity of VSP. Alggéugh ﬁizukami \
et al. (123) did not measure the SAH, they found Ireiétionship between
CT density and cerebral VSP: 22 off26 caSes.in wi}cﬁ C& density was
high and in gﬁéé of 8 in which it Vas;low.~ Suzuki et al. (124) ;éported
a similar rélationship,between the amount of blood, CT density, clinical
seVerity at the time of hemorrhage; and cefebral-infarction due to ‘VSP.
fhe present xesults accord with thése findings: .gignificant VSP (severe
in% and moderate in 2) developed in six of eight cases ofﬁlargé SAH but
in omly three (severe 15 1 and moderate in 2) of tﬁe 10 with small or
medium'SAﬁ? “ ;
~ The proportioﬁéli£y'of thq-vasqspastic reponse to the size .of .the
SAH way expiain th VSP is not invariébly,seeﬁ after SAH in man and -

could account for the variation in its time of appearance and duration.

VSP may occur almost immediately after SAH in humaﬁs,\as in the sresent

L
.

large-SAﬁ cases: .éérebral angiograpﬁy,iswusually not peffbrmgd until
hours or even days aftervthe iétus, by which time the earl;'ph;;;fofKYSP
probably is over. | \

Fhe delay in development of maximal VsP mﬁy refle;t the;time re-
. quired fqr efythroéytes to lyse. The contractile activity of incubated
v erythroc?tes increases within the first 36 hr after SAH unti% day»3 and
is maintained at that level for at least 14 days (125,126), and the
vaSoac;iiity of the hemolysate is aose—dependent on the concentration of
oxyhemoglobin (126-128). Although the conditions for ElotVlysis and
subarachnoid blood reabsorption\iﬁ~zizg should be:differenq, it is
highly likely that the larger the SAH the longer it will take to lyse

\ \

and the greater the concentration of hemoglobin and/or other vasogenic

substance(s) in the CSF. .
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'
‘The lack of correlation between SAH size and VSP in some of the -
monkeys (large SAH but no or mild VSP, and vice nggg) accords with
clidical experience. ' Such occurrences probably are exceptio;al; the

findings indicate that the volume of a'SAH is probably the most

important,determinant of severe VSP.

STUDY B:  (PILOT STUDY) ESTABLISHING PREFERRED METHODS FOR CREATING

SAH-INDUCED VASOSPASM AND FOR CEREBRAL ANGIOGRAPHY

A pilot study was carried out to establish the safest @ethodAtor
induction of SAH that would consistently induce ehronic cerebral VSP;M A
new angiographicvtechnique‘(retrograde femqrocetebral) and a‘reliable |
route for administering medication to the»monkeys were established, for

later application in Study C.

Summary of Subjects

Ten antpals wet: studied, in two groups. In Group 1, 8 monkeys
were subjected to injection of blood into the subarachnoid space under g//
direct vision. Five d;ed acutely (withinVZO’hr){ 2 from brain ischemia
perhaps;due to elevated intracranidl pressure, as suggested by the.
Cushing response (25% increase above the pre-SAH MABP value) that
developed during creation of the SAH, ang 3 from hemorrhagic shock due
to rupture of the external iliac artery during the complicated cather-
ization. Three monkeys survived the acute period: 1 died on Day 7 and 1
on Day 14,'both from angiegraphic complications (ruptured external 1iliac
and. coronary arteries respectively); the third (M-42), the only one

subjected to a combined procedure (iujection of 3 ml of blooi‘and place-

.
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‘ment of a 6-ml clot), was rendered Quadriplegicx and died on Day 2
. .
probably from brain ischemia due to elevated ICP\and severe VSP. -

. In Group 2 (2 monkeys), in which the erachnoid'membrane was opened
b T . . : - \“, . &
at the region of the basal cistern and a blood clot\(l.S\y'S.O ml) was

' o RS v
placed against the major anterior circulation arteries; both animals.

\
”

5urvived the acute period. Monkey 36 (5. O—ml clot)’ died on Day 9 during
ps

cerebral angiography, contrast medium%bas injected at 500 psi, causing

cardiac tamponade from ruptured coronary arteries due to transmission of

the high pressure ‘of medium throug% the aortic arch. Monkey 37 survived .

for several weeks after the first procedure (1.5-ml clot), and was kept

for another experiment (placement of‘a 5.0~ml clot over the left MCA)§

repeat angiography 20 hr after this second eXperiment was beset by

technical complications and “the monkey died 1awer ‘that dayr~"

Incidence and Seperity of VSP; and Neurologicei Asseesment

In group 1, cereorai angiography showed mild to moderate ditfuse
cerebral VSP acutely in most animals‘(no measurem;nts were méde)
Monkey 42, which had undergone the combined procedure (blood injection
and cloﬂ) had left hemiplegia on Day 1, became’quadriplegic and moribund
on Day 2, and died later that day before‘angiograms could befperformed.
No other monkey in this group‘had‘a neurological deficit.
h In Group 2, VSP was localized to tne MCA on the clot»sidef It was
mild in monkey 37 (first study) after piecement of a i.S—ml blood clot
against the right MCA (Eigs. 19 and 20), and.severe in monke& 36, in
ohich’placement of a 5-ml clot against the right MCA resulted ‘in delayed‘

neurological deterioratioq (contralateral hemiparesis, developing on

Day 9). When'@onkeyv37 was restudied and a 5.0-ml blood clot was placed
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n-37

FIGURE 19,

q

CT scans of monkey 37, at thé time of control studies (C), just
after creation of SAH (0) and 1 wk later. Day 0: A blood clot is

apparent (arro
Day 7: the he

i‘%

in the reglon of the lesser wing of the sphenoid bone.
oma has coupletely reabsorbed.
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FIGURE 20

Anteroposterior cerebral angiograms of monkey 37, during control
studies (€) and on Days 7 and 14 after induction of SAH. Mild VSP of
the middle cerebral artery (arrow) and the opening of collateral
virculation (arrowhead), apparent on Day 7, were absent on Day l4.
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over the left MCA, tight'hemiplegia developed by 20 hr and angiograms. .
showed severe VSP of the left MCA and ACA; the animal died on Day 1 from §

complications during the, angiography. kﬁ

Pathology : : » : .

In Group I, éross péthological examinatibn revealed a major SAH

component (blood diffusely distributed to the basal ciste;ns and surface
,of the brain) 1in six monkeys, and a major subdural component (> 90/) in
two. There was a significant intraventricular (latetai~and third
ventricles) hemorthegic component' in two (hos. 41 and 42),_a large
retroperitoneal hematoma was found in four and cardiac’tampohadg frdm
rubtured coronary arteries in one. | N |
o . :

In Group 2, in both monke&s a well-forme® blood clot was found

lying against the MCA. In monkey 37 (second study), the, entire ‘area

‘an

served by the left MCA was infarcted and the retroperitoneal space

contained a large hematoma. Cardiac tamponade was found in monkey 36.

S . o » sy v

Cerebral Angiography (Retrograde Femorocerebral) v
- The use of pediatric catheters (#6 French; and HlH‘mo@ified'

cerebral model, Cook Inc., Bloomington, IN) f0f7Cer3bral.éngi@graphy was ~<\\4
attempted ih several animals. This_was uﬁsuccessful, chausé of. the ‘

¢

catheters' large diameter.in relation to the size of the femoral artery.

14

X ‘Therefore, a #5 French straight catheter was shaped and adapted by the
author (Fig. 7);‘the tip was curved into_sigmoid shape, so it could fit
into the monkey's aottic arch and remain steady at the origin of the

innominate artery. Once the catheter had been introduced through either

¢ femoral artery it was advanced under fluoroscopic control to the innom-
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inate artery, and contrast medium (Conray 60) was injeeted.'Two condij
tions were tested: pressure (100, 200, 300, 400 and 500 psi) and-volume
of contrast medium (5, 7> 10, and iZ.ml) B | |

At 100 and 200 psi the injected material was diluted with blood,
and therefore did not provide good opacification of the arterial system.
At 500 and 400 psi,jthe,coronary arteries ruptured; this was documented
by fluorosc0py during the(injeotion and confirmed on pathological
examination. Injection of the congtaet material at 360 psi was the
safest and most efficient method;«no'animal died as a result of this' J/
preasure, and good opaCification of the arteries throughout the anterior
circulation oneboth sides was obtained. | ' )

In\testing the volume of contrast medium 5 and 7 ml Lere found
»insufficient to delineate the extra- and intracranial artéries, but Kb
and 12 ml provided good opacification of the neck and cerebral vessels.

As the maximal dosage of contrast medium was about 4 ml/kg body wt, and

the monkeys averaged 3 kg, a total, dose of 10 ml was preferred this was
, )
used in all experiments in Study C.

<

|

Administration of Medication

Details of the methods tested are on pages 72 and 74 (insertion
into pieces of fruit, and administration via a nasogastric tube under
sedation with ketamine). The latter method was Suecessful in all 10

animals im which it was tested and therefore was used in’Study C.

Al
LN

Comment
There were two major disadvantages in'Study A. 1. Creation of a

mixed subdural hematoma and- SAH, due to blind injection of blood via a
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spinalineedle placed intracranially under fluoroscopic control would
have necessitated study of a large number of animals to achieve a good

sample size with a majorhSAH component; 2. Blood was distributed

‘throughout the basal cisterns and eubarachnoid space, and especially in

- the frontal interhemispheric figssure. In mostlcaSes the VSRr&as local-

ized to the perica1105al artery (the artery closest to the sife of blood

' injection and the collection of blood visible on CT scans); therefore,

no obvious neurologic deficite'developed. Thus, as the aim .of treatment
of SAH-induced VSP is to prevent neurological deterioration, refinement
of the model was required before'treatments could be tested.

Isolation of the right side of the circle of Willis and placement,

- of the. hematoma provided the safest and most efficient method to induce\.

graphy enables one‘to study the intracranial circulation bilaterally, -

SAH and' VSP similar to that in man. Retrograde femorocerebral angio-

~
and isolation of one side of the circle of Willis permits yse of the
other side as control. In Study A, local injury to_the'common~carotid

or Iinternal carotid arteries during catheterization fot cerebral angio-

‘graphy resulted in a high morbidity and mortalit§ rate. InmStudy B,

once the technique for retrograde femorocerebral angiography was estab-
lished it proved the best and safest method for studying the intra-
cranial circulation-bilaterally.' Although wany complications were.
encountered initially during development of this method, minimal or no
o . L8
complications occurred in gtudy C. ‘
When the pilot study wasdconcluded{ no attention had heen'gaid‘to

the collateral circulation that developed on the‘side.ipeilateral to the

VSP. Later, in Study C, this proved to be ‘a major factor in preventing
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deterioration in neurological status from VSP - an important considera-

N

tion when assegsing models of ischemia from cerebral VSP.

STUDY C: A MODEL OF CHRONIC VSP OF THE MIDDLE CEREBRAL ARTERY oXFTER . o

LARGE  SAH IN MONKEYS: A RANDOMIZED DOUBLE-BLIND’

PLACEBO-CONTROLLED TRIAL OF NIMODIPINE

/

CLINICAL.AND RADIOLOGICAL FINDINGS

5,

' Summary of Subjects
A total of 121 gets ofvmeaSurements on the 30 monkeys was completed

in 6 months. 'Tuo animals in the nimodioine group died, one from a

" lethal dose of contrast medium.associatedﬁwithya'difficult'catheteriza-

“tion on ﬁay 7; the other, after being well throughout,the study, suffo-

} - Ce oy

cated itself with the cage's food container on Day 13.

4

The‘hemorrhage as seen on the first CT scan after its creation was
graded as 'large' in all 30 monkeys, as illustrated in Figures 23 and 31
. © o

(see later). As shown in Table 4, there were no significant intergroup
\ .
differences in pre—SAH values for body weight, measuﬁed physiologic

indices,/or cerebral vessel caliber, in the volume o& hematoi?/placed
:~in&racranially, pr in alterations in average values for. body weight,
PaCOz, PaO2 or M§§P during the study No effects of medication on blood
pressure and pulse were detected in any of'the animals. The only side-

, effect noted was diarrhea, which occurred in all 70 monkeys and most,

probably was due to the medication vehicle (polyethylene glycol 400)
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TABLE 4 IR

%

Study C: Mean Baseline Values for Weasured and Observed Indices ‘\\

and Mean Volume of Hematoma .  " ‘ P

Variable - o ) ~ Placebo Group Nimodipine Group
- N " (n'= 15) (n'= 15)
Body weight, kg ' 33 +0.4 3.2 +,0.4

“ Mean arterial Qiood pressure;‘mm Hg 119 + 9 ' 126 + 14 .
Heart rate, beats/min - ‘ | 172 f 20 . 184 + 20 '
Pac0,, mm Hg " N 8+ 18+ 2

Vessel caliber mm

internal carotid artery: ,

.

right extradural | . 1.6 + 0.2 1.5 + 0.3
left extradural = o 1.0 + 0.2 1.6+ 0.3
right supraclinoid 1.0 f 0.1 1.1 +0.2°
left supradlindid: _ o l3+0.2 1.1 f_O.Z
~ anterior cerebral artery: . | »
right - . 98+0.2 I 0.8+
left e L 0.9+ 0.1. 0.8 +0.1
‘middle cerebral artery: L : :
right sphenoidal o | - .0.9 + Ofi_ : 0.9 + 0.1
left sphemoidal 0.9 401 0.9+0.1
pericallpsalvartéry: ‘ “ ’ '
proxihal o - - . 1 0.94+0.2 "0.9‘j O 1
Cdistal © 08401 0.9+ 01
HemiSpheric cerebral blood flow, - '
ml /100 g/min .
right L sh¥10 0 43410
"7 left R 43+ 10 L bk 14
"S;;é'of hematoma, ml . 7.3+11 7.0+ 1.1
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Neurological Assessment .

.

Placebo Group

Delayed hemiparesis, contralateral to the side of clot placement,

developed in one monkey during Day 4 (Fig. 21). The pupils remained

equal and symmetriéal. Function in the affected leg improved by Day 10,

_%ut the arm remained very weak until death by fixation perfusion on Day
l4. The anglograms (Fig. 22) showed severe VSP of the right (clof-side)
.MCA on Days 4 and 7, and the CT scans (Fig. 23) showed a wedge-shaped

low-density area in the distribution of the right MCA on Days 7 and 13.

Nimodipine Group

None of. the monkeys suffered a neurological deficit.

Incideﬁce bg Vaéospasm

| Vasospasm (> 10% reduction from control vessel caliber) was seen in
the plaeebo group in all 15 monkeys on Day 7 and in 12 of the 15 (80%)
on Day 14, and in the nimodipine group 1In éil 15 animals on Day 7 and in
12 of the 13 (92%) én Day 1l4. Assessmenf of spasm by degree showed
modératé VSP (31 ~ 50% reduction in vessel cg&?ber) more common, but not
significantly, in the qimodipine group: it 653 seen in the placebo
égoup‘in 12 of the 15 animals (80%) on bay‘7 and in 4 of 15 (27%) on Day
14, and in the nimodipine group in‘13 of the 15 monkeys (87%) on Day 7
and in 5 of 13 (38%) on Day 14. Severe VSP (D 51% reduction) was more
common, but not significantly, in the{placebo group: it was apparent in
5 of these 15 animals (33%) on Day 7 and in 1 oé the 15 (7%) on Day 14,
andkin the nimodipine grodp in 2 of the 15 qénkeys (13%) on Day 7 and in

none of the 13 on Day 14.
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FIGURE 21

Monkey 58 (placebo group) on Day 7, 3 days after the onset of left
hemiparesis. The craniectomy incision is visible on the right.



FIGURE 22

Monkey 58; placebo group. Anteroposterior cerebral angiograms at
the time of control studies (top) and serially after induction of SAH.

Days 4 & 7: Severe VSP has developed in the gphenoidal segment of
the middle cerebral and supraclinoid internal carotid arteries (large
arrows), and moderate VSP 1in the anterior cerebral artery (medium—sized
arrow) and extradural internal carotid artery (small arrows). Day 1l4:

The VSP is of mild degree.
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FIGURE 23

Monkey 58; placebo group. CT scans at the time of control studies
(C), just after creation of the SAH (0), and-l and 2 wk later. '
Day 0: thick layers of blood are apparent (large arrows). Days 7
& 13: there is a wedge-shaped low-density area in the distribution of
‘the right middle cerebral artery (small arrows), not affecting areas -
- supplied by the anterior and posterior cerebral arteries. »

108



109

Significant VSP, moderate or severe (31-100% reduction in vessel
caliber), developeqvin 26 (87Z)vof,the 30 animals, 13 in each group.
VSP averaged 477% f 5 in the placebo group and 43% + S,in thg nimodipine
group. In the placebo group, on Day 7 the vessels most commonly and
most severely affected weré the clét—Side middle cerebfal>k47Z) and
‘ihtradural internal carotid and antef{or cerebral érteries (20% each),
and the least-often affected was the extradural internal carotid artery
(23%)- In the’niﬁodipine group, on Day 7 this frequency was aé follows:
the clbt-éide middle cerebral and intradural internal,caropid arteries
(31% each) and anteriorvcerebral’artery (25%), and the pericallosal
artery (13%). Calculation of the Incidence of VSP at ;he 10 arterial
sites i5‘58 angiograms of the 30 monkeys showed spasm significantly
commoner in the placebo gréup on both Day'7 and Da&\lA (p € 0.05) (Fig.
24), w1phin the groups, VSP was significantly commoner on the clot side
~ than non~clotiside (p < 0.0001). Intergroup cbmbarison of the incidence
of VSP on the cloﬁ side showed no différence at any time, but on the

non-clot side it was commoner (p < 0.05) overall in the placebo than in

the ﬁimbdipine group (Fig. 25).

Time—course and Degree of Vasospasm .

Overall, VSP on the clot side was more common (p < 0.01) and severe
(p < 0.001) on Day 7 than on Day 14 (Figs. 25 & 26). There was no
intergroup difference in the severity of VSP at any time (Fig. 26). 1In
the placebo group, VSP was maximal (ﬁean vessel caliber = 53% of con-
trol) onADay 7 and decreased thereafter (Figs. 22, é7i and 28). : In the
nimodipine group, élso, VSP was maximal (mean vessel caliber = 5%% of

j .
control) on Day 7 and decreased by Day 14 (Figs. 29, 30 and 31).
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FIGURE 24

~ Incidence of vasospasm (> 10% reduction in vessel caliber),
calculated from measurements at 10 arterial sites in 58 anglograms of
the 30 monkeys. Asierisks indicate significant difference (p < 0.05)
between the nimodipine (open bars) and placebo (hatched bars) groups.



y [N

. _ 100~ o
i) | Clot SI?G

’ : 15

5 ns

804 [ -
z 1;?
2 ] f [J Nimodipine
é 60 2 ZPlacebQ
g 4P ~ No Clot Side
o ol |7
O 404 | V] 15 19 w
oo ZERE L=
) - % 13
< 4 ns
L ]
O 41 W
C 2
u 2 .
a O_J Lr4 7
| — —
7. 14 7 14

DAYS AFTER SAH

b

[‘ /////’ |

FIGURE 25

’

Incidence of vasospasm (> 107 reduction in vessel caliber),
calculated from findings at the four arterial sites.measured on each

side in 58 angiograms of the 30 monkeys.

commoner (p <'0.05; indicated by asterisk) on the non-clot side on Day
14 in the placebo group than in the nimodipine group (open bars). There

Vasospasm was significantly

was no gsignificant difference (ns) on the clot side at any time.
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FIGURE 26

Time course of vasospasm and mean (+ SEM) percentage change 1in
vessel caliber, on the clot and non-clot sides, based on measurements of
the most-constricted vessel in each monkey. In both groups, vasospasm
was gignificantly greater (p < 0.001) on the clot side on Day 7.
Intergroup differences in the degree of vasospasm were not significant
(ns). Figures above and below SE bars indicate the numbers of animals
studied at those times. '
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u J FIGURE 27
Anteroposterior cerebral anglograms: of monkey 53 (placebo group).
C, control anglogram. Severe vasospasm of the middle cerebral and -
supraclinoid internal carotid arteries (large arrows) and anterior
cerebral artery (small arrows), apparent on Day 7, is absent on Day 14.
The collateral circuldtion is very dilated -(arrowhead) on Days 7 and 14.




" PIGURE 28 .

Monkey 79; placebo group. Anteroposterior cerebral angiograms at
the time of control studies (top) and on Days 7 and 14 after induction
of SAH. Severe vasospasm of the middle cerebral and supraclinoid
internal carotid arteries (large arrows) and anterior cerebral artery
(small ‘arrow), apparent on Day 7, is absent on Day 14. The collateral
circulation is very dilated (arrowhead) on both occasions.
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-EIGURE‘29

‘ Antéfopostérlor cerebral éngiograms of monkey 57 (gimodipine
group). C, control angiogram. Day 7: Moderate vasospasm of the middle
cerebral and intsrnal carotid arteries (arrows) and enlargement of

collateral circulation (arrowhead) are apparent. Day l4: Vasospasm 1is
minimal and collateral circulation absent.




FIGURE 30

Anteroposterior cerebral angiogramg of monkey 68 (nimodipine
group). C, control. VSP of the middle cerebral and internal carotid
~arteries (large arrows) and anterior cerebral artery (small arrow),
severe on Day 7, {s absent on Day 14. The collateral circulation
(arrowhead) is moderately dilated on Day 7, when spasm {8 maximal and
the insular segment of the middle cerebral artery is dilated (W).

h
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S ncuu:u [ S
. Monkey 68~ nimodipine. group. . CT scans at the time of control SR .
studies (C), just after SAH (0), and 1 wk later. Day 0: .Thick layers R o
of blood are apparent (arrows) fn the region of the sylvian cistern on SR » o
‘the right. Day 7: The hematoma’ has almost co.pletely resorbed. '

. PN
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Collateral Circulation

]Collateral circulation seen angiographically, an incidental find-
ing; was maximal on Day 7 and in most cases reverted to the control
appearance by Day l4. Figures 27 to 30, depicting moderate or severe
VSP and increased collate;;l;ciréulgtion.on Day 7, iilustrate Fepresént-
ative cases_from.the ﬁlééebo and nimodipine gfoups. Intergroup compar-

ison of the incidence of collateral circulation showed no significant

difference (Table 5).
-

/ ' | f
Cerebral Blood Flow ‘ :

Hemispheric_CBF was not significantly different in relation to clot
and non-clot sides, days post-SAH, or the treatment groups. CBF was not
{ncreased 2 épd 6 hr after the administration of nimodipine on Days 7

and 14.

Comment
* The higﬁ reproducibility of cgrebral VSP after SAH in this primate\

model makes it a reliable one for assessing therapiesqtdgggeQent and

treat VSP in man. The time-course, the association with a large collec-

tion of blood in the subarachnoid space, and VSP followed by delayed-

onset obvious neurqﬁ@gical deficits, are éll features of the syndrome in
: ﬁumans (34, 124'129). However, assegsment of treatméht for neurological
§g deficit§\from VSP must take into account species-related anatomical and
physi;logical variations in the collateral circulation

The failure to demonstrate reduction in hemISpheris CBF was prob-

ably due to the compensation by the collateral circulation for the VSP;




TABLE 5

Study C: 1Incidence of Collateral Circulation Seen Angiographically

Placebo group

Nimodipine group

Day 7 (n=15) Day 14 (n=15) Day 7 (n=15) Day 14 (n=13)**

Non- Non- Non- Non-

Collateral* Clot clot Clot clot Clot clot Clot clot
circulation¥* side side side gide side side side side

0 2 11 2 11 3 12 4 10

+ . 8 4 8 4 4 3 7 3

‘X.

++ 2 0 3 0 6 0 2 0
T e 3 0 2 "0 2 0 0 3
* 0, Not seen; +, small new vessel, not seen previously;

++, medium-sized new channel; +++, large new channel.

La

** Two animals had died.3
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in addition, the size of the detectors did not permit selectivé agsess—
ment of CBF sopply to therterritory of the middle cerebral artery.
Harper et al. (130) reported increases in CBF during. the administration
of nimodipine through an {ntravenous or'intra—arterialwcatheter and for
up to 20 min afterward, but in the present study no significant increase
"in CBF occurred by 2 and 6 hr after giving nimodipine (1 mg/kg) orally ®
on Days'7 and l4. (/’

Cerebréi afterial spasm probably originates from the‘iﬁteraction of
multiple factors thaﬁ ultimately iﬁduce contraction by increasing the
concentration of free intracellular calcium (131,132). Therefore, it
‘might be expected that blocking the ingress of célcium.to smooth-muscle
cells would prevent or lessen cerebral VSP despite its manifold origin.
Studies of canine basilar and femoral arteries in vitro demonstrated
that~q}f¢dipine and nimodipine inhibit contraétions induced by sero--
toniﬁ, phenylephrine, and KC1 (51). Nimodipine, which was the stronger
» iphibitor, had a more potent effect on basilar artery, a préferential

éffect that has been confirmed by' others (49,132). Studies in vivo

(51,1335 also have shown a beneficial effect of both of these drugs on
post-SAH cerebral VSP in‘dogs: nifedipine, 1 mg/kg, re?ersed both the
acute :ﬁ;te and early chronic phase (2 days) of VSP;‘nimodipine, 0.28
mg/kg, waé’more effective than nifedipine in reversing acuté VSP (it was
not tested af;er the acute phase).

Results in the preéent study do not entirely agree with earlier
reports. Compared with placebo, nimodipine (1 mg/kg, orally, q8h) re-
duced the number of vessels in spasm on Days 7 and l4. However, assess—

ment of VSP by side showed a beneficlal effect of nimodipine on only the

non-clot side - it did not lessen either the incidence or gseverity of
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chfonic VSP on the clot side. This suggests that, at the given doses,
it prevented acute and chronic spasm of vessels exposed to low concen-
trations of vasoactive substances derived from fresh blood; i.e., on the
non-clot side. This. postulate may rélate to Cohen and Allen'é experi-
ments (51) in which they created an SAH with 2.5 ml of autogeﬁous bl%od

("in dogs and assessed the efficacy of nimodipine in reversing acute VSP

\

L3

(80 min post-SAH) rather than chronic (7 - 14 days). Factors in the .
geﬁesis of acute aﬁd chronic VSP may be different; it is chronic VSP
tﬁqt causes lschemia of delayed onset‘(34,124).

In a recent clinical frial qf‘nimodipine (50), VSP was considered
the sole cause of severe, persisten;, delayed neurologicéi deficit or
death in 9 of 125 patients (7.2%) treated with nimodipine or pla;ebo.
Eight of these patients had been given placebo and ;he other had been
treated with nimodipine (0.35 mg/kg q4h), leading the authors to con-
clude that nimodipine significantly improved the neurological outcome
for patientspin whom VSP caused a deficit. 1In the present study, delay-
ed iéchemic neurologic deficit occurred in only 1 of 15 monkeys (3.3%)
thus treated. Presumably, one factor that prevented VSP-induced deter-
iorgtion in neurological status in these }éung female monkeys was tﬁe
devélopﬁeﬁt éf their Eollateral circulation whep VSP was maximal.

Although the dose of nimodipine was larger in this sfudy (1 mg/kg
q8h) than in the clinical trial by Allen et al. tSO) (0;35 mg/kg qbh),
neither incidence nor severity of chfonic VSP on the ;lot gide was less
than with placebo, perhaps indicating greater efficacy of nimodipine
when its concentration in the blood 1is maintained by more frequent

administration. As no deleterious side~effects were observed with
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1 mg/kg every 8 hr, trials with increased doses of this calciumentry

blocker are warranted.

PATHOLOGICAL FINDINGS

Summary of Subjects

In all of the animals, gross inspection revealed a hematoma sur-
‘rOundingdnarrowed arterigs on the side of the craniectomy and no ab-
normality of the contralateral vessels or basilar arteries. One braiQ3
~from the monkey in which delayed ischemic deficit had resulted froﬁ |
severe VSP, contained a wedge-shaped infarction in the territory of the
MCA (Fig. 323; this correlated with the clinical and radi&logical
.features.

Control vessels were the MCA. from the.non—clot side and the basilar

arteries.

Light Microscopy

In all of the control vessels, the endothelium was singie-layered
and flat, the internal elastic lamina was smooth .and apparently intact,
;nd the media and adventitia appeared normal (Fig. 33A).

Few changes were apparent in the vessels that had bé;n in spasm.
.Compared with their controlg, in geﬁeral thé adventitia looked thicker
and had more abundant collagen and the media appeared4thickened. The
internal eiastic!lamina and intima were corrugated,'and in some cases

the éndothelial célls at the crests of these ridges.appeared rounded

(Fig. 33B, 33C).

~




PIGURE 32

Light micrograph of the brain from the monkey that had a delayed
igchemic deficit from severe vasaspasm, showing a right-sided pale
{nfarction of the territory of the middle cerebral artery.
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FIGURE 33

Light microscopy, of cerebral vessels.
A: Basilar artery (control), showing normal endothelium, intima,

smooth-muscle cells, and adventitia. X 40. B: Right middle cerebral

, artery partly surrounded by a hematoma (H). X 10. C: The same artery

as in B but at higher magnification, showing marked undulation of the
tunica intima and internal elastic lamina. X 40. :
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Scanning Electron Microscopy

In two of the control veaSelsv(one MCA and one basilat artery) the
endothelium was mildly convolut\d The other control specimens showed
clearly defined flat, uniform endothelium with fusiform cells oriented.
longitudinally (Fig. 34).

Invspecinens_in which angiography had demonstrated unequivocal
narrowling or VSP, the endothelium was convoluted longitudinally. Inl
some cases the endothelial cells appeared dragged. in the direction of
blood flow (fish—scale appearance) and the crests of the convolutions
_ abutted one another (Fig. 35). Balloon-like protrusions, crater-like
deficits, and areas of detached endothelium nith platelets and leuko-
cytes adherent were seen in-some vessels in spasm (Fig. 34). The same
pathologie changes were present, in vatioUs degrees of severity, in the
endothelial surface of veesels from both placebo and nimodipine groups;
in ‘general there was good'agreement.with the angiographic appearances on
"~ the day of‘:eath (Table 6),

In most control arteries the surface of the tnnica adventitia was
‘irregular and was traversed by fibrous strands and what appeared tojbe
nerve fibers. No vasa vasorum were seen, but numerous adventitial
rounded openings, 10-35 ym in diameter, were observed.- Some of these
stomas appeared to be attached to or covered by strands of fibrous
tissue (Figs. 36 & 37), whereas others had a clear-cut rim and were not
related to other structures. The openings appeated continuous between
the subarachnoid and adventitia (Fig. 38). |

In specimens from the clot side in whioh almost all of the hematoma
had been removed, the adventitia was very irregular, and it was‘covered

with dense fibrous tissue and cellular debris? partly oecluding the -
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TABLE 6

Degree* and Time Course of Vasospasm Apparent on Angiography, and

Findingsf'oﬁ Scanning Electron Microscopy (SEM), in Clot-side

Middle Cerebral Arteries from the 20 Monkeys Studied

¢ ]

Placebo Group | ‘E' Niqdaipine Group
Monkey  VSP on Angiography  SEM ﬁonkey VSP_on Angiography  SEM
no. Day 7 Day 14  find- no. Day 7  Day 14 find~
ings ‘ ings
47 mild mild + 45 moderate mild +
50 - moderate mild | + ‘48 moderafe mpderate 0 ‘
52 mild ‘mild ' +, FS 49 mild ' mild +
‘23 - . severe mild T+ 57 moderate mild +
55 moderate  mild. v.‘ ++; FS 59 moderate moderate +
58 severe mild | o, FSY 62 severe mild .+
61  moderdte mild + | ;63 moderatg mild +.
64 moderate mbderatg +, FS } 65 | severe - mild +, FS
66 moderate mild + 68 'méderate mild +
67 moderate mild ‘+ |
69 moderate mild +

* Degree of.spasm (reduction in vessel cal%pef): m;ld, 11--30%;
moderate, 30--50%; severe, 51-100% reduction.

SEM findings: O, normal'endqfhelium; +, small endothelial
conyolﬁtions; ++, medium-sized endothelial convolutions; FS,

fish-scale appearance of endothelial cells.



FIGURE 34

" Scanning electron micrographs of the luminal surface of cerebral
arteries of six monkeys fixed in vivo 14 days after subarachnoid
hemorrhage. Magnification factors and scales are shown on each.

. A & B: Control vessels. A, basilar artery; B, left'middle
" cerebral a artery (MCA) from the non-clot side. The “endothelium appears
normal.

C-F Clot—side MCAs in which angiography had shown vasospasm,
maximal on Day 7, abating or absent on Day 14. C: There are
balloon~like protrusions and areas of detached endothelium with
platelets and leukocytes adherent.

D-F: The vessel walls are folded into well-developed longitudinal
convolutions. In D and F, the endothelium covering the convolutions has
a fish—scale appearance. '

i
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FIGURE 35

Scanring electron micrographs of middle cerebral arteries (MCA) of
six monkeys, 14 days afker subarachnoid hemorrhage. Magnification
factors and ccales are shown on each. - :

A-C: Control vessels (from the non-clot side). Adventitial and
luminal surfaces are normal. Nerves are apparent in the adventitia.

Q:E:' Clot-side vessels in which angiography had shown vasospasm,

maximal on Day 7, abating or absent on Day 14. The Endothelial surfaces
are convoluted, and no nerves are visible in the adventitia.
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FIGURE 36

Scanning electron micrographs of two control (non-clot side)
arteries. Magnification factors and scales are shown on each.. Left )
"MCAs of monkey 67 (A-C) and monkey 65 (D-F), showing well—defined stomas
on the surface of the tunic? adventitia :
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FIGUR! 38

Scanning electron micrographs of the"ﬁt edge of a liddle cerebral

artery. Magnification factors and scales are shown on each.
A: Several. stomas are visible on the surface of the tunica
adventitia (arrows) : °

B: The stoma (atrow) appears to establish communication between
the subarachnoid and subadventitial spaces (arrowheads).

5 B

.....
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- adventitia appeared=fibrosed
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stomas (Fig. 39). 1In arteries in‘whichlthe hematoma was still attached
to the wall, the adventifial surface was cove;ed by a.thick mesh of
fibrous clot, Qith numerous deformed erythrocytes and a few leukocytes{
hiding tﬁe stomas from view (Fig. 40).
The cut edge of control speciﬁens was fairly thin and smooth, and

all layers appeared normal (Figé% 41A & 42A). 1In arteries efposed to a
hematoma, the cut edge of the wall appeared thickened and very irreg---
ular, the tunica intima was markedly corrugated, and the media and

and disrupted (Figs. 41B & 42B). In some
arteries from the clot side, deformed erythrocy;es were seen within the
wall (probably an artifact created during sectioning through the wall).

’

Transmission Electron Microscopy

In control vessels, normal myelinated and unmyelinated nerve-fiber
bundles wére_observed. Despite diligent search, no nerve fibers Qere
detected in arteries exposed to .the hematoma and angiogfaphicélly proved
to be in spasﬁ (Fig. 43),

No pathologic changes were seen in the control vessels except in
the basilar artery. of the monkey with delayed ischemia. This artery
evidenced subendothélial edema, disruption of endothelial tight
junctions, and fibrosis of the muscularis.

In all 10 clot-side MCAs gxamined with TEM, pathologic chagges had
occurred in all three layers; the changes were more pronounced in speci-

mens from the placebo group. Changes in the infima included swelling

, P

and vacuolization of endothelial qs*is, cellular rounding or plumping,
and disruption of tight junctionsﬁ t%% some specimens the subendothelium

was swollen, and in othérs it héd proliferated or, more coﬁmonly, its



FIGURE 39

Scanning electron micrographs of two middle cerebral arteries that
had been exposed to a hematoma for 14 days. Magnification factors and
scaleg/are shown on each.

A-C: One vessel at increasing magnifications, showing a fibrous
hematoma (H) partly covering the tunica adventitia and obstructing the
lumen 6f a stoma (arrow). ~ ‘.

D-F: Another artery 4t increasing magnifications, showing a dense
hematoma (H) on the adventitia, partly obstructing a stoma with deformed
erythrocytes (E). '
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' A FIGURE 40

Scanning electron micrographs of two middle cerebral arteries that
had been exposed to a hematoma for l4 days.

A: The tunica adventitia (TA) 18 covered by a dense hematoma (1)
containing many deformed erythroc tes (E) and a few leukocytes. (arrows)
No stomas are vigible. B: A thick fibrous multi-layered hematoma (H)
covers the tunica adventitia. EL, elastic lamina; L, lumen.
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FICURE 41

Scanning electron micrographs of the cut edge of cerebral arteries.

A: Control basilar artery. B: Thick-walled middle cerebral
art:ery that had been exposed to a hematoma for 14 days and in which
angiography had shown severe VSP on Day 7. Note the severely disrupted
vessel wall, numerous erythrocytes between layers are probably an
artifact sectioning. .
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FIGURE 42

Scanning electron micrographs of the cut edge of two arteries.

A: Control basilar artery, showing a thin, smooth, apparently
normal vessel wall. B: Middle cerebral artery that had been exposed to
a blood clot for 14 days, showing thickened vessel wall and deep
corrugations .of the tunica intima.  NOTE: A, X 68; B, X 287.
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‘smooth-muscle cells had migrated inward (Fig. 44). 1In m;ny speciménsﬁ
the internal elastic 1amina bore numerous corrugations and was thinned
in some.areasyand diérupted in others (Figs. 44 and 45). In the media,
some smoéth—muscle cel%ﬁ apbeared in spasm; others had 1ntracytp?}asmic
vacuoles of various siées that appeared émpty or contalned fine amor-
phous material, ana some confained numerous lysosome—like;dense bodies.
In general, the media evidence%yé&elling, abundant fibroﬁs t;ssugs in
‘the intracellular space, and in some secﬁions'théfe were fréﬁklf'pyk-_
notic muscle cells (Fig. 46) The adventitla was generally thickened by
'fibrous material, and in some vessels the hematoma was still attached to

ite (Fig. 47).

Comment -

Cerebral vasospasm/is'the radiological appearance of sustained
arterial nar§gwing géveloping as a complication of SAH due to ruptured '
aneurysm (134-136). The degree of narrowing depends upon the volume of
blood in the subarachnoid space (35,135), but it is not entirely clear
why VSP lasts for several days to weeks. | |

It has been postulated that this luminal narrowing is not due
solely to contraction of smooth-muscle cells and that the major con-
tributors are histologic changes (124,137, 138) such as cellulofibrous
thickening of the intima, subendothelial proliferation, and orgaanation
of luminal thrombus (134-138). 1In two studies (136,138) the magnitude
of structural and morphologic changes in the vessel walls was found to
relate to fime affer SAH; early chénges (£ 3Iweeks);;the most promineqt,

were swelling of the endothelium and areas of its displacement from
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FIGURE 44 (

Transmission electron micrographg:of the tunica intima of clot-side
middle cerebral arteries (L = lumen) of six monkeys, 14 days after
subarachnoid hemotrhage. Angiography'had shown vasospasm of these
vessels, maximal on Day 7, abating or absent on Day 14.

A: Swmooth-muscle cells (SM) have migrated to the subendothelium.
X8250. . subendothelium has proliferated and 1is swollen. X8250.
C: Bl 11s have migrated to the subendothelium and the .

tis thin. The media-(M) is fibrosed and it contains
k “ell with an intracytoplasmic vacuole (V),
crosis. X6720. D: The endothelial cells appear
e endothelium (E) and the basement membrane (BM)
F: The endothelium is swollen.and contains
mction has been disrupted (argew)g X22,000.
: \
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FIGURE 45

Transmission electron micrographs of the wall of middle cerebral
“arteries (L = lumen) B3f four momkeys, l4 days after subarachnoid
hemorthage.

, A: Control vessel (from the non—clot side) X6500. B—D:

, Angiography had shown vasospasm of these vessels, maximal on Day 7
abating or absent on Day l4. B: The intima on the internal elastic -
‘lamina (EL) is mildly convoluted.¢ The éndothelium (E) contains vacuoles
and the muscularis (M) is swol . X5160. C: The intima and inteipal
elastic lamina are moderately convoluted,: The endothelium is disrupted,
and the endothelial and smooth-muscle cells are very swollen. X7740.

D: The intima and internal elastic lamina are severely convoluted. The
endothelial cells are rounded, and the media’is swollen. and mprkedl) :

, contracted. X5100. o ' o

/
i
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FIGURE 46

Transmission electron micrographs of smooth muscle of middle
_cerebral arteries (L = lumen), 14 days after induction of subarachnoid
hemorrhage.

A: Control vessel (from the non-clot side), showing normal smooth
muscle. X9900. B--F: Clot-side vessels in which anglography had shown
vasospasm, .maximal on Day 7, abating or absent on vay l4. B: The
muscularis contains vacuoles (V) and is severely fibrosed. X5500. C:
The smooth-muscle cell at left center has a pyknotic nucleus (arrow) “and
its cytoplasm contains vacuoles. X14,000. D: Contracted muscle cell
nucleus. X22,000. E: The media contains vacuoles and is fibrosed.
X10,500. F: The smooth-muscle cell contains .condenced. lysozomes
(arrows). X17,500. EL, elastic lamina; E, endotheliua.
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FIGURE 47 . '

_ Electron micrographs of a hematoma 14 days after placement within
the' subarachnoid space. A: Scanning micrograph, showing deformed
erythrocytes and abundant collagenous tissue. X625. B: Transaission
micrograph, showing three macrophages with {atracytoplasaic vacuoles and

lysomes and a plasma. cell (PC). X3000.



bagsement membrane, migrétion of smooth-muscle cells to the subendothe-
lium, fragmentation and corrugation of thé internal elastica, swelling
and ﬁecrOSis of smooth-muscle gells, and adventitial inflammatory reac-
tion consisting of lymphocytes, plasma cells, and macrophages. Faleiro

et al. (13§), who found increased numbers of mast cells in the musc-

‘ularis of arteries close to ruptured éneurysms, reported that patients

whose arterial media contained more mast cells had'}ess spasm and sur-
vived longer after SAH. Howevef, the small number of/their patiénts
precluded any firm concldsions.

Eldévik 35_31.7(140) could not confirm any moéphologic cha;ges
ascrised to spasm. They studied nine patients who died from SAH and
cerebral infarction from VSP, and 10 dogs weighing‘ll—ZO"kg.in which an
SAH was greated by one or more 5-ml injections of blood into the cis-
terna magna. The volume of blood these workers used for inducing SAH
was relatively small (in the present study an average of 7 ml of blood
was used for clot placemént in the 3-kg monkgys), which may explain the
lack ofvméfphologié change in the vessels in spasm: clof may not have
formed in the vessels studied. it is severe chronic VSP that causes
brain ischemia and 1s asgociated with morphologic changes in the ar-
terial wall (134-136). Also, the posterior circulation is less deﬁsely,
innervated than its anterior counterﬁart (141).

Others have observed morphologic and structural changes in vessels
in spasm after experimental SAH (110,142-147). After c;eati§n of SAH by
intracisternal injection of 3 ml of blood or by puncture of the intra-
dural internal carotid artery in monkeys'(142), chronic VSP
(> 7 days) developed only after the latter maneuver, suggesting that

only this method had created a large SAH. In these cases and in another
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study (110), electron microscoﬁy showed vacuolization and fibrosis gf
the media an& some areas of myonecrosis, denser than normal elagtic
lamina, and rounding of endothelial cells. Pathologic post-SAH changes
in cerebrél arteries of dogs (145,146) included necrosis, vaCuolizilion
and widening of the medial interstitial space, vacuoles and dense sodies
in endothelial cells, detachment of the endothelium and thickening of
the intima. 1In studies with a canine model (144,147) similar to that
usedlby Eldevik et al. (140), changes ok{served in the arteria¥.wall 30
days post~SAH consistéd of subendothelial \edema and accumulation of
debris in the myointimal region, corrugatid; of the intima and elastic
lamina, degeneration of smooth—muscle.cellsrand accumulation of

membrane-bound vesicles and collagen fibers within the media, and

adventitial inflammatory reaction associated with VSP. The authors

J (144,142) suggested that adventitial more than intimal or medial changes

may be concerned in the pathogenesis of VSP.

In aﬁ acute-state ratl model (148) SEM of the luminal surface of
séastic veégéis revealed fpfominent convolutions not seen in co;trol
vessels and not corresponding to the changes observed on TEM. In

: - .
another SEM study of the cerebral 4rterial endothelium, after induction
of a Z—mi SAH in cats (149), mild longitudinal convolutions of the
iuminal surface of the basilar artery correlated with anglographically.
demonstrated VSP; the convolutions, which were not segn in contfol
vessels, persiste;]after fixation at physiological pressure. Intimal
folds cén be avoided by fixation with intra-arterial perfusion at
‘pressures above 86 m Hg (150,i51). However, luminal convolutions in
nofmal carotid arteries of rabbits ﬁave been reportéd after perfusion of

r . .

the animals at controlled pressure (152); probably the éorrugations were
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postmortem artifacts, as the rabbits were killed before the chest was
opened and the tﬁoracic aorta cannulated for infusion of the fixative.

In the present study (C), as in most previous investigationms,
pathologic changes in the Qrterial wall were associated with VSP. How-
ever, no mast cells were detected in the medla, inflammatory reaction in
the adventitia.was winimal, there were no intr;luminal thrombi in ves-
sels in spasm and no efythrocytes or debrié from them were seén in the-
media or intimé. Theée findings suggest that strﬁctural and morphologic
changes in vessel walls may not be a major cause of their narrowing:

VSP was maximal on Day 7, and the arteries were fixed on Day 14 -- when
angiography showed the lumina to be almost normal.. Cerebral VSP is more
likely an unphysiologic (sustained) contraction of smooth-muscle cells
in response to blood in the subarachnoid space, and not the postulated
narrowing resulting from histologic changes (134,137,138), Thesé
changes are probably induced by the rapid transit of blood through a
narrowed arterial segment; in the present étudy, the endothelial cells
appeared to have been dragged in ﬁhe'direction of blood flow. Further-
‘more, a high rate of blood flow might detach the damaged endothelial '
cells from the basement membrahe, as was.apparent in some of the tissues
examined.

As it seems that the structural and morphologic changes in the
vessel wall are the Fesult of sustained spasm, andvnot the cause of the
narrowing seen angiographically, therapy of VSP shéuld be directed at‘
'preVenping‘smooth—muscle contraction. In this study, nimodipiﬂe, in the
dosage'hsed, did not brevent morphologic change and had no significant

effect on its degree.
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CHAPTER THREE

DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS
. .
‘ ‘ (O

I. DISCUSSION

v Cereb:al aneurysms usually'becomg manifest as SAH, and SAH from a
'ruptured aneurysm is.a dévastating disease: the prevalence of death or
severe disability is about fOZ (179) and the highest incidence occurs
during the most productive years of life (fourth through sixth decades). -
Current therapy is of no benefit because 6f the inability to reverse
severe neuronal damage. In thé United Kingdom, aneurysmal SAH is re-
sponsible for 4000 deaths each year (251). In the U.S.A. (179), 36% of
patients with SAH (10,000/28,000) die or remain severely disabled as a
result of the initial insult; of the 18,000 patients (64%) potehtially
available for treatmenl, 9000 (327%) die from or remaig severely disabled
as a reéult of 6%?, rebleeding; and/or medical ,and surgical complica~
tions, leéving only 9000 (32%) functioning survivors. VClearly, these
figures are alarming and unacceptable; they should st5221ate intensive
research, directed-not only to t?eat the SAH syndrome,'but, more impor-.
tantly, to prevent it.

At present, most research is directed to the study of VSP, rebleed-
ing, an& hydrbcephalus, and:their surgical and medicalvmanagement. To
devise means of preventing SAH requires emphasis on the development of
~noninvasive teéhniques with high sensitivity and specificity that would
aid in the detection of asymptomatic aneﬁrysms. With an electronic

stethoscope applied on the closed eyelid, Sekhar and Wasserman (252)
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recorded spikes and/or turbulent bruits in 8 of 11 pafients with proven
aneﬁrysms of the cérotid (cavernous or ophthalmic) andD;nteriqr comm-
lgnicating arteries, averaging 15 mm in diameter. Thé three aneurysms
not detected were at the basilar bifurcation (15 mm diam) or in the
carotid communicating (5 mﬁ) or middle cerebral (7 mm) artery. Thus,

" the proximity of the aneurysm to the orbit and tﬁe duration of its dome
anteribriy probably facilitated detection. These investigators also
identifiéa broad-band bruits (representing turbulent flow) in &4 patients
with arteriovenous malformations and in 2 with carotid-cavernous fistu-
las, but no spikes or bruits in 7 control patients with no vascular
disease or in 3 with ﬁrgin tumors. .
Aneurysms are .said to emit sounds at a particglar frequency

(spikes) aﬂé, in some cases, over a range of frequencies (bruits) also,

whereas arteriovenous malformations producétgnly bruits (259, 260). If

'signals from intracranial aheurysms could be Quantified accurately, this

would provide a noninvasive method for screening populations at high
~risk for SAH. ‘Patients Qith positive findings could Be further investi-
gated; for example,. initially with techniques such as enhanced CT, and
tissue biopsy and biochemical assay for type-III collagen (251). If
still positive, cerebral angiography could be performed, and if this
revealed aneurysm the séc could ‘be clipped.electively. Meanwhile, the
search could continue, to identify causes of aneurysm, including
heritable factors. |
Concurrently, wc should continue attempts to treat cerebral VSP and
other complications of the SAH syndrome. In general, ‘in experimental
éniﬁals and in humans, therapy fo; chronic VSP (reveréal of the con-

striction) has been unsuccessful. This is due partly to our ignorance
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of this.condition: the great majority of investigations, including
previous s;ﬁdies from this iaboratory, have been directed té the study
o; acute spasm rather than chronic VSP (47,106—109,111,162,276). The
learly phase of vasospasm, which has not beeﬂroven in humans, may have
little significance and only minor counsequences; almost invariably it is
chronic severe vasospasm that causes neurological deficits of delayed
onset (196-198,261).
In the few studies of chronic Vsp, SAH has been created in vafious
| species by methods including puncture of a vessel (116,263), avulsion of
an artery of the circle of Willis (253,264), injection(s) of blood into
the subarachnoid space (144,147,2;¥72ﬁ8,254,255), topicallapplication of
incubated blood'or other vasogenic agents (234,246), by combining sever-
al prdce&ures (squeeze and puncture of a vessel and SAH) (115), and‘by
"shunting Slood fr;m a systemic artery into the Suﬁarachnoid space (265).
:In most- such studies, however; VSP’ has been only'mild to moderate and;of
short duration (1 to'4 days), and anyvneurplogic deficit that ‘did devel-
op occurred immédiately after SAH and not a few days afterward (Dayg 4
to‘12) as in humans (112-118,254,266).
| Varsos et al. (147) studied VSP In a ;double hemofrhage" canine
model, injecting 4 ml of blood into the cisterna magna and repeating

this on Day 2. Some of the dogs were drowsy and had a staggering gait

on Day 5, but it is not clear "
) ) '*',\J-

or was present immediately aftef the SAH. Hemiparesis did not develop

ether this deficit developed on that day

in any of the dogs. Using a similav model, Chyat&%?ég %;. (254)
Jj observed the onset of neurological deterioration (hemiparesis, ataxia)
<§§§\@mmediately after the first injection of blood; this did not progress

during the 8-day study and there was no deficit of delayed_onset.

9
b 0
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In the present study, the author's success‘in reproducing human-
type chronic VSP in monkeys stems mainly from the volume of Blood used
‘to induce SAH: an average of 7 ml of blood was used for clot placement
in the 3-kg monkeys, compared with 8 ml injected into the suQZrachnoid
space of 16— to 24-kg dogé (147) and 13- to 32-kg dogs (254). Further-
more, in the present study the clot was placed in sdlid form against the
circle of Willis, allowing direct contact of a'high concentration of
vasogenic/toxic substances with the artefies, especially the middle
cerebral értery; tﬁis stopped CSF circulation around the spastic artery
and may have blocked the passaée of nimodipine into the vessel wall,
preventing contact with smooth-muscle receptors. | .

The present experimen£a1 model appearé to be the first in which_a
délayed ischemic deficit has begn caused b& VSP alone and documented
botﬂ radiographically and on pathological examination. Altﬁough delayed
neurological deficit occurred in only one monkey, significant vasospasm
(31-100% réducfion in vessel caliber) was observed {n 867 of the ani-
mals. Collateral circulation was maximal when the éﬁaém was most
severe, perhaps preventing ischemia in the distribution of the affecﬁed
vessel. Ischemic defiéit from VSP after SAH in young patients is ex— |
tremely rare (233), which may explain at least partly the very low
incideﬁce of ﬁeurological deficit in the young, heaithy, female monkeys
studied. Oldér subjects with hypertension, atherosclerosis, and“reduced
collateral éirculatiqn have a gfeater suséeptibility to ischemla from
VSP. N

Surgical manipulation of the cerebral arteries during clot place—
ment probably did not céntribute to the development of VSP or ischemic

deficit (unfortunately, sham procedures were not pererﬁed to exclude
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this possibility). Studies in monkeys have shown that acute ﬁénipula—
tion (clipping or occlusi%n) of the cerebréi arteries may resu%t in a
severe neurolagical‘deficit~acutely but ﬁot several days afterward
(287-2&&).‘ Embolic occlu%ion of the proximal segment of .the MCA in
conscious monkeys resulted in flaccid hemiplegia of"the»contralateral

side within 3 min in all 25 of the animalsi(287). In anesthetized ./

monkeys, persistent hemiparesis developed immediately after occlusion of

the MCA with a Mayfiéld aneurysm clip (289). inkanother model, clipping

of the MCA with a.Scoville aneﬁrysm clip for 4-24 hr‘permangnt1§ caused
hemiparesis or hemiplegi§ and some of thg animals died, whereas clipping
for 1-2 hr caused at mést only mild neurologic deficits and ﬁinimal
hisFologic:abnormélity. In the present,séudy, micfosquical techniques
were used and great care was taken to dissect tﬁé arachnoid membrane
away from the cerebral arteries; microsdrgical manipulétion lasted for

15-30 min gnd was followed by VSP only after clot placement (Fig. 6).

a

'Furthefmore, in another studf with the same model i§§§hi%%laboratory

(318), angiography on Day 7 showed no VSP and neither acute nor delayed
neurﬁlogicai deterioration ocgurred‘in two monkeys subjected to a éham
operatioﬁ.k | % |

xghréﬂié VSP probably reéﬁlts from a cascade of events initiated by
lysié éf‘erythrocytes and release éf Hb. ;Duriﬁg spontaneous oxidation
of oxyHb to ‘metHb, freé radicals are pr&ﬁuced and may damageAthe‘endo—
theiium, compromising the synthesis of prdstacyclin. Hb is a vaso—
f .
constrictor; in addition, it is’ a cofactor of cyclo-oxygenasc and thgsf/

facilitateé the production of vasoconstrictor‘prostaglandids (165).

Thromboxane A2 and prostaglandiné—an and_E2 may induce severe spasm in
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the absence of prostacyclin, and lipid peroxides and other vasogenic
substances (161,162,256-258) may exacerbaﬁe.the spasm.

The time course of VSP matches that of clot lysis and the subse-
qﬁent release of vagoactive substances (125,126,163) that may diffuse B

into’ the arterial wall through the stomas and rete pathways in the

, tunica adventitia (236). Zervas et al.'(236) suggested that the

cerebral arteries, lacking vasa vasorum (236, 295),.are nourished -

through a labyrinthine structure or pathway in the tunica adventitia; -

_this would allow CSF to diffuse from the subarachnoid space intoAthe

tunica media and elastic lamina and, thrqggh the latter's fenesttations
(Fig. 2), to the endothelium. These aethors‘qemoﬁserated patency’ef
these pathways in cats: horseradish peeoxiAase injected 1nto the sub-
arachnoid Space migrated into the tunica media and subendothelium via
the rete vasorum and stomas in the adventitia. Zervas et al. (236) ‘q
qeestioned whether the stomas were artifacts of processing In the
present study, gimilar stomas in normal arteries (from the non—clot
side) were clearly defined,structures (Fig. 36-38); in clot~side
arteries from which the hematoma had not been removed, the tunica ad&en—l
titia was covered with remnants of the clot and no stomas were visibleA.
(Figa 40). |

It seems, that not all species have adventitial stomas in the cer—
ebral arteries. Liszczak et al. (267), studying SAH in rabbits, found
none in the basilar artery; and VSP .and pathological changes did not
occur in any of the 27 specimens examined probably, vasogenic and toxic
substances could not enter the arterial wall. Nonaka et al, (234),

studying the cerebral arteries of dogs 3 days after the“injection of Hb

into the subarachnoid space, stated that tﬁEiHb entered the tunicas
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adventitia and-ﬁedia; proldnged VsP ogcurred,-but.this was released by
‘topical applicgtipns oflhapt;élbbiﬁ (which bi;AS to Hb and forms a
stable!compound) in 14 of the 17 dogs with SAH thus treated.

A ﬁhick hgmatopé surfounding the cereﬁrél artery plays three ﬁajor

roles in the development of chronic VSP, and may also be responsible for

»

some of the pathological éhanges in the arferial wail. First, it is thén
ksource of vasogenic/toxic sﬁbatances that act directly on vessel wall
and its receptors to induce spasm énd patholbgicaigchanges; secound, ﬂy
blocking CSF.Circulétion.it probably disturbs normal ﬂutrition and the

- efflux of waste products'from the vessel wal1, thus further damaging the
tunicas meéia‘and adve;titia; and thif?, by barring potgntiai vasodila-
tor agents from the smooth-muscle receptor (Fig. 40), the Hematomé is

probably an important physical factor responsible for the failure o

therapy and/or prevention of VSP. This may explain the clinical

- R
efficacy of agents that can release smooth-muscle contraction when
applied topically in vivo or tested in wifro - i.e., when the'phérﬁa-

cologic agent has free access to the speéiﬁen and is,}n direct contact
with smooth-ﬁﬁécle cells. Tests In vitro have demonétrated the ability

of ﬁumeroug pharmécologic'agents to reverse coﬁgtrictio? of yénied

.origin; these include prostaéyclin»(169,173,1]6,181—184,191), calcium-
: ) . ] '

antagonists (132,226,229,230,237), antiserotonin agents (238,239),

inhibitOrs of platelet?aggregation (240), papaverine and nitroglycerin
(241). .However, not ail are effective against constrictions induced

‘ s . : R
with bloody CSF from patients. .Observing no. significant release of

=

spasm with tﬁe use ofometﬁysergide: mepyramine, phenoxybenzamine, pro-

_prgholol or atropine, Boullin et al. (225) and Sasaki et al. (158)’J ,
R ' - O —_ : -

-

suggested that-se}otonin,‘histamine, acétyloholine, angiotensin 11,

‘[ - .. )
L . ‘ - . . ) ‘ . ]
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and/or norepinephrine are probably not involved in the genesis of
chronic VéP.‘

It is reasonable to assume that vasodilators can act only if they
reach the arterialiﬁall, either by topical application or, if the hema-
tgpa is small and represents no significant barrier, the agent can gain
access to smoothfmuscle receptorslvia CSF pathways. In dogs and monkeys
with VSP induced by puncture of the basilar artery or the application of
vasoconstrictors (SZBaCl; PGan, and S—HT), Fox and colleagues (242,
243) were able to reverse the VSP by topical application of procainamide
or chloramphenicol, or methylprednisolone or cortiéol, but not whed
these agents were. given iv or into the vertebral artery. Similarly, VSP
was reversed in patients and monkeys when 1idocaine was applied to the
"spastic arteries after the blgod clots had been removed to allow contact
of the agent with the ce{ebral ‘artery (244 245); ‘and VSP induced by a
mixture of incubated blood and CSF injected into the subarachnoid space
was‘reyersed by fusaric acid, methylprednisolone, salbutamol, o*phenan-

. : - \
throline or ascorbic acid (246). Others (247,248) have reversed acute
spasm by altering the cAMP pathway with topical applic¢ations of isopro-
vterenolkand aminophylline, or dibutyrylrcAMP; ‘Proétacyclin relieved VSP
.when applied to_the‘spastic vegssel but not when given iv or intra-
j.varterially (184,190), and nifedipine applied to cortical arterioles in
the cat reversed VSP induced wit“ bloody human CSF (268). %

Auer and colleagues (249 250) reported that nimodipine applied
topically or infused intracisternally in patients undergoing surgery for
aneurysnal SAH reversed VSP peroperatively and decreased the probability
of symptomatic VSP. postoperatively; they removed the 9ubarachnoid hema-

Il

tomas before applying the nimodipine, to edghre the drug's contact with

v
t
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the»vessel wall. Early operation and extensive washout of blood clots
(even without vasodilators) are said to help prevent or reduce the
incidence of VSP (279,303-305). \

For chronic VSP, however, rreatmeﬁt with vasodiiators given orally,
intravenously, or infused into the carotid, has been ineffective. Allen
et al. (50) reported that nimodipine improved the neurological outcome
of patients with SAH-induced VSP. However, not all of their patients
underwent cerebral anglography, and in those in whom this was performed
the vessel diameter was very similar in the treated and placebo groups
or even favored the latter. In 14 patients with normal neurological
outcome, mean vessel diameter was 50% of control (nimodipine, n=8,
4974Z; ﬁlacebO, n=6, 51.0%) and in eight with poor outcome the mean
diameter was 33.47 (nimodipine, n=1, 22%; placebo, n=7, 35%). Perhaps,
rather than preventing VS?, nimodipine prevented neuronal ‘death, b;
modifying caleium_homeostasis in the brain: increased intracellular

calcium may activate the endogenous phopholipases that damage the mito-

cod
. I :
chondrial endoplasmic and plasma membranes (26?,272). More recently, in

: ) i i ; :
6 patients with SAH and proven VSP, Grotenhuis}et al.|(270) studied the
‘ = ‘ ;

: . | ’ fo
effects of nimodipine given as a slow bolus infjection|into the carotid-

" wi
N '

over 10 min (after which cerebral angiography was perforﬁed), then -
infused iv at 2 mg/hr for 5-days, followed by 60 mg qbh po for 3 days .

Although this treatment was started within 5 hr of onset of the VSP,

|
: ves;ﬁ}ngéii:;;'did’not change. Similarly, failure to relieve chronic \
\\\“u VSP%in man h¥Y been reported for iv infusion of OKY/1581, which inh1ibits
?ﬁrdmboxahe A2 synthetase, 1n patients with SAH operated on within 72 hr

(271), and for reserpine and kanamycin (202 207), isoproterenol alone

(273) or with aminophylline (274), nitroprusside, and phenylephrine
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(275). 1In dogs, chronic VSP after "double hemorrhage" was not revers-
ible by aminophylline, nifedipine, or papaverine (147).

. Successful treatment of chronic VSP has been reported by a few
investigators. Flamm and his colleagues (274,280,281) managed VSP in
cats, and then in humans, by aitering the metabolism of cAMP in the
smooth-muscle cell. Aminophylline and isoproterenol caused clinical
improvement in 60% (40/65) and 75% (9/12) of their pétients, although
reversal of VSP was not demonstrated angiographésally. Furthefﬁore, in
their recent study of 65 patients with SAH (274);1in which thé”manage~
ment included monitoring CVP and BPs and using hypervolemia (with albu-
min or plasminate) to elévaté CVP to 10 mm Hg, they assumed the improve-
ment in neurological stafus was due to inhibition of spasm. More prob-
ably, however, the Improvement resulted mainly from the management of
"volume expansion and elevation of éVP.

It is génerally accepted at present that’che only available therapy
for neurological deficits due to VSf (but not reversal of the constric- .

‘ .

tion) is volume expansion Qith crystalloids, albumin, and/or blood, to
elevate the CVP to approximately 10 mm Hg or the pulmonary capiliary
wedge pressure to about 18-20 mm Hg (196,282-286), together with eleva-
‘Eion of ‘the systolic BP with vasopressor agents and normalization of the
ICP to increase cerebral perfusion pressure. Kassell et al. (285) used
a protocol of this type to treat 58 patients who had progressive neuro-
logical deterioration due to SAH-indgped VSP: neurological status im- -
proved permanently in 74Z, there was no change in 16%, and the deterior-
ation progressed in 10%; complications ndted, which occurred in 337%,

Included pulmonary edema in 17% and rebleeding from unclipped aneurysm

in 19%.
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In the present study, nimodipine (1 mg/kg po tid) failed to prevent
VSP on the clot side but reduced (p < 0.05) the incidence of VSP on the
non-clot side. Also, a later study (318) in the same model with larger,
jgraded doses of nimodipine (3, 6, and 12 mg/kg po tid) showed similar
severity of VSP on the clot side in all groups, including placebo, and a
trend to dilation on the non-clot side; nimodipine was in therapeutic
concentrations in the CSF. These findings support the concépt-that a
hematoma acts as a physiéal barrier to the action of drugs on the
affected vessel (Fig. 40). Furthermore, this conceét of the hematoma as
a physical barrier accords with the hypothesis that tﬁe cerebral vessels .
are nourished from the tunica adventitia, via stomas ané the rete
vasorum, and not from the lumen. This may explain the iﬁability to
relieve chronic VSP except when the clots have been removed and vaso-
Qilators are applied to the vessel's surface.

Some investigators (137,154) have suggested that chronic VSP is due
to an inflammatory proce;g in the vessel wall and ié induced by blood in
the subarachnoid space. Findings in their study of chronic VSP from |
"double hémorrhage" 1n'dogs, treated for 8 days with 1buprofeﬁ or high-
dose methylprednisolone, led Chyatte et al. (254) to support the theory
that chronic VSP is a vasculopathy of inflammatéry origin (134,137,13g§.
However, although severe myonecrosis and degeneration of smooth-muscle
cells were found in spastic éréérieg from untreatedfdogs, no inflam-
mafory process could be idéntified in any of the specimens. The dif-
ference in vessel caliber in treated vs untreateﬂ dogs probably was due
to variation in the size of the hematoma: é dense blggd clot encased the
basilar artery from untreated aﬁimals (and was said to be of similar‘

size in the methylprednisolone group), but there was much less blood
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around this artery and the brainstem in the ibuprofen group —-- perhaps
due to the antiplatelet effect of this agent. Methylprednisolone; also,
prevented VSP; like ibuprofen, this agent has an antihemostatic effect
that could interfere with clot formation (254).

Studies in humans es well es other species have demonstrated that
cerebral VSP is due to sustained contraction of smooth-muscle cells and

can be reversed by direct application of nimodipine, lidocaine, methyl-

‘prednisolone and cortisol (243-245,249,250). Furthermore, VSP abates

spontaneously 2 wk after onset (once the vasoconstrictor agents have
been consumed); although possibly due to the synthesis of prostacyclin
by endothelial or myointimal cells, the pathological changes in the
arterial wall (but not radiographic evidence of VSP) persist for up to

4 mo after SAH (136). In the present study, in both the treated and
untreated groups, on Day 14 there were marked pathological changes in
(clot-side) arterieslthat had been in spasm on Day 7 but notlin arteries
from the control (non-clot) side (the cerebral vesselsbnere fixed by

-

intra-arterial perfusion at 110 mm Hg on Day 14, when repeat angiography

v showed reversal of the VSP or mild*narrowing averaging 202 reduction in
: A

i

vessel caliber). Interestingly, the VSP had resolved completely in
specimens in which myointimal cellsihad migrated to the subendothelium,
whereas’severe constriction was observed in thosevwith_single—layer
endothelium and bathnlogical changes (Figs. 44 and 455.

There is no doubt that VSP gives rise to subendothelial prolifera-
tion (136,145~ 147 ,295). However, what appears to -be a marked thickening
of the vessel wall (mainly by myointimal cells) is a physical artifact-
If a given number of smooth—muscle cells of an artery contract, reducing

the veS'ei's diameter, these and other cells (endotbelial) and tissues
O : '
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(elastic lamina) that lack or have a limited capacity for physical

.« -
change (contraction/elongation)‘willlabut one another or be fdgc;d to
create créests an valieys in order to fit within the smaller area. This
will give an iﬁpression of vessel-wall thickening (Fig. 41,

The smooth-muscle cells are damaged by theé toxic effects of free
. . . 4

radicals, the sustéin;d cgntraction of the tunica media, and probably by
impgired nutrition (due to blockage of CSF pathways). 'The endothelial.
cells ‘are damaged similarly, initially by the free radigals énd the
mechanical sfreés ofvconstriction3(143) (Figs7 44 and 45) th also by

the high‘velocity of blood: flow through a narrowed Véséel (297).

LARET
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II. CONCLUSIONS AND RECOMMENDATIONS o
|
In summary, the most importantAfindings in all three studies in
invegtigation are:
The gize Of the SAH goyerned the occurrence of chronic sevére VSP.

The time~Course of ySP after large SAH in the monkeys was very

"~ gimilar tO that in humans-

)

. . 5
The size Of the SAH seen on the initial CT scan (Day 0) correlated

with the Severity apd time-Course of vasospasm apparent

radiographically for up to 14 days. '

Large localized SAH cons§$tently caused severe VSP on the clot side

and mild OF no VSP on tﬁé non-clot gide; the aoét affected vessel
was the midd{e cerebral artefy on the clot side.

Hemigpheric CBF wag not'éignificantly deéreased, and such CBF
Qélues did nof appear to correlate with the-degree ;nd/or time-~
course of VSP, in jpdividual animals or in the groups overall.
gevere chronic VSP of the middls cerebral artery caused a severe
neurological deficit of delayed onset (hemiparesis, on the opposite
gide) in ONe monkey,

Nimodipine (1 mg/kg po tid) significantly reduced the incidence of
ysP on.the non-clot gide but failea.;o prevent VSP on the clot
sidé. *

on Days 7 and 14, hemispheric CBF was not increased 2-6 hr after -

administration of nimodipine (1 mg/kg po tid).

VSP was a880ciated with severe and dramatic changes in the arterial

wall, even after radiographs showed compleﬁe regsolution of spasm.

166
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A
10. Nimodipine (1 mg/kg po tid) did not preQent the pathologicél
changes.

11. The VSP seen radiologically was due to long-lasting smooth-muscle

contraction and not to thickening of the vessel_wall.'

Futufe investigations should inciude the study of methods to pre;
vent SAH by detecting asymptomatic aneufysms; until these sacs can be
treated before ruthfé;'the morbidityiand mortality rates will remain
very high. |

Vasogpasm is due to prolonged smooth-muscle contraction caused by a
thick hematoma surrounding the cerebral arterieg. The clot may block the
, access of therapeutic gg.pts to the wessel wall; therefore, e%tensive
removal of Slood clot during early operation is advocated, together with
sys;emic and/or intraqisternéi administfation 6f vasodilétors to ensufe
‘their adquate conéentrétion in the CSF.

As complete rgmovalngf Blood clqts from the subarachnoid space is
not possible§,we QhOuldvinvestigatevthe use of agents fhat could dis—;
'solvé hémafomas in-the subarachnoid spaCe’(e.g., hepérin and strepto-
kinase) after the aneurysm has béen él}pped; their effects on VSP,‘ 3

cerebral blood flow, and neurological stglus; and the pharmacokinetics

-

of their administration concurrently wth vasodilators.

' The cerebral arteries are probajfly nourished by CSF diffusing into

the arterial wéll via ‘the stomas in the tunica adventitia; therefore, v
achievement ofjﬁhegapeutic concen;ratioﬁs of'vasod?lators in éhe CSF
should be emphasized. _ .o -

B : \ .
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