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ABSTRACT

The effect of 1nduced subarachnoid hemorrhage (SAH) on cerebral

2 b]ood flow (CBF) and. cerebra1 arter1al reactivity w%s Fnve stigated in~

1ight1y anesthet1zed rhesus nonkeys Cerebral blood f]ow (partial \\\\\\\\

hemispheric and ré§1ona1) Wa$s measured by the intra- arter1a1 radio-
isotope tissue c]earance method of Ingvar and Lassen. Concurrent ser1a1
angxogruphical stud1es were performed dur1ng 3-hour period after
1nduct1on of SAH Other phys1o]og1C¢1 parameters mon1tored throughout
the exper1mental per1od included b]ood pressure, heart rate, EKG
arterial blood gases and pH, EEG nnd 1ntrocrun1a1 pressure The changes

observed were subsequently correluted with the C]1nACa] (neuro]og1Ca1)

state of the on1mals upon reverSal of anesthesia.

N 5 ’

Subarachn01d hemorrhage caused a significant reduccion in the _1
-cerebral blood fTOW in 75-80 percent of animals. The reduct1on 1n CBF
:occurred immediately after the onset of SAH.ahdbrema1hed Tow for the

duration of the experimental period. Generali;ed angiographica] vaso-

spasm was present in 100 percent of anim_' subjected to SAH. The debree

of vasospasm present in animals exhi reduced. cerebral perfusion was

€

not s1gn1f1cht1y different from an1mals not exh1b1t1ng decrease in CBF,

- Cerebra] 1nsu1t (SAH) and traumat1c spasm of the 1nterna1
earot1d artery (TSICA) was associated with a decreased CBF response to
induced hypocapnia and hypercapnia. Severe\hypechpn1a (PaC02 Va1ues
_ofi60 mm Hg to 65 mm'Hojégeused marked 1ncreased in cerebral perfus1on :
even though vasospasm was not alleviated. |

\

These 1nvest1gat1ons Support the hypothes1s that cerebral , ji

5
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blood flow Studies adequately reflect the status of the cerebral cir-

culation and neuro]og1ca1 fUnctTOn after subarachnoid hemorrhage
e

Furthermore 1t is coqc]uded that ang1ograph1Cal ‘vasespasm

of the ]arge capoc1tance vessels’ after subarachno1d hemorrhage does not

nECESSar1]y indicate- ‘mpalrment of cerebral perfusion and functlon
/ e ,\ DRI
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CHAPTER. ONE

_ TRODUCTION

‘The pathophyéig]ogic mechanisms involved in the production of
'detreased cereb(éT berfus}on énd«function following subarachnoid
hemorrhage (SAH) in man remain to be fully e]ucidated;" Although
cerebral arterial spasm has beeh implicated as thé princiba] cause of

' murbidity_and mortalit} after aneurysmal Fubture, knowledge regarding
“the mechanism of initia%ign, propagation and prolongation of pathologi-
Cal vasocunstr%ctibn is incomplete. While marked vasospasm may appear
to diminish terébral blood flow {CBF), recent clinical and experimehta]
studies have failed to show addirect correlation between vasospésm,
cerebral ischemia and deve]u?@ent'of neuro]ogica1 sequelae. |

¥

Interes;‘cOntinues iﬁ deve]dping improved médéls, comparable
to the clinical phenomgnun; fur studying cerebral arteri;l spasm:
UtiTizing impruvéd angioqraphical techniques, patho]bgicaT vasocon-
striction has been {naucec,by avulsion or puncture of avmgjor cerebra1"
artery‘ano by “njection uf the whole autogeneous blood into subarach-
noid 5p5§es ;t‘the.baﬁe of the brain. Howeve},“it seems'dbubtful that
the rad*ulbgiCal picture alone can serve as an adequate prognostic
‘indicator regakding cerebral perfusion and neurological functionvwhedf-
QQSUSpAém ex&sts.

The initial study presented here (study A) waé designed to
invedtigate the acute effect of induced subarachnoid hemorrhage on

133y enon (133

cerepral loud flow detérmined by the Xe) intra-arterial

" technique id'the‘rhésus monkey: Changes in cerebral blood flow after

1



A\

{nduced SAh'were correlated with the neurological condition of\the

A animals immediately fo]]owing each-eXperiment. In addiiion, the effect
of subarachnoid acidic saline injection on cerebral perfusion was °
studied in several animals. Cardiovascu]ar, e]ectroencepha]ographic \
and 1ntracran1a] pressure changes 1n response to subarachnoid \\
‘hemorrhage and subarachno1d sa]1ne 1n3ect1on were simultaneously.

monitored. ' SN

’The second study (study B) was undertaken to determine whether
reduced cerebral pilfusfon observed after 1nduced subarachnoid
hemorrhage was primarily due to development of cerebral arterial spasm.
This study concurreht1y investigs;ed changes"in'angfographjca] |
arterial caliber and regiona] cerebral blood flow and the changes
observed were subsequently compared to the <linical and neurological -
state of the animals fd]iowingitenhination of each experiment. In
addition; the effect of indoced subdural hemorrhage on'regional cerebral
blood flow, angiographical caliber of cerebral arteries and neuro;
logical ‘state of the animals was investioated.

The final study (study. C) was designed to concurrently
investigate regional cerebral perfusion (rCBF) responses and intraduraf
vessel reactivity (angiography) to graded carbon diox{de,tension
changes in contro] mohkeys ahd honkeys subjected to inddced subarach-
n01d hemorrhage and traumat1c internal carot1d artery spasm. ‘The

observed changes were statistically analyzed and conc]us1ons were

formulated.

/



CHAPTER TWO

HISTORICAL REVIEW

I. PHYSIOLOGY OF CEREBRAL CiRCULATION ‘ " | .

As An amnl perfused organs, b]ood flow through the bra1n

t155ue ise Q1rect]y proport1ona] to the driving perfu51og_p<$fsure and

1nverse1y proportional to the cerebrovascular resistance, i.e.,

Flow = Cerebral Perfusion Pressure
Cerebrovascular Res1stance

A. The Cerebra] Perfus1on Pressure

The pressure of the blood perfu51ng the brawn is the difference

betweer the mean arterial b]ood pressure (MABP) minus the Rean intra-
“cranial pressure (ICP) and the 1ntracran1a] venous pressure (ICVP):
CPP = MABP - (MICP + MICVP)
As the cerebral venous pressure is comparatively low
(approx1mate1y 5 mm Hg), it can be assumed to contr1bute litt]e to the
regulation of, cerebra] blood f]ow under normal c1rcumstances

.

Moyer, et al. (1) stud1ed the effect of increased cerebral venous -
pressure to 18 mm Hg in norma]tsubgects and found no a]terat1on in h
cerebral perfusion. Cerebral venous pressure however, becomes an
imporcant factor in maintaining adequate cerebra] perfusion during
positive gravitational stress. 'Henry, et glf (2) demonstrated fhat.
at 4;5 G, eereb'al.arteria] pressure dropped to on]v a few mTTTTmeters

\ \

mercury but cereﬁra] perfusion was ma1ntained at a constant 1eve1 M

. because cerebral venous pressure fell to near]y minus 60 mm Hg /

Recent stud1es (3,4,5) have emphasized the effect of

‘0 B

.

o

.
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}increased intracranial pressure (ICP) on cerébﬁ§ﬁ¢b1ood flow (CBF)

through a]teration in cerebral perfusion pressure.” Cerebral perfusion
pressure was'ca]cpTateq'as the difference between the mean arterial h]ood”
pressure ane the mean 1ntracran1a1 pressure Zwetnow (4) ‘and Haggendal
(5) have shown that -CBF in the dog rema1ned constant over a wide .
range of levels of 1ncreased ICP (0-100 man).” CerebralubTood f]ow_
did not decrease until the cerebral perfusion pressure fell befow
40 mm Hg.  This findings was confirmed by Johnson'(ﬁ) in‘baboons andiby
Miller (7,8) in dogs. | . |

Under normal phys1o]og1ca1 conditions th;;anor factor
determ1n1ng cerebral perfus1on pressure is the cerebra] arterial -
pressure. Cerebra] b]ood f]ow stud1es in man have shown a remarkably

[ 4
constant flow over a w1de range_oT perfus1on pressures Experimental

L}
 and c11n1Ca1 studies (9,10,11,12,13,14,15,16) have demonstrated that CBF

is kept constant over & mean arterial pressure-range varying from 50-80
mm Hg and, 225 mm Hg pr more. Not until the mean arterial pressure
falls below the range 50 mm Hg - 80 mm Hg does CBF decline. Thesg
studies suggestedvthe presence of ah.autoregu]ation Qf cerebrqvascu]arv
tone and thus cerebral blood flow in nesponse'tq changes in cerebral
perfusion pressure. |

o Autoregulation represents one of the fundamental mechanisms
which controls cerebral blood flow and is defined as the 1nherent
property of the. bra1n to maintain a constant b]ood flow desp1te

changes in cerebral perfusion pressure. This phenomenon was first htf

described by Fog (9) and Forbes (13).and has been recently confirmed

by  inert tracer CBF studies.

The mechanism of autoregulation has not peen‘establfshed and
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vthree theor1es regarding 1ts pdthogenesis have been proposed

4‘

/ NN
(a) .Myogenic Theory: ! N

The studies of Bay1$§ 17) and Folkow (18 19) n the peri-.

pheral vascular system led to the cons1derat1on of. a myo enic mechanism
$1n the cerebral c1rculat1on Accord1ng to th1s hypothes1 the
' res1stdnce vesse]s are cons1dered to have a high degree of\resting
stomotor tone due ma1n1y to smooth musc]e contract1on in the’Wa]ls
~An increase in 1ntravascular pressure st1mu1ates a further 1mcrease in
tone by first stretching the musc?e Caus1ng a react1ve shortening of
radial f1bers and a reduction of vascular radius. A decrease,1n 1htra-
Tuminal pressure has the opposite effect caus1ng vasod1]at1oq he
effect1ve pressure stimulus 1s’not the “intraluminal pressure per
se but is the difference between intravascular and extravascular
vpreSSure, jLe., the transmura1 pressure. | This theory assumes that .neuro-
‘ gen1c and metabo]1c factors p]ay 11tt1e or no part in the ma1ntenance of
'autoregu]at1on
“(b) Metabolic Theory:

The metabolic theory postulates that the basal tone of the
cerebral vessels 1s-secondari1y influenced byithe action of biochemice]
vasoactive substances (cérebrai metabolites, carbon dioxide and‘okygen).

Vo
.Meyer et al. (20) observed that reduction in blood pressure and blood

\flow resulted«~ﬂ*decredsed tissue PO2 and 1ncreased tissue PCO2 which 1n
turn 1ed Lo a denr 2ase in cerebrovascular resistance and an increase

in blood f]ow, Ther 2vents were pr1mar1]y due to the sen51t1v1ty of
'vascujar smooth muscie (ells to changes -in PCO2 and pH. Gotoh, g&_gl;
(24, demonstrated that the change in tissue PCO, exerted its effect on
vdscular smooth muscle by reducing the pH within smdoth muscle cel]s.



(c) Neurogenic Theory
Ev1dence concerning the 1mportance of neurogenic influences
on autoregulatory response has been rapidly acCumulating (22,23,24,
: 25 26).3 Pathways of the autonomic nervous system from brain st%m centers
have been estab11shed and rich autonom1c 1nnervat1on of the cereéra]
vesse]s has been conf1rmed (27 28 29 30,31) Nh11e neurogen1c‘factors
have- been prev1ous1y assumed to havé an 1nsign1f1Cant influence on the
mechan1sm of autoregulat1on (32,33), recent eviqence has demonstrated
that neurogenic factors participate in the control of autoreguldation
(24,25,26). Meyer,»gt al.. (39) have demonstrated impairment of .auto-
regulation with preserved chemical vasomotor .control of CBF in oatients‘fl
' w1th brain stem lesions and these authors hypthes1zed that a neuro-

genic mechan1sm v1a the autonom1c nervous system was responsible for

the control of<cerebra1 autoregulation.

. B. Cerebrovascular Resﬁstance ‘ d 1
"f% ‘ Res1stance is d1rect1y proport1ona] to the length of the
vesse1 (wh1ch 1s relatively. f1xed) and’ inversely proport1ona1 to the
' vfourth povier of the radius (35) Thus changes in diameter or tone of
the vessel p]ays d major rule in a]terlng cerebrovascular resistance
(CVR). The factors 1nf1uenc1ng cerebrovascu]ar tone are classified as
e1the;Mchem1Ca1 (metabol1c) or neurogen1c |
((a) Metabu]1c Control of Cerebra] Blood F]ow )

Stud1es 1n an1mals and: man dur1ng se1zures, sensory stwmu]at1on
" Or arousal demonstrated an increase in cerebral metabolism caus1ng a
secondary or indirect increase in cerebral b]ood flow ('36,37,38). It
1 became apparent .that local increases in brain tissue PCO2 caused by

i
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increased metabo]ism=were responsible¥for the increase in flow and that-
local reduction of t1$sUe"P02'wh$ch ac%ompanies 1ncreased metaho]1c
activity contributed in part to this process. Converse]y, it was
demonstrated that CBF decreased dur1ng anesthesia and during states of
reduced metabolism when t1ssue PCO2 product1on and oxygen ut1i12at10n
was reduced. | ' :
(i) carboﬁ Dioxide

Since carbon dioxide fs the main active product of'cerebra1
‘metabol15m, it prov1des a mechanlsm of regu]ating local blood flow in
accordance with the umtatmll;ngids of the tissue. Carbon dioxide has
.been found to have the most profound effect qh cerebrovascu]ar tone of
any substance 1nvest1gated Inha]at1on ‘of 5 percent 602 increases’
CBF by approx1mate1y 50 percent wh11e 7 percent ra1ses CBF by more than
]OO(percent (39, 40) Measurements of the effect. of h;gher concentratlons
of CO2 in man have not been reported, however s an 1ncrease 1n CBF |
of near]y 240 . percent of nonnal\at arterial CO2 tens1ons (PaCOz) of 150;
mmn Hg have been reported in monkeys (41). Harper (42) showed that CBF
increased by 100 percent on ra1sang the PaCO2 fromx40 mm Hg to 80 mm
Hg in dogs The CO2 effect was attenuated by render1ng the animals -
hypotens1ve, Sugge°t1ng that cerebra] vasodilation was part1a1]y due

to hypotens1on _
Reducing arterial C02 tension by hypervent11at1on causes

an increase in cerebrowascular resistance and a decrease in cerebral

bTood flow, Kety (43) demonstrated that‘a reductlon of arterial QOZ

~to 26 mm Hg in man caused a decrease in'CBFtpy 40 percent, whereas Reivich.

(44) demonstrated a fa]l in CBF of 50 percent when PaCO2 was 1 owered

'to 19 mm Hg. Alexander _t_ 1. (45) reduced PaCO2 in man under nitrous



oxide danesthesia Lo ll nm Hg and found that Jugular venous P02

1evvl]ed off at « va]uo nedar 19 mm Hg as the PaC02 was reduced to 20 mm-
Hq or lower, The authors »squested that a maxima] vasoconstr1ct10n is
p:>iuced at values of PaCO? be]ow 20 mm Hg and that vasodi]ator effects
nf 1»w t1s,ue oxygen counteracted any further vasconstrictlon from a
Cfurthoer luwerlng ufa Pd(O |
: . ‘ The rhanqes in PaCO2 studied in man, a]though producing
Mha ks ‘rorat1ons cnrnhvwvascular resistance, are not ‘associated with
any significant changes n cerebrdl oxygen. uptake, At PaCO2 1eve]s be-
Tow 27 ve Hg, however, —an ficant changes in cerebral carbohydrate
nwf..:!“»: P have been denotrated (45), The factor responsib]e for
thie Lt towards anger i 15 during extreme hypocapn1a has been

shown by el s A6 1o L aue to cerebral nypoxia and not to a
specifiotfect of hyp ot d

Although *hh riesponse of cerebral vessels to changes in

Panoy, “lv‘vand nH havw hwun;hell documented, the mechanisms and the site
of et rema i Lo e fu;lyzelucidated Severinghaus (47) an&RSkinhoj
(ai . ":,:\/v" .raintained thet the nH ()f the CSF or 1nter‘st1t1a] fluid ls
Sthe  portont fdctUr governing the requlation of cerebrovascu1ar tone
ant eresrct blood flow, Gotoh, (_f't' al. (21) have presented evidence

Lo wuppart the hypothesis that the intracellular pH of- the smooth muscle
cell rurebra1IArtcrioles is responéiblehfor cerebral vasomotor

al ! x‘:v.v Thé Iattcr'cwhcépt has beenﬁrecent]yhconfirmed by Shinohara
SO wng ademonstrats at the ffna] common pathway respohsib]e for
Cerclasl s nomotor aCtivity waS o Change in the-intrace]lular.hydrogen
fon ccentration of smooth muscle fibers of cerebral arterioles. The

Proec e mechanism whereby hydrogen ion concentration controls vasomotion.



is noi known, but is effect on intracellular calcium 1un‘concentration

appears iu hé important., _ | .
(1) Oxygen

there s conflicting evidence regarding the -6ffect of. elevated

arterial tensions of mxygen~oﬁ the cerebral circulation, Inha]atfoh

Cof 85100 perLChL oquPn'hg3‘buén.rcpurfed to produce a mild reduction -

in cé?ehruy“bloud'flow in the urder of 12-15 percent (50,51), while

other ﬁyvouniquLOrn (52:53) demunstrubgd_essentid]ly no Change in. CBF
when' 80 jiercent oxyqgen Qus inhd]edaWith PaC_O2 kept‘constant. However,
during extreme hypgnupnia States (PaCOZ 20 mm Hg or Jéss) ¢ Vasocon- .
strfitur effoct and a:further'reductiun o? CBF of approximately 25
. percent hat been -demons trated by inhalation of oxygén at 2-3.5
upgmunuheruu (46). two theories have been advanced to expiafn the
vasoconstrict ion ef fect p;uﬁont under these ﬁondftjunsﬁ First,
hyperbaric ufywnn ha' o GREOCL vasaconstrictor éfcht; and second that
by removinu the VuﬁwﬁilulU% ecffect of hypouxia assoc;ated with marked
hypocapn ', Lhe hyperberic uyyqen allows the fulllvasoconStriction
effect of low I'n(,('}z 1 be ,(Jelnunziratéd. B
: "Jum(_*rluu'-, ;L(mfo‘ﬂ have demonstrated the»effcct o;?;;decreas'ed
arterial urygen tension un'cerebrul perfusion (51,52). fnhalation of
L-10 percent Oxygén increoséd cerebral blood f]dw by Apprdximate]yvss
' porcént With Lhe-PaC07 remaining constant. A'fafrly high threshold
for the reipunsé of cerebral hluud flow to hypoxia abpear§ to be
preééht. No significent incresse in CBF was Lbservedvd%til the oxygen
tension of tLhe hlusd 4 decreased to below 50 mm Hg (14,41,54).

Harper (14) found nu change in_flow through the cerebral cortex until

the PaOP-fclL below A0 m Hg.  Thereafter, cerebral blood flow

*
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increased as the pd02 fell, and at a PaO2 level of 20 mm Hg, the CBF
was twice that of the control value. ‘ o

The mechanisms whereby oxygen affects the tone of‘tﬁe cerebral
véssels has not been clarified- “Gotoh . and Meye} {55) have postulated ’
that oxygen directly interacts with spécific chemoreceptors within the
vessels wa]ls, a]though they_have not,exc]uded,a neural mechanf;m. |

In summéry. recent studies have sﬁdwn thﬁt the relative
effectivenesQ.of chemical coﬁtro] (carbon dioxide, oxygeh gnd othéh"f
metabolites) in regu]ating cerebFa1‘b1ood flow variés with the tension
of'theAng béing cohsidered Within the norma]fiange,'arterial PCO2
is predom1ndnt in regulating CBF wh1le arterialkhoz has an 1ns1gnficant R
effect In thJs range the ‘oxygen- d1ssoc1at10n curve is relatively flat
so that ldarge changes in PaO2 produce little change 1n arterijal oxygen
content or cerebral oxygen delivery. The sensit1v1ty of cerebral ‘ '
vessels to changes fn ‘arterial PCO2 is marked]y d1m1nished at.
tensions above approximately 80 mm Hg., On the other hgnd. oxygen
tensions of 1.atmosphere or mufe appear tQ'produce moderate.redhct1ons
in CBF. A't.PaO2 levels below 50 mm Hg, the effect of hypoxia in
raising CBF beéomes more 1mpoFtAnt and more pronounéed in spifehbf'
é'con;omitan{ hjpocabnia which 1svusuaa1ylpresentz In-fact the 1limit-
ing factor in the reduct1on of CBF by a low PaCO2 appears to be
| .the deve]upment of cerebrdl hypoxia. Thus, a?'cr1t1ca11y Tow ]eve]s
vof*uxygen tension, the effect of oxygen begpmes more predomihant and
that of.carbon dioxide neqligible. Cerebra]'b]ood flow therefore,
, appe&ks to be nofmalﬂy regulated in résﬁbnse to_the metabolic re-
qu1rements of the brain by carbon dioxida ;,wb1]e the effec{ Qf\\éygen

————— .

becomes important only after the bra1n PO‘“becomes critically 1ow

'..\'A .
-



or markedly elevated,
— (b) Neurogenic Contro1 of Cerebral Blood F]owz
The existence of nerve f1bers on 6£;ebra] vesse]s has been
thoroughtv-d0cumented by gross observations since the seventeenth
1century. Classical light mﬁcroscbpic;(56,57,58). f]uorescent h1sto-
fchemtstry (27,28,29, 59) and n]ectron m1croscop1c studies (30 31,60
'61) have all contributed to the morphologic evidence for cerebral
vasrular 1nnervat1on‘p However, there remains: t0n51derab]e uncertainty
as to the funct1onaP\s1gn1f1cance of these- autonom1c fibers.

N ‘ .
S &,

The app]icat1on of f]uorescent m1croscopy with its spec1f1c
‘*\7\.‘{\ : T

identification of catecho]am1ne contaJn1ng nerves and.eTectn

T Cros e

scopy with 1ts high reso]ut1on and potent1a] for d1fferent1at1ng

between dfferent and eﬁferent end1ngs‘has renewed 1nterest 1n th1s

problem. Utilizing the h1stochem1ca1 f?uorescence techn1que, H11]arp
: 3,

(62) and Falek, et al. (27), and;N1e1sen (28) demonstrated a rich

f .
: adrenerg1c nerve supply to the main arteries at the base of the brain; —————

<]

Fewer nerves were present ih d1sta1 branches,»but p1a1 arter1es as.small

as 15 20 microns -in diameter possessed ddrenergic nérves These : !
» . \

nerves were 1nfrequent1y observed in the arter1es penetnat:ng the -

bra1n parenchyma. Evidence that these nerves contained noradrena]1ne

R

was given by the1r 1ncreased \(}uorescence after 1n3ect1on o? a . —
monodamine ox dase 1nh1b1to:;and comp]ete d1sappearance of - ﬂ

uorescence

. - e e N

.after reserp1ne treatment \ In support of>é“§ympathet+c origin was the. \(j‘

1
tota] lose of flporescence of al] vascu]an‘nerves fo*fowfﬁg?bftiter&+—~—

—
* . ¥

. cerv1cal sympathectomy i ' R N U g ‘ _

: féﬂ.. ST
K‘ Peerlesgﬂdnd Yasqrg11 (29) also found a r1cﬂ adrenerg1c
‘ and Tasq o found a dr ' N
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100 300 mlcrons Fluorescent nerves were followed in d1m1n1sh1ng
numbers on all superf1c1a1 arter1es down to a d1ameter of approximately )

15 m1crons wh11e lntracerebral vessels were sparse]y 1nnervated

e

When the an1mals wern fubJected to drug- 1nduced extreme hypertension

and hypotens1on a marked decrease of noradrena11ne content in the g

nerve term1na15 resulted. ;
a Recent electron microscopic“studies (30 31) have demonstrat-
X

ed the presence of mye11nated and unmyelinated nerves w1th?n the advent1t1a

or at the advent1t1a] med%a] Junct1on of the larger cerebra] vesse]s : §<\;;

\

in various spec1es 1nc1ud1ng.nbn. The closest approx1mat1on observed

 between axonal end1ngs and smooth musc]e p1asma1enma was 800 angstroms
,T

v

1_'v .

The term%na]s of these nerves conta1ned granu]ar and agranular vesicles *;w;\\\\!
and it was\proposed that the nerves conta1n1ng granu]ar vesicles ) *

¥

,._Zl-_ .

A

e

: were sympathetnc (noradrenallne conta1n1ng) in or1g1n and are concerned&

,;\.

fwwth a vasoconstr1 t1on functlon, whereas axons conta1n1ng trans]ucent

AR

'ves'cles (dcetyQCho1inefcontainingj”W""e' of parasympathéf1t orfg1n and T

“are concerned w1th a vasod11atory mechan1sm e .

Despite the morpho]ogical demonStration of an abdndant .

\\\f\;‘““_dTﬁT twon, “the functional ro]e of these nerves remains to be fu]]y

- i—-elucldated Recent p_ys1o]og1cal studies have contrlbuted—te—a—better’”“’“”’~‘-—’

\\\

understand1ng of neurogen1c mechan1sms 1nvo]ved in the control- of | -
“cerebral vasomator: tone and/cgpebra] b]ood flow. . ;-}';
(i) Sympatheteic ¢ Control of Cerebral Blood Flow o BRI

' \rog (26) demonstrated a reduction 1n internal carotid artery ’

= S— . N

f]ow in man on st1mulatlon of the cerv1Ca1 sympathet1c cha1n and Meyer, 3

t 1], (63) made. 51m11ar observations in monkeys In Meyer's study

— "'reductton in_internal carot1d arteryﬁjlow_was approx1mate1y 25 percent ‘




| -,
|

S .
Qnd the rvdu«{iun Was much greater, during inhalation of 5 percent

. .
carbon dioxide.  James (25) ﬁmausred cerebral blood flow in baboons
during uym;n{hotic stimulation and found thdtlstimulqtion dtteﬁuéted
and sympathectomy accentuated the difdtor effects of inspired carbon"
dioxide.  These studies h@vo heen cnnfiknmd by Harper (24). Corre-
lating morphplogical and physiologicdl findings from various recent
stydies, Harpers et al (24) praoposed that the cerebral éirculhtion
aperated wn b resistance uniEsrinlseries. edch under a different
Lunrﬁﬁ‘ system: (1) intraparenchymal resiQiance -- includes intra- .
<pdrUHLhVMu] arterioles and these vessels are reéulated locally by the

3

products of cerebral cellular metabolism and by changes in blood gases

(@] . ;
and (17) exfraparenchymal  resistance -- which includes extraparenchymal

-~

wBCT 00 veins uudv# autonomic hervous control. These investigators

sheculated that ol though the extraparenchymal vessels. are influenced.

by Sympathet i dzuthnrqv and Mny constrict the inflow vessels, normal

atuturegulatory QTGQOSn atfect ng the. intraparenchymal arterioles will

Mmalnta i Hmrﬂmﬂ Lerebrad plnru flow. Furthe}more, it was SpeCu]aLéO,

that gy hypprhﬁpni< states the jntfdpdrenchdel syétem,is~pdr91yzed

and Lhus the etfects of wympathetic influence are uncovered.

) ) Parasyepathetic Control of‘CeEebrdl Blood Flow

Churobski ana Penfielq (64) first descgjbed vasodildtor fibers

in fu({;]Tnérvp passing through the QZniculq@éﬁgang]ion»yia the .

groater suportioial petrosg) nerve to intérna] carotid plexus and
’ . B )

then Lo the dntracerebral vessels.  forbes, et al. (13) demonstrated

vasewartbation of the cerebral vessels with 4 concomitant increase in

cerebral blood flow dfter stiralatioh of the vaqus and facial nerves.

2



- Futhermore, the 1mportdnce of cho]1nerg1c nerves .in cerebral vaso-
dilation has been demonstrated in the studies of Mchedleshvili (65)§l
~and Saldnga (66). However, Meyer, et al. (34) reported that 1ncreases
in CBF induced by stdmu]ation'of‘the trigeminal, facial, glossopharyngeal
and vagus nerves were inconsistent and unreliable and when they occurred;
could be accounted for by increases in cerebra1 metabolism. .
| (ii1) 4 Centrd1~Neurogen1c Contro] of Cerebral Blood Flow
RS 'Molner (67) electrically stimulated aregs of the brain, stem
in cats and frompthese studies concluded’that neurogeniéa]1y mediated'
' centers exist in" the .brain stem which control vasoconstriction and
vasodi]ation. Langfitt‘ et al. ‘jpB) demonstrated an 1ncrease in inter-
nal carot1d f]ow of monkeys by 40 percent after e]ectrJCd1 st1mu1at1on of

A

“the brain stem. Shalit (69)- stud1ed the response of the cerebra]
vascu]ature to Cd:bon divxide after inducing freez1ng 1es1ons w1th1n the
bra1n stem and postuluted the ex1stence of neuromechan1sms in the pons’
whlch respond to Corbon dioxide caus1ng vasod11dt1on More recent]y

Fujishima (76) “noted decreased CBF and cerebral metabolism in the dog

<

d"follow1ng ba51]al artery occlusion along with reduced respons1veness of

cerebra] vessels to 1ncredsed carbon d1ox1de tenslon~
Meyer et gl. (34) meesured CBF and cerebral metabc ¢ rate

of oxygen'(CMROZ) during e]ectrical'stimulatjon of the cortex, brafn
stem areas and diencephalon in monkeys and demonstrated that cortica1
stimulation had no effect on CBF and metabo]1sm whereas st1mu1at1on

“of the thaldm&s; hypothulamus, pontwne and. m1dbra1n retuclar -
formation. increased- cerebral b]ood flow by approx1mate1y 40 percent

Stoica, et al.. (71) stimulated brain stem structures in baboons with

pharmacologic agents ind produced 1qrge(@nd signficant increaseyjn,'

14



'cerebra] b]ood flow In this study evidence was presented to support
the postu]ate that vasoconstrictor (adrenergic) and vasodi]ator
(cholenerg1c) mechanisms exist within the brainstem which control the
tonus of‘the large cerebral vesse1s. These investigators proposed (in
accordance with Harper's hypothesis) that the central neurogenic |
vasomotor mechanisms exert their main Tnfluence via the large extra-

- parenchymal vessels and that they, as well as the intraparenchyma]
vessels, are influenced. by changes in arterial carbon dioxide tens1ons

From the studies outlined above, it becomes apparent that

| centers exist within the bra1n which influence CBF and cerebral

metabolism. The fact that these centers correlate c]ose]y with the
centra] pathway of the sympathetic and pdrasymathet1c systems

suggests that contro] of CBF in part may be mediated via this. neuro-

vgen1c pdthWay Furthermore, clinical and exper1menta1 studies have

demonstrated that the mechan1sm of autoregulat1on requ1res the

integrity of both the bra1n stem centers and the autonom1c nervous

_system. (72). : ' .

o

I1. MEASUREMENT OF CEREBRAL BLOOD FLOW ~ - = . :

—

k. The Inert Tracer Techn1ques
The year 1945 is 1mportant 1n the h1story of research on the

cerebrat c1rcu1at1on for 1t was durﬂng this year Kety and Schm1dt(73)
deve]oped the nitrous ox1de method for quantitatively measuring

cerebral b]ood F]ow and cerebral oxygen . ut11izat1on in man. This .~

: techn1que, based on the F1ck Pr1nQ1p1e (1855) has been w1de1y//dapted»
/

and modified in recent years. Severa] of the more common methods for-

Ca]CU1at1on of the average. of-reg1ona1 cerebra] blood flow based on the

hEA
B
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Fick Principle are outlined below.
I. Arterijo-Venous Difference Techniques:
(1) N20 - Manometric Counting
(i1) B%%r - scintillation Counting
(iii) Argon - Mass Spectometry'
II, Isotope Clearance (Ré§1due Detection) Techniques:

(i) I3y Scinti]]étion Counting

'85Kr - Scintillation Countingv

(1)
(ii1)

The inert gas techniques utilize the Fick Principle which

"% - scintillation Counting,

0

kstgtes that.the quantity of inert gas taken up by'a tissue in a given

time is equaT'to'the quantity entering the tissue via the arterial

blood, minus the qdéhtity.]eaving the ti§5ue§1n the venous blood.

Expressed matheﬁatica]]y: 3
[ ’ . .
xcv(u)

u
{V(Ca-cu)dt

CBF =

where Ca and C  equal the cerebrai arterial-and venous concentrations .
‘of the inert gas respectively, A is the partition coefficient for .the
inert g;s between brain tissue and b]ood, and, Cv(u) 1s_the venous
concentrationvof the inert gas at tfme u, i.e., when_tﬁe brain
u.concentration of the inert gas is 1in équilibribm with the‘veﬁOUSv
blood at the.end of the per%od of inhalation, N «

Thus, byfdeterminﬁng'phe d?ffefence betweeﬁ the ihtegraféd
values. of the cohcéntrationlof the inert gas in arterial and venous '
“blood of the bkain,‘énd khowing .the'vaTQe~bf the gas iﬁ the venous

blood at time‘u], the averége or tOtal'b]ood flow- per unit volume of.

B L AN A
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brain was calcu]ated’(Kety, 1945).
The n1trous oxide method of Kety and Schmidt determined the
average cerebral blood flow per 100 grams of- t1ssue per- m1nute
SeVera} assumptions regarding calculations of CBF were made by the
l authorsr"(i} CBF was constant dur1ng the period of measurement and
was not altered by - 1nha]at1on of the fnert gas; (11) the venoys
samp]es were representat1ve of mixed venous b]ood from the'bra1N'
+(i11) there was an 1ns1gn1f1cant amount of extracerebra] contam1nat10n,
(i) b1ood sampTes are drawn over a suffic1ent long per1od so that the
concentrat1on . f the’ 1nert gas in 1 the brain is in.equilibrium with the
. concentration in the venous‘blood from the braint and (V)‘ the ‘partition-
'coeftidient value used waS‘representative of the'mean.partition
coeff1c1ent of the inert gas for the ent1re brain.
~ Recent stud1es by Lassen (74) Mango1d (75), Reivich (41)
Shenkvn (76) and Kety (43,51 73) have demonstrated that the»aSSumptions
_ upon wh1ch the inert gas techn1ques are based appear to Va11d and ,
measurement of CBF under normal phys1o1og1Ca] cond1tions can be.made
Severa] mod1f1cat1ons of the original Kety- Schn1dt techn1que
| have been developed for measurement of the CBF. Sche1nberg (77).descrihed
' a.method of CBF measurement in which an integrated sampling technique
was uti1ized,'and Kennedy (73) measured CBF in children by a micro-

hd «

analytical method for determ1n1ng the concentrat1on of nitrous

'ox1de.

-

In 1951 Kety (79) proposed that cerebral blood.flow ¢ould be
determined by a desaturatidh technique- and sUggested the use of radio~
_ isotopes. Lassen and Munck (74) 1ntroduced Krypton for cerebral blood

. A
- flow - inéasurement ut111z1ng the Kety-Schmidt method and Lewis (80)

NoE NN SRR 0 SR
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_devised a tecnnique whereby estimation of total CBF was recorded

L
v

\

79

by means of external counting of Krypton with externally placed

scintilTation detectors.

While the Kety -Schmidt nitrous oxide technique or 1ts modifi-

cations were suitable for studies of physio]og1ca] and patho]ogica]

-changes _which affected the whole brain (genera] anesthes1a, coma,

dement1a, epilepsy and other diffuse brain d1sorders) this method of

CBF measurement has been of 1imited clinical and experimental value

since most of the acute brain disorders are of a localized nature
(apoplexy, tumors, trauma). Th1s fact prompted endeavours to develop
techn1ques wh1ch were -capable of measuring regiona] cerebral b]ood

\

flow. .

In their classical eXperimentat’studies, Lassen and Ingvar.
(81, 82) developed the radioisotope'c1earance method“%or the quanti-
tatvie measurement of regionaT cerebral blood flew. In their initial
experiménts, rCBF was,determined by reeording the rate of clearance
of 85Krypton" from the exposEd-cerebra1~cortex'following internal

carotid artery injection using a beta ray (B') detector. This

‘techniQUe was Subsequently adapted for measurement of rCBF in man by

recordiné the clearance of gamma emissions‘of 8SKrypton'thrOUgh the
intacthsku11(83), G]ass-and_Harper (84) measured rCBF in man by
substituting 133Xenon for 85Krypton. . | A

| The intra-arteria1_inje;tion isotope‘clearance-(residue

detection) methods for studying cerebral blood flow have becoﬁeuvery

' -_popu1ar in recent years and arrays of up to 250 sc1nt1]1at10n detectors

have been utilized to determ1ne c]earance rates from sma]]er regions

of the brain (80). This techn1que is current]y advocated as. the most

»
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phy51oiogica1 means to measure rCBF and has assumed increasing clinical

1mportance as an adjunct to cerebral angiography

A radioactive oxygen method<has been recentiy developed‘by

15,

Ter-Pogossjan and his associated (85);’ This technique utilizes. "“Oxygen

either as oxyhemoglobin or water injected into the internal carqfid
artery-with the clearance curves determined by external scintillation

133

detectors This method. has an advantage over the Xenon method 1n -

that both rCBF and regiona] cerebral metaboiism are measured . simultane-
ous]y Theoreticai]y ]SOxygen also offers other advantages over. 133Xenon B
in measurement of rCBF in that the prob]ems of se]f-abs%rpti@n are -less
. (y-ray energy c0n51deration) and the partition coefficients in both
cerebra] compartments are equai Disadvantages of the ]50xygen technique
1nciude difficu]ties with y-ray coliimation and a very short haif life
(123 seconds) of the radiOisotope ~ B . s

In«generai three methods of anainis and ca]cu]ation bof the N
cerebral blood flow h@Ve been utilized Ihese.methodsbinc]ude (i) Bi-

exponentiai (gompartmbntaj), (i1) Stochastic'(Height-over Area), and

(i) Initial-slope-index (ISI) methods. Théoretical considerations °

~and limitations of each method are'diSCUSSed in section B .
Mallett and Veall (86) introduced an atraumatic technique for
the measurement of rCBF by monitoring the c]earance of radioisotope from

}33Xe mixed with air.

the brain after five minutes of inhalation of
A]though very attractive clinically, the technique has been associated
‘with the problem of rec1rcu1ation of the radioisotope and extracerebra]
jcontamination Obrist, et al .- 87) refined the: ]33Xe 1nha1at10n
technique by utiiizing a three- compartment ana1y51s of the. cerebra]

' ciearance curves. ‘In addition, a deconvolution procedure.(unfo]ding

9
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of superimposed'fesponses) was u§111zed to correct for recircu]a_tionf
More recentJy Obrist (88) further modified tne analysis of the inhalation
technique dnd obtained grey matter flow values comparable to those of .
the intra—arteriﬁﬁ technique. . o
AAgnoli, et al. (89) proposed employ1ng an intravenous ]33Xe
method for:measuring~nCBF. By solving the convo]ution 1ntegra1 for each
compartment of the c]earance curve separately using an analog computer.
Austin, et él; (90) measured rCBF in the grey and white mqtter after ”
intravenous injection of 133e.  The flow values obtained by this method
compared favorebly with those determined'by thefintra-arter1a1 technique.
Beceusegof its relative atraumatic nature, the intravenous method should
rgain wide application in clinical studies..
.G’v
B. Theoretical Considerations of CBF:CalcUlat1on
(a) Bi= exponent1a1 (Compartmental) Ana]ys1s'
d\:'Kety 734 showed that the Lxchange of an 1nert gas between blood
and a vsing1e homogenons tissue £ could be expressed by application of the
Nprfncip]evof conservation of matter ({ e., the'F1ek Principle yhen
app11ed to b]ood f]ow measurement) Expressed a]gebraical]y
aQ = Fdt(Ca-Cv,) R
'Here ‘dQ is the 1nf1nest1ma] change in the quantity of inert gas in
the tissue 1n time dt, and 1nc]udes, by definition, its contained
blood, which, by 1tse1f constitutes only a small fraction of_the total -
tjssue.ne1ght wi. Co and,Cvi are respective]y, the arferia]-and, ouf-
~ flow venous concentrations of dnert gas for tissué 4. In the following,.

the subscr1pt 4 is dropped for the sake of c]arity whenever a sing]e

t1ssue is under cuns1derat1on



diffu

Whére
- (195)
by

the f

since

equat

or

In a s1ngle homogeneous tissue with an essentially 1nstantaneous
sion equi]ibrium, the tissue concentration C 1s given by
| C=2AxCv L v . -B2
A.is.the tissue~ blood partition coefficient as defined by Kety

)." However, since the total quantity of inert gas, Q, is given

Q= CW,
allowing expression for dQ becomes; ‘
' , _ dQ‘= WdC v ' 83.
W, the total weight, sfays constant. Substituting for Cv  from
ion‘BZ)and for dQ (from-equation B3) into equation Bl yields:
| NdC = F(Ca - g—)dt |

gc= W—(C(t) “can) . -84

| Heresz f, the blood flow per gram of t155ue If Ca=0 and if, at

.t-O (

equat

“where

the start of inert gas clearance from the tissue), (t) 0,

ion B4 may be integratéd to give .

C(t) = c(0)explL ¢] -85

‘C(t) : Tissue EOncentration—at arbitrary'tfme t; S

- C(0) : Concentration at t=0, or the peak’ value prior to

as a4

(82)

‘ desaturatlon ’ v o ‘ ' '
f :.B]ood flow in units of m/gm/min; . j?#\\ L

An: The volume distribution of the tracer per unit weight of
tissue in un1ts of ml/gm. A
Equation BS therefore describes the'behauior”of the concentration
function of time, and c]early shows a monoexponential c]earance
Subsequent to this development of Kety (1951), Ingvar and Larsen

recogn1zed that c]earance curves from the brain could be _
_ . .
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apprebriate1y desCribed by a model consisting of two.nhy$1oiogic ‘

compartments 1nvpgralle]. This begame apparent upon replotting such

: Acurves on a sem1-iogar1thm1c scale, whereby it became fa?rly ebv1bus
“that two distinct rates of decay were present. | a

Ingvar and Lassen showed that'1n a 1nhomogene§ﬂs‘9rgan (such as

the brain), the average concentration t(t) is given by the following

.eQuati%n: : e
Clt) = grflH e (Oexpi—~ 1)) -
i T

The summations in equation B6 run over all possible values of the suffix
{, which labels the different compartments; 1.e., in a two compartment
model, « weuld take two Velues. The average flow through the organ, T,
is | | | '
. - ] t . )
T{ EWI Zfiwi | o 87 .
(‘_ . .
If one assumed rapid arrival of the tracer bo]us iInto the
t1ssue even m1x1ng of the tracer. and uniform count1ng efficiency.
iy
then for® edCh compartment £y | (0) is directly proportional to f
i.e., | '
. . - CL(Q) = Df{. |
D being a relative measure of the quantity of tracer injected.
For a two compartment system the dverage concentration
becomes,, from equation B6, | . o
-f ~-f
) .ﬁ n (X C .
_ | .C(t) wgng exp ( t) + wwwa exp ( ) t) _ 38
The:suffixe§ g~and w in equation B8 label the two compartments, and 3’

wi]l, in the case of the brain, be subsequently interpreted to mean §rey

and white matter respectively. In addition, the quantjties‘wg and



/

W, are relative weights of the two tissues, i.e., Zwi 1n equation B6
. ‘ 4

becomes wg‘+ ww =1,

~Defining the four quantities I, I K and k as follows:

g ¢
[,=WfD ; k =4 |
g 94 9 g
| TR K= '
oge rewrites equation B8 as followd: .
_ ey | , o :
COL) - T exp (<Kit) 1 exp (-Kt)

[f the partition coefficients Ag. A are known, then the flow
' rates f and f may be calculated by replotting the clearance cur!e
on d semi]ogar1thm1c scale. This replotting gives the two components

(as straight lipes), and their respective "half time" (ths's). The flow

rates are related to the ti's via: . f
[
~ - 0.693 _ 0. 693 =
fa ™ % T 100 g By ml/l‘pO/gm/min -B10
. %RA“ 0. 693 =100 0. 693 m1/100/gm/m1n 811
d tav W g

The th, and th'dre the respective "ha]f—times"-fOr the two. compartments.

From the zero-time intercepts, I, and I (as given by equation B9),

g
'one Obtdlns the relative weights of the t1ssues. via.: - ;
1 /f =
v N(;’ ]OOT-ﬁ—W -B12
Cot w . , A
e , ' Iw/f . ) <
- W, =100 Y= 100(1-W )% -B13
w Ig/fg + Iw/?h g .

Then the mean blood flow for the two compartments (g; defined by '

equation B7 becomes:

?C = fgwg + ﬂqu m]/lOOgT/min B -814‘_

(b) Stochaétic (Height/Area) Analysis:
-The bas1c equat1un in this approach to CBF was derived by

Méier and Zierler (91) dnd is bas‘d on medsurement of 1nd1cator transit

~
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timest It 1s, in fact, derivee from the princip}l of conservation ofv
matter (Fick Principle) whicH states that all of the 1nd1cato;‘1ntrod0ced
into the system must, in time, be washed out. - Based on thfs. one derives
an -expression from the.mean‘transit tihe (t) of the 1njecteo indicator
which 1s \ » ' '

| | - Y min, s
In eduation B15, F 1s the flow through the system. V {s the equilibrium
vo]ume of distribution of the 1ed4cator. and is that 1mag1nafy volume
of hlood which, at equ1]1br1um contains the same amount of indicator
as the whole brain. It s, theeetore neither the total volume of the

brein nor, its b]ood»volume Thus,

Qtantlty of tracer in the whole blood at complete equilibrium
toncentration of tracer in the blood at. equilibrium

v= 216

Since 1nert d1ffusible tracers dissolve physical]y in all the

various tissue components, having approx1mate1y the same solubi]ity in

e qram of bra1n as in 1 ml of blood it follows that e
(i) V 1s of the same order of magnitude as the brain volume.

*and therefore much larger than the cerebra] blood vo]ume,

~

and -« S N
(1) Variation in the,bloodIVOlume within the brain does not -
sign1f1Cant1y ghange V. - '
‘ At equ111br1um. 1nert gdses are distributed passive]y according
to solub1]1ty properties on]y This means that the ratio , !

Quantity of tracer in 1 gm of brain at complete eqy1l1br1L Aml B17
QUantity of tracer in 1T ml of’b1ood7at compTete equ111brf _
def1nes the partition coeff1c1ent A, and 1s practica1]y a onst;nt, w1th

K va]ue close to 1. 0

;-
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From the definitionsf@ffv and A (as given by equations B16 and

. 1
- B17), it follows, therefore that for a brain of weight W gm.\\“ﬁ\\\\/;f_,,/”‘)

Vm] J ‘
= = gm : | -B18

i

i.e., the solubilf%y rattb between -brain and blood (partition coefficient)
equals the vo]ume ef d1str1but1on of the tracer per gram of tissue.

| Zierler (92) applied the stochastic theory to the problem of
measurment of CBF by externa] mon1tor1ng of a radioisotope and showed
_ that the medan transit time f'gf the 1nd1cator through the brain t1s$ue
could be written 4s the ratiedef the area under the c]earance,curve.‘A,
to the initial height H - , -

‘ | ;tﬁa af min 4 . ‘ -519

This relationship is arrived at by consider1ng'the,foJlowing:

When an-in&icator is rapidiy 1njected (spike, impulse, or delta funtion

'inJection} into the arterjal inflow of the brain, the detector uﬂﬁ]

initially detect, within jts fiel}l of view, all the indicator particles

which are te be cleared by the tissue. The 1n1t1a1 height of the re-
sulting washout curve, H,. eorresponds to the tota] number of particles,
and the area A of the ensuing clearance curve corresponds to the sum

of all the transit times e§ the particles. S o

The mean trans1t t1me represents the weighted sum.of. all the
transit times (us1ng as the we1ghting factor the frequency with which th . }ﬁ
individual transit times occdr). i.e. v

o e

SR =:£ Q(t)dt
max . H
fwhere Q(t) is the quantity of tracer remaining at t1me t, and Qmax 1s ¢
_ L
the total amount of tracer injected (1 e., the peak value)a '
. oy

€
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T - Area under washout curve
Height of the curve

recorded curve after bolus injection

Area offfexternall

- ¥§% . -B20

'Eﬂéing.the‘definition of A (as given by equation B18) and defining f as

tHe b]d&d;flow per gram of tissue, 1ﬁe},
. ';\‘_‘. o . _F
i f=v,

equatfon B20 becomes
, A o
T=7 _-B21

Combining the two definitions of t, i;e.. equations 319 and B21, one

gets: that v

A_Xx .
H f°
or | v

_K m1/gm/m1n ' S _ 2

In terms of conventional units expressing rCBF as the flow through 100

gms of t1ssue per m1nute,vthis becomes . ' 4\?\\\~k\J

.rCBF = 1ooxK m1/100/gm/min - -B22
This equat1on enables: a quantitat1ve measure of blood f]ow per

unit weight lOOgm) to be obtained without 1t being necessary to ';-‘

est1mate the we1ght of the bra1n and hav1ng on]y information regarding

.

the voiume of distribution pér gm of, t1ssue f.e.y A =

" The pr1nc' 1 d1ff1culty in emp]oying equation BZZofor CBF
}

erm1nat1on of . the area 'nder the curve. which
=~

of diﬁa up to ‘infinite times (which is

measurment lies in the

o .
necessitates either collectt

<’
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impossible in practice), or an extrapolation of the data beyond the

- finite time of observation. This extrdp613t1on‘has been performed by

p]ottinq_thé clearance curve on Semi-lpgdrithmic paper and estimating °
the "half-time" of the "tail" portibn of the curve. Then the extra-

! T .
polated area from 10 (or 15) minutes to infinity is given by the product

‘of the height of the curve at 10 (or 15) minutes and the quantity

t&»tu1l
0.693

Without utilizing such an’extrapelation.prpéeddre, a 10 minute
washout cﬂrve’yields velues of CBE whieh are in moderate overestimation
fapproximately 10.) of the true CBF.

(¢) Iﬁitidljﬁlope~[ndex:Andlysfs N

An upprdximetion of €BF may be deeﬁved’from the logarithmically
reeerded inftiul‘phuse of the 133Xe c]edrénee cdrve (93, 94) The basic |

premlse underlying the 1n1t1al s]ope index of CBF measurement is the

gbservatlun that é%e grey Substdnce dominates the initial portion of

the clearance curvf\ “This dominance is so marked in the first ane or

two m1nutes ‘that the washout of tracer can be expressed.,dt least in

’thIS per1ud of time, as d mondexponent1a1 funct10n

- The .ponvexponential cledranke ce}ve of an inert gas from a
L1§sue is described. by equutlon B5: . ‘ ’
o o es () ;823
MUHCG_ugdin, inIOQUdCiLn B23, C(t) is;the concentratibn of the‘trqcer
in the tissue at timLVL| C(0) is the initial eonéentrdtion (max imum
height of the clearance cu}ve after deffa function injecbion)g f
reprgsents the b]uud.ffow (in ml/gr/uin) A;~theltissue:b]ood,pa}tition

coefficient (in mi/qm); and t, the‘time (tn min). ’



A

Taking the logarithm (base e) of equation B23 and then

differentiating wi: ‘espect to time t, one gets
\ d _ f
(T_E LnC (t) =X
;
i.e., _ d _
f = -\t anC (t) : . .
= Au ml/gm/min : -B24

where «is the numerical value .of the slope of the logarithmically
recorded clearance curve. Converting from natural logarithms (base e)

to logarithms (base 10), equation B24 becomes

f =-x2n10 . g? tog C(t)

=Dvenl0 « ml/am/min "

value of the slope in the logarithm (bage 10) scale,

D is the numerical
and sn 10°2.30 converts natural to base 10 logarithm.

Thus, un estimate of CBF is giVen_by

n = 2.30% Dy - men/min -B25

o M Pinitiar
133

IS
X? béinq the partition . coefficient of the

Xe between blood and the
grey matter of the brain. Once again, in!convéntional terms, rCEF is
given by

rCBFISI =']00\g- 2.30 Dinitid] m1/100 gm/min —?26

ITI. STUDIES ON CEREBRAL VASOSPASM‘
 A1thuugh if had beed'hypothe§ized that cerebra] vasogpasm was

a cqusétive factor in the bdthqgeﬁesis’of disordefs such as epilebsy.

migrdﬁné, tr&nsient hemiplegia, aphasias and‘otherztemporary neuro- ’

| 1ogiCa]‘phenomena,as egarly as the beginnfng of the last ceétury,

research un the resctivity of the cerebral vessels was not performed

until 1866; At this timeyjchultz (95) demonstrated vésoéohstriction

~ LI R s
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“in pial vessels“on electrical stimulation. Apart from this work,
little interest was taken in this field until Florey (1925) reported
pial vessel spasm in cats by direct mechanical and e]ectricaT

stimulation. Florey's work was reproduced and confirmed with~pﬁ6t6-

graphy by Riser and his associates in 1931, o ' }

EcHlih (96) was the first investigator to systematically study

he‘rea;p{yity of the superficial arterias of the brain. He noted that

"the larger arteries were more refractive to mechanical and electrical

2

stimulation and a definitg species difference in the reactivity of the -~

pial vessels was present. More important, Echlin demonstrated using
‘vthermoe]ec;ric blood4flowﬁrecordings qnd intravital staining techniques
that vasoconstriction produced ischemia in the cortical areas distal

to the induced vasospasm. 1his=va§ospasm was refractory to topical
application of dcety]ého}ine and amyl nitrate and to iﬁﬁa]ation of
carbon diokide._ Egp]in, like Florey, proposed ihat induced vasospasm

.'/ .

was independent of a neurogenic mechanism.

Lendg;(97) studied cerebral vasospasm induced by mechanical and. -

e]ectrica]vstimu1i and found évgrAdieng in vessel reactivity with spasm
being more pronouhced in the larger arterjes. He postulated that sbasm
_waé not{mgdiatgd by autonomic fibers sin&e the respbnse was unaffected.
'by sympathec;émy.or nerve blockade. Several pharmacologic agents ‘were
tohiCally applied to spastic vesse1s,Aand of the varioqus drugs iiﬁted,
Phento1amine‘Qas found pb be most effective in preventing the induction
and %n re]ieving spasm, Cgrbon djoxide failed fo prevent induction
of cerebral vasoSpasm. | | |

Further observations fhai the larger vesse]s of the circle of

- Willis in cqts,vdogs and monkeys contract vigorous]y on mechanical _

-

-
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stimulation have been reported by Pool (98), Raynor (99) and Corday
(100), Vasospasm of ‘the larger branches of the circle of Willis in humans
has been frequently observed after mechanical stimu]ation’during cerebral
operdtiuns (58;98,101,102,103). However, an important and apparently
univerSdl observation regarding rdsospasm qfterﬁmechanicel stimulation
has been its relatively short duration (rarely beyond 30‘minutes).
Since theladvent'of clinical cerebra]‘dhgiographicdl studfes

the literature on cerebral vdsospasm fo]]owing subarachnoid hemorrhage oo
has increased at e,remdrkdble rate butythe basic etioTogy remains in
- doubt. Factors which abpeer to be of primary importance in the patho-
genesis of cerebra] vasospasm after aneurysmd] rupture are generally .

classified 1nto mechan1ca] chemical and-neurogen1c mechanISms.
. 1Y

PO

A. Mechenical Factars - ' . ] S N

<o Eckerand Rieswenschigider (T08) Tn T95T demonstrated with
angiography evidence of cerebral vasospésm in 10 patients with recent }t -
Subarachnoid hemorrhage and. conc]uded that the common e]ement in the

product1on of pdtho1og1Ca] Vasoconstr1ct1on ‘appeared- ‘to be abrupt

traction on the arterial wa]] Johnson, et al. (103) offered evidence

that Spasm was produced and mawnta1ned by the mechan1Cal effects of the
subarachno1d hemorrhage They suggested that after an aneurymsa]

rupture, subarachno1d b]ood wou]d surround dnd throw the suscep-

tible drter1es into spasm by physcial stretch or by pull on attached%

“oraChnoida] bands. Mdjntenance of the spasm was effected threUQh

‘1ntr1ns1c damage to the vesse] wall or by a surrounding blood clot

.‘Further Support for the mechdn1ca1 hypothes1s with respect to the genesis

of v°sospa5m came from the stud1es of Suwanwela and Suswanwe]a (105)

»
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in patients with head injuries. These authors}noted that anéio-
graph1ca1 Spasm of the major arter1es at the bas%.of the brain was present
in only 5 percent of patients. S1nce the. maJority of patients with -
traumatic subarachnoid hemorrhage showed no ev1dence of arterial spasm;
they suggested tnat a mechanitai.stfmu]us rather than blood jn the
cerebrospinal f]nid was responsible for cerebral arterial’sbasn.

Echlin (106) suggested that-traumattc_rupturevof the vessel wall
itself may be antimportant factor in tnevgenesis-nf vasospasm. He
| proposed that vasosbasm cou]d'be due to mechanical irritation or
‘sen51t12dt1un of the’ vesse]s after aneurysma] rupture but conceded that
~.pro1onged va5umotor ref]ex spasm by vesse] 1nJury has not been
demonstrated. -

Recent_studies by'Arutuinov. gt;al. (107) have demonstrated that
cerebral darteries. are stabilized within the Subarachnoid4spaces by
fibrous structures they termed “chordae." Tnese_chordae are surrounded
by nerve f1bers, receptors and pseudounipolar nerve ce]ls and are
intimately re]ated to nerve e]ements of the arterial advent1tia (per1-
vascu]ar nerves) These investigators demonstrated intense short-.te&
spasm of the basilar artery in cats after mechan1ca1 1rr1tat1on of the
5urround1ng chordae. They proposed that the hemodynam1c 1mpact of the
vb]ood jet stream1ng from a ruptured aneurysm cou]d st1mu1ate chordal
and per1vascu1ar nerves, causing the deve]opment of short-term vaso-
spasm.  ~However, from these studies the authors concluded that
mechanical factordeidsnot gontribute to the pathogenesis of chrbnic
vcerebral vasospasm.. |

8. Chemica] FQctors“_ -

(a) Serotonin Studies

-
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Because cerebrai vasospasm is frequently associated with sub-
arachnoid hemorrhage after aneurysmal rupture and appears to be s]owly
a]lev1ated as the extravasated blood is absorbed, Raynor, et al. (99)
proposed that some substance in the blood was-the etio]og1c factor in
the genesis of cerebral vasospasm. Serotonin (5-hydroxytryptam1ne),

a normal tonstituént of blood platelets, was selected for study because‘_
of 1ts marked constrictor action on per1phera1 arteries Previously,
Zucker and Borrelli (108) had demonstrated that half of the platelet
serotonin was re]eased from platelets durdng coagu]atton and the
remainder became avai]ablemdurjng the’next seyeralzdays. Raynor, et al. |
(109) demonstrated an intense and prolonged spasm of the larger

arteries in cats after top1ca] app11cat1on of serotonin, From th1s study
. ,they postu]ated that after a subarachno1d hemorrhage, serotonin was
released from d1srupted p1ate1ets durIng the -process of coagu]at1on and
caused pro]onged vasospasi. Support for th1s hypothesis came from
Buckel1(110) who demonstrated elevated 1evels of serotonin in the hema-‘
toma fluid surrounding ruptured 1ntracran1a1 aneurysms that were
assocxated with arterial spasm in three pat1ents Karlsberg, et al.
fflll).produced marked cerebra] vasoconstriction in monkeys with intra-c
carotid infusion of seroton1n with dosages as Tow as 10 mg/kg/m1nute

for 5 m1nutes The vasoconstrictor response to serotonin fnfusion was
abolished by prior 1ntracarot1d administration of methysergide (a | £
potent seroton1n antagon1st) Furthermore, methyserg1de:part1a]]y
reversed’ the sero:onin induced vasoconstrtctor effect'when 1ntused'in ‘
high concentration Brawley, et al.(112) cons1stent1y produced vaso- |

_constrition of the 1nternal carot1d artery in dogs after-1n3ect1on of

serotonin into the carotid circulation. - Pre-treatment of. the animals
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with methySergide completely blocked the arterial response to serotonin.
In addition, when methyserglde was udm1nistered after serotonin, the
1nduced vasoconstr1ct1on was reduced but not comp]ete]y ame]iorated
However, methyserg1de did not-appear to produce a benef1c1a] effect
on induced chronic vasospasm and it was proposed that seroton1n was
probab1y not-the etjo]ogic agent producing chronic cerebral‘vasospasm.
Echlin_(]]B)fwas first, to demonstrate that the app]ication of
f autogenous blood dagainst the walls of large‘cerebral arteries produced
intense Vasoconstrictjon. This phenomenon hds been'confirmed in dags,
cats,'raobits and monkeys. Echlin concluded that, a]though'topical
app}ication of serotonin frequently resu]ted/jnlintense vasospasm, it
was fess marked than that caused by-app]icatdon of fresh autogenous
blood. Kapp, el al. (114)éstudied various fractions of blood and
_'reported the isolation of a vasoact1ve substance from feline platelets
| which produced marked constriction of the ba51lar artery upon - topical
vapp11cat1on. - Arterial constriction by th1§-polypept1de was of greater
magnitude than constriction produced by eitherfserotOnin or angiotensin.
Renewed interest in serotonin as the etiologic agent respons-
ible for thc propagat1on and maintenance of cerebral vasospasm after
subarachno1d hemorrhage has been st1mu]ated by the 1nvest1gat1ony of
Zervas (115) and A]len, et'a1. (]16). Zervas demonstrated prolonged
intense ang1ograph1Ca1 vasospasm of the bas11ar artery by TnJect1on of
':autogenous b1ood into the c1sterna magna in dogs. -wnen the animals
were f]rst reserp1n1zed and autogenous blood injected, mtnima1 vaso-
spasm occurred Furthermore, in reserpinized animals wh1ch rece1ved

normal homo]ogous b]ood, severe vasoconstr1ct1on was demonstrated.

These stud1es 1nd1Cthd that blood p]aced in the subarachnoid_space of
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dogs did not cause significant spasm when the b]ood donor recéived

reserpine prebiously, whereas b]ood from untreated animals caused

[ 3

signifhéant vasogonstr1ct1on whether or not the recipient animal had

hd

received reserpine. Results of the Study. suggested’that the factors
primarily d1spos1ng to vasospasm were contained in the blood of the
donor and (ould be b]ocked by treating the donor w1th reserpine., The
effect of reserpine in preventing arteriai spasm was on blood factors
rather than on the nerVouS'elements. Infa more recent'study, Zervas,
gtl_l. (117) Ppresented evidence that prevent1on of cerebral vasospasm
induced by subarachnoid hemorrhage occurred only when b]ood serotonin
was marked]y reduced by either oral kanamyc1n or reserp1ne |
~ Allen et a] ~(116), in a comprehensive in vitro study,

determlned the contractile act1v1ty of var10us vasoactive agents on

segments of can1ne cerebra] arter1es placed within a small volume

chamber, Agents_stud1ed included 6eroton1n;f%rostaglandins‘A], E].

‘and qug noradrenaline; adrena]ine' histamine; bradykinin; and postassium

chloride. Cumulatiye dose response curves were obta]ned for the

agents tested and it Was conc]uded from these curves and known aen-

centrat1ons in b]ood that serot0n1n and prostagland1n E] were the - chemical

regulators wh1ch, a1ong with the sympathet1c nerves, control flow under

normal phys1oloéTE\CUﬁdltlgns\\\ﬂonever, only serotonin produced a

maximal contraction at a concentrat1on known to be present free in
clotted” blood. From this 1n1t1a1 study, it was concluded that seroton1n
was the agent Tn blood respons1ble for. the cerebra] arterial spasm that
fo]]ows a subarachnoid hemorrhage.

In a subsequent study using the same 1n vitro method, the

' contract11e activity of human serum and post SAH cerebrosp1na1 f1u1d on

~ : / ‘.

FEN
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the canine basilar artery was tested. Nith-chromatographic. studies
it was demonstrated that the‘major?ty of contractile act1v1ty in the CSF
samples (col]ected 2 to 7 days post -SAH) was due to serotonin.
Methyserg1de revers1b1y blocked the contracti]e responsé of serotonin .
and serumbut not the act1v1ty of prostag]andin F2 In addition,
phenoxybenzdm1ne 1rrevers1b1y blocked the contractile response of
‘seroton1n, serum’ and post-SAH CSF, demonstrating that seroton1n played -
a major ro]e in the production of cerebral arterial spasm after SAH.
| In their concluding in vivo canine studies 1t was demonstrated
that phys1o]og1c concentrat1ons of serotonin when 1njected intracister-
nally, caused cerebra] arter1a1 spasm that lasted for at least 3 hours
,Comparab1e spasm was produced by injection of blood containing |
approximate]y the same amount of serotonin Phenoxybenzam1ne reversed
both the spaSm produced by pure seroton1n and that produced by b hoa

From these detailed studies the authors.proposed that cerennal
vasospasm waquelatoo uirectly to .the amount of free serotdnin presént
" in the CSF anq within the clot surroundlng the cerebral arteries after
" SAH. Prolonged - vasospasm was caused by gradual ré1ease of serotonin
bound in plate]ets (both within clots and suspended n CSF) over a
period of several days as the clots 1yse anJ the suspended p]atelets
break down. % ",i/' . - /s '

.(b) P‘rostag]andin Studies | |

The prostag1andins (PG's), q family of naturally occurring
structurally related'hydroxy‘and hydrOXy—keto unsaturated carbonylic |
,aCids were first 1ndependent1y studled by Go]dblatt (118) and von
\ ‘Euler (119) in 1933 and 1934, Bergstrom and his co- workers (120)

1solated and chemically character1zed the prostaglandins ‘Today the
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; . 4
prostaglandins comprise at least 13 related compounds and are subdivided

into groups designated by the letters E F,A,B,C,D.
Numerous recent studies have revealed that prostaglandins are
» présent ubiquitously and exert potent pharmacological actions on
different organs and tiséues. A]thoughzﬁhe precise roles of prosta-
glandins in health and disease remain unéert&ih, it appears that they
may modulate local biochemical functions as well as regional é1rcu1at1;ns
and ﬁéy.influence the physiological functions of hormones ahd neuro-
transmitters.
Prostaglandin E] has been shdﬁn to directly depress the smooth
‘muscle of reswstunce type arter1oles. causing vasodilation (121j122)
Denton, et gl.(123) dssessed the cerebral vascular responses 1n dogs
and monkeys to PGE}‘ PGA 1 and PGFZa by means of a standard perfusion
technique. hrostdglandin'E] deprched cerebrovascular tonéhin_the dog
but not in the monkcy, whereas PGF, caused a marked vasoconstfittioh
‘of cerebra] véssels in:bqth species. These workers postu]aﬁed that
‘prostagyundins may -influence physio]ogical and patho]ogicgl cerebro-
“vascular phenomena and under,éome Fircumstaﬁcésvprostag]andin*Féa may
p1éy a significant role in protracted vasospasm and bfostaglandin E]»
in its eventual ]ysis.' fh a subsequent'study from the same laboratory
_(124)_an.angibgraphica1 analysis:of experimental cerebral vasospasm
f was performed in dogs. ;ﬁ stati;tically significant differencevwas‘v"
found between the incidence of vasospasm obtained with- injection of{ﬁ
blood a}one (33 percent) and Qusoépasm induced witﬁ blood andzprosfaf
g]andin'F2 (92 percent) " In uddltion cerebral VnSOSpdam was demon-

stratcd wwth 1ntrdL]Sttlnd] 1n30ct1on of prostaglandin F2 alone,

whereas prostaglandin [y had no effect on arterial recactivity. These
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findings corre]dted.with'Denton's hypothesis and suggested that.prosta-
glandin F2u May pluy d role in the genesis of sehebra1 vasospasm seen
clinically after subarachnoid hemorrhage. S \ o)
Steiner, et al. (125) studied the effect of intracarotid injegtion
of prostaglandin > on cerebral hemodynamics in patients suffering from
subarachnoid hemor‘rimqe and d].] prevse~n‘t1n'g with dngiogr‘hpMCal'evidence o -
of vasuspasm. Arterial diameters (angiography)j_cerebral blood flow |
(]33X0nun tCChﬁﬁque)qnd circulationrtimes were me&sured'after adminiétf-
ation of prost;gldndin E]. Arterial spasm and cergbral hequynamiésqwene
not influenced by pristaglandin Ey. Pelofsky, et al. (126)‘stud1ed the
effects of intracarutid injectibn of proStdg]and1n E] upon carotid
. blood flow and gerebrnl drterini caliber (angiography) in three b;boons
subjected‘to subarachnoid hemorrhage. In this smafl series,‘prosfhgland-
in.E1 relieved cerebral vasospasm and ﬁncfeased_Carotid artery plood flow. '
YamAmotu. Feindel and their a;sociates'(127)‘stud1ed the effects
uf'prbstaq]dndins'L] nnd,qu on the cerebral circulation in d;gs by
fluorescein angilography, medasurement of .microfregiond] cerébral blood
flow (]33Xénnn“ciegrunﬁé technidue),~and by measurement of exbosed .
epicerebu1 vessels., Intracarotid injection offprostcg]andin E] (0.5
mg/min) Caused a vasoconstriction of the small epicerebral arteries
(less tlhen 700u diameter) and SiQnifdently'reduced r‘eg’iondl cefebra]_
b]uud flow. The intense vasoconstriction WdSs dbo]ish::’by addition of
eth3n01 tulthe pfuétgqlandinbE] ;olution,» In;racarotid 1nfusion.of
: pruétdglandin de (25 mq/mih) produced a selective vqsoconStriCtion»in
epicerebru] aFtGFiOQ(]PSS‘thdn ZObu‘diémeter) ahdta moderate reduction

in regional cerebral blood flow. These findings indicated that

e

ee——"’f”*

prUStdg]undiHS.[] and F?“ , rather'thun being possible therapeutic

~
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agents for alleviation of cerebral vasospasm as suggested by earlier

7

studies, were most probably involved in the pathogenesis of vasospasm.

At the present t1me. the controversy regarding ﬁhe fundamenta)l
actions of prustaglandins has not been resolved. Factors responsib1e
for the‘discrqgunt‘cunc]usions include: (1) species varf@tions; (11) -
anatomical variations -of the carotid dnd intracranial arterial system,
' (iii) variation in sufgical preporatioh. (1iv) routes of administration
of drugs; (v) dosage variability, (vi) single injection opposed tu '
continuous infusion of drugs and (vii) techniques ut111ged go‘mon1tor.
cerebral perfusion. As stated in the Lancet-Editerie] (128): "If the
chemistry ef the prostuylandins seems-cbmp]ica;ed. the number and
diversity of their reported actions may leave the uninitiated gasping."

L. Neurogenic Factors ‘ | R , '

The role of the autonomic‘perivascular nerve plexuses in the.

genesws of Lerebru1 VasoSpasi remains . to be fu]ly e]uc1dated Histo—t

chem1ca1 and electron microscopic techniques have confirmed the presence

\

\ -

of noradrunerq1( and rhu]lnorq1c nerve >\ber§;with1n the adventitia of
larger cerebr.l arteries. Furthermore, the.pAFsence of alpha- and

beta-adrenergic receptor sites in the cerebral ‘vascular bed in various

“species of animals has been indirectly coe?*(gsj by adrenomimetic
perfusion studies (129, 130, 131}.. " RN | A

Fraser, éi_ul. (129), using_ihe\caﬁecho]amine fluorescent
.technique, demonstrated. a mhrked reductiun.uf completefebsence of
catecholamine fluorescence in.the periarter1al nerves: after cerebral
VaSuSPash was 1nduced by app11Cat1on of dutogeneous blood to the vessels
These f1nd1ngs suggested the poss1b11jty of noredrenergic\mediatfon of__

cerebral vasospasm.- Pharmacologic depletion (tyramine) of the f .

38 -
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noradrenaliné stores of this p]exu;“produced a d11ated vessel but -
blood-induced spasm was not prevented. Alpha-adrenergic blockade

(pnenqubeniamine)rat the receptor prevented the induction of vasospasm

'by blood and'reversed induced spasm‘ These data suggested that cerebra]

- Vasospasm may. be produced by substances,act1ng at the a]pha ~adrenergic

receptur of the vessel wall and that b]ood contains a vasoconstrictor sub-

A
Y

stance cdpable of a‘ting at the receptor site. Peer]ess and Yasargil
(29) demonstrated the depletion of cetecholamines 1n the periarterial
nerves in rabbits subJected to subarachnoid hemorrhage Tt ‘was noted

that in survduinq an1mals the fluorescence 1ntens1ty in the var1cose

" terminals did not, return to no,mal contro] levels for up to 3 weeks

/1.
Wilkins (132) studied the. effect of parentera]]y administered bhenoxy—

benzamine on vasospasm induced in dogs bytinaect10n~of whole' blood 1nto»
the chiasmatic cfStern. Intracarotid infusion of the vasoactive agent
was found to be\gore effective in reducing vasospasm than intravenous

administration' ut was accompan1ed by a high mortality rate. <>

L : lhe Capab111ty of a]pha adrenergic blocking agents to prevent

or alleviate "tbFOVdSCU]ﬂr spasm produced by application of blood to

the bas1lar artery in cats was 1nvest1gated by Flamm, et gl (133).

' IntravenOus phenoxybenzam1ne wasueffect1ve in preventing spaSm, -

provided at least one and “one ha?f hours e]apsed prior to application

of b]ood rop1ca1 app11cat1on of the drug prevented spasm and also re-

11eved the 1nduced spasm o E

Preliminary c11n1ca1 stud1es have been undertaken to stuoy the

eff1cacy of alpha- adrenerg1c b]ockwng agents in the treatment of patients

with cerebraJ vasospasm. - Cummlng ‘and Gr1ff1th‘(134),administered

phenoxybenzamine by intracarotiq injeetidn'in patients with,severe

]
-t
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cerebral arterial spasm and reported a rapid improvement in their

_ neuro]ogica] deficits Impressed by their preliminary f1ro1ngs. these
1nvest1gators have administered phenoxybenzamine routinely after
aneurysmal clipping procedures. No deleterious effects from the
medication have been encountered Takamatsu, et al. (135) reported-
two pat1ents in whom severe vasospasm was reversed by 1ntracarot1d
injection of phenoxybenzam1ne g

‘Contrary to the above clinical investigations, Handa et al

(136) were unable to reverse cerebra] vasospasm in two patients with

!

subarachnoxd hemorrhage by 1ntraCarot1d phenoxybenzamine injections. ‘In . -

their third pat1ent w1th vasospasm, phenoxybenzamine caused a marked'

133;

decreased in cerebral blood flow as determined by the ' Xendn c]eqrance'

“method. f | : ‘ _"

° BECouse the etiology of cerebral vasospasm has not been fully

- -~

elucidated at the present tlme the treatment of pathological vaso- -

constriction remains unsatisfactory. C11n1ca1 and experﬁmenta] invest- _

igations of 1ntracran1al arterxal Spasm must a]] be 1nterpreted with

taution and the fg310w1ng cr1ter1a, as out11ned by,N11k1ns (132), must

I3

be cons1dered

(i) S1m1lar st1mu11 produce d1fferent arter1a1 responses in

different specnes. thus resu]ts of animal exper1mentat10n

cannot be directiy applied to man. .
(i1). IntraCranial spasm»appears to bebbiphasiéfin nature.
.The mechanisms respoqsib]e forhtheAaoute ?hase may be
different from those eausing’cnronic spasﬁt Success in.
preventing or amelioratjng one phase may be unsucessfu]
Jn affecting the other phase}f‘ ' '4'.';@3‘.

8

Y
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(iii)

pivy

" N d

’

An exact reproduction of human subarachnoid hemorrhage
; . )

&

hasynot been- developdd,
' ‘
cerebral arterial spasm &in be produced by various

stimuli, eavh apparently having a different mechanism.

Current angiographical techniques- are not capable of

'

detecting changes in the cerebral microcirculation.
Y . Q

‘Cerebral.arterial spasm may represent a protectiye

"mecthism and attempts at treatment of Spasm may be

Lven

certain agents

]

experiments and then with humans, employing various drug dosages, dosage

-

schedules ane

. #

N . [
harmtul under certain circumstances. Furthérmore,
pharmacolaogic vqsodilatury agents may cause systemic
hypotension and veduction in cerebral perfusion, /

cspecially when cerebral autoregulation is fmpaired.

As well, arteries and arterioles in an ischemic area may

respang aifferently “to drugs and gdases than those in a
nertia s area, -
with they Timitations and precautions outlined above,

-

routes of gaministration. @

’

o

IO appear pronising in expgrimental” and clinical studies.

Howevor, wocre systematiced experience is required with chronic animal .

41



CHAPTER THREE

MATERIALS AND METHODS

1. ANIMAL PREPARATION

Juvenile and adult female rhesus monkeys (macaca mulatta)

~

weighing between 2.0 and 4.5 ki]hgrams were utilized in the entire
study. In. the in;tial experiments (study A), sedation was pch1evéd
with 1ntrdperitone;l sodium pentobarbatal (30-75 mg/kg) and in the {
subsequent studieS (studies B and C), with intravenous injection in
doses ranging from 20;30 mq/ké. _Flexometallic endotracheal tubeélﬂere Y
1ntroduced and the animals were ventilated w1th a Harvard variable " -
phase mechan1ca1 resp1rdtor Para]ysis of the animals was induced.w1th :
1ntravenous d-tubocurarine (induction’ dosage 0,9~mg/kg)and maigtained
with ddditiond]'suppTemen£S‘(0.3 mg/kg) as required. General aﬁestheSia
 was maintained throuqhout the experlmental period with a mixture of |

é*thous oxide (N O) und vxygen (02) from a- reservopr in a ratio of 2 1

(1.0 11§gr-N20 to 0.5 l1ters 02 per minute). Pff, o A d
jéody temperature was continuously monitored by an.esoﬁhageal

thermometer (tele?Thermometer - Yellow Springs Inétrument'Co,) and'

K maintained between 36 and 38 degrégs centigrade by a4250 watt i-7-a-red
1jght bulb positiqngd abbve'thé gnihals Standard 1ead‘e1ectruu:‘dio—

| araphy (Béckman- Dynograph (typeR) Recorder) was performed in aT] >

- h‘. ‘ 2~ :ls and in several an1mals, electr1ca1 act1vity of the>bra1n wa's ~e

moitored *hrou  eight need]e or d1sk e]ectrodes by an encepha]ograph .

recorder {Grar - 21 6 Encepha]ograph).



IT. SURGICAL PREPARATION B
‘Femorai artery catheterization was performed in the
anesthetized animals and arterial blood samples were immediately
obtained fur pH and biopd gas analysis (Instrument Laboratory Inc.,
pH/ Gas Analyzer, mode] 113) By adjusting the volume output from the
.grespirator, “arterial pH (apH) carbon dioxide (PaCOz) and oxygen (Pa02)
'nvaiues were kept w1th1n the phy51oiogicai range during surgery
Thereafter, arterial pH and blood das analysis was performed during
each measurement of cerebrai blood fiow. Hemoglobin and hematocrit
determinations, required for CBF eaicuiation, were carried ouf at the
onsetlnmidpointland upon termination of each experiment. Mean arterial
blood pressure (MaBP) was continuously measured by a pressure trans-
" . ducer (Statham (P23Db)>Transducer)‘epnnected to the femoral artery
ca;heier. Maintenance fluids and drugs (d-tubocurarine, heparin,
atropine'and prostigmine) were adminispered as required fhrough'a
cannula pusitioned»in the femoral yein. ‘ |

A cranial ‘Lwisthriii ho]e (1.5 mm diameter) 0.5 to 1. O centi-

1'4 meters dorsal to the nasion was performed in the anima]s to be

subjected to intracranial hemorrhage. Hemosta51s was achieved with

bone wax application and the defect was sealed until thé time of

induction of the intraeranial hemorrhage. In several animals a Numoto

43

electrical pressure sw1tch (Ladd Research Industries Inc. ) for intrav.TL o

cranial pressure measurement was implanted extradurai]y through a 1. 25
centimeter burr ho]e positioned immediately lateral to the midline and

posterior to the coronal suture. Upon'imp]antation, the bone plug
was repositioned, the defect sealed with dental cement and the scalp

incisfon was sutured. - . - -
S o | , u



Cervical dissection to the common carotid artery bifurcation
was performed'with the aid of an operating microscope (Ziess Instru- Y
ment Company) and precaution was taken to preserve, the hypoglossal
nerve and the per1-arter1a1~autonom1c nerve plexus. The externa]
carotid ehtery weS'isoiated and doubly ligated immediately distal to
the origin of the external max1]1ary (facial) artery. The external

maxillary artery (1argest branch of the external carotid system in the

© monkey) was carefully d1ssected from Burrounding tissues and doubly

Liguted approximately two cehtimeters distal to its origin. A 21-gauge
. : ‘ ' | - .
polyethylene catheter was inserted in a retrograde manner into the

origin of the internal carotid arterys+ On occasion, internal carotid

catheterization was facilitated by~dista1 division and mobilization of

the external maxillary artery. After adeqUate placement within‘the

internal carotid artery (with the aid of fluoroscopy), the catheter was
sécured with a Tigature around the proximal seghent of the ext¥rnal
maxillary artery. The catheter was connected to a three-way stopcock

L

through which heparinized normal saline was slowly infused.
G
IT1.. ME1HOD OF SIMULATING INTRACRANIAL HEMORRHAGE
Prior to the induction of subarachnoid hemorrhage ‘a circum-

ferent1a1]y beve]ed gauge 19 spinal need]e was carefully inserted

“(under f]uoroscopy) along the f1oor of the anterior fossa into theg\
_ subarachnoid space dorsal to the p]anum sphenoidale or 1dto the
“chiasmatic c1stern. Adeguate p]acement of the needle was confirmed

with return uf ¢lear cerebrospinal fluid (CSF) after remOVal of the

9

‘needle. stylefte w1th the needle secured to the skull by A screw device

.a CBF and ang1ograph1ca1 study was routinely carried out to determine

I

N . . ‘

Coa - o .o . g
I e - -~
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the effect of needle insertion on cerebral perfusion and intradural

"arterial diameters. Subarachnoid hemorrhage was induced by manual

injection of four milliliters of fresh autogenous arterial blood under
constant pressure over a twenty-second interval. Subdural hemorrhage

was induced by the same procedure, except that blood was injected into

. the pre-chiasmatic subdural space. Fo]]owing_1ntracnania]”hemorrhage
~induction, post-hemorrhage CBF studies were begun within three minutes

and followed by angiographicaf studies (approximately twenty minutes

post-hemorrhage)." Thereafter.:CdF studies were performed at approxi-

mately thirty-minuteintervals for a three-hour period while additional

S~

angiogrdaphical studies were performed at ninety minutes and upon

termination of the experiments (3 houfs).

IV. HANDLING AND DIéPENSING":‘”XENON_

133Xenon.gas, an inexpensive and read%]y avaflable radio-
chemic§1 with a half-Ttfe of 5.3 days, was oPtaingd at weekly 1ﬁtervals
in break-seal vials (1.0Curfe) from the Oak(Ridge Natfoné] Labbratbry‘

(Oak Ridge, TennesSee, U;S.A.). Since the aquedUs form of 133

Xenon was
required for'intra-arteria] CBF determination, a special handling and
dispensing system with a highlfransfer effjciency (nearly 99 percent)

was constructed in our laboratory (137). During the transference of

. 1.0 Ci gaseous 133Xenod into aqueous éolution, a procedure’redh1r1ngL

five to eight minutes, the maximum rqdiation dose to the operator at a

-distance of one meter was-approximate}y 1 mR/hbur. Dispensing‘of

ind1vidua1,qoses of aqueous ]33Xenon (0.5 to 3'mCi).required:approx1—
mately one minute and involved no direct handling of unshielded

activity. Glass syringes were routinely utilized for dispensing the'

45
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]33Xenon solution and these were immediately placed inside lead tubes..

V. ADMINISTRATION AND DETECTION OF THE RADIOISOTOPE

Cerebral blood flow was measured by the ]33Xen0n intra-arterial
injection (residue detection) method developed b& Lassen, Ingvar and
their associates. f

- In study A (determ1nat1on of partial hemispheric blood flow
(pHBF)), 0.5 to 1.0 m1]]1cur1e of ]33Xenon dissolved in 0.5 mi]]iliters
sterile sal1ne. was 1n3ected over a 2 to3 second interval 1nto the |
internal carot1d artery The c]earance of ]33Xenon from the brain was
s1mu1taneous]y measured for eleven m1nutes by two 2.54 cent1meter ,

diameter, 1.27 cent1meter th1ck, 1ntegra1 line sodium-iodide tha]11um

activated crysta]s placed symmetr1ca11y over the right and left par1etal

reg1ons_(Harshaw Chemical Co.). These scintillation detectors were

"~ collimated w1th cylindrical 1ead tubes, n centimeters long and 1. 50 :

centimeters th1ck The inner d1ameter of each colllmator was 2 54
centimeters. The 1sovesponse curve for the col]imated detector,_
determined with a point source of ]33Xenon'in-water'is‘shown in Figure
TR | . J : , | o
The signal output from each detector (sampling time of 4
seconds)‘was amp11f1ed, analyzed and stored via mu]tip]exed high speed
time-sequenced inputs (buffered device) into a 400-word magnetic core

memory. The electronic c1rcu1try of the system is 11]ustrated in

. Figure 2. . Punched paper tape data output from the 400-word memory

allowed immediate access to calculated flows via an on- s1te Iaboratory

' d1g1ta] computer (Hew]ett Packard 21163 computer)

' Background radiation (remaining activity) was recorded for a,

w
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 two-minute period and a calculated mean value was subtracted from the

a“

‘washout curves prior to tomputer calculation of partial hehispheric

In stud1es B d;% C, regional cledrance rates for ]33Xe were
measured by ‘@ six-detecCtor sc1nti11at1on counter assembly constructed
in th]S labovatory The detector system, (f1gure -3) was designed to

record the rad1oact1v1ty in each of five discrete cylindrica] volumes

- of unilateral brain tissue, with the sixth detector recording radio-

act1v1ty in the un1laterdl orb1to -maxillary tissues (F1gure 4). Each
sc1nt111at1dn counter comprised of 0.60 centimeter diameter, 1.25
centimeter. thlck sodium-iodide-thallium activated crysta] (NaI(T1))
coupled to a 1.25 centimeter diameter photomu]tiplier (Phillips XP 101)'

with a truncated p]ex1g1ass light guide (F1gure 5). The detectors,

spaced at a aistance of 1 'centimeter from each other, were mounted in a

stainless stee] col]imator block with a front face of each crystal

'recessed 7. 5 cent1meters from the b]ock face. An additional 1. 5 centi-

o
meter ]End (o1l1nmtor dpp11ed to the block face ensured measurement of

radSOact1v1t» from discrete vo]umes of brain tissue The isoresponse

curves for two deacent collimated detectors-are shown in Figure 5.
Pulses from each detectoh were amplified and then;input-to

s1ngle channe) dnalyzevs wh1?h accepted pulses equivalent to the energy

range 70 to 90 Kev, The output from each single channel analyzer was

‘recorded in a high speed buffered sca]er which read out onto a seven

track d191ta1 magnet1c tape” A sampl1ng time.of four seconds was

utilized and the data was prucessed by an on-site HP2116B digital

g:;;omputer. Partial hemispheric blooa f]ow from the contralateral

parietdal area was_s1mu1taneously measured by the method deSCribed in the

49
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Figure 4:Lateral cerebral angiogram showing scintillation detector placement.
.Detectors 1, 2, 3 and 5 measure rCBF from tha frontal, central, parietal and
oc”oml areas of the brain. Cerebella and orbito-maxiltary porfuuon is measured
v detectors 6 and 4 roaooctwoly
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\cdrveS'qfter internal carotid, injection of 3.0 to 3.5 mCi

o S ' .
~ " A

1n1t1al study .

Correct placement of xhe mult1detector system was achieved by

apply1ng a p]ast1c templdte (w1th 51x rad1opaqde circular markers with
1dent1Ca1 diameters as the detectors) to the lateral surface of the skull.
Man1pu1dt10n’qf the monkey ' s head underufluoroscopy ensured adequate
posjfioningfof the'multidetettorbsystem (Figure 4);

'Regiohdf cerebral ‘blood flow was measured from the washout
]33Xe

o

dissolved in 0.25 to 0.5 milli]iters sterile saline. Ipsi]a;eka]

'extrdcerebral contam1ndt1on w1th ]33Xe'w%svmin1mized by l?gatfdh of

‘/

the externa% edrotld artery. Mean hemfspheric blood flow (mHBF)'was

'detennlneg by averaging flows from the four supratentor!a]]y p]aced

6&1‘

detec;gr§‘§grobes 1, 2; 3, and 5):
VI. CALCULATION OF .CEREBRAL BLOOD FLOW : K
. Cerebral blood flow was ca]culdted by the hJexponent1a1 . ‘ .
(compartmenrd])stochdst1c (helght over drea) 4nd the initial- slope-

1ﬁoex methods fur the b101091£ul cledrance curve.. A dgta11ed discussion

of the three methods of CBF ca]culdt1on has been presented and will anly

.

:be r6v1ewed here

-

©

0 In the comﬁartmental dna]ysis. it 1s essumed fhat the sehi_ .'

1ogar1thm1c reploz of the cledrance curve~ﬂ¥>J~—Xe caqrbe represented by °
two exponent1d1 companents.. Frdm these two phases. blood flow in the
grey (f 9 and white (f,) matter are detd’mlned from the 1ntercepts of ' '
the two slopes dt tero time. Know1ng the perfusion rq;es and the

relative we1ghts of each tissues the weighted mean blood flow for the

cerebrdl tissue under observa£1on can be calcu]ated

e




A

: VSIupv“n°1'hu tirst LA to 2.0 minutes.of tie 1ogar1thm1c clearance

Turve, e Limate ut rho mean CBF can be readily determ1ned us1ng

"%fi}mett \t]UU\ near 10|mn Hq since the effect of cerebral apop]exy on’

fc ) ”4 . 14 WL ml/lOOgm/m1n _ -B14

Iho stochastic methogetormulated mathematically by Zier]er Can

be LT ied to calculate the mban flow values from the linear washout

curve cooording to equation R2D. % ,
| Mo = Mo L 00 m/100gm/Nin -B22”
reit O 0 m gm/nin - "
Ay - Background : Ca
' 1o - Beeke |
2

wnurz'HO \nrtv\pund\ to the' totu1 number of 1ndicator particles to Be

"

cleared ann Hy oo the level of the cledrance ‘curve at 10 minutes. A]O

Sl odetersiined by &ntvqruting the counts recordediduring 10 minutes and

]33Xenhh. i
P

ihe inttiad-slope-index (1SI) method utilizes the calculated

0

Caenotes the mean tissue: blood solubility coefficient for

A, :
(ﬂy\JﬂIRI 100V . 2.3¢ D1n1tw ml/lOOgm/m1Qi¢ _-BZG

where ,f“‘~»rrcxﬁuﬂﬁs to tho”133X9non partition, coefficient of grey RO

retter ana ttPlORﬁHf\ tho numerical value of the s]ope of. the curgg

i

'Pv«,h\v wt igv jxufuund vntluence of carbon dioxide on cerebra1
‘ﬁvrzu\ onLooart eyt T Fare was taken to,mdwntdln PaC02 levels with?n the
‘vphxyfulwq‘\al.yunhe (0= 4 5mm- Hq) durYng steady state Studies ' Both
uncarrectes hnh thxlottod flows fov PdC02 were ca]cu]atEd F0r each ;'.«v_ :

Hel.»notun \hunuo in PuLOn. a LOFPeLtTOH fdctor of 2.5 percent for CBF

b

. : R
~;Lnxvuv«;' 'he same direction was xncouporated into thefgemputer program

..‘* <

\1ﬁx}f7‘ fnethe pust- hvmnllhnge pe|10d special care was taken’ to keep

-

P

thtvon g 0\1de vespun§1veness has not been aéEQUdtely determined G )

:.' v . o 33" ’, L . *
vl- ;‘no pdlt?tlon LOCfflCT@nt for Xe in the grey and white ‘ LA

m«mfuy “whs kd]ku]dteﬂ dttuvdwnq to the method of Veal] and Ma]lett (139)

i i



.:,

. v
- ' A

//” ' >

fe grey and white matter of

r

baboons (25). 51nee the hemdtocr,t 1nfluences the so]ubi]ity coeffis,
133

usi‘nq the', solubilities of '133Xe in

,ci_ent of Xe in who]e b]ood d‘y

!

a correction equation as described, by Veall and Ma11ett 139) was

1ncorpovuted 1nxo cBF calqudL1on Hemdtocrit detennlnations were
\ v‘ ~ A

routinely perfqrmed at_ the Onset midpoint and upon termination of

)T

each experfment Q'médn partition coefficie&t for the bra\n was

-

;;i cg_leﬁ’Iated ,Q‘ the b.xsu Qf o 52: 48" grey to whlte matter rdtm as

"J “
udexgrndnéd Tor the baboon brain by James (25).- .

S 7,'!', \',

lk,f'"’izf'Tpe celculdt1un of CBF pnqsupposes that the recorded c]ear-

B
~

the blood-brain partition coeff1c1ent;~

dnce cukve xepresent> a single trans1t of ‘the tracer and that the tracer

f 28

A e
dqes nut recirculate. to the cnunting f1e1d Even though the lungs

funct1on as ‘an effective f1lter for inert gases w1th Tow solub111ty

%3

(90 percent of Xe is cleared during tﬁe first passage through - tAe -

]ungs and the remd1n1nq 10 pevceut Ts d1#tr1buted in the tota] card1ac
output w1th on}y 1 sevcent. of the rec1dculat1ng activity d1str1buted to
the~bra1n) ICLllLUIxLI\H does occur. waever only in the presence

of gross pu]mondry 1nsuff1e1ency Pr w1ph a rebreath1ng ventilation,
syStem does rec1xed1dtwon become a s1gL1ficant factor in CBF determina-

t1on (138) I'n the present exper1meﬁﬁ§, exhaled ]3§Xe was removed by a
£
hose at a sl1ghb&neqat1ve pressure tJ the respirator Correction<for

i

rec1rculat10n was ngt performed / ' .
3 ‘ ! - !
A N iA ';' ‘;.’.' . TR ‘ . "

VIJ ANGIOGRAPHICAL STUDIES ' S i
“Cerebral ang1ograph1ca1 studies were performed 1n contro] and

expev1mentd1 dn1mals in stud1es B and C by forcefu] inject1on of 1.0

to 1 5 m111111ters quIum1ne 1otha1amate (Conray 80) 1nto the 1nﬁerna]

e V!

A

':‘S.

- o . E _.:‘b . o . . ; ‘..::..iéj' !

Ll
a
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. 4
carotid artery. Only lateral angiograms were obtained and care was
taken to maintain magnification factors constaht'during each exp riment
Ang1ography was routinel, car'ied:out after completion of a cerebralbﬁﬂr

blood flow study:” o A ""(
Angiograms showmq the arterial ph_ase most d1st1nct1ym

selected for measurement studies. Only the large intradural capacit- o

ance drteries, i.e., 1ntradural 1nterna] carot1d (IDICA), midd]e cerebral, - ";%
(MCA), proximal pericallosal (PCA), and dlstal perica]]osa] (DPA) were Lo .;!Eff
measured (Figure 7). . Arterial vessel (1ntra-1umina]) diameters at - ‘ S
predetermined fixed 1ocat1ons were measured w1th a m1crometer (Vernier
cal1bragfd) lens system pos1t10ned at a fixed focal d1stance fromhgpe '
f11m (F1gure 8@? USually three to five films- from each ang1ograph1ca] \{» !
s1tting were selected and the vessels of each film were measured zhree‘g "9 L
times. The mean d]ameter value (and standard dev1at]on) for each :'.‘i .k

artery was therefore obtained from nine separate readings and this

value was utilized for statistical ana1ysj§§

1%
M}IIu MEASUREMENT OF INTRACRANIAL‘PRESSURE : Rl S - '
Intracranlal pressure (ICP) was*cont1nuous1y measured in - 't

g

severa] ah1mals by a Numoto electr1ca1 pressure switch 1mp1anted

through a burr hole into the extradura] space. The ca11brat1on and

1ntracran1a1 pressure measurement systems lre demonstrated in thure 9.
Prior to;1mp1anta ion, the record1ng system was calibrated {in

millimeters‘mercury) with a manometer With the pressure sw1tch 1n

1 L]

a1r, Ca11brat10n to a at ospher1c pressure (base11ne zero value) was
rap1d1y,aoh1eved by manU‘lly_alter1ng the quantity of water (via '
v.syringF_A) wrthtn~thé_e%'ernal‘manometric reservoir and maintained

.-.l., » \. \'
S \
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lens system (vernier calibrated).
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Sdrift was determined with the pressure switch in a1r ‘and 1ncorporated

-stimutation,
of ;Vdriab] Lll.“ ation. \\ '

,resp1ratlons) e

- failing vital signs - fa]11ng g( arrhythmiass sha]]ow 1rregu+ep<\\\\\\

61

(via syringe B) by reversible servo-unit-motor mechanism, After air-
tight,implantation of the pressure switch, intracrenie1 pressure was

continuously measured hv the reversible servo-unit- motor mechanism.
B

During induction of intracranial hemorrhage, the apparatus was manually

operated {via Syringe A) and ‘large rapid changes in 1ntracran1a1 pres-

sure were reanured. Theredfter‘ the system‘operated automat1ca]1y. .

At the termination of each experiment the zero (baseline)

into the-Ld}\U]dtlnH of the true 1ntracran1a] pressure

&

~IX. . NEUROLOG!CAL ASSESSMENT

5t Neuywluq1tal exam1natﬁon was performed 1n all monkeys in the -

. Lb‘-
e >- 09,

' two to three houy ndﬁ?&d dftEP anésthes1a was discontinued A five

L»-?
d1V1s1nn neur. I”“’(H] qrddlng system was utilized for ewaluatian of the

: [

Grade 1: alurt active and vocal, no evidence of neuro]ogiCul
def1c1t, accent tood and water

animals.

~ 7 Grade 11: i ]dly obtunded, not as active or voca], no signifi-
cant neurological deticit.

Grade I11: ‘moderately obtunded, neurological defic1t (i.e.,
hemiparesis, pdil%drﬂSls, cranial nerve palsy), usually assume a semi-
supine pos‘tion but sit up when stimulated, respond to all forms of

stimulation | aud1tovy. touch, pain).

—

wrade IV:  Severely obtunded, se<ere neurdﬂagical deficit
(i.e., hemipteaia, quadraplegia), Tittle‘or no reésponse to painful
frequently_exhibit generalized Jintermittent c]onic seizures-

—

Grade V ! mo:1bund, unrespons1ve\t3\311\¥orms of stimulation,-
T

-



X. EXPERIMENTAL DESIGN

A. Study A: The Effect Of Induced. SA And Subarachnoid Sallne
v Injection On CBF, Neurological Status And Other
PhySIQ]\QICdI Plrameter \

A tota] of twenty-two monkeys were Qtilized. Four monkeys
served as LUHI!U]\ ana had repeated CBF studies (part1a1 hemispherlc
b]ood f]ow),perfn#mvt at 30 minute 1ntervals for f1ve hour period.

t

Four dnimals received 4 milliliters of body temperature norma] sa]ine

(pH 6.1) injected 1nto the subanachno1d space and fourteen monkeys

Swere subJected to subavathnowd hemorrhage ‘ Three tpfj1x CBF determfna-

tlons at 30 -minute intervals were made prior to 1nJection of 'saline or
whole autoqenous blooy nto the subarachnoid space Post 1nJection CBF
measurements'wer stavted w1th1n 3 minutes follow1ng the 1n3ect1on and
contlnued at 30- m1nute 1ntewvals for a per1od of three hours. Every
effort was made to maIntalh the PaCO2 w1than the physio]ogicfrange.
Following the final CBF study; anesthesia was dfscontinded and
dtubocurarine was 1evexsed—hlth atroplne (0.05 mg) and n’pst1gm1ne

(0. 2mg).  The animals were observed over- the next two to ‘three hours

as they recovered from anesthesia and their neuro]ogica] status was

: evaluated at the end of This time. The animals subgected to the
‘subarachnowd ?Kmbrvhaqe were sacrlflced w1th an overdose of sod1um
pentobarbatal and post movtem exam1nat1on was carrled out. Animals that

showed s1qn1f1tant,subdura] or 1ntracerebral hemorrhage were excluded

from the series. The bValnS were photographed and thick bratn slices’

were exam1ned qrossly.

R
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B. Study B: The effect Of SAH And SDH On Regional Cerebral Blovod
Flow, Intradural Arterial Caliber And Neurological

Status.
Of the 21 monkeys utilized in this study, six served as controls
and had repeated rCBF and pHBF studies performed at 30em1nute intervals

. Lo . . N :
for a 5- to 6-hour period.. Fifteen ahimals were subjected to intra-
} 2

cranjd]’hemorrﬁage. Subarachnoid tremorrha was induced in éighg;;
~pure subdura) hemorrhage in'£w0. ¢nd cdﬁbined SDH:SAH in five other
monkeys. Usual ly Xnree te four bdseline rCBF deferminations at 30--
_niinute intervals we re_nade. prio r'to needle_insertion into the sub-

‘arachnoid or subdurdlsgp%;e; After correct need]e'p]acemenﬁ._angio-

L}

graphy was carried out and wasg?n1ldﬁed by'd final baseline rCBF study.

h

Insertion of ihc needle into the subdural or sub§rachnoid space did
not Cduse.d1tefdtibn—in>CBF or vessel caliLer. Post-hemoranége ECBF
studies wére srqrtéd within 3. minutes of the hé@or;hage and cont?nhea
at 30-minute intervals for a period of 3 hours.xlnlone study, rCBF and
angiography were pevfnrmeq at 24 hours post-hemorrhage.

In thelyontrolngoyfes. angiograms wére performed bn‘;ompletion
of supﬁexy‘aau prior to term1h@ti§n of the experimehﬁs, Ih monkgy;b
Subjegfga to hemorrhage,- baseline ang{ograms'were carried'ogt at ;he v
onset of the‘experimenté and upon insertion of the needle into the

, chiasmatic"area. Post-hemorrhage angiograms were peffoﬁned at 20,90
and 180’Minpte§. | |

Fo]iowigg Lpe three hour pos;-hemorrhage.period.'aneSthésia'was
dfscontinued and the animai; wefe reversed with atropine and neostig-
mipe. The animals were observed over the next two hours and their
ggihjcal and neuroldgig&)?s;até}was éva]uated. The type, degree aﬁd
'Técatipn of hemorrhageﬁwas defermined'by gross p;thological exa@iyation.

a , ’ ' Pt

- : . R
- ! - -
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(t Study C: The Effect Of Graded Hypocapnia And . Hypercapnia On
rCBF, Intradural Vessel Reactivity, And Neurological.
Rtatus In Control Monkeys And Monkeys Subjected To
SAH And TSICA

- The effect of nypocapn1d and hypercapnia on rCBF and intra-
%yrdl vessel lvdet1v1ty (as determined by serial angipgraphy) was
determined 1n nine control monkeys over a 5- to 6-hour experimental
'period At Hw unset of edch expenment angiography and rCBF studies
- were carried out dm ing noMmocapnia (PdCO2 4015 mm Hg). ‘Usuall_y two
to four basctine vCBF studies were performed at 30-m1nute intervals
pgﬁor to 1ndULtlnn of hypocapn1d and hypercapnie Graded hypocapniar
to PdCO‘ values near 20 mm Hg was achieved by 1ncreasing the. vo]ume of
«gas mixture n<l1\ered by the resplldtnl Hypercapnia was induced’ 1n q‘m'

! ,
graded mahner by add1t1on of carbon dioxide - 'gas to the anesthetic

v

m1xture unt1l a maxwmum PaCOZ value of 80 mm Hg was reached. Changes

U‘

in PaCO2 were in stepe of 5 to 10 mm Ha, and 10 to 15 minutes was »Aytg
allowed folluwing each change for stabilization of hemodynamic reponses.)
In several uvw'\]s. araded_hypocgpnia to 20 mm Hg was tnduced following
the bdsellnv normocapnic studies. whxle in others stepwise hypercapnia

v WQS f1xst induc ?%In general, anqxoqraphy was performed during
normocapn1a at the onsc: of each experiment and at the extreme hypocapnfc
and hypercapn1c states‘ Upon completion of each experiment the animals

-

were neuro]ogwca]]y assessed. ) S ' g o
Hemodynamic responses to grade& PaCO2 chanqe were examined |
'1n eight an1mals subgectég’to twu,forms of cerebrovascular 1nsu1t sub-
arachn01d hemorrhage and traumat1c spasm of the 1psi1atera1 carotid art-
ery‘(TSICd\ In four animals cerebral hemodynamic responses (rCBF and

'l studies) to graded PaCO2 change were tested prior to roo

. | AF .
: . . "'




. : ’ th

dndefter subarachnoid hemorrhage; Hemorrndge,was’alweys jndnced }
during normocapnid The first post- hemprrhage rCBF‘étudy was performed
three minutes after the 1nsu1t and was fmmediately followed by angio-
graphy. Usually one or two additional rCBF studies were carried out in
the normOCupnjc state. During graded_PaCO2 change, rCBF was measured
at approximately 30 minute,intervdls. Additional angiographical stpd-
ies were perfprmed whenever-mdnked rCBF changes occurred with PaCOz, .
change and at the extleme hypocapnic and hypercapnic values. The con;
current pre- subdraehndid and post- -subarachnoid hemorrhage rCBF and vessel

- diameter (ang)ngraphy),stud1es permitted correlative analysis:to be "

performed.

Fouz animals displayed mdrked Spesm of the orig w

Y

nal caregld artery. The Vdsmonstvfctmn was produced by-¥ rduma inducéd_

' during Cdlhet@¥1~d110n and was demonstrated by angiography carried out ? -
4dur1ng novmocapn1a at the onset of each experimen; Cerebral. vesse1

’ react1v1ty and vCBF studles were performed after stepwise changes in

'Pacoq were inducpd. Ihe 1omodyqdm1c responses in these dn1m¢1s were

cdnpdreq w1gh thp respon"es ubséived in-the control animdls

Upun termingtion of edch experiment the animals were observed
for tno haurs nnd neuroloq1ca11y assessed The* were then sacriflced
‘and the bralns removed for gross pathological ‘examination, Histologicnl

' examwndtion was performed on two specwmens (one SAH and on with TSICA)

14

XI. . OBJECTIVES OF EACH STUDY.

The prxmary objectives 1n_each study dre listed belon. '
A. Study A ; LS B

< “

(a) e de"*""p"’e““““ﬁ'murete "eproducible method of



(e)  To perform correlative studies bétween the chahges in

B.

Study ¢ .
 (g) To determlne the ea*ect of induced hypoccpnia and hyper-

quantltdtlvcly mcusuu1nq cerebral blood flow in the

rhesus monkgy

(bY 7 Determination of the noimal range of CBF values and other

phyx!n]nqludl rkwameters measured during steady state

conditions in the rhesus monkey.

(¢)  To dttdln & Simple laboratoly reploduction of subar-
_aLhnn1d hcmoxthuqe o

(@) To datemine the effect of SAH on CBF and other physio-
‘ L

Togical parameters measured. o T

gerebruf perfusion after SAH .1 the neurnlpgi;a] state
oot the animals, |
S;_lad‘v 8 B
(&)_ To determine the interreg1ond1 variation of ‘the: rCBF’in

\ﬂntlul animals by a specially constructed multidetector

» K]

\v\tem
(bY) To determine whcthev induced SAH causes vegional or

“global changes 1n CBF

'(c) To exdmlne the effect of induced SAH on ﬁntradural vessel

'uwamvtexa and the duretion of the changes observed
(d) - To ob:erve the effectxof subdura1 hemorrhage on rCBF
4 vesse] Ld]?ber and bther physiological parameters

(e) To perform; Lorr

tive studies between rCBF, vessil
diameter ghange and Xhe.- neurolcgical status of an mals

SUbJeLted to 1ntrac a1 hemorrhage. -

capniagon. rCBF, intradural vessel reactivity and other R

t

b



. response and neurplogical state imv series of

'1v1ty in vespunse to stepwise changes in PaCO2

physiofugical parameters monitored in control‘ahima]s.' i

-
monkeys.

\ 3

v1ty dur1nq nonnocapn1a. hypo. nia and hyp?rcapnid.
d

To determine -the effect of "traumatic spasm of the internal

<arot1d artery on 1psi]dtera1 rCBF.

o _observe the effect of ,ISICA on rCBF and vesse] react- ,

N

To petform correlative studies between rCBF, vessel

didmeters and neukolbgiCdl state dufing graded:changes in

PaCd, in animals subjected to SAH and TSICA.

{
\

¢

To determine the effect of SAH on rCRF and vesseI react1~}‘

67
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CHAPTER FOUR

§E§ULTS

- .
t

1. STUDY A: °THE EF}[CT OF INDUCED SAH AND SUBARACHNOID SALINE
INJECTION ON CBF, NLUROLOGICAL STATUS AND OTHER PHYSIOLOGICAL

}

PARATE RS R . ;-.‘-‘_ - L e

A. Cardiovascular and Intracraniﬂl Pressure Responses A ' 4

\

The mean arterial blood presspre (MBP) and/standard dev1at1on ~ )

!
of the contro], pre-saline 1n3ection and pre SAH monkeys was, 100°+ 17,
116 12, and 1087+, z4 mm Hg respectlvely Inject'l&rof saHne ory )

"blood into the SAS caused an 1ncrease in systemic b]ood pressurg
30._‘

for thi

minutes after injection, MBP va]ues returned to pre-1 .Jection 1eve]s :

begmmng at 5-10 sewnds and reaching a max1ma1 vafué with

seconds after. the onset of injection. The mean peak

in both groups. ‘,' . . . . [
. ,‘ a’ s

The mean 'hearﬂate (HR) of the contvol P eoSaHne and pre-

s‘hemorrhage monkeys qu 176 195 W’ ! &hd 1 . k 28 beats)hﬁnute

: _’DecreaSed HR was. observed w1th1n 30 secohds ‘bft r 'InJect‘lon of saline ‘
or bl ood into the SAS. Mean mmuna] qu‘f 'fﬁe two groups were

120 ¢+ 39 and-HQ 28/min. respectiveTy Pbst-injection va'lues -

N 2 <t . K ) . ‘.-L’. ) . e
icantl y:differe‘n‘t \fV'Om"'3P.!”é- _ -

-45 seco'nds'- from the ,onsetof .

beyond the f1rst 10 m1nutes were not sign
mJectmn values ‘ - f'
Arrythmms were first obserVed

'.',1nJect1on'of blood 1nto the SAS “Five anima]s showed them w‘lthin 10 . % _

~ ‘ i

. ST X

Lo

-seconds, 5 withm - 20 seconds, 3 later than 20 seconds. and one



=Y

v \ .
showed no s Tgmd 10 respense, Stnus arrythmia, nodal beats,
rhythm g promate wl\ﬁf'&tnhn‘ contractions. were frequently seen. "

»

()t}\t‘,l‘ ilMH\’"l“\" -} Gy oh :.1\}(‘\ \H\ iH( (\ Hl{,?%‘SL‘d T- dee dmp]\tUdQ ‘[ wg,';/e . $"T
. ‘ : . e

- S o3 “L'v‘
L e . al..f:;'
inv’erﬂinn U pwaves e omt fon .wd hm*reased P- wave amthude LR *
Al v -
(m dl.u rmtm 15 \wmm Lo noermal witht{3 minutes in 9 ghjmal‘s wigﬁin - ;)
U
5 nmmh‘\ n \5;1. e i, m'?m\ m minutey din-2 a m]s, emd 'wit;h 30
. : . . ‘ ) ‘\ ‘ ’ w s
minutes iR one s ' ‘ '
’ Mhree ot r\.u» munkey\ m\eivmq sukrachnoid saHne 1njection
demnn\tmtcd \!nus .\rrythnnus lnsting up to 5 mTrmtES'“ Other abnom‘l

"

cardiag l‘t‘\pun\vs Wwere mt ‘ﬁ’bsm vein the sq]ine group

©

‘\.Tho mean T racranta )l pressure (ICP) ang standard deviation 1n

&

the wntnﬂ LPrO s SREN and ‘ue hummrhage moni eys were vM 2 3, ]7 -* 5

- and 15 BT Hq. revect m Tge medn pos‘*t»saline*md post -SAH !CP

peak.s"){whiutbﬂ»{"\tr.nrvvmw Tfew sec ond; after the oean BP

, ) v
r Ty ) . N o
ﬁO‘ 27 and Tokvowuy wxputlvely In most animals T
. T T . o N L . oY
’ v, ¢ NRY . /‘“‘ ! - : S e "..)
£ e near mnt.xm vl ity & mmut-t\:. (f‘!qure }0) o . St .
o ’ . _"} YU . ' Lo : -
' m meg ] o Bn ks g_'twn \x' thv onset of the experiments .
<
'dVPPdQBd R, A"@ ujpr wvdxxtion Q SQH 0
. | ~
gm' »unu Q, m; *n\ Haiane: m nUp Pve morr’ge mean val'ues- for v
. DA A

- Pa LOQ. Pad)., gnu AR (f»l . 3,9J~]CR.* 20.0 and 7. 37 + 0. 56 res- ‘_ ;-;‘,' ‘ﬁ

v
o " c

ipetti‘vel}v-.‘ in the S Conkeyst Post hen m‘rhdge va]ues were 39 t 3. 63

-0

137. + 1::.,5‘. and R i‘)"%ﬂ' : mmm “QZ and pH 'mean values for the

mo%kew rec z‘?\‘nu \\1 e »,\A\ mmctmn were not significaqtly different o

/”)

(p =9, 05) 1tom tho S qtoup

'B: L]e\ttoentnpwulnqruphig Chanqés . ‘ _/ ’g\:l NY;;' -
i} PR
Lontm] HMP\\%S' uomon&tmted no fappreciab]e changes in EEG over 7
A\ the duldt]OH nt ‘the. 12Hcv}m nt ‘.E‘“" - , L _ b Eui v _"U? ‘;~~'
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‘ Figure 10
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Lardovascular pnd intracranial pressure responses to SAH.
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Worlkefs bll)le‘("‘ted to, SAH exhitnted changes beglnlng approxi- Lot

&Y

e S % mately _l‘o.se,_umd~,follow‘lngthe start *5¢ blood anectlon ; The EEG ' | m‘*

became flat at lfl-2(l se( ('mds and remdlned iso- electr1c for 30 to 120 S |
secondss (ﬂdnt awphtude slow wa\(es then appeared and ]ast,ed up to o ‘
5 minutes. ~Flectr'lcal dcttv1ty gradually reverted towards ndfmal i

‘a]UlUUQh there was” gﬁnerdlly mcrensed sporad1c delta and theta act-
=] ;

wrty as corgpared to'the baselmeﬁ‘ace In the animals showlng a’

2

1y T e
. . -

‘ * ‘ ' ... : |
)3 br ogresswe reaugtmn in CB? pwfesswe, oss of ampllhude -and - A

Ldecv eased frequency WS, exhib\ A ’es.,
- AN

(‘hlangei’t m the EEG pa 'rh fle 'Rﬂ?lng sallne anect;on wer%

srnnleg.;to the revsjmuse seen aftét SAH Howev&‘ "tke the freque '

_ ﬂ'?;cr detef‘lovdtll)v\ seen dftei b'lood mectlon. theﬁeléctr‘lcal Ectlvlty"‘ l

| ‘o -;re‘wrae'ﬂ to: nornml wlthin ‘5 10- nnnutesw’ Ce @{1

R L N

- C. Lﬂ'eb'dﬁﬁlood Flow o R e lts

. . . L
- . . . a B o » kL

ey o 4 e R
. & "%:“' In qener@il, a gbod cogrelatmn betw‘éen flow values obtg'ln'x by a e

— e
e

the Stﬁchdstlc dnhmtml slope methods was, found (Table l) . The . R

S "\
Y

'lcu—lated by the stochast'lc and
’—

mean values -with stdndurd de‘viat )
Ea | >1n1,tlaﬁope meth‘f)ds in control animals were 59 + 16 and 66 = 219m/
: 00 gm/m“m . respéctwel'_y " In the saline study. pre-in.iection mean ' M g
i » :- . 'i_,flow values were 56 ll and 59 + l9 whlle 1n the h‘emor agn/study, [ e
- pre- 1nJertlon flows were: @,1 M\‘nd 65 l6 ml/lOOgm/,mln m ‘
4 values calculated by’ the compartmental analysls wege - conslstentl\}o{er. \
: \\ ; The control ammals demonstrated no significant variatlon - \/
{p>0. 05) in CBF througjmut the experlments Three animals were
) ’ observed for 5 hours and one for 3 horrs (figure lZ) o AR

| l.v‘:'. ,_t . Of the animals that recewed 4 ml's saline lnto the subarach-

L : nmd space (SAS). one ammal sho.wed no, signlf'lcant change 1n CBF m

. . . - . A [N Pt . FEEEN . . : i : .
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. .Figure 12: . Mean ahd stardard devietion. of CBF (mil/100gth/min) of four cont‘r_alﬂ mankeys < '
D . observed over.a 5-hour period:.Pre- and. post-injection CBF VYalues-of fourmaikeys. . ¢ - - .o -

o ey receiving SAS saling éy\ﬁlf- 12 mankeys subjected ‘to -SAH. Stochastic (W/A) values ' [ P ‘
- o ‘b < b “ 4 3 . ."—‘: - ‘ - v N '
LR - BN R N oo - Tt . ‘
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« A
‘(p>0 05), in anotnev. the CBF was Significently increased for a period
.of 1172 hours then reverted to pre-inJection vaiues. One monkey
;_' .ﬁ demonstrated dn imnediate increase in* CBF for a one-hour period ' q
returned to pre inJection values @ring the second hour, and finaily
1ncreased Significanely during ‘the third hour of obsen vation, :fhe | |
fourth animal. showed increased.*c:mbr,\] perwsion for the 3- hour
tduration Thus, in 3eof 4 monkeysi inJection gf acidic (pH 6.1)

saiine 1nto th@ SAS *eaused an inmdiatewincreas'e in:;Bﬁ for a] period .

i‘estmg an hour or rnore S “‘ L ( : ', " e

E)f the 14 emn@is suf)jeci‘.ed to SAH 12 soowed % significant !
"'{?_..ease in cerebrgi perfusaon (p<0 02-') The meai\ pr’e- &nd post SAH .
(‘HM) CBFﬁuedsuremtnt.s.i w!re 51. s Moan‘d 41 Lt 14 m}/}Ong/min . respec§§
iveiy - In 7 monkeys, ‘thewre;ponﬂse to' SAH was dmédjate (first pOSt-.

ddddd

‘SAH measu t), in 4 monkeys reduci:ion was present after 30 minutes
(second measurement), end in L#anima’l perfusmn progressiveiy decreased
after 60 mmutes“ Ammais exnibiting an. inmediete decrease quently

de cag - ‘ wik o’

"%iwwed lower perfuswn rates but this figding was not consiﬁent

ﬂf*

B , Neurological Assessment , ‘ R
The contrek“monk,eys sh&ed no impairment of consciousness or | _
focal neuroiogicai\ deficit at- termination of the experiments These o~ o

animais were observed for & period of apprjoximatei“y 2 weeks and were.

. *

utiiized in subsequent experiments. o -y‘ . P

Tne monkeys subjected to subaraehnoid saiine injection

deinonstrated no neuroiogic deficit foliowing tne experiments. ‘[hey |
were sacrificed after one nour of observation ‘to eilow for pathoiogic

: ,Jexaminatuﬁ of the brains. T e T ‘! . LT LT




<

-deficit-following SAH These were qﬁaitrarily cJassifﬂed as grades I

~and II. There was no signif1cant changes in the mean CBF of these two

,examfnatioﬂl(grd eJ

“hemorrhage CBF Vj§

Anine}s receiving 4 ml's“banutogenous bIOdH'were observed fdr

a period of‘qu hour after reversal medication (atropine and neostig-

| mine) was administered. Two animals showed no significant neuro]ogicél

animels Eight animals were found to have definite gross neurologic

- all these anrnuls gpngred as if they would survive and their neurologic

K ‘l‘-qe\"f"i- .
condition was dmprov?ng at the time of finel assessment "They were i

classified as ‘rades II11 and IV Four anima]s were moribund with A

faﬁling,vital.s ns at the time of the post anesthetic neurologie f '

o sy s/ THE EFFECT OF Sk AND smwu REGIONAL L‘EREBRAL BLOOD

P
FLON 'TNTRADURAL ARTERIAL CALIQﬁR AND NEUROLOGICAL STATUS

A

A. Conttol Setigs

(a) \Cardiovascular Respons:j

- The a eria] blood press) P

. \ :,-"‘.:'-;' ,-‘ B
113 = ann Hg while\xhe 3N, ; A,%e was 206 s 19 beats/minute. 5.

Cardiac rhythm abno ies,ﬁEre not seen 1n the entire series.

~

: V4
“Hemoé?gkfn and hematocrit determinetxons made at the onset. mfd-p nt

,30 8

~and prior to terminatwon of each experiment averaged 12 9 20,5 gmt
19volw117 + 0.9 gnt, 34.0's £:2.2 volg; and106 osgmx.

37 3

M

2 1 vol% respective]y. /Arterial Pcoa. PO2 and‘pﬂ velues

1+,

. "averaged 39,1 z37ang. 1132:16 9m ugand732:oc

respective?v SRR DRI

o

"defﬁcit and all showed a signifioant decrease in mean CBF. Howeven, Y |

w .

n-the six control!honkeys averaged

76

o

4

.

R
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| perfusion OCLUPIOd tnupughout this

P Latera} angiograms perfomed a’t the onset md upon temimtion

) )lm‘f 1
Q
zb) Reqxona] Cerebral Blo

Reproduubﬂity of the method en{p]oyed to measure CBF was

e\am1ned fn a monkey by perfonningff1ow determinations in the same

| . onimaI on two differ ent occasions bne week apart " CBF va]ues deter-

mined by the uumm tmeatal. stochastic and initial-siope‘-'index methods

averaged 52 ¢ 3, 43 + 3and 43 ¢ '3 m1/100gn/min in the first exper-,

'.iment compared to va]ues of 53 + 2, 44 + 4 and 48 '+ 5 m1/100gm/min 1:'&

the semnd stud) This study suggested that the technique ut\‘lized for

CBF lnec\sulement Wa s neproducible , )
In six mntml monkeys rCBF detemirﬁd at 1nter\£gls of 30-45
minutes for a pet md ut‘ 5 6 hours, no significant variation 1n cerebral

Jme period (Figure 13) The mean

-‘

t.ompartmgntol , stat haf§ and dni x slope-ﬁtde» rCBF values and
o 11 Figure 14 FTow values ‘recogled from

the frontal, Lt‘ntld] partetaf and- temporal areos were . not‘%igniftcantly

standard: 'devi STions, a

diffen ent. fm Moh other. Mean: rCBF values in the cerebenum

(detectoz 6) was 5% 1ower than the combined meons of flows in the

L

cerebval henmpne\e (detectors 1, 2 »3,and. 5) while orbito-maxﬂlery A

.18

tissue fh‘w (etector 4) was reducgbby.,a%rgimtely sox R

The mean L‘BF measwed by the contralaterel single detector; -

system i.e. (pHBF‘), was. not significantly differens from the me‘in.ﬁuﬁ

. of the \psﬂatel al multxdetector system (detectors AR 2 3, and: 5)

.0' g
The. sn@y Nariations present were attrfﬁtable to extrecerebral con» T

R LN S T
tamnation a&ountu\g geometry differences SRR S \\\ AL

(c). Anqiography ’\_'~. o e

’a

Of sach expenment dtd “°t "e"“‘ 51&“‘”“"‘ CM“SQ i‘n vessﬂ cﬂiber-,_. T

- - R —_

"z-' e
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(d) Neuroloq‘ical Assessment

0 . e

Using the ﬁve—dfvision grading system outHned preWously. a]l

control anitnals were clas‘s1f1ed as grodel and were utJHzed for ‘sub- ;\‘***‘«

»

sequent experiments. ‘
Subarachnoid Hemorrh;ge’Series B - : : :
. . J R
“(a) Cardiovascular and Intracraniel Pressure Responses ~‘
' The mean arte al BP prior to SAH in. eight monReys stud1ed was | L

j’j’w Hd Plz mm Hg vvtme the‘ post SM velues averaged 117 : 17 mm H9.1
L Lnjectxon of 4 m aq}ogenons blood vinto the besal cisterns prdduced .

L 3 Ty
T systemic nypertensio% beginning od 5-10 seconds‘and repchingm ST

’J‘ -

R

PRI

T va]ue (173 : 14 o Hg) within 30-45 seconds aftee, tne onset of ine [

_ A
ections Hittﬁn 2- 8 rninutes fonlowing SAH systemic BP returned to S
K. L ,Si g o [ '

Ba. seHne Ievels , . e
o i Pre-hemorrnoge rt rete (HR) averaged 209 t 17. ,compared to. v
" 81 :%36 be(ots/minute inﬂgthe post-SAH perjod Bredycerdie was usuan_y L ,,

; observed wtthin 30 seconds after onset of injection end the minimel _ S _‘:\= ”

. ! \\ . -, ; 4,
ﬂrst 5-10 min' tes were not 'signiﬁcnntﬂ} different from p;e-sm velues. B \

R' S Cardia' errythmies. wbich were ’rst observﬂd 2545 s':"

' \nodel rhythln and premature ventriculer contre\etionsr Other EK& eb-_ 5

4U-vaves here elso n o ;- f,;.;';.j '@.v '

\ lntreoren'm pressure cheng’es during end e}ter SAH were




RES

:was establis’hed tonturalatera'l hem‘lsphe:}c pel#usion measured

| ;'posKJsAu rCBF values with standard deviati'ona calculated by
S compartmenta]. stocrﬁstic and 1nft'{al/-slope-1ndex methods ar re- o

:vpresented in Figure

Hg compared with 34 £ 1] nm g 1n the ppst SAH period After amean

. peak pressure of 140 t S‘mn Hg. observed at 20—30 seconds. ICP returned

to near- baseHne values within'5 minutes: Fﬁ]]ow‘lng this: ”1n1t1al rapid

‘ ﬁ.decrease. ICP le:zi gradually increased dur1ng the subsequent 3-hour S

period perhaps s onda'r‘y to ensuing, carebral edema
) Mean pre- emorrhage Paco2 and Pa02 and pH values were 38 9 :
-3, 3 i Hg. 110‘! ]3 5 mn Hg and 7. 37 - 0 1, respectively Pos;-SAH )
values averaged 39 0 : 3, 0 m Hg, 110 * 9 S o Hg. and 7.37 : 0.1.

Hemoglobm‘ and hematocrit values at the onset of the exper‘lments aveﬁaged

. Of the eignt monkeys subject to SAH’ six (75%) showed a ,75’_‘?‘:_ "

R M

_’sfignificant rezmction in rCBF (Fiéure 15) 'The decrease was present in.

. ’ all brain regions viewad by the 5-1psnatera1 deteztors »@rbito- § ,'.f"f'-_,s_"'

maxi'l]aryJ tissue perfusion (detector 4r)‘"was dotzsi nifi&ntly Sffected
" by SA. Tﬁe reductign i rCBF was - mnedfate'(ﬁrs(t rCBF,a% 3 minutes
_*post~SAH.) and flow values reﬁvﬁned signiﬂcantly «rJeduced for the —hour
- duratio‘n Ln:tle variation in rCBF - occ’urred after reduce%perfusidn

. cerebral perfusion._.,

. - -y -
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'-125:1{5»*% 370:52vol% priort:o SAH, 'll 5:1 79%- 334: |
A .5 2 vo@ and ' upon' temﬁnation, 185 £ 1.8 gnt and 30 3 4, 9 vo]%
U (b) Regiona] Cerebra\ Blood F‘low (rCBF) '
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{ Figure i5:. Decrease in rCpE iml/100gm/min) ‘in 8ix of eight Monkeys subjected 10 SAH.
Cerebral and cerebellar perfusion decreased after SAH, _who(ogl orbito-maxmary
N -+ ussue flow 'dotted ling) remained constant, Stochastic (H/A) values used. J
.a. . “. .
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Figure 16: Mean pre: and post-SAH Compertmentsl, Stochastic (H/A) snd Initisl-slope-index
‘ rCBF values (mi/100gm/min) in six monkeys which diepleyed s significant decresse
in cerabrai pertusion, « oo Co oo
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(p>0 05). - Post hemorrhage anglography was carried out lmmedlately

"""Although spasm was ntense 1n1t1any, there was tendency for sqme

ofollowlngxs\h dlsplayed severe neurologlc abnormallties All were

v N | | ‘  -‘ | S .
Two monkeys (25%) with’profuse SAH d1 \ not develop a decrease -

n +CBF in the 3-hour: period followlng 1njection (Figure l7) _ ST

|
1\‘ |

(c) Angiography
Baseline lateral anglograms were performed 1mmed1ately following o

lnternal car6t1d artery catheterlzatlon and after needle 1nsertlon 1nto L

the SAS. Needle placement did not produce alteration 1n vessel diameter

“after measurement of the first post ~SAH rCBF’(l e. ‘ at 20 minutes post-

SAH), 1.5 hours and 3 hours post-hemorrhage " In one study, angiography

was carried out 24 hours after 1nduct10n of SAH B j y . S
Significant generalized vasospasm -of the. 1ntradural vessels :

was present in al1 monkeys subjected to ‘SAH (Flgure 18). The mean

percentage reductlon in all vessels measured at the predetermined

post SAH times was 30 ¢ 9 3%

Table III compares the mean percentage decrease of the 1ntradural

arterfal tree 1n monkeys which shdhed a significant rrAF decreased

" compared w1th the anlmals whlch\did not Monkeys not displayirg reduct- )

/
ion 1n rCBF exhlbited a mean vessel caliber decrease of 26 t'9,.8%.
I

vesse] relaxat1on although the 1ncre,se %n\xessel size was not

e

_statlst1cally slgnlficant (Flgure 19)
» /

(d) Neurological Assessment

Wt

\\\\;\\\ The anlmals with signiflcant reductlon 1n cerebral blood flow |

| . severely obtunded, hemlpleg1c or quadrlpleglc and responded poorly to . l

all forms of stlmuli (Grade Iv ). Occaslonally, 1nterm1ttent generalized

clonic selzures were present ‘One anlmal developed fa111ng v1tal slgns

L8
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18: Seris} lateratl l‘_n'gio'grams of & monkey: A pre-SAH; 8. 20 minutes post-SAH snd
_ .. C. three hours post SAH.

‘Diffuse intradurel vasospasm is observed in post-SAH °
fims B and C. CBF was significantly reduced post-SAH. - - e
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during the perfnd of exan1nationwend fed (Grade V) $
: Monkeys exhib1t1ng _vasospasm but no reduction in cerebra]
perfus1on gfter SAH-appeared mi]dlq obtunded but d1d not d1splay a

neuralogic deficit. They‘were c]assified as "Grade II c11n1ca11y
' -,
C. Subdurd] Hegorrhage Ser1es ~

Seven monkeys, grouped into three Categories hy virtue of the

amount of hlood present in-the subdura] space on post-mortem exam1nat10n,

o

‘compr1sed the subdurd] hemorrhage series, Two an1mals only displaying gcx

¢

" subdura) hemorrhage were c]assified as Group A; three showed primarii}‘ﬁ

SDH w1th a minute amount of b]oo¢ in the subarachno1d space -- _Group B;
and two anwmd]s presented w1th 20-30 percent SAH component -- Group C.
(a) Card1ovascu1ar and Intracrdn1u] Pressure Responses

1here were no s1gn1f1cant d1fference§ in card1ovascu1ar and
'1ntracrdn1al pressure responses between the three groups of modkeys y
studied. The mean arterial BP prior to induction of SDH-was 108 + 19
'mm Hg whi]e the post-SHH va]ues averaged 118 + 24 mm Hg, -sdbdura]
hemorrhage-produced a systemic hypertens1on beg1nn1ng at about 10 ’
seconds "arfd reached a mean peak VG]UG (165 K 25 nmng) w1th1n 60 |
seconds from onset of:1n)ectlon P0>t hemorrhage values generally
reverted to baseline Va1ues in 5-10 i .tes. ST .
o ]hevaOH baseline heart rate (HR), 197 ¢ 30 beats/minute, was
not significantly‘d;fferent from mean post-hemorrhége value (1‘/‘8‘5r
39 beats/minute) Decrease in HR Was observed at 5-15 seconds after
onseL of ln]ect1onfdnd the mean minimal value (1]4 46 beats/minute)
. was reached at 20-30 seconds. Post hemorrhage HR- beyond 25 m1nutes
was not significantly d1fferent from basel1ne values. .- j;v‘

Arrythmias were frequent]y observed in this series and usually

> . ._ . : . o

. 96
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“began’ 20-30 second; after SDH.-'The'EKjShanoes were similar to those | \\
robserved after SAH. | o . R S . N
, Pre- hemorrhage 1ntracran1al pressure averaged 20 8 mm Hg | | |
| compared with 45 + 20 mm Hg in the 3-hour per1od after SDH The mean _ N
* peak 'ICP observed at 30 50 seconds post 1nject10n was 150 24|nn Hg.- B
/,;Unl1ke the SAH series where ICP usually. ‘reverted to base]ine 1evels

>

within 5 minutes, the pressure gradually decreased but did not reach

9 ~

baseline levels 1n the ent1re-3-hour period. ‘ v ' ‘

. Pre .SDH P¢C02, Pao2 and pH va]ues were 40.1 3. 9 mm Hg, 109 t
13.4 mm Hg and 7 35 + 0.04 compared with post SDH of 39. 6 + 4.5 mm Hg,

~

110 + 11.1 mm Hg 7. 35 + 0,06.
(a) Reg1ona1 Cerebra] B]ood Flow (rCBF)

'(i) Group A (SDH) N |
- Monkéys exhibiting .subdural hemorrhage w1thout a
subarachno1d component did not have a reduct1on 1n
CBF over the 3-hour post 1nject10n per1od Mean

, pre-hemorrhage stochast1c_va1ues were 57 % 10, .~

ATty
4

(11) Group B (SDH with a sma11 SAH component)

compared®with 55 * 14 m1/100gm/min in the post-SDH

per1od

‘These. an1mals showed a small noh-significant

reduction 1n CBF in the p st-hemorrhage period.

- Mean pre- and post hemorrh ge values ‘were 52 10;"

i and 50 + 14 m]/]OOm/min re ect1ve1y (p>0 05) |
- \;(111) Group C (SDH with a 20- 3b% ﬂAH component) .“ ;

1 In. unimals which displayedsa 0-30 percent sub-

orchnoid component a signifigant reduction in

+
[



cerebral perfus1on occurred (p<0 02)
" (c) Ang1ography
(1) Group A Monkeys - AL I v
- Reduced vessel ca]iber was observed only in arteries in
‘}the immediate vicinity of the basal subduraT‘hemo 'hage’(intracavernous
;1nterna1'carot1d and the‘1nterna1_carot1d arteryfat the ortgin - L
of the/ophtha1m1c arteryi? There wasano evidence of caliber reduction
inthe intradural portion of the arter{al tree. |
B " | - (11) Group B Monkeys |
v " . Decrease in arterial vesse1 caliber was present
pr1mar11y in the intracavernous internal carotid artery. internal
carotid at the ophthalm1c origin and to a lesser extent thd proximal
_;‘segment of the middle cerebral and intra- dura] internal carot1d
arter1es No significant reduct‘on in the proximaI and distaT
pericallosal artery was evident. '
e (111) Group c Monkeys : . ’ .4\\
The 1ntradural arter1es measured in anima]s which ..\:\\;
diplayed a 20-30 percent subarachnoid component showed a’ s1gn1f1cant | |
‘reduction in vessel caliber»of 20-25 percent. Unlike Group A and B
monkeys, no sign1f1cant reduction in extradural vessel ca]tber occurred.
7 (d) Neurological Assessment '
Monkeys subjected to subdural hemorrhage with or without a small
subarachnoid component (Group A and B) appeared mildly obtunded’ but
o pid not EXhibit sign1f1cant neuro]ogicodef1c1t and were classified

“

" hs Grade ‘11.

[+

Monkeys with a 20-30 percent subarchnoid component were o

v

'moderately obtunded and d1sp1ayed significant neurologic abnorma!ities

- N



\

including hem1paresis.'depre$sed;response to stimuli and cranial nerve

palsy. They wgfe classified as Grade III (TabTe'XV).b

'“'III( STUDY C: THE'EFFECT'OF GRADED‘HYPOCAFNIA AND HYPERCAPNIA ON

rCBF INTRADURAL VESSEL REACTIVITY, AND NEUROLOGICAL STATUS 'IN
CONTROL MONKEYS AND MONKEYS SUBJECTED TO SAH AND TSICA -

A Contro] Series e

C?hysio]ogical Responses |
The effects of hypocapnia, normocgbnia and hypercapnia on pH
Pa02, HR, MBP. and ICP in n1ne control monkeys are presented 1n
Table V, The mean and standard deviation of PaCO2 during hypocapnia.
-normocapnia and ‘hypercapnia were 23, 5 + 5.5 mm Hg, 39.8 t 2.4 mm Hg
and 61 9 +10.3 mm Hg respectively. Changes in PaCO2 significantly (p<

0.01) altered arterial pH values (respfratory alkalosis and. acidosis) but

- produced little change in Pa02. Heart»rate and mean blood pressﬁre were

not significantly a]tered»(p>0.05) during induced hypocaphja and hyper-
“capnia. Stability of HR and MBﬁ Was in part due to the small step;W1sg
différences {n‘PaCQ2 and to thé time a]]oted fof:the.card1ovascu1ar .
"reégbnses to-normalize. Hypercapnia produéed an fncrease'in lpP." |
(increase in cerebral blood volume5 whereas h'pocapnia'caused'a slight
decréase.-A$1gﬁ¥f1§ent changes in EKG were not observed even at extreﬁe;
Pac0, levels. 3 - | |
A (b) Re]at1onsh1p Between CBF anH’;;COZ :
A tota] of eighty-four CBF studies were performed 1n the PaCO2
range of 16 mm Hg to 85 mm in nine control animals Fifteen stud1es '

wene carried out during hypocapnia. thirty-five during normocapn1a/

(40 + 5 mm Hg) and thirty-three during hypercapnia. o
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and 60 mm Hg and in this range OBF sensitivity was gr test Cerebraln
blood flow response to Pac02 diminished considerably lowaOWup Hg .

and alueE bqgow 25 mm Hg were frequently associated wi a small

Increase in CBF. Response to Paco, values above 65-75 . mn\Hﬁ was

attenuated and no further increase in cerebral perfusion occurred above
= {
|

a, PaC0, value of 80 mm Hg 4 v ‘
. Linear reg;ession analysis for CBF was carried out for each of
/

~the several»cilculated flow values in PaCO2 range of 10-80 mm Hg and

the stochastic (H/A) and initial- -slope-index .(ISI) methods for CBF
calculation was ' found and these two methods of calculation have been _

used for purposes of statistical analysis As shown in Figure 21, grey

,’matter flow (F ) was more sensitive to PaCO2 change than white matter

flow (F ).

v Mean stochastic and. initial-slope index rCBF mHBF and pHBF |
values during hypocapnia normocapnia aﬁl hypercapnia are given in Table
VI . Induced hypocapnia to a mean PaCOz value of 23.5 £ 5.5 mm. Hg
from the mean normocapnfc value (39.8 £ 2.4 mn Hg), caused a 40
percent decrease in mHBF whereas hypercapnia (mean Gl 9+ 10, 3 mm Hg)

e

produced a 74 percent increase. Mﬁﬁiif; normocapnia. r;BF did not vary

Alesignificantly (p>-0 05) frOm one.cerebral area to anotner although flow -

22 f, During normocapnia flows. in the c"lbel?um (Probe 6) and in
rbito-maxillary tissue (Probe 4) were louir than cerebral tissue hy

\

<e results are shown in FIgure Zl - An excellent correlation between_

nin the central area (Probe 2) appeareﬂﬁgp be consistently higher (Figure |
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Figure 21:

130 -
CONTROL (N=9) ‘ .
" FS-O ,96 PaC02+é(».7
110 91
'90 7 COMP=0.91 'Pacoz+1‘3'.s -
151=1.08 PacO, - 1.0
} H/A=0.96 Pac0, + 2.8
< :
En.
= .
=
s 50 -
o ' v
i Fu=0.30 PaCO, + 16.5
m -
L4 l/
10+ / . .
\ '
0 L A—— Y T Y Y Y v €
T 20 40 60 80
’ PaCO B
i "2
Linear regression analysis for Fg, Fw, FC; FH/A and FISI in the PaCO2 range

10-80mmHg (control monkeys). Equations describing the relationship of CBF t6. -~ -
PaC0O2 are included. . . : C . :
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Figure 22:. Effect of hypocapnia &\d hypercapnia on.mean cerebral (detectors 1, 2, 3.and §),
“ cerebeliar (detector 8) and orbito-maxillary (detector 4}-tissue flows (IS analysis) in
nine control animals. Top values - flows during hypocapnia; middie values - flows
during normocapnia; bottom values - flows during hypercapnia (mi/100gm/min).
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© 20 and 35 percentfrespectively{ Cerebral tissue flows were more influ-p
enced by'PaCO2 change'than were‘the"cerebellar orforbital tissues; thus v
suggesting a greater responsiveness " ‘ .
| Mean hemispheric blood flow and vessel caliber resonses to ‘

" seveve hypocapnia and hypercapnia.in individual‘control animals are -, ;"ii7“*

shown in Table VIL. Six animals were‘made hypocapnic'and'all exhibited
- a decrease in mHBF Hypercapnia was induced in eight animals and all
showed a marked increase in mHBF . | | |
(c) Vessel Diameter Responses to PaCO2 Change
. To test vessel reactivity to PaCO2 change. angiographic
studies were performed in nine animals Angiograms were obtained in

 “five animals during hypocapnia, in nine during normocap nd in‘%even

during hypercapnia Vessel caliber measurements were made at pr
-determfild fixed locations on the arteries (Figure 23) .
The effect of contrast material on vessel diameter during each |
| angiographic sitting (constant MBP and PaC02) in control and experi- |
mental animals was analyzed by measuring/ihe change in vessel caliber
»w1th each succe551ve Conray 1n3ection Although a-small 1ncrease in o j-i‘ii'
vessel caliber between the first and subsequent Conray injections was
nfrequently present the 1nduced vasbdilation did no!'reach levels of

r

” statistical significance (p>0 05)

] : S .
o Of .the five mpnkeys subjected to SEVere hypocapnia, two R
;«exhibited a marked reduction in vessel diameter, while tw0»others - '
N T
. displayed mild constriction In one’ animal (Honkey #3), vasoconstriction ’

was absent’/lable VII). In general CBF studies performed Just prior

' to- angiography correlated well w1th the angiographic findings °,ﬂ v ;ﬁ
| Correlative CBF and angiographic studies were~performed in . 'f;

I.‘ ' ) Lo ) \ . . e -
. ) e . . “‘_", R o
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Figure 23: Lateral angiograms of a control monksy during. A. normocapnia; B. hypocapnia

and C. hypercapnia. The sites at which vessel diameter mouummnu were made
are indicated in A. Percent changes in rCBF (white ‘values) inhe various cerebral
1egions {detectors 1, 2, 3 and 5) are indicatod Black valun indicate percent

changu in vessel diameters. . . .o
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\

ceven animals during induced hypercapnia As shown in Table VII all CBF

values were significantly fncreased above normocapnic values, whereas con-

sistent increases in vessel diameters were only observed in the more distal

vessels (i.e., DPA), suggesting greater responsiveness of -smaller vessels

.

 to PaCO2 change

(d) Neurological Assessment | .

None of the control animals\displayed neurological deficitjat

_the termination of the experiments and were classified as Grade I or II.

These animals were utilized for subsequent studies

B. Experimental Series

“(a) Subarachnoid Hemorrhage ‘ .

In four animals, the effects of hypocapnia normocapnia and
hypercapnia on physiologic parameters before and after subarachnoid _
hemorrhage, were studied (Table VIII). Mean pre- subarachnoid hemorrhage
PaCO2 values during normocapnia and hypercapnia were 39,3 * l 4 mm Hg
and 65.0 + 5.1 mm Hg respectively In the posthAH period corres-
ponding PaCO2 values were 40. 3 * 3.1 mm Hg and 65.2 & 12.9 mm Hg. .
Post -subarachnoid hemorrhage PaC02 values. during hypocapnia averaged
30.0 + 2., 0 mm Hg. Heart rate and mean blood pressure varied with PaCOZ
change in individual animals but not at significant levels (p:>0 05)
Changes in EKG produced by SAH included sinus arrhythmias nodal beats.

- nodal rhythm and premature ventricular contractions. These cardiac

abnormalities were temporary and seldom lasted more than three minutes

(t) Cerebral Blood Flow Response To SAH

Four animals were subJected to SAH during normocapnia by

<
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injection of autogenous biood into the chiasmatic cistern Hemorrhage\\

: produced a significant decrease in GBF in three animals and a non- o

significant reduction in the fourth (Tabie IX) These CBF changes were

global in ‘nature with ‘no one area being affected to'a greater degree

As shown in the previous(studies.iiittie subsequent variation in *CBF

- was observed 1in the post-SAH period during normocapnia rThe average

reduction in CBF varied from 15 percent (monkey 11) to 26 percent
v

(monkey) e "‘ | T . '/

- (i1) Post- Subarachnoid Hemorrhage CBF Response to
PaCO2 Change - .

In two anima]s. hypocapnia induced ih the post-SAH period
further decreased CBF, suggesting that vessel reactivity to PaCO2
decrease was present after SAH. ' .

Graded hypercapnia in the post- -SAH period ‘resulted in a graduai
increaseiin CBF. As shown by regression analysis (Figure 24), the
response to PaCO2 change.was’iesslmarked when compared to control and
pre‘SAH studies" However when PaCOé vaiuesvwererinCreased to abous
60-65 mm Hg, a much greater increase in CBF occurred with va]ues
approaching or surpassing pre -SAH normocapnia flow rates (Figure 25)
This "CBF breakthrough" occurred in aT] monkeys,subjected‘to SAH.

| (111) Vessel Caiiber Responses L
| Seria] angiographic studies were performed (during normocapnia)
at the onset of the experiments and after insertion of the needle into )
the chiasmatic cistern. 'No significant variation (p:»O 05) in intra-
dural vessel diameter was produced by needle insertion. Post-SAH -

angiograms were obtained immediately after'COmpietion of the’first'CBF>

_ study and at the extremeAPacoé values. ~Additional angiographic studies ’
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Figure 24: Rogreuibnline analysis for s}ochastic {H/A) and ihi;ial-dopo-index us@m in -

STOCHASTIC:

- CONTROL =~ wwmmemms H/A = 0.96 PaC02 + 2.8
PRE-5AH = ewws /A = 1,38 PaC02 -19.9
POST-SAl| -‘;-u H/A = '0.39 Paco2 #12.3

-

-

70 4

@ .
IS1: - o
CONTROL e ISI = 1.8 PaCo, - 1.0
PRE-SAH = == == IS[ = ].53 Paco, -23.7

POST-SAH ==« eme s ISI = 0.47 PaC0, + 9.8

the PaCO2 range lo-wnim"Hg for control, ‘pre-SAH and post-SAH monkeys.
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Figure 26: CBF (H/A and ISH m'sponm 10 graded hyp;rcapnli in the pre-SAH anc.!' post-SAH
period. Note the marked incresse in post-SAH CBF when PaCO2 is- increased
’ above 65mm . Hg (breakthrough phenomonon)
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were carried out whenever marked changes 1n ‘CBF occurred dur1ng 1nduced

increases in PaCO2 \\

Subarachnoid hemorrhage produced'a decrease in intradural’
: k 4

. _vessel caliber in a]].animals \ The degree'of‘vasospasm differed among ff. :
different animals and also in d1fferent vessels in the same animal |

,(Table IX) In all an1mals marked reflux 1nto the opposite ICA and_‘ @%

O
- N

vertebral arter1es occurred suggesting increased cerebrovaScu]ar

res1stance
Vessel reactivity was tested“dn one'animal subjected to
hypocaphia in the Post-SAH pertod. Further,vessel constrfction‘Occurred

suggesting that maximal decredse in vessel diameter was not‘produced by -

A

SAH. :
/
With hypercapn1a,/post subarachno1d hemorrhage CBF was in-"

var1ab1y increased and/ref]ux abated, a]though vessel diameter responses

"were h1gh1y variable,” In one an1ma1 (monkey 10), hypercapn1a (PaC02
66 mm Hg) produced/a paradox1ca] response and increased vasospasm over

the post-SAH no otapnic level. Even though hypercapn1a 1ntens1f1ed

‘the vagpspasm, /BF increased above the pre- SAH normocapn1c f]ow
(Figure 26). fn another animal (monkey 13), hypercapnia caused a

mild re]axat1bn of post-SAH vaSOSpasm, but the vessel d1ameters were ?///
st111 below pre SAH normocapnia diameters. A]though vasospasm ' '//

persisted dur1ng severe hypercapn1a, reflux of contrast material - ‘///
d1sappeared and {BF values 1ncreased above pre -SAH normocapnia f]ow/rates
~(F1gure27) o : o /

° In two monkeys, graded hypercapn1a progress1ve1y 1ncreased ‘the
distal 1ntradura1 vessel d1ameters At high PaCO 1evels. (60-70 mm Hg)

vasospasm d1sappeared and at extreme PaCO2 values (hear 80vmm'Hg),

’
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AR B . .
Figure 26: Pre and post SAH ibtersl angtograms of mankey 10. s
‘Pre-SAH normocapnic angiogeam; o : . [ X

Post-SAH normocepnic angiogram displaying vaso%pasm, .
Post-SAH angiogram during} hypercapnia {PaCO2 66mmHg) showing
frensified vasospasm even th tCBF increased. White values - rCBF;
black values - vessel ‘ ‘
h L g . ‘\( ’ ‘ :.
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Figure 27: Pre and post-SAH angrogramg of monkey 13. Whue values represent rC8F; black
values show percent change m vesse) diameters.

A. Pre.SAH anglogram dunng nortocapnia; :

*B. Pre-SAH angiogram during hyperdapnia showinq@rked increase in rCBF - .
whereas vessel diameters are little ’

C. Post SAH angiogram showing vasospasm and decreased rCBF;

D. Post-SAH angiggram during hypercipnia showing increased 'rCBF values
oven though vessel diameters reman below control dimensions. :
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vessel calibers increased to above the pre- SAH normocapnic diameters.

However an increase in vessel diameter above pre-SAH contrdl vaiues

- was demonstrated only in the distal pericallosal arteries.again

“‘suggesting the increased sensitivity of the small distal'vessels to

PaC0, change. o | | i
| (iv) Neuro]ogica] Assessment -

The animais were assessed neuro]ogicai]y and three were
classed as Grade III and one' Grade II ~ The anrmals were‘sacrificed
and the brains removed for verification of subarachnoid hemorrhage
(Figure 28). . o

(b) Traumatic Spasm of the Internal Carotid Artery

~In four anima]s, the effect of PaCO2 change on pH, PaOZ, HR and
MBP was measured and the resuits are givén in Tabie X . Average PaCO2

va]ues during hypocapnia, normocapnia and hypercapnia were 23.0 ¢ 6.6

mm Hg, 39.5 2 1 mm Hg and 63. 3 11 5 mm Hg respectively Mean HR

~and MBP va]ues were reduced in hypocapnia and increased during hyper-

\
~

capnia but not to levels of statistiCui significance (p>0.05)r

(4) Re]ationship Between CBF and PaCO2

Mean hemispheric blood flow (H/A and ISI) values in four

- 4

monkeys displaying traumatic spasm of the internal carotid artery .

: average 29 t 4 m]/]OOgm/min Response to induced hypocapnia was

tested in three animals (Tab]e X) and a decrease in CBF was observed 1n

© two (significant decrease present in one animai) In the fourth animai

'(monkey 16), a minute. amount of air wa's injected into the internai

carotid artery at the onset of the experiment and in this anima],

induced hypocapniaaincreaSed.CBF from thanormocapnia values (paradoxical’

response). - ' B , .

129
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In-;%ur ahimals, CBF studies were perforned during hypercapnia.

In three, a signiffcant increase in CBF occurred, although in one animal

_marked e]evation was not exhibited until a PaCO2 value of 85 mm Hg was

s

reached. ‘ - _
(1i) Vessel D1ameter Responses to PaCOz,Change.

Angiographic studies were ohtained in two animals during hypo-

capnia and generalized vessel constriction was demonstrated in both cases.

. Severe vasoconstriction was associated with marked CBF reduction and mild

constriction with a smaller CBF decrease

“Vessel diameter measurements were made in three an1ma]s during
hypercapnia. Intrease in PaCO2 genera]]y caused vasodi]at1on but the
degreevof reponses was variable. In two animals (monkey 14 and 15,
Table 10), only the MCA increased in diameter, yet a global ;ncrease j
in CBF occurred. In monkey 17, hyperoapnia (PaC02>>60 mm Hg) resulted

1n genera11zed marked vasodi]ation of the larger 1ntradura1 vesse]s al-

though the increase in CBF was not s1gn1f1cant until PaCO2 values of 85

. mm Hg were reached These corre]at1ve studies suggest that the ca11ber‘ “

' oﬁ ‘the 1arge 1ntradura1 vesse]s as. demonstrated by angiography, do

not.adequately reflect the status of cerebral ‘tissue perfusion._‘
(iii) Neurological Assessnent | |

‘ Two animals were c1n551f1ed as Grade IV, one as Grade III and

one, Grade II( A good corre]at1on between resting CBF (during normo-

capn1a) and neuro]oglcal-grade was present The Grade 1V anima]s 4

had the lowest and the Grade IT animal had the highest rest1ng CBF

values. =~ - o o t N | )
., { . : - . ‘ \
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| CHAPTER FIVE .
« © DISCUSSION

Since its first documentation 1n 1949 by Robertson (140). the
. prob]em of cerebral vasospasm has occupied a centra] p051tion in the
management of ruptured 1ntrac?ania1 aneurysms Robertson concluded
: that 1schem1c 1e51ons in patients with subarachn01d hemorrhage
occasionally were caused by arteriai spasm and that “this mechanism is
far'commoner than realized. “ In 1951 Ecker and.Riemenschneider (104)
: demonstrated with angiographical methods vasospasm of the maJor
cerebra] vesse]s in patients with aneurysms of the Circle of Willis.
“ With refined angiographical techniques, the 1nc1dence of cerebral vaso-
spasm assoc1ated with ruptured 1ntracrania1 aneurysms has been reported
to be between 30 and 68 percent (]41 142, 143) "001 (1958) postu]ated
that the clinical course fol]owing rupture of an aneurysm was dependent

| to a ]arge degree on the presence extent and duration of cerebra] vaso-

Spasm t98). . I S } 1,
| Numerous recent retrospective clinical studies have indicated
a direct causa] re]ationship between cerebral vasospasm, frequency of -
1nfarction and increased morbidity and morta]ity in patients suffering .
from SAH (141 144 145 146). Vasospasm. when demonstrated has been\
}asserted to be a contraindication to definitive surglca] intervention,
..(]46 147). > A]though the iiterature on arteria] vasospasm after sub-
arachnoid hemorrhage has 1ncreased immensely, the fundamental etio]ogy
of vasospasm remains to, be fully e]ucidated

With the 1ntroduction of phySiological methods of quantita— :

tive]y determining cérebral b]ood f]ow (1nert gas washout" technique
135
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of InQVar‘and\Ldssen); renewedninterest in the relationship ‘between
_ , ~ o
cerebral vasospasm, perfusion and function was stimulated.
|
Kagstrom "(148) demonstrated a 20 percent reduction in hemispher1c

“blood flow in seven patients\examined durjng the first few weeks after

SAH. A three-month follow-up study reveaied a correlation between

\

hemispheric-flows and the severity of neu o]ogicé] sequelae. James(25)

P

. Ifound reduced cerebral perfus1on in 36 pat1ents suffe’ing. from recent

subarachno1d hemorrhage The reduction in CBF correlated with ‘the

impairment of consciousness and the radiological appearance of’spasm'

of large cerebral arteries. However, Z1nges$er et d] (149) were unable '

+ to obtain a correlation between rCBF and anglographical vasospasm

in 19 pat1ents with SAH. They found a reduction in cerebral perfusion
even in the absence of arterial constrlction Furthermore vasospasm
when present was not necessarliy assot1ated with reduced cerebral per-

fus1on in the Vascular terr1tory distal to the spasm Fergusonu #t a]

(150) studied 22 patients with SAH and found an excel]ent correlation -

between the neuro1o§ica1 state of patients and cerebral blood flow. .
However, in comparing patients with vasospasm (8 cases) to those with~ »

out spasm, no signficant difference in cerebral perfusion was detected.
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O

They conc1uded'that'the‘signlficance of arterial vasospasm was debatab]é, '

Q‘ a]though severe spasm was usua]]y assoc1ated\with a marked decrease

in CBF. Symon, et al. (LS]) found a COrrelation between cerebra]

blood flow and the c]inica]~cond1t1on of patrents. Although they

. concluded that a good correTation between angibgraphical abnormalities

(spasm, partial occlusion as a'complication of surgery, areas of

apparent slowed f]ow) and rCBF was present only in two of four"

“cases was there a correlat1on between vasospasm and ‘derebral perfusion

v
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Heilbrun (152) perfprmed pre:operative and post-operative‘rCBF studiéS' 4 |
o in 14 patiehts'suffering from SAH. A1l patients demonstrated a

'global reduction in cerebrai perfusion 0f 5 patients studied in -
the pre operative period 3 demonstrated focal. ischémia without evidence

of spasm Seven patients were 5tudied in the post- operative period

. and 4 demonstrated spasm and reduced rCBF in the distribution of the
spastic arteries However, in comparing patients with severe and '

mild spasm, no difference in rCBF was found. These authors conc]uded "
‘that because there was a global reduction in cerebral perfusion gfter I
.SAH, thisreduced LBF couid not be attributabde directly to arteriai
spasm Since spasm was absent in 5 of 6 pre-operative and 4 of 8 {
post operative studies In addition vasospasm when present was 3
always localized. . _ to
| Hashi, et-al. (153) concurrentiy studied CBF and angiographieal

—_

h changes in baboons after 1nduced SAH Seven of ten baboons displayeﬁ
angiographicai vasospasm but there was no significant difference in &BF
in animais with or without arterial spasm in the acute phase aft r SAH
At 24-48 hours,’ post-SAH spasm was still preSent but a significant ﬂ"‘ | L
reduction in cerebral perfu51on occurred. .These 1nvestigators conciqded o
that reduced CBF was the resu]t of perivascular edema and vasospasm.
:'Yamaguchi and Naltz (154) studied CBF in cats after puncture of the ;
" middle cerebrai artery and found no constant re]ationship between CBF
and the calibers of surface cortical arteries _ :
* From these studies it is eVident that the pathophySiologicai

mechanisms 1nvolved in the production of decreased cerebra] perfusiop
following subarachnOid hemorrhage remain to be fuliy élucidated. Whiﬂe

‘marked cerebral Vasospasm appears to be. frequent]y associated with
)

]

P
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diminished cerebral blood flow, other: factors (metabolic and toxic)
may be of importance |
The clintcal studies have stimulated rese§rch on subarachnoid

hemorrhage and interest continues in deve]oping improved models for .
Ath

"studying arterial spasm and cerebral perfusion. Furthermorel such

studies may be usefu] in eValuating the effectiveness of therapeutic :
agents deSigned to restore cerebral perfusion and the cinical grade of
patients after subarachnoid hemorrhage

The present experimental studies were designed to criticaliy
investigate the reiationship between “induced subarachnoid hemorrhage

and its acute effect on cerebrai perquion. intradurai arterial ca]iber .

and the. neuroiogical condition of the animals A

Rhesus monkeys (macaca mulatta) were chosen for investigation

because of the striking anatomicai Simiiarity between this animai s

cerebral vascu]ature and thet of‘man Fhe animais were sedated with

, pentobarbita], using doses which do not measurab]y affect cerebral

.
blood flow and the cerebral metabolism (155) Anesthesia was maintained

o

with nitrous oxide-oxygen and curare a regimen previous]y shown not

Q\to affect cerebra] perquion nog to alter the responsiveness of

$erebra] perquion to carbon dioxide ‘change (156) Cerebral angio-

graphical studies were performed in studies B and C by inJectidn of

: Meg]umine fothalamate i“to the internal" carotid artery Potchen et al.

- (157) showed that a consistent ‘but ‘nQn- uniform change in CBF occurred

‘after Conray 60 angiography and suggested that the effect disappeared in
'approXimate]y 30 minutes (a]though the optimal waiting period was not
determined) . In the present studies, cerebral perfusion studies were -

‘aimost invariably performed prior to angiography On oCCasion

y 3 _— . o ’ , L

/
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when ';ﬁt‘aphy preceded CBF studies during steady stete conditions

no sighjf¥cant change in'cerebrei”berfusion (p>0.05) was detected after

v

Py

a walting beriod of 15 minutesﬁ o ) 3
In the initial study (study\K).’an accurate rebroducible}and -

quantitatiue method of meesuring‘cerebrai,biood flow in the rhesus

monkey was developed. In general, an. excelient correlation between_the

StOChdStindnd initial - slope - index methods was obtaine and these

},fiow values were utiiized for statisticai anaiysis ) Similar
have been reported- by Hoedt Rasmusse“i]SB) and Nilkinson (
Cerebral penfusion va]ues remdiﬂed constant over the 5 to 6 hvur experi-
| mente] period in controi dnimals Prolonged innwbi]ization did not
‘dffect CBF values as reported by Raichle, et al.. (160) Furthermore,
Aithe intra-arte/7a1 reSidue detection technique was reproducib]e as
demonstrated by repeat CBF studies in the somé anima]s after an interval
~of one to two weeks e | |
Subaraqﬂpoid hemorrhage was simuiated by the method described |

fby~weir and his associates, (161) with incredsed experience. this

'

:method. although not the exact repiica of clinical oneurysmal rupture. e
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;was found to be simple, reiativeiy atraumatic and reliable. Introductidn"

i‘of fresh autogeneous arterial blood 1nto the chiasmatic cistern caused N
"a. Sigpificant reduction in cerebral perfusion in approximately 80

| percent of dnimais The reduction in CBF wos,acute and remained

' unalteq.s tor the ouration of the exoerimentai'period. A bi-phasic

' resoonse as e rbed by'éraaiey (112) and‘SimeOne (]62)'was not"
ohserved because of tnv shirt duvdtion of the experiments -

The pdthogenes s of cerebral ischemio after SAH was not evident

e LS LD o]

il



ally subendocardial ischemia (163). —

. , . ‘ . N
a reduction in the pH of the, interstitial fluid (CSF) of the brain.

. 140"

in the initial study. However, decreased cerebral perfusion did not

appear to be caused by peripheral or central cardiovascular abnormali-

ties as the 7nan§Es-observed were transient in nature. The pathogenesjs

¥
of the cardiac abnormalities was not 1nvestigated although reCent
studies have shown that the hypothalamus is in some way affected in

subaracnnoid_hemorrhage. This hypotha]am1c sympathetic stimulation B

apparently causes intramyocardial release’of,catecholamipes'and these "

substances appear to produce electrocardiograpﬁic'changes»and occasion: 4
' . / ‘.,
Anima1s subJected to subarachno1d acidic’ sa]ine 1nJect10n

i
demonstrated an increase in cerebral perfusion lasting one hour or more

. r\- »

None of the monkeys exhibited a decrease in CBF over the duration of the

exper1ments. Although the series is small and subject to statistical

criticism, this finding is consistent witn‘other studies (47,48, . -

164) which have demonstrated increased cerebral perfusion,fo1low1ng

Furthenmore. the demonstrat1on of no ‘decrease in cerebral perfusion |

)

V"after rapid anectlon of saline 1nto the subarachnoid space supports the .

concept that traction and mechanical factors are of Iittle 1mportance
In initiation and propagat1on of ceréPra] vasaospasn. - v
The excellent correlation between CBF, electroencephalographic
and neurological status of the an1mals supports the. findings of recent
clinica) 1nvest19at1ons. o ' . |
The secand study (study B) was designed to concurrently
1nvestigate changes 1n’;eg1onal cerebra] blood flow and arter1a1 vessel

caliber follow1ng induced SAH. The changes observed were subsequently\//,/\—

compared thh the c11n1cal and neurolog1cal state of the animals
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’foiiowing termination of each experiment with this study. the
re]ationship between cerebrai vasospasm and change in cerebra]
perfusion was assessed by statistical methods ,. '
Measurement of regional cerebral blood £1ow (rCBF) was achieved .

using a multi detector scinti]]ation counting system designed and 4
~d&dapted for studies in the rhesus monkey. In control animals. flow
va]ues recorded from the trontal central, parietal and temporai‘areas
were not significantly different from each other. However, flow within
the cerebellum was decreased,by approximately 25 percent while orbito-
maxil]ery tissue flow was reduced by 35 to ﬁgfpercent. Similar results :
were reported by Hoedt- Rasmussen for mah (]58} ';‘: . ,’

~ Induced SAH caused a significant g]obal reduction ofFCBF in
apnroximately'75‘percent of aﬁima]s This reduction was immediate and
%  values remained significantly reduced for the duration of the ‘
experiments -Little variation in rCBE occured after reduced perfusion i L
was established. Significant'generalized vasospasm ofpthe']arger intra-
dural arteries was ekhibited in ali anima]s subjectedﬁlo SAH The
degree of Vasospasm present in animals not exhibiting a decrease in
rCBF was not statisticaily different from ‘those demonstratiné:z
51gnificant decreasb in rCBF. Furthermore " this study demonstrated
that cerebra] blood flow islmore constant]y reiated to the clinical
grade of the animals than the degree of arterial*constriction after SAHz
Singg the clinical grade of patients suffering from aneurysmal '
:jruptu/e is a yery important factor in detennining the‘course‘and
| prognosis (165). this relationship appears important

~ The apparent discrepancy between vaSOSpasm and cerebral -

perfusion has not been ful]y resolved in the present experiments

i
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"’\\\ However, these studies suggest that vessels of subradio]ogica1 caliber
’f- are more important 1n regulation and ma1ntenance of cerebral perfusion
than are the larger capacitance vesse]s Measurement studies with
statistica] app]1Cat1on have shown that the distal vessels are more
fvasoreactive to SAH. Similar findings were reported by Raper (166) and
ymon'(167) Moreover, 1nd1rect evidence arising from the present |
exper1ments suggests thut other factors may play a ro]e in the deve]op- ‘
ment of cerebral 1schem1a after SAH Animals which disp]ayed Tow flow
values and marked neuro]ogica] deficit also exhibited 1ncreased intra-
cran1a1 pressures 1n the post-SAH period. This finding 1s 1In accordance T
| with the study of Hashi et a] (153), These‘1nvestigators suggested |
that cerebral 1schem1a after SAH may result from swel]ing of peri-' i
vascu]ar astrocytes and cerebral edema _ ' ,
The presence of an exce11ent correlation between cerebral b]ood
flow and the neurological state suggests that,perfusion studies are
more sensitive than the degree of vessel ca11ber constriction with

respect‘so cerebral function and surv1va1 after subarachnoid hemorrhage.f .

Further experimental and c11n1ca1 studies are reEuired to determine

'whether ang1ograph1cal spasm in the presence of ‘normal cerebra]////////

- >
e

3 -

1nvestigate reg1ona1 cerebral b?ood flow and 1htradura1 vessel®
responses tu graded carbon dioxide tension change in control monkeys

and}in monkeys subjected to SAH-and tra?matic 1nternal carotid artery

-

spasm. .

-

it'is well accepted that carbon djoxide has3the_most profound

o

: 1
{ . o
'
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'approximately 20 mm Hg resulted in a.40 percent derease in cerebral

(46).

' 1n.man by Kety (168) and wOltman (155). Cerebral blood flow response
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effect on'cerebrovascular tone ot any substance yet investigated.
Numerous c11n1ta1 (168,169,f70) and experimental (41,42, 171) studies
have shown that increase 1n PaCO2 causes an increase in CBF in- norma]
brain tissue and a decrease in PaCo, causes a decrease 1n CBF. - However.

the effect of CO2 on cerebra? hemodynamic responses In 1schem1o brain K

' tissue has provided 1nconsistent results and 1nterpretat10ns (n, 172

173, 174). | | »

In contro1 animals, cerebral perfusion 1ncreased 1inearly

_ between PaCO2 values of 30.mm Hg and 60 mm Hg and within this range

cerebrovascular reponsiveness Wa's maxima1 Induced hypocapnia to

perfusion. Below PaC0, values of 30 mm hg. CBF, resonse was con- “

siderably attenuated, but beiow 25 mm Hg a small 1ncrease in CBF was .

seen . Increases 1n_CBF during ext reme hypocapnia have been shown to

" be due primarily to hypoxia created by intense cerebral vasoconstrctionzl

>

Increase in PaCO2 from 40 mm Hg to 62 mm Hg resulted in 75

percent increase in CBF.. These, find1ngs are s1mi]ar to those obta1ned

to PaCO2 values above 60 mm Hg diminished ana at about a PaCO2 value

of 80 mm Hg, 1ittle or no increase occurred. Harper and Glass (42) T

. obtained sim11ar results in canine studies Cerebral tissues %howed a

greater respons1veness to PaCO2 change than did cerebe]lar or extra-
cranial tissues and cerebral. grey matter was more sensitive to PaCO2
change thah cerebra] wh1te matter.

Concurrent angiograph1ca1 studies demonstrated that the more

distal smal1er vessels are more responsive to_.PaCO2 change and



175) and a]so 'SAH, does not appear to be a factor responsible for the

correiated to'a greater ‘degree with CBF than;the‘1arger‘capac1tance
arteries.‘,Furthermore, vessel diameter measurement did not provide and
adequate‘index of the status of the cerebral circulatton.

‘ Subarachnbid‘hembrrhage 1nduced'dur1ng the“normocapnic state’
produced a sustained g]oba1 reduction (15 to 35 percent) in cerebral
perfusion Cerebral b]ood flow response to PaCO2 change although
attenuated was not abolished. Induced hypocapnia produced a further

decrease in CBF 1

H period §h11e hypercapnia increased CBF

i (although not t the degree seé -1n the pre-SAH period) The CBF-

'response curve was shifted to the right so- that greater 1ncreases 1n

PaC0, were neces§5F§~t6 achieve the level of response seen in the pre-

SAH period. In general, CBF 1ncreased very gradualiy, or not at all,’

' unt11 PaCO2 values of 60 mm Hg to 65'mm Hg were reached Above PaCO2

values of 60 mm Hg, a marked 1ncrease in cerebral perfus1on occurred

-This hypercapnia 1nduced "CBF breakthrough" phenomenon was demonstrated

- in all animals subjected to SAH. This phenomenon has not been’

prev1ous]y described and 1ts etiology can only be spectulated upon

Loss of autoregulat1on which is frequent1y present with hypercapnia

. marked increase in €BF as blood- pressure and heart rate remained

essentially unchanged‘inthe post-SAH'period Perhaps extreme hyper-
capnia exerts its, 1nfluence on the cerebra] m1croc1rcu1at10n It is

we11 recongn1zed that on1y a sma]] portion of the cerebra! microcircua

~lation is patent during nonnal cond1tions (176) Nith extreme hyper-

capnia and loss of autoregu]ation a greater portion of the micro-

circulation may be "opened" Cuusing a marked 1ncrease in cerebral

RE

perfusionm whether the 1ncrease in perfusﬁon contributes to 1ncreased _

! ".-:

' I. : . “‘G\\
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oxygen and glucose utilization and thus decreased morbidity remains to
be investigated. , :
Angiographi:ai studies demonstrated intradural vasospasm'in all
‘ » S .

. LSAH. Theé degree of vasbconstriction varied among

animals and to some extent, in different vesseis in the Same animal.

Hypocapnia in the pos-SAH period increased the intensity. of constriction,

suggesting vessel reactivity was retained and SAH did not produce .

“maximal constriction. Hypercapnia produced variable vessel caliber

iresponses even though cerebral perfusion was always significantiy increased

In one animal PaCO increase produced a paradoxical response (intensified

| vasospasm) even though cerebrai penfusion was significant]y increased
;;DuBoulay (177) described a similar paradoxica] response to hypercapnia

.in spastic arteries fn patients suffering from SAH a]though CBF

studies were not'performed in his study In a second animal PaCO2
elevation caused mild re]axation\of the spastic arteries Even though ' }’

intraduraT vasospasm was still- evident during extreme hypercapnia.

' cerebra] perfusion was increased above the pre-SAH normocapnia va]ues

and reflux of contrast medium into the opposite carotid and vertebral

'systems was abated Simiiar findings (i.e. increased perfusion and

' sdecreased cef/brovaséular reSistance) were observed in the remaining

hypercapnic animals displaying intradurai vasospasm

‘The .effect -of traumatic spasm on cerebra] b]ood fiow and intra~
craniai vesse1 reactivity has been recently investigated in primates
Harper (178).studied CBF response-to ‘carbon dioxide 1ncrease pribr

to and foilowing biiateral traumatic, spasm of the internal carotid

: arteries Cerebrai b]ood flow response to PaCO2 increase (from 40 mm

Hg to 60 mp Hg) was markediy diminished in the post-spasm period
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Symon (179) demonstrated that hypocapnﬁa (20 mm Hg) or hypercapnia
(above 50" mm Hg) had no influence on the character or duration of
spasm produced in the middle cerebral artery by traumatic‘stimulation.
| Spasm produced a decrease 1n perfusion pressure and cerebra] perfusion
‘in the periphera] distribution of the spastic artery and it was
suggested that hypercapnia wou]d, in fact, decrease perfusion in the

©

dschemic area

In the present study, traumatic spasm of one interna] carotid

. artery produced a significant uni]atera] decrease in cerebral blood

flow during normocapnta, Hypocapnia produced a further CBF decrease,
suggesting preservation of the vasoconstrictor effect. Graded  hyper- B
capnia producedia corresponding,increase'hiéBF-Which reached levels of
fsignificance at PaC02 va]ues‘near 70 mm. Hgf Cerebral hlood flow response
| t0'PaCO increase was depressed as compared to the control studies and
theSe results were in accord w1th Harper s work.

L The present studies suggest that (i) SAH causes an increase in
‘cerebrovascular reSistance and a decrease in CBF by an 1]1 defined §
mechanism operating primarily at the microvascular leve], (i) hemo-
idynamic responses to. PaCO2 change a]though attenuated, are not ’

: abolished in the acute period after SAH Hypocapnia decreased and )
hypercapnia increased CBF in the post -SAH period (iii) hypercapnia , :
‘d(PaC02:> 60 mm Hg) 51gn1£l£ant1y increased. cerebral perfusion whether or
not vasospasm was alleViated and (iv) the small distal cerebra] vessels |
(be]ow radiologica] resolution) appear to be more reactive to PaCO2

change and are more intimateiy associated with the regulation of cerebra]

'perfUSion
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. Whether carbon.dioxide inhalation'therapy {s of value in the

treatment of cerebral ischemia caused by subarachnoid hemorrhage
rema1ns to be 1nvestigated Chronic experimenta] studies wou]d be

essentia] for eva]uat1ng the effectiveness of 1ntermittent or continuous
ﬂcarbon dioxide therapy on morb1d1ty and morta]ity in animals subjected
to SAH\ The present resu]ts are encouruging and in h1gh]y selected,
careful y mqnaged pat1ents, c}1n1c§1 trials may be-warranted:

Perhaps patients disp]aying evidenée of cefebral ischemia after adequate

"Icl1pp1ng of a cerebral vessel aneurysm wou]d be candldates for this

) S
: 1

. form of therapy




| CHAPTER SIX
. B ~ SUMMARY
Cerebrel blood flow studies were performed fn a total of 60
“monkeys. (3 related studies) utilizing the intra-arterial radio-isotope
technique of Ingvar and Lassen. Control studles were performed in 19
animals, 3l/an1muls were subjected to SAH, 4 animals redeived subar-

hachnoid sallne injection, 2 r“’“ Sl 'Lral hemorrhage and 4 monkef/ |

were suéjetted to traumatlc‘*p 'ﬁ, : ? rnal[oarOtld ertery. Al
dium and anesthesia was main-
X.LOtﬁlr physlolouical para-
heart'rete.rarterial blood gases

aninals were. sedated wtth pendd
. tained with a nitrous oxlde-oxygfﬁ

o

'mete s monitored 1ncluded blood preszr%.

; d and pH, EKG and 1n severel animals, EEG and intracranfal pr sure. Upon

terminatlon of the experiments. the animals were neurologically assessed 4
r,hand graded ‘Animals subjected to cerebral apoplexy were saCrificed for
_pathological verfflcation of the leslons 1nduced ’

' Although cerebral blood flow was calculated using the compart- _
nental stochastic and initial- slope-index methods. only the stochastic
- and 1n1tlal-s ope-index methods were utilized for statistical analysis
ln c ntrﬁl animols cerebral blood flow and other physiological:

'.paraheters r lined constant over the S to 6 hour experimental period

fFlow values ecorded from four d1screte supratentorial arees uere not
signiflcantl‘ different from énch other and cerebellar flow was usuqllyn
: reduced by approxlmately 25 percent Carbon dioxlde 1nhalation ceused ’
a llnear in #Z,se in CBF between PoCO2 values of 30 mm Hg anq 60 mm ng;g

and outside this range. CBF response wes attenuated Cerehral

tissue sh ed a greuter responslveness to Pacoz change than cerebellar ;‘s‘



7 vasospasm was not alleViated
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or extracranial tissues and grey matter was more sensitive to PaC02

|

.
Subarachnoid hemorrhage caused a significant global reduction

change than cerebral white mafter

' in cerebral perfusion in quto 80 percent of animals. The reduction was
immediate and flow values remained significantly reduced for the duration
of the experiments. Little variation-in ‘CBF occurred after reduced
perfusion was established Other physiological parameters were

markedly altered during induction of SAH but these effects were transient’

i

-(5-10 minutes‘[ Animals with. reduced cerebral blood flows after SAH )
i displayed severe neurological deficits whereas those exhibiting no sign--‘w
ificant change in’ cerebrag perfusion were healthy ;
Angiographical vasospasm was present in all animals subjected to
SAH. The spasm was generalized and persisted for. the duration of the
experiments. The degree of spasm present in animals exhibiting reduced

4 cerebral perfusion was not significantly different from those with—normal

. |
,flows . l

~-Cerebral insult (SAH and TSICA) caused a decreased oerebral
j-bbod flow response to carbon dioxide hange. - However, when PaCO2 was
raisedﬁxo sufficiently high levels (6 mm Hg to 65 mm Hg)L marked in--
creases in cerebral perfusion occurred (Breakthough Phenomenon)
Hypercapnia produced a Significant i%crease in CBF even t&ough cerebral
! N

~ | S

These studies also suggest that~(i) cerebral ve%sels of .a size -
below radiologie\l resolution are important in the reguﬂation of main- -
enance of perfusion; (ii) cerebral blood flow is more. coﬁstantly related
to clinical grade than is the degree of cerebral vasoco striction after =

SAH*~and (iii) measurement of CBF appears to be a more aluable tool as
’ "‘\_ﬂ - ’ / '
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a prognostic indicator of cerebral function and&a?rvivalythan angio-

’ -

graphical demonstration of arterial vasospasm. - .". o
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