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su¡,fltARY

Brain injurles, traumatic, ischaemlc, hypoxic or infla¡mratory

are a conmon cause of death or severe handfcap. Clinical aegeaement

and Èreatment may be hampered by difffculty fn predictfng and ureasurlng

the cornplex changee lnftlated by an tnJury and occurrfng wfthin the

enclosed cranÍum.

Cllnicians seeklng to lncrease perfusfon and limit bral-n damage

have advocated such methods as increasing arterial pressure or hyper-

capnia. However cerebral blood flow measurementsin patienÈs have shown

that the responses of Èhe cerebral vessels to these phystological etfmulf

may be qufte variable. Several studies have reported constant cerebral

blood flor¿ wfth arteríal hypertension in paÈients wi th severe brain

damage, even though e:<perfmental studles have shor^rn that physiologfcal

autoregulatlon may be LurpaLred by quite minor injurfes.

the present study analyeed the changes in cerebral blood flow,

intracranial pressure, braln tfssue hrater and electrolyte content

following an acute cryogenlc injury ln baboons. Thrs model of a focal

necrotic injury wfth oedema resembles a cerebral contusfon or ÍnfarctLon,

and the oedema is also sl-milar to that which develops around lnflauunatory

or neoplastic leslons. rn the flrst serles of e:<periments, cerebral

blood flow and cerebral vascular reactivity were studied before and

afÈer cryogenic lnjury. Cerebral blood flow r¡as measured by Lntracarotld
133x.rron clearance. Followfng lnJury, arterial hypertenslon was accompan-

led by a marked increase 1n cerebrovascular resistance 1n half the

anlmals studLed. comparison rüith anl-mals whLch díd not show thÍe

resPonse clearly demonstrated that such an lncrease fn cerebrovascular

resistance ldas not physlologfcal autoregul-atlon, but rather índicaÈed

a severe degree of brain damage.
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The second series of experLments studied changes occurrlng 24

hours after cryogeníc injury. At this tirne the effects of the prlmary

injury could be separated from those of the secondary oedema. Cerebral

blood flow was measured in snall areas in both cerebral henispheres by

hydrogen clearance. A rnethodological study established the accuracy

of this technique by comparing it with the lntracarotid 133Xenon 
method.

In areas with oedema, resting cerebral blood flow was low and

failed to increase with arterial hypertension, even though other para-

meters of cerebrovascular reactivfty !ùere iurpaired. In anímals with

injury but no oedema, cerebral blood flow increased ín a pressure-

passive manner índicatíng loss of autoregulation. Furthermore, focal

injury with and without oedema produced widespread changes ln resting

cerebral blood flow and cerebrovascular reactívity in both hemLspheres.

these experlments demonstraÈe that clinícal studies of patients

Lrith brain damage which reporÈ lntact autoregulaÈion based on the

cerebrovascular response to arterial hypertenslon must be interpreted

with care. They also provide an e>çlanation why apparently intact auto-

regulation may not correlate r^rith the outcome from injury.

Increasing cerebrovascular resisÈance with arterial hypert,ension

in areas of injury appeared to depend upon the presence of oedema.

However, changes in cerebral blood flow and cerebrovascular responsive-

ness also occurred in grey and white matter throughout both hemispheres,

and were not related to changes Ín Èissue fruid. These widespread

effects of a focal ínjury may underly the clinical phenomenon of

diaschisis.

Clearly, the responses of the cerebral vasculature in areas of injury

are quite variable. In severe ínjuries, partícularly those associaÈed

with oedema, arterlal hypertension and hypercapnia may not lead to

increased Ëissue perfuslon, but may indeed increase Èissue damage.
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Methods of reducing oedema and loruering cerebrovascular reelstance,

perhaps by reducing tÍssue pressure, are an essent.fal part of any

attempt to Lncreage perfusfon in areas of brain damage.

A clinlcal study of patients with brain lesions and oedema,

measured blood flow by the inhalatíonar 133x"r,o'method in areas of
reduced x-ray densíty recorded by cornputerized axial tonography (cAT

scanning). This study showed the value of cAT scanning i-n detecttng

oedema and monitorfng therapy. Cerebral blood flow was low 1n areas of

veriffed oedema, and appeared to increase wlth steroíd therapy.
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SECTION I

INÎRODUCTION



INTRODUCTION

"Injuries of the head affecting the braln
are difficult of distÍnction, treacherous
in their course and, for the most part,
fatal in theír resultst'.

George James Guthríe, 1847.

One hundred and thirty years later a clÍnicfan may be more optirF

istic. Nonetheless, neurological dysfunction often seens disproportionate

Èo the aPparent severity of a brain lnjury. PatienÈs may show progressLve

impairment of function and the clinícian attenpting to reverse this trend

must try to unravel a serles of complex interrelatl-onships between the

many factors whfch bear on braín function. As in Guthriers day, these

problems still demand a complete solution.

The policy of acÈive treatment of braín ínjury ís based on the premise

that acute brain damage - whether it be traurnatic, ischaemÍc, hypoxic, or

inflamrnatory - is compounded by secondary effects, which may be cerebral

or systemÍc. Even though the primary injury is out of the clinfciansf

control, an ímprovement in ouÈcome would result if the secondary effecÈs

could be prevented or reversed. To do so, l-t fs necessary to understand

the changes which occur in neural, hydrodynamic and vascular equillbrÍa.
Several interrelated dfsturbances may combfne to inpair the function

of the brain. These include changes in cerebral blood flor¿ and Íts con-

Èro1, fntracranial pressure, cerebrospínal fluíd circulation, cerebral

rnetabolism and blood-braín barrier permeabiltty. There may develop brain

oedema, brain dlstortlon and herniation; systemic hypoxia or hypotension.

These factors Ínteract Ín a complex way, yet it is necessary to distingulsh

cause from effect fn order to apply raÈlonal therapy.

The purpose of the work described in this thesis wes to exemÍne the

effects of acute brain damage wÍth oedema on intracraníal pressure,

cerebral blood flow, and the responses of cerebral blood flow to
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physiological stinuli. It ls not possíble to undertake. such a detailed

study fn man, so an animal uodel was used. Thfs allo¡¡ed good physl-o-

logical control whfch Ls essentfal before valfd conclusLons can be

drawn concerning cerebrovascular responsfveness, and allowed dlrect

measurement of regfonal oede4a. The lfterature Ls revlewed 1n sectlons

related to the varlablee consfdered in these experLments.
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LITERATURB REVIEI^]

INTRACRANIAL PRESSURE

InÈracranial pressure (ICP) normally remains r,rithln narro\¡l l1mits'

but it varles 1lrith posture (Bradley, 1970). Cardlac and respiratory

hrave forms are transmitted from the cerebral arteries and veins

(OtConnell, 1943). These pressure changes are transnitted freely through-

out the open cerebrospinal (CSF) pathways (Langfitt et a1., 1964a,

1964b) .

Understandlng of raised ICP began with Èhe observatíons of Monro

(1783), and Kellie (1824). Noting that the ínÈracranfal contents were

contaíned within a rigld skull, and r{ere themselves incompressible, they

deduced that cerebral blood volurne must under all circumstances remaín

constant. Burrows (1846) realísed the importance of the CSf' space and

proposed that changes in the volume of one or t\^Io of the three principal

inÈracranial components, brain, blood and CSF, could be accommodated

by correspondíng changes ín the others. Thus an íncrease in CSF volume

míght be accommodated r¿ithout pressure change, by an extracranial diver-

sion of an equal. volume of blood.

Later studíes have shown that an essential requirement for volume

compensation is Èhat the cranial compartment. ís not completely enclosed,

but communicates freely with the spinal compartment. Below a pressure

of 20 rnm Hg, 70 per cent of a volume addition to the CSF is accommodated

by the spinal compartment and 30 per cent by the cranial compartment

(töfgren & Zwetnow, 1973). Inlere it not that csF, approxLmately 9 per

cent of total íntracranial volume (Rosomoff, 1961) could be dlsplaced

rapidly to the distensible spinal subarachnoíd space, a srna1l íncrease

in fntracraníal volume would cause a rise tn ICP, incompatlble with life

(Langfítt, 1969). Slowly expanding lesions may also be accommodated by

changes ln the rate of formation or absorption of CSF (Ryder et al. ' 1953).
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Cerebral blood volume (CBV), approximately 7 per cent of total

intracraníal volume ln man, (Nyl1n et al., 1961) may vary raptdly by

dflatation or constrlctlon of the cerebral reslstance vesaels or by com-

presslon and emptylng of cerebral veins Èo Èhe venous sinuses. Changes

in this fluid compartment may affect ICP, especially if volume compensa-

tion is already reduced. Brain tissue \,üater is approximately 70 per cent

of intracranial volume (Rosomoff, 1961) . A reduction in brain tissue

\dater may contríbuÈe to volume conPensatíon of a slowly expanding mass

but this has not been fully investigate-d (Langfitt' 1969).

If these compensatory mechanisms are exceeded, either in rate or

degree, a further volume additíon will cause a rise ín ICP, the extent

of which will depend upon the dístensibility of the intracranfal conÈents

(1,öfgren et a1., 1973). The relationship between volurne and pressure

is therefore of fundamental ímportance in r¡rderstanding the effects of

an expanding mass. The inítial stages of expansion wíll cause little

change in ICP. However, when the capaclÈy for volume displacernent is

exhausted, further expansion will lead to lncreasing rises ín pressure.

This exponential relati.onship is the basis of Kocherts "Four Clinical

Grades in Cerebral Compressíontr (Langfitt et al. ' 1965b).

The gradient of the volume-pressure curve may be measured at any

point by the lncrease in pressure accompanying a given increase in voh¡me.

This pressure change per unit volume change (dP/dV) measures the overall

elastance or inverse of compliance, of the lntracranial contents

(Löfgren et a1., L973). As volume reverse dirninishes, elastance increases.

Used as a provocatfve test, Èhe volume-pressure resPonse (VPR) allows

decompensatíon to be anticlpated before ICP begins to rise, that is,

while ICP is stil1 on the horizontal part of the volume-pressure curve

(Leech & Mí1ler, L974a).

Intracranial elastance may vary independently of the leve1 of ICP,
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thus alterLng the shape of the volume-pressure curve. fiIhen ICp has

been raised by a supratentorial balloon, elastance ts further increased

by arterLal hypertensfon, thus shlfÈing the 'rbreak-poinÈr' of the curve

towards the left and renderfng the brain more suÉ¡ceptible to further

rlses in rcP (Löfgren, L973ai Leech & Mlller, L974b). By contrasr,

steroids and nannltol reduced elastance, beyond any accompanying change

in rcP (Leech & Miller, L974c). changes in arrertal pco, (pacor) alter
elastance only lnsofar as rcP 1s affected (Rowed et al. , 1975).

Guillaume & Janny (1951) and Lundberg (1960) píoneered contlnuous

isovolumetrÍc monitorfng of ICP fron the laÈeral ventricles of patlents.

Ltrndberg described three pathological wave forms, A, B & c waves, seen

in states of rafsed ICP. It seems l1kely that each of these pressure

waves is due to fluctuaÈion In CBV - Èhe fntracranial coruponent with the

greatest capacity for rapld changes. Plateau rùaves (A waves) which nay

have an amplftude up to 100 ¡un Hg and last for 5 to 20 mfnutes, are

acconpanied by angiographfc vasodilatatlon, even though cerebral blood

flow (CgF) falls. They uray be abolished by reducfng fntracranLal volume

with hypertonic solutions or by rtrithdrawing CSF, or else by fncreasing

the dlstensibillty of the cranlal compartment rrith a bony decompressfon

(Lundberg et al., 1968). B waves occur at about one per mLnute and are

synchronous with the respLratory periode 1n Cheyne-Stokes resplratlon.

c waves occur at about six per minute and are synchronous with the

varlatlons fn systemlc arterLal pressure (SAP) of the Traube-Herfng-Mayer

type 
"(rjallqutst 

er al., 1964).

Changes in CBV also underlfe the lnfluence of blood gas concentratlon

on rcP. Hypercapnla (Harper & Grass, 1965; Refvich, L964) and hypoxfa

(MeDowell, 1966) cause vasodflatation and raLse rcp while hypocapnfa

(Lundberg et al., 1959) and hyperoxfa (Mfller et a1., 1970a) lower rcp.

The effects of changes of SAP on ICP w111 depend on the state of cerebro-

vascular autoregulatlon (eee page 9). rf autoregulation ls l_ost,
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cerebral blood vesgels behave ln a pressure passive manner, and an

Lncrease tn SAP wlll lncrease CBtr', CBV, and ICP (Langfltt et al., 1965b;

Harper, 1966).

In most cl-lnical situatlons, ralsed ICP 1s caused by an e:çandlng

mass lesion and is accompanied by brain distortton. Fallure to recog-

nise Èhese tIùo components led to conflfctfng views on the signLficance

of raised ICP In brain lnjury. Browder and Meyers (1936) used lumbar

CSF pressure as an index of ICP, and found that ln many patfents !ùho

later died from head injuries, the lunbar CSF pressure r¡as not rafsed.

Ihey presumed that ICP was not ral-sed efther. Dandy, on the other hand,

observed at operations that braÍn swellfng frequently accompanfed severe

lnJury, and concluded that early death after head fnjury \ùas due almost

entirely to fntracranfal hypertension. He made the lrnporÈant deductfon

that h¡nbar CSF pressure was noÈ an accurate index of ICP, when ICP

was elevated (Dandy, 1933). Description of the tentorLal prese¡ure cone

by Jefferson (1938) and of bralnsten displacement wlth supratentorfal mase

lesions by Johnson and Yates (1956) provlded an explanation for these

confl-ieting clinlcal observatlons.

Braln dlsplacement ls a further way of accommodating an expandlng

rì¿rss. Dfsplacement of brafn from one supratentorial cotrpartment to

another : such as the subfalcfne and aecendfng or descending alar hernla-

tlons - 1s conmonly seen. But more fmportant, because of their effects

on neurological function, are the hernfatlons of Èhe meslal temporal

lobes through the tentorial Lncisura, and of the cerebellar tonsl.ls

through the foramen magnum. The neurologlcal effects of brafn dfeplace-

ment may arlse by vascular compresslon or. dlstortlon, for exarnple, con-

pression of the posterfor cerebral artery by tentorlal hernias; by

corupresslon and distortlon of cerebral tissues - the ¡nfdbrafn by tentorial

hernías, and the uredulla by tonsÍllar hernLas; and by blockfng CSF

pathhrays thereby setting the stage for furËher rÍses tn ICP.
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Langfitt et al. (1964a¡ 1964b), studied the transmission of raLsed

ICP through the craniospinal axis, and demonstrated the lmportance of

brain displacement ln lnfluencing pressure transmlsslon. Once an expand-

ing supratentorial mass has caused tentorlal impaction, supratentorlal

pressure will rise independently of infratentorial and spfnal pressures,

which may even fall to normal levels. Before a nass lesion has caused an

impaction, the addition of any other volume, such as blood volume through

vasodilation lnduced by halothane (Fitch and McDowall¡ 197l) or hyper-

capnia (Miller, L975a) may precipitate braí.n ímpaction. Subtraction of

CSF by lurnbar Puncture has long been known to have the same consequences.

once impaction has occurred, a pressure difference may clearly

exist across the tentorium or foramen magnr¡m (Kaufmann & clark, 1970;

Johnston and Rowan, L974). Intracraníal elastance measurements r¡í11 be

hígh reflecting the loss of volume reserve. rn a clinical study of

patienÈs with brain displaeement shown by angiography, a high elastance

correlated more closely with the degree of displacement than with the

absolute level of ICP. MeasurÍng both elastance and ICP gave a better

indication of volume reserve capacity than measuring ICp alone (Uiller

& Pickard, J-974>.

Raised ICP occurs alone in the syndrome of benign íntracraníal

hypertensíon in which plaÈeau hraves of up to 100 uür Hg have been recorded

without evídence of neurological dysfunction (Johnston and paterson,

L974). conversely, brain displacement can exisÈ without raised rcp

(Johnston & Jennett, r973). studles in patients with head ínjury have

not shown a sírnple relatÍonshíp between the level of ICP and other lndices

of brain injury. vapalahti & Troupp (1971) found thar a rcp of grearer

than 60 mn Hg carried a very grave prognosís. Johnston et al. (1970),

on the other hand, found no clear correlation between ICP and outcome.

Not only díd a high mortality occur among pattents with normal pressure

(less than 20 * Hg), but half of those with high pressure (greater than
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40 urn Hg) showed evidence of less severe brafn injury initially, having

Èalked at some tlme after lnjury. In fact, outcome seemed more closely

related to the Presence of brain dísplacement than to the absolute 1eve1

of ICP. That many of the effects preví.ously ascrÍbed to raised ICP may

be due to brain dístortion \â/as hlghltghted by the neuropathological

studies of Adarns & Graharn (1972) .

Even in normal sítuations, there is not a "síng1e" rcp. There are

n¡-inor hydrostatÍc pressure differences between different pafts of the

cranium (Bradley, 1970). Mlnor transitory pressure gradLents occur

wiÈhin brain tissue and between braín and csF. These are sporadfc, as

with,coughing, and regular as wíth the phase differences in the arteríal

components of the ICP wave between the supratentorial and infratentorlal

compartments (Miller, 1975b). rn pathological stat.es, as well as the

intercompartmental pressure gradients associated wlth CSF obsÈruction

which have already been discussed, gradients may develop wiÈhin brain

tissue. Rapídly expanding lesions such as an area of cerebral infarc-

Èion (Brock et al., 1972) or an epidural balloon (Symon et al. , 1974)

cause ínterhemlspheríc pressure gradients before there is any obstruction

to the CSF pathways. Around such leslons, tissue pressure rnay be sfgnifi-

cant.ly higher than CSf' pressure, and may decrease with distance from

the lesion (Reulen & Kreysch, L973; Brock er al., 1975). Local blood

flow and oxygenation may depend more on tissue pressure than on CSF

pressure (Brock, 1971). Pressure gradients may dríve oedema flufd and

metabollc products from the injured area (Pö11 et al., 1972) affectlng

both the metabolic and physical characteristics of the surrounding

braín.

The elastance of brain tissue, which normally differs between grey

and white matÈer, ilây be affected by 1ocal vascular changes and by

changes in tissue I¡rater content (Brock et a1., L975). Pressure gradients

cause shearing sÈresses and deformation (l,letnstein et a1., 1968) which may

affect cell membrane function dfrectly as well as influence blood flow.
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CEREBRAL BLOOD FLOI^I

Kety & schmidt (1945) developed the flrst accurate, quantítative

technique for measuring CBF. By Èhis and by later adaptatlons of their

method, total restlng CBF ln man is approximately 50 ml=/rnln. I00G

(Lassen & Ingvar, 1961; Glass & Harper, 1963; Fieschl & Bozzao, L972).

Thís value remains remarkably constant through a wide range of functlonal

states, from sleep to active íntellectual and physical exerclse (Mangold

et al., 1955; Lassen, 1959). Resting blood flow varies between dlfferent

regions of the brain. Cortícal blood flow is approximately 80 url/min.

100G and white matter flow, 20 ml/rnin. 100G (Kety & Sch¡nidt, 1948a;

Lassen et al., 1963; Ingvar et al., 1965).

Although total CBF normally remains relatively constant, 1t has

been recognísed for many years that blood flow wlll lncrease in areas

which have increased functional demand. Roy and Sherrington (1890) in their

paper "On the Regulation of the Blood Supply to the Brain" ' I¡tere the

first to postulate a metabollc corrtrol of CBF. Using changes in braln

volume measured through a trephíne opening as an index of changes in

blood supply, they deduced that Èhe blood supply Èo the brain was

determined by blood pressure 1n the systemic arÈeries, and by a second

mechanism - "an intrinsic one by whích the blood supply of various parts

of the brain can be varíed locally in accordance with local requirementsr'.

A rnetabolic control for CBF was disputed by others (Hi11' 1896), and

for some time, ft was generally belíeved that CBF depended solely on

SAP.

This view was challenged ln the I920t s and 1930rs by Èwo sets of

observations. Fog (1937; 1939), observed directly that pial vessels

\¡rere capable of acÈive vasomotor responses. Abrupt rise in blood pressure
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led to vasoconstrietion; fa1l to vasodilatation, the change being in

the directÍ-on opposing a change in blood flow. Secondly, several workers

reported increases in local blood flow with Íncreased functional activity.

Fulton (1928) observed the vasculariÈy of the human occipital lobe during

visual stirnulation; Gerard & Serota (1936) ¡ilêâsurêd blood flow in the

sensorimotor cortex during sensory stinulation, and Penfield et al.,

(1939) measured blood flow in the exposed brain during focal eplleptlc

seizures. RecenÈ studies have confirmed that blood flow will increase

ín functionally appropriate areas; during vigorous hand exercises

(Olesen, 1971); wÍth psychometric Èesting (Risberg & Ingvar, L973;

Brooks et a1., 1975); and during speech (Larsen eÈ al. , 1977).

It is now clear that there are two primary mechanisr¡s conÈrolling

CBF; local metabolic demand, particularly through changes in CO, and

O, tension and seeondly changes in perfusion pressure. Because the brain

is enclosed in a semi-rigid container, changes in CBF induced by these

mechanisms influence and are influenced by ICP.

(1) r -dioxide reactivít

CBF is more sensitive to changes in PaCO2 than to any other known

substance. Kety and Schrnidt (1948b) for¡nd that in man, inhaling 5 per

cent CO, caused a 50 per cent, increase in CBF. In experimental anlmals,

the relationship between PaCO, and CBF has been recorded as epproxinately

lfnear between 20 and 80 m¡n Hg (Harper & Glass, 1965) or continuously

sfgmoíd with the steepesË part aÈ 40 rn¡n IIg (Reivich, L964). studies in

man show the gradlent of flow through the range of maximum sensitivity,

r¿hÍch includes the normal physiologícal ranger to be approximately 1.5 to

2 ml/min. 100G cBF per nm Hg Paco, or a 2.5 per cent change in cBF per

mr Hg PaCO, (Reivích, 1964). Below a PaCO, of 2O nun Hg, CBF no longer

decreases. Vasoconstriction of this degree nay be counterbalanced by

tissue hypoxia (Gibbs et al., L942>. Conversely in experimental anínals,
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PaCO, of greater than B0 nm Hg no longer increases CBF suggestlng that

maxímal vasoconstriction has been reached. The upper end of the

response range has not been delineated in man.

CBF will adapt if PaCO, is held constant over several hours

(Agnoli, 1968; Severinghaus et a1., 1964). The CO, response ís lessened

by loweríng the metabolic rate (FujishÍrna et a1., 1971), and by cornpeti-

tion with other vasomotor stimuli. At moderate arterial hypotension, Èhe

gradienË ís reduced and then abolished below 40 to 50 rnrn Hg mean SAP

(Harper & Glass, 1965) . Hypercapnia increases CBF in both grey and white

maÈter, although the absolute increase is greater in grey matter (Hansen

eÈ a1., 1957). Because of its effects on CBF in normal subjects, COz

inhalation has been used in the tTeatment of states of cerebral hypoxia.

(2) Oxysen react.ivitv

Hypoxia lncreases CBF by vasodilatation which begins below a

threshold of about 50 nn Hg arterial p0, (Pa02) (McDowall, 1966). Thís

effect is unrelated to any accompanying change in PaCOr. Hyperoxia at

normal atmospheric pressure causes only a slight vasoconstriction;

100 per cenÈ oxygen at tv/o atmospheres absolute results in a 20 per cent

fall in CBF; higher levels of oxygenation however do not produce further

vasoconstriction due perhaps to a toxic effect of extreme hyperoxia

(Ledingham et a1, , 1966; Mlller, 1973).

Hence CBF ís affected by changes in both PaCO, and PaOr. i,Ilthin

physiologícal lirniÈs, PaCO2 has the most marked effect, whereas below

a PaO, of 50 mm Hg, hypoxic vasodilatation begins to over-ride hypocapníc

vasoconsÈriction (Relvích, 1969).

(3) Responses to blood pressure

hrithin a physiological range of perfusion pressure, CBF rernains

remarkably constant (Lassen, 1959; Rapela & Green, 1964; Harper, 1966).
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This response has been interpreted as an example of autoregulatlon -

that ls, an intrinslc property of the cerebral resistance vessels.

lllood flow 1n a vascular bed depends upon the perfuslon pressure, defined

as arterial pressure minus venous pressure, and on the vascular reslsÈance.

Hence,

cerebral perfusion pressure (CPP)

CBF = (1)
cerebrovascular resÍstance (CVR)

Constant CBF in the face of an íncreasing perfusíon pressure irnplles

a change tn CVR. In normal subjects, CBF remaíns constanÈ to a meen

SAP of 40 to 60 mrn Hg. Below this level CBF falls with arËerial pressure.

That is, no further active reductíon in CVR occurs. Conversely, the upper

lirnit of autoregulation is reached at a mean SAP of about 120 mm Hg and

beyond this CVR is constant.

CVR represents the sum of the resistances of the lndlvidual compon-

ents from arterles to veins, (Rowan et al. , 1972). Normally arÈerloles

províde the major resistance, and active change in the diameter of these

vessels controls the level of CBF. Capillaries, venules and veins

respond passively to the balance between intramural and extramural

Pressure. At high ICP, brldging veins to the sagittal sinus may collapse

(I{right, 1938). Sirnilarly an expanding mass lesion may compress the

venous bed (Rowan et al. , 1972). Autoregulatory vasodilatatfon induced by

the rise in ICP may then further increase ICP and venous compresslon to

the point where total CBF falls (Löfgren, 1973b). In support of this,

Zwetnow (1975) pointed to the paradoxÍcal decrease in CBF 1n the presence

of angiographic vasodilaÈation during plateau \¡/aves (Lundberg et al.,

1e68) .

Thus, in states of raised ICP the site of rnajor vascular resistance

may shifÈ from arËerioles Èo veins. CBF is then dtrectly related to

ICP. Before thís stage is reached, an expanding lesion may compress

local veins directly. Gyral vessels rray be compressed against the
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calvarium while sulcal vessefs are still patent. Hence there will be

a local reduction in blood flow even though total CBF is maintained by

autoregulatlon. (l^Ieínsteln & Langfitt, 1967) .

Autoregulation is affected by other factors which alter vasomotor

tone. Hypercapnia or hypoxia, which cause vasodilatatíon, lirnit the

ability of the arÈeríoles to dilate further in the face of falling SAp.

At a Paco, of 70 to 80 mrn Hg, autoregulation ís abolished. Hypocapnla,

by increasíng vasomotor Èone increases autoregulatory capacíty at 1or^t

perfusion pressure (Häggendal & Johansson, 1965; Harper, 1966).

conversely, hypercapnia lowers the upper limit of autoregulatíon

(Ekströrn - Jodal er al. , 1972).

I^Iithin the craniurn, the relationship of ICP to pressure in differenÈ

parts of the venous system must be considered. The rnajor dural sínuses

are enclosed withÍn semí-rigid walls, so that venous sinus pressure

ís dependent more on extracranial venous pressure than on cerebral venous

pressure (Rowan et a1., 1972). However, before entering the dural

sinuses, the cerebral veins are suspended wiÈhín the subarachnoíd space.

To maintain forward flow, cerebral venous pressure must be at least

slíghÈly greater than rcP. rn fact, cerebral venous pressure and rcp

are nearly identical at all levels of rcp (shulrnan, 1965; Rowan et a1.,

L972). cPP may rherefore be deflned as sAp mfnus rcp, and formula (1)

re-writ ten:
SAP - ICP

cBF - e)
CVR

rn accordance with this formula, autoregulation will occur if cpp is
altered by changing sAP, cerebral venous pressure (Jacobson et al., 1963)

or rcP (Miller et al. , 1972). changes in rcp not only affect cerebral

venous pressure, buÈ also the transmural pressure of the arterioles,
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sínce,

transmural pressure = SAP - ICP

In an animal with the skull opened, cerebral venous pressure may be

artificially separated frorn rcP. cerebral venous pressure may be ele-

vated, yet ICP remain constant. Hence CPP will decrease while transmural

pressure remaíns constant. In these círcumstances, even when auto-

regulation to changes in SAP has been shown to be intact, a rise in

cerebral venous pressure will cause a fall ln CBI (Ekström - Jodal,

1970), suggesÈing that the autoregulatory reflex ís lnÍtiated by changes

in transmural pressure.

The mechanísrn of cerebrovascular autoregulation has not yet been

fully explained. There are three maln theorles, myogenic, metabolic

and neurogenic. The myogeníc theory, based on studies by Bayliss (1902)

of a denervaÈed hind-limb preparation, states that autoregulatfon is

an intrinsic response of the vascular smooth muscle. Dístension is

countered by contraction and vice versa. The meÈabolic theory states

that autoregulation, as well as changes induced by PaCO, and PaO, occur

Èhrough local changes in tissue metabolites, which react dírectly upon

the vascular smooth muscle. Autoregulation fs seen as part of an overall

adjustment of flow directed by local rnetabollc requirements. The

metabolic theory ís supported by the observation that the vasomotor

reactíon to a change ln SAP occurs after a delay of 20 to 30 seconds.

This rnay al1ow build-up of tíssue metabolites. However, ZweÈnow (1975)

noted that tissue pH, and energy metabolites remaín vlrtually constant

through the autoregulatory range. Furthermore, ín certaín circumstances,

autoregulation and the responses to metabolic stímu1i rnay be dissocíated

(Lassen & Paulson, 1969; Fieschi et a1., 1969).

The neurogenic theory, ls based upon a consideration of the knonm

presence and postulated functíon of the nerve supply to the cerebral

vessels. The extraparenchyrnal vessels have an extensíve noradrenergic
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and cholinergíc nerve supply. However, there is no firm evídence that

this nerve supply plays a signlflcant role ín the normal control of

CBF. Indeed Fttch et al. (1975) found that sympathetlc activity was

not necessary for autoregulaÈlon in response to haemorrhagtc hypotension.

Acute sympathectomy actually increased the lower llnit of autoregulatlon.

Harper et al. (1972) suggested Èhat the sympathetic supply to the extra-

parenchymal vessels acts in concert with the auÈonomic nervous system

elsewhere but does noÈ affect the intraparenchyrnal vessels where the

major component of the CVR lies.

The neurogenic Ëheory has received impetus from recent anatomical

studÍes suggesting that catecholarninergic nerve flbres terminate on small

intraparenchymal vessels (Hartman et 41. , L972; Edvínsson et a1., 1973¡

Björklund, L977). These fibres originate in brain stem nuclef,

perhaps includíng the locus caeruleus, and project widely through the

brain. Postulated functions of this intrinsíc system include regulatlon

of metabollc activity of the forebrain (Sch\tattz et al., L976) and of

regíonal CBF (Hartman et aL., 1972). Raichle et al. (1975) produced

physíological evidence of a central innervatÍon of capillaries and

suggested that this may influence eapillary !,rater exchange as well as

regional CBF. Earlier studles have indeed suggested brain stem regula-

tíon of cerebral vasomotor activiÈy (Molnár and Szántó, 1964; Shallt

et aI., 1967; Langfitt & Kassell, 1968). This has been recently

reafflrmed by Hass et al. (L977> who found wLdespread reductlon ín

neÈabolic rate and CBF followlng destructive lesj-ons in the brain stem.

(4) Interrelationship between CBF and ICP

CBF and ICP have important interrelationshlps. An fncrease or

decrease 1n CBF w111 be accompanied by a change ln ICP, determined by

the accompanyíng change tn CBV and the oríglnal ICP (Ryder et al. , L952).

At normal- levels of ICP, moment-to-moment changes ln CBF and CBV are
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acconmodated û¡ithouÈ large changes in pressure. However, as predícted

by the volume - pressure curve, if volume compensation is reduced and

intracranial elastance is increased, small changes in CBV, perhaps

following an epísode of hypercapnía due to respiratory insufflciency,

will cause a marked rise 1n ICP (M111er, 1975a). Reflecting the increase

in elastance, Èhe pulsatile components of the ICP wave become larger,

and plateau üIaves may occur. Increased CBF, in these circumstances, can

increase intercompartmental pressure gradients, and by increasing elas-

tance, shíft the volurne - pressure curve towards decompensation.

Conversely, changes in ICP w111 affect CBF in a manner dependent

upon the capaci-ty of the cerebral vessels to respond to changes Ín CPP.

If autoregulatíon to changes in SAP is intact, so will be auÈoregulation

to changes in ICP (Miller et al. , 1972). Beyond the limir of auro-

regulaÈion, a further rise in ICP will reduce CBF. If autoregulation

is impaired, the relatíonship between perfuslon pressure and flow w111

become more linear. Loss of autoregulatÍon is not tta1l or nonett,

however, and parÈial autoregulation is indicated by a pressure-flow

curve, which is concave to the pressure axis (Rapela and Green, 1964),

or by a straight line relatíonship between pressure and flow. Since

blood vessels are distensíble, ÈoÈal loss of autoregulation would result

in a curve whích is convex towards the pressure axis (Miller et a1.,

L972) .

(5) CBF in brain damase

In states of brain darnage, vasomotor responses nay be lost or

reduced and the relatíonship between cPP and cBF changed accordíngly.

In experimental studies even minirnal inj ury produced by continuous or

lntermfttent compressiorr, can lmpair the autoregulatory response to

changes in SAP when normotensive and normocapnic values of CBF are un-

changed (Brock, 1968; Reivich et a1., 1969a). Even though the
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cerebrovascular response to changes in PaCO2 may sËill be present,

arterial hypertension with hypereapnia will cause pronounced swe11íng

of the darnaged area of brain due to a combination of vascular dís-

tension and extracellular oederna (Schutta et al., 1968; Marshall

et al. , 1969; Meinig et al. , 1-972>. At a later stage of brain compression,

when ICP has risen close to SAP and CBF has fallen, the cerebrovascular

response to changes in PaCO, will finally disappear, first to hyper-

capnía, then to hypocapnia (LangfitÈ et al., 1965a; Miller et a1.,

1970a).

At this pre-terminal stage, the cerebral vessels are also unrespon-

síve to changes in PaO, and to the volatile anaesthetic agent halothane,

which under normal circumstances is a cerebral vasodílator (Mi1ler

et al., I970a; 1970b; Fitch and Míller, unpublished observatlons).

Langfitt et al. (1965b) proposed the term ttcerebral vasomotor paralyslstt

for this advanced stage of cerebrovascular dysfunction, and suggested

that this may be preceded by a vasomotor paresis which is more severe

in some parts of the brain than in others, and in different forms of

braín injury. Reductíon of ICP after a period of marked intracranial

hypertenslon is followed by a brief return to normal pressure, then a

rise beyond the previous level (Langfitt et al., 1965b). CBV

(Zwetnow, L975> and CBF (Häggendal, 1970) will overshoor. ThÍs may be

explalned by Lhe release of venous congestion 1n the presence of per-

sistent art,erial vasodilatation.

The Cushing reflex, a rlse in SAP induced by ICP close to diastolÍc

pressure, has been interpreted as a protective measure whereby CBF rnight

be maintained in the face of risíng ICP (Cushing, 1901). However,

whether a rise ín sAP, either reflex or l-nduced therapeutically, will

lead to an íncrease i-n cBF, will depend upon the acconpanyfng change

tn ICP. In states of vasornotor paralysis with narked intracranial

hypertensÍon and a high elastance, a rise in SAP nay be transmítted by
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Èhe fully dilated resistance vessels to capillarles and veíns, so thaÈ

ICP rises equally. If CPP does not change, CBF will reuraín constanÈ.

A constant CBF in the face of a change ín SAP in these circumstances

does not i¡rply a change in CVR and has been termed "false autoregulatfon"

(Lassen, L972).

Measurement of regional CBF in patíents has shown that areas of

iurpaíred autoregulation and C0, responsiveness may occur near cerebral

tumours (Pálvölgyl, L969), focal íschaemia (Fieschi &. Bozzao, 1972;

Paulson et al. , L972) and post-traumatic haemorrhage and contusion

(Bruce et al. , 7973; Overgaard & Tweed, 1974; Enevoldsen et al., 1976).

Some studies have reported a global loss of autoregulation and CO,

response. Pálvölgyi (1969) found that reglonal CBF surrourlding brain

tumours was quite varlable, someÈímes showing paradoxfcal flow reactions

to CO, and to índuced hypotension. In some areas the vasoconstrictor

response to hypocapnia was preserved whlle the vasoconstrlctor response

to hypertension was lost (Easton & Pálvölgyi, 1968). Lassen and Paulson

(1969) found thl-s patÈern of díssociation, among others, ln patlents

with apople:<y and later suggesÈed that ÍÈ rnlght be explained by an

lncrease in extracellular pH suffícient to lmpair:autoregulat,ion. This

hypothesls has been supported by the observatfon that hyperventLlation

nay restore autoregulation (Paulson et 41. , L972).

In patients wíth head injurles studied within a few hours of injury,

Overgaard & Tweed (L974> found that restíng CBF varled wíde1y. Yet

both ischaemic, that is less than 20 nl/mín. 100G and hyperaemlc flow

levels nighÈ be associated with a poor clinical outcome. All patients

studied withfn 24 hours had lrnpaired autoregulatory responses, although

this was compaÈib1e wfth a good recovery. Severely irnpaired CO, reactivlty

seemed an unfavourable prognostic facÈor, yet intact reactivity had no

prognostic sígnifícance. In a group of comatose patients, Bruce et al.

(1973) found that autoregulation to arterial hypertension was defective



19

in sorne patients who made a good recovery, Yet intact 1n all regions

studied ín patients moribund at the time of the study. Furthermore,

intravenous mannitol tended to produce a greater increase ln CBF in

paÈients who showed little or no decrease ín ICP. Fieschi et al. (1972),

for¡nd that in some patients with head injurles, CBF hras reduced beyond

any accompanying rlse in ICP; in others, a rlse in SAP resulted in

a fall in CBF. Langfitt (1976) concluded that Ín patients with head

ínjuries the relationship between CBF and ICP is unpredictable.

Míller eÈ a1. (1975) found that after an acute cryogenic injury

in baboons, induced arterial hypertenslon was sometimes accompanied by

an increase in CVR. They felt that this response was unlikely to

represent normal physiological autoregulatlon' because as a result

of the injury, resting CBF had decreased and ICP had increased. Further-

more, there hras macroscopic damage vfsÍble on brain sections.

It is dlfficult to reconcile such studies of patlents r^rith brafn

damage and of animals with focal lesions, with experimental sËudies

demonstrating the susceptibíllty of autoregul-ation to moderate trauma

which is not accompanied by obvious structural damage. In the latter

studies the pressure-flow relatíonship which characterlses the auto-

regulaÈory response is lost, and CBF responds passfvely to changes in

CPP induced by changes 1n SAP or ICP. Findlng a constant CBF in petients

or experimental animals with clear evidence of brain damage suggests

that eithef normal vasomotor reactivity has been preserved, which 1s

unlikely, or some dlrect effect of injury has led to an lncreâse in

CVR wiÈh lncrease in CPP.

It is not clear from these clinÍcal and experlmental sÈudies

whether there is an orderly progressLon of cerebrovascular dysfunctlon

ln dífferent forms of brain damage. Inlere Ehis so, an assessment of the

extent and severity, and perhaps even aetiology of a brain leslon míght

be aided by measurement of regíonal CBF and cerebrovascul-ar responsÍveness.
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Clearly, in Ëhe many types of brain damage encountered cllnically'

assessment of cerebrovascular function may be a complex problem. Thls

is particularly so 1n areas of oedema, where CBF rnay be severely reduced

at a time when ICP is not greatly increased. ThÍs díssoclatlon between

CBF and measured CPP lnplies a direct effect of oedema on CVR.

t
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CEREBRAL OEDEMA

Brain swelling has been recognized for many years as a comnon

response to different types of injury. Von Bergmann (1880) and Hill

(f896) described swelllng surrounding lntracerebral haenorrhage.

Courtney (f899) considered that contuslon and swelling were constant

features of head injury. It ís well known Èhat cerebral tr:o,ours,

particularly rapidly growing metastatic tunours, may be surrounded by

wide areas of swollen brain.

I^Ihile braín swelling is clearly due to an increase ín the volume

of one of the intracerebral fluid compartments, inÈracellular, extTa-

cellular or vascularríÈs study has been confused over the years by

varying terminology and by uncerÈaínty as to the dístribution of the

excess fluíd in different pathological states. Relchardt, (1904) attempted

to distinguish "brain oedema" due to an increase in extracellular fluid

from "bral-n swellingt', due to an increase Ín intracellular fluid, by

appearance and cerÈain physico-chemical properties. Early electron

microscope studies of samples of grey matter, revealed an extremely

small extracellular space. IÈ was concluded that pathological brain

swelling must be predominaÈely lntracellular. In fact, recent morpho-

logical and physiologícal evidence suggests an extracellular space of

L2 to 25 per cent (Katzman and Pappius, 1973). rt is clear now that the

increased hlater content of most forms of brain swetling is extracellular

and occurs ín white matt.er, which has a smaller cellular component, and

a larger extracellular space. Intracellular swellíng mainly affects

grey matter. Braín hlater is the largest intracranial fluid compartment.

An increase in total brain l,IaËer of only 2 per cent would be sufflclent

to exhaust intracranial volume compensatíon (Rosornoff & Zugibe, 1963;

Langfítt & Bruce, 1975).

underlying any form of tissue v/ater excess is an imbalance in

normal fluid exchange across the semi-permeable membranes separating
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the vascular, extracellular and intracellular compartments. Brain

capíllaries have certain permeabillty and morphofogical peculiarities.

The observatlon that certain vital dyes such as Trypan ßlue, lnJected

intravenously, do not normally stain brain tfssue gave rise to the

concepÈ of a blood-brain barrier. ElecÈrolytes cross the barrier by

diffusíon along concenËration gradients. The passage of other substances

is alded by lipid solubílity and specific actíve transport mechanisms.

Fluid exchange follows the Starling model, and is based on capillary

transmural pressure, determined by pre- and post-capillary pressures

and Ínterstitial fluid pressure, and on the plasma-tissue osmotic pressure

gradÍent.

Katzman and Pappius (1973) pointed out that Ín most clinícal

situations where Ehere is brain swelling, it is not possible to determine

whether the excess fluíd is intracellular or extracellular. The terms

"swellingt' and ttoedematt with respect to brain tissue, are often used

interchangeably. A defect in thís convention is that one important

form of brain swelling is overlooked, that 1s, swelling due to lncreased

blood volume. As discussed earlier, arterlal hypertenslon fn states of

vasoparalysis may cause a marked increase in CBV. Thus, vascular

engorgement may cause acute brain swelJ.ing following brain inJury

(Langfitt & Kassell, L966; Meinig et al., 1975).

Klatzo (1967) defined brain oedema âs an abnormal accumulatl-on of

exLravascular fluid, excluding CSF, associated wlth volumetrlc enlarge-

ment of braín t,íssue. He suggested that states of oedema should be

classed as vasogenic or cytotoxic. Vasogenic oedema is caused by a

gross break-down of vascular components. There is increased perneability

of blood-brafn barríer indícators. Plasma derived isotonic fluid leaks

into the extracellular space driven by the hydrostatic pressure head.

Fluid will extravasate preferentíal1-y into white matÈer, determined

perhaps by the cyto-architecture which offers the least resistance.
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The astrocyte may show some swelling (Klatzo, 1967). However, this

accounts for only a sma1l part of Èhe increased rissue volume (Katzrnan

& Pappius, L9l3). CytoÈoxic oedema arises from a defect 1n fluld

exchange across the cell membrane. In contrast to vasogenlc oedema, the

extracellular space ís reduced. There may be a secondary increase in

fluid leavíng the vascular compartment thereby causing volumetric en-

largment, however there is no defect in vascular permeability.

In pathological states, both forms of oedema rnay co-exisÈ. The

dominant type in head injuríes, trmours and inflanunation is vasogenic,

whereas that associated with water intoxícatl-on and certain toxlns

such as triethyl tÍn and Hexachlorophane, ís cytotoxic (X.latzo, 1967).

Although oedema is a component of many forms of brain injury,

there has been considerable debate as to how it affects braln function.

Oedema around a brain tumour will act as a mass lesion and influence

ICP and brain displacement accordíng to the principles already outlined.

If volume compensation is already compromísed by Èhe prirnary lesion, even

a small addítlonal volume of oedema may have serious consequences

(Miller, 1974).

Oedema may exert direct effects on the involved tissue. Clinical

and e:çerimental studies have shown that in areas of oedema, CBI rnay be

markedly reduced when ICP 1s not greatly increased (Meinig et al., 1973).

This índicates a state of t'pressure-flow dissociation", so Èhat the

pressure-flow relationshíp discussed earlÍer and based on CSF-lnfusion or

balloon-inflation studíes, mây not apply. Thís dissociation betr¿een

CBF and rneasured CPP implíes a direct effect of oedema on CVR. Indeed

CBF in areas of oedema bears an inverse relationship to Èíssue rdater

content, whether increased generally in hypo-osmolar oedema (Meinig et al.,

1973) or around a focal brain injury (Freí et al., 1973). E:çlanations

for this effect of oedema on CBF ínclude distortion and compression
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of the vascular bed (Hekmatpanah, 1970; Matakas er al., 1973); focal

loss of autoregulation so that a general ríse in rcp reduces flow in

the oedematous region in a pressure-passive rnanner (Brock, 1971); a

rise ín tissue pressure beyond measured ventricular pressure so that

reduction in local flow rnight be explained by reductíon ln local trans-

mural and perfusion pressures (Brock et al., L972).

Support for this thírd concept cones from direct measurement of

tissue pressure around cold injury oedema (Reulen and Kreysch, 1973;

Reulen et 41., 1975>. Formation of brain oedema üras assocfated with

an increase ín local brain tíssue pressure ín the white maÈÈer adjacent

to the lesion. Tíssue pressure nearby rose only with the advancing

oedema front. Hence pressure gradients may exist between oedematous

tissue and CSF and between oedematous tissue and normal brain withín the

same hemisphere.

Reulen et al. (1975) deduced a volume-pressure curve for the inter-

stitial space whfch showed an initial steep slope indicating high tissue

reslstance followed by a break-point and a rapid transition to a lower

Èissue resistance. They concluded thaË once the extracellular spaces

had been diLated to a certain point, a further volume increase was

accormnodaËed by a smaller pressure rlse. That is, tissue elastance had

fallen. Brock et al. (1975) felt that compensatfon for increased Ínter-

stitial volume occurred mainly through compression of Èhe vascular

comparLment.

Local increase in tíssue pressure rnay well be responslble for
propagation of oedema fluid (Pö11 er al., L972). oedema fluid has been

shown to spread by bulk flow rather than diffuslon (K1atzo, L967;

Reulen et al., L975). A tissue pressure 10 rün Hg above CSF pressure may

be suffícient to propagate a flow of interstitial fluid (Marmarou et

al., 1976). Leakage of fluid frorn damaged capilraries nay not only

increase LnterstiÈÍal fluid pressure and reduce cBF but also, by
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increasi.ng venous compressionr lead to further capillary leakage and

a further rise in intersÈitial pressure (Shuhnan et al., 1975).

In summary therefore, oedema may exert a direct effect on tlssue

blood flow, and capillary fluid exchange. Pressure gradients will drive

oedema fluid lnto normal tíssue thereby setting up the same process of

increased interst.itial pressure, Èissue deformation, and reduced blood

flow. By changing elastance, oedema may render tlssue more easily

deformed by shearing stresses.

There is however no fírm evidence that oedema directly alt.ers

cellular metabolísm or nerve ce1l excitability. Such effects could

aríse by changes in extracellular electrolyte concentrations, by increas-

ing the distance for metabolite diffusion or by changes in the storage

or release of transmítter substances. Increased anaerobic glycolysis

has been found 1n human and experimental oedema, but thÍs rnay be

secondary to a decrease in blood flow (Reulen et a1., 1969; Bartko

eÈ al. , 1972) .

0f greater importance to Èhe clinician than base-line CBF is the

response of the cl-rculaÈion 1n areas of braÍn damage and oedema to

physiological stirnuli. rf this is known, methods of increaslng cBF

may be proposed. rn brain oedema, the response to changes ln paco,

particularly elevatfon, is impaired (I¡Ia1lenfang et al., 1975). The

paradox of apparent preservation of autoregulation in areas of bral-n

injury has been reported in clinical and experimental studÍes. rt fs

clear thaÈ brain lnjuries with oedema - one of the commonest problems

facing neurological cliniclans - fnvolve complex lnteractions between

ICP and CBF, and produce changes withín the tfssues which may seriously

affect recovery.
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SUMMARY

Understandlng of the physiology of cerebral circulation, cerebral

rnetabolism and rcP is advancing rapidly, yet the changes inittated by

a brain lnjury sÈíll pose many important questlons. These l-nclude:

1. How does the ease vríÈh \^rhich autoregulation is

lost ín conÈrolled anirnal experíments correlate

with reports of intact autoregulation Ín patíents

wíth severe brain lnjuries?

2. Is there a predictable progression of cerebro-

vascular dysfunction in differenÈ forms of

brain injury? If so, rníght assessment of the

extent, severity or aetiology of the injury

be aíded by measurement of reglonal CBF and

cerebrovas cular responsiveness?

3. How does oedema aft.er brain injuries affect

function and how may Èhese effects be prevented

or reversed?
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PURPOSE OF THE STUDY

The al¡n of Èhe experiments reported in thís thesLs was to study

the effects of acute brain damage assoclated with oedema, on regLonal

cBF, rcP and on the responses of these parameters to physiologlcal

stresses¡ ln particular to discover whether CBF in and around areas

of acuËe brain damage could be increased by an increase Ín mean cpp;

and to find out if disturbances in cerebrovascular regulation occurred

only ín areas of damage and oedema or rùere more widespread throughout

the brain.

PatlenÈs with focal lesíons and oedema were also studied, relating

changes in regional CBF to changes in Èhe exÈent of oedema indicated

by computerlzed axial tomography and confirmed by dlrect,.measurement

of tlssue water content.
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GENERÂL METHODS

THE EXPERII"ÍENTAL ANIMAL

Adult baboons (Paplo cynocephalus and Paplo anubis) were chosen

for this study. Many studies in baboons have shown that the CBF and

cerebrovascular responses compare closely with man. Human and baboon

intracraníal morphology and ICP transmíssion are similar (Langfitt

et al., L964a; 1964b; Kaufmann & Clark, 1970). Because of the anaÈomy

of the carotid tree, radioactive Xenon (133x") can be used to measure

CBF in most of one hemisphere. Because of the size of the braín, H,

electrodes can be used to measure regional CBF both in lesions and in

remote areas. Fínally, baboons have been used in many studies of CBF

and ICP dynarnics in this laboratory. They have a hÍgh stress tolerance,

and provide excellent steady staÈe condítlons.

ANAESTHESIA

The anaesthesia used in these experinents has been validated in

several prevíous studies of cBF and rcP in baboons (Rowan et al. , I97O3

Johnston & Rowan, 1974; Fltch et al. , 1976).

Each anirnal was sedated in a restraint cage with Phencyclidíne

12 rng I.M. and wíthin 20 minutes could be carrled to the operatlng room.

General anaesthesia was induced with Thiopentone 7.5 rng per kg and

Suxamethonium 100 mg I.V. and the animal was then intubated with a

cuffed endotracheal tube.

Anaesthesia was maintained with nitrous oxide (6 L/rnin.), augmented

every 30 minutes wíth Íntramuscular Phencyclldine 4 to 5 mg and suxa-

methonium 100 ng. Respiration \i/as controlled at a constant rate by a

starling pump (Palmer modifícation) ín which stroke volume could be

adjusted to maintain normocapnia. rn most experiments, end-tidal co,

was monitored wíth a capnograph (Godart-SÈatham n.v.). Body'temperature

was monltored by an oesophageal thermocouple and kept at 37oC by
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blankets and heat lamps.

SURGERY (Fie. 1)

The head, neck and groin were shaved, and the animal placed on

its left side on the operating table. Both femoral arteries were

catheterized (Portex 6FG, I.D. 2.10 nrn) to monitor SAP and arterial

blood gases. One catheter r¡ras passed to the upper aorta for controlled

withdrawal of blood and Ínfusion of norepinephrine later in Èhe experi-

ment.

(1) For CBF measuremen t b., 133x.rro' clearance

The ríght carotid bifurcaÈ1on !ìras exposed through an

L-shaped neck íncísion. The external carotidr' superlor thyroid,

and lingual arteríes \^rere identlfied and ligated. The hypo-

glossal nerve was often dtvlded to gain access. A catheter

(Portex 4FG, I.D. 1.34 run) was advanced via the lingual

aïtery to líe at Èhe carotid bifurcation. The catheter I¡ras

fíltred r^rtth heparinized saline. The scalp vlas removed from

the left superior temporal line to the right zygoma, and from

the supra-orbital crest Èo the occiput. The rÍght temporal

muscle \^ras transecÈed at the zygoma. Blood loss was ¡nlninlzed

by prior ligation of the external carotid artery. In this

wåy, contaminatíng extracranial flow Ln the scalp and extra-

cranial to intracranlal flow via the op.thalmic artery üIere

elirnínated. A right lateral 12 m¡n burrhole was made, in

preparaÈion for the cryogenic lesíon.

(2) For CBF meas dro clearance

The whole scalp l¡/as removed and the temporalÍs muscles

sÈrtpped laterally. The head was then fixed in the sphinx-

positíon in a stereotaxic head-holder (LabÈronics Inc.)

Bilateral ventricular catheters \^7ere inserted (Portex 3FG, I.D.

1.02 mn). Using a high speed dental drill, 3 mm drí11 holes I^7ere made
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8 mrn on eíther side of the rnidlíne, just posterior to the coronal

suture. The dura was incised with fíne-pointed scissor tips. A

catheter filled with salíne and open Èo the pressure transducer and

chart recorder, was inserted to a depth of 2.6 cm in a stríctly vertlcal

plane. The caÈheter was flushed with 0.02 ml of saline and correct

placement was lndicated inrnedíately by a stable,pulsatile pressure trace.

The catheters v/ere sealed in position with fast curj-ng dental cement

(Model Kryptex).

To obtaln cerebral venous blood samples the sagittal sinus was

catheterised through a 12 mm burrhole placed over Èhe torcula. hlhen

possíb1e, the catheter (Portex 3FG) was passed fon^rard and wedged in

the anterior sinus, to record sagittal sinus wedge pressure (ssp). The

burrhole was sealed with dental cement.

The arterial, sagittal sinus, and ventricular catheters hrere

connected to arÈerial-range pressure transducers (Bell and Howell).

Three-way sÈop-cocks allowed the catheters to be flushed and sanples

to be withdrawn. The transducers r¡rere zeroed to the leve1 of the

anlmalrs heart, and calibrated at two pressure levels against a ¡nercury

manometer. They \¡rere connected for contínuous recording to Devices M2

hot-stylus chart recorders (Fig.2) .

STANDARD MEASUREMENTS

(1) Blood gases

Arterial blood gas samples, drawn in capped,heparinized 2 ml

syringes' üIere checked immedíately before each CBF measurement. Midway

through each flow measurement, arteríal and sagittal sinus blood samples

were wj.thdrawn simultaneously. Blood gases and pH q/ere measured by a

direct reading electrode system (corning 165 Blood Gas Anaryser, or

Radiometer B 175.3). The electrodes were calibrated against solutlons

of known pH and gases of known co, and o, concentration. corrections
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were made for dífferences between oesophageal temperature and that of

the electrode system exceeding 0.5oc, using the Radiometer Blood Gas

Calculator. Blood 02 saÈuration r^ras derived el-ther frorn PaO, values

or by direct measurement on an o, saturation meter (colorlneter - sp

1300 Serles 2). Arterial haemoglobin was checked several tines Ln each

experiment by the cyanomethaemoglobin method, usíng a Kipp Hemoreflector

MO 1.

Total O, content of arterial and cerebral venous blood was obtained

from Èhe formula:

C(OZ) (ur1/100 nl) = Hb x 1.34 x S (oZ)

where C(O2) blood orrygen content

S(02) = blood oxygen saturation

Arterio-venous O, dlfference (Ca-Cv) O1 was obtained by subtrac-

tíon.

Cerebral metabolic rate for O, (CMRO2), hras obtained from Èhe

formula:

CBF x (Ca-Cv) O,

CMRO
2

100

(2) Blood pressure

SAP was recorded continucusly frorn the inÈra-aortic catheter. Mean

pressure was calculated as diastolic pressure plus one-thlrd pulse

pressure.

(3) Intracranialpressure

ICP was recorded continuously from bilateral ventricular caÈheters.

In all experiments, a good pressure record uras obtalned from at least

one catheter. An inadequaÈe recording r¿as indicated by darnping of the

pulsatile components and progressive falling of the recorded pressure

1eve1. Sometimes the Èrace could be restored by flushing the line with

0.1 mr sa1íne or by slíghtly reposltioning Èhe catheter; however, if
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the reliabilíÈy of a trace was in doubt, that pressure recording was

discarded. As wiÈh arterial pressure' mean Pressure \^7as calculated as

dlastolic pressure plus one-thlrd pulse pressure'

(4) Volume -pressure resDonse

The VpR vras recorded as the inrnedl-at.e lncrease in intravenÈrlcular

pressure following a bolus lnjectíon into a lateral ventricle of 0'1 ml

of norrnal salíne ln I second (Leech & Miller, L974a) '

(s) Brain rüater and elecÈ rolvtes

After the fína1 measurement of CBF, when normocapnia and normo-

tension had been resumed, the calvarium hlas removed as quickly as

possible. The baboon was killed wíth intravenous sodíum pentobarbitone

(Euthatal, May & Baker), and the brain frozen in situ by ímmersion 1n

liquid nltrogen. The brain was sectioned, and tlssue samples taken,

avoiding arcuate fíbres in white matter. The samples \^7ere plaeed in

sealed, pre-weíghed containers, weighed, then dríed ln an oven at

l00oc to a constant weíght from which the percentage wet weight \'Ias

calculaÈed. The dried sample \,\las placed in a pre-weighed test-tube'

re-weíghed then 15 times the sanple weight of 0.75 N nitrlc acid added.

Thís mixture \¡/as shaken for two days, centrifuged and the electrolyte

concentration deÈermlned by flame spectrophotometry and converted to

rn Eq/100G dry weight (Selzer et al., 1972) '

(6) rests of cereb rovascular responses

(a) Hypotension

Blood was slowly withdrawn through a femoral artery

catheter into a heparinized glass contalner standing in

a vrater bath at 37oC. The contaíner was sealed and

pressurized by a sphygmomanometer enabling the art.erial

pressure to be held at a steady 1evel through the period

of CBF measurement, after which Èhe blood was slowIy

reinfused.
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(b)

Haemorrhaglc hypotension has been used ln several

studles of autoregulatlon (Harper, 1966; Fitch et al.,

I975; L976). If severe hypotension 1s avolded, that

1s, less than 60 nun Hg mean SAP, Èhere 1s no subsequent

lrnpaírment of cerebrovascular reactivity.

Hypertension

Hypertension was lnduced by an ínËra-aortic

infusion of norepinephríne (2 rng tn 200 ml of 5 per

cenÈ dextrose solutíon) via a slow infusion pump

(Sage Instruments). SAP was raised by 40 to 50 uun

Hg and held constant Èhrough the period of blood flow

measurement (M1l1er et al. , L972; 1975).

(c) CO, response

Sufficient CO2 was added to the inspired anaesthetic

gases to raise the PaCO, by 15 to 20 mn Hg.

CEREBRAL BLOOD FLOI^I MEASUREMENT

(1) PrincÍp1es

CBF r¿as measured from the clearance of the lnert, diffusable

gases 133Xe, and Hr. These methods are based on the Ilck prlnciple

which sÈates that if the quantlty of a substance increases or decreases

during passage through an organ' the blood flow Èhrough the organ may

be calculated by divlding the quantity taken up or added to the blood

í-n a glven tíme (Qt), by the arterio-venous difference (Ca-Cv) (Fick,

1870) .

That Ís blood flow 1n time t,

Qr

(Ca-Cv)
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Kety and Schmidt (1945) adapted Èhis forrnula to measure total

CBF in patíents ínhaling Èhe inert dfffusable gas nltrous oxlde. The

arterio-venous concentration difference from the beginnlng of inhalaËfon

to full blood saturatlon rüas obtalned by repeated arterial and jugular

venous blood measurements. AÈ saÈuration, brain tissue concenÈratlon

Ìilas assumed to equal venous concentration multiplied by À, the blood

braín partiÈlon coefficient for Èhe inerÈ gas,

Hence Qa = concentraÈion of the substance in the brain
at time to fu1l saturation, t, multÍplied
by brain weight,

= À Cvt x braln welghÈ,

where Cvt = venous coricentration aÈ full saturaÈion.

Hence, blood flow per unÍt weight in time t,

À Cvt

t
o

(Ca - Cv) dt

This rneÈhod has been modified in sèveral lrays:

(a) To a1low continuous measurement of tissue clearance,

either after ful1 tissue saturation or following a

bolus injecÈíon of a rapidly diffusing inert substance.

This yields a mean f lor'r over the period of measurement.

Thus steady state conditions are needed.

(b) By usíng radioactive isotopes which permíÈ external

monitoring of tissue and blood clearance.

(c) By recordíng clearance from specific braín regions

rather than from the whole brain.

Blood flow measurement by tissue clearance depends on the

following assumptions :

(a) At the end of a bolus injection of a Èracer, arterial

concentration is zero afj..d the rate of clearance, is

dependant upon Èhe rate of arterial blood flow. An

I
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(b)

ideal tracer should be elimLnated rapidly by the

lungs so that arterial re-clrculatlon is mimlmal.

Distrlbution equillbrlum between brain tlssue and

blood is reached rapidly and remains constant through-

ouÈ the períod of clearance.

The Èlssue ís homogeneously perfused.

The indícator is neither metabolised by the tissue

nor ítse1f influences blood f1ow.

(c)

(d)

by:

(2) Calculation of CBF

rn these experiments cBF was derived from a clearance curve

(a) Compartmental analysis.

Clearance curves from brain tissue are composed of

several 1evels of blood flow. Ingvar & Lassen (Lg6Z)

proposed that for the purpose of blood flow analysis,

braín tissue night be consídered as consisting of a

number of homogenous compartments with different flow

levels arranged in parallel. They concluded that

curves obtaÍned by monitoring isotope clearance

from exposed cerebral cortex fitted the sum of tr¡o

exponentials. rndeed even cortícal blood flow consists

of several flow levels (Harper et a1., 1961). However,

the population of flow rates for whole brain is essen-

tíally bimodal, having a fast. and slow component which

under normal conditions represenÈ flow in grey and white

matÈer respectively (Kety, 7965; Harper, L967; Reívich

et a1., 1969b).
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In states of low blood flow, Èhese thro comporients may

become lnseparable so that the clearance curve 1s mono-

exponentÍal-. Slnilarly, 1f overall flow increases, a fast

comporient, nay become measurable. Such changes Ln the

proportion of the fast and slow components have been reported

in disease states (ttdedt-nasmussen & Skinhdj, L966; Salmon

& Timperman, L97I; FÍeschi & Bozzao, 1972). I1lff et aI.

(L974) stress that the fast and slow component,s represent

physiological rather than anatomlcal enti-ties.

To calculate CBF, the clearance curve is trans-

ferred Èo semilog paper, and by exponential stripping,

trúo component.s may be derived. T!4, Èhe time taken for

tissue and blood concenÈration ín the brain to fall to

half íts inltlal value ís deternined for each component.

The partitÍon coefficíent for grey matter (Àg) is used

to calculate fast componenË flow, and the partiÈion co-

efficienÈ for white matter (Àw) for slow component flow.

r rogl 60 .100

Blood flow (nl/nín. l-00c)
Tl4

where}, = tíssue:bloodpart.ition
coefficient for grey or
white matt.er.

(b) Inítial Slope Index (Sveinsdottir et al., 1969).

A value for CBF may be calculated from the slope of

the fírst two minutes of the clearance curve t.rans-

ferred to semilog paper. The first 15 seconds are

excluded. Calculating Tk for thís slope and using Àg,

Blood flow (ml/nin. 100c)

Àg .2to8.

T%

60 .100
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ThJ.s glves a value biased towards the more rapidly

clearing components, but whlch correlates closely with

sËochastfc flor¿ values.

(c) Stochastic or heighrfarea analysls (Zier1er, 1965).

This glves a mean CBF based on the area beneath

Ëhe clearance curve.

Àu (H - H10) .60 .100

Blood flow (nl/nin. 100c)
Ato

where, À¡ tissue : blood partítion
coefflclent for whole brain.
rnaximr:n height of the clearance
curve..

Hto helght of clearance curve at
10 minutes.

Ato area under curve at 10 minutes.

(3) 13 3*"nor, Clearance

3Xe is a gaÍìma emitter wíth an energy peak at 81 keV. A

bolus ínjeeted ínto the carotid artery of humans or baboons will

diffuse predominantly through the ipsflateral cerebral hemísphere and

will be cleared at a rate dependent upon blood flow. The partíÈÍon

coefficient for white mattår is 1.5 and for greì, matter is 0.81 (Veall

& Mallett, 1965). AssumÍng a grey:whÍte volume of 60:40, the partitíon

coeffícienÈ for whole brain Ís 1.1. The intra:arterial bolus is rapidly

diluted by the venous pool. In addition, the blood air partition

coefficient for 133xe is such that approxímately 95 per cent of the

ÍniÈia1 bolus ís cleared ín a single passage Èhrough the 1ungs. FIence

recirculation ís ínsignificant (Rowan, 1-972). Gamma emission attenuates

by absorptÍon in the tissues at 50 per cent per 4 cm. Energy reduction

by the inverse square of the dist.ance from the source does not apply to

an extended energy source and a detector with a conical field of view

(Rowan, L972).

H

13
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Method (Fie. 3)

CBF was measured by the intracarotid technique descrlbed by

Rowan eÈ al. (1970). 133*" Ln normal saline, warmed to 37oC was

injected by hand ínto the internal carotid artery over 1 second. The

dose was selected to give a peak count of 400 per second. Isotope clearance

!¡as measured by a heavÍly collímated one lnch diameter sodíum íodlde

crystal mounted directly lateral to the skull. The crystal was connected

Èo a photo-mulÈipl1er pre-amplifier (Nuclear Enterpríses) r¿hich arnplifÍed

the light signals and converted them to electrícal lmpulses. A pulse-

height analyser selected counts from the peak of 133xe activity (81 Kev).

A combined scaler/ratemeter (Nuclear Enterprises SR3) accumulated total

counts for the 10 rninuteperiod of measurement and also relayed to a

potentiometer chart recorder (Servoscribe-VenÈure RE 511.20) to give

a clearance curve. Background activity ü--as measured for 100 seconds

before and after each 10 minute clearance perlod. The curve \.ras trans-

ferred to semílog paper and CBF calculated by stochasÈic analysis and

inítial slope index.

In calculaÈing the sËochastic flow va1ue, correction úras uade for

background acÈiviÈy. Thus,

Àu (H - H10) . .60 .100

CBF (rol/nin. 100c)
oto 6BG

where BG = background counts for 100 seconds.

= area under Èhe curve given by
Èhe total counts at 10 minutes.

Ato

(4)

H, clearance has been used by rnany workers to measure tissue blood

flow since the principle was outlined by Aulcland et al. (1964). The

current generated by oxidatÍon of molecular H, to H* at the surface of

a platin 'm electrode is proportional to the H, partial pressure. Hence

Hydrogen Clearance
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133Fígure 3: Measuríng CBF by Xe clearance.

Sorlium iodíde crystal (centre background)
centres on the 1aÈerally placed burrhole
and is connected to the preamplifier,
scaler./ratemeter and potentiometer chart
recorder.
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ùlethod (Fig.4)

cBF was meaeured uy Hz clearance as descrfbed by Grtfftths

et aI. (1975) . Electrodes were prepared fro¡n 0.3 m¡n Grade 2 platlnuru

wfre thinly coated with Araldfte. A I run tip was bared and eharpened

under a m:lcroscoPe. Before each experlment the electrode tlps were

cleaned and the Lnsulatfon checked for current reakage by imrersing

the lnsulated section in normal sallne and neasurLng the resLstance to

current flow:

The electrodes llere mounted on nlcro-manipulaÈors (Research Instru-

ment6 Ltd.) and fitted to the atereotaxlc head-holder. Coordinatea were

derfved frorn the atlas of Davls & Huffman (1968). A Ag/AgCl reference

electrode was placed subcutaneously ln the mld-dorsal reglon. The out-

put from each electrode IJas connected to a 6 channel anplfffer syatem

using Analog Devfces anpllfiers type 233K and then to potentlometer

chart recorders (Servoscrlbe-Venture RE 520.20) eo that the output from

all electrodes could be recorded slmultaneously. Each anpllfier could

be adJusted to record zeÊo, for zero Hr. The system nas arlowed to

stabfllse for 60 nÍnutes.

To measure CBF' H, was.added to the lnspfred anaesthetic gases,

NrO was swftched off and O, increased gLvLng a flz concentratlon of 30 to

40 per cent. ÎÍssue saturatlon, measured by the H, currenÈ, rose slowly

to full eaturation whfch was lndicated by a steady current. Thfs took

10 to 20 mlnutes. The H, eupply was then swftched off abruptly, N2O

and O, returned to their prevlous levels and tfssue clearance followed

for 15 mlnutes. The washout curve, lgnorlng the fl-rst 40 seconda wa6

transferred to:semllog paper and CBF calculated by lnltial elope lndex

or by comPartmental analysls which also allowed estimatlon of a wefghted

mean flow
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a-
I'

Figure 4: Measuring CBF by tl, clearance.

SÈereotaxíca11y placed platinum electrodes
are connected to the amplifier unít. There
are ventrícular catheters bi1atera11y.



45

CRYOGENIC INJURY

Productlon of a sÈandardised brain lnJury by hypothermia was

ftrst descrlbed by Hass and Taylor (1948). Ttre hypothermal l-nstrument

may be applfed to the s¿fv¿¡lnm (Clasen et al. ' 1953), the e:<posed

cortex (Klatzo et al.r 1958), or the fntact dura (Rosonoff,1959).

The pathologl-cal changes have been descrLbed ln detall by Klatzo

et al. (1958) and Clasen et al. (1-953). The leslon consists of a

sharply deflned area of haemorrhagLc necrosis exÈending ln a cone through

the cortex and subjacent whlte matter. The sulcal cortex nay be inJured

t.o a greater depth than the white matter. Surrounding the necrotic masst

oedena fluld spreads through the whlte matter. Blood-brain barrier

markers indlcate abnormal perneabllfty of vessels withln the lesion, but

not within the oedematous area.

The oedema flufd includes all plasrna protein comPonents, with

a marked increase l-n the albumin fraction (Blakemore, 1969) and has a

Na and K concentratlon consistent wlth a plasma flltrate (Pappius and

GulatÍ, 1963). Intracellular changes wiÈhin the oedenatous area include

a rise in Na and fall in K concentrations and a corresponding rise in

waÈer content. There is a net fall in energy netabolltes. 70 per cent

of the total tissue slater ,rr"t."". in cold injury oedema occurs in the

extracellular space of whlte matter (Reulen et al. ' 1971).

In animals with lntact skulls, ICP rlses during freezing and again

duríng thawing, haemorrhage and congestlon about 10 mlnutes later. Even

with a standardised uethod of production there may be great variation

in lesion volume, and no direct relationship between leslon size and the

level of ICP (lliller et al. , I970b).

Marked changes occur soon after lnjury in the vessels withln the

lesion. Fluorescein angiography shows perivascular leakage of dye

uríthín 10 ninutes and complete arrest of the nicro-circulation wíthin

30 minutes (Yamamoto et al., L976). Hyperaemic flows nay be found around
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the lesfon {n anlnals wlth open skulle (Helpertz, 1968) but not those

wlth closed skulle ln which ICP rises (Chrlst et al., 1969).

Hence a cryogenic lnJury has elements of lschaemfa and necrosie.

Vascular changes rrfth dlsruptlon of the blood-braln barrier lead to

vasogenÍc oedema. The prlmary lnjury resembles a focal contuefon

(Miller et al. , 1975), and the oedema which develops resenbles that

aesociated with contusions, tumours, fnfarctlon and inflamrat.lon (Clasen

et al.,.L967; Klatzo et al. , L967)

Method

Under general anaesthetic a 12.0 nun right lateral burrhole was

made. The closed end of a copper cylinder 1.0 cm 1n dlameter was

placed against the lntact dura which \ilas smeared vrl-th electrode Jel1y

(Aquasonic 100) Èo ensure an alr-tight seal. The cylfnder was filled

wíth llquld nitrogen for recorded perlods at the end of t¡hich contect

with the dura was broken by lrrigattng with sallne aÈ body temPerature.

The burrhole was sealed with dental cement.

VÍtal Staininq

The extent of oedema, and the site of blood-brain barrler disruptLon

were determined by vltal stalning.

Evans Blue has been used extensfvely as a blood-braln barrier

marker. It binds to plasma protein wlthÍn seconds of tnJection, and

paaaes through the site of barrier breakdown wíth the oedema fluid

(Clasen et a1., 1970). Evans Blue (f ml/ke of a 2.5 per cent solutlon)

was ínjected intravenously a few mfnutes before the cryogenic lnjury so

that the extent of oedema reached by the end of the experiment could be

assessed vlsually.

Sodtum fluorescein also btnds Èo plasma protein and after intraven-

ous Ínjectíon, pasees Írnmedíately through the disrupted blood-braLn
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barrler (Klatzo et al., 1958). InJected fn¡redlately before sacrlfice,

sodiurn fluoresceln (0.5 nl/kg of a 10 per cent solutfon) wae used to

ldenttfy the elte of blood-braLn barrler breakdown;
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DEFINITIONS

(1) AutoregulatÍon: In this s tudy, autoregulation was

assessed by calculatlng the percentage change 1n CVR

lnduced by a change 1n CPP. CVR was derlved from CBF

and CPP (fonnula 2, page 13).

CPP

Hence, CVR
CBF

SAP - ICP

CBF

Intact autoregulatlon was defined as a greater than

2O per cent change in CVR accourpanyi¡rg an íncrease or

decrease in CPPr âDy lesser change beíng regarded as

impaired auÈoregulatlon. The relat.ive effectÍveness of

autoregulaÈion in dífferent groups of animals was assessed

by comparing this percentage change in CVR.

(2) CO, response: The response of CBF to a change in PaCO,

was calculated as the change in CBF per unit (rur Hg)

change in PaCOr. Thus,

ACBF
CO, response (ml/nin. 100G/m Hg PaCOr)

APaCO,
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IiORI,ÍAL VALUES

(Note: Data frour individual experiments in this and subsequent sectLons

are given 1n Èhe Appendix. Tables wiËhin the text show the reference to

the appropriaÈe Appendix Ëable).

1. General (Table 1)

The normal values are derived from anírnals studied in Èhese

experiments. Values obtained for CBF are given in the Èab1es of control

values in the relevant experimental sections.

TASLE 1

NORTIAL VATUES (I,ÍEDrAN & RAìIGE)

Blood gases:

poZ (nn Hg)

pCOZ (rnn Hg)

pH

Haemoglobín (c/100c)
(n=12)

Cl'lRO2 (n=12)

Body Temperature (oc) (n=12)

Arterial Pressure (nrn Hg)
(n=23)

Intracranial Pressure (nn Hg)
(n=23)

Volume-Pressure Response
(mm fiel0.1 nl) (n=12)

Sagittal Sínus Pressure
(mur He) (n=8)

ArÈeríal (n=23)

104.0
(e1.0-184.0)

40. 5
(37.2-44.O)

7 .43
(7 .33-7.49)

Venous (n=11)

40.7
(28. 9-s0. 0)

46.4
(42.9-s2.s)

7.38
(7 .29-7 .49)

10.8
(e.1-13.4)
2.2
(1.2-3 .1)

36.7
(36.0-38. 0)

92.0
(70.0-118. 0)

7.O
(3 . 0-21.0)
1.0
(1.0-s.0)

12.5
(4.0-2s .0)

(See Appendix Table 1)
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2. Comparison of Cerebral Blood Flow Measured by 133*.rron and Hydrogen

Before neasuring CBF by H, clearance in these studies, the values

obtained by this method ürere compared with those obtained by the

intracarotid 133x. method (Rowan et al., Ig75).

lufethod

In 10 anaesthetised baboons, platinum elecËrodes were inserted

stereotaxlcally into Èhe cortex, r¿hite matter (centrum semiovale) and

deep grey maËter (putamen) of each hemisphere. CBF was measured from

each of these sites Uy HZ clearance. Placement r^ras verified at the

end of each experiment by brain dissection. CBF was measured simulÈan-

eously by the intracaroti¿ 133Xe 
meÈhod using a scintillation counter

placed over the right parietal region.

In five baboons, CBF rras measured repeatedly at normal levels of

PaCO, and SAP. In the remaining animals after measuring CBF at normal

levels of PaCO, and SAP, PaCO, was altered by hyperventilatíon or by

adding CO, to the inspired gases. Hence, the correlation between values

obtained by the two methods could be studied over a wide range of flow

values.

Fast and slow components of the clearance curves were derived by

comparÈmenËal analysis .

Results

In 10 anímals at normal levels of PaCO, and SAP, Ëhere hrere no

significant dífferences between the fast flow values obtained by either

method (Table 2). The slow component of 133x. clearance was sígnificanÈly

higher Èhan that obtained Ay HZ clearance fron white matter or cortex.

I,Ihen CBF was varied over a wide range by changes in PaCO, in fíve animals,

there were significant correlations between the values obtained ¡y HZ

clearance ín corÈex and white matter and the fast and slow components

obtaíned Uy 133x.. There was however, no apparent correlation beÈween
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TASLE 2

COMPARISON OF CEREBML BLOOD FLOI^I }ÍEASURED

," 133*u*oN 
AND IryDRocEN (uEDrAl{ & RANcE)

Fast Component
(nI/min. 100c)

Slow Component
(nUnin. 100c)

Xenon (¡=10)

Hydrogen (n=9)

Lrhite

Cortex

Deep Grey

93.8
(s1. 0-103. 7 )

73.7
(63. 0-130. 0)

84.0
(7 4.2-LO4.s)

26.3
(13 . 0-38. 0)

18.0
(11.5-29.0) *

16.0
(12.0-26.s)t
20.5
(12.0-32.0)

*p
I
lP

<0.05 )
<0.025) compared ríth 133x..ro'

lJhitney U Test.

(See Appendix Table II)

slow componenË, by Mann-

the fast flow value in deep grey matter and the fast flow value derived

ftor 133Xe clearance. As this study aimed. to test the correlation

between values obtained by two methods of measurement and not the

relationshíp between blood flow and any other physiological paraneter,

the indívidual pairs of valuds obtained in the five animals were compared.

(Fig. 5).

Conclusions

The correlation between fast flow values obtained by the two

methods confirmed Èhe accuracy of H, clearance in recording

absolute flow values.

This supports the observaÈion by other r^rorkers that omitting

the fÍrst 40 seconds of the H, elearance curve does not

sígnificantly affect the flow value obtained. Very fast

1
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early components may be excluded. However their wel-ght is

likely to be low, so that the average initlal flow value is

not affected.

lJhíte matter flow and corÈex slow component flow measured by

H, clearance were signiflcantly lower than the slow comPonent

of 133X" clearance. This might be explained by reduced

accuracy of the H, clearance method at low flow levels.

Alternatively, flow recorded frorn a sma1l area of white

matter 1s like1y Èo contain a more resÈrlcted range of flow

values than that derived from external monitoring. The slow

component of externally monitored flow may include faster

clearíng flow values from oÈher areas such as cortex. RecÍrcu1a-

tion of H, would tend to reduce the measured flow value.

üIÍthout contínuous measurement of arÈerial H, concentration,

a t.rue correction for recÍrculation cannot be made. However,

as stated earlier b.a2), studíes in which such measurements

have been made indícate that the effect of recirculation after

40 seconds is mini-mal (PaszÈor et a1. , 1973; Grlffiths et al.,

L975).

There hTas a close correlation between flows obtained by the

two methods over a wíde range of flow levels. This tended to

substantiate Èhe accuracy of H, clearance at low flow levels.

The faÍlure of deep grey matter flow to correlate rith 133X"

fast flow suggested that 133xe fast flow was influenced more by

cortex fIow.

3

4
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3. CryogenÍc Injury (Fie. 6)

After each experlment, the lesl-on was inspected externally and fn ,

coronal sectlon. Ttrere rùas a centraL haemorrhagic core 2.5 xo 4.0 cn

fn dlameter lnvolvlng cortex and whlËe matter and sharply demarcated

from the adJacenÈ bral-n. In anfmals fn which Evans Blue had been

l-nJected lmrediately before fnJury, a band of blue-staLning extended

from the edge of the central core fnto the white matter. Fluorescein

injecÈed l-mnediateJ-y before sacrlfice stained the margLn of the central

core only
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Flgure 6: The cryogenic lesion at -5 hours.

There is a central zone of haemorrhagic
necrosis with a thin band of Evans Blue
staining the adjacent white matter.
Evans Blue also stains the left ventricu-
lar catheter track.



SECTION 2

VASCI'I,AR REACTIVIIY IMMEDIATELY

AFTER CRYOGENIC INJURY
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PURPOSE

Ttris serlee of, e:çerinente examlned the fnrnedLate effecta of a

cryogenic LnJury on CBF and on the responses of CBF to phyefologfcal

etinull ln and around the area of lnJury. Changee occurring aoon after

fnJury were compared with the vaeomotor reaponees before fnJury. Con-

current changee fn ICP, WR, cMRo2 and braln tl-seue water and electro-

lyte content were neasured.

Ttre questlons posed were:

1. I{hat are the earl-y effecte of lnjury on CBF?

2. How doee the cerebral vaecul-ature reepond to physlologlcal

stinuli fn the inJured area?

3. Do theee responees fndfcate how blood flow ln the inJured

area night be lncreased?

PROTOCOL (Table 3, Flg. j)

Ttre etudy wae conducted on 12 yor:ng adult baboone weighLng 9 to

32 kg. CBF was deternlned by the intracarottd 133Xe method. The

blood flow values nere derfved by etochastfc analysle.

T\¡o control neaeurementa of CBF were obtaLned under etable con-

ditLons of SAP, blood gases and ICP. Autoregulation wae then aeseseed

by reducing SAP by 30 up¡ Hg, uslng controlled haemorrhage. After refn-

fuslon, and a further control CBF meaeurement at nornal SAP, the ce¡:ebro-

vascular re8ponaes to hypercapnfa was teeted. In all test8 requfring

changee fn the physlologLcal etate, steady condltions were malntafned for

several ninutes before the CBF measurement.

I,lhen normocapnla had been resÈored, a cryogenic lesion was made

ln the brain urderryLng the blood flow detector. Ttre freezlng probe

was applied for perÍods of 2 to 12 urfnutes. cBF r¿as ueasured 30 to

60 nl-nutes 1ater, the detector being reposftfoned preclsely over the

burrhole to record the flow changes about the area of tnJury.
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TABLE 3

PROTOCOL SERIES 1

1. Control

2. + SAP

+co
2

5. CBF at 30 mfnutes

6. CBF at 60 nlnutes

7. + SAP (if possible)

8. + S¡{P

9. Control

10. + coz

11. Control

Normocapnla /nor:uro tens lon

Calculate 
^ 

CVR

Calcu1ate CO, response

Conpare 
^ 

C\IR

Conpare A CVR

Compare CO, response

3

4

Control

COLD LESION

FREEZE BRAIN IN SITU Section to inspect the lesion and
to take tissue samples for water
and electrolyte meesurement

Autoregulation was then re-tested, firstly by reducing SAp by

controlled haemorrhage, then after a normotensive control, by increas-

ing sAP using an intra-aortÍc infusion of norepinephrine. After a

further control' CBF was measured durlng hypercapnia of the same degree

as before. Midway through each flow measurement, blood gases, sAp,

ICP and the VPR rrere recorded.

Finally' normocapnic and normotensive conditlons rùere resr¡med and

the animal was killed. Tissue samples were taken from non-haemorrhagic

whfte matter underlyfng the cortical leslon and from the equivalent area

in the opposite hemisphere. These sanples were assayed for water and
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elecÈrolyte content.

In six animals, Evans Blue was injected lntravenously a few

mlnutes before the cryogenic injury to assess the extent of the oedema

at the time of sacrlfice six to níne hours Iater.

P.ESULTS

Measurements before crvosenic ln'iurv (Table 4)

A control value for CBF of 43.5 (30.0-78.0) mUnin. 100G r^ras obtained

at normocapni.a (PaCOr 40.5, 37.O-42.0 nur Hg) and normoÈension

(SAP 92.5, 85.0-108.0 nur Hg). ICP for the whole group was 10.5 (6.0-21.0)

rnm Hg. Levels from 15 to 2L mm Hg occurred following preparation in four

animals, three of which were found 1aËer Ëo have haemorrhage at the síte

of ventricular puncture. No cause for raísed pressure uras found in

rhe fourth. The VPR was 1.0 (1.0-5.0) * Hg/0.1 ul. Signíficantly

hígher values occurred ín baboons wíth raised ICP (p<0.01, t" = 0.814;

þpendlx Table IV). There vras no obvious relationship between ICP and

resÈing CBF at thís stage in Èhe experiment. Autoregulat.ion was tested

by índuced arterial hypoÈension in 11 aninals and by hypertensíon in one

(Fig. B). There was only slight change in medían CBF for the group as a

whole, however by the definition of autoregulation used in this thesis,

only seven animals ürere considered to have íntact autoregulation. Of the

5 animals in which autoregulation was impaired, ICP was elevaÈed in

three. Median ICP ín.those animals with intact auËoregulaÈíon was

9.0 (6.0-15.0) uur Hg, and in those with lmpaired auÈoregulation rdas

17 .0 (9 .O-2L.0) mn Hg (p<0. 01) .

Hypercapnia produced an increase ín CBF in all animals, a median

increase in PaCO, of I2.0 (7.0-25.0) nnn Hg, resulting ín a 60 per cenÈ

increase in f1ow. Thus the CO, response Ìras 2.4 mI/mírr. 100G per urm Hg

change in PaCO' with the responses ranging frour 0.5 to 3.7 in indívidual

animals (Fíg. 9 ). Paradoxically, the CO2 response was higher in those
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TASLE 4

I'ÍEÀSURFfENTS BEFORE CRYOGENIC INJURY IN BASOONS }IITH INTACT
Æ,¡D IMPAIRED AUTOREGUI,ATION (MEDIAI{ E R.ANGE)

Control
Àrterlal pH

ArÈerl-al pCO, (mr HS)

Arterlal pressure (mr Hg)

InÈracranial pressure (m Hg)

Volume-pressure response (m Hg/0.1 nt)

Cerebral blood flow (nl/ntn. 100G)

cl4Ro2

Response to in SAP

Arterial pCO, (m HS)

Change in intracranlal Pressure (nn Hg)

Change ín perfuslon pressure (m Hg)

Change in cerebral- blood flow (nl/nln' 100G)

% Change 1n cerebrovascular resistance

qMRO2

Response, to hypercaPnia

Arterial pCO, (m He)

Arterial pressure (m HS)

Intracranial pressure (m Hg)

Intact (n=7)

7 .46
(7 .39-7.49)
40.0
(37.0-42.0)

92. O

(8s.0-108.0)

9.0
(6.0-15.0)

1.0
(1.0-3.0)
42.O
(32.0-78.0)

2.O
(r.6-2 .3)

40. 0
(37.0-47.0)

1.0
(0-2. 0)

18. 0
(13.0-29.0)

1.0
(o-s. o)

26.O
(20. 0-43. 0)

2.4
(1.8-3.1)

53.0
(45 . 0-6s. o)

92.O
(80. 0-122 . 0)

]-2.O
(10. o-34 . o)

1.0
(0. s-2.9)
1.6
(1. 1-3.1)

Inpalred (n=J) Whole Group

52.5
(45 . 0-6s .0)
94.5
(80.0-122.0)

17.5
(10. 0-38 . 0)

2.4
(0.5-3.7)

2.L
(1.1-3.6)

7.4r
(7.37-7.47)

41. 0
(38 . 0-41. 0)

93.0
(B7.0-100.0)

17.0
(e. o-21.0)+
2.O
(1.o-s.o)-
45.0
(30. 0-53 . 0)

2.3
(1.2-3.1)

41. 0
(40. o-43 . 0)

3,0
(1. o-7.0) ô

19. 0
(17 . 0-38. o)

14.0
(3.0-27 . o) ô

14.0
(0-18.0)5

2.3
(0.9-2.8)

7 .45
(1.37-7 .4e)

40. 5
(37 .o-42.O)

92.5
(85 . 0-108.0)

10. 5
(6.0-21.0)

l-.0
(1.0-s.0)
43.5
(3 0. 0-78 . 0)

2.2
(1. 2-3 . 1)

4r. 0
(37.o-47.0)

1.5
(0-7. o)

19. 0
(13. o-38. 0)

4.0
(0-27 .0)

2L.5
(0-43.0)

2.3
(0.9-3.1)

CO, response (nl/nÍn. 100G per nn Hg
' eacor)

ct{Ro2

52.O
(50.0-s9.0)

97.0
(82.0-r02.0)

29.O
(11.0-38.0)

3.0
(2.3-3.7)+

2.5
(1.2-3.6)

t p<O'Or 6 p<0.005

(See APPendix Tables IV & V)

5 p<0.001 by Mann-lthitney U Èest, compared wltb íntacÈ'
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with inpaired autoregulatlon (p.0.01). CMRO2 rras 2.1 (1.1-3.6)

díd not change slgnificantly with variation 1n elther SAP or Pa
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and

coz

Effects of CryogenÍc Inlury (Table 5 and 6)

DurÍng applfcation of the freezlng probe, ICP and SAP usually fe1l

for several minuÈes, then returned to normal. AbouË 10 minutes after

freezíng, ICP and SAP rose above nornal (Fig.1O).

ÏIhen measurements were made 30 and 60 mínutes after freezing,

SAP had returned riear to control levels. ICP was still sígnificanËly

elevaËed (p.0.005 and p<0.01) and CPP sÍgnificantly reduced (p<0.005

and p<0.005). The VPR had fncreased ¡sith ICP at 60 ml-nutes (p<0.01,

r" = 0.982). CBF was reduced at 30 mínutes a'na 6O mínutes (p.0.01 and

p<0.025). CI"ÍRO2 had fallen by 60 minutes (p.0.005). Groups of animals

which had ÍnËact and Èhose which had impaired autoregulatíon prior to

injury, were analysed separately. A significant reduction in CBF at

60 minutes r'ras found both ín anJmals with previously Ínpaired autoregulation

(p.0.05) and in those wíth previously íntact autoregulatÍon (p<0.01).

Cerebrovascular Responses fol lowÍng Cryogenic In'iury (Table 7)

It was possible Èo t€ist aut.oregulaÈion to a reduction in SAP in

only two animals. In the remainder, the íncrease in ICP fol1owíng

ínjury had so reduced CPP that a furËher reduction large enough to

províde a meaningful physiologícal stirnulus, would have lowered CPP

below the poínÈ (40 to 50 m Hg) where autoregulation would occur even

under normal circumstances. In one of these two animals, autoregulation

Ëo hypotension had been intact prior to Èhe lesion. This was clearly

impaired afterwards in both.

In 12 anÍma1s, the autoregulatory response to an increase ín SAp

of 40 to 50 nm Hg was then tested. A change of this magnitude was

necessary, because the accompanying increase in ICP tended to díminish
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TASLE 5

EFFECT OF THE CRYOGENIC INJURY (MEDIAN & RAltcE)

I.I'hole Group (fr=12)

Control 30 min. 60 min.

Arterlal pCO, (rnn He)

Arteríal pressure (mn Hg)

Intracranial pressure
(nur Hg)

Cerebral perfusÍon pressure
(mn He)

Cerebral blood flow
(nUnin. 100c)

Cerebrovascular res istance
(un Hgln1/mAr-. 100c)

cuRo2

Volume-pressure response
(nrn Hgl0.1 n1)

40. s
(37 .0-42 .0)

91. 0
(72.0-103. 0)

12.o
(6.0-21.0)
80.5
(sB. 0-89.0)

46.5
(30. 0-83 . 0)

1. 69
(o .7 6-2 .48)
2.O
(1. 1-3 . 0)

1.5
(1.0-4. 0)

41.s
(3s . 0-48. 0)

81. 5
(68.0-17s.0)

22.O
(10. 0-78 . 0) ô

61.5
(38. 0-97 .0) ô

37 .5
(26. 0-68. o)+

r.62
(0. 78-3 . 34)

2.0
(0. B-2.6)
2.O
(1.0-s.0)

40.0
(37 .0-4s.0)
77.O
(70. 0-130.0)
2r.o
(12 . o-s6 . o) +

58.0
(36.0-83. 0) ô

34.5
(24. o-6s . o) Ï
L.64
(o.7 6-2 .7 7)

r.6
(0. 6-2 . 6) ô

4.O
(1. 0-8 . 0) *

(See Appendix Table VI)
* p<0.05 t p<0.025 * p.O.Or ô p<0.005,

By l{ilcoxon maÈched-pairs, signed - ranks test. values at 30 nín.
and 60 min. courpared with control values.
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TABLE 6

EFFECT OF THE CRYOGENIC INJURY IN BA3OONS T,{ITH INTACT AND
IMPAIRED AUTOREGULATION (MEDIAN & RANGE)

Autoregulatfon intact (n=7) Autoregulatlon inpaired (n-5)

Control 30 mín.

Arterlal pCO, (nn Hg)

Arterial pressure (m Hg)

Intracranial pressure (Írn Hg)

Cerebral perfuslon pressure
(m He)

Cerebral blood flow
(n1/nin. 100c)

Cerebrovascular resistance
(nm Hglml/min. 100c)

clfRo2

ConËro1

40. 0
(37 .o-42.0)

90.0
(72.0-103.0)

11. 0
( 6. 0-1s . o)

80.0
(s8. 0-88. 0)

51. 0
(32. 0-83. 0)

1. 61
(o.7 6-2.48)
1.6
(1.3-2. s)

30 min.

40.0
(39. o-44. o)

78. 0
(68.0-17s.0)

24.O
(12 . o-7 8. o) +

61. 0
(48. 0-97 . 0) *

40. 0
(26.0-68.0) *

1.53
(0. 82-3 . 34)

1.6
(0. 8-2 . 6)

60 nin.

41. 0
(37.0-4s.0)

7 4.5
(70.0-130.0)

27 .5
(12 .0-47.0)'t
58.0
(3 6. 0-83 . 0):t

33.0
(24. 0-68. o) +

r.77
(0.7 6-2 .7 7)

r.2
(0. 6-2. 1) *

41.0
(38. 0-42 . 0)

9s.0
(87.0-100.0)

17. 0
(e. o-21. o)

81.0
(66.0-89.0)

45.0
(30. 0-s3. 0)

1. 80
(r.4s-2.16)
2.3
(1. 1-3 . 0)

44.0
(35 . o-48. o)

85. 0
(72. 0-108.0)

20.o
(10. 0-s0. 0)

65 .0
(38.0-83 .0) **

35.0
(2e .0-4e.o)
7.77
(0 .7 8-2.7 6)

2.0
(1. o-2. s)

(See Appendix Table VI)

60 nln.

41.0
(38.0-42.0)

85.0
(72.0-e3 .0)

2L.0
(13 . 0-s6. 0)

59.0
(37.0-6e.0)

36.0
(27.0-46.0)**
r.64
(0.82-2.s2)

2.2
(7.6-2.6)

* p<0.05 f p<0.01, By lÍilcoxon matched-pairs, sígned-ranks test.
** p<0.05r By Sign test.

Values aÈ 30 nin. and 60 min. compared r¡fth control values.
o\
o\



TAsLE 7

EFFECT OF ARTERIAI, TIYPERTENSION AFTER CRYOGENIC INJURY:
COMPARISON OF GROUPS ACCORDING TO CHANGE fN CEREBRO-

VASCUÌ,AR RESTSTANCE (MEDTAN & RAlrcE)

A CVR > 207" (n=6)

Control ExperimenÈal

A CVR < 20i', (n=6)

Control Experlmental

Artería1 pCO, (nn Hg)

ArËerl-al pressure (m Hg)

Intracranial pressure
(nur Hg)

Cerebral perfusion pres-
sure (rm Hg)

Cerebral blood flow
(nUrnin. 100c)

Cerebrovascular resís-
tance (mn Hg/n1/min.
100c)

cMR02

* p<0.05

42.5
(38.0-47. 0)

7 8.5
(ss.0-87.0)

!7.O
(10. 0-41. 0)

51.0
(42.O-70.O)

40.5
(24.0-s3. 0)

1.43
(0. 96-1. 88)

1.8
(0.e-2.3)

40.5
(38.0-4s.0)

]-29.5
(e3.0-148.0)t
27 .0
(19.0-79.0)

94.O
( 64. 0-118 . 0) t
46.5
(19.0-s7 . 0)

2.32
(1. 37-3 .37) I

1.5
(0. 8-2. 6)

4r.5
(39. 0-42 .0)

91. 0
(72.O-ro2.o)

30. s
(14.0-s6 .0)
s9.0
(37.0-68.0)

37.0
(20. 0-68.0)

1. 60
(0.82-3.00)

2.2
(1. 0-2 . s)

42.O
(3e.0-43.0)

131.5
(es. o-14s.0)l
51. 5
(21. 0-101. o) t
70.5
(42 .0-100. 0)

47 .0
(22.o-ro7 .ql
1.58
(0.69-2.73)

2.I
(1. 7-3 . 6)

I p'0.025, by hrilcoxon mat,ched-paÍrs signed-ranks test, comparedwith control values.
(See Appendix Table VII) o\{
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the lncrease in CPP produced by arterlal hypertenslon. Indeed,

ín two of the animals, one of which falled to autoregulate to lnduced

hypotenslon, rises in SAP of 23 m Hg and 50 m Hg rùere accompanied

by an equal rise in ICP, so that CPP remaíned constant (Fie. 11). The

median passíve fncrease in ICP during arterfal hypertension ¡¡as 13.0 nmn

Hg with no obvious relationship between thfs change in rcp and that

produced by the cryogeníc les1on, or the status of autoregulatÍon príor

to lnjury.

Overall, induced arterial hypertension ¡slth a constant PaCOz

Íncreased cBF fron 40.5 (20.0-68.0) to 46.5 (19.0-107.0), n1/nin. 100c,

(p<0.005, Appendix Table VII). From Èhls r^¡ide range of values, it is

apparent that the response of CBF to the incrèase in SAP varied greatly.

In six of Èhe 12 anÍma1s, Èhere !¡as a rÍse 1n CVR of less than 20 per cent

with arterial hypertension. In two of these, CPP did not íncrease, and

CBF remained relat.ively constant. In four others, arterÍa1 hyperÈension

produced an íncrease in cPP, and cBF íncreased by 18 to 67 per cent.

By contrast, in the remaining síx animals, there r¡ras a rise in

cvR of more than 20 per cent with arterial hypert.ension, and relat.ed

to this, there r^ras no signÍficant change in CBF.

This apparenÈ persistence of autoregulatory activity after cryogenic

injury nas not related to the status of autoregulatÍon prior to

injury (Fig.12). Thus, three of the six ani-mals which showed apparent

autoregulatÍon after injury had ínpaired autoregulation beforehand,

and three had intact autoregulation. of the six with impaíred auto-

regulation after injury, it was previously intact in three and impaíred

ín three.

The response of CBF to hypercapnia, was assessed in 11 animals and

hras generally reduced after ínjury compared with the ínitial response

(Fis. 13 a, Appendix Table Vrrr). rn one baboon, administration of co,

triggered off a massive Íncrease in sAP and rcp assocíated with a
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pronounced increase in CBF. Because of the increase in SAP this

could noË be considered to represent a true COZ - índuced rise J-n CBF,

and this result has not been expressed as a CO, response. This baboon

was one of the si-x nrhich demonstrated a more Èhan 20 per cent rlse Ln

CVR during arterlal hypertension after lnjury. The C0, response rùas

reduced 1n the rernaining five baboons in Èhis group, with reversal of

the response in two animals, so that CBF in the affected area actually

fe11 durÍng hypercapnia. This was recorded as a CO, response of zero. In

five baboons r¿hich demonstrated inpaired auÈoregulation after Ínjury, the

CO, response rrras essentíally unchanged compared wÍth the original leve1

in four cases, and decreased in one.

Hypercapnia was however, ofËen associat.ed wfth a marked rise ín

ICP, not seen before the lesion, and wíth a variable effect on SAP

(Fig. I4). To partly compensate for the changes in CPP, the CO, response

was also calculated as change in CVR per unít PaCO, in the 11 aninals

in which a hypercapnÍ.c response !üas tested after Ínjury. The saue

pattern of altered responsíveness to hypercapnia was demonstrated. In

the 6 animals which showed a greater Èhan 20 per cent increase in CVR

with arterial hypertension after injury, the CO, response hras reduced

in 5 and unchanged in 1 (I'ig. 13b). Another method of partially

"correctingrr the CO, response was to subÈracË Èhe change ín CBF which

would have occurred with an ídentical change Ín CPP at normocapnia.

This was derived ín each animal frou the approprlate response to a change

in SAP. Again Ëhe same patËern emerged (Fig. 13.c).

It appeared, therefore, that apparent persistence of autoregulatory

activity fo11owíng brain injury was assocíated with a deterioraÈion of

the response to CO, in Èhe injured hemisphere. A pressure passive

response of CBF to an íncrease in CPP, on the other hand, was associated

with some retenÈion of responsiveness of the cerebral circulation to

hypercapnia.
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The VPR after Èhe cryogenic Ínjury showed an increase with

arterial hypertenslon (p<0.01) buÈ not rrrith hypercapnla (Appendix Tables

VII and VIII).

Brain l{ater Content, and Cerebrovascular Response

tr{h1Èe matter water content underlylng the visible corÈical lesÍon

was Íncreased in all animals wíth levels ranging f.rom 72.1 to 83.4 per

cent üret weight. These values can be compared wÍÈh the hrater conÈent

of the equivalent area ín the opposite hemisphere, 70.7 (VO.L-73.7) per

cent r^ret weíght (Table 8, Flg. 15). There rras a posltive correlaÈion

between the water content of the affected white matter and the extent to

which CVR rose during lnduced arÈerial hypertension. Thus, the four highest

TABLE 8

I4IATER CONTENT RELATED TO CEREBROVASCUI-AR RESPONSE TO INDUCED
HYPERTENSION (MEDIAN & RANGE)

^ 
cvR < 20"¿

(n:5) ^ 
cvR < 20%

(n=s)
Opp. Hemisphere

(n=10)

Water (/" wet weíghÈ) 74.2
(72.1-77 .2)+

81.7
(73 . 4-83. 4) s

*

70.7
(7 O.r-7 3 .7 )

(See Appendix Table IX)

I p.Q.Of 5 p.0.001, by Mann-I^IhiÈney U resr
Values afÈer injury compared with opposíte hemisphere.
* p<0.05, by Ì.fann:trrrhítney U test, compared wíth the other

group after injury.

values of brain hTater content were found in animals which had a greater

than 20 per cenÈ Íncrease in CVR, (r = 0.60; p<0.05), (Fig. 16). There

lüas no correlation between tíssue vrater conÈent and response Ëo hyper-

capnia (Fig. 17), or between tíssue rúater content and the extent to
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which ICP and VPR lncreased after the lesion.

Cerebral metabolic rate and vascular responsi)¡eness

Anlnals ¡shich demonstrated a large increase in CVR during Lnduced

arterÍal hypertension tended to have 1ow values f or Cl,lRO2. There was

a wÍde scatter of results, however, and the overall difference in

cMRo2 between the groups wíth impaired and with apparently persisting

autoregulatíon following injury just failed to attaín statistical

si-gnificance (Table 7) . Cl'fRO2 showed a negative correlaËion with the

height of rcP after ínjury (r = 0.69; p<0.02) bur nor wirh rhe 1eve1

of brain vrater conÈent.

CONCLUSIONS

Before the cryogenie injury, tno groups of anfmals could be

ídentified by the vasomoÈor response Èo induced art.erial hypotension.

Both groups had normal resting 1evels of CBF and a normal vasodilator

response t.o hypercapnia. Arterial blood pressure, arterial gases,

pH and cuRo2 were símilar, so Èhat the two groups differed only in the

response to arteríal hypotension, and in a slíghtly hígher rcp in the

group in whÍch thís response rûas ímpaired.

Hypotension rüas used to test autoregulations before ínjury for the

followíng reasons:

1. Break-through of autoregulation with arterÍal hypertension

may occur at a mean SAP as 1ow as 120 run Hg, naking sub_

sequent. Ëests of autoregulaÈion invalid (strandgaard et al.,

re74).

2. Arterial hypertension was used to test autoregulation before

cryogenic lnjury in an earlier study (Míller er a1. , 1975).

Thís led to difficulties ín defining autoregulation after

ínjury. rn some animals cpp may have exceeded the range of
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autoregulation. In others, sudden arteríal hypertension

may have damaged vasomoÈor control, írrespectÍve of any

effects of the experimental injury which fo1lowed.

3. Hypotension above 60 rnrn Hg may be used repeatedly without

physiol-ogical ímpairment (Fitch et al., 1-976).

Thus induced arterial hypotension provided a clear test of autoregulation

before injury.

In a study such as this, the method of definíng normal vasomotor

responsiveness must be clearly stated, even Èhough such definiÈÍons are

somewhat arbitrary (p.a8). Perfect autoregulation, that is, constanÈ CBF

with a change ín CPP, is indeed noÈ the usual response. A revíew òf a

large number of measurements of CBF in patients and in normal experimental

anímals has shor¿n that the usual response is a 3 Èo 5 per cent change ín CBF

per 10 mm Hg change ín SAP (Kontos eË al., 1978; Kontos, personal communlcaÈíon,

L979). In all but three animals, change in blood pressure before the cryogenic

ínjury r^ras accompaníed by a change ín CVR in a direction to normalÍze CBF.

Hence these anÍmals showed some autoregulatory response, even though by

the strict definition used in thís sÈudy, the response ütas not considered

normal. Comparing this group of animals with those in which the autoregulatory

response before injury \¡Ias normal, helped to ínEerpret the meaníng of an

increase in CVR in response to arterial hypertensíon after injury.

Following focal cryogenic lesions of different size, CBF was reduced to

a degree which was only partly related to the previous status of autoregulation.

An induced increase ín SAP had a variable effect on CBF in the area of injured

brain. Three types of response could be identífied; an increase in CBF in

proporËion Èo the increase in CPP, with no change in CVR - a passive pressure

response; secondly, little change in CBF but a parallel increase in ICP, so

that CPP remained constant - "false auÈoregulatíonr'; finally, 1itt1e change

in CBF, despite a significant rise in CPP.
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The first t!üo responses are well documented ín brain injuríes in

which the physiological response to a change in SAP has been losÈ (see

page 16).

The dissociatlon between CPP and CBF ín the third group implies an

increase in CVR in response to a rise in arterial pressure - such as occurs

with physiologícal autoregulation. This response rúas not related Èo the

presence of intact autoregulation before Ínjury, indicating Ëhat the response

after ínjury Íras abnormal, unless t.he cryogenic injury had resÈored physío-

logical autoregulation in animals ín which ít had been impaíred previously,

or there was a marked dissociatíon between the responses to hypotension and

hypertension within the same range of perfusion pressures.

Hypercapnia has a complex effect on CBF. As well as lnducing cerebral

vasodilatatíon, hypercapnia may directly increase SAP and ín turn, alter ICP

and CPP. It is not possj-ble in this experimenÈal protocol to apply a correction

factor which will normalíze the change in SAP with certainty. Even so, a

dissociation between CPP and CBF rnras associated wiÈl-¡ clear evidence of brain

injury and wíth greater ímpairment of the C0, response, higher levels of brain

tíssue 'hrater (that is, greater oedema), and lower levels of calculated CMRO,

when compared wiEh animals in which autoregulation rnras clearly finpaired.

The results suggest that in thís group of animals, injury produced an

impedence to CBF ¡¿hi-ch became more severe as arterial pressure l-ncreased.

Brain elastance, as measured by the VPR, also increased with arterial

hypert.ension. It may be suggested that brain Ínterstitial pressure also rose,

or that Èhere r¡/as a mechariical obstruction Èo blood flow in the area of brain

injury and oedema.



SECTION 3

REGIONAL VASCI]I,AR REACTIVIIY 24 HOT]RS

AFTER CRYOGENIC INJURY
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PURPOSE

This series of experiments aimed to Beparate the effects of

oedem¡ fron that of the focal inJury. Antnals were studied 24 hours

after eryogenfc lnjury. In thls way animals could be etudl.ed tn whl-ch

measurable focal braLn oedema had developed from small necrotlc lesfons

wlthout narkedly elevated rcP. cBF was measured simultaneously in

several snall, precisely located areaa J.n grey and white natter, both

near to and remote fro¡n the lesíon. The questlons posed were:

1. I¡ltrat relationship do regional cBF and the cerêbrovascular

reaponses to changes in SAP and PaCO, have to the level of

ICP and to regionaL tissue lùater content?

2. Does a focal lesion fnfluence CBF ln dístant parts of the

brain?

3. Are there differences in the responses to injury in grey and

white matter, either near to or renote from the lesion?

PROTOCOL (Table .9, Fig. 18)

This study was conducted on 11 young adult baboons weighing 9 to

23 kg. cBF r¿as determlned by hydrogen clearance. The blood flow

values were derived by initial slope índex as this meÈhod was found

to give the most rellable results.

Day 1: The baboon was checked to be neurologically normal then

placed under general endotracheal anaesthesia. The scalp was

shaved and a right lateral 12 mn burrhole made through a llnear incLsion.

Ttre scalp edges rdere protected with gauze. The freezing probe was

applied to the intact dura for periods of 30 seconds to 4 minutes.

After scalp suture the baboon nas extubated carefully to avoid straining

and returned to lts cage.
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VENTRICTJLAR VENTRICULAR
CATHETERCATHETER

SAGITTAL
SINI.JS
CATHETER

RAW
LDG

l¡w

FLgure IB: lfeasuring CBF and TCP 24 hours after
cryogenfc lnjury.

RDG

COLD
LESION

PlatLnun electrodes record CBF by H,
clearance.

RAI.¡

RDG

LAW

LDG

= right anterior whlte
È rigþt deep grey

= left anterior white

= left deep grey.
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TABLE 9

PRÛTOCOL - SERIES 2

DAY 1

DâY 2

1

2

ExanÍne baboon ln cage.

G.A. Cryogenl.c leefon through right lateral
burrhole.

1. Examfne baboon 1n cage.

2. G.A. Insert 3 electrodee lnto each hemiephere:

I deep grey (putamen),
2 whlte Datter, (anterfor and postertor).

3. Measure CBF 1n the followfng order:

(a) Control Normocapnla, no¡motensfon

(b) + SAP Calcutare 
^ 

CVR

(c) control

(d) + SAP Calculate A C\¡R

(e) Control

(f) + COZ Calculate CO, reeponse

(e) Control

4. FREEZE BRAIN IN SII"U sectlon to Ínepect rhe
lesÍon, verl.fy electrode placemenÈ, and to take
tíssue sauples for water and. electrolyte measurement.
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Day 2z 24 hours later Èhe baboon rras examined for evidence of

neurological dysfunction then anaesthetised and artlficfally ventl-lated.

Arterial and venous lLnes were inserted and blood gases checked to

ensure that no perfod of hypercapnia or hypotensíon occurred during

the preparation. Six 0.3 um platinum electrodes, 3 on each side, rf,ere

inserted stereotaxically usíng co-ordinates for anterlor and posterior

white matter (centrum semiovale) and for deep grey matter (putamen),

(Davís & Huffman, 1968). The right anterior white electrode lay deep

to the cryogenic lesíon (Fíg. 1s). Arterial, bilateral ventricular
and sagittal sinus pressures, oesophageal temperâture and end-tÍda1

CO, were recorded.

T\rro control measurements of CBF were obtained under stable con-

dÍtíons of SAP, blood gases and rcp. cBF was then measured during

arterial hypotension of 30 to 40 nm Hg. AfÈer reinfusion and a further
control at normotensÍon, CBI was measured durfng arÈerial hypertension

of 30 to 40 mnì Hg. Fínally, after a further control, the effect of

hypercapnía was assessed by addíng sufficient CO2 to the inspired gases

to raj.se PaCO, by 20 um Hg.

llhen normocapnic and normotensive condítions had been restored,

the anímal was killed. Thê brain was frozen in situ and sectioned to

ídentify the electrode positÍons visually. Tissue samples were taken

adjacent to each electrode tip to measure tíssue rüater and electrolyÈe

conÈent. The experiments ended 34 to 36 hours after eryogenic injury.

RESULTS

Appendix tables show values obtained from each elecÈrode sÍte.
In sQme animals, electrode failure reduced the number of measurements.

StatísËical tests were based upon Èhe average of multiple values

obtained ín individual animals.



TASLE 10

LESION TIME AI{D CLINICAL SlAlUS

Anfnal Lesfon Îlme Leelon
(mlnutes) , Stze (cn) Evane Blue (c¡n)

87

Clfnlcal deffclt
at 24 hrs.

3

*4

*5

)c6

r.7

I

*9

¡t10

*ll

L2

0.5

1.0

3.0

2.0

2.5

2.O

2.5

3.0

3.0

4.O

4.0

2 Pl.al con-
geEtfon

1.5

1.0

0.5

1.0

Pfal con-
gestLon

1.5

1.5

1.5

Pl.al con-
gestlon

o.2

N11

1.0

1.5

1.0

1.0

Nfl

1.0

1.0

lr

Nl1

N11

Left hemfplegfa and
hentanopla. Àlert
though fnitially drowey..

N11

Left arm weaknesa.
Left focal eefzure.

NlI

N11

Left arm weaknese.
Alert.

Left arm weakness.
Alert.

Nrl

Ntl

0.5

0.3

* tlhlte nåtter oeder¡a verlfled by tl-ssue water estií'etlon.
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TABLE 11

INITIAL A}ID FINAI CONTROL VALUES I{ITH FINAL TISSUE I^IATER
A}ID ELECTROLYTES ON TÍIE SIDE OF THE CRYOGENIC INJURY

IN ANII"IALS Í.IITH AND !üITHOUT A CLINICAI,
DEFICIT (I'ßDIAN & RA}IGE)

Inftlal FÍnal

No deflcit
(n=7)

Deffcit
(n=4)

No deflclt Deficit

Arterial pCO.
(nn Hg) z

ArÈerial pressure
(rm Hg)

Intracranial pres-
sure (nm Hg)

4L.O 40.0
(37 . o-43 . o) (38.0-42 . o)

98. 0 79 .5
(8s.0-110.0) (70.0-87.0)
4.O 6.s
(1.0-19.0) (2.0-14.0)

40.0 39. s
(38.0-42.0) . (38.0-40.0)

82.0 79.5
(72 .0-110.0) * (s7 .0-113 .0)

11.0 2L.5
(2.0-31.0) * (6.0-3s.0)

Lrhite Matter

Cerebral blood flow 19.0
(nUnÍn. 100c) (14.0-42.0)

I,Iater (% wet wt.)

Sodium
(nEq/100c dry wt.)

Potassium
(nEq/100c dry wt.)

Grey Matter

Cerebral blood flow 43.0
(nllnin. 100c) (32.0-95.0)

I^Iater (% wet wt.)

Sodiun
(mnq/rooc dry wr.)

Potassi-um
(rnEq/tOOc dry wr.)

29.0 33.s
(18.0-36.0)+ (28.0-78.0)

78.4
( 77 . 0-80. 0)

28.5
(2r.0-46.s)
42.8
(33.0-4s.0)

16.5
(13.0-21.0)

18.0
(10.0-29 .0) *

69.6
(66.8-83.3)
34.5
(1e.2-s8.0)
25.9
(21,4-30. 8)

10.0
(s .0-23.0)
79.3
(78.5-82.7)
42.4
(26.O-47 .5)
28.5
(22 .0-33 .0)

22.O
(17 . o-3s. o)+

7 6.7
(72. 0-80.1)
27.O
(2s. s-43. s)

40.5
(31. s-4s.0)

(See Appendíx TablesX & XI)

o p.0.05, by tùllcoxon matched-paÍrs, signed-ranks test,
compared with Ínitial value.

* p.0.01, by Mann-Irrhitney U test, compared ¡¿ith animals
with no deficit.



B9

Cllnical Sratus (Tab1e 10 and 11 )

24 hours after cryogenJ-c injury, 4 of the 11 baboons had a neuro-

logical deflcit. One animal had a compleÈe heuriplegia and hemianopia

and although lnltlally drowsy, rùas alert at 24 hours. Three anfmals

had a weakness of the left arm and were alert. Each was later shown to

have white matter oedema as indicated by an lncrease in white matter

Itater conÈent. Blood flow leve1s l-n grey and whlte matter were lower

1n the animals with neurological deflcits.

By the end of Èhe experiment., normocapníc, normotenslve regional

whÍte matter blood flow (r CBF w) on the sÍde of the lesion had fallen

to 10.0 (5. 0-23.0) nl/nin. 100c, compared with 18.0 (10.0-29.0) nUnin.

100G in the seven animals which had no neuro.logícal signs, eyen though

three of the seven had neasurable oedema. There ü7as no difference ín

ICP at Èhe beginning.of the study in the two groups, although ICP had

risen more by the end of the study in the four animals wíth neurological

defieits (p.0.O25, by Mann-Whitney U test). In these animals, f.xeezing

tiues ranged from 2!¿ to 3 minutes. In those r,Tithout def iciÈs freezing

times ranged from 30 seconds to four ninutes.

I{ater and ElectrolyÈe Content

(a) Iùhite matter (Fie. 19)

Ten electrode sites ín the ríght hemispheres of seven baboons r"rere

oedematous, having a brain white matter úrater content great.er than 75

per cent wet weight. Corresponding to the íncreased waÈer conÈent,

sodíum but not poÈassium was increased. Hence three areas of qrhite

natter could be compared; those with oedema; seeondly, the corresponding

areas Ín the left hemisphere of the same seven animals where water and

electrolyt.e content rüere normal; finally in the remaíning four baboons

where hlater and electrolyte content Ìrere normal aË each electrode site.

Thís constítuÈed a Èhird conÈrol group of animals wíth injury but no

oedema.
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Figure 19: I^IhiÈe matter rùater and erecÈrolyte contentat Èhe sites of blood flow measuremenr.

A

B

areas of white matter oedema
(Hzo t 75cl100c wer weighr).
equivalent areas of white
matter in the opposíte hemls-
phere (nornal !ùater conÈent).
white matter areas in baboons
with injury but no oedema (nornal
lrater content).

t p.o.ot,
ô P.0.005,
5 p.0.001, by Mann-lrhitney U

A.
Ëest, coupared with
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100

Deep Grey Matter
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Figure 20: Grey matter r^rater and electrolyte content
at the sites of blood flow measurement.

in hemísphere with whiÈe matter
oedema.

equivalent area of grey matter in
opposite hemísphere.

in animals with ínjury but no
oedema.

A

B

c
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(b) Grey matter (Fie. 20)

None of the electrode sltes in grey mat.ter were oedemat.ous (grey

matter waÈer content greater than 80 per cent wet weight). The areas

of grey matter !¡ere compared accordíng to the changes in the adJacent

white matter. Hence there were three groups; adjacent Èo whíte matter

oedema; secondly, in left heuisphere of the seme anlmals; finally in

animals with injury but no oedema. There were no sígnificant dífferences

in the rdater and electrolyte values of these groups.

Baselíne Measurement of CBF and ICP

(a) Vlhite matter (Table 12)

Normocapnic and normotensive 1eve1s of.rCBFw were compared fn

the three groups of electrode sites at the beginning and end of the

experiment. In oedematous areas, flow was 15.0, (14.0-26.0) falling

in eight of the ten electrode sites to 12.0 (5.0-23.0) n1/nin. 100c

by the end of Èhe experi-ment. In the opposiÈe hemisphere of these

baboons, rCBFw was 18.0 (14.0-28.0) falling to 17.0 (I3.0-29.0) nI/nin.

100G. In those anfmals with injury but no oedema, initial CBF was

2L.5 (18.0-33.0) and f.Lr.aI 22.5 (11.0-25.3) nUmin. 100c, the inlrial

and final values being higher than the corresponding values in the

oedematous areas (p=0.055). ICP ín baboons birh oedena (4.0, 1.0-14.0

rÍsing to J-1.0, 2.0-35.0) nn Hg (p.0.025) was not significanrly

different from Èhose w1Ëhout oedema (11.5, 3.0-19.0 rising to 14.0,

4.0-31.0) nn Hg suggesting that Èhe process rernained localÍsed.

(b) Grey maÈter (Table 13)

Normocapníc, normotensive 1eve1s of rCBFg had fallen by Èhe end

of the experiment at each of the three groups of grey matter elecÈrode

siÈes. This was mosÈ marked ín the hemisphere wiÈh oedema, where rCBFg

fell from 34.0 (18.0-95.0) -nl/nin. 100G to 27.0 (17.0-78.0) nUnin.

100G (p<0.O25).



TABLE 12

INITIAI AI{D FII{AL CONTROL VAIUES IN
hTTITE MATTER (MEDIAN & RANGE)

Initial Final

cBAcBA

Arterlal pCO2 (urn He)

Arterial pressure
(nrn Hg)

IntracranÍal pressure
(rrn Hg)

Cerebral blood flow
(rn1/mfn. 100c)

I,rlater (Z wet wt. )

Sodlum (rnEq/fOOC
dry wt. )

Potassium (nEq/fOOC
dry wt.)

41. 0
(38.0-42.0)
87.0
( 70. 0-e8. 0)

4.O
(1.0-14.0)

15.0
(14.0-26. 0)

18.0
(14 .0-28. 0)

41.0
(37 .0-43.0)
105.0
(Bs . 0-110. 0)

11.5
(3.0-1e . o)

2r.5
(18. 0-33 . 0)

40.0
(38.0-42.0)
80. 0
(57.0-113.o)

11.0
(2 . o-35.0) t
]-2.0
(s.0-23.0)

81. 1
(78.s-83.3)

44.3
(2 6. 0-s8 . 0)

30.0
(22 .0-34. s)

39.0
(38.0-40.0)
84.5
(78.0-e0.0)

14 .0
(4.0-31.0)

22.5
(11.0-2s .3)

68 .9
(67 .2-6e.7)
23.5
(17.6-37.0)

26.0
(2r.2-29.2)

17.0
(13.0-29.0)

68. 0
(66.8-70.7)

19.5
(rs.7-26.3)
25.I
(24.0-34.9);

A, B and C - areas of white matter as in Fig. 19. (See Appendlx Table XII)

T pcO.025, by trIilcoxon matched-pairs signed-ranks test, compared with initial values.
\o
(¿)



TABLE 13

TNITIAL A}TD FINAI CONTROL VALUES IN
GREY I'ÍATTER (t4EDIAlr & RANGE)

Inirl-a1

Cerebral blood flow
(nl/rntn. 100c)

tr{ater (Z wet wt. )

Sodium (nEq/100c
dry wt. )

Potasslum
(mEq/100c dry wt.)

34.0
(l_8. 0-9s .0)

78.5
(72. 0-80. 1)

27 .0
(25.5-43.s)

46.0
(33.0-87.0)

43.5
(28.0-44.0)

27 .O
(17 . o-7s .0) t
78 .5
(72 . 0-80.1)

27 .0
(2s.s-43.s)

45.0
(31. s-sI. 0)

Final

42.0
(22.0-60.O)

7 6.8
(6e.9-79.s)

30.0
(21.0-s4.0)

42.0
(21. 0-s1.0)

28.5
(27 .0-s8. 0)

77 .5
(77 .7-7e.5)
25.7
(22.9-47.3)

4L.3
(38.3-4s .0)

cBABA C

A, B and C - areas of grey maÈter as in Fíg. 19 (See Appendlx Table XIII)

Ï p.0.025, by l^Iilcoxon natched-pairs signed-ranks test, compared with lnitial val-ues.

\o
5



TASLE 14: RESPONSES TO ARTERIAL ITYPOTB.ISION, ETPERTENSION AND HYPER,CAPNIA IN T.IIIITE MATTER (MEDIAN & RANGE)

B
Control ExP Control Exp Control

c

Hypotenslve Response

Arterial pressure (m Hg)

Cerebrel perfuslon
pressure (m Hg)

Cerebral blood flow
(nl/nln. r00c)

Cerebrovascular resls-
tance (m Hglnl/min.
100c)

Z change In cerebre
vascular reslstance

Hypertensfve Response

Arterlal pressure (m Hg)

Cerebral perfuslon
pressure (m Hg)

Cerebral blood flow
(nl/ntn.100c)

Cerebrovascular resl.s-
tance (m Itg/nl/n1n.
100G)

Z change ln cerebro-
vascular reslstance

Hypercapnfc Response

ArÈerlal pCo, (m He)

Intracranl-el presaure
(m Hg)

Cerebral blood flow
(ml/nin. 100G)

C0. responee (ml/rnln,
'IOOG p". m Hg PaCO2)

97 .O
( 92 . 0-118 , o)

91. 0
(79.0-1ls.0)

16. 0
(11.0-23. 0)

5.86
(3.84-10.45)

85.0
(ó5. 0-98 . 0)

73 .0
(58 . o-9 4. o)

18 .0
(L2.0-24.O)

4.06 .

(3.33'6 .27 )

40.0
(38. o-42 . o)

11. 0
(2 .0-3s. 0)

18.0
(5 . 0-23. 0)

26.0
(1r.0-49 . o)

35. 0
(9.0-111.0)

72.O
(63.0-73.0)

64.0
(51 . 0-7 0. 0)

13, 0
( 10. o-20.0) +

4.33
(2.75-7.0O)

t22.0
(92.o-L29.0)

113.0
(82 .0-t22 .0)

19 .0
(15 . 0-22.0)

5,86
(4.62-LO, L7 )

60. 0
(s7.0-74.0)

26.O
(16. 0-47 . 0)

2L.O
(6.0-30.0)

97 .O

91.0

L7 .0
(14. 0-28 . 0)

5.72
(3.36-6.s0)

85. 0

73.0

18. 0
(16.0-31.0)

4.29
(2.58-5 .22)

40. 0

11.0

17.0
(13.0-32.0)

26.0
(10.0-77.0)

37 .O
(2 r. 0-111 . 0)

72.O

64.O

14. 0
(12 .0-23, 0) *

3. 89
(3 . 04-5 .00 )

L22,0

113.0

19.0
(ls.0-22.0)

6,13
(3.53-7 .33 )

60, 0

26.O

19.0
(13 . o-s0. 0)

106. 5
( 100 . 0-117 . 0)

91. 5
(88 .0-113 .0)

25.0
(16 . 0-34.0)

3. 98
(2.59-7.06)

92.s
(73 . 0-108.0)

75 .0
(71.0-96.0)

24.0
(15 .0-31.0)

3.4L
(3.10-4.73)

40.0
(38. 0-41.0)

L2.5
(4. o-31. o)

23.0
(14.0-28.0)

14.0
(0-37.0)

Eb

82.O
(6s .0-83.0)

68. 5
(s6. r7s.0)
2r.5
(10.0-33 .0)

2.92
(2.15-7.s0)

128 .5
( 117 . 0-15s . 0)

116.5
(91.0-138 .0)

28.0
(2q.0-40.0)

4,04
(3 .14-s . 6s)

19.0
(11. o-23. o) tt

55 .0
(s3 .0_67 . 0)

28 .0
(26.0_s2.0)

33 .0
(24.0-40.0)

0,78
(0.19-0.92)**

U 0. 19
(0-2.33)

t7

* p{o
t p'o

tt p'o

(0-L.22)

!l] ff ,f:.""*on natched-pafrs, signed-ranks test, compered wfÈh fnirlâl values

.01,by Mann-lfhíÈney U test
** p<0.05r by Mann-'r{hitney U test conpared wlth B

and p'0,055, by Mann-l.Ihltney U Èest compared with A

\o
l¡

(See Appendtx Tables XlV, XVI, XVIII)
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HYPOTENSION
. CPP

HYPERTENSION
CPP

HYPERCAPNIA
PaCO2

A

20

10

30

10

30

20

10

ooo
.ç
E:\
E

=l!Í¡o

é"¿

+

100 60 140 70

CPP mm Hg CPP mm Hg PaCO, mmHg

CBF responses l-n whlte mâtter. Changes
l-n CBF 1n response to hypotensl.on, hypertensfon
and hypercapnia are compared in the three areas
of white matter.

tt p<0. 05 ¡

t p.0.01, by l{llcoxon matched-pairs, sígned-
ranks test, conpared r¡ith lnitlal
values.

The sfgnl.ffcance of changes between groups are
given 1n Table 14.

Iigure 2l:

4

7c

*
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Cerebrovascular Response to Àrterfal HypoÈension

(a) I{hite matter (Table 14 , Flg. 2I)

SA? was reduced by 25 nm Hg. This resulted ln a 19 per cent fa1l

in rcBtr\s ln areas of oedena (p'0.01) and a 18 per cent fal1 1n rCBFw

in the opposite hemlsphere (p<0.05). In the 4 baboons wlth inJury but

no oedema the same reduction in SAP rdas assocíated with a slmilar (Gâi¿)

fal1 in rCBFr¡. The changes ín cerebrovascular resistance \üere similar

in the 3 groups of areas and were consisËenÈ with some inpairment of

autoregulatfon.

(b) Grey maÈter (Table 15 , I.ig. 22)

Induced arterial hypotension resulÈed in no change in nedian rCBFg

in the hemisphere with white matÈer oedema and a 6 per cenË fall in

the opposíÈe hemisphere. In animals wiÈh injury but no oedema there

üras a 35 per cent fa1l ín rCBFg correspondlng to a10 per cent change 1n

CVR.

Cerebrovascular Response to Arteríal Hypettension

(a) I,,rhíte matter (Tab1e 14, Fig. 2I)

SAP was Íncreased by 
.35 

to 4d mI Hg. Changes in ICP were small

so that perfusion pressure was increased by approxímately the same

amount. In the areas of verified white matter oedema rCBFw did not

change (18.0, I2.O-24.0 and 19.0, 15.0-22.0 mUnin. 100G) índicating

a 35 per cent increase in CVR. In only one of these animals was there

less than a 20 per cent íncrease ín CVR. A sÍmílar respou.se to the

change in SAP and CPP, occurred in the opposite hemisphere where CVR

increased overall by 37 per cenÈ, all animals showing an increase of greater

than 20 per cent. In the baboons wíth ínjury but no oedema the

response was quite different. trIith the same increase in CPP, rCBFw

increased from 24.0 (15.0-31.0) to 28.0 (2O.O-4O.0) nUnin. 100G,



TA3LE 15: RESPONSES TO ARTERIAL T{YPOTENSION, IIYPERTENSION AND TTYPERCA?NIÀ IN GREY MATTER (UÐIAN E RANGE)

A c

HypoÈensfve Response

Arterlal pressule (uun He)

Cerebral perfusion
pressure (- Hg)

Cerebral blood flow
(nI/nln.100G)

Cerebrovasculâr reslstance
(m Hglo1/nin. 100G)

Z change 1n cerebrovascu-
lar reslsÈance

Hypertenslve ResPonse

Arterl-al pressure (um Hg)

Cerebral perfuslon
pressure (urn Hg)

Cerebral blood flot¡
(n1/n1n. 100G)

Cerebrovascular res istanee
(um Hg/nl/rnln. 100G)

Z change Ln cereb¡ovascu-
lar reslstance

Hypereapnlc Response

ArÈeria1 pCO, (urm Hs)

IlrÈracranlal Pressule
(r¡n Hg)

cerebral blood flow
(m1/mln. 100G)

Co. response (nl/ntn.
f00c p.r nrur Hg PaCor)

ConÈro1

97.O
(e2 . 0-118. o)

91. 0
(79. 0-11s . 0)

30.0
(21.0-69.0)

3.31
(1.36-3.86)

85.0
( 6s . 0-98. 0)

73.0
(58. 0-94 . 0)

35.0
(18. r73 . 0)

2.18
(1.10-3.44)

40. 0
(38.0-42.0)

11.0
(2.0-3s,0)

27 .O
( 17 . 0-78. 0)

35.0
(0-36 .0)

0

72.O
( 63 .0-73 . 0)

64. 0
(s1.0-70.0)

30. 0
( 14. 0-62 . o)

2.16
(1.13-3.86)

t22.0
(92.0-129.0)

r13.0
(82.O-t22. O)

29.O
(22.È73.O)

3 .96
( 1. 5s-4.s8 )

60.0
(s7.0-74.0)

26.0
(16.0-47.0)

33.5
( 16. 0-88 . 0)

Control

97 .0

91.0

47 .O
(30. 0-64. 0)

1. 93
(r. 47 -2 .7 3)

8s.0

73.0

46.0
(33.0-6s.0)

L.49
( 1. 22-1. 8 8)

40. 0

11.0

42.O
(22 . 0-60. 0)

25.0
( 14. 0-3s. 0)

54.0
(39.0-183 ¡ )

0. 21
(0.13-1.89)

72.0

64.0

44.O
(23. 0-57 . 0)

1.41
(1.09-2.3s)

I22.O

113.0

45. 0
(29.0-s7.0)

2.44
(1.7O-4.2r)

60. 0

26.O

47 .O
(25.0-77 .o)

55.0
(8.0-125.0)

Cont.rol

106.5
(100. 0-117 . 0)

91. 5
(88.0-113.0)

33. 0
(28.0-44.0)

3.04
(2.07-3.29)

r0 .0
(0-3 2.0)

92.5
( 73 .0-108 . o)

7s.0
(71.0-96.0)

30. 0
(29.O-44.O)

2.43
(2.18-2.60)

24.O
(s . 0-s4.0) *

40. 0
(38 . 0-41. 0)

L2.5
(4.0-31.0)

28.5
(27 . 0-30. 0)

Exp

82 .0
(6s.0-83.0)

68 .5
(s6.0-75.0)

27 .5
(22.o-32.O)

2.33
(2.2O-3 .4r)

L28.5
( 117 . 0-155 .0)

116 .5
(91.0-138 . 0)

36.0
(30.0-s3 . o)

2 .88
(2 .60-4 . 00)

11)(0-1
45

55.0
(53 . o-ó7 .0)

28.0
(26.O-52.O)

40 .0
(27.0-48.0)

72
(0-1 .38)
0

\o
æ

* p<0.05. by Mann-Whltney U testr compared ¡¡1th B (See Appendlx Tables XV, XVII' XIX)
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having increased in each anl-nal Ín thls group (p.0.05, by Fisher exact

probabillty compared wlth the change in cBF in the other two groups) -

There rdas a smaller lncrease in CVR of 19 per cent (p<0.01) indicatÍng

a lesser degree of autoregulatlon wLth a more pressure passive response

to arterlal hyperÈension. rn only one of this group of animals díd

the average response from all electrode sites exceed 20 per cent.

(a) Grey matter (Table 15, Fíg. 22)

In all animals with white matter oedema, arterfal hyperÈension

resulted ín a fa1l in rCBFg in both hemispheres, corresponding to an

increase in CVR of 55 per cent on Èhe sÍde with oedema and of 54 per cent

on the opposíte side. fn animals with Ínjury but no oedema, the response

resembled thaË found ín whiÈe matter. rCBFg lncreased in each animal,

and at six ouÈ of seven electrode sites, an overall íncrease j-n CVR of

24 per cent (p<0.05).

Cerebrovascular Response to Hypercapnia

(a) h¡hite matter (Tab1e 14, Fig. 21-)

PaCO, was raised by 20 mm Hg. In areas of brain oedena, rCBFw

rose only from 18.0 (5.0-23.0) to 21.0 (6.0-30.0) nUnin. 100c, a CO,

response of 0.17 (0-1.22) mL/min. 100c/mm Hg change in PaCOr. In rhe

opposite henísphere of these animals the change ín rCBFhr !¡as símílarly

attenuated, rising from 17.0 (13.0-32.0) to 19.0 (13.0-50.0) nUnin. 100c,

a CO, response of 0.19 (0-2.33) nl/rnin. 100G/nm Hg ehange in PaCOr. In

two of the ten areas of oedema, there ülas a fal1 in rCBFw with hypercapnia,

recorded as a CO, response of. zero. In three of ten areas in Ëhe

opposite henisphere, where Èhere rras no oedema, hypercapnia also produced

a faIl in blood flow.

In the 4 baboons in which there had been an injury buÈ no oedema,

the CO, response was better preserved. rCBFw l-ncreased from



¿101

23.0 (L4.0-28.0) to 33.0 (24.0-40.0) nUurin. 100G, a CO, resp

of 0.78 (0.19-0.92) nL/nin. 100G penrm Hg change ln PaCO, which was

greater than that seen fn the areas of oedema (p=0.055) and ín the

opposite hemispheres (p<0.05). The change in ICP produced by

hypercapnia was simí1ar ln each group of aníma1s.

(b) Grey matter (Tab1e 15, FJ-g. 22)

The CO, response with hypercapnia nas generally higher ín grey

matter than ín the corresponding areas of white maÈÈer. Although Èhere

rúas a greater variability.of indivl-dual values, the pattern of response

resembled that ín whíte maËter. Thus the CO, response adjacent to

whíte matter oedema was 0.45 (0-1.11) and 1n the opposite hemisphere

0.21 (0.13-1.89) nl/nin. 100G per rnm Hg PaCOr. In anÍmals with injury

but no oedema, the CO, response was highet at O.72 (0-f.38) nl/nin.

100G per m Hg PaCO, but these differences urere not signíficant.

The Cryogenic Lesion at 36 hours (Table 10)

Appearance of the lesion ranged from a haemorrhagic, necrotic

cone 1.0 to 1.5 cms in díameter surrounded by a zone of Evans Blue,

0.5 to 1.5 cms in wídthr.t,o minimal lesions which qrere not associaÈed

wíth an increase in measurable white uat.ter water contenÈ. Such Iesíons

consisted of a zone of plal congestion without macroscopic tissue damager

sometimes surrounded by a thin rim of Evans B1ue.

CONCLUSIONS

In oedematous white matter, noruotensive, normocapnic blood flow

was reduced. Arterial hypoÈensíon caused some further reducÈion and

the vasomotor resporise to hypercapnia was imFaired. However, an

íncrease in CPP and SA? caused a large Íncrease in CVR and no signifi-

cant increase in CBF.

In baboons with injury but no oedema, conËrol rCBFw and the CO,

response in white matter urere normal as compared with the values
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obtained 1n the methodological 6tudy reported earller and in other

studies (Synon et al., 1973; GriffÍrhs et al., 1975). However, in

these animals the autoregulatory responses Èo both hypoÈenslon and

hypertension were lmpaired.

rn the opposite hemisphere of baboons with unilateral oedema,

rCBFw was reduced to a value mfdway between normal values and those of

the oedematous areas, even though water and sodium conÈent q¡ere normal.

The responses to hypertension and hypotension reserrbled those in the

areas of oedema and in addiÈion, the Co, response vras attenuated.

These experlments confirm thaË ln areas of braÍn oedema, an increase

in SAP may not be acconpanied by an íncrease in CBF even though other

indíces suggest lmpaired cerebrovascular respgnsiveness. This capacíty

to increase CVR ín response to arterial hypertension is not presenÈ in

brain which has been injured but which is not oedematous. Arterial

hypertension and hypercapnia are knor,m to increase the spread of vaso-

genic oedema. rn accord with this, there hras a greater reductíon in

rCBFw over the duration of the study in oedematous areas compared wíth

oÈher areas. However, changes in tissue pressure 1n excess of measured

intraventrieular pressure are unlíkely to be so large or so rapid as to

explain Èhe rapid changes ín CVR.

In baboons wÍ-Èh injury but no oedema, impaírment of autoregulation

to hypotension and hypertension aË a time when normocapnic, normotensive

rCBI\u was normal, resemblad the response to injury described in the caÈ

by Reivich et al. (1969a). rr is probable that this represenrs rhe

first stage of blood flo¡¿ disturbance following brain injury.

An explanation of Èhe changes in blood flow in the oedematous

white Datter must take i-nto account the changes which occurred in the

white matÈer of the opposite hemisphere and in Èhe deep grey matter of

baboons wíth unilaÈeral white matter oedema. Although no area of grey

matter ¡.ras oedeuaÈous, the cerebrovascular responses following injury
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resembled those in the adjacent areas of whÍte matter. Blood flow fn

grey matter showed a greater variabllity, and thls was particularly so

in anlmals wl-th oedema.

Evans Blue dld not staln the opposfte hemfsphere or the deep grey

matter of the ani-mals with oedena and so these more distant effects

cannot be due to changes Ln elÈher tlssue pressure or the blood-braLn

barrier. Brain stem rùater content rras not measured, but since all

animals were alert and the only focal neurological deficits were con-

sistent, úrith the site of cortical fnjury, it is unlikely that oedema

extended to the brain stem. Similarly, the alert sÈatus of the anl-mals

spoke against a general met.abolic depressfon as a cause for the reduction

in flow 1n the opposite hemisphere and the deep gïey matter.



SECTION 4

OBSERVATIONS IN PATIENTS I^IITTI BRAIN OEDEMA
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PTTRPOSE

Ttrle study examLned the relatfonship beÈween regfonal CBF, brain

tlssue ltater content, amd tfssue densl-ty measured by couputerized axl-al

tomgraphy (CAT ecanning). CAT ecannÍng enables horfzontal eectfone of

Èhe cranlum to be t'vLewedtt as a matrfx based on the X-ray absorptÍon

of snall volumee of tl-6eue (Hornefleld, 1973). TÍssue densitiee nay be

coqared agalnst an arbLtrary scale on whLch alr Ls -500 and water lg

zero. Normal brafn densitles range from *11 to +15 for ¡¡hlte matter,

and .}16 to +22 for grey matter. Lø¡er densltl,es may be for¡rd l-n oedem¡,

infarctlon, or resolvlng blood cIots, and hlgher or lower densltfes rnpy

occur 1n tr¡mour tfssue and l-n areas of contusÍon and haemorrhage after

head lnJury.

PROTOCOL

CAT r¡rLts had only recently been put into general cllnlcal use,

and the time avaÍlable for e:<perlmental studies was llm1ted.

Ttris study rùas conducted on ffve patlents shom by CAT ecanning

to have 'nnes leslons associated wlth areas of reduced tlssue densl.ty

consl.stent lsith oedema.

The C,A,T scans were perfo::med wfth an EMI head scannl-ng trnit,

using an 80 x 80 natrfxwhich allowed blocks of tissue 3 m x 3 -m x13m

to be viewed (Flg. 22). Results r¡ere etored on nagnetlc disce and later

printed out by a line pofnter as X-ray densLty fLgures, and dleplayed

on an oscilloscope rnLt as an anatomlcal representatlon, uslng a black-

wtrfte scale-to Lndicate X-ray density.

Reglonal CBF was neaeured by the 133x. Lnhalatlon technLque wÍth

the patlent fully conscfous (I.Iyper et al.,1975). End-tldal CO, was

rnonftored continuously. Blood flow was measured ln two areas fn

the same hemisphere, at least one of which was Judged to Lnclude the

area of reduced x-ray densLty. rn one patient, cAT scanning and cBF
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8-15

-E agure ¿J : CAT scan of a glíoma wíth oedema.

There is an area of reduced density in the
left tempero-parietal region. This is
híghlíghÈed on the right by selectíng the
scale range 8 to 15 X-ray density units
(PaÈient E.H. ) .

t t!-
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æasurements were repeated after 72 hours of sterol-d therapy (dexanetha-

sone 4 mg six-hourly orally).

At operation, brain tissue sauples were taken from areas adJacent

to,but not lncludLngrmacroscopic tumour. Samplea lrere placed lmedf-ately

fnto pre-wej.ghed contalners for wet weight/dry welght estlnåtLon of

tLssue water content.

RESULTS (Table 17, Flg. 23)

Tissue I'later Content

Biopsles were performed ln four patíents. The fifth patient rdas

diagnosed on clinical grounds as having a cerebral lnfarct. All four

blopsiee confirmed the CAT scan evidence of whLte metter oedema.

CBF in Oedematous Zones

In three patlents, there was reduced tissue density in the CAT

scan ln both the frontal and parietal reglons. CBF r¡as reduced in all

six regl,ons compared with normal values obtalned with this technique

(Lennox et al., 1975).

In the two patients ln whom reduced tissue density occurred fn

one region only, CBF was lower in thls reglon compared wlth the regl.on

with normal density.

The Effec of Sterolds

In a single patient (E.H.), treatment with dexamethasone ¡¡as

follot¡ed by an increase in both tissue x-ray density and cBF fn the

same area. Tissue llater content after treatment r¿as st111 above normal.

CONCLUSTONS

This small study suggests three tentative concluslons. tr.irstly,

the area of reduced density aror:nd a tumour ¡nass connonry shown on

cAT scannlng nay have an lncreased tissue nater content. The cAT
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TABLE 16

CEREBRAL BLOOD FLOT.I AND BRAIN TISSUE WÀTER
CONTENT IN PATIENTS T¡IITIT BRAIN LESIONS

Patlent Diagnosls

re
Flow

(nl/nl-n. 100c)
Frontal Parl.etal Tlssue Water' (Z wet wetght)

I.McT.

J.A.
Rt frontal glloma

Blfrontal gliona
26

28

24

25

36
44

36

28

82.4

88.0

83. 4*

80
91.

4
4

K. C.

P.M.

E.H.

Left tenporal glioma

Left deep frontal
lnfarct

Left teqoral glloma

23

45

32
4L

*After steroÍd therapy

scan will therefore detect oedema and may be a gul-de to the effectlve-

ness of dlfferent nodes of therapy. Although several dfsease processes

reduce tlssue x-ray densfty, recent developments fn cAT scanning, such

as enhancement of tr¡mour tissue by iodine-containing contrast nedla, axrd

the use of finer matricesr r y alrow oedema to be dlstlngulshed more

easlly.

Secondly, thls study confirms that reglonal CBF roay be low in

areaa of verifled oedema. Finally, the sfngle caae l-n whlch cBF was

rneaeured before and after Èreatnent with dexamethasone is consfstent

with other evldence that one beneficíal effect of steroLds fs to lncrease

cBF ln area6 of oedema (Reulen et al., 1972). Although tissue water

content could only be measured after treatment, the increase in tissue

x-ray density with treatnent suggests that the increase Ln cBF was

accompanfed by a reductLon Ln tissue water content.
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SECTION 5

T.INAL DISCUSSION
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These experiments have studLed the cerebral clrculatlon after brafn

lnJury. By using a mdel whlch is associated wlth oedema, the

influence of thls connon conponent of braLn lnjurles has been exanlned.

The first serfes of experlments showed that soon after 1nJury, there was

a reductlon Ln CBF tn the lnjured area. Furthermore, CBF coul-d not

always be lncreased either by lncreasfng CPP or by hypercapnla. Thls

raLsed important questions about autoregulatlon Ln areas of braln fnJury.

It 1s clear fron many studles, that autoregulation 1s a characteris-

tic of a healthy cerebral circulatíon and that loss of auþoregulatlon

may be an early effect of lnjury. Yet in this study, soon after a focal

lnJury, three types of cerebrovascular response to arterial hypertension

were identifíed; a pressure passive pressure-flow relatlonshlp, lndi-

cating loss of autoregulatlon; secondlyr "false-autoregulatlon" Ln

which perfusion preaaure did not change this response does not depend

upon, nor provide, infomatlon on the state of vascular reactfvity;

thtrdly, constant flow accorpanying Íncreasing perfusl-on pressure -
ttpressure-flow dissociationtt .

Pressure-flow dl-ssociatfon after injury could not be regarded as

a persistence of physíologlcal autoregulatlon. lt did not depend upon

the presence of autoregulatÍon before ínJury, and lt occurred in anirnals

wlth evidence of more severe tissue damage thán those whÍch dfd not show

this response. In other words, pressure-flow dissocfation after fnJury

rePresented a more severe state of disordered cerebrovascular responsive-

ness than did a pressure passl-ve response.

The second series of experiments analysed thls problem further by

separatíng the effects of the primary tissue lnjury from that of the

secondary oedema. Brain lnjury without oedema lqaired autoregulatLon

and a Pressure passLve pressure-flow relationship resulted. Oedema however,

l¡as assoclated with pressure-flow dLssociation. Resting CBF in oedema-

tous areas was reduced in proportion to tissue rrater content. The

decrease rùas not related to the level of rcP, suggesting that cBF was
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influenced rpre by tlssue pressure than rcp. Arterl-al hypotension

reduced CBF' further evidence that physlologlcal autoregulatlon was

Lryafred and that the fncrease fn CVR with arterLal hyperteneÍon wae

not a normal physlolog1cal response, but rather an indÍcatlon that

any, factor which nlght tend to l-ncrease CBF dlrectly would meet wlth

íncreaeLng CVR. Ttrus, both arterial hypertenslon and hypercapnla whl.ch

have contrary effects on CVR in a normel vascular bed and w111 fncrease

flow in damaged braÍn without oedema, rrere unable to increase flow in
oedematous brain.

ThLs forn of flow regulatfon is clearly not physlological auto-

regulatlon whlch 1s lost in much less severe lnjuries. Reductlon ln

resting leve1s of CBF with increased tissue rùater content nay be partly

due to fncreased tissue volume, so that CBF per unit volume l-s decreased.

Thls does not exPlaLn loss of vascular reactl-vity. Increased tissue water

content mey lncrease tlssue pressure beyond ICP. Calculation of effec-

tive perfuslon Pressure and transmural pressure within the oedematous ì

tissue nay therefore be based more properly upon tissue pressure, rather

than ICP or cerebral venous pressure. It is well known that arterlal

hypertenslon will augment oedema formation. perhaps by drlvLng fluld

into the extravascular compartment, increasLng tissue pressure and

deforming the vascular bed, arterial hypertenslon Lnduces a type of

passive autoregulatlon, analogous to that once postulated ln the renal

vascular bed (Hinshaw et a1., 1959). rn support of thls, there was a

greater reduction in reglonal CBF 1n areas of white matter oedema through

the period of study. However, changes in tissue pressure would need

to be well in excess of measured ipsilateral ventricular pressure in

order to negate the increase in calculated CVR found in these studies.

Danage to the blood-brain barrier urlght allow vasoacÈLve blood-

borne netabolites to enter the extravascular space. rt is unlikely

however, that the exogenous norepfnephrine used to induce arÈerial
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hypertensfon wourd act directly on cerebral vessels fn such a rray as

to lncrease gvR. Studiee tn whfch the blood-braLn barrLer has been

delfberately opened by osmotlc agenta, auggeat that norepr.nephrfne

fncreaeee rather than decreaaea CBF and metabolLsn (MacKenzfe et aI.,
igls). A reduction tn local metaborfc rate may occur followlng tnJury.
Although thfs nay explaln a reductfon fn reeting regLonal blood flow,
1t does not e:çlafn an lncreage fn c\IR with arterLal hypertension.

changes fn tleeue preaaure and the blood-braln barrfer ¡nay con-

tribute to the effects of oedema fn the area of braLn lnJury. However

such changes cannot explain the fLndlngs fn the opposl,Èe hemisphere

of anÍmals ¡rtth unllateral oede'no. Although tlssue water and erectrolyte
content in these areas ltere nornâl, CBF fn the white natter of the oppo-

sl-te henísphere was reduced to values nLd-way between norral values

and those in oedematous areas. As in oedematous areas, hypotensfon

caused a fa1I Ín cBF, yet the reaponse to hypertensr.on r.ndlcated

preasure-flow dlssocfaÈion. Furthermore, the Co, reaponae rùas attenuated.

Blood flow in the non-oedematous grey matter \ras more varlable, particu-
larly Ln animals wLth whtte matter oedema. The general pattern of
cerebrovascular reaponsea followed those of the adJacent whLte Dåtter.

von lfonakow (1914) postulated on clinical evidence, that a circum-

scrlbed cerebral lesfon nay cause a transÍent depressfon of neurologl--

cal- function in areas remote from the leaion. He terned thfs dfeschLsis.

In an experfmental study, Kempinsky (1958) found that acute unilateral
cerebral inJury caueed bílateral depresslon of spontaneoua and evoked

cortlcal electrlcal actJ.vÍty. This depression rùas prevented by dtvfdfng
Èhe corpus callosum. Hdedt-Rasmussen e skinhdj (1964), sktnhóJ (1965)

and Èfeyer et al. (1970) reported bilaterar reduction fn henisphere

blood flor¡ fn Patientg wfth unllateral cerebral leslons or brain stem

fnfarctÍon. Meyer et al (1970) found an accoryanyr.ng reductlon

l-n heul.sphere metabolism. These workers suggested that the distant
effects of focal lesions l-ndlcated a transneural depressLon of fr¡nction
perhaps medlated by transcalloeal or brain sten pathways.
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Contralateral îeduction tn blood flow has been reported afÈer cryogenic

lnJury (Bruce et al.,1972; I{allenfang er al., 1975). In a model of

focal lechaemia, Rel-vlch et al. (L977) reported a contralateral reduc-

tlon of CBF and of glucose metabollsm. These studles provlde atrong

support for von Monakowrs cllnlcal concept, but the mechaniem responsible

for the remote effects le not yet clear.

An exÈensfon of oedema lnto the brain stem might explaln cerebro-

vascular lmpairment in the contralateral hemisphere (Shal1t et a1., L967;

Fenske et al., 1975). Although brain stem \dater content rùes not measured

1n thÍs etudy, the anlm¡Is were alert and 1n those wlth neurologlcal

deflclts, the deflcits were strictly locallsed. For simllar reasons,

an overall metabollc depression is an r¡n11kely explanatlon for a reduc-

tfon of flow in the opposfte hemisphere. Release of endogenous nore-

pÍnephrlne from the site of tnjury r.ras invoked by Kogure et al. (1975).

However, as already discussed, experimental evldence l-ndicates that

noreplnephrine tends to lncrease cBF and metábolism. Furthermore,

such a mechanism would not explain an lncrease 1n CVR durlng arterial

hypertension. rt 1s indeed lnteresting to speculate whether the

Íntrinsic catecholaminergic neuronal systems whlch have been sho¡m

recently to arfse fron braln stem nuclel and to project wldely through

the cerebrum (see page 15) nay provide the pathway for the remote

effects of focal brain injurles.

The snall study in patients Lndlcated how cAT scannLng rnay be

used fn cllnlcal studies of braín disease wlth oedema. CBF was reduced

1n areas of verified oedem¡. Steroid therapy r^ras associated ¡¡ith an

increase in regional blood flow and nost likely, a decrease in brain

water content as indÍcated by the CAT scan. Thls clearly needs further

study.

How the cerebral circulatLon 1n damaged brain responds to changes

ln SAP and PaCO, has considerable importance for the cllnician who wi.shes
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to fncrease tlssue perfuslon ln order to reduce or prevent braln danage;

who wlshes to gauge the degree or extent of a brafn inJury, or who

r¿lshee to asaess the effectiveness of treatment. rt fs clear that

attempts to increase CBF by Lncreaslng sAP or Íncreastng PaCo z may

be quite lneffectLve. Both manoeuvrea are knor¡rr to lncrease vasogenlc

oedema. They nay therefore compor.rrd the deleterlous effects on regfonal

cBF, and by lncreaslng rGP and tl-ssue elastance, render the braln

susceptlble to further increases in ICP, to brain distortlon and hernla-

tlon. Hypercapnia nay even decrease flow fn the injured area.

Clearly the ideal method of Íncreaslng tlssue perfusfon Íe to

decrease CVR. To do so, one needs to know why CVR Ís Lncreased. Although

the exact mechanlsms cannot be deduced from this study, there 6eems to

be a close relationship with Ëlssue water content. It may be suggested

that reducing tLssue Ìdater content and tlssue pressure, perhaps by

steroids or osmotic dluretics, are an easentJ-al part of any atteryt to

lncrease perfusíon in areas of brain damage and r¿ill be more effectfve

than attempts to increase CBF directly.

There are clearly many factors lnfluencing CBF in areas of brain

fnjury. Controlled experlments such as those reported in thls thesis,

nay lead to a better understanding of the way in whlch brain J-njurles

affect functlon, and help clfnlcians to determlne the most effective

methods of treatment.

CONCLUSIONS

In braLn 1njury, the relatlonship between CBF and SAP ts complex,

but one of three general patterns may occur; lmpairnent of auto-

regulation wlth a pressure passive pressure-flow relatlonshlp; second-

ly ttfalse autoregulation" Ín which CPP does not change, and finally,

pressure-flow dissociatlon in whlch CBF 1s constant desplte lncreaslng

CPP.

I
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2. Ttrfe thfrd reeponee, fs related to fncreaaed tÍasue ryater content

and la not present ln ninor bral.n fnJuries wfthout oedema.

3. The cerebrovascular reeponae to h¡ryercapnla fa reduced fn areae

of oedema.

4. Preeeure-flow dlaeoclatÍon fn damaged braln Le dletinct from

physlologfcal autoregulatfon. Thfs nay e:çlafn the paradox of

clfnlcal studÍee whlch have reported intact auÈoregulation in
patlente with eevere brain lnJuries.

5. changee 1n GBF and 1n cerebrovascular Ìesponaea occur Ín areas

of brafn whlch are not oedematous and are remote from the focal

tnJury. thle adde aupport, to the cllnlca1 concept of dlaechlele.

6. rn areae of lnJury and oedema¡ atterytB to fncrease cgF by

fncreaelng sAP or Paco, nay be harnful. Reducing c\IR by reducfng

tÍeeue lùater content and tÍssue preasure are an essentl-al part of

any attetrpt to lncreaee perfuslon 1n areas of brafn damage.

7. Regl-onal cBF neasurement may be the only way of accurately

aeseselng the effecte of dffferent modee of therapy fn apeclffc

brain lnJurfes.
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TABLE 1

NORMAL VALUES

Body
Tenp

O¡

Exp. pOn pCO"
No. (* Ág) (n* HÉ)

r pCO" pH Hb
fre) (ftm HÉ) (c/tooc)

ArÈerla1
Blood Gases

pH p0
(nm

Venous

5

5
I
5
8

0
0
5
0
0
5
0

36.
36.
3ó.
36.
36.
37,
37.
36.
38.
37.
36.
36.

2.2
L.7
1.8
1.2
2.2
1.6
3.1
2.0
¿.)
2.3
2.7
2.3

SAP ICP VPR
(m Hg) (rur Hg) (n¡n ngl

0.1 cc)

92
87

103
97

92
108

93
90
70
97
90
87

100
110

7A
o,
87
98

110
118

87
98
85

SSP
(rrrr HS)

ct"rRo2

11
6

18

t4
25

9
4

19

I
I
3
I
2

1
5
1
1
1
I
2

6
11
I5

7

t2
7

19
7

7

6
o

21

72
T7

9
3
5
4
9
3

T4
4

3

13
10
10
11
10
10
IO

9

10
9

I2
72

4L
42
40
38
36
35
29
36

38
49
34

4
9
0
I
I
8
8
2

0
1
5
1

7

7

7

7

7

7

7

7

7

7

7

4
5
5
I
2

0
5
5

5
9
4

46
44
48
50
46
45
52
50

44
42
49

40
33
39
40
42
47
42
50

28
42
35

0
5
5

7
2

0
2

0

9
5
0

.48

.49

.44

.44

.37

.4r

.36

.40

.46

.46

.4r

7

7

7

7

7

7

7

7
7

7

7

7

7

7
7
7

7

7

7

7

7

9
7
n

3
I
5
5
5
0
I
0
5

40.
37.
41.
39.
40.
39.
40.
39.
40.
38.
38.
39.

0
5
0
0
0
5
2

0
3
3

5

44.
41.
38.
42.
42.
39.
37.
44.
4I,
4I.
t+2.

9
0

0
5

ro2.
TI2,
91.
94.

98.0
99.0
88.0

104. 0
88.0

107.5
L32.5
102.0

1
2
3

4
5
6
9

11
12
13
15
76

2

4
5
6
7

8
o

10
I1
\2

SERIES 1

SERIES 2 4.J

4T
47
42
46
40
45
33
46
4I
35

115.0
158,0
r-84.0
134.0
138.0
98.0
93.5

103 .5
111. 0
135.5
141.0

36.7
36.0-
38 .0

2.2
L.2-
3.1

5

0-
0

12
4

25

1.0
1. 0-
5.0

7.0
3.0-

21. 0

7 .38
7 .29-
7 .49

92.0
70.0-

118. 0

Median
Range

104. 0
91.0-

184.0

10. 8
9. 1-

13.l+

46.4
42.9-
52.5

7.43 40.7
7 ,33- 28.9-
7,49 50.0

40.5
37 ,2-
44.O

H
H
('¡r



TA3LE II

COMPARISON OF CEREBRAT BLOOD FLOI{ }MASURED BY
133xsNoI¡ & HYDROGEN

CBF (n1/urfn. 100c)

Hydrogen

Cortex

Slow Ithlte

L7

Xenon

Deep Grey
ExP
No

PaC0,
(u,n ltã)

SAP
(nn He)

88

Fast Slow Fast Slow

1 39. s

Fast

87 28LL2
82

29
47

68
63 2

T788,51,95 142

I 2

36. 0
38.8

70
68

94 24 35
232 72

3 37 .0
36.0
43.0

73
68
70

99
135

28 130
115

20,23
18,192 3 91
18 25 9L

82

LTz

4 41. 5
43.5
40. 0
35.5

77
78
80
80

2T
26
23

20,15
2L,L4
27 ,L4

99
69

148
72

l-20
7 4,87
72,65
90, 65

L7
18
2I
74

L6
20
15

87 47 13 7

94
9L

LTz

5 35.5
37.5
36.0
38. s
38.5

23
35
33
34
30

99
97

139
L22

85
80
85
83

t2

61
62
99
82
67

9

16
16
15
17

L2
116 13

18 52 74 4 18 L6

43.0

4L.5

78

100

7 13 14

22,25 99

32

30
23

115
92

33
31

62I 104 25
83 24 27

24,26 529 38. 0 90
88

26
28

T7 31,35
2673 130 7

Ìfedlan

Range

82.0
67.V

104.0

84.0
7 4.2-

104. 5

20.5
12.0-
32.O

39;5
37 .2-
43.0

26,3
13.0-
38.0

93
51

103

8
0-
7

18.0
29.0-
11.5

16.0
12.0-
26.5

73.7
63 .0-

130.0

P
H
o\

Medlan and range based on average of nultlple values obtalned fn lndlvldual anlmals
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TABLE III

COMPAR.ISON OF CEBTBRAL BLOOD FLOI^I MEASURED
gy 1-33¡g¡oN & ITyDRoGEN: coRRELATToN AT

DIFFERENT LEVELS OF PaCO,

CBF (nl/nin. 100c)

Xenon Hydrogen
Exp. Run PaCO, SAP
No. No. (rm Hã) (nn Hg)

Fast Slow Cortex I,Ihite
Måtter

Deep
Grey

6 67
73
58
63

52
53
58
56
65

1
2
3
4
5

38
52
s4
66
69

9
0
0
0
0 73

51
46
54
65
54

74
79
56
64
52

7 1
2

3
4
5
6

43
44
48
55
58
60

0
5
0
0
5
9

78
87
98

LO2
98

108

91
89
75
86

725
130

63
99
77
91
89

104

8 1
2
3
4
5
6
7

4L
4L
56
64
61
72
47

5
5
5
0
0
0
0

100
108

93
107
r07
t,20
103

62
105
7r2
130
747
160
105

33
31
30
25
23
26
25

83
130
130
L47
148
130

22
24
30
27
29
25
23

99
59
40
48
48
50
45

9 1
2

3
4
5
6

38. 0
39.5
45.O
60.5
7 5.0
7 6.O

90
88
75
B3
82
85

73
89

169
94

169

26
28
30
39
25
35

24
27
22
32
36
36

L22
110
23r
139
245

10 34
4s
53
63

115
L]-2
LO7

LO2
83
87

58
62
67

105
56
66

18
19
25
31
20
13

6L
57
61
76
60
72

13
18
25
26
23
L7

50
77
91
58
79

I
2
3
4
5
6

46.

5
0
0
5
0
043



TABLE IV

MEASUREMENTS BEFORE CRYOGENIC INJURY - RESPONSE TO CHA¡TGE IN BLOOD PRESSURE

CONTROL (C) & EXPERIMENTAL (E) VAIUES IN BASOONS I4IITII INTACT & IMPAIRED AUTOREGULATION

PHExP
No.

PaCO^
(rr nÉ)

CE

SA?
(uun He)

ICP
(nrn Hg)

E

CBF
(rnl/min. 100G)

c E

43.s
30.0-
78.0

zAcvR cMRo2 VPR
(mr Hgl
0.1 ml)

CE

(Art. )

c E c

93.0 73.0 17.0
87 .0- 68.0- 9.0-

100.0 L32.0 2I.O

92.5 73.0 10.5
85.0- 67.0- 6.0-

108. 0 r32.0 2L.0

CE

Auto-
regula-
tlon
l-ntact

Auto-
regula-
tlon
lmpalr-
ed

Medlan

Ränge

Medlan

Range

MedÍan

Range

6

11
15

7

10
9
6

40
37
4T
44
47
39
37

43
4I
4L
40
42

41
4I
41
38
40

1
2

3
6

11
L2
13

4
5

9
15
16

4T
38
4I
40
42
38
37

92
87

103
108

92
85
97

67
70
85
83
75
72
70

35
32
61
40
68

33
32
66

(4t ) +t*
(84) 69't

83
42

.48

.49

.44

.4L

7

9

15
7

9

9
8

78
42

26
20
43
30
24
22
32

26.0 2.O
20.0- L.6-
43.0 2.3

2.2
L.7
1.8
r.6
2.0
2.3
2.3

I.2
2.2
3.1
2.7
2.3

1.8
2.6
1.8
1.8
3.1
2.6
2.4

0.9
2.3
2.3
2.8
2.2

2.3
0.9-
2.8

2.3
0. 9-
3.1

2.4
1. 8-
3.1

7

7

7

7

7

7

7

1
1
3

1
I
1
1

1
1
3
2
2

I
1

9.0
6. 0-

15.0

7

7

7 49

9.0 42.0
7.0- 32.0-

15.0 78.0

48
39
46

46
39-

40.0
37.0-
42.O

40. 0
37 .0-
47 .0

92.0
85.0-

108 .0

7 2.0
67 .0-
85.0

43.0
32.0-
83.0

100
100

93
90
87

73
80
73
68

]-32

11
L7
19

9
2L

4
16
16

6
28

4I
48
53
45
30

27
45
36
40
57

7 .47
7 .39
7 .37
7 .47
7.4L

0
18

0
14
L7

1.0
1.0-
3.0

1
7

3

5
0-
0

1.
1.
7.

1.
1.
3.

1
4
5
1
2

2.0
1. 0-
5.0

0
0-
0

41.0
38.0-
41. 0

41.0
40. 0-
43.0

16.0 45.
4.0- 30.

28.0 53.

40.0
27 .0-
57.0

14 ,0
0-

18. 0

2.3
L.2-
3.1

7.4r
7.37-
7 .47

40. 5
37 .0-
42.O

41. 0
37 .0-
47 .0

7 .4s
7 .37-
7.49

0
0-
0

9.0
4. 0-

42
27
83

5 2r.5 2.
0- 0- 1.
0 43.0 3.

2

2-
1

1.0
1.0-
5.0028

* Slnce PaGO, had rlsen inadvertently through the period of CBF measurement, CBF values 1n these
two runs oñly have been corrected, using the appropriate CO, gradlent, to obtain the CBF at the
cn¡trol 1evel of PaCOr.

The measured flo¡^r values are shown in brackets.
P
@



TABLE V

MEASUREMENTS BEFORE CRYOGENIC INJURY - RESPONSE TO IIYPERCAPNIA
coNTRoL (c) & EXPERTMENTAT (E) vAtuES rN BABooNS I{rrH rNTAcr & r}rpArRED AuToREGULATToN

Exp.
No.

Medlan

Range

PaCO,
(tr* nÉ)

CE

CBF
(ur1/urin.

100c)
CE

4I
40
80
75
88
80

115

ACBF

APaC0,

1.1
0.5-
2.9

SAP
(nm Hg)

98
88

]-22
120

92
85
BO

ICP
(mn Hg)

E

t2
10
34
22
11
12
19

16
29
34
11
38

CVR
(um HglrnU
min. 100c)
CE

ACVR cMRO2

APaCO
2

vPR
m Hgl
0.1 nl)
CEC

92
87

l_03

93
82
75
90

90.0
75.0-

103.0

100
100

95
90
87

E C

6

11
15
11
10

4
10

Ec

Auto-
regula-
tíon
intact

AuÈo-
regula-
tion
inpair-
ed

46
38
44
61
06
25
38

0.5
1.1
1.1
1.0
2.9
1.9
2.558

53
45
58
64
49
45
65

4I
38
4L
39
42
33
42

1
2

3

6

11
72
13

2.3
3.7
2.5
3.2
3.0

35
32
67
51
68
57

41.0 s3.0 s7.0
33.0- 45.0- 51.0-
42.0 65.0 61. 0

53
50
59
51
52

1.1
1.6
r.4
1.1
3.1
2.3
3.1

2.2
1.3
1.8
1.5
1.3
2.2
3.1

03
06
02
01
02
03
o4

03

0
0
0
0
0
0
0

.31

.92

.91

.53

1.2
1.9
2.8
3.6
2.5

1.1
2.2
3.0
2.7
2.3

08
10
06
07
10

0
0
0
0
0

26
B4
50
85
97

1
0
0
0
0

L7
73
45
80
20

02
97
82
85

L02

1

.09

.95

.10

r.44 1.10 0.
1.06- 0.53- 0.
2.46 2.09 0.

1.8 1.6
1.3- 1.1-
3.1 3.1

2

2
1
1
1
1
1

2
1
1
1
2

2
1
1
1
0
0
0

1
1
2
3
1

2

1
1
3
2

I

1

80. 0
40. 0-

115. 0

68
81
96
87
66

92.0
80. 0-

r22.0

10. 0 L2.0
4.0- 10.0-

15. 0 34.0

1.5
1. 0-
3.0

1.0
1.0-
3.0

01-
06

2

7

2

4L
48
53
4s
30

4I
4I
42
38
40

4
5

9
15
T6

11
T7
18

9

2L

2

4
3

2.5
L.2-
3.6

2.3
1.1-
3.0

OB

06-
10

2.0
1. 0-
7.0

2.0
1. 0-
4.0

2.L
1.1-
3.6

2.2
1.1-
3.1

05
01-
10

r.67
1.06-
2.46

94.5 11 17.5
80.0- 4.0- 10.0-

r22.0 2I.0 38. 0

0
0
0

.85

.50-

.26

29.0 1.80 0
11.0- 1.45- 0
38.0 2.20 1

Medlan

Range

Medlan

Range

52.0 45.
50.0- 3@.

59.0 53.

81. 0
66.0-
96.0

95. 0
87.0-

100. 0

91.0
7 5.0-

103 .0

97 .O
82.0-

102. 0

17 .0
9.0-

27.0

3.0
2.3-
3.7

0
0-
0

41. 0
38.0-
42.0

2

0
3

0
0-
0

80
40

115

41. 0 52.5 49 ,0
33.0- 45.O- 30.0-
42.0 6s.0 61. 0

0. 95 0.
0.50- 0.
2.09 0.

4
5-
7

ts
ts
\o



TABLE VI

EFFECT OF CRYOGENIC INJURY IN BASOONS WITH II{TACT AND IMPAIRED AUTOREGULATION
VAI,UES IMMEDIATELY BEFORE INJURY (C) S ]O E 60 MINUTES ATÎER INJURY

Exp
No

ICP

46
20
78
24
25
12
L2

6
13
15
11
t4

9
10

47
I4
4I

4I
L4
L2

40

44

40
39
39

4I
37
4I
39
40
39

PaC0.
(m HÉ)

SAP

L20
78

175
85
73
68
73

92
82

103
93

72
90

130
7t

92

71
72
70

4I
38
45
45
43
39
37

(m He) (m Hg)
CPP

(m He) (nl/n1n.
100c)
30 60

26
34
29

45
68

cvR
(m Hg/n1/
nln. 100G)

c 30

CBF

c3060 c3060
cMRo2

r.t
2.6

r.5158
1.3 1 1 I
0.9 3 5 5
0.6 3 2 5
1.1 L 2 5
2.L 1 I

0.8
I.2
2.O
2.5

ta

1.3
r.8

77
23
L2

VPR

30

(m He/
0:1 D1)c3060c3060

30
26
24
33
65
68
t7

c

35
32
61
51
44
83
58

60 c3060c 60
AuÈo-

regula-
È1on
lntacÈ

1
2
3'
6

t1
t2
13

86
69
88
82
58
63
80

ðJ
58
51

36
58
58

74
58
97
61
48
56
6L

2.48
2.L5
L.43

2.85
L.7I
3.34
1. 53
1. 07
0.82
L.45

1. 61
r.64
0.76
1.3 8

2

2
2

o.7 6
0.85
1.41

1.5
1.3
2.5

6 _I.6 L.2
3- 0:8- 0.6-
5 2.6 2.r

1 1.0 1.6 2
2 i.5 2,O 4
0 2.2 2.2 3
7 2.0 2,6 r
3 2.5 2.5

I.77 I.64 2.3 2.0 2.2
0,78- 0.82- 1.1- 1.0- 1.6_
2.76 2.52 3.0 2.5 2.6

2.0 2.0 1,6
r.1- 0.8- 0.6-
3.0 2.6 2.6

I
1
2

90.0 78.O
72.0- 68.0-

103.0 175.0

41.0 95.0 85. O

38.(Þ 87.Þ 72.O-
42.O 100.0 108. O

40.0 33
26,O- 2L
68.0 68

45.0 35.0.
30.0- 29.0-
53 .0 49.0

37.5
26.0-
68. 0

61 1.53 7.77
76- o.82- 0.76-
48 3.34 2.77

01
0-0
o2

80.0 6r.0 58.O 51.0
63 . 0- 48 . 0- 36. 0- 32. 0_88.0 97.0 83.0 83.0

41
48
53
45
30

46,s
30. 0-
83.0

Medlan

R¿nge

Med lan
Range

Medlan

Range

40. 0
37.0-
42.0

0 24.0
0- 12.0-
0 78.0

27 .5
12,0-
47.0

2I
1ó
56
13
24

25
15
50
10
20

7 4.5 11
70,0-- 6

130.0 15

71
85
93
72
92

11
L7
18

9
2I

85,0 17.0
72.0- 9.0-
93.0 2I.0

40.0 41.0
39. 0- 37.0-
44-0 4s.o

100
100

95
90
87

38
4L
42
38
4L

48
44
45
hI
35

41.0 44.o
38. 0- 35.0-
42.0 48. 0

1
1
2

r.75 1,
I.50 2.
0.82 3.
1.64 2.
2.52 2.

,76
.43
.78

.24

62
78-
34

2

I
0
I
2

1
0
3

.45-

2

t
I
1
I
I
1

2

1
0
2

16

45
80
83

16

32
46
45
36
27

30
49
49
35
29

56
69
37
59
68

83
70

62
65

89
83
77
81
66

108
85
88

85

4A
4L

38
40

AuÈo- 4

regula- 5
Èfon 9
fnpalr- 15
ed 16

46.0

36.0
27 .O-

34.5
24.0-
68,0

20.0 2I.0 81. 0 65 . 0 59 . 0r0.0- 13.0- 66.0- 38.0_ 37.0_50.0 s6.0 89.0 83.0 69.0

0-
0

4
1
8

1.5 2.O
1.0- 1.0-
4.o 5.0

64
76-
?7

t
0
2

69
76-
48

2I.0 80.5 61.5 58.0
12. 0- 63.0- 38. 0- 36. O_56.0 89.0 97.0 83.0

22.0
10.0-
78.0

12.0
6. 0-

2L.O

91.0 81.5 71.0
72.0- 68.0- 7o,o_

r03.0 r75.0 130.0

4r.5 40.0
35.0- 37.0-
48, 0 45. 0

40.5
37.0-
42.0

No



TA3LE VlI

MEASUREMENTS A¡'TER CRYOGENIC INJURY - EFFECT OF ARTERIAI IÍYPERTENSION
CONTROL (C) & EXPERIMENTAL (E) VALUES IN GROUPS ACCORDING 10 CHANGE

IN CEREBROVASCULAR RESISTANCE

SAP ICP CPP VPRcMRo2z 
^cvR

ExP
No

PaC0^
(.' uÉ) (run Hg) (mrn Hg) (rrn He)

CBF
(ml/nin.

100G)
CE

cvR
(rnm Hglnl/
urln. 100G)
CE Ecc E c E c E

0
0-
0

(mr
0.1
c

1.
1.
4.

2.0
1.0-
4.0

Hg
n1)

E

^cvR>20"/"

^cvR< 207"

19
34
57
48
54
45

22
40
7L
49

LO7

45

20
29
60
45
68
27

60
98
67
42
74

100

79
37
19
35
19
19

37
2L
10
4I
13
13

82
77
80
87
55
70

L02
82
90
93
72
92

42
38
4L
40
45
39

42
43
42
42
39
43

43
38
43
42
47
39

3

4
5

11
13
15

I
2
6

9
12
L6

c E

78.5 L29.5
55.0- 93.0-
87 .0 148.0

]-43
722
737
148

93
t22

45
56
70
46
42
57

64
85

118
113

74
103

24
32
53
47
44
37

6

5
4

2

2

4
3
I
1
1

I
1
1
0
0
1

4
2

6

8
2

2
2

2

2

I
2

2

2

.88

.75

.32

.98

.96

.54

00
31
88
82
85
52

0.8
r.4
1.5
L.4
2.3
2.6

1.9
r.7
L.7
2.2
3.6
3.5

0.9
1.6
1.9
1.3
2.3
1.9

1.0
1.9
2.3
2.2
2.L
2.5

80
43
57

141
44
49

3.37
2.50
2.O7
2.35
L.37
2.29

2.73 12
2.45 6

0.94 7

0.8s 4
0.69 -19
2.22 -r2

Medlan

Range

Medlan

Range

Medlan

Range

42.5 40.5
38.0- 38.0-
47 .0 45.0

17 .0
10. 0-
41. 0

27.0
19.0-
79.0

94.0 40.5
64.0- 24.0-

118.0 53.0

2

7-
7

51.0
42.0-
7Ò.0

5

0-
0

30.5
14.0-
56. 0

46.5 L.43
19.0- 0. 96-
57 .O 1.88

0
0-
0

2.3
1.3
3.3

1.8
0. 9-
2.3

2.2
1.0-
2.5

1
0
2

9

9-
5

1.5
0.8-
2.6

2.L
7.7-
3.6

1.8
0.8-
3.6

40
4¿
42
42
39
4L

]-25
125
L45
743

95
138

42
15
37
56
L4
24

65
27
78

101
21_

3B

60
67
53
37
58
68

3

2

0
0
0
2

41.5
39.0-
42.0

42.0
39.0-
43.0

91.0 131.5
72.0- 95.0-

r02.0 145.0

42.0 82.0 131.0 22.5 36.0 56
38. 0- 55 .0- 93 .0- 10. 0- 19.0- 37
45.0 102.0 148.0 56.0 101.0 70

51.5 59.0 70.5 37.0 47.0 I
2L.0- 37.0- 42.0- 20.0- 22.0- 0

101.0 68.0 100.0 68.0 107.0 3

46.5 1.43
19.0- 0.82-

107.0 3.00

60 1.58
82- 0.69-
00 2.7 3

2.55
0. 69-
3.37

0
0-
0

2.
1.
2.

2.
2.
8.

0
0-
0

2.0
2.0-
8.0

42.0
38.0-
47 .0

40.5
20.0-
68.0

79.5
42.o-

118 0

ts
N)
P



TABLE VIII

MEASUREMENTS AFTER CRYOGENIC INJURY - EFTECT OF HYPERCAPNIA
CoNTROL (C) & ÐGERTMENTAT (E) VATUES

ACBFExP
No

PaCO^
(t* n'g)

CE

CBF
(ml/nín.

100c
CE

ÂPaCO,

o.7 5

SAP
(nur Hg)

ICP
(um Hg)

cvR
(rrn Hglrnl/
min. 100c)

CE

ACVR
APaCO,

0. Ó8

VPR
(m Hel
0.1 nI)
CE

CX'ÍRO2

1

2

3

4
6

11
L2
13
15
16

Medlan

Range

4\
38
43
38
38
42
39
37
38
4L

38.5
37.0-
43. 0

60
43
55
55
55
66
55
54
52
52

55.0
43.0-
66. 0

30
26
24
32
45
47

ro7
4T
40
27

36. 0
24.O-

107 .0

32
31
27
55
60
31

130
73
60
40

47 .s
2L.0-

130.0

c

130
72
82
77
77
87
95
70
72
92

7 8.5
70.0-

130. 0

E

T2L
69

103
115
103

80
95
70
92

100

Ec

47
L4
37
2I
31
4L
2T
L2
L2
24

Ec

61
T2
44
33
47
25
26
18
2L
35

0
0

0
0
0
0

2

2
1
1
1
0
0
1
1
2

77
23
88
75
02
98
69
4I
50
52

1.88
1. 84
2.81
L.49
0.93
7.77
0.53
0. 71
1. 18
1. 63

1.56
0.53-
2.81

0
0

1.5
1.3
0.9
1.6
1.6
1.3
3.6
2.7
2.6
2.5

05
08

02
01

01
04
02
08

o2

0

0

I
1
5
2
1
5
2
2
1

0.8
2.L
0.9
1.8
L.6
1.8
3.6
2.3
2.6
2.5

0

1.0
0

L.4
0.9

0-

1
4
2

2

2
2
1

r.7
1.9
L.4
r.2

0-
0101

1.9

97.5 22.5 29.5 1.63
70.0- L2.0- 18.0- 0.69-

72L.O 47 .0 61.0 2.77

2.0
1. 0-
4.0

2.0
1.0-
8.0

2.0
0.8-
3.6

1.6
0. 9-
3.6

*5 43 57 46 94

Excluded from calculation of a CO, response as ÀCBFì
ÀPa

The effect of hypercapnla after lesion r¡¡as not rec
c0

¿̂ord

85 87 L6 2L 1.50 0.70 0.06 2.0 2.8 2 I

* Exp. No.5:

Exp. No.9:

(,see p .7 4) , but includ.ed in calculatlons by 
^CVR

ed because of mechanlcal failure 
PacOt

F
N)
N)
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TASLE IX

I^IATER AND ELECTROLYTE CONTENT
RELATED TO CEREBROVASCULAR RESPONSE TO INDUCED IIYPERTENSION

ExP.
No.

hlater
(7" wet

rüt. )
Lesion Opp

Sodium
(trq/rooc
dry wt. )

Lesfon Opp

Potassíum
(nEs/looc
dry wt.)

Lesion Opp

Chlorlde
(mEq/looe

dry wt.)
Lesion Opp

8.9
8.9

11. 9

22.5
27 .7
23.2

]-9.4
36.0
34.5

l.4.5
16.5
24.O

5
5
5

13
16
22

28
54
53

73.7
72.5
70.7
70.1
70.2

.5

.3

.7

.4

.4

78
82
81
83
73

5
0
9

3

4
5

13
15

ACVR
>207"

2r.7 20.9 22.5 22.5 10.5 7 .5

7 0.7
70. 1
73.7

7

4-
4

81
73
83

Median

Range

ACVR
<20i¿

77 .2
7 4.L
7 4.2
75.6
72.L

1
2
6

L2
16

70.3
7I.t
70.2
7l..9
70.6

17.5

19.5

29.9

33.0

20.2

28.4

27 .O ro.2

8.923.2
3s. 6
29.9

.5

.9

.7

16
I4
21

Medían

Range

70.6
7 0.2-
7r.9

74
72
72

.2

.1-

.2

Medían

Range

7 6.9
72.r-
83 .4

7 0.7
70.L-
75.7

29.9
2]-.7-
s4.0

27 .0
10.5-
36.0

23.2
20.2-
33.0

16.5
13.5-
22.5

19. 5
l-4.5-
29.9

8.9
,7 .5-
11.9



TABLE X

A}¡IMALS I.TINT NO CLÎNICAL DEFICIT

INITIÀL (I) & FINAL (F) CONTROL VALUES IIIT1I FINAL TISSUE I.IATER AI{D ELECTROLYTE

CON]EIIT ON IIIE SIDE OF TTE CRYOGENIC LESION

:

PaCO,

(m He)

IF

SAP

(m He)

IF

ICP

(m He)

IF

rCBF
w

(rnl/nfn.
100c)

IF
2L
25

13
16

J-IHZ} Na' K'

(Z wet (nEq/IOOc
rüt. ) dry wt. )

J- .¡-
HZO Na' K'

(7 vet (nEq/100c
wt.) dry wt.)

68.3 33
69.9 30

69.3 22
69.0 20

.0 30

rCBF
g

(nUnln.
100G)

IF

28

E:rp
No.

2 40 39 108 78 L2 L4 23
29

3 42 39 110 82 19 31

69 .2 34 .5 25 .s 44 58 77 .0 29 .9 33.0
69.9

66.7 2L
66.8 16

23 s6 37 77.O zL.O 37.5

.3 66.0

.1 46.5

56
28

37
2L

L7
t2

15
18

.2

.5
.8
.5

11
9

83
81

19

27
34

7 40 42 98 80 4 2 26 19 83.3 s8.0 34.5 95 78 80.0 42.0 45.0

8 37 40 103 87 11 L4

5424]-927015

L24338859034

.0

.5

.7

.0
32 29 77.3 46.5 45.0

11 41 40 98 110 4 11 L4 18 81.1 40.5 24.0 38 30

2T7

.5

.2

79.5 27 .O 45.

79 .8 24.0 40.

.5 78.4 28.5 42.

.0- 77.0- 21.0- 33.

.0 80.0 46.5 45.

0

520
L7

13
7

27.0 42
26.2

Medlan 41.0 40.0 98.0 82.0 4.0 11.0 19.0 18.0 69.6 34.5
ñ-_^- 37.O- 38.0- 85.0- 70.0- 1.0- 2.0- L4.0- l_0.0- 66.8- L9.2Rtnoê 43.0 42.0 110.0 110.0 19.0 31.0 42.0 29.O 83.3 58.0

I
0-
0

2s.9 43.0 33
2L.4- 32.O- 28
30.8 95.0 78

ts
NsMedian and fange derived from the average of multÍple values obÈalned in lndfvidual anlmals.



ÎABLE XI

AI{IMALS $TIflI A CLINICAL DEFICIÎ

rNrrIAL (r) e FrNAL (F) coNTRoL VALTIES wrrrr FrNAL TrssUE I{ATER & ELEcrRoLiÎE

CONÎENT ON I]TIE SIDE OF TTIE CRYOGENIC LESION

Exp
IF

PaCO,

(m He)

42

39

ICP

(m Ee)

IF

3s

6

SAP

(m ttg¡

IF

rGFf¡
(mUntn.

100G
IF

.L J-
H^0 Na' K'zv rù !t

(Z wet (nEq/100C
wÈ. ) dry wt.)

J-¿
H^0 lla' K'¿B g g

(Z wet (EEq/100G
wÈ. ) dry ¡¡t. )

rCBFg
(nl/ntn.

100G)
IFNo

Median

Range

40.0 39.5
38.0- 38.0-
42.0 40.0

79.5
57.0-

113. 0

4

6

9

38387077820

87

72

113

57

15
27

15

10
16

18

5
10

L2

5
4

23

84.4
75.6

78.5

79.4
77 .6

82.7

24.O
28.0

47.5

49.5
39 .0

40. s

23.0
21.0

30.0

24.0
30.0

33.0

72.0

77 .t
43.s

25.5

37 .5

43.5

18 L7 75-L 27.0 40.5

35

20

40

39

16.5 10.0
13.0- 5.0-
2r.0 23.O

5 2L.5
0- 6.0-
0 35.0L4

79.5
70.0-
87.0

5

2

6.
2,

36

32

10 4L 40 87 82 L4 23 26 24 80.1 27.0 45.0

79.3 42.4 28.s 29.0 22.0 76.L 27.0 40.5
78.5- 26.0- 22.0- 18.0- 17.0- 72.0- 25.5- 31.5-
82.7 47.5 33.0 36.0 35.0 80.1 43.5 45.0

HN(rl

Medlan and range derLved from the average of nultLple values obÈained ín individual aninals.



TASLE XII

INITIA], (I) & FINAL (T) CONTROL VAIUES I.IITII FINAL TISSUE
I,TATER & ELECTROLYTE CONTENT TN LIIIITE MÀÎTER

4
PaCO,

(m He)

SAP

(n¡n Hg)

IF

77

70

ICP

(ursr Hg)

IF

rCBF
w

(rnl /urtn.
100c)

IF

H20

(% wet
wr. )

Na* I¡
(nEq/1ooG
dry wt.)

B
rCBF

If
(rnl/nfn.

100c)
IF

Hzo

(7 vet
wr. )

Na* K+

(nxq/r00c
dry wt.)

ExP
No

I

4

5

6

9

38 38

42 4L

70

92

87
98
72

87
98

40
42
39

40
4L

20

0
5
0
5

0

0
0
0

35
2

6

23
11

4

¡

c

9
I
5

6
5
0

24

5
10
11

9
L2
19

5

4
23
18

15
27

17
t2
15
26
10
16
18
L4

84 .4
75.6
83.3
81.1
78, s
83. 3

79.4
77.6
82.7
81. I

24.O
28.0
66. 0
46.5
47 .5
58.0
49.5
39.0
40. 5
40.5

34.5
46.5

15
16
33
30.7
19 .5
19.5
22.5
20.2
2r.o

23.0
21.0

25.5
38.2

67
68
69

7L
66
69
68
67
68
67

9

I7
L2

18
20
29
13
20
13
19

10
2tr
L4
T4
T4
28
18
27
16
18

5

5
7

7
8

3
1

1
9
7

31
18
24
28
19
23
18
L6
15
18

5

0
0

5
5
2
0
5
7

0

29.2
2r. 0
33 .0
36,7
24.O
26.2
27 .0
24.0
24.0
24.7

41. 0
38.0-
42.0

87.0 80.0
70.0- 57.0-
98.0 113.0

15.0
14. 0-
26.0'

12.0
5.0-

23.0

81.1
78.5-
83.3

27.
34.
30.
34.
24.
30.
33.

23
29
29
76
56
28
18
31
15
18
20
20
20
17

24.o
23-2
19.5
2r.0
20.9
30. 7

2t,0
24.7
24.7
27.O
26.2
27 .0

1 5

5
4
a

T4
4

10
11

42
40
39

113
80
57

Medlan

Range

Median

40.0
38.0-
42.0

82
110

85 90

4T
4I

68.0
66 .8-
70.7

44.3 30.0 18.0
26.0- 22.0- 14.0-
58.0 34.5 28.0

4.0 11.0
1.0- 2.0-

14.0 35.0

29
2T
16

23.5
L7.6=
37 .0

17 .0
13.'0-
29.0

19.5
L5.7-
26.3

25.L
24.O-
34.9

e2 40 39 1oB

3 42 39 110

8 37 40 103

72 43 38

78 12 14

82 19 31

87 11 14

69
69
69
69
66
66

67
67
68
69
68
67
69
69
69

27
25
25
20
37
27
16
27
13
16
33
25
13

7
12

2

8

9

7

7

8

5
6
3
9

5
I
3

0
3

areas of !ùhfte rnetter
oedem¿.

equl-valent areas Ln
opposlËe henlsphere,
wLthout oedema.

areas fn baboons r¡fËh
lnJury but no oedeua.

3 4

84.5 11.5 14.0
78. r 3.0- 4.0-
90.0 19.0 31.0

20

41. 0
37 .0-
43.0

105. 5
85.0-

110.0

39.0
38. 0-
40.0

2L.5 22.5
18.0- 11.0-
33.0 25.3

9
2-
7

68
67
69

26.0
2t.2-
29.2

ts
N)
o\

Range

Medlan and range based on average of. nultfple values obtafned 1n fndLvl-dual anfnals
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TABLE XIII

INrTrAr (r) & FrNAL (r) CoNTROL VALUES r,{rTH FrNAL
TISSUE I^IATER & ELECTROLYTE CONTENT IN GREY MATTER

(Values for ICP, SAP & PaCO, are given in Table XII)

A
rCBF

g
(nl/mfn.

100c)
IF

Hzo

(% wet
rtrt. )

Na* K+

(nEq/100c
dry wt.)

B

rCBF
g

(ml/nln.
1o0c)

IF

Hzo

(/" wet
rdt. )

Na* K+

(mEq/100c
dry wt.)

ExP.
No.

34.577 .r
51. 0
39.0
51.0
45 .0
2]-.O
42.O

7 6.8
7 5.r
79.s
7 6.3
69.9
78.4

24

55
60
22
42

39.0
39.0
25.5
54.O
30.0
25.5
2r.o

27
36
43
42

3331. 50
0
5
0
5
0
0

7 5.r
7B .5
72.O
80.0
77 .r
80.1
79.5

18 774

5
6
7

9
10

35
78
20
24
30

52
87
44
46

51.0
37.5
45.0
43.s
4s.o
45.O

25.
27.
27.

36
95
32
26
3811

Medían

Range

34. 0
18.0-
9s.0

.5 27 .O

.0- 25.5-

.1 43.5

45.O
31. 5-
51.0

46.O
33.0-
87 .0

42.O
22.0-
60.0

7 6.8
69.9-
79.5

30.0
2r.o-
s4. 0

42.O
2L.O-
51.0

27
L7
78

78
72
80

0
0-
0

C

2

3

B

77 .0
77.7
77 .O
78 ,4
77 .2
77.3
79.812

44 58 0
5
5

0
0
0
0
5

A

B

29.9
26.2.
2I.O
24.7'
36. 0
46.s
22.5

33
,43

37
,.42

45
4s
45

"t+0

Adjacent to areas of
whiÈe matÈer oedema.

Equivalent areas in
opposite hemísphere
but without adjacent
white matter oedema.

Areas in baboons with
ínjury but no oedema.

56
3L
32
24
42
44

37
23
29
25
28
26 79.2 c24.0

Median

Range

43.s
28. 0-
44.O

28.5
27 .0-
58.0

25.7
22.9
4r.3

4L.3
38. 3-
45.0

77
77
79

.5
1-

.5

Median and range derived from the aveïage of multiple values
obtained in i-ndivídual ani_ma1s.
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TASLE XIV

RSSPONSE TO ARTERIAL ITYPOTENSION IN I^IIIITE MATTER

CONTROL (C) E EXPERIMENTAL (E) VAI,UES

z^cvRExp
No

SAP

(mn Hg)

E

49267

CPP

(nrn I{g)

rCBF
w

(rnl/urfn.
100G

CE

cvR

(rnrn tte/nu
nln.100G)
CE

rCB¡'
Ig

(rnl /n1n.
100G)

CE

cvR

(m Helnl/
nrin.100G)
CE

z^cvR

4.82 3.86 20

Ec c

13
15
11
I4
20
L0
20
11

I7

c
2 100 82 88 71

3 110 83 91 66

8 ro3 65 s2 lru

rz ]-]-7 82 1r3 75

82 54 9
18
T7
!2
16
23
11
27
16

5.8ó

6.07

5. 40

4.33

11
22
14
L4
14
28
20
I4
18

23

77
10
48
26
25

5.00

3.19
3. 04
3 .89
4.59
4.57

10
T7
12
I3
16
23
18
\2
I4

8

29

38
T7
49
40
11

5

6
7

9
10
11

92 68 91 65 50

64
36
75
78
72

6

5
3
5
5
5

87
98

118
97

113

63
72
72
73
72

79
94

115
81

103

91. 5
BB. O-

113.0

3.98 2,92
2.59- 2.]-5-
7 .06 7.50

4.94
4.O9

r0.45
3 .84
6.44

51
70
70
55
6:4

2r.5
r.0.0-
33 .0

64
50
00
75
82

3
J

7

2

5

MedLan

RÂnge

97.0 72.0 91.0
92.0- ó3.0- 79,0-

1r8.0 73.0 115.0

64.0 16.0 13.0 5.86
51.0- 11.0- 10.0- 3.84-
70.0 23.O 20.0 10.45

4.33
2.7 5-
7.00

26.0
11. 0-
49.0

14. 0
0-

37.0

17.0
14.0-
28.0

14.0 5.72 3.89 26.0
12.0- 3.36- 3.04- 10.0-
23.O 6.50 5.00 77.0

26
32
39
39
56
28
18
25
ú
18
20
20
18
13
18

25
29
43
33
39
20
13
30
13

2.59 2.r5 17

20
L7
12

7

11

2.84 2.54 11

5.11 3.29 37

7 .06 7.50 6

Medlan

Range

25.O
16.0-
34. 0

106.5 82.O
100.0- 65.0-
117.0 83.0

68.5
s6. ù
75.0

P
l\)
æ

Medlan and range based on average of nultlple values obtalned ln fndfvldual anfnals



L29-TABLE XV

RESPONSE TO ARTERIAL HYPOTENSION IN GREY MATTER
CONTROL (C) & Ð(PERIMENTAI (E) VAIUES

(Values for SAP and CPP are given 1n Table XIV)

A
CVR

(m HglnU
min.100G)
CE

ZACVR å rCnF
g

(nl/nln.
100G)

CE

CVR

(nn HelnU
nln.100G)
CE

rCBF
8(nl/nfn.

100c)
CE

ZACVRExP
No.

4
6
7

9
10
11

22
29
69
35
2I

L4
29
62
32

.86

.76

.13

.19

.50

0
35
,r7
33
35
36

30
47
64
54
42

23
47
57
44
39

fr4
þ35
¡L6
-25
+27

13

3
1
1
2
2
2

22
3031

3.73
2.72
1.36
3.29
3.86
3.32

2.7 3
1. 68
r.47
2.r3
1. 93

2.35
1. 09
I.23
1.59
L.4L

MedÍan

Range

. 0 30.0

.0- 14.0-

.0 62.0

3.31
1.36-
3.86

2.L6
1.13-
3.86

44.O
23.O-
57 .O

1.93
L.47 -
2.7 3

1.41
1. 09-
2.35

25.O
l_4.0-
35 .0

0-
30
2L
69

35. 0

36.0

47 .O
30. 0-
64.O

2

3

I

c

39
19
56
31
24
32
37
36

43
20
39
20
2I
28
2I
23

3.03

2.O7

3.29

3. 05

2.4L

2.20

2.24

3.4L

20

32

T2

0

12

Median

Range

33.0
28.O-
44.O

.04

.07-

.29

2.33
2.20-
3.4L

10
0-

32.0

27.5 3
22,O - 2
32.O 3

Medían and range derived from the average of multiple values
obtained in índividual animals.



TABLE XVI

RESPONSE TO ARTERIAI IIYPERÎENSION IN I{ttITE UATTER
CONTROI, (C) E Ð(PERIMENTAL (E) VAIUES

rCBF
IJ

(rnl/ntn.
100G)

CE

cvR

(m Hglnl/
nln.100G)

4.06 5.86
3.33- 4.62-
6.27 10.17

B

ZACVR rCBr'
w

(nl/nin.
100G)

CE

99

CVR

(m Hgln1/
nfn. 100G)
CE

ExP
No

SAP ICP CPP

(nm He) (m He) (rm Hg)

ZAgVR

c E c E c

73,O
58.0-
94.0

82

97
113
L22

110
7I7

113 .0
82.0-

I22.O

E

4
2

5582r2r
4

5

6

7

9

72
80
58

73
94

13
2

8

18
5

13
3
7

T4
4

70

87

85
83
65

87
98

928r062 15
27
16
L2
2T
24
10
T4
18
15

2.95

5 .86

3.43
3 .33

4. 85

4. 06
6.27

5. 86

6.37

4.62
s .38

10. 17

5.00
7.80

9

35
62

111

23
24

32

2I
37

111

61
24

9
18
2J.

17
2L
2I
12
12
22
15

30
38
53
37
47
25
I7
28
16
23
35
27
18
13
18
29

t1
22
15
22
20
32
L7
24
15
18

10
z6
I4
19
18
31
17
25
16
18

t26
3 .44

4.82

2.76 5.81

4.82 40

37

6. 13
3. s3-
7 .33

6

85
53

33
50

4,29
2.58-
5.22

18.0 19.0
16.0- 15.0-
31.0 32,0

37 .O
21. 0-

111.0

18.0 19.0
]-2.o- 15.0-
24.0 22.O

8.0
2.0-

18.0

85. 0
65.0-
98. 0

110
115
]-29

00
58

56
22

4
3

7

6
4
5

10
11

728
t22

r22.O 7.0
92.0- 3.0-

129.0 14.0

Medfan

Range

Medlan

35. 0
9. 0-

111. 0

c

1082 155 L2 t7 96 138

3 97 L25 25 34 72

4 7I 113

91

75.O 116
71.0- 91
96.0 138

23
29
44
29
38
23
15
33
16
20
25
23
74
10
13
22

3.10 3.45 11

2.67 3.14 18

3,75 4.62 23

4.73 5.65 19

8 88 r32 10 12 78 120

12 73 717 2

92 ,5
73.O-

108. 0

128.5
117.0-
155. 0

19.0
11. 0-
23.O

14. 5
4. 0-

34. 0

11.0
2.O-

25.O

5 24.O
0- 15.0-
0 31.0

28. 0
20.o-
40. 0

4.04
3.14-
5. 65

3.41
3.lG-
4.7 3

F(,

Rånge

Median and range based on average of nulttple values obtalned ln tndlvfdual anlnals



131_

TABLE XVII

RESPONSE TO ARTERIAL HYPERTENSION IN GREY MATTER
CONTROL (C) & EXPERII'{ENTAI, (E) VAIUES

(Values for SAP, ICP and Cpp are given Ln Table XVI)

ExP
No

A

rCBF
g

(mUnín.
100c)

CE

CVR

(m HelnU
nin.100G)
CE

B

ZACVR rCBF
E

(nl/min.
100G)

CE

CVR

(nn HS/nl/
min.100G)
CE

zAcvR

4
6
7

9
10
11

1B
38
73
31
26
38

22
35
73
29
24
28

3.44
1. 89
1.10
1. 87
2.8L

3.73
2.77
1. 55
4.2r
4.58
4.18

8
47
4t

].,25
63
69

33
59
65
39
46

30
57
54
29
45

2.73
r.70
2.O9
4.2L
2.44

45
39
70

183
54

I
1
1
1
1

88
22
23
49
59

2.47

ì,Iedian

Range

35. 0
18.0-
73.0

.0 46.0

.0- 33.0-

.0 65.0

0 1.49
0- r.22-
0 1.88

2.44
1.70-
4.21

s4.0
39.0-

183.0

29 .O 2.L8
22.O- 1.10-
73.O 3.44

4555
8

]-25

3.96
1. 55
4.58

29.
57.

2

3

8

C

44
3B
19
33
27
31
29

53
47
23
29
31
36
37

2.L8

2.48

2.60

2.37

2.60

2.60

4.00

3.05

19

5

54

29
12

Medían

Range

30.0
29.O-
44.O

36.0
30.0-
53. 0

2.43 2.88
2.L8- 2.60-
2.60 4.00

24
5

54

0
0-
0

Median and range derived frou the average of nultíple values
obtained ín individual animals.
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TABLE XVIII

RESPONSE TO IIYPERCAPNIA IN I^ITIITE MATTER
C0NTROL (C) & EXPERTIÍENTAT (E) VAT,UES

ExP.
No.

A
PaCO,

(nn He)

CE

ICP

(mr Hg)

CE

rCBF
I{

(ml/nin.
100c)

CE

ACBF
LPaCO,

B
rCBF

Iü
(nl/nin.

100G)
CE

ACBF
ÂPaCO

2

4

5

6
7

9,

3B

4L

40
42
39

40
41

74
51
62

5
10
11

9
18
19

5
4

23
18

4
8

15
T2
29
30

7

7

26
21

9
77
T2
18
20
32
13
20
13
19

11
15
11
26
L7
50
1B
28
19
2I

s8 20 39

62 5 18

0

0. 17

0.32
7.22

0.09

0.18
0.16

0

0. 19

0
2.33

o.26

0. 35
0. 11

35
2

6

47
16
26

10
11

57
60

23
11

28
22

Median

Range

40.0
38.0-
42.0

60.0
57.0-
7 4.O

0
0-
0

11
2.

35.

26
16
47

.0 18.0

.0- 5.0-

.0 23.O

0
0-
0

2L
6

30

o.r7
0-
\.22

17 .0
13.0-
32.O

19. 0
13.0
50. 0

0. 19
0-
2.33

C

240531128 2L
23
40
2B
37
25
t7
28
13
77
24
23
13

7

72

28
33
66
31
66
26
23
31
13
L6

35
27
2T
2T
49

o.92

o.67

0. 19

0. 88

84067]426

34L56

12 38 s4

31 52

33

428

25

Median

Range

40.0
38. 0-
41. 0

23.0
14. 0-
28.0

33.0
24.O-
40. 0

0. 78
0. 19-
o.92

5
0-

55.0
53.0-
67 .O

T2
4

28.O
26.O-
52.031.0

Median and range derived from the average of multiple values
obÈalned in individual ani-mals.
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TASLE XIX

RESPONSE TO IIYPERCAPNIA IN GREY MATTER
CoNTROL (C) e EXPERIMENTAT (E) VALUES

(Values for PaCO, and ICP are glven in Table XVIII)

ExP
No

A
rCBF

g
(nl/nín.

100c)
CE

B

rCBF
g

(nUmin.
100c)

CE

ACBF
LPaCO,

ACBF
APaCO

2

4
6
7

9
10
11

T7
35
78
20
24
30

16
44
BB

21
2B
39

24
55
60
22
42

32
62
77
95
47

0
0
I
0
0
0

40
2L
89
13
1-4

26
11
43
11
47

0
0
1
0
0

Median

Range

27
17
78

33.5
16.0-
88. 0

0
0-
0

0.4s
0-
1.11

42.O
22.O-
60.0

47 .O
25.O-
77 .O

o.2r
0.13-
1. 89

2

3

8

c

40
20
23
37
25
29
26
28

66
29
25
66
26
28
34
32

1.38

1. 06

0

0. 38
L2

Median

Range

28.5
27.O-
30.0

40.0
27.O-
48.0

0.72
0-
1.58

MedÍan and range deríved from the average of multiple values
obtained in indivÍdual aninals,
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