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ABSTRACT
Y

The narrowing of a major cerehral arterv can be caused hv
an '"active' contraction or a‘"pas;ivg"‘reduction of the force dis-
tending the arterial walls. The relative importance of these two
mechanisms in determining cerebral arterial diameter and flow has
not been established. ’

The term cerebral perfusion pressure, as used in the lit-
erature, was found to be inconsistent with current concepts of vas-
cular'rcslatance; 'The term transmural pressure (T™P) was defined
to indicate tgis difference between arterial and intracranial pres-
sures, Perfuslop pressure (PP) was defined to indicate the total
pressu;; drop acroas the entire syatem under consideration.

’

The flow-PP and flow-T™P relationships were obtained for
26 isolated major human cerebral arteries without s-ootﬁ muscle
tone. A reduction of TP to 40-60 mm Hg resulted in a decrease in
flow to below normal physiological levels. It was argued that this
coincides with the loss of autoregulation and that this occurs when
the flow-limiting resistance is shifted from the arterioles to the
large cerebral arteries.

In five pairs of arteries, cannulated and perfused in
parallel, preferential flow reductions o; up to 50 percent occurred
vhen both arteries were at the same TMP and PP. Preferential nar-

rowing depended on the relative lumen diameter, degree of athero-

sclerosis and wall thickness of the two arteries, Therefore, flow
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reductions, possibly focal 1n nature, can occur in the presence of °
increased intracranial pressure. These flow reductions could orig-
inate in the major cerebral arteries in the absence of active con-
'tractions.

The TMP at which flow ceased varied from -15 mm Hg for
larpe atherosclerotic arteries to +2 mm Hg for small normal arteries.
Calculations based on wall thickness and lumen diameter indicate
that major cerebral arteries cannot close by muscle contraction alone.

The flow-pressure relationahips of six common carotid and N
six femoral arteries from rabbits were obtain;d‘in the presence and
absence of normal smooth muscle tone and {n the presence of active
vasoconstriction. The T™P at wvhich flow reductions began, increased
with increasing vasomotor tone. Similar increases were predicted
for human cerebral arteries. It is concluded that the range of T™P
over which autoregulatorv responses can maintain a normal cerebral
blood flow will decrease, with increasing arterial vasomotor tone
and increase with decreasing tone.

In the presence of an active constriction, any increase
in external pressure resulted in a decrease in flow through the ar-
terv. The flow-T™P relationship depended only on the initial degree
of constriction and was independent of the vasoconstrictor used, or
the arterv in wvhich the constriction was produced. A human cerebral
artery with a given degree of constriction would exhibit a flow-TMP
relationship typical of that constriction.

Phenoxybenzamine relieved and prevented constrictions pro-

duced by serotonin and norepinephrine in the rabbit arteries tested.

iv



The improvement in flow produced bv this reversal of contraction,

decreased with decreasing T™P,
N .
In the presence of a mild ronatriction, an increase {n

external pressure to 45 mm Hg result in reduction in flow of upn

to S0 percent. A mild constriction amplifiéd Fv the simultaneous

occurrence of increased intracranial pressure is proposed aa the
. cause aof chronic cerebral arterial spasm.
Decreased transmural pressure appears to be the malor

~

cause mof diameter and flow reductions in human cerebral dsteries.
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1. INTRODUCTION AND HISTORICAL REVIEW

1) INTRODUCTION

The i{mportance of the brain circulation has been known since
the early 1500's. Leonardo da Vinci suggested that little over half a
minute of total circulatory obstruction need elapse before irreversibdle
brain damage would occur, followed shortly by death (da Vinci, trans,.
by MacCurdy, 1956). Current knowledge suggests that three to five min-
utes of total cerebral blood flow arrest will produce irreversible
brain damage, wvhile a forty percent decrease in flow will result in
signs of cerebral 1schenia' (Finnerty, Witkin and Fazekas, 1954).
Therefore, a constant flow of bloed to the brain must be maintained and
any reduction of this flow may be detrimental. In view of these facts,
it {8 not surprising that cerebral blood flovw and its regulation in
health and disease has long been a subject pf investigation. In 1901,
Cushing described a series of experiments in which he placed "windows"
in the skulls of animals and observed the relationship between cerebral
blood flow and the pressure of the cerebrospinal fluid which surrounded
the brain. He found that increases in this pressure could slow the ce-
rebral circulation and were capable of causing its arrest i{f sufficient-
ly severe.

Since Cushing's observations, further investigations have

Ischemia is defined in Dorland's Madical Dictiocaary as "deficiency
of blood in a part, due to functionsl coustrictiom or actusl obstruc-
tion of a blood vessel.”




revealed that increased intracranial pressure is a common occurrence
following intracranial hemorrhage and in the presence of intracranial
tumors. A reduction in cerebral blood flow can occur in both in-
ftances, 1if the intracranial pressure is sufficiently high, but the
origin of these flow reductions (arterial, arteriolar or venous) has

not been established.

2) CIRCULATION OF THE BRAIN AND 1ITS MEASUREMENT

Thomas Willis (1621-1675), first described the detailed net-
work of vessels at the base of the brain (Willis, 1684):

"For inasmuch as the carotidick arteries do communicate between
themselves {n various places, and are mutually ingrafted; from
thence a8 double benefit results, though of a contrary effect:
because by this one and the same mesnsycare is taken, both
lest the brain should be defrauded of its due watring of the
blood, and also lest it should be overvhelmed by the too im-
petuous flowing of the swelling stream or torrent. As to the
first, lest that should happen, one of the Carotids perhaps
being obstructed, the other might supply the provision of both;
then, lest the blood rushing with too full a torrent should

-drown the channels and little Ponds of the brain, the flood is
chastised or hindered by an opposite emissary, as it were a
Flood-gate, and so is commanded to return its flood, and haste

: backwards by the same ways, and to run back with an ebbing
- Tide.”

Since then, the anastomatic vessels at the base of the brain have been
known as "the circle of Willis™,

The pulsations of the brain were mentioned long before this

in the Saith Papyrus, one of the anlieat medical texts vritten around
the seventeenth century B.C. (Sarton, 1952). These pulsations, how-
ever, were not rocogni:;d as being arterial in nature until Realdus
Columbus learned that they were -ynchmot;- with those of the heart and
. arteries (Singer, 1957). Two hundred years later Harvey revolutionized

the concepts of the circulation (Harvey, trans. 1957) and Willis




, published his description of the arteries of the brain,
/ In 1783, Alexander “onroe deduced that the volume of blood in
)// the intracranial cavitvy must be nearlv constant (Hill, 1896), so that

4
3/' "blood must be continually flowing out of the veins that room
mav be given to the blood which is entering by the arteries.”

This fact, later confirmed experimentally in 1824 by Kellie (Hill, 1896),
is kmown as the ™Monroe-Kellie doctrine. This doctrine was soon enéloyed
fn the measurement of cerebral blood flow. Knoll (1886) and Dean (1892)
measured cerebrospinal fluid pressure changes and inferred from these

the relative changes in blood flow due to experimental conditions assum-

ing that increased pressure meant increased blood flow (Hill, 1896).

Roy and Sherrington (1890) proposed thn:Nsuch measurements
were of listle value unless coupled with simultaneous measurement of
arterial and jugular vein pressure. They used cerebral expansion thgéugh
a trephine opening in the skull as a measure of cerebral blood flow.
Thevy found that there was a considerable expansion of the brain both dur-
ing anoxia, and following the intravenous infusion of strong acids, which

was independent of arterial blood pressure and that

"the blood supply of the brain varies directly vith the blood
| "
pressure in the gystemic arteries’.

Although they could find no vaoonéior control they concluded that

. ... the brain possesses an intrinsic mechanism by which its
vascular supply can be varied locally in correspondence with
local variations of functional activity”.

Six vears later, Hill (1896) published his book on the cerebral
circulation discounting all previous results, including those of Roy and
Sherrington, and stating e-phnticilly that: '

"In every experimental condition the cerebral circulation pas-

sively follows the changes in the general arterial and venous
pressures”.

1




Hill's discoveries and conclusibns, though erroneous, were so convinc-

ingly presented that they persisted until the late 1920's. Schmidt
(1928) and F;rbea and Wolff (1928) demonstrated that the earlier ob-
servations of Roy and Sherrington were indeed correct. Manv investi-
gators have since confirmed these results (Lennox and Gibbs, 1932;
Gibbs, Gibbs and Lennox, 1935; Wolff,6 1936; Forbes and Cobb, 19138,
and othgrs).

Prior to 1943, many methods had been used to measure cere-
bral blooi flow. In addition to those already mentioned, Lennox and
Gibbs (1932) used the arterio-venous oxvgen and carbon dioxide differ-
ences, Schmidt (1934) emploved a cooled thermocouple to measure blood
velocity in the carotid artery, and Ferris (1941) measured cerebrospinal
fluid displacement following venous occlusion, all as indications of
total cerebral blood flow. FEach method had its own inherent faults
and each gave a different value for cerebral blood flow ranging froms Y
.60 to 130 mls/100 g/minute in the same species. Finally, in 15&3. Dumke
and Sclmidt obtained the first reliable cerebral blood flow measurements
using a "bubble"” flowmeter. They obtained a value of 86 mls/100 g/min-
ute in the anesthetized macacque monkey and demonstrated that flow re-
sponded to arterial blood pressure, blood gas concentrations and several
drugs. Two years later, Kety and Schmidt (1945) developed a method based
on the Piék Prlnciple. using nitrous ox{de, an inert gas. /’his method 1s

described in detai]l in a later publication (1948 (b)).cfﬂﬁ“has since been

The Pick Principle states that the gquantity of a substance in the
tissue of an organ after a given time of exposure equals the total
amount introduced minus the total amount expelled by tihe organ (conser-
vation of mass providing none is lost to the tissue).

»
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used extensivelv in the determination of cerebral blood flow (Ketvy and
Schmide, 1948 (a); Novack et al, 1953; and others). There are two

v
serious drawbacks to this method: firstly, at least ten minutes are re-
quired for each determination and therefore only steadv-state total flow
mavy be measured; and secondlv, regional flow variations remain undetec-
ted. These limitations have since been overcome by slight variations {n
the method but using essentiallv the same principles. In 1950, Kety,
Landau et al, using a different inert gas (CF31131), and with the aid of
autoradiography, obtained quantitative estimates of blood flow’for 30 re-
gions of the brain of catas. This method, however, required that the an-
imal be sacrificed and was consequentlv unsuitable for clinical use. A
method for the continuous measurement of cerebral blood flow in man was
introduced in 1960 by Lewis et al. They used the gamma-ray-emitting in-

ert gas Krypton (Kr79).

instead of nitrous oxide, and were able to fol-
low rapid changes in blood flow, but were uncertain of the quantitative
accuracv of their measurements. A hydrogen-bolus technique was proposed
by Fieschi, Bozzao and Agnoli (1965) and later used to measure hemispher-
ic blood flow and metabolism (Meyer and Shinohars, 1970; and Meyer,
Shinohara et al, 1970) buz;gpnin only steady state flow could be deter-
mined. Finally, in 1967, a techniqpe for measuring continuous regional
cerebral blood flow using xenon (13133) vas developed (Hgedt-Rasmussen
et al, 1967), and is described by Olesen and Paulson (197] (a), (b)).

It i{s nov possible, therefore, to measure regional changes in bral
blood fiow in response to various experimental and clinical c itions.

However, these msasurements do not indicate the origin of the increase

or decrease in flow to a particular area.



)

}) INTRACRANIAL PRESSURE AND CEREBRAL BLOOD FLOW

"If fts (the skull) osseous wvalls are efficient i{n affording

resistance to agents from without, they will no less exert
repression on the forces operating within {ts cavitv, "

(Cappile, 1880).

Capple (1880) first suggested the current concept of the man-

*
ner in which intracranial pressure 1s maintained. He states further:

... as to the origin of intracranial preasure, i{ts halance
will depend simplvy on local alterations in the distribution
of blood through the vessels. Everv change {n 1ts circula-
tion will be accompanied bv a change of pressure in or on
the brain."

Although the Monroe-Kellie doctrine (1B24) stated that the
total volume of the intracranial cavitv must remain nearlv constant,
this waa the firast clear statement that a pressure normally exists in
the cerebrospinal fluid and that {t can varv with changes in cerebral
blood flow. Fifteen yvears later, Bavliss and Hill (1B9S5) recorded ar-
terial, intracranial, general venous and cerebral venous pressures
simultaneously in an attempt to measure cerebral blood flow variations.
Although they drew erroneocus conclusions concerning flow from thedir re-

sults, they did discover experimentally that cerebral venous pressure

vas approximately equal to intracranial pressure in all conditions they
imposed and that intracranial pressure is not constant but can varv,

Cushing, in 1901 to 1903, published a series of articles (Cush-

ing, 1901, 1902, 1903) describing the responae of flow through the

'3

In strict terms, "Intracranial pressure” refers to any pressure
contained within the cranial cavity. For the purpose of this and
the following discussion, the common usage as a synonym for cerebro-
spinal fluid pressure will be assumed.




[ ]
pial arteries and that of blood pressure to increased fntracranial

ok t \
pressure, He made a trephine opening in the top of the skull which ¢

he fitted tightly with a glass "windov"” allowing him to observe caliber
and flow changes in the underlving arteries. Cushing found that when
intracranial pressure is approximatelv equal ?B diastolic hlood pres-
sure:

“an increase of intracranial tension occasions a rise of blood

pressure wvhich tends to find s level slightly above that of

the pressure exerted sgainst the medulla”.
He also discovered that ghe blood pressure varies rhvthaically between
a valuye slightly above and one slightly below the level of the increas-
ed intracranial pressure, He observed that the flow through pial ves-
sels during this phenomenon was intermittent, stopping vhen ape blood
pressure was below the intracranial pressure and flowing vhen above
(Cushing, 1901). When the high level of intracranial pressure was
caused bv compression of the brain, the same responge vas observed .
As the difference between intracranial and arterialiblood pressure de-
creased, flow in the pial arteries became slower and finally cean]h
vhen intracranial pressure was greater than arterial pressure. He dem-
onstrated further that the longitudinal sinus would collapse #f intra-
cranial pressure was sufficiently high. (Cushing, 1902). In his paper

of 1903, Cushing described patients suffering from iatracranial

*
The pia mater is the innerwmost of the three membranes surrouanding

the brain and spinal cord. The pial arteries mentioned sbove are small
arteries which pass through the pia mater as they enter the brain.

*h
A trephine is a crown sav used to remove a circular disc of bone,

usually from the skull. A trephine opening is a hole provided through
its use.
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. hemorrhage and increased intracranial pressure, one in each of the four

o~

stages of cerebral compression described by Duret in 1878, 1In all but
the most severe case of compression, removal of the blood clot and sub-
sequent reduction of intracranial pressure resulted in an {mmediate {m-
provement of the patient's clinical state. He emphasirzed that the avmp-
toms of compression were due solelv to disturbancea in the intracranial
circulation caused by a rapid (ncrease in intracranial pressure. He
stated that one of the sveptoms of such a compression is

"a progressive {ncrease in arterial blood pressure or a high
degree of the same, wvhich has already been reached...”

and that i{n such cases “early operative intervention” to relieve the
Jntracranial pressure shoyld be attempted.

These discoveriea created much interest in the cerehrospinal
fluid pressure. Dandv and Blackfan (1913) discovered an experimental
method of producing internal hvdrocephalus st high intracranial pres-
sures, The normal value of cerebrospinal fluid pressure vas establish-
ed in 1919-1920 &s being approximstelvy 125 mm of cerebrospinal fluid
(Weed and McKibben, 1919; Becht, 1920; PFolev and Putnam, 1920). A

1Y method of decreasing the pressure of the cerebrospinal fluid using
hvpertpnlc salt lutions vas dFveIoped at this time (Weed and'HcKibbeq,
1919; Foley and Purnam, 1920; Cushing and Foley, 1920; Fav, 1923),
and the effects of increased intracranial pressure on the medullary

centers were described by Tsubara in 1924.

Wolff and Forbes, in 1928, confirmed Cushing's observations

concerning flow in the pial arteries stating that as the intracranial

prc.‘hrt rises, pressure in the cerebral veins and arteries also rises,
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thereby lowering the perfusion pressure. and decreasing the flow. klso
in 1928, Stépford suggested that in¢reased intracranial pressure assoc-
iated ;1th intracerebral tumors is wmost like)y due to compression of
the great vein of Gallen (Stopford;‘1928). This postulate was later
supported by Courtice (1940), who found that posterior tumors or co-;
pression increased intracranial pressure and slowed the cerebral blood
flow more than similar anterior occurrences. ‘

Wolff and Blumgart '(1929) measured cerebral blood velocity
and found that flow was proportional tS blood pressure at normal intra-
cranial pressures. Thev also found that flow, was reduced if the intra-
cranial pressure was elevated, and that cerebral blood ffsv ceased if
intracranial pressure exceeded the arterial pressure. This view wvas
challenged in 1939 by Williams and Lennox (1939), who found that cere-

/

bral blood flow was not significantly altered in patients with high in-
tracranial pres;ure. Kety, Shenkin and Schmidt (1968) suggested that
Williams' and Lennox's calculations of blood flow depended on the as:u-p-
tion Fhat the oxygen consumption of the brain {s constant. The brain of
comatose patients with trgh intracranial pressure uses oxygen at a lower
rate (Kety, Polis, Nadier and Schmidt, 1948), and therefore a normal
arteriovenous oxygen concentration gtadienf suggests that a slov rate of
blood flow existed.

With the development of the nitrous oxide technique of measur-

ing cerebral blood flow in 1945 (Kety and Schmidt, 1945), quantitative

* .
The perfusion pressure is the difference in pressure between the

two ends of a tube (artery) or collection of tubes (arteries) and is
4 measure of the force acting to "push” the blood from the high pres-
sure end to the end of lower pgfc-urcl
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measurements of changeés in total cerebral blood flow were possible. Be-
twveen 1945 and the present date, investigation of intracranial pressure
has proceeded along two major experimental lines:
(1) increased pressure caused by intracerebral masses such as
tumors, and
(11) increased pressure caused by fluid injections to simulate
intracranial hemorrhage.

Intracranial Tumors -

In 1948, Kety, Shenkin and Schmidt measured cerebral blood

flow and intracranial pressure in 17 patients with brain tumors.

They found that {f the intracranial pressure exceeded 450 mm of cere-
brospinal fluid (approximately 33 mm Rg‘), blood flow decreased as
intracranisl pressure increased. Heilhrun, Jorgensen and Boysén (1972),
in & similar study, found that flow decrease began vhen the difference
between arterial and intracranial pressure was less than 50-60 mm Hg.
Other investigators have used inflatable balloons to simulate tumor
grovth in experimental animals. ¢owell and Bloor (1971) found that

increases in intracranial pressure {n excess of 40 sm Hg would reduce

flow. Langfitt, Kassel and Weinstein (1965) found that ghis criti§il
level of increased 1nFracrnnial pressure vas dependent on the time
course of the pressure increase. If the balloon was expanded slowly,
flowv remained constant until intracranial pressure rose above 35-50 mm
Hg but i{f the expansion wvas fast, flow decreased as soon as the intra-

cranial pressure was increased. Llewis and McLaurin (1971) also found

A pressure of 1 wm Hg = 13.6 mm of water or cerebrospinal fluid.
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that flow decreased with any increase in intracranial pressure. Johnston
and his co-orkers (Johnston, Rowen, Harper and Jennett, 1973), stated
that the relationship between intracranial pressure and cerebral blood
flow depended on the location of the tumor or balloon. If the tumor
was‘locatgd above the level of the cerebellum, as in the above studies,
they found that flow was -Q;ntained until the arterial-intracranial pres-
sure difference fell below 50 mm Hg. 1If, however, the tumor was situ-
ated below this level, any increase {n intracranial pressure resulted in
decreased blood flow. They stated that infratentorial tumors resulted

in the lpss of autoregulation‘ and that this vns’the reason flow passive-
ly followed intracranial pressure. Miller, Stanek and Langfitt (1973),
supported this {dea and stated that during normal autoregulation, flow
remained essentfally constant until the arterial-intracranial pressure
difference was less than 40 mm Hg. Loss of autoregulation resulted in

passive flow decreases with any intracranial pressure increases.

Intracranial Hemorrhage -

A.clinical analysis of flow reductions due to increased intra-
cranial pressures, resulting from intracranial hemorrhage, is extremely
difftcult. The major difficulty lies in determining how wmuch of the ce-
rebral b}ood flov loss 1is due to increased intracranial pressure, and how
much {s the result of ac%;ve narroving of the major cerebral asrteries due
to vascular -‘ooth -uogle contraction (often called "spasa™). The major
arteries of the circle of Willis can constrict in response to vasoactive
chemicals rCIbased by blood platelets during clotting (Rapport, 1948;

Autoregulation of blood flow in the brain is the ability of the

‘cerebral vasculature to maintain a relatively constant blood flow dur-

ing increases or decreases of perfusion pressure.
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1949; Zucker, 1954). The presence of blood in the cerebrospinal fluid,

howewer, does not produce spasm in everv instance. Stornelli and French
(1964) stated that only 40 percent of their ﬁatients with bloodv cerebro-
spinal fluid showed anvy signs of vasospasm and that diffuse spasm occur-
red onlvy when the intracranial pressure wvas elevated. Thev also stated
that all patients who exhibited spasm had an incgeased intracranial pres-
sure. A similar set of observations were made bv Pribram (1961). All-

{
coci (1966) found that only 41 percent of patients with intracranial hem-
orrhage showed signs of spasm; Griffith, Cummins and Thomson (1972), 35
percent; and Wilkins, Alexander and Odom (1968), 37 percent. Nornes and
Magnaes (1972) have recently shown that i{ntracranial pressures between
40-80 cwm water wvere prezent following their "Type lﬁ hemorrhage, and pres-
sures of 120-220 cm water with "Type 2" hemorrhage. Nornes (1973} also
delonstrat;d that internal carotid artery blcod flow was severely reduced
following subarachnoid hemorrhage and was i{mproved {f intracranial pres-
sure wvas reduced., It is well established that wmajor cerebral arteries
are occasionally narrowed and blood flow is decreased following subarach-
noid hemorrhage but the relative importance of increased intracranial
pressure compared to that of arterial spasa is as yet unknown,

Y Fxperimental simulation of intracranial hemorrhage {s achieved
by the injection of fluid into the subarachnoid space.. Greenfield and
Tindall (1965) reporteﬂr;hat flow remained constant until the arterial-
intracranial pressure d;fféronce was less thah 65 mm Hg. Haggendal and
co-workers (1970) and Zwetnow (1970)‘fou2d this critical value to be ap-
proximately 50 mm Hg, but all three investigations indicated that cerebral

* The subarschnoid space is the space between the pia mater and the
arachnoid membrane and is filled with cerebrospinal fluid.




13

blood flow decreased if the arterial-intracranial pressure difference wvas
decreased bevond this critical value. McQueen and Jelsaa (1967) found
that 8 cc injections of whole blood into the cerebrospinal fluid were
capable of producing and sustaining an intracranial pressure of 30 cm
water and that a similar injection of red blood cell ghouts* would result
in an intracranial pressure of 100 ca water. .Thev suggested that the red
blood cell ghosts blocked the absorption of cerebrospinal fluid and that
this resulted in the high intracranial pressures.

In summary, increases in intracranial pressure high enough to
cause a reduction in cerebral blood flow are known to occur in both in-
tracranial tumor growth and intracranial hemorrhage. 1It-is important
to note thd{’these observations are based on total or regional cerebral
blood flow measurements and therefore, cannot yield specific information
as to the origin of the flow reduction. A narroving of the large cere-
bral arteries could produce the same net flow decrease as a narrowving of
the arterioles, or veins, and measurement of total blood flow in the

affected area would not indicate which situation exists.

4) FLOW DETERMINING FACTORS

1f we assume that, in general, flow through the cerebral ar-
teries is non-turbulent or laminar, Poiseuille’'s law will apply, {.e.:

P = AP/R

‘ "
where P is the flow,a P is the internal pressure gradient, and R is

Red blood cell ghosts are red blood cells from which the hemoglo-
bin has been removed.

ah
The internal pressure gradient, AP, is the difference in intra-

luminal pressure between the two ends of the vessel.




the resistance of the vessel under consideration. The resistance (R)
is inversely proportionai to the fourth power of the radius (r).of the
vessel 8o that we may rewrite Poiseuille's law in the form: ~

FeaaPr
Flow can therefore be reduced by decreasing either the internal pres-
sure gradient or the radius of the lumen. At a given &P, flow through
the vessel is extremelv sensitive to changes in radius and small re-
ductions in radius are capable of producing large variations in flow.
This argument applies equally well to both the large arteries of the
circle of Willis and the ;-311 arterioles of the brain. The entire
svatemic circulation of the brain is distributed from the six major
branches of the circle of Willis (FPigure 1) which, in turn, are sup-
plied by two vertebral snd two carotid arteries. Flow decreases in
any of these major arteries wvill t£erefore cause wvidespread flow re-

ductions in the cerebral circulation and, if sufficiently severe,

*
large areas of anoxia.

~
¢

Anoxia is a reduction of oxygen in bodv tissues below normal
levels.

14




FIGURE 1

A line drawving of the human circle éf Willis
'- anterior cerebral artervy ,

- anterior commmicating artery
- basilar artery

- internal carotid artery
middle cerebral artery

- posterior cerebral artery

- posterior commmicating artery

EEEEEEE-

- vertebral artery
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IT. NARROWING AND CLOSURE OF MAJOR CEREBRAL ARTERIES

1) INTRODUCTION

~—

Since brain arteries behave like distensible tubes (Scott,
Ferguson and Roach, 1972), their internal diameter iam determined by
the difference between the f;rce acting to distend the walls (intra-
luminal pressure) and the aunm of the forces acting to limit this dis-
tension (extraluminal pressure, elasticity of the wall and the com-
ponent of active smooth muscle contraction tending to decrease the
circumference/radius of the vessel). These factors clearlv fall into
two groups: “active", referring only to the actibn of smooth 'muscle;
and "passive', referring to the other variables. The two are by no

means mutuallv exclusive and represent only the mechanisms bv\ﬁhich

flow variations mav be caused by changes in radius.

2) ACTIVE NARROWING

(a) AUTOREGULATION -

Active control of cerebral blood flow is accomplished by

constriction and dilatation of the arteries and arterioles qf the brain.

The intrinsic tendency of the cerebral vasculature to maintain a constant

blood flow despite changes in arterial perfusion pressure is termed suto-

regulation (Johnson, 1964). There are two major theories describing the

nature of autoregulatory control of the cerebral circulation. The meta-

bolic hypothesis states that a decrease in blood flow (caused by a de-+

crease in perfusion pressure) results in an accumulation of vasodilator

17
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metabolites. This results in a dilatation of the arterv which tends to
decrease resistance and increase flow (Berne, 1964). The mvogenic hv-
pothesis astates that a reduction of pressure results i{n a decrease of
arterial smooth muscle tone. This causes a dilatation of the arterv

‘and subsequent increase {n flow (Folkow, 1964).

(1) Metabolic Theoryv -

~ e

The metabolites considered capable of causing autoregulation

are carbon dioxide (pCO7), oxvgen(pO,), and hvdrogen fon concentration
(pH) (Rapela and Green, 1964),

An increase in carbon dioxide or a decrease in oxvgen tension
are both capable of producing 4 dilatation of cerebral arteries and ar-
terioles, and a decrease in pCOj, or an increase {n p0O) results in a
constriction (Gibbs, Gibbs and Lennox, 1935; Forbes and Cobb, 1938;
Dumke and Schmidte, 1462; Kety and Schmidr, 1948 (a); Krueger, Rockoff,
Thomas gnd Owmaya, 1963; Higrgendal and Johansson, 1965). The cerebral
arteries, hovever, are more responsive to changes ¢n pCO, than those of

pO2 (Gibbs, Gibbs ng& Lennox, 1935; Kety and Schmidt, 1948 (a)). A de-

crease in blood flow results in a build-up of carbon dioxide and a de-

pletion of oxygen, both of which cause vasodilatation tending to restore
the flow to its original level. Changing the carbon dioxide tension,
however, also changes the pH of the blood and that of the extracellular
and intracellular fluid of the arterial smooth wmuscle cella. Zwetnow,
Kjdllquist, Siesjo (1968), and Skinhgj (1966), state that the extra-
cellular pH 1s the major metabolic factor responsible for autoregulation.
?@1; view has been challenged by Harper and Bell (1963), “cDowall and

Harper (1968), Plum, Posner and Zee (1968), and Rapela and Green (1968).

K\’

\
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These investigators all favor pC02 as the vascactive agent. The third
theorv atates that intracellular pH {s the regulating mechanism and that
pCO, and extracellular pH have little effect if the intracellular pH re-
mains constant (Gotoh, Taraki and Mever, 1961; Mever and Gotoh, 1961;
Shinohara, 1973). The specific wmetabolic agent responsible for auto-
regulation has not been agreed upon, but all three factors are inter-

related and will therefose act together.

(11) Myogenic Theorv -

This theorv astates that arterial smooth muscle reacts to var-
iations of pressure insatead of changes in flow. Saooth muscle responds
to an increage or decrease in stretch with a contraction or dilatation,
respectively (Dobrin and Rovick, 1969; Dobrin, 1973 (a), (b)). A de-
crease in arterial blood preasure reduces the stretch or tension in the
artertal wall which results in a dilatation. This increase in radius
will maintain the original flow rate at a reduced perfusion pressure,
“This hypothesis was introduced by Bayliss (1902) and later supported y
by Pog (1938), Polkow (1964), Higgendal and Johansson (1965), Higgendal

(1968) and others.

(1{11) General Viewpoint -

In spite of the different theories proposed, it is generally
agreed that autoregulation is accowplished through a combination of
some Or all of the sbove-mentioned factors (Lassen, 1964; Harper

and Higgendal, 1968; Zwetnow, 1968). It is also agreed that




autoregulation can be lost with severe hvpoxia. (Haggendal, 1968), hvper-
capnia.. (IwabuchKt, Kutsuzawa, Ikeda and Nakamura, 1973), increased in-
tragranial pressure (Miller, Stanek and lLangfitt, 1973), or subarachnoid
hemorrhage (Hashi, Mever, Shinmaru, Welch and Teraura, 1972). Without
autoregulation, there is a passive relationship hetween cerebral “lond
flov and perfusion pressure, Under normal conditions autoregulatorv re-
sponses determine the caliber of the cerebral blood vessels. The large
arteries of the circle of Willis exhibit changes in diameter in response
to metabolic (Krueger, Rockoff, Thomas and Ommava, 1963), and =mvogenic
(Echlin, 1942) etimull, Because of their large radii and consequently
small resistances, these arteries prohably do not contribute signifi-
cantly to normal autoregulation. If these arteries’ become narrower,
however, they can severelv decrease the blood flow (Allcock, 1966,

Ecker, 1945; Ecker and Riemenschneider, 195%3).

(b) CEREBRAL ARTERIAL SPASM -

Spasm or narroving of the major cerebral arteries was first
demonstrated angiographically by Moniz in 1942 (Ecker and Riemenschneider
1953), and later confirmed by Ecker (1945), Ecker and Riemenschneider
(1951), and others. Spasm is usually associated with an unfavourable
prognosis and has often been named as the major cause of morbidity and
death following subarachnoid hemorrhage (Ecker and Riemenschneider,

P >
Rypoxia 1s a state of low oxygen concentration or availability.

*n

Hypercapnia is a state of high carbon dioxide concentration in
the blood.
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1951, 1953; logue, 1956; Allcock and Drake, 1963, 1965; Allcock, 1966;
2ervas, Kuwavama, Rosoff and Salrman, 1973). Severe arterial constric-
tions have been shown to last for up to three weeks (Marshall, 1973), and
appear to be most severe 5-10 davs after the hemorrhage (Bergvall and
ffalera, 1969; ™arshall, 1973). Brawley, Strandness and Kellvy (1968)
found experimentally that spasm was a biphasic phenomenon with an "acute"
phase lasting less than an hour and a "chronic” phase beginning 3 to 24
hours after the hemorrhage and lasting for davs. This was later confirm-
ed bv Echlin (197]1) and Kuwayama, Zervas, Shintani and Pickren (1972).
Wilkins and Levitt (1970)~and Weir, Frasmo, Yiller et al (1970) were
unahle to reproduce these r::b{ia. Yamaguchi and Waltz (1971) found
that spasm wvas slight following the rupture of cerebral arteries in cats
if intracranial pressure was maintained at normal levels,

Many mechanisms have been proposed as causes of spass, and
each has been tested using experimental animals. Mechanical stimulation
(stretch) caused by the sudden rupture of a cerebral blood vessel was
proposed bv Fchlin (1942) and Pcker (1945). This idea was supported by
Ecker and Riemenschneider (1951), Harvey and Rasmussen (1951) and later
by Pool, lacobson and Fletcher (1958), and Johnson, Potter and Reid
(1958). The spasm induced by mechanical stimulation lasts only for a
'short time (approximately 10-30 minutes), and does not(érplain the clin-
ical observations of long-lasting contractiomns.

The nerve supply of the cerebral arteries has also been con-
sidered as a cause of spasm. Forbes and Wolff (1928) and Forbes and
Cobb (1938) stated that electrical stimulation of the cervical p*!pa-
thetic nerves produced only 8 to 10 perceant comstriction of the ceye-

bral arteries. Echlim (1942, 1965), however, found a 30 to 70 percent
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reduction of diameter wvhen the basilar artery was directlv stimulated
at a high frequency. D'Alecy and Feigl (1972) found similar results

at a stimulation frequency of 15 per second. Thevy stated that these
frequencies were higher than normallv occur phyaioldgicallv, and that
constriction decreased with decreasing frequencvy. Green and Denison
(1956) and ™McClure and Creen (1959) found no evidence of a constric-
tion in response to adrenergic stimulators. James, Millar and Purves
(1969) reported a 30 percent decrease in flow following sympathetic
stimilation. Recent investigations using catecholamine fluorescent
techniques (Fraser, Stein, Barret and Pool, 1970), and scanning and

-

transmidBion electron microscopy (Nelson, Takavanagi, Rennels and
Kawamora, 1972; Dahl, 1973) have demonstrated that the arteries of

the circle of Willis do have an extensive nerve supplv. Fraser et al
(1970) have showm, however, that denervation of the basilar arterv did
not prevest or relieve spasm produced by the external application of
blood. In addition, all of the abov; ohservations produced onlv short-
term constrictions and therefore do not mimic the spasm seen following
;ubarlchnoid hemorrhage. The exact function of the cerebral arterial
nerve supply is uncertaln at present.

Purther attempts to determine the cause of prolonged vaso-
spasa assumed that the blood in the cerebrospinal fluid must contain
or release a potent vasoconstrictor. Wilkins and Levitt (1971) found
that high potassium ion (X" concentrations could produce spasm in the
cerebral arteries of dogs, but that the Kt concentration was not elevated

in the cerebrospinal fluid of patients with intracranial hemorrhage.

L
They also observed. that the concentrations required to induce spasm were

5




» 23
higher than Phose expected tq result’from he-olysis‘ of a subarachnoid
blood clot. In 1948, Rapport, Green and Page i{solated a potent Q;ao—
constrictor which was released bv platelets during clotting (Zucker and
Borrelli, 1954), and named it serotonin. Rapport (1949) later found
that this was actually a serotonin creatinine sulfate complex, but that
serotonin (5-hydroxytryvptamine) was the vasoactive substance. Serotouin
was capable of producing a 2040 percent constriction of cerebral arter-
ies lasting up to 3 hours (Ravnor, McMurtry and Pool, 1961; Karlsberg,
Flliot and Adams, 1963; Rawnor and Mcurtry, 1963; F;ascr, Stein; Bar-
ret and Pool, 1970; White, Denton snd Robertson, 1971; Tods and Pujita,
1973) .-~ Brawley, Strandness and Kelly (1968) found that serotonin may
cause the {nitial acute phase of spasm. They found no evidence support-
ing the theorv that serotonin was responsible for long lasting, chronic
spasm. Another vasoconstrictor, prostaglandin Fau has recently been in-
vestigated by White, Denton and Robertson (1971) and Denton, White and
Robertson (1972), and wvas reported to have short-term presgpor effects

similar to those of serotonin.

-

Spasm has b;;n demonstrated angiographically to be capable
of complete, or nearly complete, closure of large cerebral arteries as
well as long-term reductions in vessel cgliber and flow (nckJ.er. 1945;
Allcock and Drake, 1963; and others). The cause of th;;e circulatory

disturbances has not been determined.

3) PASSIVE NARROWING

The net force acting to distend the arterial wall is the

¥

Hemolysis is the liberation of hemoglobin fros red blood cells.

O




difference between the intraluminal and extraluminal pressures and is
called the tr:ns-ural. pressure. (Pigure 2). 1In the cerebral-circu-
lation, the transwural pressure i{s the arterial blood pressure minus
the intracranial or cerebrospinal flu#d presaﬁre. Clearly then, a
fall in blood preasure, or an increase in intracranial pressure, will
tend to passively narrov the cerebral arteries. It is important to
note here, that 1t is the difference betveen Fheuc two forces, and not
the -agnitu&e of either one, wvhich determines the vessel caliber.
Passive resistanceé to this stretching is provided bv the
elas:ic components of the arterial wall, elastin and collagen (Roach
and Burton, 1959; Wolinskv and Glagov, 1964). Thid phenomenon is
termed elastance and ia the tendencv of the wall to resist increases

in diameter. An fncrease in elastance represents a decrease in the

distensibility of the wall. The elastance of arteries changes with

transmural pressure, increasing as pressure is raised (Roach and Bur-

ton, 1957). That is, as the transmural pressure is increased, the
wall becomes "stiffer". Two other factors known to affect the stiff-
ness of the wall are age (Roach and 5urton, 1959; Busby and Burton,
1965; Crawvford, 1966; Roach, 1970), and degree of atherosclerosis
(Lansing, Aie; and Rosenthal, 1950; Nichol, 1955; Yu and Blumenthal,
1963; Cravwford, 1966). Each of these tendsto increase the elastance.
Therefore, the dia;etet of an nréfry will depend on its age and degree
of atherosclerosis as well a8 on the transmural pressure. When con-

sidering passive reductions in radius and blood flow of a particular

Literally, the pressure across the wali.
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FIGURE 2

This {llustrates thfP the force acting to
distend the walls of an artery is the trans-
mural pressure (intraluminal (Py) - extra-

luminal (P,) pressure).
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artery, age and development of atherosclerosis are constant., Trans-

mural pressure {s the factor which determines the extent of radius

and flow reductfons.

4) RATIONALE AND OBJECTIVES

(1) If autoregulation is lost, transmural pressure and per-
fusion pressure determine arterial radiua and flow in
a passive manner,

(11) Transmural pressure has been shown to affect the radius
of intracranial arteries and is the basis of the myo-
genic theory of autoregulation,

(111) Wl an artery is in spasa, a reduction in transmural

pressure (i.e., by increasing external pressure) will
decrease the force opposing the constriction. This
will decrease the radius of the vessel and increase
resistance to flow.

The objective of this thesis is to investigate the relation-
ship between flow, perfusion pressure, and transmural pressure in major
cerebral arteries under these three conditions:

(1) An absence of smooth muscle tone;

(11) Normal smooth muscle tone; and

(111)  Active vasoconstriction.

In this manner, the relative importance of active versus pas-

sive narrowing of large intracranial arteries can be determined.




III. PASSIVE PRESSURE-FLOW RELATIONSHIPS IN MAJOR

HUMAN CEREBRAL ARTERIES

1) INTRODUCTION

Passive pressure-flov relationships have been observed follow-
ing loss of autoregulation and during high intracranial pressure (lwa-
buchi et al, 1973; Miller et al, 1973; Johnston et al, 1973). In
many of these investi{gations, transmural pressure and cerehbhral perfusion
pressure have been used as synonyms. This assumption will be discussed.
The possibility that passive flow reductions may originate in the major

cerebral arteries has not been investigated previouslv.

2) MATERIALS AND METHODS

(a) ARTERIAL SPECIMENS -

The 26 arteries used in these experiments were husan cerebral
arteries from the circle of Willis and its branches. These were obtain-
ed at autopsies and immediately stored in 0.9 percent saline at approx-
imately 3°C for at least 24 hours. This was done to ensure that active
smooth muscle contraction was eliminated, and that onlv passive changes
in radius could occur during the course of an experiment. This process
vas proved to be effective wvhen repeated attempts to stimulate the ar-
teries with noradrenaline (10-6H) and serotonin (10"1) failed to elicit
any response. All arteries selected for study were straight segments
cut to a length of Zt 0.1 cm. Side branches were ligated with fine silk
thread. Any artery wvhich leaked, or in which ligation of a side branch

produced & noticeable distortion of the arterial wall, wvas discarded.
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The arteries were then studied in two groups: one group (10
arteries) in which single arteries were perfused, and the other group

(16 arteries) in wvhich two arteries were cannulated in parallel and

perfused simultaneocusly.

Bl

(b) PERFUSION OF SINGLE “ARTERIES -

The apparatus (Figure 3(a)) consisted primarily of a pres-
sure-tight plexiglass box or housing, to simulste the skull, and 1u§}ov

.

and outflow cannulas to mount the arterv{ The artery and cannulas were
placed in a metal "cradle”™ (Figure 3(b)) to ensure that the length of
the arterial segment would remain constant during tbhe course of the ex-
periment. The arterv was then placed in the housing and perfused from
a constant pressure reservoir of 1sotonic. saline (10 litre capacity).
The housing was filled wvith saline and coupled to a brass cylinder vith
a micrometer-driven pistou. SaliQe could then be injected or withdrawn
from the housing. Tﬁe resultant changes im housing pressure were moni-
tored vigually with a sercury manometer and electronically by a pres-
sure transducer.‘ (Statham, Model P34Ppb). Flow through the artery wvas
measured with an electramagnetic flq‘-eter.' (Carolina Medical, Model
322), and pressure on both sides of the artery wmonitored with pressure
transducers. All pressure and flow measurements were recorded on an
8—channel chart recorder (Beckman Type R Dynograph). Screw clamps

allowed the resistance at either end of the artery to be varied.

& L1
Isotonic saline is a solution of 0.9 percent sodium chloride in
distilled water. This solution has an osmotic pressure identical with

that of human blood.

*k

See Appendix 3




FIGURE 3(a)

Schematic diagram of the apparatus used showing the
cannulated artery (A), plexiglass housing (H), res-
ervoir (R), adjustable clamps (C), mercury manometer

\
(MM), micrometer syringe (MS), flow transducer (FT),

pressure transducers (PT), inflow (IF), and outflow

(oF).

FIGURE 3(b)

Schematic diagram of the metal "cradle" (MC) which
vas used to’secure the cannulas (C) and artery (A)

at a fixed length.
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Inflov pressure was increased or decreased bv raising or lowering the
pressure reservoir. In all experiments, the housing pressure and per-
fusion pressure were varied from 0 to 100 sm Hg and each set of measure-

ments was repeated at least twice.

(¢c) PERFUSION OF TWO ARTERIES IN PARALLEL -

The apparatus emploved was essentiallvy the same as that des-
cribed in section (b) except that the housing was increased in size
to accommodate two arteries cannulated (n parallel. Proxinal. to the
arteries in the housing, s glass Y-—tube was introduced providing a
symsmetrical blfurcation.. (outside the houaing). Flow and pressure

for each arterv were measured and recorded as described previouslv.

(d) PROTOCOL -
In each experiment, two sets of pressure conditions vere im-
posed on the arterv (or arteries).

(1) Perfusion Pressure -

To assess the relationship between flow and perfu-
sion pressure, the housing pressure was maintained at O mm HR and the
inflow pressure was varied betwveen O and 100 mm Hg.

(11) Transmural Pressure -

The perfusion pressure was maintained at a constant

" Proximal refers to positions 'upstream’' from the artery and distal
refers to positions 'downstream',

A bifurcation i{s a fork or branching wvhere a single structure
divides into two. .
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value and the housing pressure was varied bdetween -50 and +120 ma Hg.
This was repeated for several different perfusion pressures and in the
presence or ahsence of an external resistance (provided by the screw

clamps).

3) INITIAL CONSIDERATIONS AND ASSUMPTIONS

(a) LAMINAR FLOW -

As an indication of whether flov in the proximal cannuls was
streaml ined or turbulent, the Revynolds number (Vennard, 1962, pg. 224)
was calculated using the formula:

Re =%. V . D
n

vhere ¢ is the density, w is the viscosity, V s the average velocity,
and D 18 the diameter of the tube. This calculstion was done for all
cannylas at the corresponding maximm flow velocities. The maximm
Reynolds number calculated for these experiments was 1,700. Because
laminar flow normally occurs in a loag straight tube when Re 2,000,
it has been sssumed that the flow remains laminar in the inflow can-

nula. This may not be 80 for the outflow cannuls in all cases owing

*
to the non-uniform diameter of the arterial segment .

(b) INFLOMW PRESSURE -

The measurement of inflowv pressure was made proximal to the

housing and artery. The actual inflow pressure at the artery can be

estimated by calculating the pressure losses between the point of mea-

surement and the artery. Laminar flow pressure losses will occur 1in
7

-

.’ .
See section ¢ (11)




the connecting tubing ({.d. « 0,35 cam, length = B cm) and {n the bore
of the cannula (length = 1.5 cm, variable diameter). These lorses mav
be calculated by the relation:
aP = 8 Fal
rel (Poiseuille's Law)
where AP in the pressure Yosa, F {8 the volume rate of flow, L is the

length, and r the radius of the tube. The pressure loas (in cm of

water) due to the sudden decrease in diameter between the connecting

tubing and the cannula can be estimated using the expression:
i
aP = K¢ AP
2R
vhere g = 980 c-/necz, V. is the velocity of flow in the cannula, and
K; is the loss coefficient which dependa on the ratio of the cross-
sectional area of the cannula to that of the tubing (Vennard, 1962,

.

pr. J14A),

These pressure losses were calculated and subtracted from

il

the measured inflow pressure by computer and the resultant will be

referred to as the inflow pressure.

(c) PERFUSION PRESSURE -

The perfusion pressure, as previously defined, is the differ-
ence in pressure between two ends of a tube or collection of tubes.
In the following experiments, perfusion pressure could be defined as:
(1) the pressure drop along the arterial segment, or
(11) the difference between the {nflow pressure and the
mmasured outflow preasure distal to the arterv,

The sssumptions and restrictions of each are presented below.




(1) Preasure Drop Along the Arterial Segment -

It will be shown that the lumen of the arterv closes

~

if the transmural pressure is approximatelv O mm Hg. This indicates
that the internal presasure of the artervy must be slightly greaéer than
the external (housing) pressure to maintain an open channel along the
entir; length of the arterv. In other words, whenever flow through the
arterv exists, the {nternal pressure at the distal end of the arterv
must be greater than the housing pressure. When ;he housing pressure
18 increased, the arterv becomes narrower due to reduced transwural
pressure, and flow decreasen.‘r‘s the housing pressure approaches the
inflow pressure, the situation depicted in Figure 4 arises. The prea-
sure at point A will approxstmatelv equal the inflow presasure (IP),
since flow rate ig small. The pressure at point B ia less than at
point A (since f{low exists), but must be greater than the hous$np pres-
sure (since the arterv ims open). As the housing preasure increases,
the pressure at B must increase and the pressure drop from A to B must
decrease. If this pressure drop is used to define perfusion pressure,
then as the housing preasure approaches £hc inflow pressure, the per-
fusion pressure approaches zero. when the artery is closed, however,
the pressure at A equals the inflow pressure, and the pressure at B
equals the outflow pressure (0 mm Hg), and the perfusion pressure be-
comen equal to the inflow pressure. The reason for this diacrepancy
is that the major preseure drop in flgure 4 occurs between points B

1 8

(arterv) and C (cannula). The transition between the narrowed artery

and the cannula represents a sudden expansion which results in a large

-,
-

pressure loss. This pressure loss is a result of the arterial narrow-

ing and as such, should be included in the calculation of p;rfulion

[Gg]



FIGURE &

ZTllustration representing a cannulated arterv

which has been narrowed by increased extra-
luminal pressure.

IP inflow pressure

oP out flov pressure

»
points of reference - see text







pressure, If this is not done, a false relationship develops between
flow and "perfusI;n pressure".. As the housing pressure increases.
flowv and "perfusion pressure’ decrease. If this relationship 1s lin-
ear, or nearly linear, the reaistance of the arterv will appear to be
. constant (recall that flow = perfuyion pres-ure/res{stance). The re-
duction of flow, however, is due to the narrowing of the arterv which
is ususllv alsocintedlvith an increased resistance.

Another dls:;vantage ;f this definition of "nerfusion pres-
sure” is that the pressure at point B is not easilw obtainaple and
therefore must be estimated.

For these reamsons, this definition of "perfusion pressure”

will not be used.

(11) The Inflow-Outflow Pressure Difference -

Pt fusion pressure vill be defined as the differ-
ence between the inflow pressure and the wmeasured outflow pressure
distal to the arterv, The disadvantage of tsis definition is that
fhe pressure drop acroass the distal cannula will be included in the
measurement of perfusion preasure. This pressure drop could not be
accurately measured or calculated since the assumption of laminar
flow could not be made in the region distal to the artery. When the
nrtzrial diameter is smaller than that of the cannula, eddv formation
an& local turbulence may occur vitpin the cannula and an assumption
of laminar flow would be invalid. The cannula, therefore, introduced

-

"Perfusfon pressure”, when in quotes, will refer to the pressure
drop between points A and B in PFigure 4,

38




FIGURE 5(a)

Diagram showing the variation of flow with perfusion
pressure for a small cerebral artery (diameter = 0.08
cwmat 100 mm Hg). Flow increases with increasing per-
fusion pressure and the graph {s concave towards the

pressure axis,

FIGURE 5(b)

Comparable diagram for a large cerebral aftery (di-
ameter = 0.198 cm at 100 mm Hg)~ The tendency to
curve towards the pressure i{s less marked than in
Figure 5(a). 1In both éaucs, flow ceases at a per-

fusion pressure of zero mm Hg.



{m1s/ mun)

FLOW

\]

FLOW  (misfren)

20

v g B

40 60 80

PERFUSION PRESSURE  (mm Mg )

& 0
PERFUSION PRESGURE (mm MHg)

80

100

PES




a resistance to flow distal to the arterv.

(d) TRANSMURAL PRESSURE -~

Since the pressure at point B (Figure 4) cannot be measured
or estimated, the change in transmural pressure along the arterial
segment could not be measured. The transmural pressure will therefore
be defined as the difference between the inflow and the housing pres-
sures. This is a measure of the maximum pressure available to distend

the walls of the arterv.

4) RESULTS

(a) THE PERPUSION OF SINCLE ARTERIES -

(1) Perfusion Pressure -

The variation of flow with perfusion pressure is
shown in Figures 5(a) and 5 (b). 1In all cases, flow increased with in-
creasing perfusion pressure and the flow-perfusion pressure curve was
concave towards the pressure axis. This effect was more pronounced
for small arteries (Figure S(a)) than for large arteries (Figure 5(b)).
Flow ceased wvhen the perfusion pressure was O wa Hg. All results were

reproducible to within ' 1 percent.

(11) Transmural Pressure -

The flow-transmural pressure and the flow-perfu-
sion pressure relationships are shown for a superior cerebellar artery
(diameter at 100 mm Hg = 0.08]1 cm) and a larger anterior cerebral ar-

tery (diameter at 100 mm Hg = 0.198 cm) in FPigures 6(a) and 6(b),
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FIGURE 6(a)

Diagram showing the variation of flow with transmural
pressure (solid line) and the flow-perfusion pressure
curve of Figure 5(a) (broken line)., In going from
point A to point B, the transsural pressure is reduced
but no change in flow occurs. The area between the
curves sbhove the point wvhere the two lines cross 1is
the linear region, and that below is the collapsible

region.

FIGURE 6(b)

Comparable diagram for the larger artery of Figure
5(b). The collapsible region is noticeably smaller

and begins at lower pressures than that in Figure 6(a).
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respectively, The area between the curves will be divided into two
regions. The area above the point where the two lines cross will be
called the linear region, and that below, the collapsible region.

In the linear region, the maximum flow rate through the ar-
terv was determined by the perfusion pressure, If the transmursal pres-
sure was increased, bv decreasing the housing pressure, no change in
flow occurred. At any given perfusion pressure in this region, the
transmsural pressure could be lowered by increasing the housing pres-
sure. No change in flow occurred until a critical transmural pressure
vas reached. For example, {n going from point A to point B on graph
6(a), the transmural pressure is lowered but no change in flow occurs.
The critical transmural pressure increased with increasing flow and
perfusion pressure, and was dependent on the size of the arterv and
the presence or absence of atherosclerosis. This dependence will be
shown for all arteries {n section (c) of this chapter. 1f the trans-
-u;nl pressure wvas decreased beyond this critical value, flow decreas-

ed along the flow-transmural pressure curve until flow ceased (at -0.5

mm Hg in Pigure 6(a) and 4.0 mm Rg in FPigure 6(b)).

In the collapsible region, the critical transmural pressure
wvas greater than the perfusion pressure. Flow could be increased bv
increasing the transmural pressure., As the transmural pressure was
reduced, flow decreased to zero. This region was smaller and occurred
at lower pregsures for large arteries (Figure 6(h)). ¢

The minimum increase in housing pressure fequired to cause
a reduction of flow through the artery is the perfusion pressure aminus

the critical transmural pressure. The relationship between the per-

fusion pressure and this housing pressure increase is shown in Figure 7.




FIGURE 7

Diagram of the minimum housing pressure
which caused a reduction in flow (as seen
in Figure 6), plotted against the perfu-
sion preasure for the large (broken line)
and small (solid line) arteries shown pre-
viously. Larger increases in external
(housing) pressure are required to reduce
flow in the larger artery at all perfusion

pressures.
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The housing pressure required to reduce flow was higher for large ar-

teries (compared to smaller arteries) at all perfusion pressures.

(141) Fxternal Reaistance - ‘

Figure 8 shows the effects of proximal and distal
resistance on the flow-transwural pressure curve. The resistances
were provided by screw clampa placed proximal and distal to the hous-
ing. The screw clamps were situated at least 10 cm from the pressure
transducer connections so that changes in flov velocity distal to the
clamps (or "fetting”) would not affect pressure measurements. Curve
A {8 the variation of flow with transmuyral pressure vhen no addition-
al resistance was present. The flow has a maximum value determined
by the perfusion pressure gnd the resistance of the srterv ard distal
cannula. Curve B represents the relationship obtained wvhen a resis-
tance wvas introduced proximal to the cannulated arterv. Curve B is
identical to Curve A except for the lower maximum flow rate.

A larger resistance distal to the artery vields
a similar result. Curves B and C could be interchanged by varving
the resistance used. In all cases, however, once the transmural
pressure had been reduced to a critical value, the pame curve re-
sulted and flow decreased to zero. These observations were iden-

tical in all experiments.

(iv) Vessel Dizmeter -

The vartations of flow with transmural pressure

for six arteries are shown in FPigure 9. The perfusion pressure in

all cases vas 90 mm Hg. The digmeters were measured at 100 mm Hg,
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FIGURE R

Diagram showing the effects of distal and
proximal resistance on the flow—transmural
pressure relationship of an arterv with an
internsl diameter of 0.121 cm (at 100 =m
Hg). Curve A is the curve obtained without
external resistance. Curves B and C show
the flow-limiting effect of a proximal and
distal resistance (respectively), The
maximum flov rate depends on the magniyude

of the reaistance applied.
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PIGURE 9

Diagram shoving the effects of lumen diameter
(measured at 100 mm Hg) on the flow—transmural
pressure relationship. Perfusion pressure (PP)
was 90 mma Hg. The maximum flowv rate increases
with increasing diameter and larger arteries

close at a lowver transsural pressure.
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and represent iaxinu- internal diameters., These curves are represen-
tative of all non-atherosclerotic arteries. The maximum flow rate
increased vith increasing diameter. This flow was maintained to lower
transmural pressures (higher housing pressures) bv the larpe arteries
compared to the smaller ones. The transmural pressure at which flow
ceased, varied from +2 mm Hg for the smallest arterv to -5 mm Hg for
the largest. For grosslvy atherosclerotic arteries, this closing pres-

sure wvas as lowv as -15 mm lg.

(b)

(1) Perfusion Pressure -

The variation of flow with perfusion pressure for
arteries perfused in parallel showed no significant difference from
that observed when thev were perfused singlv. The results obtained
vere similar in all respects to those presented in section (a) of

this chapter,

(11) Vessel Diameter {No Atherosclerosis) -

When the arteries in parallel were of approximatelv
equal diameter, the flow in both arteries decreased simultaneouslv as
the transmural pressure was decreased (Figure 10). There was no sig-
nificant difference in their critical transmural bressure or closing
pressure. This effect was observed in three different experiments in

which the arterial diameters were approximatelv equal.

When the perfused arteries were of differen:‘di—

ameters, the variation of flow with transmural pressure was quite

«
N




FIGURE 10

Diagram showing the variation of flow with
transmural pressure for t;o non-athero—
sclerotic arteries of approximately equal
diameter, cannulated and perfused in paral-
lel. There i8 no significant differ:nce in

their behavior, Perfusion pressure (PP)

was 90 mm Hg.
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FIGURE 1.
Diagram demonstrating a 20 percent decrease
in flow through the small artery prior to
any reduction in flow through the larger ar-
tery. The arteries were perfused {n paral-
lel at the same perfusion pressure, RNeither

artery was atherosclerotic,
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different. Figure 11 shows this relationship for an ;nterior cere~
bral arterv (0,216 cm) and {ts first generation branch (0,112 cm).

The flow through the smaller arterv began to decrease at a transmural
pressure of 60-70 mm Hg, whereas the flow fn the larger arterv remain-
ed constant until the transmural pressure fell below 40-45 mm Hp.
There was a 20 percent decrease in the flow ihrough the smaller artery
before there was anv noticeable 9ecrease in that of the larger arterv.
This effect was observed in tht;e pairs of arteries in which the di-
aneter.differed by more th§9/ﬁ.05 cm. The average decrease in flow
through the sma}ler arterv was 1% percent.

7

/
7
(117; Atherosclerosis -

| In two sets of paired arteries, one of the two

}
cannulate@furteries was vistiblv atherosclerotic. Figure 12 shows the
results obrain for two middle cerebral arteries, from the same
circle of Willis, With aporoximately equal diametera. The flow through
the atherosclerotic arterv remained constant until the transmural pres-
sure fell below 30-35 mm Hg. The flow through the normal arterv was
reduced bv 47 percent at this transmural pressure. The closing pres-
sure of the normal arterv was +] mm Hg, 329 that of the atheroscler-
otic arterv was -7 mm Hg.

A similar result was obtained for arteries of un-

equal diameters when the larger arterv was visiblv sclerosed (Pigure
13). An atherosclerotic posterio} cerebral arterv (0.206 cm) wvas per-

[
fused in parallel with a normal superior cerebellar artery (0.098 cm).

At a transmural nressure of 20-25 sm'Hg, the flow through the sclerosed

S7




FIGURE 12

]
¥

Diagram showing the flow-transmural pressure

curves of two middle cerebral arteries with ap-
proximately equal diameters (0.165 cm). The ar-
teries were perfused in parallel and one was vis-
ibly atherosclerotic. Flow through the normal

¢
artery was decreased by 47 percent at a trans-

mural pressure of 33 sm Hg, while that through

the atherveclerotic artery was unchanged.




<
3
>
E

FLOW

o
o

vaOOBBIQ

<.:U._v.

sclerosed

47X DECREASE

40 60
TRANSMURAL PRESSURE

T

80
ABB Imv




Diagram showing a 50 percent reducticn in flow

through a normal (small) arterv hefore anv de-
crease Iin flow occurs in the atherosclerotic
(large) arterv. The arteries were cannulated
in parallel with a perfusion pressure (PP) of

90 =m Hg.
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artery was unchanged, but a 50 percent flow decrease had occurred {n
the normal arterv. The normal arterv closed at a higher transmyral
pressure (0 mm HR) than the atherosclerotic arterv (-15 ma Hg).

‘

(c) ATHEROSCLEROSIS AND ARTFRIAL DIAMETER IN PASSIVF

NARROWING -

Lumen diameter and the presence of atherosclercsis were
found to affect the variation of flowv with transmural pressure. All
26 arteries used in this experiment were compared to one another on
the basis of Yarge versus small lumen diameter and sclerotic versus
normal arterfal walls. An arterv vas termed atherosclerotic {f ath-
erosclerotic lesions appeared (n Ehree or more histological sections
from three different areas of the arterial specimen. In some arter-
ies, groas atherosclerosis could he seen visuallv., The arteries wvere
grouped according to lumen diameter using N.137 cw as the dividing

point.,

Table ] shows the critical transmural pressure of all ar-
-

teries, measured at a perfusion prgssure of 9 mm Hg. (This value
was chosen as an estimation of diastolic blood pressure). P—values-
were calculated using the pafred t-test. The critical transmural
pressures of large and small atherosclerotic arterfes were not sig-
nificantly different (P<0.2). Small normal arteries showed a higher

critical transmural pressure than large normal arteries (P<0.05 show-

ing 95 percent confidence). The critical transmural preésure of all

-

®
The P-value gives the probability that the difference between

two mean values (s due to chance alone.
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large arterieas (45 mm Hg) was significantlv lower than that of all
small arteries (59 om Hg)..(P<0.WﬂS). The critical transmural pres-
sure of atherosclerotic arteries was consistentlv lower than that of
the normal arteries (an averare of 4/ mm Hg for atherosclerotic ar-
teries as compared to an averape- of 60 ma He for normal arterips
(P .N01)

The transmural pressure at wvhich flov thirough the arterv
vas decrerased from (te maximum value v 57 percent was also measured
from the graphs and tabulated (Table 7). The half-flow transmural

pressure shows an identical dependence on atherosclerosis and vessel

diamrter an that shown for the critical rransmural pressure. “mall
Ny

arteries narroved more ecasilv than large arteries and normal arteries
narrowed more easilv than atheroaclerotid arteries wvhen suhjected to

increasned extermnal nressure.

5) DISCUSSION

(a) PERFUSION PRESSURY

1

-

“any investigatore examining the relationship hetwveen in-

~

creased intracranial pressure and cerebral blood flow, have used the

term ‘perfusion pressure’ to describe the differance between mean ar-

terial blood pressyre and intracranial pressure (Zwetnow, 196%;
| .
Johnston et al, 1973; ™Mi{ller et al, 1973; Iwabuchi et al,6 1973).

When this definition is used, the presasure drop between the intra-

cranial and extracranial venous svatems is neglected. The restistance

/

of the {ntracranial vasculature ia defined in terms of cerehral per-

fusion pressure (resistance = (perfusion pressure)/flow). Wwhen auto-
»

. regulation {s loat, cerebral hlood flow has been found to be a linear

€4
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function of the 'perfusion pressure' described above. This implies
that the resistance of the arterio-venous system 1s constant. Thisg,
in turmn, inplieiéthat the radfus of the cerebral blood vesself is con-
stant. It 1s well known, however, that arteries and veins decrease in
radius when transmural pressure {s reduced in the absence of autoregu-
lation. (Busbv and Burton, 1965; Scott et al, 1972). This contra-
diction can be resolved b‘ defining perfusion pressure as the differ-
ence between mean arterial blood pressure and ihe venous outflow pres-
sure. The difference between mean arterial pressure and intracranial
pressure is the transmural pressure,

In the present studv, the varfation of flow with perfusion
pressure was non-linear. The flow-perfusion pressuyre éurve was con-
cave towards the pressure axis. This was due to an increasing prea-
sure drop occurring at the outflow cannula. An expansion occurs when
the diameter of the cannula changes to that of the distal connecting
tubing. The pressure loss, in cm of water, due to a sudden eXpansion

4.
is approximated bv the expression:

21 2 2

7 ——

4

<

aP=1}l- Dg
™M

vhere aP is the pressure loss, Dy and, D are the diameters of the

%)

small and largé‘tubes respectively, and Vg 15 the flow velocitv in
the syall'fube. and.g = 980 cm/sec’ (Vennard, 1962, pg. 310).

Since the diameter of the outflow tubing was conétant, the
diameter of the cannula deternine& the pressure loss at a givern flow
velocity. For this reason the largeat cannula on which the arterv

#

could be mounted, was always chosen. The outflow cannula provided a
§ .

[} ’ '
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’

,resistance to flow distal to the arterv. This situation is similar to
the normal case in which the arterioles of the brain provide a large
resistance distal to the major cerehral arteries. The brain receives
approximatelv one-fifth of the cardiac output, or about 1000 mls/min.
Of this total, two-thirds is carried bv the carotid arteries and one-
third bv the basilar arterv (Brain, 1957). The basilar arterv divides
to form the two posterior cerehral arteries, Therefore each posterior
cerebral arterv would normally have a blood flow of approximatelyv
160 mls/min at a mean arterial blood pressure of 90-100 mm Hg. A*
similar flow rate was attained in the present studv, indicating that

-
the resistance provided bv the distal cannula ‘is not verv different
from that normallv occurring in the cerebral circulation.

bl

{(h) TRANSMURAL PRESSURE -

»

As the external pressure in the housing was increased, no
change in flow occurred until a critical transmural pressure vas .
reached (at high perfusion pressures). This would suggesat that the
radius of the cannulated arterv was in excess of that required to -
maintain the observed, flow rate and that the distal resistante was
limiting the flow. As the tranamural pressure was decreased below
this level, the radius of the artery decreased and flow was reduced

-

due to increased resigtance pp‘glded by the narrowed artery. The

«

radius of an artery depends only on the transmural pressure if there
18 no smooth muszle contraction (Roach and Burton, 1957)., Therefore,
at anv transmural pressure below the critical value, the radius of

the arterv will be determined by the transmural pressure., The flow-

transmural pressure curve is therefore independent of external
1
- A




€8

resistance at any flow rate below the maxi{mum value. The addition of
distal or proximal reaistances, shown in.Figure 8, lowered the maximum
flow rate, but did not affect the flow-transmural pressure relation-

.

ship. This confirms the fact that external resistance serves onlv to
limit the maximum flow rateézhrough the arterv,
In the collapsible region in Figure 6(a), the critical trans-

mural pressure was greater than the perfusion pressure. At anv perfu-

- sion press;re in this region, the resistanc; provided bv the arterv
wvas the flowilinitlng factor. Both the radius of the arterv and the
flow rate could be increase® bv increasing the transmural pressure.
Therefore, whenever the resistance of the arterv was comparable to
that of the distal resistance, changes in transmural! pressure deter-
mined changea in flow through the arterv. i

The flow rates pbtainedrin this experiment suggest that the
resistance of the distal cannula 1; comparable to that occurring dis-
tal to the major arteri;s in the normal ‘cerebral circulation. In both
cases, the maximum flow {8 determined bv the distal resistances. The

+
average critical transmural pressure was 52 - 3 mm Hg, suggesting that

decreas@s in transmural pressure below this value will narrow the major

cerebral arteries sufficiently to reducre the normal cerebral hlood

]
flow. Previous investigations have found this value to be 40-60 mm Hg

in normal autoregulating svstems (Ketv et al, 1948; Langfitt et al,

1965; Miller et al, 1973:; Johnston et al, 1973; Iwabuchi et al,
1973). A similar variance of cerebral blood flow with transmural
pressure may be obtained from the data on graph 4 of Lowell and Bloor's

work((l971) vith Rhesus monkeys (Figure 14). Many investigators have

also observed that the cerebral blood flow cessed when transmural

o ' ,




FICURE 14

Diagram showing the variation of total cerebral

P
blood flow with transmural pressure for a Rhesus

monkey. This data was calculated from Lowell

and Bloor (1971), Figure 4.

4
The transmural pressure was calculated as

the mean arterial blood pressure (MAEP) ainus
the sagittal sinus wedge pressure (SSWP),

™
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pressure was approximatelv zero (Cushing, 1901, 1902, 1903; Langfitt
et al, 1965; Iwabuchi et al, 1973; Johnston et al, 1973). In all
aspects, these results from normal autoregulatigg systems are similar
to those obtained for the major arteries of the circle of Willis. In
the present studv, the distal resistance was conatant and the resis-
tance of the cannulated vessel was increased (by narrowing) until the
radius of the vessel became the flou—l}niging resistance of the avs-
tem. I; the experiments by others on autoregulating svstems, the dis-
tal resistance of the arterioles decféased as intracranial pressure
{ncreased. In both instances, however, the "limit of autoregulation”,
or the onset of a passive relatiaonship between transmural pressure
and flow, occurred when the transmural pressure was 40-60 mm Hg. It
{8 concluded therefore, that wvhen (he:rtsistance of the major cerebral
vessels approaches that previousaly supplied bv a distal resistance,
a passive flov-;ransnural pressure relationship will develop and "auto-
regulation™ will be lost.

Autoregulation can be lost due to a maximal dilatation of the
arterioles in severe hypercapnia (Hidggendal and Johansson, 1965; Iwa-
buchi et al, 1973). In these experidents, a passive flow-transmural

pressure dependence persisted to high levels of cerebral blood flow and
arterial blood pressure. It wouid appear from this that, whenever the
resistance of the distal arterioles is largely reduced, a passive pres-
sut;-flov relationship will exist, This type of dependence was found

in the collapsible region of Figure 6, but could not be confirmed at

higher flow rates since the resistance of the distal cannula could not

. be decreased. It is speculated that vhenever a passive flow-pressure

+

~3




772
relationship develops, the mafor arteries of the circle of Willis mav
play an {important role in determining the extent or onset of flowv re-
ductions due to reduced‘transmural pressure. This phenomenon appears
to be caused hv a shift of the flow-limiting resistance ffom the ar-

terioles to the larger cerebral vessels, \

—

\

(c) EQLL "STIPFNESS" AND PREFERENTIAL NARROWING -
Two factors were found that determined the transmural pres-
t sure at which onset of flow reduction, hal&-flow, and vessel closure
occurred. Atherosclerotic arteries and those with large diameters
appeared to be "stiffer' and more resistant to increased external
. pressure, The critical and half-flow transmural pressures of athero-
sclerotic arteries (49 f 1 mm Hg and 12 B! m; Mg, respecéivelv)
vere congistentlv and significantlv lower than those of non-athero-
sclerotic arteries (60 t 2 mm Hg and 20 t‘L me Hg, respectivelv).
Atheroaclerotic arteries closed at transmural pressures as low as
~15 mm Hg, vhereas the range of closing pressures for normal arteries
was found to be -5 to +2 mm Hg. Large arteries were also found to be
"stiffer'" than small arteries in a similar comparison (Tables 1 and 2,
Figures 7 and 9)., Higher housing pressures wvere required to'reduce
flow at all perfusion pressures and flow levels for latge or athero-
sclerotic arteries compared to smaller or non-atherosclerotic arteries.

These differences in vessel 'stiffneas' were shown to be capable of

. producing preferential narrowing of one arterv compared to another at
the same perfusion pressure and reduced transmural pressure (Fifures

' 11, 12,.and 13).; ‘. T s

a
.
v




When the arteries perfused in parallel were of unequal di-

ameter._flou reductions ranging from 12 to 270 percent were observed

in the smgller arterv with no change in flow througﬁ the larger.
Preferential flow reductions of 47 and 50 percent were seen in non-
atherosclerotic arteries when perfused in parallel with visibly ath-
erosclerotic arteries. The average transmural pressure that resulted '
in a 5N percent decrease in flow was found to be 12 t ] mm Hg for
atherosclerotic arteries and 20 1 1 mm Hg for normal arteries. There-
fore, decreased transmural pressure has been shown to produce bth
diffuge (57 percent flow reduction) and preferential narrowing of the
major cerebral arteries.

It would not be possigle to distinguish between this tvpe
of narrowing aqd that caused bv active contraction in an angiog;aph-
ical examination., The criteria used in diagnosis of arterial ?spasm"
are narrowed arteries and/or slowed blood flow. The passive narrow-
ing described above would produce both these effects without the aid
of smooth muscle contraction., These findings suggest that the role
of passive narrowing due to increased intracranial pressure should Pe
assessed in conjunction vi{h active narrowing to determine the rela-

tive importance of each in producing "spasa” of the major cerebral

arteries as seen clinicallv.

6) SUMMARY
(1) The term 'perfusion pressure' was defined to indicate
the total pressure drop across the entire system under consideration.

The term 'transmural pressure' referred to the difference between the




inflow pressure and the extraluminal pressure,

(2) The relationship between flow and transmural pressure
was examined at various perfusion pressures for 26 major human cere-
bral arteries without smooth muscle intervent{on. A passive varia-
tion of flow with transmural preéssure was established when the resis-
tance provided bv the arterv was comparable to the distal resistance

of the svstem,

(1) The Q;xiuun flow rate was determined by the magnitude

of the distal resistange when this resiséance was greater than that
of the arterv., If the resistance of the arterv was comparable to the
distal resistance, the transmural pressure determined the radius of
the art;rv and, therefore, the maximum flow rate. .

(4) The addition of external resistance lowered the maxi-
mun flow rate, but did not alter the flow-transmural pressure curve
of the arterv at flow rates lower than this maximum value. It i35 con-
cluded therefore, that the flow-transmural pressure Eelationship is

independent of external reaistancé at sub-maximal]l flow rates and de-

pends onlvy on the reaistance of the arterv.

¢

(5) The evidence here suggested that the loss of "'auto-
regulation” could be produced bv a shift of the flow-limiting resis-

tance from a distal location, in the arterioles, to the largef arter-

-

ies of the brain. This shift occurred when the distal resistance was

P




lowered, in comparison to that provided by the large arteries, or

vhen the resistance of the large arteries wvas increased in comparison

to the distal resistance (1.e., bv decreasing the transmural pressure},

(6) At phvaiolopical flow rates, the average transmural

)
+
pressure at which flov bepan to decrease was 52 _ 3 mm Hg. This was
<
in pood agreement with published data for normal, autorerulating svs-
tems. This critical transmural npressure ranged from 4N Y 3 mm Hg for
atherosclerotic arteries to 60 ¥ 2 m Hp for non-athercsclerotic ar-

teries. ’

(7) Higher external pressured were required to reduce flow
in atherosclerotic arteries and large arteries as compared to non-
atherosclerotic arteries and small arteries respectivelv., This was
true at all aserfusion pressures and flow levels. This was attributed
to the relative "stiffness' of the vesse]l walls,

” '

(8) Preferential flow reductiona ranging from 12 to 59 per-
cent were observed in normal or non-atherosclerotic arteries when they
were perfused in parallel with large of'atherogclerotlc arteries.
These preferential flow reductions occurred when both arteries were at
the same perfusien pressure and the same reduced transmural pressure.

“

(9) The tranéaural pressure at which flow ccased7 varied

from +2 mm Hg for small, non-atherosclerotic arteries to -15 mm Hg

for large, atherosclerotic arteries.




(10) Anglographically, passive flow and arter{al diameter
reductions due to {ncreased intracranial pressure could he similar
to thaose produced bv acti{ve narroving due to amooth muscle contrac-

t{ion.
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IV, WALL TO LUMFN RATIUS -
THE POSSIBILITY OF ACTIVE CLOSURE .
i INTRODUCT 10N

e e s it~ i 2

Severe narrowing or closyre of a mafor cerebral arterv i{s
ften ohserved anaiopraphlcallvzfollouing subarachnoid hemorrhage .

—
Manv investigators have assumed that this phenomenon was the result:

of arterial smooth muyscle.contraction. Roach (1970) has shown theo-

retically that the rat16 of wall thickness to lumen diameter will

-

affect the abilitv of an arterv to close {n this manner. An accur~
¢
14

- ’ x
ate measurement of these parameters for the major cerebral arteries

was not found in the litegature. The abilitv of these vesssls to /’

close bv muscle contraction alone, based on the wall to lumen ratio,

has not heen previouslv investigated.

.

2) MATERIALS AND METHOUS

Twentv-s8{x human cerebral arteries were fixed in 10 percent
formalin at a transmural pressure of 1N0 mm Hg for 24 hqgurs. The ar-
teries were then sectioned and stained with Gonorl-Trichrome. At
least four measurements gf wall thicknese and lumen diameter were -;Ae
on each section using a travelling microscope. The results obtaihed
for three such sections were combined to arrive at the average luminal

v .

diameter and wall thickness of the arterv.
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FIFURE_15(a)

[
'

Photograph of an abnopmal circle of Wi{llis obtafned
{mmediatelv after autonsv., One small scale division

equals one millimeter. The left posterior cerehral

“

'prterv (LPCA) 1s wmuch narrover than that on the right

(RPCA). The left posterior communicating arterv
(LPCoA) §m» much larger than noraal. Qther abnormal -
itiea are also pregent. Arrows {ndicate the normal

direction of flow in the poaterior cerebral arterties.
1
B 2
3 . .

kg

FIGURE 15(b)

Photograph showing a closer view of the posterior cere-

hral YLPCA) - posterior commnicating (LPCoA) arterial

A -

junction. kocnallv. the caliber of these two vessels

I's

is reversed.
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V. COMBINED ACTIVE AND PASSIVE CLOSURF

)

OF LARGF ARTERIES

. 1) INTRODUCTION

Cerebral arter{al spasm anhd increased intracranial pressure
have both heen shown to occur followiny subarachnoi{d hemorrhage, and
both are known to cause reductions in cerebral blood flow. Spasm ts
currentlv thought to be the r;sult of active vasoconstriction, and
has heen shown to last for up to three weeks. Phenoxvhenzamine. is
currentlv beinp iﬁvéntigated as a possible aid in controlling spasm
of cerebral arteries (Cummins and Griffith, 1971; Flamm, Yasarg}l
and Ransohoff, 1972)., The narrowing of large cerebral arteries is
known to cause reéuctions of cerebral blood flow, but the importance
‘of active narrowing due to arterial smooth muscle contractions, and

passive narrowing due to a reduction of transmural pressure, has not

heen established.

2) MATERIALS AND METHODS

(a) ARTERIES AND APPARATUS -~ -

Human cerebral arteries were not used in these experi-

ments since fresh specimens could not be obtained. An attempt was

made to dissect and cannulate cerebral arferiea from cats and rabbits

See Appendix 1
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3) RESULTS

The average lumen diameter.and wall thickness are shown in
Table 3, along with the calculated average wall/lumen ratios. .The
measurements ohtained for the posterier and anterior communicating ar-
teries are not necessarilv representative of average values, These
arteries varied considerablv in size from one circle of Willis to the
next. In one instance, the posterior communicating arterv on the left

side was completelv absent and that on the right was thread-like in
appearance. In another specimen (Figures 15(a) and (b)), the left
posterior cerebral arterv was verv narrow proximal to the posterior
comﬁunicating arterv. The posterior communicating arterv, on the
other.hand, appeared nearlv as large as the anterior cerebral arterv,
Digtal to the posterior communicating argery, the posterior cerebral
arterv was of normal caliber. The variations in the anterior commun-
icating arterv were not as severe, but were sufficient to make the

calculation of an "average' diameter questionable.

4) DISCUSSION AND CONCLUSIONS

The absolute values obtained for diameter and wall thickness
are probably about 10 percent too small due to formalin fixation
shrinkage artifacts (Stigol, Nebesar and Gold, 1963). The high pres-
sure at which fixation occurred (100 mm Hg) may have decreased this
shrinkage, but this was not assessed. Assuming this shrinkage affects
both wall thickness and lumen diameter, the ratios obtained are felt
to be realistic. The minimum wall thickness to lumen diameter rnt%y
required to completely cloase an artery by smooth muscle contraction

can be calculated if both longitudinal and circumferential limits of
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contraction are known (Roach, 1970). Since cerebral arteries are
tethered (held in pface) by connective tissue and by their side
branches, 1 have estimated that thev cannot shorten in lemgth by more
than 10 percent. It was assumed that the circumferential muscle
fibers cannot'iﬂorten in length by more than 50 percent. This {is
probably a high estimate (Dobrin, 1973(a), (b)). Based on these

assumptions, the minimum wall thickness to lumen diameter ratio re-

quired to completelv obstruct the arterial lumen {8 0.43 (Roach, 1970).

The measured wall to lumen ratios for the major cerebral arteries were
four to eight times smaller than this value.

It was concluded, therefore, that unleas there is a plaque,
intimal cushion, or thromhus pregent to partially obstruct the lumen,
complete closure of a major human cerebral vessel by arterial smooth

-

muscle alone, is not possible.

S
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V. COMBINED ACTIVE AND PASSIVE CLOSURFE
s
OF LARGF ARTERIES

1) INTRODUCTION

) Cerebral arterial spasm.and increased intracranial pressure
have both been shown to occur following subarachnoid hemorrhage, and
soth are known to cause reductions in cerebral blood flow. Spasm 1s
currentlv thought to be the r;sult of active vasoconstriction, and
has heen shown to last for up to three weeks. Phenovaenzamine* is
currently being iﬁvéstigated as a possible aid in controlling spasm
of cerebral arteries (Cummins and Griffith, 1971; Flamm, Yasarg}l
and Ransohoff, 1972)., The narrowing of large cerebral arteries is
known to cause r;ductions of éerebral blood flow, but the importance
‘of active narrowing due to arterfal smooth muscle contractions, and
passive na{roving due to a reduction of transmural pressure, has not
heen established.

2) MATERIALS AND METHODS

(a) ARTERIES AND APPARATUS - -

Human cerebral arteries wvere not used in these experi-
ments since fresh specimens could not be obtained. An attemwpt was

made to dissect and cannulate cerebral arteries from cats and rabbits

See Appendix 1
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but in both instances, the arteries were found to be too small. Th;
low flow rates expected and high pressure drOpé in the appropriate
cannulas, would make measurements extremely inaccurate. For these
reasons, extracranial rabbit arteries were used. Femoral and common
tarotid arteries were chosen because of tﬁeir similarity in diameter
to the human cerebral arteries studied previously. Twelve unselected
rabbits (2.5 - 3.5 Kg) were anesthetized with 20 percent Urethane

(10 g/¥g intraperitoneally) and a 2 cm segment of the right common
carotid arterv (six rabbits), or the right femoral arterv (six rab-
bits), was marked, gently dissected free from {ts connective tissue,
and then removed. The artervtwas immediately placed in physiologic-
al Ringer's solution.‘ The cannulas were part of a platform (Figure
16(a)), which could be removed from the housing insert (Pigure 16(b)).
The distance between the cannulas was adjustable so that the lrtgry
could be mounted and then restored to its original length without ex-
cessive handling. 6nce the artery was restored to its original length
the cannulas were secured in place so that no further movement occur—'
red. The artery and platform were then {oined to the housing ins;tt.
The inflow and outflow tubes were connected and the insert was placed
in the housing containing Ringer's solution at 37°C (Pi;ure 17). The
ingert was bglted to the housing and a pressure-tight seal was obtain-
ed. The only time the artery was not in Ri;ger'l solution, was when
the platform was placed on the insert and the inflow and outflowv con-

nections were made (approximately 10 seconds). The housing was equip-

ped with an external reservoir that could be raised or lowered to wvary

* See Appendix II for composition
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FIGURE 16(a)

Schematic diagram of the platform (P) used to support
the artery (A) and cannulas (Ca). The cannulas could
be moved in the directions indicated by the arrows.
After the artery was cannulated and restored to its
original length, éhe clamps (Cl) were tightened tP
prevent further movement of the cannulas. Also shou&s

are the inflow (IF) and outflow (OF).

FIGURE 16(b)

Schematic diagram of the housing 1nsgrt showing the
platform (P), {nflow (IF), outflow (OF), and the con-
nections used to monitor inflow (IP), outflow (OP)
and housing (HP) pressures. ‘All pressure measurements

wvere adjusted to read zero at the level of the cannu-

lated artery.
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FICURE 17

Schematic diagram of the entire apparatus showing

the perfusion reservoir (PR}, co;;lete housing (H),
housing reservoir (HR), water bath (WB), mercurv
manometer (MM), flow ;ransducer (FT), pressure
transducers (PT), inflow (IF), outflow (OF) and
the inflow (IP), outflow (OP) and housing (HP)

pressure connections. The water bath warmed the

fluid in the housing and the {nflow to 37°C.
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the housing pressura. The perfusate, from a constant pressure reser-
N

vo{r, was warmed 15—7%'F prior to {te entrv into the housing (in the
water bath surrounding the housing). Inflow, outflow, and houaing
pressures and flow were measured and recorded as previouslv described,
All pressure measurements were adjusted to rero at the level of the

arterv in the housing.

(%) PROTOCOL -
At the beginnine of each experiment, the arterv was
perfused with Ringer's solution at a constant pressure for at least
one hour to allow the vessel to recover from the excision and cannu-
lation., Varfations of flév with prefusion and trarnsmural pressure
vere examined separatelv as described previouslv., A 10-15 minute
stabilization period was allowed hetveeg runas. Four experimental
conditions were imposed on the arterv and the flow-transmural pres-

sure and flow-perfusion pressure relationsmhips wvere determined under

each condition.

(1) Control -

Fach arterv served as its own control. The ar-
tery vas perfused with Ringer's solution and the variations of flow
with perfusion pressure and transsural pressure were determined.

'
This was the 'control' run and deviations from the flow rates obser-
ved here, at a given perfusion or transmural pressure, were consider-
ed to be due to the experimental conditions. At the end of each ex-

periment, another control run was performed to ensure that no changes

had occurred.




(11)  Stimulation - \\N//
The arterv was then stimulated to contract bv the

* "e
continuous intusion of serotonin (10 mg/l or ! mg/l) or norepinephrine

(1 mp/) or 0.1 mg/1) in Rinper's solution. These concentrations, 10—5
to 1“‘6 M for serotonin, and 5 x 1076 to 5 x 10'7 M for noradrenalin,
are compiarahble to those ured bv others in the stimulation of cerebral
arteries (Fraser et al, 1977; Toda and Puifta, 1973). Both drugs
were found to produce a sustained contraction resulting in a flow de-
crease through the arterv. After the onset of contraction, 10-19
minutes were allowed for the flow rate to hecome constant. This was
considered to be the 'baseline' flow rate under the conditions being
tested. Changes of flow in response to perfusion pressure and trans-
mural pressure variations were then recorded. If the initial ‘base -
line' conditions were re—established but flow failed to retumn to

<
"haseline' levels, a new 'baseline' was set and the experiment was
repeated. s Pressure changes were carried out slowly since preliminary
experiments had shown that fast increases in transmural pressure could
cause permanent damage to the muscle in the arteria; vall. The artery
wvas then returned to control conditions by perfusion with Ringer's
solution. These condjtions were -aint;lned for 10-20 minutes. At the
end of this "'rest” period,'thc same drug in a different concentratiom,
or a different drug was infused and the procedure repeated. The artery
*

*

Serotonin creatinine sulfate complex. Sigma Chemical Company,
St. Louis, Mo.

' ¢
Levophed bitartrate, Winthrop Laboratories, Aurora, -Ontario,




was alwavs returned to control levels after stimulation,

(111) Relaxation -

The artery was stimulated y%th serotontn (10 mg/1)
or norepinephrine (1 mg/l) and allowed to aztuln s stable baseline
flow rate as above. Sufficient phenoxvhenzamine was then added to
the atl&ulant perfusate to produce a concentration of 1/ mg/l, and

the effects resulting from this procedure were recorded. The flow-

perfusion pressure and flowv-transmural pressute responses wvere mea-

sured and a Ringer's perfusate was substituted, Another control
run was then performed. .
(iv) Without Smooth Muscle - .

Following the relaxation experiment and subsequent
control run, the platform with arterv and cannulas attached, was re-
moved from the housing. The entire assemblv vas stored in 0.9 per -
cent saline for 24 to 48 houra at 3°C. This procedure has been shown

.

previously to inactivate the arterial smooth muscle (see Chapter III,
section 2(a)). The procedure was the same as that outlined for the
control experiment except that 0.9 percent saline (37°C) was uséd as

the bathing solution and perfusate.

(c) FIXATION - ¢
Following each experiment, the arteries were fixed

in 10 percent formalin at 100 mm Hg for 24 hours. They were then

sectioned and stained with Gomori-Trichrome. The wall thickness and
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FIGURE 18(a)

\
Diagram showing the flow®erfusion pressure (PP) and

flow-transmural pressure (TMP) relationships of a caro-

tid artery in the presence and absence of smooth muncle
tone. The flow-PP curves are not significantly differ-
e+ The flow-THMP curve pbtained in the presence of

]

smooth muscle tone, is shifted<to higher pressures.

FIGURE 18(b)

Comparable diagram for a femoral artery. Higher trans-

mural pressures are required to obtain a given flow rate

&

in the presence of smooth muscle tone.

o
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lumen diameters were measured using a travelling microscope, and aver-

age values were calculated as described in Chapter IV,

3) RESULTS

I3

(a) NORMAL VASOMOTOR TONE -

The effects of normal vasomotor tone on the flow-per-
fusion pressure and flow-transmural pressure relationships could be
gseen by céuparing the curves obtained for fresh arteries, perfused
with Ringer's solution, to those obtafined for the same artery with
no smooth muscle tone. This comparison is shown in Figures 18(a)
and 18(b). In botﬁ arteries, the variations of flow with perfusion
pressure were not significantly different with smooth muscle tone or
without. The curves were similar to those obtained for human cere-
bral arteries.

The flow-transmural pressure relationships were found
to be different for the two conditions of muscle tone. The critical
transmural pressure of the artery was greater wvhen smooth muscle trone€
was present than when it was absent. This was true for both types of
arteries at all perfusion pressures. The average flov-trans-ufal
pressure curve; for all carotid and all femoral arteries are shown in
Figures 19(a) and 19(b) respectively. These curves were obtained.at
a perfusion gressure of 90 == Hg. Changed/in flow of each artery
studied were calculated as a percentage of the maximum flow obtained
vhen normal smooth nuacle‘toﬁe was present. Percentage flows ob-
tained for a given trcnsnﬁtal pressure were then averaged and the stan-

dard error of the mean was calculsted and shown as an error bar on the




FIGURE 19(a)

Average variation of flow (in percent) with transmural
pressure for all carotid arteries tested in the pres-
ence and absence of smooth wuscle tone. See text for

description,.

FIGURE 19(b)

Comparable diagram for all femoral arteriea. Flow
reductions, due to the presence of smooth muscle
tone, were greater for femoral arteries than for

carotid arteries.




CAROTIDS
- — muscle

il no

20 40 60 80 100
TRANSMURAL PRESSURE (mm Hg)
FEMORALS
- - mUSCtC
1204 | -e—e- no .
1004 =t
. § 80-
o
M & }
P S 604
o |
= 4
401
204
0 20 40 60 80 100
TRANSMURAL  PRESSURE (mm Hg )

96



graph. The effects of smooth muscle tone on the critical and half-

flow transmural pressure are shown in Table 4. Without smooth muscle
tone, the critical transmural pressure and half-flow transmural pres-
sure were higher for carotid arteries (56 Y3 mm Hg and 20 ¥ 3 mm HR)

timm Hg and 16 t 2o Hg). In the

than for femoral arteries (43
presence of smooth muscle tone, these values were increased to 66 t3
me Hg and 23 M 3 mm H; for carotid arteries, and to 57 Y4 omm Hg and
21 P 3 mm Hg for femoral arteries. A higher transmural pressure was
required to produce a given flow rate in the presence of smooth muscle
tone than in its absence. This was true for both sets of arteries,.
Flow reductgons caused bv the presence of normal smcoth muscle tone
wvere greater for femoral arteries than for carotid arteries. Flow
reductions caused by a given decrease in transmural pressure, however,

were larger i carotid arteries than in femoral arteries in both the

presence and absence of normal muscle tone.

(b) ACTIVE CONSTRICTION -

In general, a given concentration of either vasocon-
strictor tested produced a larger percentage flow decreagp in femoral
arteries than in carotid arteries. In both arteries, the higher con-
centration of vasoconstrictor produced a larger flow decrease than did
the lower concentratiom. Iq’an individual ‘arterv, the percent con-
striction caused by serotonin (10 wmg/l) wvas approximately the same as
that produced by norepinephrine (1 mg/l). The same relqtionship was
found to exist between serotonin (l mg/l) and norepinephrine (0.1 mg/l).

4
These responses will therefore be called "strong' contractions,

ya
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referring to those resulting from the higher concentrations, and 'veak"

: contr:ctions, referring to those of the lower concentrations.

Figures 20(a) and 20(b)fshov the flow-perfusion pressure
andgflov—trans-ural pressure graphs for a carotid and a femoral artery
during "‘weak"” and "strong" contractions. The flow-perfusion pressure
curves were shifted compared to those seen previouslv in the presence
or absence of normal smooth musacle tone. The perfusion pressure re-
quir?d to produce a given flow rate increased with increasing "atrength”
of contr‘c:ion. In other worda, thé flow rate at a given perfusion
pressure decreased as contraction increased. The major change occurred
1n the flow-transmural pressure curve. For both aé&eries, the critical
transmural pressure was greater than the perfusidn pressure irrespective
of the degr&erof conoi}iction. During active ¥asocomstriction, any in-
crease in housing pressure resulted in a decre;ge in flow through the
artery. The minimm increase in housing or external pressure which /

«
caused a reduction in flow through the artery was plotted as a function
of perfusion pressure and is shown in Figures 21(a) and 21(b). &hese
values were also calculateggfron the graphs obtained in the presence
;} normsl smooth muscle tone rﬂinger s) and in the absence of vaso-
motor control (0.9 perceat naliﬂi), a;;}a(e shown for comparison.
With increasing smooth muscle lctlzity, the housing pressure required
to reduce flow decreased. With no smooth muscle iﬁteraction, the hous-
ing pressure could be increased to 32-36 mm Hg for carotid arteries,
or 44-50 mm Hg for femoral arter;e-, without reducing the flow rate

. / -
obtained at a perfusion pressure bf 90 mm Hg. With normal vasowmotor

tone, these values decreased slightly to 21-27 mm Hg for cafotids, and

'O




FIGURE 20(a)

Diagram showing the flow-transmural pressure (TMP)
and flow-perfusion pressure (PP) relationships for
a.carotid artery during 'veak" (norepinephrine

0.1 mg/l) and "'strong' (serotonin : 10 mg/l) con-

tractions, See text for description,

FIGURE 20(b)

Comparable flow-pressure relationships for a femoral

N

artery during 'weak" (serotonin : 1 mg/l) and "strong" .

(Rorepinephrine : 1 mg/l) contractions. Flow decreases
with increasing "strength" of contraction at any given

perfusion pressure or transmural pressure.

-—1
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FIGURE 21(a)

Diagras showing the minimum increase in housing (exter-
nal) pressure which will cause a reduction in flow at

a given perfusion pressure. This is shown for all caro-
tid arteries (average) in the absence of wmuscle tone,
the presence of normal smooth muscle tone and {n the
presence of active contraction. As smooth muscle tone
increases, the external pressure required to reduce flow

decreases.

FIGURE 21(b)

Comparable diagram for femoral arteries. 1In both the
presence and abaence of normal! smooth muscle tone, a

higher external pressure was required to reduce flow

in femoral arteries than in carotids.
S
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to 30-317 mm Hg for femorals, but there was no decrease in flow until
the housing preasure exceeded these limits. During active contractions,
however, anv increase in housing pressure above ) mm Hg resulted (n a
decrease in the flow rate. If the housing pressure was decreased (be-
}ov<0‘mn Heg), flow through the arterv could be incressed. This is in-
dicated hv the negative housing pressures obtsined during active con-
tractions.

T™he percent decreasne in flow for both sets of arterigs
was plotted as a function of transmural pressure (Figure 22). (Recall
that percent flow is the observed flow rate compared to the maximum
flow ohtained {n the presence of normal smooth muscle tone (Ringer's
rerfusate) at a perfusion pressure of 90 mm Hg). All curves shown
were obtained at s perfusion pressure of 9) mm Hg. At a transmural
pressure of 90 wm Hg, there were essentially three degrees of con-
striction produced, resulting in three ranges of flow reduction: 0-20

percent (carotid "weak” contractions); 2040 percent (carotid "strong" s

T r

and femoral "weak'' contracrions); and 40-60 percent (femoral "strong”
contractions). The extent of flow reduction was found to be dependent
on the initial degree of constriction and on the transmural pressure.
For anv given degree of constriction, the percent flow rate depended
only on the extent of the reduction in transsural pressure. The flow-

transmural pressure lines tended to curve slightly towards the pressure

axis as transmural pressure was increased.

(c) REVERSAL OF VASOCOMSTRICTION BY PHEROXYBENZAMINE -

In these experiments, sufficient phspoxybenzaming was

added to the vasoconstrictor perfusate to produce a final concentration




FIGURE

1)
[ 58]

Diagram showing the average percent decrease in flow
versus transmsural pressure for all carotid (solid
line) and all femoral (broken line) arteries. The
perfusion pressure was 50 mm Hg. Three ranges of
flow reductions wvere produced at & transmural pres-
sure of 90 mm Ag: 0-20 percent (carotid "weak" con-
tractions); 20-40 percent (carotid "strong” and
femoral '‘weak' comtractions); and 40-60 percent

(femoral “stromg" coituct!(mn). The flow-trans-

mural pressure curves depended only on thvin inftial
degree of conatriction.
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of 10 mg/l. This was done after a maximum constriction had been pr;-’
duced bv the vasoconstrictor. Within three minutes, tﬁe’arterv dilated
and flow increased. The maximum flow rate produced in this manner was
not significantly different from that found during normal vasomotor
tone experiments, The effect of the dilatation on the pressure-flow
relationships of the arterv are shown in Figures 23(a) and 23(b).
Phenoxvbenzanine reversed the constrictions caused bv all concentra-
tions of serotonin and noradrenalin, completelv. The flow—perfusion
pressure curve was not significantlv different from that obtained
during normal vasomotor tone, The average flow ohtained at a given
transuur#l pressure was slightlv lower at low transmural pressures,
and slightly higher at high trans-urii pressures, than previous normal
muscle tone values. These differences were not significant. Phenoxv-
benzamine, therefore, appeared to return the arterv to its ''pre—con-
striction” state. Figures 24(a) and 24(h) show the variations of flow
21n percent) with transmural pressure du;ing 'weak' and “strong” con-
tractions and the i{mprovements in flovlcaused bv phenoxybenzamine. At
transsural pressures greater than 60 mm Hg, flow was increased to be-
tween 95 and 100 percent of its normal value regardless of the degree
of constriction occurring prior to the igtroduction of phenoxvybenza-
mine. The half-flow transmural pressure during phenoxvybenzamine per-
fusion was approximately 25 mm Hg 19 both sets of arteries, 1In seven
arteries, an attempt was made to constrict the arterv with serotonin
(10 mg/l) and noradrenalin (1 mg/l) after perfusion with phenoxyben-

zamine. In no instance was a constriction produced. No attempt was

made to establish the "endpoint' of this protection although it was

~J




FIGURE 23(a)

Diagram showing the effectiveness of phenoxybenzamine
(solid line) in relieving a "strong" contraction
(broken line), produced by serotonin (10 mg/l), in a
carotid artery. When phenoxybenzamine was added to
the vasoconstrictor perfusate, the flow-perfusidn
pressure (PP) and flow-transwmural pressure (TMP) re-~

lationships return to "pre—contraction" values.

FIGURE 23(b)

Diagram showing the coqplrnbl& reversal of ‘constriction
(norepinephrine: 1 mg/l1) by phenoxybenzamine in a fem-

oral artery. .
A
’
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FIGURE 24 (a)

Diagram showing the flov increases produced by phen-
oxvbenzamine compared to flows occurring 4dn "‘weak"

and "strong"” contractions in carotid arteries. Aa

the transmural pressure decreaseé, this improvement

in flow decreases.

FIGURE 24(b)

Diagram showing the comparable flow increases produced
by phenoxybenzamine in femoral arteries. In both graphs,

flow is increased to 100 percent at high transmsural pres-

suree, regardless of the "streangth” of constriction.
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observed to last at least 30 minutes.

(d) WALL TO 'LUMEN RATIOS -

R L}
The average diameter of the carotid arteries used in

this experiment was 0.169 * 0.014 cm with an average wall thickness of

0.0094 t 0.0004 cu. The femoral arteries had a smaller lumen diameter
+

(n.117 0.008 cm), but had thicker wallas (0.0120 t 0.0004 cw) than the

carotid arteries, The wall to lumen ratio was 0.056 ¥ 0,009 for carotid

arteries, and 0.103 t 0.006 for femoral arteries, measured at a trans-

mural pressure of 100 mm Hg.

) PISCUSSION

(a) LITERATURE REVIEW -

Cerebral arterial spasm or narrowing is known to occur
folloving subarachnoid hemorrhage, and is especially co;-on following
the rupture of an intracranial aneurysa (Ecker and Reimenschneider,

. 1951; Schneck and Kricheff, 1964; PFPields and Saks, 14:5). This nar~
rowing of the uajo; cerebral arteries is known to cause severe and pro-
longed reductions in blood flow is often & major cause of Iorbidity

~and death (Ecker and RbileuschﬁZ::jr, 1951, 1953; Allcock and Drake,

1965). The exact cause of this narrowing is undecided, but the one

common element in almost every instance of clinically observed spasa

is the presence of blood in the subarachnoid space (Fields and Sahs,

1965). The direct application of blood (Echlim, 1965; Flamm, Yasargil
A

and Ransohoff, 1972), or a single 1njecfion of blood, into the sub-

arachnoid space (Landau and Ransohoff, 1968; Echlin, 1971) hsve beem
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shown to produce a short-term, 20-60 percent constriction of the major
cerebral vessels typical of the "acute' phase of élinfcal spasm. This
constriction is thought to be caused bv serotonin which is released by
blood platelets during clotting (Rawvnor, McMurtry and Pool, 196]:
Brawley, Strandness and Kellv, 1968)., Serotonin-induced spasm i{s a
short-term constriction and does not produce the long-lasting or
"ehronic' phase of spasm (Brawlev, Strandness and Kelly, 1968). In
fact, the presence of blood 1q the cerebrospinal fluid produces spasm
in onlv 40 percent of patients, studied angiogr;phicallv, during the
tiu'vhen chronic spasa genegpllvy occurs (Stornell{ and French, 1964;
Allcock, 1966; Griffith, Cummins and Thomson, 1972). This would in-
dicate that other factors must influence the production of long-term
spasm.

Stornelli and French (1964) observed that all of their
patients with spasm had an elevated intracranial pressure and that di{f-
fuse spasm wvas present only in association with {ncreased intracranfal
pressure. Yamaguchi and Waltz (1971) reported only slight decreases
in cerebral blood flow following puncture of the middle cerebrai artery
of cats, when intracranial pressure was maintained at normal levels.

The most successful attempts at producing chronic spasm experimentallv

have occurred vhen care was taken to repa_r any incisions made in the

arachnoid and dural membranes, or wvhen only small puncture holes were
made to introduce blood into the subarachnoid space. In these in-
stances, chronic (?tlkin- and Levitt, 1970), and even biphasic (Braw-
ley at _al, 1968; Echlin, 1971) spasm could be produced, although

intracrsnial pressures were not reported during the chronic stage.

’
*
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Repeated Iinjections of blood were found to be more effective than single
injections (Landau and Ransohoff, 1968), and vessel puncture was most

effective in producing consistent, chronic spasm (Landau and Ransohoff,

1968; PRrawlev et al, 1968). Intracranial pressures were not reported.

McOueen and Jelsma (1967) found #hat the intracisternal injection of 8
mls of whole hlood resulted in a sustained intracranial hvypertensioly
of 30 cm of water, and that the injection of 8 mls of plasma containing
red blood cell ghosts resulted in an intracranial pressure increase to
100 cm of water in seven hours. These increases began about five hours
after injection and reached maximum levels in seven to ten hours. A
similar injection of serotonin had no effect. Bradford and Sharkey
(1962) suggeated that red blood cells block the uptake of cerebrospinal
fluid. Red blood cells accumulate and degenerate in the arachnoid
villi (Alksne and Lovings, 1972), and disappear in about two veeks.
Nornes and Magnaes (1972) and Nornes (1973) have shown repeated hemorr-
hages resulting in progressively higher levels of increased intracranial
presgsure, Thev found that immediatelvy after a hemorrhage, intracranial
pressure often reached a level between the systolic and diastolic blood
‘'pressure. In some cases, this pressure declined to between 40 and 80
cm of water, and remained there for up to two weeks (Mornes' "Type'l"
hemorrhage). In other cases, intracraniil pressure remained between
systolic and diastolic blood pressures, and the patient usually died
within hours (Nornes' "Type 2" hemorrhage).

Therefore, subarachnoid blood is known to cause ahd main-
tain high imtracranial pressures and these pressures have bean showa to’

" exist clinically following subarachnoid hemorrhage for up to two wveeks.

-
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The possibilitv that increased intracranial pressure, {in conjunction
with active smooth muscle contraction, might produce long-term spasm

has not been investigated prior to this studv,

(b) EXPERIMENTAL RESULTS -

(1) Choice of Arterial “Models -

Since fresh human cerebral arteries were unavailable
-
¢
and since rabbit and cat cerebral arteries were found to be too small,
femoral and common carotid arteries from rabhits were chosen as experi-

mental models.

The constriction produced in these arteries bv a
given concentration of serotonin or noradrenalin mavy not cause the same
degree of constriction in a human cerebral artery, Reductions in flow
due to increased external pressure were assumed to depend onlv on the
severity of constriction produced initiallvy and not on the response of
an individual artery to a particular drug. This aasuivtion was later

found to be justified. These arteries were also chdsen because their

diameters were appropgmately equal to those of the human cerebral

arteries studied previously,

(i1) Passive Behavior -

The flow—perfusion pressure and flow-transmural
pressure curves obtained in the absence of normal smooth muscle tone

could be compared to those of the human cerebral arteries described

in Chapter 111 (Table 5). For carotid arteries at a perfusion pres-

sure of 90 mm Hg, the critical transmsural pressure (transmural
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pressure at which flow begins to decrease), was 56 M 3 om Hg and the
half-flow transmural pressure was 20 © 3 mm Hg. These values were
not significantly d{fferent than those obtained for large, normal
human cerebral artertes (54 t 4 mm Hg, and 16 o Hg,, respectivelv).
The femoral arteries, however, had a critical transwmural pressure of
43 t ] mm Hrg, and a half-flov transmural pressure of 16 20 He |
The comparative values for small, normal humasn cerebral arteries were
63 f ? mm Hg, and 21 * l mm Hg. Both values were stignificantly dif-
ferent (PC0.01) in femoral arteries as compared to normal human cere-
bral arteries of a comparable lumen diameter. If the femoral arteries

'
were compared to small atherosclerotic human arteries, there was no

\\\\u//// significant difference (critical transsural pressure of 44 t 2 mm MR,

and half-flow transmural pressure of 14 t ] mm Hg). Therefore,

femoral arteries appear to be ''stiffer’” than normal human cerebral
arteries of a similar caliber.
A possible explanation for this difference 1is

that small human (cerebellar) arteries have an average wvall thickness

of 0.0059 cm, whereas that for the femoral arteries was found to he

0.0120 cm. The thicker wall of the femoral srteries would be harder
to deform and would therefore appear "stiffer’”. The wall thickness
of the carotid arteries was not significantlv different from the wall
thicknesses of large human cerebral arteries. In all other aspects,
the flow-transmural pressure and flow-perfusion presaure curyes were
the same as those obtained for human cerebral arteries. This would

sugpest that the passive behavior of all large arteries, in response

to decreased transmural pressure, is determined only by the lumen
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diameter, thickness of the arterial wall, and the presence or absence
of atherosclerosfs. This has been shown to be true for femoral and

common carotid arteries of rabbits and major human cerebral arteries.

(111) fhp_}gf}pspgg¢g£“§or-al Vasomotor Tone -

The flowv-perfusion pressure curves obtained dur-
ing normal smooth muscle tone were not significantlv different from
those ohtained {in the abaence of vasomotor tone. This indicates that
the distal cannnla (s providing the major resistance to flow in both
{instancea. Therefore, normal smooth muscle tone did not decrease
the radius of the arterv su?TTQQeutlv to significantly influence the
maximue flow rate ohtained at a\:}vcn perfusion pressure.

Normal smooth muscle tone did, however, cause a
shift in the flow-transmural pressure curves. In the fewmoral arteries
the critical transsural pressure increased from 43 i Hg to 57 pA
mn Hg, and the half-flow transamural pressure increased from 16 + 2 mm

Hg to 21 t 3 mm Hg. A similar, but somevhat smaller, shift was seen

{n the carotid arteries vhere the critical transmural pressure in-

+
creased from 56 _ 3 mm Hg to 66 ¥ 3 wm Hg, and the half-flow trans-

mural presaure changed from 20 t 3 mm Hg to 23 Y3 m Hg. This shows
that smaller increases in external pressure were required to reduce
flow to any given level wvhen normal smooth muscle tone was present.
Arterial smooth muscle is known to coanstrict in
response to stretch (Dobrin, 1973 (a), (b)). As the transmural pres-
sure is {ncreased from zero, the radidl or circumference of the artery
increases and therefore the muscle fibers in the wall are atretched.

The smooth musple constricts, in response to this stretch, which tends




to gppose an increase in radius. At anv given transmural pressure,
therefore, the radius of the arterv will be smaller than when this
muscle tone was absent, and flow thro;gh the arterv will be reduced.
As transmural pressure is {ncreased, this muscle tone becomes greater
and the transmural pressure required to produce a given flowv rate
will increase. This vo&ld Explalg)the observed shift in the flow-
transmural pressure curves obtained in the presence of normal smooth
muscle tone.

This shift was larger for femoral arteries than

for carotid arteries. This was presunablx due to the larger wall

N4

thickness (thicker muscle laver) of the femoral arteries since the
valls were primarily smooth muscle. A similar shift would be ex-
pected to occur for h:;an cegpbral arteries. The magnitude of this
increase in critical transmural pressure is not certain and would de-
pend on the smount of smooth muscle in the wall and the "stiffness"
of the vall itself (i1.e., due to atherosclerosis). The wall thick-
ness of the femoral and carotid arteries used in this experiment are
comparable to those of large cerebral arteries 1ﬁalcating thaf, in
the abaence of atherosclerosis, increases of 10-15 mm Hg in critical
transmural pressure could occur in major human cerebral arteries.

If this is true, then reductions in flow due to decreased transmural
pressure would be greater for arteries with normal smooth wuscle tone
than 1n those in which this tone has been abolished (by maximal
dilatation for example). That is, the critical transmural pressure,

or "limit of autoregulation' would increase with increasing swooth

muscle tone.




(iv) Active Vasoconstriction (spasm) -

In the presence of active vasoconstriction, the

flow-perfusion pressure curves were also found to be shifted. The
flow rate at anv given perfusion preasure was decreased from that
obtained during normal vasomotar tone. This indicates that the dis-
tal resistance of the cannula is no longer the flow-limiting resis-
tance. The maximum flow rate was deterwined by the radius of the
arterv and therefore by the transmural pressure., At all perfusion
pressures, the critical transmural pressure was greater than the per-
fusion pressure, and flow could be increased by increasing the trans-
mural pressure. There vas a passive flow-transmural pressure rela-
tionship over the entire range of transmural pressures studied (i.e.,
"autoregulation' was lost), and anvy increase in housing pressure re-
sulted in & decrease in flow through the arterv. This occurred
regardless of the initial degree of constriction produced when the
housing p}e:sure vas zero mm Hg.

The initial flow decrgcse was dependent on the
concentration of vasoconstridtor used, and on the reactivity of thek
arterv being tested. Femoral arteries were more reactive than carotid
arteries, and larger initial flow reductions were produced in response
to a given vasoconstrictor. The higher concentrations o£ serotonin
and noradrenalin produced the largest i{nitial flow reductions in both
arterfies, Once the initial contraction was established, further re-
ductions in flow could be produced by decreasing the transmural pres-

sure,

The flow-transsural pressure curve of c*tid




121

arteries with "strong' contractions was the same as that of femoral
arteries with '‘weak' contractions. In addition, the flow-transmural
pressure curves (for a given arterv) obtained using serotonin (10 mg/l)
were identical to those obtained using noradrenalin (1 mg/l). The
same relationship\vaa true for the smaller concentrations of both
arugu. lTherefore, the flow-transmural pressure relationship was inde-
pendent of thg drug used or the arterv beineg tested, and depended onlvy
on the initial flowv decrease. This observation leads to the conclusion
that the curves obtained for these arteries are comparable to the
curves that would be produced by human cerebrdl arteries with the same
initial degree of constrictiont

The constrictions produced in these experiments
resulted in three ranges of initial flow reduction (0-20 percent,
2040 percent, and 40-60 percent). These will be referred to as mild,
moderate, and severe constrictions. The half-flow transmural pres-
sure increased with increasing severity of constriction, ranging from
437 3 am Hg for mild conatrictignu. to 89 ¥ 10 m Hg for severe con-
strictions. Clearly, flow through a major cerebral artery will be
severely co-p{oniled {f even a mild constriction is accompanied by
an increase in intracranial pressure.

To assess the severity of these flow reductions
produced by increases of intracranial pressure, the initial degree
of constriction produced by a subarachnoid hemorrhage wmust be deter-
mined. There have been very few studies done on the feactivity of
human cerebral arteries. Angiographic studies demonstrated that 60 N
percent of patients with blood in the subarachmoid apace,‘gbov no sig-

nificant decrease in lnjér cerebral arterial diameter; yet it/i- known
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that serotonin is released by human blood platelets during clotting
(Hardistv and Stacey, 1955). Spasm has been produced in almost 100
percent of monkevs in which a major cerebral artery has been ruptured
gxperinentallv, if the membranes surrounding the brain were carefully --
repaired. In similar experiments, however, flow decreases were
slight in the absence of increased intracranial pressure. Toda and
Fuifta (1973) found that cerebral arteries produced weaker constric-
tionﬁuthan extracranial vessels in response to serotonin and
norepinephrine, and no response at all to electrical stimulation.
It would appear, therefore, that human cerebral arteries are less
reactive than those of experimental aninals; and care must be taken
in applving experimental results to human arteries. Based on these
observations, it appears tth human cerebral arteries are capable of
only mild to moderate constrictions in the absence of increased intra-
cranial pressure.

Intracranial pressures of 40-80 ca of water (30-
60 mm Hg) are common following subarachnoid hemorrhage (Normes, 1971),
Agsuming only a nila constriction exists, flow vill be reduced by 20~
50 percent with an intracranial pressure of 45 mm Hg, depending on
the mean arterial blood pressure (120-90 mm Hg respectively). It is
possible, therefore, to produce IA}ge flow decreases vith relatively

low intracranial pressures wvhen a mild constriction is present. This

—
—

would &uggest that increased intracranial pressure is an 1-;ortant
factor in determining decreases in cerebral blood flow following sub-
aracﬁgoid hemorrhage, Increased intracranisl pressure has been shown

to follow the same time—course as clinically observed spasm. There 1s

)
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an initial, "acute" phase immediatelv following hemorrhage, and a
long-lasting, "chronic" phase (Normmes and Magnaes, 1972; Nornes,
1973). This similarity, coupled with the results found in the present
atudy, suggest that increased intracranial pressure combined with a
mild constriltion could be responsible for the narroving of major cere-
btal arteries, and mav be the determining factor in the development of
“chronic" uias-. The effectiveness of increased intracranial pres-
sure in reduclng flow through large arteries is reduced greatlv when

active contractions are not present.

(v) Effects of Phenoxvbenzamine -

When phenoxvbenzamine was added tofthc vasocon-
strictive perfusate, the flow-perfusion pressure curve returned to
pre—~constricted levels, and the distal cannula again became the flow-
limiting resistance. The flow-transmural pressure curve returned to
the values obtained under normal smooth muscle tone. The vasocon-
atrictor effects of serotonin and noradrenalin vere reversed com-
pletely. At high transmural pressures (below the critical trans-

mural pressure), f{ggﬁyna increased slightly compared to the normal
4

muscle tone values. This reversal of constriction persisted after
the perfusion with phenoxybenzamine was stopped, and repeated attempts
to constrict the arteries vith noradrenalin and serotonin failed to
elicit any response.

Fraser et al, (1970), found that phenoxybenzamine
was capable of reversing spasm (in the basilar arteries of monkeys)

produced by blood, serotopin and noradrenalfn. They also found that
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no further constrictions were poasible after the application of phenoxy-
benzamine and that the arteries dilated to a larger than normal diameter.
Flanm et al, (1972) found similar results, but stated that mechanical
manipulation could atill produce a consatriction of the basilar artery

of the cat. Cummins and Griffith (1971) found that intra-arterial
phenoxvbenzamine was capable of relieving spasa in humans. The present
results would support these observations. As the transmural pressure

is decreased, however, the improvement in flow produced by phenoxv-
benzamine decreases. In cases of diffuse spasm, wvhen high intracran-
ial pressures are present, phenoxvybenzamine would increase flow only
minimallv. Both active muscle constriction and increased intracranial
pressure would have to be relieved to restore flow to its original,

ol

pre—-spasm level.

5) SIMMARY

Twelve rabbit, common carotid and femoral arteries were used
to examine the pressure-flow relationships through large arteries dur-
ing active vasoconstriction, normal smooth muscle tone, and i{n the ab-
sence of vasomotor tone. The results obtained i{n these arteries led

to general conclusions which could be applied to major human cerebral

arteries. ) ;
1) Carotid and femoral arteries from rabbits, in the ab-
sence of smooth muscle tone, exhibit passive flow-pressure relation- ’

ships similar to those obtained previously for human cerebral arteries.

The decrease in flow produced by a given reduction of transsural



pressure, depended on the lumen diameter and the ''stiffness" of the
arterial wall., Wall thickness was found to affect the wall ''stiff-

ness'’.

(2) Normal smooth muscle tone was shown to decrease the
level of external pressure which would cause a flow reduction through
carotid and femoral arteries bv 10 to 15 mm Hg at a perfusion pres-
sure of 90 mm Hg. In other words, the resistance provided bv carotid
and feworal arteries caused reductions in flow at transmural pres-
sures 10 to 15 mm Hg higher when normal muscle tone was present, than
vhen 1t was absent. ’Sililar increases in resistance were predicted
for major human cerebral arteries on the basis of lumen diameters and
wall thicknesses. Therefore, the predicted "limit of autoregulation’
would occur at higher transmural pressures (lower intracranial pres-
sures) when normal smooth muscle tone is present. This indicates
that reductions in cerebral blood flow to below normal values could
occur at lower intracranial pressures during normal vasomotor tone
than {f the vessel were maximally d{lated and were without vasomotor
control. This distinction as to the transmural ,pressure at which

flow falls below normal levels in the two different situations, has

not been mentioned previously,

(3) When the arteries were constricted, a passive flow-
transmural pressure relationship was observed over the entire range
of pressures and flow rates examined. The flow-limiting effect of
.thc distal resistance was lost and the resistance of the constricted

artery controlled the flow rate. Flow reductions wvere determined by

12
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the transmural pressure and the degree of constriction.

(4) The depree of constriction was dependent on the con-

centration of vasoconstrictor in the perfusate and on the reactivity

of the arterv being tested. Femoral arteries were found to be more

)

reactive than carotid &rtertes. and the higher concentration of both
vasoconstrictors resulted in a "stronger” contraction than the lower N
concentration. There was nd significant difference in the contrac-

tion produced bv serotonin (10 mg/l) and that produced by noradren-

alin (1 mg/l) in a given arterv. This was also true for the lower,

concentrations,

(5) The flow-transmural pressure curve obtained for carotid
arteries perfused with a high concentration of either vasoconstrictor

was not significantly different from that obtained for femoral ar-

4

teries perfused with the lowver concentration of vnaoconatricfor
(Figure 22).,” Therefore, the flow-transmural preesure relationship
depended onlv on the degree of constriction and was independent of
the vasoconstrictor used to achieve this constriction or the artery
ig‘which the constriction was produced. The initial degree of con-
striction was judged by the resultant decrease in flow produced at

a transmural and perfusion pressure of 90 mm Hg. There were three
initial degrees of constriction produced {n these experiments.

These were termed mild (resulting in a 0-20 percent flow decrease),
moderate (20-40 p;;cent), and severe (40-60 percent). A major cere-

bral artery exhibiting one of these three degrees of constriction

would be expected to have a flow-transmural pressure relationship

’,
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typical of that degree of constriction. This similarity in the be-
havior of constricted arteries to reduced transmural pressure has

not been demonstrated previously.

(6) A reviev of the literature suggested that human cere-
bral arteries were capable of onlv mild to moYerate gonstrict!ons in
response to vasoconstrictors known to be present following subarach-
noid heno}rhage. 4 have shown experimentallv, that, in the presence \

"of a mild constriction, flow reductions of 20 to 50 percent could be
produ;ed by {ntracranial pressures known to exist following subarach-
hoid hemorrhage. This would indicate that intracranial pressure mav

be an important factor in detgflining the flow through -Aaor cerebral

arteries following subarachnoid hemorrhage.

(7) Increased intracranial pressure has been shown to fol-
lov a similar time—course to that observed for cerebral arterial
spasa., "This 'sinilatity of time-course, coupled with the experimental
results of this investigation, suggpest that increased Antracranial

pressure could be a major factor in the production of angiographical-

ly observed spasm of the large cerebral arteries. These two phenomena

have been linked only by their coincidence of oécurrence in previous

t

experimental and c¢linical observations.

(8) Phenoxybenzamine was shown to reverse the contractions
produced by serotonin and noradrenalin in femoral and common carotid

arteries of rabbits. Phenoxybenzamine was observed to prevent sub-

sequent centractions due to these vasoactive drugs for at least thirty
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minutes following its administration to the arteries. These results
are similar to those obtained bv others for cerebral arteries. In
the present studv, however, increases in flow aue to this reversal -
of constriction, decreased with decreasing transmural pressure,.
Therefore, in patients with high intracranial pressure, reversal
of arterial spasm mav not result in an increase in cerebral blood

flow sufficient to {mprove the clinical status of the patient,




VI. GENERAL DISCUSSION

D AUTOREGULATION

(a) CURRENT CONCEPTS -

A survey of the literature showed that there are two
major theories describing the nature of augoregulatorv control of
the cerebral circulation. The mvogenic theorvy suggests that changes
{n swmooth muscle tone, in response to variations in transmural pres-
sure, are responsible for regulating the diameter of the arterioles,
and hence, their resistance to flow (Folkow, 1964). The matabolic
theory suggests that this coantrol of arterfolar resistance ims accom-
plished by variations in the local concentrations of metabolites

(Berne, 1964).

In spite of this difference of opinion, there are
several points of general agreement (Lassen, 1964; Harper and Haggen-
dal, 1968). One of these, is that this control of the cerebral cir-
culation i{s provided by diameter changes in the arteriocles of the
brain and is probably the result of a combidation of the above mech-
anisms. Another point of agresment is that once the perfusion pres-
sure or the transmural pressure falls below 40-60 mm Hg, autoregu-
lation fails and cerebral blood flow decreases (Heilbrun et al,
1972; Johnston et al, 1973; Miller et al, 1973). This is known as

the "limit of sutoregulation”. At perfusion or transmural pressures
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below this level, flow decreases passivelv with decreasing pressure.

The literature suggests that the limit of autoregulation occurs when
the arterioles have dilated to their maximum diameter. Subsequent
decreases of pressure are thought to decrease this maximum dismeter,
increase arteriolar reaiastance, and cause a passive reduction of flow,

The results of the present studyv, however, suggest that there mav be

an alternate explanation for this ohserved loss of autoregulation.

(b) RESULTS OF THE PRESENT STUDY -

] demonatrated that a passive pressure-flow relation-
ship occurred in i{solated major human cerebral arteries, whenever
the resistance of the arterv became comparable to that of the distal
resistance, The distal resistance used in these experiments wvas
shown to be approximatelv equal to that normally produced by the cere-
bral arterioles during autoregulation. The cerebral arteries tested
vere without smooth muscle tone. The transmural pressure was reduced
to the level reported to be the limit of autoregulation (40-60 mm Hg).
At these transmural pressures, the resistance of the major cerebral
arteries was increased to a value comparable to that normally occur-
ring in the cerebral arterioles. This incresse in arterial resis-
tance resulted in a passive pressure-flow relationship and "auto-

1

regulation’” was lost. The limit of autoregulation, therefore ap-

pears to occur when the flow-limiting resistance is shifted from the

arterioles to the large cerebral arteries. This definition of the

<+

limit of autoregulation indicates that eny situation which causes an

increase in the resistance of the large cerebral arteries, or a /

3
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decrease {n that of the arterioles, will alter the value of transmural
pressure at which autoregulation is lost, and a passive pressure-flow
relationship is developed.

In subsequent experimentsa, using extracranial arteries,
I showed that the presence of smooth muscle tone causded an increase.
in the experimental limit of autoregulation. When these arteries were
stimulated to contract (high vasomotor tone), the "limit of auto-
regulation’” hecame greater than 100 mm Hg, and a passive pressure-flow
relationship was present over the entire range of transmural pressures
teated. Similar results vere predicted for human cerehbral arteries.

Therefore, as the vasomotor tone of the large cerebral arteries is {n-

creased, the minimum transmural pressure required to maintain a normal

cerebral blood flow is increased. The range of transmural pressures

in wvhich autoregulatory reaponsea can maintain a8 norma]l cerebral blood
flow {8 expected to decrease vwith increasing arterial vasomotor tone,

and increase with decreasing vasomotor tone. This dependence of the

cerebral circulation on the vasomotor tone of the major cerebral ar-
teries has not been suggested previouslvy in the literature. (It has

been noted, however, that large cerebral arteries in spasm are capable .

of reducing cerebral blood flow.)

2) INCREASED INTRACRANIAL PRESSURF AND CEREBRAL BLOOD FLOW

(a) INTRACRANIAL TUMORS -

(1) Clinical Observations -

Increased intracranial pressure i{s known to occur

in p.tienél with intracranial tumors. If the transmural pressure wvas
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below 40-60 mm Hg, in these cases, autoregulation was lost and cerebral
blood flow was reduced (Ketv, Shenkin and Schmidt, 1948; Heilbrun,
Jorgensen and Boysen, 1972). Cerebral blood flow was improved {f the
intracranial pressure was decreased by the removal of cerebrospinal

fluid (Heilbrun et al, 1972).

(11) Experimental Fvidence -

The alow expansion of an {ntracranial balloon is

often used to simulate tumor growth experimentally. This increases

R
N

the intracranial pressure vhich causes a reduction in transmural pres-
sure, When the transsural pressure falls to 40-60 mm Hg, cerebral
blood flow decreases (Langf,tt, Kassel and Hifnstein, 1965; Lowell
and Bloor, 1971; Johnsaton, Rowen, Harper and Jcﬁnett. 1973; Miller,
Stanek and Langfitt, 1973). The increase in intracranial pressure
produced by an intracranial tumor, however, may not be transmitted
equally to both sides of the brain. Preassure differences of up to
30-50 mm Hg have heen demonstrated in monkeys and cats with a uni-
lateral mass expansion in the intracranial cavity (Langfitt, Shawaluk,
Mahoney, Stein and Hedges, 1964; Brock, Beck, Markakis and Dietz,
1972).

&

(111) Results of the Present Study -

Flow was decreased in major cerebral arteries,

with no smooth muscle tone, wvhen the transmural pressure was reduced
to below 40-60 mm Hg. Experiments on extracranial arteries~suggested

that this value would increase in the presence of normal smooth musecle
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tone. Thene results agree well wvith those found previouslv in clinic-
al and experimental investigations.

1 have also shown that prgferential flow reductions
of up to 50 percent could occur in human cerebhral arteries, perfused
in parallel, wvhen both arteries were subiected to the same tf;ns-utal
and perfusion pressures. This tendencv towards preferential narrowing,
coupled with the possibility of local differéences in intracranial pres-
sures, atro&glv suggeats that focal flow deficiencies mav occur {n pa-

tients with {ntracranial tumors. These flow reductions occurred In

the major cerebral arteries in the absence of active coatraction,

~
It seems reasonable to conclude, that flow reduc-

K}

tions observed in the presence of increased intracranial pressure

caused by a tumor, could originate in the major cerebral arteries,

These flow reductions may be focal in nature. This would indicate that
flow could be improved by decreasing the dntracranial pressure as sug-

gested by Heilbrun et al (1972). :. >

(b) SUBARACHNOID HPMORRHAGE AND CEREBRAL ARTERIAL SPASM

(1) Clinical Occurrence -

Cerebral arterial spasa is known to occur in ap-
proximately 40 percent of patients following subarachnoid hemorrhage
(Allcock, 1966). This type of arterial narrov;;g has been shown to
‘be capable of causing almost complete closure of the large cerebral
drteries resulting in severe reductions of cerebral blood flow,
(Ecker, 1945)., Most surgeons‘will agree that spasm is often the major

factor causing death or the development of severe neurological de-

ficiencies following subarachnoid hemorrbage. Marshall (1973) has
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shown that spasa is most severe 5 to 13 davs after hemorrhage.
Increased intracranial pressure has also been ob-
served following subarachnoid hemorrhage. For e‘unple, Kaufmann u‘r;d
Clark (1970) found intracranial pressures between 25 and 65 mm Hg.
Similar pressures were reported to occur by Nornes and Magnaes (1972)
following their "Type 1" hemorrhage (30-60 mm Hg). Their "Type 2"
hemorrhage wvas associated with even higher intracranial pressures
(90-160 mm Hg). Most clinical measurements of intracranial pressure
have been obtained by 1uabag" pvmctute.. Langfitt, Weinstein, Kassel
and Simeone (1964) and huf;aun and Clark (1970) have shown both ex-
perimentally and clinlcnily. that ; blockage can occur in the connec-
tions between the subarachnoid space of the spinal cord, and that of
the brain, following mba;nchnoid bemrrhage. They reported that in-
tracranial pressure could be as much as 50-70 mm Hg higher‘ than that
demonstrated at lumbar puncture? Therefore, pressures measured by ~
lumbar puncture are not necessarily representative of those actually
present in the intracranial space following subarachnoid hemorrhage.

]
Intracranial pressure has been showm to follow

a time course similar to that observed for spasm. There is an ini-
" tial "acute” phase immediately following hemorrhage, which lasts for
less than an t;our, and a lot;get‘ lasting '"chronic"” phase which lasts
for days ("Type 1" hemorrhage of Nornes (1973)). Ng and Nimmsnnitya
(1970) have suggested that increased intracranial pressure reachas a

*
Lumbar puncture {s the puncture of the subarachnoid space of the

spinal cord in the lumbar region. The pressure of the cerebrospinal
fluid, measured in this manner, is used as an jndication of the intra-
cranial pressure.
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*
maximum level three to five days after massive cerebral infarction

following subarachnoid hemorrhage. Stornelli and French (1964) stated
that all of their patients who exhibited spasm, also had increased
intracranial pressure. In an angiographic studv, Pribram (1961) was
unable to perfuse the cerebral arteries with contrast medium. He
attributed this blockage to increased intracranial pressure although

-

few measurements were given.

(11) Experimental Investigations -

Brawley, Strandness and Kellv (1968) found that
spasm, following subarachnoid hemorrhage, was a biphasic phenomenon
with an "acute”™ phase and a longer-lasting 'chronic' phase. This was
later confirmed by Echlin (1971) and Kuwavams et al, (1972). Unfor-

: »
tunately, these expeginents did not include careful measurement of
intracranial pressure. Many mechanisms have been proposed as the
cause of cerebral arterial spasm. These include mechanical stimula-
tion, stimulation of the cerebral arterial ncrv: supply, and stimula-
tion produced by vasoactive substances released from blood in the sub~

arachnoid space. These mechanisms were discussed in more detail in

Chapter I1. All of these factors were found to produce short-term

spasa in the cerebral arteries of experimental animals but were unable
4

H

to produce long-term "chronic' spasa.

i »

. A carebral infarction is defined 1A Dorland's Medical Dictionary
as "an ischemic condition of the brain, producing a persistent focal-
neurological deficit in the area of distribution of one of the major

cerebral arteries”.

*
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Cerebral arterial spasm is8 observed almost exclu-
sively in the presence of blood in the subarachnoid space. Yamaguchi
and Waltz (1971), however, found that spasam due to subarachnoid hem-
orrhage in cats was slight if intracranial pressure was maintained at
normal levels. It has also been shown, as mentioned previously, that
spasm occurs in onlv 40 percent of cases with subarachnoid hemorrhage
in humans. In spite of the obvious clinical significance of arterial
spasa, the exact cause of this phenomenon has not been established.

Increased intracranial pressure and cerebral ar-
terial spasm have been shown to be present following subarachnoid
hemorrhage. Both of these phenomena are known to be capable of
causing reductions of cerebral blood flow. The flowv-reducing effects
of increased intracranial presQure during active Yauoconatriction.

however, have not been investigated.

(111) Results of the Present Study -

Femoral and common catotid arteries of rabbits
vere used as an experimental model of a contracting cerebral artery.
These arteries were chosen because of their similarity in diameter
to’ the major cerebral arteries studied ;revioualy. There were three

initial degrees of conatriction produced in these experiments - mild,

moderate, and severe. The flow-transmural pressure relationship was

shown to depend only on the degree of constriction and wvap indepen-

dent of ghe vasoconstrictor used to achieva this constriction or the

;rtety in which the constriction wvas produced. This led to the con-

clusion that a major (cerebr113~6rtery with a given degree of comstric-

3
tion would exhibit a flow-transmural pressure curve typical of that

\ -

\

&
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constriction.

Experimental evidence, obtained in the absence of
i{ncreased intracranial pressure, suggested that cerebral arteries are
capable of only mild to moderate sustained constrictions in response
to the external application of blood. The fact that 60 percent of
all patients vith subarachnoid hemorrhage show no signs of spasm,
serves to confirm this opinion that the cerebral vessels are rela-
tivelv unreactive.

1 showed that a mild conatriction, in the absence
of increased éxté}hal pressure, produced an average flow reduction of
only 10 percent. An increase in intracranial pressure to a level

(1}

known to exist in the "chronic" phase of subarachnoid hemorrhage (45

mm Hg), did not alter the flowv rate by more than 10 percent in the ab-
sence of an active constriction. However, if the external pressure
: ~
vas increased to 45 mm Hg in the presence of s mild constriction, flow
reductions of up to 50 percent resulted.
1 propose, therefore, that the occurrence of

\
"acute" cerebral arterial spasm is caused by a combination of a =mild

arterial constriction amplified by the presence of increased intra-

cranial pressure. The presence of either of these phenomena, in the

absence of the other, produces onlv small reductions in flow which
may not be angiographically detectable. This may be the cause of the

"hit and miss” occurrence of spasa following subarachnoid hemorrhage.

When both of these factors are present, increased intracranial pres-
sure is the cause of major reductions in flow and arterial diameter.
i have also shown that, based on measurements of

wall thickness and lumen diameter, the complete closure of major




cerebral arteries by smooth muscle contraction alone, i{s not possible.
Increased intracranial pressure, however, is capable of causing the

complete closure of cerebral arteries. Therefore, wvhenever a cerebral

138

arterv {s completely occluded, with no prior evidence of an obstruc-

tion to flow in the arterv, thi{s closure must be due, in part, to in-
*»
creased intracranial pressure. ’

Phenoxvbenzamine was shown to be effective in
reversing the contractions produced by éerotonin and noradrenalin in
femoral and common carotid arteries of rabbits. Similar results have
been obtained by others for human cerebral arteries. In the present

studv, it was stressed that in patients with high intracranial pres-

sure, reversal of arterial contraction may not produce an increase

in cerebral blood flow sufficient to improve the clinical status of

the patient. Both active wuscle contraction and increased intra-
cranial pressure would have to be relieved to restore flow to its

original, pre-spasa level.




VII. SUMMARY AND CONCLUSIONS

The purpose of this thesis has been to investigate the
relationships between flow, perfusion pressure and transnuralypres-
sure in major cerebral arteries under various degrees of vasomotor
tone. This investigation was carried out primarily to establish
the relative importance of passive and active narrowing of the

large cerebral arteries on the cerebral circulation. The resufts

of the studv are presented below:

(1) The term "cerebral‘perfusgen pressure' has been used
in the literature to describe the difference between the mean ar-
terial blood pressure and the intracranial pressure., This was found
to be inconsistent with the current concepts of vascular resistance.
The term ''transmural pressure’” was therefore adopted to indicate
this difference between the mean arterial pressure and the intra-
cranial pressure. The termw ''perfusion pressure' was defined to in-
dicate the total pressure drop across the entire svstem under con-

sideration.

(2) At high transmural pressures and in the absence of

smooth muscle tone, the maximum flow rate in the large cerebral
arteries wvas determined by the perfusion pressure and the magnitude

of the distal resistance. As the transmural pressure was lowered,

- ’
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the radius of the cerebral arteries decreased and their resistance
increased. When the resistance of the arterv became comparable to
the distal resistance, a passive pressure-flow relationship develop-
ed and flow decreased with decreasing transmural pressure. The on-
set of this passive pressure-flow relationship was found to depend
on the lumenal diameter of the artery and the "stiffness' of the
arterial wall. The transmural pressure at wvhich this relationship’
developed ranged from 60 mm Hg, for small, non-atherosclerotic
arterien, to 40 mm Hg for large, atherosclerotic arteries. It was
argued that since the distal resistance was comparable to that ,
normally occurring in the cerebral arterioles, the onset of this A
passive pressure-flov relationship was similar to the loss .of cere-
bral autoregulation. The literature suggests that the limit of
autoregulation occurs at transmural pressures between 40 and 60 mm
Hg. On the basis of these similarities, I propose that the loss of

autoregulation occurs vhen the flow-limiting resistance is shifted

from the cerebral arteriocles to the large cerebral arteries.

(3) In subsequent experiments, using extracranial arteries,
1 demonatr{ted that the experimental "limit of autoregulation' in-
creased with increasing vasomotor tone in the large arteries. Simi-
lar increases were predicted for human cerebral arteries. Prom this,
it was concluded that the range of tranamural pressures in which
autoregulatory responses can maintain a normal cerebral blood flow,
will decrease with increasing arterial vasomotor tome, and increase

Y
with decreasing tone.
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(8) I showed that flow through major human cerebral arteries
was decreased at transmural pressures known to occur in the presence
of 1nCracraﬁinl tumors. The transmural pressures at which these flow
reductions beran, agreed well with those reported to cause the onset
of cerebral blood flow reductions in patients with {ntracranial tumors.
Preferentiasl flow reductions of up to 50 percent were shown to occur
in human cerebral arteries, perfused in parallel, when both arteries
vere under the same perfusion and transmural pressures. |1 propose,
therefore, that flow reductions, possibly focal in nature, could
originate in the major cerebral arteries of patients with 1nc}eascd
intracranial pressure resulting from an intracranial tusor., It is
suggested ££at, angiographicallv, these passive flow and arterial
diameter reductions caused bv increased intracranial pressure, could

appear similar to those resulting from active smooth muscle contrac-

tion.

(5) Based on measurements of wall thickness and lumen
diameter, I showed that the complete closure of major human cerebral
arteries by smooth muscle contraction alone, is not possible. In-
creased intracranfal pressure, however, can completely close the

arterial lumen vhen tha transmural pressure is approximatelv zero.

(6) I demonstrated that the flow—transmural prcsaﬂ;e
-
relationship of constricting arteries depends only on the degree of
constriction and i{s independent of the vasoconstrictor used to

achieve this constriction, or the artery in which the constriction
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is produced.
I conclude that a major human cerebral arterv with
a given degree of constriction, will exhibit a flow-transmural
pressure curve tvpical of that consatriction irrespective of its

cause .,

(7 Phenoxvbenzamine is effective in reversing the con-
tractions produced bv serotonin and noradrenalinzin isolated femoral
and common carotid arteries of rabbits. Similar results have been
reported bv other investigators for human cerebral arteri{es. I
shéved, however, that the reversal of arterial contraction produces
onlv minimal flow increases in the presence of high external (intra-

cranial) pressure,

(8) Clinical and experimental observations found in the
literature, suggest that human cerebral arteries are capable of only
mild constrictions in the absence of increased intracranial pressure,.

I showed that increases in intracranial pressure to
levels reported to occur in the ''chronic” phase of subarachnoid hem-
orrhage (45 mm Hg), do not alter the flow rate in human cerebral
arteries by more than 10 percent in the abasence of an active con-
striction. Similarly, a mild con:t;iction, in the absence of in-
creased intracranial pressure, results in an average decrease in
flow of only 10 percent., However, vhen the external pressure is in-
creased to 45 mm Hg in the presence of a mild constriction, flow

reductions of up to 50 percent occur. The presence of either of these




phenomena, in the absence of the other, mav not he angiographicallw
detectable.
I suggrest that this dual requirement for the produc-

tion of severe narrowing, mav be the cause of the '™hit and mins’

occurrence of cerebral arterial spasm as seen clinifcally.

(9) I propose that acute cerebral arterial spasm 18 the
result of a mild arterial conatriction which {8 amplified bv the
simultaneous occurrence of increased intracranial pressure. When
both of these are present, increased intracranial pressure is the

major cause of reductions in arterial blood flow and diameter.

In summary, sutoregulation of the cerebral circulation is
loat vhen the flov-limiting resistance is shifted from the arterioles
to the large cerebral asrteries. The range of transmural pressures
over vhich autoregulatory responses can maintain a normal cerebral
blood flow, will decrease with increasing arterial vasomotor tone,

and increase with decreasing tone. A passive narrowing of the major

cerebral arteries could be the cause of general and focal flow re-

ductions in patients with increased intracranial pressure resulting
from an {ntracrgnial tumor. Yajor human cerebral arteries cannot
close by active contraction, and it appears that they are capable

of only mild constrictions resulting in minor reductions of cerebral
blood flow. Increased intracranial pressure, in conjunction with
these mild constrictions, results in severe flow reductions. In

the presence of high intracranial pressure, reversal of arterial




contraction produces onlv ainimal increases in flow., Increased in-
tracranial pressure, therefore, {s the major cause of reductions in
cerebral blood flow and cerehbral arterial diameters. Acute cerehral
arterial spasm i{s the result of a mild arterial corwiction which

is amplified bv the simultaneous occurrence of increased intracran-

{al pressure.
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VIII, SUGGESTIONS FOR  FUTURE RESEARCH

Additional questions arise from this studv wvhich suggest
possible areas for future investigations,

(1) What is the relationship hetween the volume of a tumor or
hemorrhage and the resulting increasme {n Intracranial pressure’

(2) What {s the maximum volume {ncrease that can be compensated
for by increased absorption or displacement of cerehrospinal fluyid,
without csusing a large increase {n intracranial pressure?

(3) Are increases 1; intracranial pressure due to subarachnoid
hemorrhage transmitted equally to both sides of the brain?

(4) Can smal} areas of increased pressure develop within the
clotted blood {n the subarachnoid space?

(S) What role does brain swelling due to edema plav in the pro-
duction and maintenance of increased intracranfal pressure’

(6) What level of (ncreased intracranial pressure 18 associated

/
vith diffuse spasm? localized spasm?

(7) What 1s the time—course of the vasocactive nature of bloody
cerebrospinal fluid?

(8) BRow much cen human cerebral arteries contract in response
to bloodvy cerebrospinal fluid?

(9) Do all human cerebral arteries exhibit the same degree of

reactivity?
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(10) Does vasomotor tone increase {n the chronic phase of spasm’
(11) Wwhv does spasm appear in some areas but not in others

equallv distant from the site of hemorrhage?®

(12) How wmuch can spasm, as seen angiogrraphically, be relieved

LY

hv the reduction of {ntracranial pressyre?

(13) Can diffuse arterial spasm be reduced significantly bv re-
l{eving the active contraction’

(14) How soon after hemorrhage, and to what extent, can intra-

v
cranial pressure be reduced without excessive risk of rebleeding?

&
(15) What {a the relationship between the size of %pe arterial

rupture and the resulting increased intracranial pressure, volume of

hemorrhage, and spasnm?
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APPENDIX 1

‘DIBENZYLINE'

(PHENOXYBENZAMINE HYDROCHLORIDE)* e

”~

Phenoxvbenzamine is an investigational drug currently
being tested as a poasible method of controlling cerebral arterial
spasm following subarachnoid hemorrhage. The mechanism of action

of 'Dibenzyline' 18 not well defined, but it {s known to act di-

rectlv and specificallv on flpha-adrenergic cells. It selectivelv

blocks the excitatory response of smooth muscle to norepinephrine,

~.
epinephrine and S-hvdroxvtrvptamine. It does not, however, alter

the ability of the smooth muscle to contract {n regponse to mechan-

«

ical srimulation.

Phenoxvhenzamine can be administered to humans in dosages

up to 1 mg/Kg.

4

+

The phenoxvbenzamine used in this investigation was supplied
by Samith, Kline and French Laboratories, Montreal, Ouebec. . The
author wishes to express his appreciation.
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APPENDIX 2

PREPARATION OF RINGER SOLUTION

NDistilled water was used to make the solution., The other

constituents in percent (bv weight) were:

Sodium Chloride 0.9 percent
Potassium Chloride 0.042 percent
Calcium Chloride - 0.024 grercent
Sodium Bicarbonate 0.02 percent

This solution was prepared the dav before each experiment and stored
in a refrigerator at 3°C overnight. On the dav of an experiment,
sufficient glucose wvas addea to make a final concentration of 0.1.
percent. Phosphoric acid (1 M) was then added until the pH fell to

7.35 t 0.02. The pH was measured using a glass electrode pH meter

(Beckman), If a Jﬁsoactive ;glution was being prepared, the atimu-
lant was added prior to making anvy pH adjustments.

Aerdtion‘gf the solution was found to be unntcessarv as
sufficient oxvgen was already present to sati;fy the low oxvgen *
requirements of the cannulated arterial segment .

’

All solutions were warmed to 37°C prior to contact with

the arterial specimen,.




APPENDIX 3

CALIBRATION OF PRESSURE AND FLOW TRANSDUCERS

§

(a) Pressure transducers (Statham, Model P23Db):

A mercurv manometer was used to calibrate the pressure trans-

ducers during each experiment. The linearitvy and reproducibilitv of

pressure measurements obtalned in this manner were checked by varving
the pressur; repeatedly from 0 to 100 mm Hg. The corresponding output
from the transducers following 13 such runs was found to he reproduc-
ible ( £ 0.5 mm Hg) and linear ( ¥ 1 percent) within this pressure
range, lt is tgought that these limits of accuracv are due primarily
to difficultvy {in obtaining exact pressure readings visuallvy from the

mercury manometer. There was no measurable baseline drift during the

course of an experiment (2-4 hours).
-

n v

(b) Flow transducers (Carolina Medical, “odel FP300-1/8):
The flow transducers used were of the "flow-through' tvpe
with an internal diameter of 1/8 inch. This type of transducer did

not exhibit the zero instability and calibration inaccuracy ohserved

-

frequently when using the "cuff' tvpe transducer. There was no de-
tectable baseline drift during a pressure-flow experiment (10-20
minutes). The zero-flow baseline was checked prior and subsequent to

each experimental run. The flow versus flowmeter outpht calibration

curves ohtained for these transducers were both linear and reproducable

-
Ty




( t 1 percent). A contributing factor to this stabilitv was the non-
structured nature of the perfusate solutions used ggaline and Ringer)

as opposed to that of a cellular suspension such as blood.
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