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SUMMARY

The first five chapters of the thesis review the literature on
intracranial pressure, the cerebral circulation and their inter-
relation and set the scene for the experimental worl which is
described in chapters 6 to 11, Intracranial pressure is now measured
routinely in many clinical centres but a great deal of caution is
required in interpreting the resulis, particularly with respect to the
method of measurement, the history of any raised pressure and the
values of other physiological variables such as blood pressure and
cerebral blood flow. The cerebral circulation itself displays a
remarkable tendency to remain constant, the fundamental concept being
that there exists a basic control mechanism which acts to maintain
cerebral blood flow in order to meet the metabolic requirements of
the brain.

The methods used to measure cerebral blood flow in the work
described are metabolically inert gas clearance techniques based on
the Pick principle. Hemiﬁéhere blood flow in baboons was measured by
the xenon-133 intracarotid injection technique while micro-regional
blood flow was measured by the hydrogen clearance technique utilising
inhalation of hydrogen gas. All pressures were measured by the use
of in-dwelling fluid filled catheters and strain gauge pressure
transducers, - B

The effect of raised intracranial pressure on cerebral blood
flow was examined in three animal models in which intracranial hyper-
tension was created by different methods, viz:~ general diffuse
compression, focal supraténtorial compression and focal infratentorial
compression, These experiments confirm that the effect of raised
intracranial pressure on the.level of cerebral blood flow depends on

the cause of the raised pressure. In each situation there are

different effects on compensatory mechanisms such as blood pressure



and cerebral resistance vessel diameter.

The experiments on cerebrovascular pressures and resistances
showed for the first time that intracranial pressure represents
cerebral venous outflow pressure to within a few mmHg over a wide
range of pressure values and also that outflow vascular resistance
changes are independent of the cause of intracranial hypertension
thus confirming that it is changes in prevenous cerebrovascular
resistance which result in the different cerebral blood flow responses
observed,

The investigations into the blood pressure response observed
during intracranial hypertension have demonstrated quite clearly that
neither global cerebral ischaehia nor brain stem ischaemia is the
trigger mechanism for the response., The results support thé hypo~
thesis that the initiating stimulus is local pressure changes both
in the brain stem and spinal cord. Considerable doubt is also cast
on the assumption that the role of the blood pressure response is to
maintain cerebral blood fﬁow in the face 6f rising intracranial

AN
pressure,

Finally,.it has been shown that an intact spinal cord is
necessary for the maintenance of cerebral blood flow autoregulation
to raised intracranial pressure, while autoregulation to Blood
pressure changes remains intact., This disassociation of the auto-

regulatory funetion has not been previously demonstrated,



INTRODUCTION

It is of the utmost importance that the brain receives an
adequaté supply of blood during conditions of physiological stress.
The level of cerebral blood flow is determined by the pressure
differential and the resistance across the cerebrovascular system,
This pressure differential (cerebral perfusion pressure)Ais generally
calculated as the difference between mean arterial pressure and mean
intracranial pressure, the calculation relying on the assumption that
intracranial pressure represents the effective cerebral venous outflow
pressure., Cerebrovascular resistance is calculated from the ratio of
cerebral perfusion pressure to cerebral blood flow,

‘The brain possesses the unique characteristic of being enclosed
within a rigid skull, Intracranial pressure can increase in certain
conditions and may in fact rise to levels approaching arterial
pressure, Cerebral blood flow is maintained approximately constant
as the arterial pressure is varied down to a lower limit of approx-
imately 60 mmHg and up tq!a higher limit of 13Q mmHg. Beyond the
lower limit cerebral blood flow falls while above the higher limit
it increases, The maintenance of cerebral blood flow during arterial
blood pressure changes is called autoregulation. It has also been
demonstrated that cerebral blood flow can be msintained at a constant
level when cerebral perfusion pressure has been decreased as a result
of rising intracranial pressure.until an upper intracranial pressure
threshold is reached, The maintenance of cerebral blood flow during
raised intracranial pressure is also considered to be a form of
autoregulation, ‘

The main aims of the experimental work described in the thesis
] has been to examine the effécts of raised intracranial pressure on

the other components of the cerebral circulation, i.e. cerebral blood

flow, blood pressure, cerebral perfusion pressure and cerebrovascular



resistance. Special emphasis has been placed on studying the effects
of different causes of raiged intracranial pressure. The outflow
pressure and vascular resistance differentials were studied over a
wide range of intracranial pressure levels and the mechanism and
funetion of the blood pressure response during intracranial pressure
were investigated, Differences in the pattern of cerebral blood flow
autoregulation to changes in arterial pressure and %o changes in
intracranial pressure were examined.

The literature on these topics is reviewed in the first five
chapters in order to provide the background to the experimental work
which is described in the following six chapters, The final chapter
summarises the discussion on all the results obtained and considers

the conclusions which can be drawn from each study.



INTRACRANTAT, PRESSURE

Thé Monro-Kellie doctrine expounded by Monro in 1783 (1) and
supported by Kellie in 1824 (2) stated that the spino-cranial
compartment was rigid and could not expand, According to this concept
the eranial cavity could be considered as a rigid sphere filled to
capacity with brain tissue and blood, both of which were incompressible,
so that if the volume of brain tissue did not change then the volume
of blood within the head must also remain constant, In this early
form the doctrine did not take cognisance of the presence of cerebro-
gpinal fluid and it was later modified by Burrows in 1846 (3) who
_stated that an increase or decrease in the size of one or more spaces
within the-spino—cranial cavity results in equal and opposite changes
in the size of other spaces so that the total volume remains the same.

As a result of experiments in animals Durebt in 1878 (4)
categorised four grades of cerebral compression resulting from an
expanding intracranial le;ion. During grade one compression,
expansion of the lesion was compensgted by absorption of cerebrospinal
fluid, compression of intracranial veins and utilisation of the
elastic properties of the walls of the craniospinal compartment,
During cerebral compression at the grade two and grade three levels,
elevation of the blood pressure with bradycardia occurred and cerebral
blood flow was reduced. With grade four compression intracranial
pressure exceeded arierial pressure, cerebral blood flow stopped and
blood pressure fell with resultant apnoea. These ideas were later
supported by Von Bergmann, 1885 (5), and Bayliss et al, 1895 (6).

Kocher, in 1901 (7), took the four stages of cerebral compression

_ classified by Duret and expressed them in c¢linical terms with

reference to the expansion of brain tumours, He stated that during

stage one the initial increase in the volume of the brain tumour was



compensated mainly by the reduction in volume of cerebrospinal fluid

and venous blood resulting therefore in neither an increase in intra-

cranial volume nor pressure. At stage two the compensation mechanisms
had become exhausted, intracranial pressure increased and the patient
became drowsy and suffered headaches, When stage three was reached
intracranial pressure had increased considerably, conscious level

had also decreased and there were intermittent increases in blood

pressure accompanied by bradycardia, Finally at stage four the
patient became deeply unconscious and blood pressure began to fall
and death ensued,

Cairns, in 193%9 (8), suggested that there could be four causes
of raised intracranial pressure resulting from an expanding lesion.
(1) Increase in tumour size.

(2) Increase in the water content of the brain surrounding the
tumour, i,e. cerebral oédema.

(3) Increase in the quantity of cerebrospinal fluid in the lateral
ventricles of the bréin as a result of obstruction of the
cerebrospinal fluid:ébsorption pathways,

(4) Increase in intracranial blood volume due either to venous
obstruction or active dilatation of blood vessels resulting
from episodes of hypoxia or hypercapnia.

Intracranial Pregssure Measurement

Intracranial pressure has been assessed largely by the measure-~
ment of cerebrospinal fluid pressure although some workers have used
a fluid-filled tambour inserted into the subdural space vwhile others
have used-implanted transducers in the subdural and epidural space (9).
Ideally, measurement of CSF pressure should involve negligible
mofement of fluid during measurement., This situation is achieved by
" medern pressure transducers,

The upper limit of CSPF pressure in the normal subject is often

considered to be 200 mmHy0 (14,7 mmHg), Pressures above this limit

-7 -



are categorised as hypertensive, This level refers to the pressure
measured with the patient in the lateral recumbent position with
needles in the lumbar sac, cisterna magna or lateral ventricle.
Similar values have been reported in experimental animals,

The measured pressure waveform exhibits both a cardiac pulse
variation and a respiratory variation. The amplitudes of these
variations are of the order of 1 mmHg and 2.5 mmHg respectively, the
former being at a frequency of 1 Hz while the frequency of the latter
is approximately 0,05 Hz, If damping could be avoided the measured
variations could be larger, e.g. 1.5 nmHg and 4.4 mmHg respectively.
A rise in the CSF pressure results in an increase in amplitude of
both the cardiac and respiratory variations. When the CSF pressure
is high the venous pressure is also high and the pulsatile increase
in diameter of the blood vessels can no longer be so easily
compensated by venous collapée. The arterial pressure changes are
therefore not so strongly damped and this results in a higher fluid
pulse pressure, Y

The CSF pressure invthe normal subject varies a great deal,

e.g., a cough can raise the pressure from 1,8 mmHz to 14,7 mmHg and a
sneeze can increase it to 20 mmHg. During a vigorous Valsalva
manouevre intracranial pressure can be raised to 70 mmHg, The mean
level of CSF pressureﬁin the normal subject, however, is reproducible
to within 2 t073 mnHg from day to day.

Pressure Gradients

Pressure in an extradural mass may be many times the pressure
recorded.in the remainder of the intracranial space because the dura
is highly elastic, The cortical surface of the brain with its dense
network of blood vessels could also have significant elastic
properties which would resist displacement and deformation. The rest
of the brain, however, is probably more plastic than elastic so that

it is easily deformed and displaced by mass lesions and sustained

- 8 -



pressure differences are unlikely to develop within its substance,

The existence of inter-compartmental pressure gradients in
conditions of intracranial hypertension has been reported by many
workers (10, i1, 12). These pressure gradients occur between
supratentorial and infratentorial comvartments acrossz the tentorium
cerebelli or between infratentorial and spinal compartments across
the foramen magnum and develop because displaced brain tissuve
eliminates subarachnoid spaces. The differences in pressure can be
abolished if the subarachnqid space is reconstituted (13). In this
situation it is important to differentiate between cause and effect
since it is displacement of brain substance which results in
substantial pressure gradients and not the reverse.

The situation is more obscuré, however, when one considers the
possibility of intra-compartmental pressure gradients, Within recent
years there have been several.reports of the development of pressure
differentials within the supratentorial compartment during raised ICP
(14, 15). The precise chﬁracteristics of the differentials appear to
depend on the sites at which pressure is measured, These pressure
éradients have been measured extradurally and in some cases the size
and direction has been quite variable and may only reflect the
variations in transmission in pressure across the durs due to the
physical characteristips of the membrane and its attachment to the
craniuﬁ. Measufements of relatively low extradural pressure in
patients have shown that they may not correspond completely to intra-
ventricular pressures (16).

Other investigations have shown that when extradural pressures
are increased by addition of fluid to the extradural space, these
pressures are transmitted to the subdural space in a variable manner.
~(13), The demonstration of intra-compartmental pressure gradients

employing extradural pressure transducers cannot therefore be accepted

as completely reliable evidence of the existence of such gradients,

-9 -



In contrast, if the subarachnoid space is patent an increase in
pressure resulting from the addition of fluid to that space should be
transmitted freely. Also with a patent subarachnoid space there should
be equalisation of pressure within a short time period when ICP is
raised in any way so that a pressure gradient should exist only
transiently. Pascall's Law dictates, that when the ventricular CSF
is in communication with the subarachnoid CSF pressure will be uniform
throughout the whole fluid system.

The whole question of intra-compartmental pressure gradients
depends on the extent to which pressure within the subarachnoid space
represents pressure within the brain substance itself and to what
extent pressure within the tissuwe is transmitted to the rest of the
brain,

It would seem likely that prior to brain shift substantial
pressure gradients may exist'transiently and would be dissipated by
the redistribution of the intracranial contents,

Pressure Waves I

For some years sponéaneous fluctuations in CSF pressure have been
described in some patients with intracranial pathology. Guillaume
and Janny (17) studied these pressure phenomena in some considerable
detail and in particular noted large paraxysmal waves which developed
for no apparent reason and were sometimes seen with flushing of the
face. They atfributed these waves to disturbances in vasomotor
control of the cerebral circulation. ILundberg (18) was the first to
record intracranial pressure continuously for long periods of time in
patients.with space occupying intracranial pathology. He recorded
intraventricular fluid pressure on a strip chart recorder for periods
of days to one week in 48 pre-operative patients with intracranial
tumours.

Three types of pressure waves were described, viz. A, B and C.

Only the A waves were found to be of clinical significance. The A

- 10 -



waves can be divided into two types.

(1) Arrhythmic fluctuations in pressure occurring at 15 to 30
ninute intervals,

(2) Plateau waves that can persist for much longer periods of time
and are particularly prone to produce severe neurological signs.,
Often there was no change in the patient's clinical status duringl

pressure increases as high as 80 mmHg, At other times, and almost

always when the pressure exceeded 80 mmHg, the patient had attacks
that began as the pressure wave approached its peak and subsided
rapidly as the pressure fell, The plateau waves often rogse to 120 to

140 mmHg at which time the patient was in danger of dying. Evacuation

of ventricular fluid was accompanied by a prompt fall in pressure and

clinical improvement. The pressure waves could be aborted or sharply
reduced at their peak by removal of ventricular fluid, High power
ventilation was equally effecfive in most of Lundberg's cases.

Although the pressure waves usually occurred spontaneously, they could

be induced by hypoxia or hypercapnia. Induction of pressure waves by

hypoxia and hypercapnia,\fhe response to hyperventilation and their
enhancenment by an arterial response favour alterations in cerebral
blood volume as the most likely cause. Hypoxia and hypercapnia dilate
cerebral vessels and in normal man and animals cause a small increase
in intracranial'pressure. On the vertical portion of the volume~
pressure graph, however, this small increase in blood volume can
produce an enormous increase in pressure, Reversal of the vﬁso~
dilatation by hyperventilation produces an egually lérge and prompt
fall in pressure. Whenever most of the displaceable CSF has been
eliminated from the intracranial épace, from whatever cause, slight
changes in cerebrovascular diameter and cerebral blood volume produce
" “enormous changes in pressure. Thus mild respiratory insufficiency

that may have no effect on brain function in normal patients, can

cause severe intracranial hypertension and a critical reduction in
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cerebral blood flow. The origin of pressure waves that occur in
adequately ventilated patients is unknown but those who have studied
the problem have attributed them to an instability of cerebral vaso-

motor tone.
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CHAPTER 2

THE CEREBRATL, CTIRCULATION AND TT5 CONTROL

The Cerebral Circulation

Cerebral metabolism depends on the aerobic combustion of glucose
for its energy supply. Disturbances of the cerebral circulation,
even of short duration, can have profound effects on neurological and
mental functions since very little oxygen and glucose is stiored.
After complete cessation of cerebral blood flow consciousness will’
exist for less than 10 seconds,

The cerebral blood flow in normal man is, on the average,

54 ml/100g/min; i.e. 750 ml per minute in the adult brain. The
corrésponding oxygen consumption is 3.3 ml per 100g of brain tissue or
45 nl per minute for the whole brain, The brain, representing about
2% of the total body weight, receives 16% of the cardiac output and
uses up about 20% of the oxygen consumption of the whole body. Flow
in grey matter is about 3 to 4 times greater than flow in white matter.

The brain in man islgupplied with blood via the two internal
carotid arteries in the neck and by the two vertebral arteries, At
the base of the cerebral hemispheres the circle of Willis with its
six large branches unites these input arteries forming a distributive
manifold for blood and from there branches project into the brain
tissue. Generally speaking, the internal carotid arteries supply
blood to the anterior and middle portions of the brain on the right
and left sides, while the vertebral arteries united into the basilar
artery supply blood to the occipital lobes and the posterior fossa

structures. In normal situations there is little cross-over of blood

between the right and left halves of the circle of Willis, probably

as a result of a lack of pressure differential.

The superficial and deep cerebral veins open into the venous

sinuses. These spaces are situated between the folds of the dura mater
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or between the dura and bone, The openings of the larger cerebral
veins into these sinuses have no valves. They are kept patent by the
structure of the dura around the orifices. The most important output
pathways for blood leaving the brain are the internal jugular veins.
Blood may also leave by anastomoses with the orbital and pterygoid
plexuses of veins, by means of emissary vessels passing through the
cranium, and by channels which Jjoin the vertebral plexus of veins,
There is considerable mixing of the venous blood draining from the two
halves of the brain,

Elastic fibres are more numerous in cerebral arteries than in
vessels in other parts of the body. The cerebral veins have extremely
thin walls composed largely of connective tissue. Cerebral arteries
and veins are accompanied by myelinated and unmyelinated nerve fibres.
It is believed that the unmyelinated fibres carry vasomotor impulses
while the myelinated fibres are thought to be sensory afferents, The
internal carotid and vertebral arteries are innervated by sympathetic
fibres (constrictor) whiﬁe the pericarotid plexus is innervated by
parasympathetic fibres (§;sodilator). The degree of functional activity'
of these fibres in man is still uncertain.

Grey matter has a richer supply of blood vessels than does white
matter which is consistent with the higher rate of metabolism in grey
matter,

=~

Control of the Cerebral Circulation

It is generally known that a change in certain physiological
variables will alter cerebral blood flow but there is a great deal of
uncertainty concerning the underlying meéhanisms.

Effect of Blood Pressure

The cerebral perfusion vpressure is defined as mean arterial blood
pressure minus mean cerebral venous blood pressure, The pressure in
the cerebral veins will be influenced by the intracrani=l pressure

and vice versa. Blood flow in the normal brein is autoresulated in
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response to changes in arterial blood pressure. In other words, a
relatively constant blood flow is maintained in face of changing
perfusion pfessure. In fact, cerebral blood flow will not alter
significantly until the mean arterial blood pressure has dropped
below 70 mmHg, Thereafter it will fall passively with blood pressure
(19). If blood pressure rises beyond 130 mmHg cerebral blood flow
will increase (20) -~ the so called breakthrough penomenon,

By observing the pial blood vessels through a window in the skull
Forbes in 1928 in the United States (21) and Fog in 1937 in
Copenhagen (22) were able to demonstrate that when arterial blood
pressure is reduced the pial arteries and arterioles dilate and when
arterial blood pressure is increased these blood vessels constrict.
The changes in vascular resistance resulting from these changes in
vessel calibre maintains blood flow relatively constant during
changes in blood pressure. The time taken for these changes in
vessel calibre to occur after an instantaneous change in blood
pressure is of the order{of 30 seconds to 2 minutes,

Autoregulation is ; characteristic of the normal brain in man
and in animals, In the abnormal brain, however, autoregulation can
be diminished or completely sbolished, Ischaemic brain damage
resulting from reduced cerebral pérfusion pressure results in loss of
autoregulation and Harper (19) hss shown that autoregulation to blood
pressure changes may be severely reduced in the presence of cerebral
vasodilatation resulting from hypoxia or hypocapnia. In fact, the
autoregulation mechanism is very sensitive and can be easily upset.

Autoregulation Mechanism

The initiating mechanism for the vasodilatation and constriction
of cerebral blood vessels still remains uncertain., There are,
however, three classical theories,

According to the myogenic theory, the cerebral arteries and

arterioles have smooth muscle tone, inherently, such that an increase
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in distension pressure will give rise to contraction while the reverse
will result in dilatation. This is known as the Bayliss effect.

The protagonists of the metabolic theory, on the other hand,
claim that there is a transient reduction in cerebral blood flow
when blood pressure falls and this results in a fall in tissue p02°
There will then be an increase in tissue p002 and a drop in tissue pl.
Since it is known that all of these changes can cause cerebral vaso-
dilatation, it is suggested that one or all of these variables may act
to control the diameter of the cerebral arterioles thus maintaining
constant blood volume,

There is a great deal of evidence that there is a nerve supply
to cerebral blood vessels., However, although all the main arteries
supplying blood to the circle of Willis have a rich adrenergic supply
this is not so pronounced in the case of the cerebral arterioles and
smaller cerebral arteries, Eidelman et al (23) have claimed that
autoregulation can be impaired after cervical sympathectomy while
Nanda et al (24) have shéwn that autoregulation can be intact several
weeks after cervical syﬁpathectOmy. Furthermore, it has been shown
that autoregulation can be preserved in patients with idiopathic
orthostatic hypotension (25), .

Although early studies on the effect of sympathetic stimulation
on pial artery'diametgr indicated slight vasoconstriction (26, 27),
the generally held view until recently has been that the cerebral
circulation is independent of neurogenic influences, Nevertheless,
these nerve fibres vwhich are present must have some function., It is
worthy of note that the cerebral blood fibw/carbon dioxide response
is reduced when the sympathetic nerve in the neck is stimulated (28,
29). It has been proposed by Harper et al (%0) that this could be
due to constriction of the major arteries supplying the brain, These

arteries have a dense adrenergic nerve supply. If they were

constricted this would not normally cause a reduction in cerebral
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blood flow. When there is & pre-existing vasodilatation, however,
such as when p002 is raised, constriction of these arteries will
reduce blood flow., Nevertheless, the function of the autonomic nerve
supply to the cerebral blood vessels remains uncertain,

Effect of Carbon Dioxide

Changes in the partial pressure of carbon dioxide in the arterial
blood (paCOZ) have a pronounced influence on the cerebral circulation,
Cerebral blood flow wil]l increase and decrease as the pa002 rises and
falls. Increasing paCO2 from the normal value of 40 mmHg to 80 mmHg
will increase cerebral blood flow by more than a factor of 2, Again,
lowering p8002 to 20 mnHg from 40 mmHg will half the blood flow.

Below 20 mumHg and above 80 mmHg there is very little change in flow,

If the changes in paCO2 occur suddenly the increases in flow can be
greater such that the gradient of the CBF/pa002 graph between 20 and

80 mmHg can be 3 ml/100g/min per muHg. When the paCO2 is raised

slowly the value of the gradient is of the order of 1.5 ml/100g/min

ber mmHg, If the pa002 1ével is kept high for long periods the cerebral
blood flow will tend to fall back to normal values,

When blood pressure is low the cerebral blood flow/carbon
dioxide response is reduced or indeed absent if the blood pressure is
severely reduced., After subarachnoid haemorrhage the cerebral blood
flow/carbon dioxide response can be lost in the region of the brain
vhich is affected.

The cerebral blood flow/carbon dioxide reactivity can be
considered as being under the-control of three possible mechanisms,

Carbon dioxide can cause relaxation Bf isolated vascular smooth
muscle and it is possible therefore that it could act directly on the
smooth muscle of the blood vessels in the brain. It has also been
‘éhggested that carbon dioxide can act by changing the pH of the

extracellular fluid of the brain or, indeed, of the vascular smooth
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muscle itself. The basic idea is that carbon dioxide can collect

locally in areas of increased cerebral metabolism or during hyper-
capnia or can diffuse rapidly across the capillaries and enter the
extracellular fluid causing an increase in the hydrogen ion
concentration surrounding the cerebral arterioles thus causing vaso-
dilatation. The third suggestion is that carbon dioxide reactivity
is under neurogenic control, However, present evidence favours a
local metabolic control mechanism.

It should be noted that there can be sitwations where carbon
dioxide reactivity is present while autoregulation to cerebral
perfusion pressure changes has been lost,

Effect of Oxvgen

A fall in the partial pressure of oxygen in the arferial blood
(pa02) can result in an increase in cerebral blood flow and vice
versa, However, it is only at a paO2 below 50 mmHg that these effects
are demonstrated. When the paO2 falls to 30 mmHg the flow is approx-—
imately doubled. Raising the paO2 above 50 mmHg changes the cerebral
blood flow only very sliéhtly.

Again in this situation the mechanism is uncertain. It has been
demonstrated that oxygen can act directly on isolated perfused vessels.
When the perfusate had a low p0, dilatation was observed., Furthermore,
it has been observed that when cerebral blood flow is inecreased when
the paO2 is below the“threshold level of 50 mmHg, there is a decrease
in pH on the cortical surface. It would appear, therefore, that
there is a possibility that hypoxia can increase the hydrogen ion
concentration in the cerebral extracellular fluid.resulting in vaso-
dilatation of the cerebral arterioles.

Effect of Intravascular Hydrosen Ton Concentration

Provided paCO2 does not change, variations in intravascular pH
do not affect cerebral blood flow (31). During metabolic acidosis

and alkalosis only slight changes in extracellular fluid pH have been
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demonstrated and flow has remained constant. There is no doubt,
however, that extracellular fluid pH changes can have an effect on
the digmeter of cerebral arterioles with low pH solutions causing
dilatation and high pH solutions constriction.

Functional Chanees in the Brain

There is mounting evidence that alterations in cerebral function
can be accompanied by cerebral blood flow changes, e.g. it has been
demonstrated that light stimulation can result in the increase in flow
in the occipital lobe of the brain of the cat, Use of analeptic drugs
can result in increases in cerebral blood flow and cerebral oxygen
uptake, Mental stimulation can cause changes in the pattern of
regional cerebral blood flow (32, 33).

It has been assumed that when a particular region of the brain
is functioning at é higher rate than normal, that there is a higher
regional utilisation of oxygen which would be necessary for the
increased métabolic requirenents. An increase in the carbon dioxide
output would then result}with consequent regional cerebral vaso-
dilatation due to extracéllular fluid pH changes. Regional cerebral

blood flow would then be maintained at an adequate level.

Effect of Haemotcrit and Viscosity

Severe anaemia can result in increased cerebral blood flow but
it is not clear whether this is due to the anaemia itself or to the

~

effect of reduced arterial p02.

Infusion of packed red cells or high molecular weight dextran
increases blood viscosity and causes a reduction in the carbon
dioxide reactivity of the cerebral vessels,

Effect of Temperature

It has been reported that a decrease in cerebral blood flow of
the order of 7% will occur for 19 £all in oesophagesal temperature,(34),
Summary

The cerebral circulation displays a remarkable tendency to remain
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constant. Hypercapnia, hypoxia and extreme levels of arterial blood
pressure and intracranial pressure, however, have profound effects.

The fundamental concept is that there is a basic control mechanism for
maintaining blood flow to meet the metabolic requirements of the brain,
The most generally accepted hypothesis, at present, is that, in the
main, control is exercised through the pH of the cerebral extira-

cellular fluid,
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CHAPTER 3

THE MEASUREMENT O% CEREBRAT BLOOD FIOW

Alfhough the first attempt to measure cerebral blood flow in man
was made by Ferris in 1941 (35) -~ by observing the displacement of
spinal fluid caused by compression of the two jugular veins - it was
not until Kety developed the inert gas method for the measurement of
cerebral blood flow in 1945 (36) that blood flow in human and animal
brains was studied intensively. This technique is based on the Fick
Principle and from it are derived many of the techniques which are
used today.

This chapter will .concentrate mainly on these derived technigques
which employ diffusible indicators.

Fick Principle

This principle states that the quantity, Q, of a substance taken

up by an organ at a specific time, t, is the product of the blood flow,

F, and the arterio-venous difference for that substance at that time,

Cat - Cvt' Q
fee. Q= Flogy - Cy) | (3.1)
Q
at vt

The flow in a period, T, can be found by integration.

-

T

_ o\ Qt,d¢
ﬁi (Cat - Cvt)dt
[¢]

ies T (3.%)

Ifr CBt is the concentration of the substance in brain tissue at
time, t, and WB is the weight of brain tissue then

If equilibrium is reached within the time, T, the concentration
of the substance in the brain tissue will be equal to the final

venous concentration CvT multiplied by a constant, -)w the partition
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coefficient (Which expresses the ratio of the solubility of substance

in brain tissue and blood).

1
Hence I = CyT. W, N

(3.5)
¢ Ca O

(The brain concentration will be exactly equal to the final venous
concentration only where the solubility of the tracer in brain tissue
and in blood are equal, i.e, when .k =1,)

P Cut. )\
0=
B ﬂ? (Cat - Cvt)dt
)

(3.6)

It has become the custom to express cerebral bleood flow measure-
ments in m1/100g welght of tissue/min.

The Ketv and Schmidt Nitrous Oxide Technioue

Kety realised that the brain absorbs, by physical solution, an
inert gas, such as nitrous oxide, which reaches it via the arterial
blood, His subjects inhaled a low concentration of nitrous oxide
over a period of 10 minutes. During this time a series of blood

i
samples were taken from én artery and from the internal Jjugular vein,
These were analysed for nitrous oxide content, At the end of the
10 minute inhalation period the arterial blood, brain tissue and
cerebral venous blood were in equilibrium containing approximately
equal amounts of nitrous oxide. Flow could then be calculated using
equation (3.6). ‘

There have been a number of modifications to the original method,
e.g.

(1) Continuous withdrawal of blood samples during the inhalation

period to give integrated arterial and venous concentrations .

of the indicator (37).

(2) Use of radioactive Krypton-85 instead of nitrous oxide (38).
The main advantage here was that the concentration of Krypton-85

in the blood samples could be measured by the detection of beta
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radiation employing Geigerumﬂller tubes, This avoids the tedious
measurement of nitrous oxide.

(3) Use of the desaturation curve instead of the saturation curve
(39,40). This modification eliminates the need for precise
control of indicator concentration during inhalation and reduces
the effect of extracerebral contamination of the jugular bulb
gamples,

Disadvantages and Advantages of the Ketv-Schmidt Technigue

The method gives an average blood flow over the.10—15 minutes
saturation or desaturation period. If the blood flow is low,
equilibrium between brain and blood will probably not occur in this
period of time and as a result blood flow will be over estimated.
This inaccurscy can be reduced somewhat by employing indicators of
lover blood solubility, e.g. Krypton-85 instead of nitrous oxide,
Lassen and Munck introduced a correction factor to extrapolate the
arterio-venous difference to infinity (38).

Furthermore, the mef@od also depends on whether internal jugular
bulb blood samples are r;presentative of cerebral venous drainage.

It has been céloulated that, except on rare occasions, only 3% of the
blood from the internal jugular bulb comes from extracranial sources
(41).

Lassen and Klee (40) concluded that subjects should inhale
Krypton~85 for at least 15 minutes if flow was expected to be normal
but this might have %0 be extended to 30 minutes if blood flow was
severely.reduced. Multiple arterial and jugular venous blood samples
should be taken and the resultant arterié;venous difference extrapolated
to infinity. They suggested that alternatively, following a 30 minute
saturation period, McHenry's desaturation technique should be used;
the arterio--venous difference also being extrapolated tovinfinity.

These suggestions would result in considerable beta-radiation doses %o

the lungs and today it would be much more satisfactory to use xenon-13%3.
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One great advantage Qf the Kety-Schmidt technigue is that it
allows investigation of cerebral metabolism from measurements of
cerebral arterio-venous differences of oxygen, glucose and other
metabolites,

Measurement of Regional Cerebral Blood Flow

By Analysis of the Clearance Rates of Inert
Cases following Carotid Artery Injection

The Kety-Schmidt method gives an average measurement of cerebral
blood flow expressed as total blood flow per unit weight of brain
tissue. In 1961 Lassen and Ingvar reported a methed for the
determination of local cerebral blood flow (42). The method involved
the measurement of rate of clearance of beta-radiation from the
exposed cerebral cortex using a Geiger—Mﬁller tube after Krypton-85
dissolved in saline had been injected into the carotid artery. This
method was later adapted by Glass and Harper (43) so0 that regional
cerebral blood flow in man could be measured by externally monitoring

the clearance of gamma ray activity after injection of xenon-~133,

Theory of Inert Gas Clearsnce Method
The tracer employed should be metabolically inert and should be

able to diffuse rapidly between blood and tissue. The radioisotopes

commonly used ares:-

(a) Xrypton-85: Half life - 10.6 years

Main emissions 670 KeV, beta-radiation
510 KeV, gamma radiation
(b) ZXenon-133: Half life - 5,27 days

Main emission

81 KeV, gamma radiation
The‘beta rays from Krypton-85 have a maximum range in tissue of
only 2.6 mm, Beta counting techniques are therefore limited to the
measurement of flow in the exposed brain cortex,
Only 0.4% of the total Krypton-85 disintegrations result in the
emission of 510 KeV gamma radiation, giving rise to low count rates

and the requirement for considerable amounts of lead for collimation
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to define the filed of view at this energy. As a conseguence xenon-133
has been more widely used in recent years,

Since, af'ter injection has ceased, the arterial blood contains no
tracer, the Fick equation for the clearance technicue can be written
ast—

dQ = -F.C_.dt (3.7)
vhere dQ = the change of quantity of tracer in the tissue in time d4dt.

blood flowe.

=
i

¢.. = the venous concentration of the tracer.

Q = CB’WB
where CB is the concentration of the tracer in tissue and WB is the

weight of brain tissue,

Therefore dCy = +.Cy L4t (3.8)
WB :
Cy N i Chs _
Cv = == vhere is the partition coefficient.
acCp _}i:f .
ZB o E ag (3.9)

The solution of this differential equation is

vhere CBO is the concentration at time 0.

(3.10) is an equation of an exponential decay and will result in
a straight line when points are plotted on semi-log paper. In fact,
two exponential components can be extracted from the clearance curve
obtained from a normal frain_after intracarotid injection, These are
taken to represent the distribution of flows in grey and white matter
of the brain, The exponential stripping process can be carried out
>manually by plotting the clearance curve on semi-log paper and fitting

a straight line to the latter part of the curve. This defines the slow
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) component and by subtraction from the initial part of the curve the
fast component can be found, This, of course, can be done more
accurately and more quickly using a computer (44).

The slopes of the two components can be expressed as half times
(T%), (the time taken for any point on the graph to decrease to another
of half its value). From these T% values, flow values can be calculated

for grey and white matter using the following equations.

Flow (grey matter) _ )\g.loge2.100.60
(m1/100g/min) T, (fast component)
2
- 3379
= T% (fast oomponent) (3.11)

Flow (white matter) _ N7+ 10852.100,60
(n1/100g/min) T, (slow component)
2

6237
T% (sTow component) (3.12)

where T%, half time in seconds,

Ag

the partition coefficient for grey matter = 0.81 for

S~

xenon~13%3,

Av

fl

the partitionvéoefficient for vhite matter = 1.5 for
xenon~133, |

The mean cerebral blood flow through the whole region of the
brain under study can be calculated from the peak count rate obtained

and the area under the clearance curve using the formula:-

Mean flow (Fg) _ Hnax. A5.100.60

(m1/100g/min (3.1%)

A ca

wvhere Hma the peak count rate of the clearance curve,

X

]

Ao the area under the clearance curve extrapolated

to infinity.

Ap

This relation was basically formulated by Zierler (45), but it can be

i}

the partition coefficient for whole brain.

also proved using the more general Occupancy principle enunciated by
Orr and Gillespie (46),
Where computer facilities are not available a 10 minute measure-

ment period can be used and the height/area formula modified to:-
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Mean flow (Pg) _ (Hpax = Hig) AB.100.60
(wl/100g/min) = v (3.14)
where H1O = the count rate 10 minutes after injection.

A1O = the area under the clearance curve, i.e. the total number
of counts recorded in 10 minutes,
Por some time now an "initial slope" flow index has been used
(47, 48, 49), The fundamental assumption here is that during the
first one to two minutes the slope of the clearance curve is pro-
portional to cerebral blood flow, i,e. for the short time interval

the curve is assumed to be mono-exponential, thus:-~

Mean flow (Fy) _ Empirical Constant (3.15)
(ml/100g/min§ _T% (initial slope)

Highly significant correlations (r = 0.943 p< 0.001) have been
obtained between FI and FH over é wide range in flow values, However,
with very high flows greater than 100 ml/100g/min this method tends
to reflect blood flow more aﬁd more in the faster brain compartment.
Method

When xenon~133, diséolved in saline, is injected as a bolus into
the internal carotid arféry the tracer is carried to the cerebral
tissue, and equilibration between blood and tissue occurs rapidly.
Furthermore, since the inert gas is highly soluble in air, about 95%
of the tracer reaching the lungs is excreted so that there is no
significant recirculation. On completion of the injection the fresh
arterial blood containing no radioisotope clears the tracer from the
tissué, and the rate of this clearance depends on the blood flow,
Detection and Data Processing Systems

A number of collimated scintillation detectors can be mounted
around the head. The number and size of the detectors and the degree
of collimation are chosen to define the regions of the brain to be

"T8tudied. The output pulses from each detector are fed to pulse

" height analysers and the selected pulses can be processed as follows.
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(1) The pulses can be fed to a multi-track magnetic tape recorder
with a "down stream monitoring" head, such that any chosen channel can
be monitored by a ratemeter and scaler to‘allow immediate data analysis
(if desired all channels could be monitored in this way). A paper
chart recording of the ratemeter output will give the shape of the
clearance curve, while the scaler will display the total number of
curves recorded (i.e. the area under the clearance curve).

This is the simplest method of storing data so that various types
of analysis can be carried out on g8ll channels "off-line". However,
the tape recording system can impose definite dead time limitations
on the acceptable count rate and if these limits are ewceeded serious
loss of counts will result,

(2) The pulses can be fed through a multi-plexing system to a multi-
channel analyser operating in "multi-scaler mode" and the data\stored
in the instruments ferrite core memory in the form of time histograms
with selectable time intervals. This is an improvement, although,
depending on the multiupléxing system, this method may also be dead
time limited., In generaf{these systems have to write out the stored
data so that analysis can be carried out.

(3) The pulses can be fed on-line to a laboratory digital computer
vhere again data can be collected in the form of time histograms.
Analysis can thgn be carried out by the computer and the results for
every regional channel can be obtained in a very short time.

Sources of Error

Eagerness 10 measure cerebral blood flow in smaller and smaller
regions of the brain can be accompanied by the temptation to use
systems which are unable to provide the necessary spatial resclution,

The regions of the brain defined by some systems have been

assessed using point sources. The response of a scintillation

detector to a point source of radiation depends on:-

(a) The inverse square of the distance of the source to the detector.
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(b) The area of the crystal‘exposed to radiation.
(¢) The attenuation produced by the intervening tissue.

In the situation where cerebral blood flow is being measured, the
source of radioactivity is not a point and the use of this type of
assessment is misleading, since due to the inverse square law effect
it tends to suggest that the effective volume from which gamma
radiation is being detected is confined to a localised region close to
the scintillation detector. However, if thin infinite uniform sources
perpendicular to the axis of the detector are considered, then the
detector response to such a source is independent of the source %o
detector distance, This results from the fact that the detector
response to any point source within the extended source varies
inversely with the square of the source to detector distance, whereas
the area of the extended source viewed is directly proportionai\to the
square of the source to detector distance and the two squared distance
factors cancel, However, in the practical situation, the detector
response will fall off with distance from the detector due to absorption
within the intervening tiésue, but this reduction in response is not as
severe as that predicted by point source measurement, Thus in a multi-
detector system, designed using a point source assessment method,
there will be considerable overlap in the adjacent detector fields of
view and the idea of ngl defined regions of measurement using such a
system>is quesfionable.

This situvation is aggravated by Compton scatter of the 81 KeV
gamma rays of xenon-133 within the brain tissue. If large pulse height
anhalyser ﬁindow widths are used a signifiéant percentage of the
detected photons in fact originate outwith the collimated detector
field of view again limiting the regionality of the measurement. With
~ xenon-133 the optimum setting of the lower threshold on the analyser
is of the order of 75 KeV eliminating all first order scatter greater

than 600. Naturally this reduces the counting sensitivity and as the
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detector size is reduced more and more in the attempt to measure
cerebral blood flow in smaller regions of the dbrain, the effect on
counting sensitivity can be considerable, TFurthermore, if the
comparison of cerebral blood flow measurements from different small
regions of the brain are to be meaningful then not only must all the
nucleonic channels be set up accurately in the same way, each gamma
ray energy response must be the same, otherwise each detector will be
viewing regions of different size.

The accuracy of cerebral blood flow measurenent using tracer
clearance techniques also depends on the uniformity of partial pressure
of xenon within the tissue. This becomes a problem where the region
under consideration is small and consists of inhomogenous tissue, At
microscopic 1evels>in a situation where flow is high the xenon partial
pressure will decrease more rapidly than where flow is low and.as a
result partial pressure gradients can be set up around different tissue
boundaries, The inert gas will then diffuse from areas of high mean
partial pressure to areasgof low mean partial pressure altering the
mean rate of tracer clearénce. This further imposes a lower limit on
the size of the region from which meaningful cerebral blood flow
measurements can be made,

Xenon Inhalation Technique

The most clinical}y attractive technique for the measurement of
cerebral blood flow is the xenon~i133 inhalation technique first
introduced by Mallet and Veal in 1963 (50) and further developed by
Obrist (51) and Wyper, Lennox and Rowsn (52, 53). In this method
xenon-133‘is inhaled by the patient for times ranging from one to five -
minutes and the resulting brain tissue clearance curve is monitored by
external detectors for times ranging from two to 50 minutes, This
“technique is completely atraumatic since no arterial punctures or
blood samples are necessary, However, there are two major disadvantages.

During inhalation, all the body tissues take up xenon and as a
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consequence there is appreciable recirculation which distorts the
clearance curve. A correction is applied by measuring the xenon
activity in the end-expired air which reflects the arterial concentration.
The brain clearance curves are also distorted by the addition of a
slow third component due to isotope in the extra~cranial tissues. If
the clearance curve is monitored for a sufficiently long time (30 to
50 minutes) then this third component can be measured and defined.
This requires a physiological stability which is rarely achieved in
practice. In the two minute slope technique of Wyper et al the patient
inhales xenon for two minutes and after a delay of 30 seconds the
clearance curve is monitored for a further two minutes, Under these
conditions there is little loading of the third component and this
changes only slowly over the two minute monitoring period and does\
not affect the result significantly., The use of such a brief
investigation time allows the patient to maintain reasonable steady
state conditions and the technique has been used in normal volunteers
and with a wide spectrum of patients, Xenon-133 dissolved in saline
can also be given by intfévenous injection for the measurement of
cerebral blood flow. The analysis of the clearance curves is carried
out in a similar fashion to that described for the inhalation method
but greater amounts of radiocactivity must be given to obfain reason-
able counting statistics,
Hydrogen Clearance Technigue

Hydrogen gas has been used 4o measure cerebral blood flow in
animals. 'In 1964 Aukland, Bower and Berliner (54) described the theor-
etical basis of the method in which the pértial pressure of hydrogen
in ceréb£a1 tissue is measured by polarised platinum electrodes.
After administration of hydrogen the tissue desaturation process can
" be monitored and washout curves similar to those obtained bv the xenon
clearance technique can be recorded. The hydrogen can be given by

inhalation (55, 56, 57, 58) or by injection (59, 60). The major
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advantage of the method is that blood flow can be measured in small
regions of the brain with very little damage to the surrounding
tissue because of the small diameter of the electrodes (0,05 ~ 0.2 mm)
which are used,

The platinum tissue electrodes are insulated with teflon and a
1 mm length at the end is scraped bare, A silver/silver chloride EEREG
electrode can be used as a reference electrode and is normally placed
subcutaneously in the animal's back and a polarising voltage of the
order of 700 mV is employed. The small electric currents (1less than

10‘6

Amps) obtained from the tissue electrodes can be monitored vsing
a multichannel DC amplifier having low drift characteristics and
recorded on a multi-pen Servo chart recorder.

In general mono-~exponential clearance curves are obtained although
bi-exponential curves can be recorded when the electrodes are inserted

close to tissue boundaries,

Non~-Diffusible Tracer Techniagues

A number of attempts have been made to find alternatives to the
tissue clearance techniqués of measuring cerebral blood flow,

A method suggested by Oldendorf in 1962 (61) measured the circu-
lation time of a non~diffusible isotope after a bolus injection was
given intravenously. The method has been applied to patients with
various types of intrgcranial pathology.

Basically’the method consists of injecting a bolus of non-
diffusible isotope intravenously (0.5 mCi Iodine-131 labelled hippuran
and 1,5 mCi Technetium-99m in the form of sodium pertechnetate has
been used) and monitoring the passage of radiocactivity through the
brain by means of>externally mounted detectors, After amplification
and pulse height analysis the output pulses are fed to a ratemeter

“the output of which is filtered and electronically differentiated to
give a recording of the rate of change of radiocactivity with respect

to time. The peaks of the resultant bi-polar wave form indicate the
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maximum rate of entry and the maximum rate of exit into and from the
field of view of the detectors, The time interval between these peaks
is the mode circulation time,

The relative simplicity of this method makes it attractive but the
information concerning the cerebral circulation acquired in this way
is limited because the method in fact provides an index of velocity
and not a measure of blood flow (62). Under conditions of changing
radius flow through tubes will change more markedly than velocity
and investigations in baboons have shown that circulation time is not
a reliable index of cerebral blood flow., In addition, in a series of
200 patients studied in the Tnstitute of Neurological Sciences in
Glasgow, many patients with gross intracranial psthology showed no
abnormal cerebral circulation times. However, the average mode )
circulation time for groups of patients with ischaemia, subarachnoid
haemorrhage and haematoma were increased (63). This result is of
limited practical value since when faced with a particular patient the
investigator will probabfy be confronted with a mode circulation time
result which will lie wi%hin the expected range for normal patients,
This is due to the rather large range of mode circulation times found
in normal subjects.

The conclusion is, therefore, that the assumption that changes
in flow will be reflected in changes in velocity is valid in such
restricted circumstances that it would appear to be unwise to base
clinical decisions on such measurements,

Electro~Magnetic Flow Meter Measurements

Again the fundamental parameter measﬁred by electro-magnetic
flow meters is veloecity, However, these devices are normally used
with relatively large blood vessels under conditions where it can be
"assumed that there is little or no change in vessel diameter and hence
velocity can be related to flow,

The electro-magnetic flow probe is placed around the blood vessel
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under investigation. In cerebral blood flow determinations this is
normally the carotid artery. An electro-magnet within the probe is
excited by means of a square wave or sinusoidal electric signal and

the resulting magnetic field is set up at right angles to the direction
of flow., Blood flowing through the vessel cuts the magnetic lines of
force and an electric field is induced mutually perpendicular teo the
direction of blood flow and the magnetic field. The induced electric
field is detected by electrodes placed diametrically opposite on the
blood vessel. The detected signal is amplified and demodulated and
displayed on a chart recorder, Calibration is carried out by passing
a known amount of blood through the vessel. To allow good correlation
between velocity and flow, the probe must produce a homogenous magnetic
field and for this reason a "cuff" type is normally used, The main
advantage of this method of flow measurement is that it permits
continuvous monitoring of flow in intsct blood vessels, The dis~
advantages are that the blood vessels ﬁave to be exposed and in the
case of cerebral blood fiow investigations only total blood flow in
and out of the brain caﬁ be measured.

Qther Methods of Cerebral Blood Flow Determination

(a) Heat Clearance Technique

With this method a bolus of hot or cold saline is given intra-
arterially and the step function change in temperature and subsequent
clearance is monitored by thermistors placed in brain (64). The
assumption is that the rate of clearsnce of heat from the area of
brain under study will be proportional to regional cerebral blood
flow. The main criticism of the method is thet heat is not a physio-

logically inert tracer and any changes in body temperature will affect

the result.

" (b) Electrical Impedance Methods

When a high frequency signal is passed through the body it is

. modulated due to changes in the electrical impedance between the
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electrodes. One of the factors producing these changes is the pulsating
blood flow (65}, An attempt is made in this method to correlate the
measured impedsnce changes with cerebral blood flow. The impedance
curves obtained are analysed by measuring amplitude and rise and fall
times. Unfortunately it can be shown that a significant proportion of
the recorded waveform results from extracranial blood flow and changes
in cerebrospinal fluid.

(c) Ultrasonic Doppler Technicue

When ultrasonic waves impinge on the blood stream the frequency
of the detected waves reflected from the moving particles of blood,
is altered due to the Doppler effect (65). The beat frequency is
proportional to the velocity of the moving particles.

In this method, a probe which acts as both a transmitter and
receiver is held against the neck at an acute angle to the direction
of flow in the carotid artery and the Doppler beat frequency is -
detected. It is assumed that the diameter of the carotid artery does
not change significantly'gnd the blood wvelocity will vary in proportion
to flow., If this assumpfion is not made determinations of carotid
artery diameter must be made by angiographic techniques (67) or by
pulsed ultrasound (68),

The basic advantages of the method are that it is atraumatic and
that instantaneous changes in carotid artery velocity patterns can be
detected instantaneously, However, a great deal of controversy still
exists concerning the design of probes necessary to give consistent

results when used by different investigators.

Summary

The most precise techniques for the measurement of cerebral blood
flow are the inert gas clearance technioues which are based on the Fick
Principle, The xenon-133 intracarotid injection technique is the
method against which all others sre judged and although regional

cerebral blood flow can be measured with this method the regions
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involved are relatively larpe., Micro resional cerebral blood flow can
be measured by the hydrosen clearance technioue where the hydrogen
tracer can be given either by carotid artery injsction ors by inhalation,
The most successful atraumstic methods for the determination of cerebral
blood flow in man are the xenon-1%3 inhalation and intravenous

techniques.
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CHAPTER_4

EFFECTS Of RAISED INTRACRANTIAT PRESSURE O CEREBRAY, BLOOD FIOW

Raised intracranial pressure may have an adverse effect on the
function of the brain in a number of ways, one of the more important
heing reduction of cerebral blood flow. Brain tissue depends on a
continuous supply of oxygen and metabolites and reduction of :cerebral
blood flow therefore has particular significance. The resultant
effects range from transient reversible neuronal disfunction to
irreversible ischaemic brain damage (69, 70, 71).

The increasing use of continuous monitoring of intracranial
pressure in neurosurgical patients (18, 72) has highlizhted the
requirement for more precise quantitative information on the relation-
ship between intracranial pressure and cerebral blood flow. The major
factors controlling cerebral blood flow in these situations are the
pressure differential or cerebral perfusion pressure and the resistance
across the cerebral vascular bed, In these situations it is customary
to measure cerebral perfuéion pressure as the difference between mean
arterial pressure and mean intracranizl pressure since it is assumed
that intracranial pressure and cerebral venous pressure are approx-—
imately equal., Because of the factors involved it would seem unlikely
that intracranial pressure would have a direct relationship to cerebral
blood flow. Furthermo%e, cerebral perfusion pressure will only have a
direct relationship to cerebral blood flow ﬁhen the cerebral vascular
resistance remains constant. This assumption will only be justified
in certain situations such as the state of vasomotor paralysis (73).

Clinical and experimental work has shown that intracranial hyper-
tension does indeed reduce cerebral blood flow but a clesr relationship
between cerebral blood flow and either intracronial pressure or cerebral
perfusion pressure has not emerged from these studies (70, 74, 75, 76).

The level of intracranial pressure at which cerebral blood flow is
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reduced has varied considerably in these studies and would appear to
depend onr the rate of devéIOpment and method of production of the
intracranial hypertension. The significance of both these factors
may lie in the wvariability of the compensatory mechanisms which act
to preserve cerebral blood flow in the face of'rising intracranial
pressure. These mechanisms include systemic hypertension, which may
maintain cerebral perfusion pressure (77, 78), and also alterations
in vascular resistance (79, 80). The underlying mechanisms behind
both these responses are still not clearly understood.

In 1929 Wolff and Blumgart (81) found that increased intracranial
pressure prolonged cerebral circulation time in cats. They stated
that the increased cerebral circulation time and assumed decrease in
cerebral blood flow were due to cerebral venous stasis, Williams
and Lennox in 1939 (82) measured cerebral blood flow in patients with
increased intracranial pressure and found litile or no change.
Courtice in 1940 (83) reported similsr findings in patients with
supratentorial tumours. However, in several patients with posterior
fossa tumours, cerebral biood flow was significantly reduced, In hoth
these investigations, the method used for the estimation of cerebral
blood flow was the arterial and venous difference methods for oxygen
and carbon dioxide. Kety, Shenkin, and Schmidt in 1948 (74) measured
cerebral blood flow in patients using the nitrous oxide technique and
found low valués of cerebral blood flow only when the intracranial
pressure exceeded 450 mm CSF (33 muHg).

The relation between intracranial pressure and cerebral blood ’
flow has-been studied extensively in experimental animals and has
found to be complex., In 1965 in an experiment using electromagnetic
flow meters Langfitt, Kassell and Weinstein (76) found that cerebral
blood flow varied inversely with intracranial pressure. During acute
expansion of an extracerebral balloon, blood flow began to fall as the

intracranial pressure rose, Clearly these observations are at variance
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with those of Kety et al noted above and were attributed to the rate of
increase of intracranial pressure and to the fact that the monkeys

were under moderately deep barbiturate anaesthesia. Zwetnow in 1968
(84), slowly infused artificial CSF into the cisterna magna of dogs

and demonstrated that cerebral bleood flow, as measured with the
zenon-133% clearance method, did not fsll until cerebral perfusion
pressure reached a 1evé1 of 40-50 mmHg, Thus it was shown that the
cerebral circulation was capable of compensating within limits for
rising intracranial pressure. However, the situation in human intra-
cranial pathology is even more complex. This is demonstrated by some
early observations by Shenkin, Novack and Goluboff in 1952 {(85).

They found that cerebral blood flow was reduced in several patients
with brain tumours and increased intracranial pressure. However,

bloed flow did not significantly improve after the intracranial
pressure had been reduced by ventricular drainage.  Crongvist and
Lundberg (86) reported that spontaneous fluctuations in intraventricular
pressure in brain tumour‘patients were accompanied by reciprocal changes
in cerebral blood flow. \On the other hand, in several patients with
prolonged sustained intracranial hypertension, reduction of intra-
cranial pressure with hypertonic Mannitol had the opposite effect,

i.e, cerebral blood flow fell with the intracranial pressure.

Changes in cerebral blood flow also have an effect on intra-
¢ranial pressure, If cerebral blood flow increases due to dilatation
of one portion or more of the cerebral vascular bed, this will result
in an increase in cerebral blood volume and the intracranial pressure
will increase (87, 88)." In the normal situation the effect on intra~
cranial pressure has little significance because the changes in

cerebral blood volume produced by even a considerable arterial con-

‘striction or dilatation are small and these alterations in cerebral

blood volume are compensated by increases or decreases in CSF volunme,

However, on the steep portion on the volume-pressure curve, when most
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of the CSF has been displaced, small changes in vascular dismeter and
intravascular blood volume have a considerable effect on intracranial
pressure.

What are the mechanisms responsible for the maintenance of
cerebral blood flow during raised intracranial pressure, and for the
decrease in cerebral blood flow that occurs when intracranial pressure
exceeds certain limits?

In 1928 Wolff and Forbes (79) observed the cortical surface
through a cranial window during induced changes in intracranial
pressure and noted dilatation of the pial vessels., When pressure is
uniformly increased by injection of fluid into the spinal canal or
cisterna magna, the cortical vascular dilatation is also diffuse.
Weinstein and Langfitt in 1967 (89), demonstrated this in monkeys
in which the bone over a large portion of both cerebral hemispheres
was replaced by a transparent, water--tight calvarium, This would
therefore appear to be the principal mechanism responsible for
maintenance of cerebral B?ood flow in the face of risineg intracranial
pressure and represents ; form of cerebral autoregulation. These
observations are applicable to diffuse intracranial hypertension where
it is assumed that the pressure is distributed uniformly throughout
the intracranial space and all vessels are subjected to the same
physical forces. On the other hand a space-~occupying mass produces
vascular compression in the space surrounding the mass, Probably in
the early stages these vessels are capable of dilating and maintaining
local cerebral blood flow but ultimately the autoregulatory capacity
of the vessels is overcome by the forces.éenerated within the mass,

In his observations through the transparent calvarium Weinstein
demonstrated that this vascular collapse spread circumferentially from
a gradually expanding subdural balloon. Simultzneously cortical

vessels remote from the balloon dilate as diffuse intracranial pressure

rises, Langfitt's group has suggested that, if cerebral blood flow

- 40 =



was measured with the nitrous oxide technique (total cerebral blood
flow) it might be shown to be normal at a time when regional cerebral
blood flow in the vicinity of the mass had virtually ceased (90).
Clearly, local cerebral ischsemia produces local neurological signs
appropriate to the region involved and these signs will be super~
imposed on those produced by the diffused intracranial hypertension.
The collapse of vessels in the cortex surrounding the subdural balloon
is not due to the balloon itself but rather to compression of the
vessels against the overlying calvarium. The collapse begins on the
surface of gyri, and involves arteries and veins alike, When these
superficial vessels have been obliterated throughout most of the
ipsilateral hemisphere, other vessels in the deep sulci are still
patent. These observations were made in acute experiments and simulate
fairly closely acute subdural and extra-dural haematomas but they do
not necessarily apply to chronic space-occupying lesions., In this
situation there is more time for the cerebral vessels to compensate
and the degree of vascular compression is probably less for a mass of
the same size. This may help to explain the absence of local
neurclogical signs in so many patients with large chronic subdural
haematomas and meningiomas.

What is the cause of the decrease in cerebral blood flow that
ultimately occurs th?oughout the brain as intracranial pressure rises?
Wrighf, in 1958 (91), reported that bridging cerebral veins, observed
through a cranial window, remain patent until rising intracranial
pressure exceeded the blood pressure. When collapse occurred, blood
was fOrcéd proximally, .indicating that the outflow resistance exceeded
the resistance in the vproximal vascular bed. He suggested that
intracranial hypertension caused constriction of the cerebral veins at
their junction with the dural sinuses, and this explanation has been

supported by the experiments of Hedges et al (92), and Greenfield and

Tindall (75).
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Langfitt's group investigated the problem in monkeys and measured
intracranial and dural sinus pressures during expansion of an extra-
cerebral balloon and during the development of an experimental brain
swelling (90, 93), They claimed that the relationship of sagittal
sinus pressure to intracranial pressure in these experimental
conditions seemed to be best explained by the combination of com-
pression of the cerebral veins proximal to the sinus and comp;ession
of the sinus itself distal to the recording catheter. Severe brain
swelling was produced in a number of monkeys by repeated expansion
and deflation of the balloon. When intracranial pressure had risen
to the level of the diastolic blood pressure the animals were
sacrificed and their heads immersed in liguid nitrogen. The frozen
heads were then sectioned in coronal planes. Many of the cortical
veins were obliterated by compression between the expanded brain and
the inner table of the skull, and both the sagittai and straight
sinuses had collapsed, The sagittal sinus was narrow throughout much
of its course, and compléte obliteration of the lumen was found only
in the region of the cofonal suture. This occurred because the sinus
is partislly encased in bone throughout much of its length and is least
so at the coronal suture, The transverse sinus, which is surrounded
by bone on three sides, was only slightly affected, Arteries as well
as veins were compressed, In one animal the large, single anterior
cerebral artery of the rhesus monkey was nearly collapsed throughout

much of its course over the corpus callosum,

Summary

Cerebral blood flow is maintained a£ nermal levels during
increased intracranial pressure by dilatation of resistance vessels
in the brain. When blood flow does eventually decrease it is due

primarily to compression of the venous outflow tract. The cause of

the intracranial hypertension is as important as the height of the

pressure in determining the level of cerebral blood flow. It is
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believed by some authors that a mass lesion may produce severe reduction
of regional cerebral blood flow at a time when total cerebral blood

flow is normal., If the process responsible for the increase in pressure
is diffused brain swelling, the subarachnoid space over the cerebral
hemispheres 1s obliterated and cort;cal vessels are compressed between
the expanding brain and calvarium. In these circumstances, blood flow
can be as much a function of the volume of the brain as it is” of the
intracranial pressure., In patients with sustained brain swelling there
nay be considerable collapse of cortical vessels with only moderate

intracranial hypertension,
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CHAPTER 5

EFTECTS _OF RATSED INTRACRANTAT, PRESSURE
ON SYSTEMIC ARTERTAT, PRESSURE

It has been confirmed in many experimental studies that acute
systemic hypertension will result if intracranial pressure is raised
to a sufficiently high level (77, 94, 95)., Furthermore, there has
been a tendency, ever since Cushing's descriptions of the blood
pressure response in man (78), for some workers to regard systemic
hypertension as a reliable clinical sign of increased intracranial
pressure. Nevertheless, many important aspects of this blood pressure
response have to be clarified. For eiample, just how reliasble is a
rise in blood pressure as an index of rising intracranial pressure in
patients and what is the correlation between the two measured
pressures? What is the mechanism responsible for the increased blood
pressure and what is the function of the response?

Resu;ts from patient studies in Glasgow where continuous monitor-
ing of both arterial and intracranial pressures were carried out,

:
suggest that the blood pressure response to scute, and substantial
increases in intracranial pressure is quite unpredictable (72). This
observation has also been reported by other workers (18, 96).

At the beginning of the 20th century, experimental work on the
blood pressure responses to direct stimulation of the brain, and the
demonstration éf the vasomotor centre in the medulla gave credence to
the opinion that a blood pressure regulating mechanism was present in
the brain, However, this hypothesis of a vasomotor centre for the
regulatidn of blood pressure was rejected when the striking effects of
carotid sinus stimulation were demoﬁstrated. It was then felt that
the intracranial mechanisms had a subsidiary role as the final common
- pathway for regulatory impulses originating outside the cranium,

A number of experiments using raised intracranial pressure and

based on Cushing's studies were carried out, For example in 1933
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Guernsey and his colleagues (97) reported that denervation of the
carotid sinus and aortic depressor nerves resulted in a greater
response 1o intracranial compression than that vhich occurred in the
intact animal. Yesinick and Sellhorn (98) demonstrated that after a
buffer nerve section the breathing of nitrogen caused a fall in blood
pressure while tracheal occlusion produced a rise suggesting that the
blood pressure response to raised intracranial pressure was due to
asphyxia rather than hypoxia.

In 1902 Cushing (99) demonstrated that injection of cocaine into
the cisterna magna resulted in a transient inhibition of the blqod
pressure response while section of the spinal cord caused a permanent
blockage of the effect. IFreemen et al in 1940 (100) found that the
blood pressure response depended on the integrity of the sympathetic
chain particularly the thoracic segment. Forster (101) demonstrated
that this intracranial mechanism did not depend on the cerebral
cortex, the hypothalamus or the vagosupraoptic pathways. Therefore,
while much of the early éata supported the hypothesis that a blood
pressure response was eiicited as a result of anaemia, ischaemia,
hypoxia or asphyxzia, there were still a number of unresolved problems,

Rodbard and Saiki (94) claimed that the blood vressure response
to raised intracranial pressure exhibits different characteristics
from that due to hypoxia. The response to intracranial compression
is rapid and'quite marked while that due to hypoxia or asvhyxia usually
occurs more slowly and is of a lesser degree. They found in dogs that
hypoxia produced by nitrogen breathing and asphyxia followine tracheal
occlusioﬁ produced only a limited increase in blood pressure, They
showed that during the blood pressure response resulting from asphyxia
an increase in intracranial pressure produced a further and much

‘greater increase in blood pressure. They also demonstrated that the
production of a negative intracranial pressure usuvally resulted in a

fall in blood pressure. They interpreted their data as lending
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support to the concept of an intracranial baroreceptor mechanism
similar to that of the carotid sinus. They suggested that because of
its position it would act as a differential manometer registering the
difference between intravascular and intracranial pressures,

Thompson and Malina (102) claimed that the mechanism responsible
for the cardiorespiratory changes in increased intracranial pressure
is "an acute dynamic axial distortion of the brain stem affecting the
conductivity of the ponto-medullary centres for respiration and cardio-
vascular activity". In experiments with dogs their results indicated
that intracranial pressure by itself was not the factor responsible
for the cardiorespiratory changes but what was important was the
magnitude of the pressure difference between the supratentorial and
infratentorial spaces. They postulated therefore that this pressure
difference caused movement of the brain stem towards the lower
pressure area, In another series of experiments in which the roof of
the posterior fossa was removed and the dura opened widely to eliminate
any direct pressure effec? on the medulla or its blood vessels, they
raised the pressure in thé supratentorial space and found that the
cardiorespiratory changes occurred simultaneously with axial distortion
of the brain stem,

Thompson and Malina also claimed that ischaemia of the medulla
could be ruled out siqpe there was no direct pressure effect on the
blood vessels in the posterior fossa in their experiments, They also
demonstrated that with an intact neuraxis and in the absence of raised
intracrenial pressure, mechanical stimulation‘of the medulla produced
cardioresﬁiratory changes which were similar to those produced by
increased intracranial pressure. Finally, by placing a small metallic

foreign body into various parts of the neuraxis and using x-rays for

" localisation they showed that distortion of the brain stem could be

visualised when the cardiorespiratory changes associated with raised

intracranial pressure occurred.
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The concept advanced by Thompson and Malina was that dynamic
distortion of the brain stem produces stress patterns along the
neuronal pathways and alters the neuronal electrical conductivity.

The direction and magnitude of the force exerted by these stress
patterns determines the cardiorespiratory changes thus accounting for
the variability of the responses elicited by various pathological
changes in different patients and experimental animals., They claimed
as secondary effects, tension exerted on the cranial nerves and
mechanical stress caused by pull on the blood vessels as the brain
stem distorts.

Evans (103), on the other hand, disputed the philosophy of
Rodbard and Saiki, In experiments with dogs, in which all the arteries
supplying the brain were ligated except the left common carotid artery
which was occluded in a controlled fashion, he demonstrated that
reduction of the blood supply to the brain resulted in an increase in
systemic arterial pressure. He claimed that in these circumstances
the blood pressure increaée, the respiratory response and EEG changes
resulting from partial orfbomplete occlusion of cerebral blood flow
vere in essence-the same as those produced by a rising intracranial
pressure. He therefore supported the concept that an increase in
intracranial pressure results in ischaemia of the brain stem and that
this is the trigger meghanism for the blood pressure response.

Evans was also able to demonstrate in dogs with spinal cord
section at C-2, that a blood pressure response could be elicited when
the cord was compressed by the infusion of fluid. He believed that
these resﬁlts, since they demonstrated that the blood pressure response
to increased intracranial pressure was not limited to the brain stem
alone, were indicative of the fact that the response was a general one
“involving stimulation of sympathetic neurons. He felt that these
results clearly did not substantiate the theory of the presence of a

baroreceptor mechanism in the brain stem, He concluded that the
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blood pressure response to increased intracranial pressure wvas a
phenomenon of the entire nervous system and that ischaemia of the
involved neurons is a major factor in the response.

In 1970 Hoff and Reiss (104) concluded from their experiments
that the Cushing response was due to stimulation of highly localised
structures in the medulla and spinal cord. They claimed the significant
stimulus was pressure and/or stretching of neural tissue. Their
experiments were carried out in cats and they found that the blood
pressure response to raised intracranial pressure persisted after
transection of cranial nerves v to xi following cerebellectomy and
after decerebration of the pontomesencephalic border, thus indicating
that the bleood pressure response is initiated from structures lying
within the CNS below the mid~brain. Spinal cord transection at C-1
abolished the blood pressure response to increased intracranial
pressure but not to spinal cord compression, This was indicative of
the presence of pressure sensitive regions in the spinal cord distinct
from those in the lower bﬁain stem. They delineated these pressure
sensitive regions by gra&éd local pressure using a 1.5 mm probe.

- Summary

Unanswered questions still remain concerning the mechanism and
function of the blood pressure response to increased intracranisl
pressure. Possible mechanisms which have been suggested are:

(a) ischaemia or hypoxia of medullary centres (Cushing,1901) (78).
(b) action of intracranial baroreceptors sensitive to changes in

cerebral perfusion pressure (Rodbard and Saiki, 1952) (94).

(¢) brain stem distortion (Thompson and lMalina, 1959) (102),

(d) cerebral ischaemia (Bvans, 1967) (103).
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CHAPTER 6

CISTERNA MAGNA TNPUSION

Thé question posed in Chapter 4 was:-

What are the mechanisms responsible for the maintenance of cerebrsl
blood flow during risineg intracranial pressure, and for the decrease
in cerebral blood flow that occurs when intracranial pressure exceeds
certain limits?

A series of experiments were designed with a view to elucidating
the relationship between raised intracranial pressure and cerebral
blood flow. A further aim of the study was to invesfigate if a
gquantitative relationship did exist between these two physiological
vari#bles and to evaluvate the significance of the comvensatory
mechanisms which act to preserve cerebral blood flow in conditions of
raised intracranial pressure,

Methods

Adult baboons weighiﬁg approximately 10 kg were anaesthetised
with phencylidine hydrochioride (10 mg) and sodium thiopentone (60 mg)
and maintained with a_combination of phencylidine hydrochloride,
suxamenthonium and a nitrous oxide/oxygen mixture, Ventilation was
controlled using a Starling pump, delivering a tidal volume adjusted
to produce the required arterial pO2 and pCO2 levels,

The undernoted pressures were monitored continuously by means of
indwelling polyethylene catheters connected to strain gauge trans—
ducers (Bellhand Howell type 4-327-L221). The systems were calibrated
against a mercury column and the pressure wave forms were written out
on heat sensitive chart.recorders (Devices Limited).

1. Ventricular Fluid Pressure: from the frontal horn of the right

lateral ventricle.

2. Cisterna liagna Pressure

bR Arterial Pressure: from the left femoral artery.
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Cerebral blood flow was measured using both the xenon-133 intra-
carotid injection method and an electromagnetic flow meter placed on
the carotid artery on the neck,

The right external carotid artery was lizated immediately beyond
the carotid bifurcation and a polyethylene catheter was inserted into
the right internal carotid artery via the right lingual artery which
was ligated distal to the point of entry of the catheter. A bolus
injection of 0.5 mCi of xenon-133, dissolved in 0.45 to 0.55 ml saline
at constant temperature was given via this catheter, The rate of
clearance of radicactivity was monitored using a 1" sodium iodide
scintillation detector placeq over the right parietal region. Cerebral
blood flow was calculated from the initial slope and by the height/
area technique employing the 10 minute correction.

An electromagnetic flow probe (Nycotron) was placed on the right
common carotid artery after the external carotid arterv hdd been
ligated.

At the beginning of gach cerebral blood flow measurement arterial
p02, pCO2, pH, jugular véﬁous p02, pH, venous haemoglobin and PCV
values were estimated. End~tidal 002 was continuously monitored using
an infra red analyser. An electrocardiosraph tracing was obtained at
intervals,

Three series of e;periments were performed.

Group_ 1 |

In eight animals intracarotid pressure was raised by infusion of
"mock" cerebrospinal fluid at constant temperature into the cisterna
magna (moék CSF formula 4in m.equiv./litref Na 145,0, X 3.5, C1 101.,5,
H2PO4 2.0, HCO3 25.0). An aneroid barometer and sphygmomanometer bulb

wvere used to keep the infusion pressure constant and the resultant

"cisterna magna and ventricular fluid pressures were monitored contin-

uously. Control conditions were established and the pressure was

raised in increments of five to 20 mmHg approximetely every 30 minutes.
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After each pressure increase equilibrium was established before
cerebral blood flow was measured by xenon clearance. Intracranial
pressure was increased in this manner until there was a substantial
reduction in cerebral blood flow,
Group 2

Before proceeding as noted above, in four animals the cervical
cord was sectioned at the 03/C4 segment in order to abolish the
systemic hypertension which developed in the first group of animals
as intracranial pressure was raised,
Group 3

In a further four animals when the intracranial pressure had
reached the level at which systemic hypertension and increased cerebral
blood flow developed, i.e., approximately 60 mmHg, blood pressure was
reduced progressively by intermittent withdrawal of blood from a
catheter placed in the right femoral artery. After blood'pressure
was reduced, it was raised again by intravenous infusion or pressor
drugs. I

At the end of each éxperiment the animal was sacrificed using
intravenous sodium pentobarbitone, 1In the first group of animals
the brain was removed for histological examination,
Results
Group 1 ) -

Cerebral Blood Flow

The eight animals maintained control values of cerebral blood
flow up to intracranial pressures in the region of 50 mmHg, There
was a tendency for the flow to increase siightly although one animal
with a high resting flow did exhibit a slight fall, When intracranial
pressure rose to between 50 and 96 mmHg, a significant increase in
flow developed in all animals, This increase ransed from 284 to 754
above control levels, In six of the animals there was also a sub-

stantial increase in mean arterial vressure during this phase, With
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,the other animals there was a moderate increase in blood pressure in
one and no change in the other, In no animal had the cerebral
perfusion pressure dropped below 50 mmlg st the time of maximum
hyﬁeraemia. In seven of the eight animals there had been a marked
reduction in cerebrovascular resistance ({see Table 6.1).

When the hyperaemia had been established, the.cerebral blood flow
remained high dvring further small increases in intracranial pressure.
When intracranial pressure approached levels in the range of 60 to 116
mmHg cerebral blood flow fell below control values and continued fall-
ing as intracranial pressure increased further. Cerebral blood flow
had virtually ceased when intracranial pressure was increased to
levels ranging from 95 to 153 mmHg. PFigure 6,1 describes the sequence
of events in each experiment.

Systemic Arterial Pressure

In all eight animals the mean arterial pressure rose ﬁith
increasing intracranial pressure (Table 6.2). The gsystolic pressure
rose more than diastolic ﬁ%essure thus increasing the pulse pressure,
In one animal the blood pressure response occurred abruptly while in

| the other seven it developed gradually.

Maximum systemic hypertension occurred during an intracranial
pressure range of 67 to 146 mmHg., In all but one experiment this
intracranial pressure level was less than the control mean arterial
pressure, Immediately before the development of the maximum blood
pressure response cerebral perfusion pressure ranged from 14 to 70
muHg and cerebral blood flow from 22 to 100 m1/100g/min. Therefore,
reduction in neither of these variables wa; a prerequisite for the
occurrence of the blood pressure response, In none of these experi~-
ments did a significant pressure difference occur between the pressure

\\measured in the lateral ventricles and the infusion pressure measured

from the cisterna magna. Table 6.3 shows the values of tne measured

parameters immediately before maximum system hypertension occurred.

- 52 .



CBR MAP Ice CPP
(ml/100g/min) (moHg) meHg) (mmHg) CVR

Experiment 1.a 56 115 10 105 1.88
: b 98 203 80 123 1.26

¢ 44 155 116 39 0.89

Experiment 2.a 47 17 25 92 1.96
b 7 N4 ™ 102 1.32

c 46 148 107 41 0.89

Experiment 3.a T4 88 1 87 1.18
b 9% 137 71 66 0.69

c 63 122 i) 47 0.75

EBxperiment 4.a 58 107 11 a6 1.66
b 75 182 96 86 1,18

c 0 114 112 o2 -

Experiment 5.a 45 125 7 118 2.62
b 68 143 68 ™ 1.10

¢ 46 151 93 58 1.26

Experiment 6.a a7 93 20 T3 0.84
b 126 178 67 111 0.88

c 47 122 86 36 0.77

Experiment 7.a 42 116 6 110 2,62
- b 54 120 50 70 1.29

c 44 127 60 67 1,52
Experiment 8.a . 28 105 24 81 2.89
b {49 170 85 .85 1.73

c 0 17 12 5 -

CBF: cerebral blood flow, MAP: mean arterial blood pressure,
ICP: intracranial pressure, CPP: cerebral perfusion pressure,
CVR: cerebrovascular resistance.

Eag control values, (b) values at maximum cerebral blood flow,
¢) values when cerebral blood flow had returned to control values
or below.

TABLE 6,1

e e

GROUP 1 - DATA SUMMARY
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Fig, 6.1, Cerebral blood flov (CBF), mean arterial blood pressure
(MAP), cerebral perfusion pressure (CPP) and cerebro-
vascular resistance (CVR) changes with progressive
increases in intracranial pressure (ICP?.

Data taken from one experiment.



CONTROL MAXINMUM

HAP KAP
EXPER IMENT _(nnitg) (mnHe)
1 115 203

2 17 177

3 88 137

4 107 182

5 125 205

6 93 178

7 116 148

'8 105 170

TABLE 6.2

GROUP 1 - RANGZ OF INCREASK IN HMEAN ARTERTAL PRESSURE

i
I

.



ICcP CPP CBF
EXPER IMENT (mmHg ) (mmHg) (n1/100g/min)
1 80 70 62
2 75 68 57
3 71 51 86
4 96 61 67
5 146 | 14 : 22
6 67 63 100
7 M2 33 28
8 85 30 49

TABLE 6.3

GROUP 1 = VALUES TMMEDTATELY BETORE MAXIMUM ARTERIAI PRESSURE




Maximum values of cerebral blood flow and blood pressure occurred
at the same level of intracranial pressure in six animals which suggests
that there is some connection between the two responses., In the other
two animals high blood flow levels preceded the development of a
significant blood pressure response and in this case they were
nssociated with a substantial reduction in cerebrovascular resistance.

Cerebrovascular Resistance

In seven animals the cerebrovascular resistance fell until the
hyperaemia developed. In four of the seven cases cerebrovascular
resistance was then maintained at this reduced level during, and even
beyond, the hyperaemiaz phase. In the other three cases the reducticn
in resistance continued until flow began to fall off after which it
remained constant,

Cerebral Perfusion Pressure

Figure 6.2 shows that during these experiments a variable
relationship existed between cerebral perfusion pressure and cerebral
blood flow. It can be seen that a reduction in either cerebral blood
flow or cerebral perfusioﬁ pressure to values which could be expected
to be critical were associated with a wide range of values of the
other parameter. For example, if one were to regard 40 m1/100g/min and
below as critical cerebral blood flow levels, it is clearly showm that
associated cerebral pe;fusion levels varied from O to 80 mmHQ. At the
same time cerebral blood flow values varied between O and 70 m1/100g/
min at cerebral perfusion pressure levels below 40 mmHg,

Figure 6,3 illustrates the three distinct phases in the cerebral
blood floﬁ/cerebral perfusion pressure relationship,

Stage ' - Normal autoregulation was seen (points 1 to 6).

Stage 2 =~ PFurther increases in pressure resulted in higher flows but
at cerebral perfusion pressure levels at anproximately
control values (points 7 and 8). Durinz this phase

cerebral blood flow remained high despite a fall in
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Fig, 6.2. Composite plot of cerebral blood flow (CBF) against
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Fig. 6.3, Plot of cerebral blood flow (CBF) against cerebral
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cerebral perfusion pressure over a narrow range.

Stage 3 « I"inally after maximum hyperaemia had occurred cerebral
blood flow fell progressively in a linear fashion with
decreasing cerebral perfusion pressure, Autoregulation
was clearly absent during this phase.

Group 2

Cerebral Blood Flow

The four animals studied all showed a progressive fall in cerebral
blood flow as intracranial pressure was increased. No sustained
hyperaemia was observed with this group of animals and flow had
virtually ceased when intracranial pressure had reached levels rang-
ing from 27 to 52 mmHg., However, transient increases in flow
associated with rhythmic variations of mean blood pressure were seen
in two animals,

In two animals after a "no flow" situation had been established,
release of intracranial pressure resulted in a return to control flow
levels in one animal and mo return of flow in the other, i.e. post
compression hyperaemia did not occur in either animal,

Systemic Arterial Pressure

After cervical cord section a sustained blood pressure increase
did not occur., Blood pressure remained at control levels throughout
the range of intracranial pressure increase in two animals while the
other two animals displayed marked variations of mean blool pressure
in association with pulse rate variations =%t intracranial pressure
levels of 42 and 52 mmHg, There was no clear reason for these
variatioﬁs.

Cerebrovascular Resistance

The cerebrovascular resistance increased when intracranial
pressure was increased in two animals, 1In one animal it remained more
or less constant while in the fourth it fell. Generallv sreaking, no

substantial changes in cerebrovascular resistance occurred and there
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was no evidence of significant vasodilatation with increasing intra-
cranial pressure.

Cerebral Perfusion Pressure

With this group of animals, apart from transient increases
during the time of fluctuations in mean blood pressure levels described
before, cerebral perfusion pressure fell progressively as intracranial
pressure was increased. Graphs of cerebral blood flow plotted against
cerebral perfusion pressure exhibited & linear relationship as
indicated in Figure 6.4.
Group 3

The aim in this group of experiments was to study autoregulation
of cerebral blood flow to changes in mean arterial pressure during and
after the hyperaemic phase described in the Group 1 experimental
results, Changes in arterial pressure levels were achieved either by
withdrawing blood or by infusing fluid intravenously,

Duringe Hyperaemic Phase

Hyperaemia was mainfained or increased slightly during reduction
of cerebral perfusion préssure resulting from reduction in blood
pressure levels in three of the four animals, TFurthermore, there was
a fall in cerebrovascular resistance which suggested that increasing
vascular dilatation was the means whereby these high flow rates were
being maintained. .
The cerebral perfusion pressuvre range over which the hyperaemia

was maintained was, however, quite narrow, being between 10 and 32 mmHg,

Post Hyperaemic Phase

Further reduction of cerebral perfusion pressure by bleeding
produced a progressive fall in cerebral blood flow in all four animals.

After reduction of mean arterial blood pressure attempts were made to

‘restore blood pressure levels in three of the four animals by intra-

venous infusion., In two animals cerebral blood flow increased when

mean arterial pressure rose with infusion of 0,9 saline and fell
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again when blood pressure was subsequently reduced. With the third
animal it was necessary to add dextran and noradrenaline to the saline
in order fo raisé mean arterial pressure and in this casé cerebral blood
flow remained unchanged despite increases in cerebral perfusion pressure
from 9 to 50 mmHg.

Summary of Results

Group 1 )

During increases in intracranial pressure to levels below 50 mmig

_cerebral blood flow remained at control levels despite a tendency for
the mean arterial pressure té rise and cerebral perfusion pressure to
fall,
~ At intracranial pressure levels between 50 and 96 mmig cerebral

blood flow increased and this higher level of blood flow was maintained
over a narrow range of increased intracranial pressure, This hyperaemnia
appeared to depend on the combination of a substantial increase in
blood pressure levels and the reduction in cerebrovascular resistance,

Once maximum hyperagmia hzd developed cerebral blood flow fell
progressively as intracrénial pressure was increased indicating failure
of the cerebral vessels to autoregulate to cerebral perfusion pressure
changes (Figure 6.1).

Group 2

After cerviecal cprd section sustained systemic hypertension was
not observed as intracranial pressure was increased and hyperaemia did
not occur in any animal,

Graphs of cerebral blood flow values plotted against cerebral
perfusioﬁ pressure values exhibited an approximately linear relation~-
ship throughout indicative of absence of autoregulation.

Group 3

Autoregulation appeared to be preserved or at worst only slightly
impaired during the period of hyperaemia and systemic hypertension.
After maximum hyperaemia autoregulation was lost and cerebral blood

flow changed linearly with cerebral perfusion pressure,
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Discussion

These results show that cerebral blood flow may.be reduced by
raised -intracranial pressure. However, as intracranial pressure
increases progressively as a result of infusion of mock cerebrospinal
fluid into the cisterna magna important differences exist with regard
to the sequence of cerebral blood flow changes and also in the nature
of the compensatory mechanisms which function in an attempt to preserve
flow. Clearly cerebral vessels do asutoregulate to changes in cerebral
perfusion pressure up to a limit as intracranial pressure is increased.
However, what is the clinical relevance of these findings?

Results from previous experimental studies (see Chapter 4) have
fallen into two patterns.

(i) Cerebral blood flow has been maintained until intracranial
pressure has reached a particular level and then has fallen
progressively., This has been found in both infusion and
balloon expansion experiments.

(ii) Rapid expansion of?supratentorially placed balloons led to
progressive reducfions in cerebral blood flow starting
immediately with the initial inecrements in intracranial
pressure,

Barly clinical studies, on the other hand, using differences in
arterial and venous oxygen tensions as an index of cerebral blood flow,
did not show flow reductions as intracranial pressure was increased
as a result of supratentorial lesions. Cerebral blood flow reductions
were reported in patients with postérior fossa tumours (see Chapter 4),

An interpretation ‘of the literature would suggest that the most
likely situation is that cerebral blood flow is initially maintained at
a constant level as intracranial pressure is increased up to a
particular limit. Then the situation changes and cerebral blood flow
falls progressively as intracranial pressure rises furéher.

This study, however, suggests a more complex situation. During
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the initial phqse of infusion, cerebral blood flow is maintained
constant, Then as inbtracranial pressure rises to levels lying within
the range 50 to 96 mmHg a marked increase in cerebral blood flow can
occur in association with a substantial increase in arterial blood
pressure or with a combination of increased blood pressure and reduced
cerebrovascular resistance, This high blood flow level may be
maintained as intracranial pressure is increased further over a narrow
range. Further increases in intracranial pressure cause cerebral blood
flow to fall progressively and blood flow ceases at levels of intra-~
cranial pressure within the range 96 to 150 mmHg.

The differences in results reported from both experimental and
clinical investigations can most probably be attributed to the
following.

(a) The different mechanisms causing the increase in intracranial
pressure.,

(b) The "differences in the volumes of brain tissue from which flow
has been measured, i.e. #he differences in behaviour between local
flow and total brain fldé.

(c) The development of inter-compartmental pressure differences which
could alter compensatory mechanisms,

(d) The infusion of fluid could alter the chemical status of the
cerebrospinal fluid and therefore effect vascular reactivity.

(e) Differences in the time course of the raised pressure could
result in different actions and reactions.

(f) Differences in the method used to measure cerebral blood flow
(Chapter.3 discusses the various methods used and their inaccuracies).
(g) Differences in the anaesthesia regime and the surgical procedures
employed,

- {h) The age and health of the experimental animal and whether or not
autoregulation was present from the start of the experiment.

These differences could all act to affect compensatory mechanisms
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such as systemic blood nressure and the diameter of resistance vessels.

Systemic hypertension may act to preserve cerebral perfusion
pressure and hence cerebral blood flow, This action has been accepted
as the well known Cushing Response (see Chapter 5}. Other character-
istics of this phenomenon which have been reported are low heart rate
and alterations in resviratory rhythm. Strictly speaking, to conform
to the definition of this response, intracranial pressure should reach
diastolic blood pressure levels before marked systemic hypertension
occurs, However, many workers, particularly in the clinical realm,
have queried the reliability of systemic hypertension as an index of
raised intracranial pressure (72, 75, 105, 106, 107, 108), Continuous
intracranial pressure monitoring with patients has shown a great deal
of variability in the relationship between blood pressure and intra-
cranial pressure,

This present study shows substantial rises in blood pressure with
only moderate increases in intracranial pressure and not precéded by
low levels of cerebral biood flow., These increases in intracranial
pressure are at levels found in clinical practice, Furthermore,
extreme levels of cerebral perfusion pressure had not been reached nor
had inter-compartmental pressure differences developed before the
response was initiated. One therefore has to query the suggestions
that the trigger mechanisms for this blood pressure response are high
intracranial pressure and cersbral ischaemia and hypoxia. In any case,
one would have to cast serious doubt on the efficacy of a mechanism
which is_brought into action at such extreme conditions as have been

suggested,

Cerebrovascular resistance changes may play an important role in
the development of the hyperaemia since calculation shows that vaso-
dilatation does occur. However; the mechanism and site for these
changes are still not clear., Raised pressure on the neuraxis may

directly excite sympathetic effector neurons and the intense
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sympathetic activity produce marked systemic hypertension, It has

been shown that 40% of the cerebrovascular resistance can be attributed
to the extra parenchymal arterial system (109, 110)., Furthermore, it
has been postulated in a paper by Harper, Deshmukh, Rowan and Jegnett
(30) that the cerebral circulation behaves as two resistances in series,
each under a different control system, viz.,, the intrapareuschymal
resistance (IPR) controlled by the products of cerebral cellular
metabolism and by changes in the level of blood gases and the extra
parenchymal resistance (EPR) under a degree of autonomic control. It
would appear therefore that at the onset of the blood pressure response
that the pattern of vascular resistance and blood pressure differences
across the cerebrovascular system becomes re-arranged such that auto-
regulation becomes established at a different level of flow than
before.

Beyond a certain intraéranial pressure limit (66-116 mmHg in the
animals in Group 1) the cerebrovascular system loses the powef to
autoregulate to changes‘in cerebral perfusion pressure. This loss of
autoregulation takes pléce during the hyperaemic phase and furthermore
the systemic hypertension is not maintained and mean blood pressure
begins to fall. This results in a falling cerebral perfusion pressure
and a progressive reduction in cerebral blood flow,

A great deal of caution is required in applying these results to
the clinical situation since this model is not directly analogous to
the condition of an expanding lesion in either the mechanism or time
course of the raised intracranial pressure, Nevertheless, it is ciear
that a ﬁnowledge of intracranial pressure alone or even of cerebral
perfusion pressure is not sufficient to define the level of cerebral
blood flow., The response of cerebral blood flow to changes in intra-
cranial pressure and cerebral perfusion pressure depends on the state

of autoregulation at the time and therefore on the previous seguence

of events. Clearly, if it could be established that autorezulation
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had been abolished, a knowledge of cerebral perfusion pressure could

a

be useful in predicting cerebral blood flow changes,
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CHAPTER 7

EXPANDING SUPRATENTORTAL AND TNFRATNETORIAL MASS LESTIONS

Tn Chépter 6 the changes in cerebral blood flow resulting from
raised intracranial pressure due to cisterna magna infusion were
discussed., These observations, rather than effecting any wnifying
hypothesis, added to the large amount of varying results already
reported on this matter from clinical and experimental investigations.
These results as a whole do not wnrovide a secure reference for the
clinician vho wishes to make guantitative estimates of cerebral blood
flow from measurements of intracranial pres%ure in patients, Changes
in cerebral blood flow depend on changes in cerebral perfusion pressure
and cerebrovascular resistance which, in turn, depend on the mechanism
and time course of the raised intracranial pressure., It should be seen

7

clearly, therefore, that it is not possible to define a single ,

|
quantitative relationship between either intracranial pressure or

T

cerebral perfusion pressure and cerebral blood flow, What would appea;‘
to be more relevant woulé be to study the different patterns of
cerebral blood flow response which are evoked by raised intracranial
pressure caused by different mechanisnms,

The aim of the study which is to be described in this chapter was
to investigate the cerebral blood flow changes which oceur with raised
intracranial pressure resulting from focal mass lesions in either the
supratentorial or infratentorial subdural space.

Methods

Baboons weighing between 9.5 and 12.5 kg were used and anaesthesia
was induced and maintained as described in Chapter 6, Controlled
ventilation was achieved by means of a Starlins pump so that arterial
pCO2 was maintained at appfoximately 40 mmHg,.

h The following physiolozical variables were measured.

(i) Intracranial Pressure

This was recorded continuously from a polyethylene cannula
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inserted into the risht lateral ventricle., In addition cerebrospinal
fluid pressure was also monitored continuously from ecither the cisterna
magna or the lumbar subarachnoid space by means of another volyethylene
cannula, 3Bell and Howell strain gauge transducers Type 4-327-L221 vere
again used and the pressure waveforms written out on Devices heat
gensitive chart recorders,

(ii) Cerebral Blood Flow

This was again measured by the xenon-i33 clearance technique and
also by means of an electromagnetic flow probe as described in Chapter
6.

(iii) Blood Pressure

Systemic arterial pressure was measured by means of a polyethylene
catheter placed in the abdominal aorta via the left femoral artery.
Superior sagittal sinus and jugular venous pressures were also measured
using indwelling polyethylene catheters. Similar recording avparatus
to that used for the. measurement of intracranisl pressure was employed,

(iv) Other Variables |

Before each cerebrai blood flow run measurements were made of
arterial pCO2, p02 and pH, End tidal 002 was continuously monitored
using an infra red analyser (Capnograph). Estimations were made at
iﬁtervals throuchout the experiment of arterial packed cell volume
(Pcv) and haemoglobin levels.

Intracranial pressure was raised approximately every 3C minutes
by adding small quantities of fluid to a latex balloon so that each
increase in pressure was of the order of 10-20 mmHg. When cerebral
blood fléw eventually became too low to be measured with any accuracy
the experiment was terminated.

Two different series of experiments were carried out,

"(i) Supratentorial Series

In five animals the balloon was placed over the parietal region

of the left cerebral hemisphere via a parietal burrhole,
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(ii) Infratentorial Serinos

In another five animals the balloon was placed over the lateral
aspect of the right cerebellar hemisphere through a laterally placed
suboccipital burrhole.

After the balloon had been correctly sited the cranial defects
were sealed with dental cement. A post mortem examination was
carried out at the end of each experiment in order to ensure that the
balloon had not been in direct contact with any major blood vessel or
had caused a cerebral haemorrhage. |
Results

Supratentorial Series

Cerebral Blcod Flow/Intracranial Pressure

During expansion of the supratentorial balloon a uniform relation
between cerebral blood flow and intracranial pressure was observed in
all animals (Figure 7.1). Cerebral blood flov remained constant during
the initial phase of raised intracranial pressure. Beyond a certain
intracranial pressure leéel, howvever, it fell progressively as intra-
cranial pressure was ingreased further, In the case of four of the
animals, the level of intracranial pressure at which a greater than
10% reduction in flow occurred, was in the range 41-68 mmHg. The
fifth animal showed exceptional preservation of cerebral blood flow
until an intracranial.pressure level of 131 mmHg was reached, The
intracranial pressure levels at which cerebral blood flow had fallen
to negligible levels in successive experiments were 55, 131, 75, 79
and 32 mmHg. The last value of 32 mmHg occurred in one experiment in
which the mean arterial blood pressure d;opped sharply to around
40 mmHg and intracranial pressure dropped from 41 to 32 mmHg at the

time of a marked reduction in cerebral blood flow.

.éerebral Blood Flow/Cerebral Perfusion Pressure

The relation between cerebral blood flow and cerebral perfusion

pressure was also observed to be uniform in this series of animals
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Fig, 7.1. Relation between cerebral blood flow (CBF) and
intracranial pressure (ICP) during supratentorial
balloon expansion,

Data from five animals.



‘ (Figure 7.2). Cerebral blood flow remained within Q0% of control
values over a cerebral perfusion pressure ran~e of 32-108 mmdz. The
cerebral perfusion pressure levels beyond which cerebral blood fell
below 30 ml/100s/min were %2, 3G, 45, 54 and 64 mmHe in each of the
five exmneriments. Furthermore, initially during the transient changes
in cerebral perfusion pressure resulting from the transient hypertensive
episodes at the time of each balloon inflation, cerebral blood flow as
determined by the electromagnetic flow probe on the common carotid
artery remained constant apart from a 30 second fall before auvto-
regulation became effective. However, during the latter stages of the
experiments when cerebral blood flow had fallen significantly from
control levels, transient cerebral perfusion pressure changes were
reflected in corresponding changes in cerebral blood flov.

Cerebrovascular Resistance

In general, cerebrovascular resistance fell prosressively as
intracranial pressure rose to approximately 60 mmHg (Figure 7.3).
This reduction in cerebro@aseular resistance was associated with
reletively constant valués of cerebral bleood flow, Beyond this range
of intracranial pressure cerebrovascular resistance rerained constant
or rose slightly in three animals while in the remaining animals
cerebrovascular resistance continued to fall,

Autoresulation

Effective autoregulation was maintained until the supratentorial
balloon expansion resulted in an intracranial pressure level of
approximaﬁely 60 mmHg (Figure 7.1). [This corresponded to a cerebral
perfusion pressure level of approximately.40 mmHg, Furthermore,
during the transient changes in intracranial pressure and blood
pressure, which occurred in association with each balloon inflation,
effective autoregulation was also observed. Below a cerebral
perfusion pressure of 40 mrHg autoregulation was progressively lost

and cerebral blood flow eventually fell in a linear fashion with
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cerebral perfusion pressure,

Infratentorial Serics

Cerebral Blood Flow/Intracranial Pressure

No clear relation between cerebral blood flow and intracranial
pressure was observed in the animals in this series, Figure 7.4,
which is a plot of cerebral blood flow measurements against the cor-
responding intracranial pressure wvalues, displays the lack of any
consistent relation between these two variables. At relatively low
values of intracranisl pressure a wide range of cerebral blood flow
values were obtained and critical reductions in blood flow were
observed over a wide range of. intracranial pressure. For example,
flow reductions to values below 30 ml/100g/min were associated with
intracranial pressure levels ranging from 7 to 77 mmHg., Furthermore,
it was very striking with this series that cerebral blood flow
congistently fell to negligiblé levels or ceased altogether at
relatively low values of intracranial pressure, The levels of intra-
cranial pressure at which}this occurred in the five animals were 35,
35, 42, 47 and 77 nmHg reépectively.

Cerebral Blood Flow/Cerebral Perfusion Pressure

' In contrast to the cerebral blood flow/intracranial pressure
relationship the cerebral blood flow/cerebral perfusion pressure
relationship was observed to be uniform (Figure 7.5). When cerebral
blood flow values from all five experiments were plotted against the
corresponding cerebral perfusion pressure values a linear relation-
ship was obtained (correlation coefficient:- O.éO, p<< 0.001). This
relationship was exemplified during the transient increases in blood
pressure which occurred with each balloon inflation when cerebral blood
flow, as measured by the eléctromagnetic flow meter, varied pari passu
with blood pressure and cerebral perfusion pressure (Fisure 7.6). The

marked blood pressure changes which ocecurred in the animals in this

series together with the direct linear relation between cerebral blood
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flow and cerebral perfusion pressure go a long way to explain the lack
of a cousistent relationship between cerebral blood flow and intra-
cranial pressure,

Cerebrovascular Resistance

With this group of animals cerebrovascular resistance tended to
remain constant within the intracranial pressure range 10-60 mmig
(Figure 7.7). In two animals the initinl increase in intracranial
pressure resulted in an increase in cerebrovascular resistance which
later fell sharply to a steady level as intracranial pressure rose
further. Another two animals displayed a sharp fall in cerebro-
vascular resistance before reaching a steady level., The remaining
animal exhihited a constant level of cerebrovascular resistance before
finally falling at the terminal stases of the exrveriment, The general
pattern consisted therefore of initial changes in‘cerebrovascular
resistance followed by the maintenance of a constant level between an
intracranial pressure range from 1060 mmig.

Autoregulation |

It is clear from thé plot of cerebral blood flow against cerebral
perfusion pressure (Figure 7.5) fhat in all five animals autoregulation
was absent from the first injection of fluid into the infratentorial
balloon., As with the composite plot for all five experiments, the plot
of cerebral blqod flow against cerebral perfusion pressure for each
animal was also linear (correlation coefficients:= 0,97, 0,89, 0.95,
0.93, 0.94 respectively with p << 0,001), Furthermore, the close
correspondence between the {transient changes in blood pressure, cerebral
perfusion pressure and cerebral blood flow which was observed between
each balloon inflation is also clearly indicative of the absence of
autoregulation.

‘Discussion
Starting from similar control levels of cerebral bloo? flow, intra-

cranial pressure and arterial blood pressure, the level of intracranial

pressure reached before there was a marked reduction in cerebral blood
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flow, depended on the site of the balloon. With inflation of a supra-
tentorial balloon cerebral blood flow fell at intracranial pressure
levels in the range 42-1%% mmHg vhile with infratentorial balloon
inflation cerebral blood flow fell at relatively low levels of intra-
cranial pressure (38—77 mmHg). Less fluid had to be added to the
infratentorial balloon (5 ml) than to the supratentorial balloon
(14-22 ml) in order to reach these critical blood flow levels, At the
time the fluid was added to the balloon, both groups of animals dis-
played a marked transient blood pressure response with each fluid
addition to the balloon,

The results of these experiments together with the results
outlined in Chapter 6 confirm that cerebral blood flow changes in
response to raised intracranial pressure depend on the mechanism of the
intracranial pressure increase. With infusion of fluid into the sub-
arachnoid space (Chapter 6), three response phases were seen,

(i) With intracranial pressure in the range 0-50 mmHg cerebral
blood flow remained constant,

(ii) with intracranialeressure within the range 50-85 mmHg hyper=-
aemic levels were observed,
(iii) At greater levels of intracranial pressure cerebral blood flow
fell progressively,

Expansion of a sgpratentorial balloon resulted in cerebral blood
flow being maiﬁtained constant through a wide range of intracranial
pressure (0-60 mnHg) and cerebral perfusion pressure (100-40 mmHg).
Beyond these pressure levels cerebral blood flow again fell prosressively.
With inffatentorial balloon expansion no clear relationship between
cerebral blood flow and intracranial pressure was observed, Both high

and low cerebral blood flow levels were recorded over a wide range of

“intracranial pressure. However, a highly significant linear correlation

was found between cerebral blood flow and cerebral perfusion pressure

with these animals., These observations of the response of cerebral
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ublood flor to different methods of raisineg intracranial pressure were
carried out under the same basic exverimental conditions and over very
similar periods of time. They therefore suggest a possible explanation
of the variability which is characteristic of previously reported
experimental and clinical findings with regard to the relation between
cerebral blood flow and intracranial pressure (70, 74, 75, 76, 111 and
112), It would appear that the mechanisms which control cerebral blood
flow act differently according to the cause of the raised iniracranial
pressure,

Cerebral perfusion pressure, defined as the difference between
mean arterial blood pressure and mean intracranial pressure (84) and
cerebrovascular resistance defined as the ratio of cerebral perfusion
pressure to cerebral blood flow, are the major factors which control
cerebral blood flow, Cerebral perfusion pressure and cerebrovascular
resistance can be influenced by a number of factors and the definitions
given above are based on assumptions which can still be subjects of
controversy., The level ofi cerebral perfusion pressure at a particular
level of intracranial pressure depends on the blood pressure level,

 The magnitude and the time course of the blood pressure response
differed according to the method used to raise intracranial pressure
such that, at any given intracranial pressure, cerebral perfusion
pressure differed in each group of animals, The definition of cerebral
perfusion pressure used depends on two main assumptions.
(i) The mean arterial pressure represents the effective in-flow

pressure.

(ii) Intracranial pressure represents effective venous out-~flow

pressure.

The magnitude of the arterial pressure drop betveen extra and
“intracranial vessels may vary with chances in arterial vressure and

intracranial pressure (109). The approximztion of intracranial

pressure to the effective out-flow venous pressure has to be confirmed
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over a wide range of intracranial pressure values. Shulman has showm

a close correlation between intracranial pressure and cortical sub-
arachnoid vein pressure at low levels of intracranial pressure (113,
114), At extreme levels of intracranial pressure marked morphological
changes which could have a significant bearing on the venous out-flow
pressure have been obgerved in the major dural venous sinudes (91, 93,
115, 116), Furthermore, a number of workers have proposed that within
the same intracranial compartment vressure does not remain uniform as
intracranial pressure rises (14, 17)., A great deal of controversy
still surrounds this proposition,

Calculated values of cerebrovascular resistance have also exhibited

a different pattern depending on the method used to raise intracranial
pressure, With cisterna magna infusion (Chapter 6) cerebrovascular
resistance fell during the initial intracranial pressure increase and

fell more gradually during the hyperaemic phase, Supratentorial
balloon expansion resulted in a steady fall in cerebrovascular resistance
whereas infratentorial balloon expansion gave rise to sharop initial
changes followed by a cohstant cérebrovascular resistance level, These
differing patterns of cerebrovascular resistance changes reflect the
different influence of the factors which control cerebral vessel re-
gistance and capacitance during different forms of raised intracranial
pressure. Raised pressure due to infusion of fluid into the subarachnoid
space may result in changes in blood vessel environment which in turn
may alter the response of vessels to metabolic stimuli, A focal,
supratentorial mass may cause brain shift and hence cause distortion
and mechanical obstruction of the superfi&ial cortical veins, An
infratentorial mass may locally stimulate the brain stem and thereby
infiuence sympathetic activity and cause cerebral blood flow changes
as a result of altering the diameter of beth the extraparenchymal
intracranial vessels and the large vessels in the neck (30).

Autoregulation of cerebral blood flow is achieved as a result of
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cerebrovascular resistance changes which act to preserve cerebral blood
flow in the face of a changing cerebral perfusion pressure, With the
cisterna magna experiments described in Chapter 6 autoregulation of
cerebral blood flow was present over a renge of 0-50 mmHe., At hicher
1evéls of intracranial pressure auvtoregulation still appeared to be
effective although at a hizher setting of blood flow, After the
hyperaenic phase autoregulation was no loncer effective and cerebral
blood flow became directly prqportional to cerebral perfusion pressure.,
In the exneriments described in this chapter, as a supratentorizl
balloon was expanded auntoregulation was oresent dowm to a cerebral
perfusion pressure of approximately 40 mmig and then was lost. Infra-
tentorial balloon expansion resulted in loss of autoregulation from
the time of the initial expansion. Therefore, three distinetly dif-
ferent patterns of autoregulation were seen in the three different

sets of experiments. These observations suggest that there is probably
no single autoregulation mechanism but indeed that there must be a
number of complex inter—felated compensatory mechanisms which are
brought into action to pfeserve cerebral blood flow in stress
situations when the blood supply to the brain is compromised, The
actual format of the total compensatory response will depend on the

initiating mechanism which results in the increase in intracranial
pressure, .

It is clear from the results of the exrteriments described so far
that it is not possible to define an overall quantitative relationship
between intracranial pressure, cerebral perfusion pressure and cerebral
blood flow, Therefore, any clinician whohattempts to forecast cerebral
blood flow values from measurements of intracranial pressure or
cerebral perfusion pressure has no secure basis for his forecast.
Clearly, increasing intracranial pressure will eventually lead to a

reduction in cerebral blood flow but there is no real basis for drawing

quantitative conclusions concerning cerebral blood flow from intra-
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cranial pressure and cerebral perfusion pressure measﬁrements made in
the hospital ward. A number of unanswered questions still remsain
concerning the mechanism of autoregulation and the assumptions
concerning the concepts associated with cerebral perfusion pressure

and cerebrovascular resistance.
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CHAFTER 8

CERMBRAT, PERTFUSTON PRESSTRE AVD CEREPROVASCUTAR
RESTSTANCES TN TNTRACRA™TAT HYP™OPRNSTON

The major factors determining cerebral blood flow are the pressure
differeﬁce and the sum of the resistances across the cerebrovascular
system, This pressure difference, or as it is often called, cerebral
perfusion pressure, can be altered by a change in in-flow pressure
(carotid artery blood pressure) or by a chance in out-flow pressure
(cortical venous pressure, alsq referred to as cerebral subarachnoid
venous pressure). The accepted convention of defining cerebral
perfusion pressure as the difference between mean carotid artery blood
pressure and mean intracranial pressure assumes an equation between
intracranial pressure and the vascular out-flow pressure. It has been
shown in previous chapters that raised intracranial pressure may sub-
stantially reduce cerebral blood flow although no consistent quantitat-
ive relationship can be derived. This failure to define a direct
quantitative relationship between cerebral blood flow and cerebral
perfusion pressure could result from the limitations of the definition
of cerebral perfusion pressure or frem the correspondence between the
type of cerebrovascular resistance changes and different types of
raised intracranial pressure. Cerebrovascular resistance chanses
could alter cerebral blood flow levels without any change in cerebral
perfusion pressure. These resistance changes could result from changes
in transmural pressures and also from changes in neural, chemical or
metabolic factors.

The study which will be described was initiated with the aim of
measuring directly the pressure changes which occur in different
segments of the venous out-flow tract from the brain when intracranial
pressure is raised experimentally in a number of ways. In this way it
would be possible to determine whether or not intracranial pressure did

represent the effective venous out~flow pressure over a wide range of
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intracranial pressure in widely different circumstances, Thus the
validity of the concept of cerebr»l perfusion pressure as mesn arterial
blood pressure minus mean intracranial pressure could be properly
examined, Furthermore, it would be vossible to study the nature of

the cerebrovascular resistance changes which occur and relate them to
the different types of cerebral blood flow changes which result from
the various types of raised intracranial pressure,

Thirteen adult baboons weighine between 8 and 13 kg were used and
anaesthesia was induced and maintained in the standard fashion,
Ventilation was again controlled throughout using a Starling pump with
the tidal volume adjusted to maintain normal arterial blood gas levels,
Cerebral blood flow was measured at intervals using the xenon-i33%
clearance technigue in the manner described previously, while an electro-
magnetic flow meter was used to obtain continuous measurements of
carotid artery blood flow.

Using strain gauge transducers (Bell and Howell, type 4-327-L221)
pressures were continuouély monitored by means of indwelling catheters
iny-

(i) The carotid artery (carotid artery blood pressure - CABP).

(ii) The frontal horn of the right lateral ventricle (ventricular
filuid pressure - VFP).‘

(iii) Large cortical vein in the area of entry into the superior
sagittal sinus (cortical veln pressure - COVP or cerebral subarachnoid
venous pressure - CSAVP),

(iv) Posterior end of 'the superior sasi%tal sinus (sagittal sinus
pressure - SSP).

(v) Jugular bulb (jugular venous pressﬁre - JVP).

The resultant pressure wave forms were written out on heat
sensitive chart recorders (Devices M2 and M4).

All cranial defects were sealed using dental cement.
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End-tidal 002 was monitored continuously by means of an infra-red
analyser (Capnograph) and arterial p02, pCO2 and pH, sagittal sinus
'p02 and Hb were estimated at frequent intervals.,

Intracranial pressure was increased in one of the three ways
described in the previous chapters, i.e,

(1) By infusion of mock cerebrospinal fluid, at constant temperature,
into the cisterna magna (six animals),

(2) By expansion of a supratentorial balloon placed subdurally in the
right parietal region (six animals).

(3) By expansion of an infratentorial balloon placed subdurally in
the right cerebello-pontine angle (one animal).

"In all experiments the ventricular fluid pressure wag raised in
increments of 10~20 mmHg approximately every 30 minutes.

Results

Pressure Changes

Table 8.1 shows the mean control pressure values for each of the
three experimantal groupsi

(1) Cortical Vein Pressure

With cisterna magna infusion, cortical vein pressure increased
steadily as intracranial pressure was raised up to extreme levels,
FPigure 8.1 is a plot of wvalues of cortical venous pressure against
corresponding values of ventricular fluid pressure obtained during
cisterna magna infusion, A highly statistically significant linear
correlation coefficient of 0.98 was obtained and the regression line is
closely parallel to the line of identity y = x. A positive intercept
on the cortical venous ﬁressure axis of 2:8 mnHg was obtained and this
exhibits the tendency of the opressure within the cortical veins to
remain slightly higher than the intracrénial pressure, The dotted
lines are boundary lines signifyine two standard errors of estimate,

Similar highly significant correlations were obtained between

cortical venous pressure and ventricular fluid pressure when the
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latter was increased as a result of supratentorial and infratentorial
balloon inflation (Figures 8.2 and 8.%).

Table 8.2 summarises the results of the statistical analysis
carried out on data ffom the three groups of expariments while Figure
8.4 is a composite plot of cortical vencus pressure values and ventric-
ular fluid pressure values from all experiments., The regression
equation for each group of exneriments exhibits similar characier-
istics of a gradient close to unity together with a sm21l positive
intercept on the cortical vein pressure axis,

Pransient induced changes in intracranial pressure were also
closely reflected in similar cortical vein pressuvre changes.

Under control conditions there was a positive pressure difference
between cortical vein pressure and sagittal sinus pressure. Generally,
with all methods of raising intracranial pressure this difference
increased progressively., However, in the case of three animals in the
¢isterna magna infusion group, a progressive rise in sagittal sinus
pressure also occurred and as a result the cortical vein pressure/
sagittal sinus pressure difference did not increase as much as it did
in the other experiments. Furthermore, in one of these three animals
sagittal sinus pressure increased to the level of cortical vein
pressure for a short period of time towards the later stages of the

experiment,

\

(2) Sagittal Sinus Pressure

In the cisterna magna infusion group of animals sagittal sinus
pressure remained at jugular venous pressure levels in three animals;
it rose to intermediate pressure levels in two animals and eventually
reached intracranial pressure levels in one animal, In all experi-
ments in this group carotid artery blood pressure, cortical venous
pressure, ventricular fluid pressure and jugular venous pressure
behaved in a similar fashion.

Figures 8.5a, 8,5b and B.%c show graphs of carotid artery blood
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pressure (CABP), cerebral subarachnoid venous pressure (CSAVP),
veniricular fluid pressure (VPP), sagittal sinus pressure (SSP)y
‘jugular venous pressure (JVP) and cerebral blood flow (CBF) plotted
against the times of measvrement in three different cisterna m=2gna
infusion experiments,

In Figure 8,5a sagittal sinus vressure remained at jugular venous
pressure levels (210 mmHg) throughout the time course of the experi-
ment. Cerebral blood flow remained within control limits until
perfusion pressure fell below the autoregulatory level while blood
pressure exhibited the characteristic response, The CSAVP and VFP
curves followed each other exiremely closely, the maximum difference
being 5 mmHg.

In Figure 8.,5b sagittal sinus pressure rose progressively to an
intermediate pressure level of 54 mmHg., A hypersemic vhase, in which
cerebral blood flow rose to Ti mm/100g/min, was initiated as well as
a.blood pressure response,

In Figure 8.5c sagittal sinus pressure began to rise at a
ventricular fluid pressufe of the ovder of 54 mmHg and continued to
rise with successive intracranial pressure increases until there was
no significant difference between VFP, CSAVP and SSP., JVP did not
rise above 11 mmHg and CBF remained between 41 and 61 ml/100g min
throughout the experiment,

In the three animals in which sagittal sinus pressure remained
low there was a slight increase at extreme levels of intracranial
pressure, However, the pressure always remained below 20 mmilg. Any
small fluctuations that'were seen were thé result of changes in
cerebral blood flow as monitored by the electromagnetic flow meter on
the carotid arterv. In the other three animals in this group sagittal
sinus pressure began to rise when intracranial pressure approached
40 mmHeg and continued to rise to reach wnressures of 59, 79 and 117

mmig at corresvonding intracranial pressure levels of 95, 113 and

- 77 =~



111 mmHg, Turthermore, during the final stages of these three
experiments, transient chanses in sagittal sinus pressure were observed
'(Figure 8,6), "These changes were of considerable megnitude and
appeared to be independent of changes in anv of the other measured
physiological variables., Sagittal sinus pressure remsined low through-
out the experiments involving supratentorinl and infratentorial
balloon expansion. Turthermore, no transient changes in sasittal
sinus pressure of the type described above were observed,

In those animals in which the sagittal sinus pressure exhibited
an increase during extreme levels of intracranial pressure a
substantial difference between sagittal sinus pressure and jusulza
venous pressure was therefore observed,

(3) Jusular Venous Pressure

In the cisterna magna infusion experiments there was a slight
increase in jugular venous pressure as the experiment progressed,
However, Jjugular venous pressure did tend to fall when blood pressure
and cerebral blood flow fell in the final stages of the experiment.
In the supratentorial and infratentorial ballogn experiments little.
change in jugular venous pressure was observed,

(4) Cerebral Perfusion Pressure

In the experiments involving cisterna magna infusion blood
pressure behaved as described previously. During the initial stages
of the experiments a marked blood pressure response was ohserved and
eventually maximum blood pressure was reached at intracranial pressure
levels in the range 40-90 mmig. Jith further increases in ,intra-
cranial pressure blood pressure tended towfall. Again with the
balloon inflation experiments, transient blood pressure responses
vere observed with each addition of fluid to the balloon., A
progressive blood pressure increase did occur in these animals over
the time course of the experiment,

The resultant perfusion pressure changes caused by these blood

pressure and intracranial pressure changes were calculated from the
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. difference between carotid artery blood pressure and cortical vein
pressure. These changes were dependent, in the main, on the magnitude
and timing of the blood pressure response,

With three animals in the cisterna mnagna infusion group cerebral
perfusion pressure rose steadily reaching a maximum at intracranial
pressure levels of 36, 49 and 65 mmHg resvectively and then fell as
intracranial pressure was increased further. In the other three
animals in this group, cerebral perfusion pressure decreased at intra-
cranial pressure levels of 25, 39 and 41 mmHg and then increased to
control levels as intracranial pressure was increased further., In all
the cisferna magna infusion experiments cerebral perfusion pressure
and cerebral blood flow fell progressively at extreme levels of intra-
cranial pressure,

As before cerebral perfusion pressure/intracraninl pressure changes
were more uniform with supratentorial balloon inflation., In different
animals cerebral perfusion pressure remained at control levels within
the intraoraniél pressure Eange %8-93 mmHg and then fell with further
increases in intracranial pressure, Cerebral perfusion pressure was
never ohserved to be greater than control values in any of the supra-
tentorial balloon experiments,

With infratentorial balloon infletion cerebral perfusion pressure
rose initially and then fell prosressively as intracranial pressure
was increased.

Vascular Resistance Changes

Cerebrovascular resistance (or pre-venous resistance) as calculated
from the ratio of perfusion pressure (CABP - C3AVP) to cerebral blood
flow varied considerably in the cisterna masna infusion group of
animals, In three animals it fell proeressively with risine intra-
cranial pressure while in the others the level varied considerably. 1In
one animal in which there was a very marked blood pressure resrvonse

(87m133 mmHg) at an intracranial pressure of 61 mmllg (Figure 8.,7c) the
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pre-venous resistance which, up until that time, had been progressively
decreasing (1,88 - 0.85) appeared to be reset to control levels and
then started to decrease again as intracranial pressure was increased
further.

In the supratentorial balloon group of animals the chanres in
pre-~venous resistance were more consistent. In five animols there
was a slight progressive fall over the time course of the experiment
while in the sixth animal the pre-venous resistance rose slightly
towards the end of the experiment.

However, when segmental venous out-flow resistances were
considered (Figures 8.7a, 8.7b, 8.7c and 8,8) it was noted that the
sum of the venous outflow resistances increased steadily as intra-~
cranial pressure was increased, In three of the six cisterna magna
infusion experiments vhere sagittal sinus pressure remained low the
major locus of resistance stayed between cortical vein and sagittal
sinus (typified by Figure 8,7a). In the two animsls in which sagittal
sinus pressure rose to intermediate values the venous resistance
eventually became almost‘equally divided between cortical vein/
sagittal sinus and sagittal sinus/jugular vein (typified by Figure £,7b).
In the one animal in which sagittal sinus pressure rose to cortical
vein pressure levels the outflow resistéhce became concentrated between
sagittal sinus and jugular vein (typified by Fieure 8.7¢c).

With expansion of a supratentorial balloon the major locus of
resistance remained between the cortical veins and the sagittal sinus
(Figure 8.8).

The nmajor differente between the cigferna magna infusion and
supratentorial balloon experiments was that the pre-venous resistance
showved less tendency over all to fall when intracranial pressure was
raised by supratentorial balloon expansion (Fisures 8,92 and 8.9b),
Furthermore, whereas at contrel levels the major vascular resistance

is concentrated between the carotid artery and cortical veins
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Cerebrovascular pressure differences and resistances during
cisterna magna infusion -~ increased sagittal sinus pressure.
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Fig. 8,7c. Cerebrovascular pressure differences and resistances during
cisterna magna infusion - high sagittal sinus pressure.
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Changes in prevenous resistance (RA), venous resistance

(Rv) and total cerebrovascular resistance (RT) with
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yre-venous resistance) as intracranial pressure is inecreasced the sun
I

of the venous outflow resistance increases until; at extreme levels

‘of intracranial pressure, the major vascular resistance is the out-

flow resistance (Figures 8.7a, 8.,7b, 8.7c and 8,8).

Cerebral Blood I'low Changes

Control values of cerebral blood flow are shown in Table 8.%1.

The observed response patterns with respect to intracranial
pressure and cerebral perfusion pressure were basically similar to
those described in Chapters 6 and 7. Three out of the six animals in
the cisterna magna infusion group exhibited a hyperaemic phase
asgociated with an increase in perfusion pressure. In these three
animals the pre-venous resistance decreased by a relstively small
amount, TIn the case of the other three animals there was a sub-
stantial decrease in pre-venous resistance at the time of maximum
blood flow while cerebral perfusion pressure remained at control
levels (Table 8.3).

Discussion z

It has been shown that if intracranial pressure is Iincreased in
different ways then different cerebral blood flow responses and
different blood flow/cerebral perfusion pressure relationsnips result.
This could be due to the definition of cerebral perfusion rressure
(the difference between mean blood pressure and mean intracranial
pressure) being invalid or to the different types of cerebruvascular
resistance changes which occur as a result of the different methods
used to produce intracranial hypertension.

Previous to this s%udy, cortical venéus pressure had only been
measured over a small range of intracranial pressure valu=s and the
results obtained from measurements of sagittal sinus pressure had not
been consistent. The results from this series of experiments show
clearly that pressure in the large cortical veins increases linearly

with increases in intracranial pressure agresing with the results from
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» the studies wmdertaken by Shulman (113) and Shulman and Verdier (114)
in which cortical vein pressure was measured at relatively lo+w levels
of intracranisl pressure. A small positive pressure differsnce between
cortical veins and the cerebrospinal fluid comvartment was observed
maintaining the patency of the veins,

Sagittal sinus pressure exhibited a less uniform response as
intracranial pressure gradually increased. With cisterna maema
infusion there was a substantial increase in sagittal sinus nressure
in some animals. This pressure increase was initizted at intracranial
pressure levels of the order of 40 mmHe and proceeded as intracraninal
pressure was progressively raised. This sagittal sinus pressure
increase was not observed in other animals in the cisterna magna
infusion group nor in animals in the supratentorial or infratentorial
balloon groups., When there was a significant rise in sagittal sinus
pressure large transient pressure fluctuations were noted. These
fluctuations were not related in any way with the other measured
variables. It is possiblé that they indicate intermittent opening
and closing of the lumen of the sinus in the stress field set up by
the raised intracranial vressure.

If one considers these ohservations of sapittal sinus pressure in
the light of previous results reported in the literature it is
difficult to construct a completely unifying hypothesis, Under control
conditions pressure within the sinus is expected to be, and is in faect,
found to be lower than intracranial pressure. It should relate larsely
to risht atrial pressure (118). In addition to the present study this
has been confirmed in mény other reportedLinvestigations (119, 120,
121, 122). In contrast, reported results on measurements of sagittal
sinus pressure during intracranial hypertension have been quite variable,

| Wright (91) and Bedford (121) reported very little change in sagittal
sinus pressure while Dixon and Haliburton (123) and Langfitt et al (90)

reported significant increases in sagittal sinus pressure when
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intracranial pressure was raised., TFurthermore, Shulman et al (122),

Kinal (115) and Osterholm (116) reported that, in acute and chronic

"intracranial hypertension, sagittal sinus pressure may increase with

increasing intracranial pressure. Pressure in the sagittal sinus wiil
be under the influence of many factors, such as the compressibility
characteristics of the sinus itself, the level of blood flow in the
ginus, and central venous pressure. The relative magnitude of the
influence exerted by each factor will depend on the site of measurement,
the species of experimentai animal, and the method used to raise intra-
cranial pressure.

In the series of experiments deseribed no significant variation
in Jugular venous pressure was detected no matter how intracranial
pressure was raised, This is in agreement with the reports of jugular
bulb and.torcular pressures made by Bedford (121) and Lanefitt et al
(90). Jugular venous pressure changes should be secondary effects
resulting from central venous pressure changes or changes in cardio-
vascul=r function resultih? frem the raised intracranial pressure (124).
In earlier studies a numﬁer of workers attempnted to quantify the
relation between cerebral blood flow and intracranial pressure (74,
125). Later cerebral perfusion pressure was proposed as an index for
the level of cerebral blood flow (70, 84, 126), A direct relationship
between the level of cerebral blood flow and the level of intracranial
pressure or cerebral perfusion pressure would be an immense advantage
to clinicians, Unfortunately, experiments described in earlier
chapters, and also investigations carried out by Miller et al (127)
have clearly showm that no such direct réimtionship exists., But why
is this so0? Is it because of an incorrect definition of perfusion
pressure? Or is it the result of varyine cerebrovascular resistant
patterns changing according to the cause or the history of the intra-

cranial hypertension?

The results of the present set of experiments clearly demonstrate
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the close correlation between cortical venous pressure and intracranial

pressure and confirm the underlying assumption that intracranial

pressuré is a very reliable and counsistent index of the effectilve

cerebral venous outflow pressure. Therefore, provided there is no
significant change in the size of the pressure drop between the major
extracranial and intracranial arteries (109) then the definition of
cerebral perfusion pressure as the difference between mean blood
pressure and mean intracranial pressure is satisfactory.

It is therefore to the changes in cerebrovascular resistance
response to which we must direct our attention in the attempt to
explain the variability of the cerebral blood flow resnonse durins
intracranial hypertension.

Takine into account the measurements of pressure at a éeries of
points in the cerebrovascular system and assumin~ uniform blood flow
through each segment, calculation can be made of the segmental
resistances associated with the blood vessels supplying and draining the
brain. From these calcuiations it can be shown that a progressive
increase in venous (or outflow) resistance takes place as intracranial
pressure increases with the major locus existing between the cortical
veins and sagittal sinus., It follows, therefore, that, since the
uniformity in direction of the venous resistance changes are independent
of the method used to increase intracraniasl pressure, it must be dif-
ferences in the pre-venous resistance which result in the variable
cerebral blood flow response. This hypothesis is suvported by
calculated values of pre-venous resistance, Vhen intracranial pressure
is increased by cisterﬂa magna infusion there is a marked fall in pre-
venous resistance whereas with supratentorial balloon inflation
pre-venous resistance remains relatively hizh. It is not at all
certain what initiates these chonces in pre-verous vessel behavionr,
This, of course, has a direct bearin~ on the mechanism of cerebral

blood flow autoregulation., As explained earlier, there are a number
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of theorics which postulate motabolic, myogenic, neurnszenic and tizsue
pressure conirol, The matter remains largely unresolved although
‘current thinking favours metabolic control of the intraparenchymal
vessels supported by neurogenic control of the extraparenchymal
vessels, The conclusion that can be drawn from this series of experi-
ments is that while changes in venous resistance depend directly on
the level of intracranial pressure, changes in pre-venous resistance
depend on the way in which intracranial pressure is raised.

In summary, it has been demonstrated quite clearly that a pro-
gressive rise in intracranial pressure results in a corresponding
increase in cortical vein pressure. The vein pressures remain slightly
higher than intracranial pressure and in this way vein patency is
preserved,

In most situations sagittal sinus pressure and jugular venous
pressure do not vary significantly although it is possible for sagittal
ginus pressure to increase substantially during cisterna magna infusion,

Tt can be stated tha't the currently used definition of cerebral
perfusion pressure is vaiid provided that the size of the pressure
drop between extracranial and intracranizl arteries does not chanse
substantially as intracranial pressure is raised., With increases in
intrac¢ranial pressure there is a prozressive increase in venous
resistance which is indevendent of the way intracranial pressure is
increased. Differences in cerebral blood flow response observed with
different types of intracranial pressure increase depend on the
variations in pre-venous resistance response.

These observations establish the vaiidity of the definition of
cerebral perfusion pressure and demonstrate once again that clinical
measurements of cerebral perfusion pressure alone do not allow con-
clusions to be drawn about cerebral blood flow levels in individual

patients,
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CHAPTIR 9

THR BLOOD PoESSURG RUSPONSE DURTT™S RATHND TVTRACRANTAL PRESSURA

As stated in Chapter 5 it has been confirmed consistently in
experimental investigations that systemic hypertension can occur if
intracranial pressure is raised to a sufficiently high level., Hovever,
controversy still surrounds the mechanism and function of this blood
pressure response during intracranial hypertension although ever since
Cushing's descriptions (78) there has been a tendency to consider
systemic hypertension as a reliable clinical indication of raised
intracranial pressure and to regard the function of the blood pressure
response to be the preservation of cerebral blood flow during raised
intracranial pressure. Nevertheless a number of ocuestions .remain to
be answered, e.g,

(i) How reliable is a rise in blood pressure as an index of rising
intracranial pressure and is there any quantitative relationship

between the two pressures?

(ii) What is the mechanism responsible for the response?
(iii) What is the function of the response?
A number of mechanisms have been sugsested by previous workers,
viz:~
(i) Ischaemia or hypoxia of medullary centres (Cushing, 1901) (78).
(ii) Action of intracranial baroreceptors sensitive to changes in
cerebral perfusion pressure (Rodbard and Saiki, 1952) (94).
(iii) Brain stem distortion (Thompson and Malina, 1959) (102).
(iv) Cerebral ischaemia (EBvans, 19567) (103).
(v) Pressure on localised areas in the brain stem and spinal cord
(Hoff and Reis, 1970) (104),
The purpose of the investigations to be described was to studv the

mechanism and function of the blood pressure response recorded exveri-

mentally,
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Anaesthetised baboons weighing approximately 10 kg were used, In
‘all experiments anaesthesia was induced with phencyelidine hydrochloride
and sodium thiopentone and maintained with phencyclidine hydrochloride,
suxamethonium and a nitrous oxide/oxygen mixture. A 3tarlins pump vas
used to control ventilation with the tidal volume adjusted to maintain
normal pO2 and p002 levels,

Intracranial and spinal CSF pressures were measured continuovsly
using strain gauge transducers and indwelling polyethylene canullae
placed in the lateral ventricle, cisterna magna and lumbar subarachnoid
gspace, Arterial pressure was measured in a simils~ manner from the
femoral artery.

Cerebral blood flow was measured at intervals using the xenon-13%3
clearance technigue and also continuously by means of an electromagnetic
flow probe placed on the exposed right common carotid artery, the
external carotid artery having been ligated above the bifurcation.

Repeated estimations!were made of arterial p02, pCOz, pH, venous
haemoglobin, pCV, end tidal CO2 and heart rate,

Different experimental groups of animals were studied according
to the method used to increase CSF pressure, viz:-

(1) Diffuse comorescion.

(a) Cisterna magna infusion - spinal cord intact.

(b) Cisterna magna infusion - spinal cord sectioned in the
mid-cervical region.

(e) Lumbar infusion - gpinal cord intact.

(@) Lumbar infusién - spinal cord sectioned in the mid cervical
region.

(2) Focal supratentorial compression by means of a subdural balloon

placed in the right parietal region.

(3) Focal infratentorial compression by means of a subdural balloon

placed over the right cerebellar hemisphere,
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(4) Focal s~inal cord comvression by means of a svubdural balloon

placed over the dorsal aspect of the mid~thoracic s»inal cord.

BT e Pntieady

Group la - cisterna mapgna infusion (eight animals)

All eight animals displayed a progressive and sustained increase
in mean systemic arterial pressure as intracranial pressure was raised.
The maximum arterlial pressures reached ranged from 148 to 205 mmHg.

The increase to maximum levels developed gradually in seven animals
while in the remaining animal there was an abrupt rise, 1In all
animals the increase in arterial pressure was sustained and persisted
until the extreme stages of .intracranial hypertension (Figure 9.1).

In seven of the animals the level of intracrani=al pressure at
which maximum blood pressure occurred was less than the con*rol mean
blood pressure while in four animals it was less than the mean
diastolic pressure. The mean maximum blood pressure level reached in
the eisht animnls was 162.7 nmHg corresponding to a mean intracranial
pressure of 78,2 mmHe, A sienificant pressure gradient between supra-
tentorial and infratentorial comvpartments was not observed in any
animal prior to the development of the hypertensive response nor was
there any consistent fall in cerebral perfusion pressure or cerebral
blood flow (Table 9.1). In the majority of animals there was a sub-
stantial increase in cerebral blood flow as the blood pressure response
developed (Figure 9.2).

Group 1b - cisterns maema infusion — svinal cord sectioned (four animals)

A sustained increase in blood pressure did not occur with this
experimental group desﬁite increases in intracranizl pressure up to
52 mmHg (Figure 9.1). The rélntively low maximum intracranial pressure
attained indicates both the absence of a2 blood nressure resvonse and
the relatively low initial blood pressure after cord transection which
together ensured that there was a rapid fall in cerebral perfusion

pressure and hence a fall in cerebral blood flow. Blood pressure
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MAP ICP CPP CBF

AWTIMAL (mmHg) (mmHg) iﬁﬂﬁﬁl (m1/100g/min)
1 (a; 115 10 105 56
(b 133 28 105 60
(c) 135 36 99 70
2 a; 117 25 g2 47
b 127 54 73 62
c) 143 67 76 57
3 {a) 88 1 87 74
b) 122 52 70 86
e) 137 71 66 95
4 (a 107 11 96 58
§b 13% 16 117 5%
¢ 143 30 113 68
5 (a) 125 7 118 45
§bg 125 23 102 a4
c 147 37 110 54
6 (a) 93 20 73 87
ghg 130 61 69 100
¢ 178 67 111, 126
7 (a 116 6 110 42
b 112 79 33 28
e 148 90 58 30
8 (a; 105 24 81 28
(b 115 77 38 27
(c) 170 - 85 85 49

MAP: Mean Arterial Pressure, ICP: Intracranial Fressure,
CPP: Cerebral Perfusion Pressure, CBF: Cerebral Blood Flow,

ga) Control values.
b) Values immediately before first significant blood pressure
increase.

(c) Values at the time of measurement of first significant
blood pressure increase

(MEAN CONTROL BLOOD PRESSURE: 108 mmHg; S.D: 12.6)

TABLY 9,1

Comparison of cerebral hlood flow and cerebral perfusion pressure at
control levels, immediately before first significant increase in blood
pressure (2!133 mmHg). and at the time of measurement of the first
significant increase in blood pressure for animels in Group 1a,
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remained at centrol levels in two of the four animsals while the other
two animals displayed transient rhythmic fluctuations in blood pressure.
- The steady level of cerebrovasculsr resistance values with changihg
cerebral blood flow values indicated loss of avtorerulation (Ficure 9.3).

Group.tc - lumbar infusion - svinal cord intact (five animals)

Marked systemic hypertension did develop in this group of anirals
as intracranial pressure was raised (Figure 9.1), The maximum arterial
pressures reached corresponded to those in group la although in this
case four of the five animals displayed an abrupt rise from control
blood pressure levels to values approachins the maximum lsvels. The
maximum mean arterial pressure reached tended to occur at lower levels
of intracranial pressure coupared to group la and whereas the blood
pressure response was sustained in group la there was a tendency for
the levels of arterial pressure to drop in this group after the
initial marked systemic hypertension. Nevertheless, blood pressure
levels remained considerably higher than the control levels (Figures
9.1 and 9.4), !

As with group 1a there was no preceding intercomperitmental pressure
gradients or prior reductions in cerebral perfusion vressure or cerebral
blood flow although, as with cisterns mrgna infusion, cerevral hyper-
aemia did develop with a blood nressure increase in four of the five
animals (Figure 9.5).n

Group 1d - lumbar infusion - cord sectioned (four animals)

Three out of the four animals in this group showed a marked
increase in blood nressure from control lsvels as soon as infusion
began., ¥With the fourth:'animal blood preééure increased gradually as
intracranial pressure was increased, In two of the avwimals blood
pressure ftended to decrease after the initial increase although the
levels always remained above control values. In the other two animals
the increase in blood pressure was sustained (Figure 9.2)., All animals
in this group displayed a significant rise in cerebral blood flow

(Figure 9,6),
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Intracrani~l pressure remained virtually unchanced durinc~ each experi=-

ment and again no change in either cerebral nerfusion pressure or

‘cerebral blood flow preceded the hypertensive response. A number of

animals did display a hyperaemia together with the blood pressure
response similar to that seen in groups 1a and 1c.

Groun 2 - foecal supratentorial compression

A transient increase in blood pressure occurred with each addition
of fluid to the balloon. There was a time lag of approximately 60
seconds after infusion before the blood pressure began to rise. Peak
blood pressure levels were reached within two to three minutes and a
return to coﬁtrol levels occurred at eight to twelve minutes. The
blood pressure response was in general of considerable magnitude and
was associated with varying changes in cardiac rate and rhythm, There
was no sustained hypertensive response although blood pressure tended
to rise gradually at high intracranial pressure levels (Figure 9.7),
and towards the later stages of the experiment the magnitude of the
transient response becaméiless marked. The initial addition of fluid
to the balloon when intracranial pressure chances were slight produced
the response. The response did not depend on the development of trans—
tentorial pressure gradients nor a prior reduction of cerebral perfusion
pressure or cerebral blood flow. In fact, cerebral blood flow in
general remained relatively constant up to intracranial pressure levels
of aroﬁnd 50 mmHg apart from the slight trdnsient changes with each
intracranial pressure increase. These changes lasted approximately
20 seconds and were presumably due to the time taken for the auto-~
regulation mechanism to become effective.‘

In contrast to groups 1a, ic¢ and 1d, there was no sustained
increase in blood pressure (Figure 9.1).

Groun 3 - focal infratentorial ccmpression

All animals in this group again showed marked transient increases

in blood pressure with each addition of fluid to the balloon and the
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timing of the resronse was similar to that seen with supratentorial
compression. In general, however, the response was of greater
"masnitude andl after a variable number of additions of fluid to the
balloon the response seemed to become exhausted, The overall blood
pressure level tended to fall at relatively low levels of intracranial
pressure,

Similar to group 2, the development of transtentorial pressure
gradients and reductions in cerebral perfusion pressure or cerebral
blood flow were not prerequisites for the response.

In this group of animals, however, there was no evidence of
effective autoregulation and changes in cerebral blood flow were
directly related to changes in cerebral perfusion pressure (Figure 9.8).

Group 4 = focal spinal cord compression

Again there was a marked transient increase in blood pressure with
each expansion of the balloon similar to that seen with focal supra-
tentorial and infratentprial compression. However, the response was
more rapid with spinal cérd compression with no lag veriod and an
egrlier peak. The overéll duration tended to be longer (greater than
10 minutes) and the magnitude of the response was variable. Between
the transient blood pressure increases the blood pressure tended to
fall below control levels and in no case was there a sustained increase
in blood pressure. Again the blood pressure response did not depend
on prior changes in cerebral nerfusion pressure or cerebral blood flow.
It was, however, associated with secondary increases in cerebrospinal
fluid pressure and internal carotid artery flow tended to parallel the
blood pressure response suggesting defecéive autoregulation,

Discussion

earas;

In this study diffuse compression of the intact neuraxis resulted
. 7 . . . . .
in a marked sustained increase in blood pressure at intracranial
pressure levels vell below the resting diastolic vressure. A similar

response was observed with diffuse compression of the isolated spinal
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+ cord after mid-cervical section whereas there was no response to intra-
cranial compression alone after section of the spinal cord in the same
.regiono- Focal compression of the intact neuraxis with expansion of a
subdural balloon placed in the left parietal region, right cerebellar
reglion and the mid-thoracic region of the spinal cord provided s
different response resuvlting in transient acute increases in blood
pressure but with no sustained systemic hypertension. There were
differencies according to balloon site but these were limited to a
lower threshold and greater magnitude of the response with posterior
fossa and spinal cord compression and a shorter lstency with expansion
of the spinal cord halloocn,

The basic mechanism of the response has therefore seemed to be
established, Tt would appear that it is mediated through central
sympathetic neurons within the lower brain sfem, vhich act via descending
pathways on sympathetic neurons in the spinal cord. The precise site
of the central neurons still remain a matter of conjecture although
the work of Hoff and Reisf(104), would indicate that they are localised
within a narrow strip along the floor of the fourth ventricle, Their
results suggest that the required stimulus is local changes in pressure
which may be small in magnitude. Other postulated trigger mechanisms
such as brain stem ischaemia, marked brain stem distortion, general
cerebral ischaemia and transtentorial and transforaminal pressure
gradients would avpear to be ruled out by the findings of this study
although it should be remembered that it was hemisphere blood flow
which was measured in these investigatiog; and in order to exclude
fully the possibility of an ischaemic trigger, brain stem blood flow
itself would have to be monitored,

Discharge of the central sympathetic neurons in the medulla would
activate the sympathetic outflow neurons within the thoracic spinal
cord, which could also be directly sensitive to local pressure changes,

Clearly the magnitude of the sympathetic response would depend on both
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the degree of stimulation of these central mechanisms and the relative
influence of rostral or local inhibitory or excitatory mechanisms, The
-resultant effect would be a change in cardiovascular function including
both neurogenic vasoconstriction and direct effects on cardiac output,

The unpredictability of the blood pressure response in clinical
intracranial hypertension could be due to threshold changes within
the primary receptor neurons in states of increased intracranial
pressure and also as a result of failure of transmission of episodic
increases in supratentorial pressure if there is transtentorial
herniaticn.

The low threshold of the blood pressure response shovm in this
and in other studies (104) and the lack of a response to marked
variations in intracranial pressure in clinical situafions also casts
doubt on the assumed role of the response of maintaining cerebral blood
flow in situations of raised intracranial pressure., Unless auto-
regulation is imparied an increase in blood pressure alone will not
alter cerebral blood flow. Tt could be possible, of course, that the
same stimulus which resuiﬁed in a blood pressure response could also
effect cerebrovascular resistance.

In summary, the results of this study would support the hypothesis
that the blood pressure response to0 raised intracranial pressure is
mediated primarily by‘réceptor neurons situated within a relatively
reséricted area of the lower brain stem which act, via descending
pathways, on thoracic sympathetic outflow neurons causing changes in
cardiac muscle function,

The results which are similar to the results of Hoff and Reis
obtained in snaesthetised cats support the hypothesis that blood
pressure response to raised intracranial pressure is due to local
stimulation either by the direct application of pressure or due to
distorting forces which act on the central sympathetic neurons in the

brain stem or spinal cord leading to an increase in blood pressure by
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a neurally mediated effect on cardiac function. This effector system
ig subject to rostral and local inhibitory systems, the importance of
‘which may depend on the species being studied, the presence and type
of anaesthesia and the cause and time course of the increase in intra-
cranial pressure. The results cast considerable doubt on the clinical
reliability of systemic hypertension as a sign of raised intracranial
pressure and on the functional importance of the response as a means

of preserving cerebral perfusion in states of intracranial hypertension.



CHAPTER 10

BRAIN STEM BLOOD RYOM AND THW BTLOOND PRESSIR
RESPONSE DURING RATSED IMTRACRATIIAT, PRESSUR

jevgied

PART T

COMPARTS0N OF MHx HYDROGHT AMD CMT0M.133 JLMARANCH
PuCHl IoUms U wD PO S HA TN CatiBaal, BLOOD FIOV

In the previous chapter it was clearly shown that global cerebral
ischaemia was not a prereguisite for the blood pressure resvonse during
raised intracranial pressure, However,.brain stem ischaemia has been
postulatéd as a trigger mechanism and the results shown previously
cannot completely rule this out. The xenon clearance method of measur-
ing cerebral blood flow is unable to provide the localisation necessary
to measure brain stem blood flow and so another method of blood flow
measurement had to be developed., The most promising method appeared
to be the hydrogen clearance technique described in principle in
chapter 3, It was hoped that by using platinum elsctrodes 0.1 mm in
diameter placed stereotactically in the brain stem of baboons, local
blood flow in the brain stem could be measured,

However, the hydrogen clearance techniaue, slthough used by a
number of workers had not been assessed in depth with reference to
the standard xenon clearance technique and it was decided therefore
before proceeding to measure brain stem blood flow, comparative
studies of the two techniques should be carried out,

The first study attempted to answer two questions. Firstly, are
there any significant differences getween the fast and slow component
values obtained by the Xenon method and fﬁe local flow measurenents
obtained in the cerebral cortex, white matter and deep grey matter
using the hydrogen method? Secondly, do the flow results obtained
by both methods correlate significantly over a wide range of flow
values?

Methods

Ten baboons, anaesthetised as described in previous chapters were
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used, Teflon coated platinum wire 0.1 mn invdiameter, with an exposed
1 mm tip, was inserted into cortex, white matter and deep grey matter
- on the right and left side of the brain, A silver/silver chloride
electrode was placed subcutaneously in the backs of the animals and
used as the reference electrode., A polarising voltage of 700 mV was
used,

The electrode currents were amplified using a siz channel system
employing Analog Devices amplifiers type 233K which have a low input
bias current drift of less than 1 pA/OC. The current amplifying
system is shown schematically in Pigure 10.1a and details of the
amplifier circuit are shown in PFPigure 10.1b, A six channel Watanabe
servo--recorder was used to display the output from each amplifier
channel. FEach amplifier channel had an input balance control in order
that the output to each recorder channel could be set to zero to
correspond with zero hydrogen concentration in tissue, The gain of
each amplifier was set to give an output of 1 volt for an input of
1 yAmp. Each recorder channel had an independent variable gain control
so that the hydrogen concentration equilibrium plateau level could be
set to full scale deflection without affecting the original zero cone
centration setting. The amplifier band width was restricted to zero
to 1 Hz to limit the effect of high frequency noise,

Hydrogen zas was introduced intc the anaesthetic eircuit before
the respiratory pump. During hydrogen inhalation the nitrous oxide
level was reduced and the level of oxygen increased to prevent critical
reductions in paO2 levels. Dependent on the type of tissue and the
state of tissue perfusion, concentration ecuilibrium was obtained in
three to six minutes, The hydrogen was then turned off, nitrous
oxide and oxygen returned to their former levels and the hydrozen
clearance curves recorded. Semi-logarithmic plots of the data were
made and the half times (T%) were megsured in seconds, Where the

curves were bi-exponential, the two components were extracted by
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. stripping procedures and the fast and slow component half times

measured, Cerebral blood flow was calculated using the formulat—

A x lore 2 % 60 x 100 ml/100g/min
T4

2

CBF =

(X ~ tissue/blood partition coefficient. Taken as unity (54) ).

Cerebral blood flow was also measured by the xenon-13% method
using a collimated 1" scintillation detector placed over the right
parietal region.

Arterial blood pressure and intraventricular pressure were
monitored continuously and measurements were m~de of paCOQ, paOz, pH,
Sa02’ SVQ2 and haemoglobin,

The flow values obtained by both the hydrogen and xenon methods
at control values of pe.CO2 (38.7 mmHg, S.D: 2,7) and blood pressure
(78.3 mmHg., S.D: 6.6) were compared in five baboons., In the other
five baboons, correlations between results obtained using both methods
were investigated over a wide range of flow values wvhen pa002 was
changed in the range 34.5!~ 86 mmHg., All flow values were exnressed

in ml/100g/min.

Results
n MEAN 5D, S.0. t P DIFFERENCE
XENON 16 100 16.6 4.2
CORTEX 23 85.9 25,9 | 5.4 1.9 | »0,05 NOT SIGNIFPICANT
DEEP GREY 13 88,5 25,0 6.9 1.4 | 50,1 NOT SIGHNIFICANT

TABLE 10,1
COMPARISON O FAST COMPONENT FLOY VATUSS ORTATNAD USTIG
HYDROGEN AND 4m7i0N-133 AT GONTROL VALUSS 07 pacUp ) BP
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n MEAN S.D. S.E, t P DIFPERENCE

AliON 16 29,1 Tat 1.7

WHITE
HATTER 17 | 19,1 5eH 1.35 | 4.5 {€0,01 SIGHIFICANT
CORTEX 13 15.7 | 5.1 T4 5.4 | €0.,01 SIGNTRICANT

DEEP GREY 11 18.0 | 7.0 2,1 4.6 [£0.01 SIGHITICANT

TABLE 10,2

COMPARISON OF SLOW COMPONENT FLOW VALUES OBTATHWD USING
HYDROGEN AND XENON-133 AT CONTROL VALUES OF paC0o AND BP

The results given in Tables 10.1 and 10.2 show that, at control
levels, although there were no significant differences in the mean fast
flows as measured by both the hydrogen and xenon techniques there were,
in fact, significant differences in the slow flow values obtained using

the two methods, weichting factors affectins component resolution.

REGRESSION EQUATION CORREIATION COEFFICTILNT P
R. CORTHX ¥y = 0.81x + 11.8 0.9 << 0.001
R. WHITE
MATTER y = 00591( + 9-7 0063 (0.01
TABLT 10,3

RELATTONSHIPS BETWEEN CBF MSASUREMBNTS OBTATIED USING
HYDROGEN AND XENON-133 WHEN paCCp LUVELS WERE VARIED

The results obtained in Table 10.3 show that highly statistically
significant correlations exist between blood flow values obtained from
cortex and white matter using hydrogen fast and slow component values.

No significant correlations were found between flows measured with

hydrogen in deep grey matter and the xenon results,
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, Summary
Although statistically significant differences may exist between
flow values measured in white matter using hydrogen and xenon-133 slow

components, flow measurements in the cortex and white matter correlate

highly with corresponding xenon flow wvalues over a wide range,

PART 1T

MBEAN CERIBRAT. BILOOD FLOY TNDICES

Any.analysis of local cerebral blood flow data which involves
bi-exponential stripping of tracer clearance curves can suffer from
two major disadvantages.

(1) As flow is varied over a wide range the ability to resolve the

two components can vary such that when flow becomes extremely slow it
may be possible to define only one component while in contrast when
flow becomes extremely fast it is sometimes possible for more than two
components to be extracted,

(2) If two different tiséue compartments lie adjacen® to the electrode
(or other detector) posifion or if the tissue is heterogeneous,
diffusion of tracer between slow and fast compartments may be signife
icant and can result in inaccuracies in flow component resolution.

In these situations, consideration has to be given to the
measurement of an index of mean flow, In the experiments to be
described, comparisons are made of mean flow indices caleculated from
hydrogen and xenon-13%3 clearance curves,

Methods

In a total of five anaesthetised bab;ons platinum electrodes were
inserted into the cerebral cortex close %o cortex/white matter
boundaries and local cerebral blood flow measurements were ohtained
using the hydrogen technique. Cerebral blood flo~ was also measured
by the xenon-133% clearance technicue using a collimated 1" sodium

iodide scintillation detector nlaced over the rieht parietal resion.
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As before, systemic arterial blood pressure was monitored con-

and

tinuously and measurements were made of paCoO
v I 2

pa0,, pH, SaO

2’ 27

‘haemoglobin,

Cerebral blood flow was then again varied over the range 35-86 muHg
and comnarisons of the initial slope flow index (FIS) and the weirzhted
mean flow index (F) were obtained uwsing the hydrogen technicue, These
indices were also compared with similar indices calculated from xenon
clearance curves obtained during the same experiments. Their relation-

ships to the xenon height/area flow index (FH/A) were also obtained,

Resultsg
REGRESSTON STANDARD ERROR
RESULTS T P EQUATTON 07 ESTTMATE
FIS(HQ)ME(HQ) 0.96 €< 0,001 | y =0.7x + 1.4 7.1
FIS(HZ)N FIS(Xe) 0.86 {£< 0,001 | v = 0.81x + 1.5 1%.9
Frg(Hy) e FH/A(Xe) 0.92 |¢<€0.001 { y = 0.88x + 3.6 11,0
F(H,)  ~F(Xe) 0,93 |£<0.001 | y = 1.08x + 4.5 11.9
F(H,) ~ Ty, (Xe) | 0.94 [€<0.001 | y = 1,04x + 2.0 11,1

TABLE 10.4

RELATTONSHIPS BITWHET MEAM CBF INDICES

Summary
The results in Table 10.4 and Figures 10.2, 10.3 and 10.4 show

that wheﬁ cerebral blood flow is changed as a result of variation in

p3002 levels, highly significant correlations exist between the initial

slope flow indices, the Qore fundamental weighted mean flow indices

and the standard height/area index calculated from hydrogen and

~ xenon-133 clearance curves, The usefulness and the reliability of

the quickly calculated initial slope flow index when measuring wide

variations in local flow or flow in heterogeneous tissue is therefore

established,
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PART TTT

et b i b e s

BRATH S7a1 BLOOD 11,07

As a result of being able to develon a reliable hvdrozen clearance
technigue it nov became vossible to study the behaviour of brain stem
blood flow before and during the blood pressure response which can occur
during raised intracranial pressure.

Methods

Platinum electrodes 0.1 mm in diameter were placed stereotactically
in the brain stem of six anaesthetised baboons. These electrodes were
placed as close as possible to the sensitive areas described by Hoff and
Reis (104). Brain stem blood flow was measured by the hydrogen
clearance technique, using initisl slope flow indices, before and
after serial increases in intracranisal pressure produced by cisterna
magna infusion, Two electrodes were placed in the cerebral hemi-
spheres for reference and the positions of the electrodes were confirmed
at post ﬁortem. Arterialﬂ intraventricular and cisterna m=2gna pressures
were monitored continuously by means of polyethylene cannulse in the
femoral artery, frontal horn of the lateral ventricle and cisterna
magna. The animals were ventilated to maintain normal paCO2 and paO2
levels,

The mean control grain stem blood flow in the six animals was
found to be 34 ml/100g/min (s.D: 8). In general the brain stem blood
flow did not fall until intracranial pressure was greater than 90 mmig
and cerebral perfusion pressure was less than 40 mmHg.

Blood pressure rose significantly in all animals but at different
levels of intracranial pressure. At no time was a reduction in brain
stem blood flow recorded before the development of the blood pressure
_response, A substantial increase in flow after the resvonse had occurred

was recorded in two animals (Figure 10.5). Flow remained approximately
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. constant in the other four animals (Fisure 10,6). Supratentorial
blood flow measurements exhibited similar relationships to blood

pressure and cerebral perfusion pressure as those previously described,

CONTROL PIRST SIGTIRICANT BP INCREASE

ANIHAL BP BRATN STEM BP BRATM STEH
O I N B S B A

1 93 27 157 (+6%°) | 43 (+60¢)

2 112 46 128 (+149") 59 (+28%)

3 92 %0 142 (+45%) 30 (+ 0ff)

4 97 42 122 (+26%) 44 (+ 59%)

5 84 26 128 (+529°) 26 (+ 0%)

6 9P 34 120 (+33% 35 (+ 3%)

| TABLE 10,5

COMPARTISON O BRATN STEM BTOOMN RTLOW AT CONTROL LEVELS AWD AT THE
TIM® OF THR FIDST STONIRICANT TUCREASE TN BRT00D PRPESSURE (> 114 mmHe
(MEAY CONTROI, BLOOD PRESSURE 95 mmie, S,D: 9,5)

Conclusions

The hydrosen clearance method is clearly a useful technicue for
measuring flow.in local tissue areas and results compare favourably
with those obtained from the standard xenon-13%3 clearance method., The
initial slope flow index calculated from hydrosen clearance curves is
a reliable index of mean flow over a wide ranse of flow values,

These results further emphasise that a prior reduction in blood
flow whether in the brain stem or cerebral hemisvheres is not a pre-
requisite for the blood préssure responge observed durins raised intra-
cranial pressure. There must be considerable doubt, therefore, with

regard to the concept of the response as a means of preserving cerebral

perfusion in conditions of intracranial hypertension., The results add
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» further support to the concept that the blood vressure resvonse
results from local stimulation of central sympathetic nevrons in the

brain stem or spinal cord by means of direct application of pressure

or as a result of distorting forces.



CEAPTER 11

AUTOREGULATTION 0% CEREBRAT BLOOD FLOW
0 STATES O INTRACRANVIAT HYPYRTENSTON

As shown from the results of experiments described in previous
chapters the ability of the cerebral circulation to autoregulate to
cerebral perfusion pressure changes depends on the method of increasing
intracranial pressure. This could be merely a reflection of the
different types of blood pressure response which occur when intracranial
pressure is raised in different ways. 5 |

A series of investigations was designed to investigate auto-~
regulation of cerebral blood flow to changes in blood pressure at
control leyels and in conditions of raised intracranial pressure,.
Methods

Adult baboons, anaesthetised in the standard fashion with phen-
cyclydine hydrochloride, suxamethonium and a nitrous oxide/oxygen
. mixture, were used, A Starling pump was again used to control
ventilation and maintain ﬁormal paCO2 and paO2 levels,

Pressures were measﬁred continuously by means of strain gauge
transducers and in-dwelling catheters in the femoral artery, lateral
ventricle, sagittal sinus and jugular vein.

Cerebral blood flow was‘measured using the xenon-133 clearance
technique, ) -

Three groups of exveriments were performed,

(1) Expansion of a balloon placed infratentorially (five animals).

(2) Cisterna magna infusion of mock CSF after cord section at the 03/

€4 level (four animals).
(3) Expansion of a subdural balloon over the dorsal aspsct of the mid..
thoracic region (four animals),

Autoregulation of cerebral blood flow to systemic arterial pressure

changes was investigated before and after compression of the neuraxis.
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. Results
Group 1

Expansion of an infratentorial balloon reversibly abolished auvto-
regulation (Figure 11.1). In the five animals autoregulation to hypo~
tension (bleedine) and to hypertension (ive angiotensin) was confirmed
before balloon inflation. Over a cerebral perfusion pressure range of
64 to 130 mmHg, cerebral blood flow did not vary by more than + 10 ml/
100g/min from control vslues, When cerebral perfusion pressure vas
changéd by expandiné the balloon autoregulation was defective and a
linear cerebral blood flow/cerebral perfusiqn pressure graph was
obtained (Figure 11.2). The regression equatioé describing this
linear relation between percentage change in cerebral blood flow and
percentage change in cerebral perfusign pressure from control for
results within the range 43% to 1967 was calculated to be y = 0.67x
+ 44.3. The correlation coefficient was 0,78 with p < 0,001,

Only one baboon displayed defective autoregulation to blood
pressure after balloon pféssure was released. Reactive hyperaemia was
observed for a short period in another animal after deflation of the
balloon., However, cerebral blood flow then fell and remained at control
levels in spite of increases in cerebral perfusion pressure up to
113 mmHg., In the remaining animals cerebral blood flow did not chance
by more than & m1/100g/min when cerebral perfusion pressure was varied
- between 67 and 127 mmHg by alterine blood pressure,

Group 2

After section of the cervical cord, autoregulaiion to cerebral
perfusion pressure chanées caused by cisterna magna induced increases
in intracranial pressure was abolished while autoregulation to cerebral
perfusion pressure changes produced by hypotension (bleeding) and
»hjpertension (iv. angiotensin) remained intact (Figure 11.3).

Group 3

In contrast to groups 1 and 2 focal compression at the mid-thoracic

region of the intact cord vroduced little change in the state of auto-
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regulation in five out of six animals. Nevertheless, once the balloon
was deflated autoregulation to blood pressure changes was inpaired in
all animals to varying degrees (Ficure 11.4),
..Q_Qn.g.,m___sio 5

These exveriments have shown that the mechanism of autoregulation
which maintains cerebral blood flo+ in the face of rising intracranial
pressure becomes impaired if destruction of brain stem - spinal cord
pathways occurs while cerebral blood flow autoregulation to changes
in blood pressurec may remain intact. Focal compression of ﬁhe mid-
thoraqic region of the intact cord may interfere with this latter

mechanism,
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CHAPTER 12

DISCUSSTON SUMMARY

Raised Tntracranial Pressure and Cerebral Blood Tlow

During raised intracranial pressure cerebral blood flow is maintained
by dilatation of resistance vessels until an upper intracranial pressuvre

limit is reached. This boundary condition varies from animal to animal,

“When cerebral blood flow is eventually reduced it is due primarily to

compression of the venous outflow tract. 1In determining the level of
cerebral blood flow, the cause of the intracranial hypertension and its
time course play just as important a role as the height of the intra-
cranial pressure, With gradual general diffuse compression and focal
supratentorial compression cerebral blood flow is in general maintained
up to an intracranial pressure level of approximately 50 mmHg and down
to cerebral perfusion pressures in the region of 40 mmHg., However, in
the case of cisterna magna infusion the sequence of events before

these limits are reached ?re more complex than with supratentorial
balloon expansion with hyﬁeraemic values often being reached at the
time of the blood pressure response. However, it should always be
remembered that cisterna magna infusion is in no way analogous to the
expanding lesion situation and considerable care has to be taken when
considering the cisterna magna infusion results in a clinicsal context,
In the case ofAinfraténtorial balloon inflation cerebral blood flow
fell when intracranial pressure rose and autoresulation to chaneces of
cerebral perfusion pressure was absent., These results are in accord
with the clinical studi9s carried out in 1940 by Courtice who found

no cerebral blood flow reduction in patients with supratentorial

tumours, but did observe flows lower than normal in patients with

_posterior fossa tumours, ILangfitt has shown that with rapid supra-

tentorial balloon expansion in monkeys cerebral blood flow fell

progressively as intracranial pressure rose,
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The different causes of raised intracranial pressure can result
in different effects on compensatory mechanisms such as blood pressure
and Tesistance vessel diameter. Intracranial hypertension produced by
infusion of fluid into the subarachnoid space could cause a change in
environment surrocunding the blood vessels which could lead to a change
in the blood vessel response to metabolic stimuli, On the other hand,
a localised supratentorial mess may result in brain shift causing
distortion and obstruction of superficial cortical wveins., An infra-
tentorial mass may cause stimulation of the brain stem and as a result
have an influence on sympathetic activity leading to cerebral blood
flow changes due to alterations in the dismeter of both extraparenchymal
intracraniasl vessels and the large vessels in the nsck, The results
from the experiments described suggest that there iz no single auto~-
regulation response but there exists a numher of complex inter-relnted
compensatory mechanisms which can be brought into action whenever the
blood supply to the brain is threatened. The actual pattern of the
integrated compensatory éesponse depends on the initiating mechanism
for the intracranial hyvpertension., It is impossible, therefore, to
define fully quantitative relationships between intracranial pressure
and cerebral blood flow and between cerebral perfusion pressure and
cerebral blood flow. Any clinician who attempts to estimate cerebral
blood flow values from measurements of intrécranial pressure and
cerebral perfusion pressure alone has no secure basis for his calculations,

Raised Intracranial Pressure and Cerebral Perfusion Pressure

The definition of cerebral perfusion pressure as the difference
between mean systemic ;rterial pressure and mean intracranial pressure
relies heavily on the assumption that intracranial pressure represents
the effective venous outflow pressure over a wide range of pressure
values. The results from the experiments described in chapter 8 show

that this is indeed true. Pressure in the cortical veins does increase
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linearly with intracranial pressure with a slightly higher pressure in
these veins allowing them to remain patent. The definition of cerebral
perfusion pressure is therefore valid provided no significant changes
occur- in the pressure drop across the major extracranial and intra-
cranial arteries.

At control levels sagittal sinus pressure is lower than intra-
cranial pressure and depends on the right atrial pressure. During
intracranial hypertension pressure in the sagittal sinus will be subject
to different influences, These include the elastic properties of the
ginus itself, the level of blood flow in the sinus and central venous
pressure, The relevance of each of these factors depends on the site
of measurgment, the species of experimental animal and the method used
to increase intracranial pressure.

No significant changes in jugular venous pressure occur as intra-
cranial pressure rises. Any small changes that do occur are related
to central venous pressure changes and changes in cardiac function,

Raised Intracranial Pressure and Cerebrovascular Resistance

No matter how intracranial pressure is raised a progressive
increase in venous or outflow resistance occurs with the greatest
resistance existing between the cortical veins and the sagittal sinus,
Since these outflow resistance changes are independent of the cause of
the intracranial hypertension one is inevitably led to the conclusion
that it is changes in the prevenous resistance which lead to the
different cerebral blood flow responses observed. It is still not
certain what the initiating mechanism is for these changes in diameter
of prevenous vessels, This has a direct %earinq on the mechanism of
cerebral blood flow autoregulation. Cerebral blood flow auvtoregulation
can be defined as the capacity of the brain to maintain constant flow
“in the face of changing cerebral perfusion pressure., A number of
theories postulate metabolic, myogenic, neurogenic and tissue pressure

control, Although it would seem unlikely that tissue pressure could
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effectively control autoregulation at hish intracranial pressuvre
levels the relative influence of the other factors could depend on the
type of insult threatening the cerebral circulation and as a result,
as is found in practice, the changes in prevenous resistance depend on
the cause of the raised intracranial pressure., TIurthermore, although
the avtoregulation mechanism which maintains cerebral blood flow in
the face of rising intracranial pressure is impaired if brain stem/
spinal cord pathways are destroyed, cerebral blood flow autqregulation
to changes in blood pressure can remain intact in these circumstances.

Raised Intracranial Pressure and Systemic Arteriasl Pressure

Previous theories concerning the blood pressure response during
raised intracranial pressure have postulated various trieger
mechanisms, These include cerebral ischasemis, ischaemia or hypoxia
of medullary centres, action of baroreceptors sensitive to changes in
cerebral perfusion pressure and sever brain sten distortion., 1In
addition it has been thought that systemic hypertension may act to
preserve cerebral perfusign pressure and hence cerebral blood flow -
the well known Cushing response. This resvnonze is also character-
ised by low heart rate and irregular respiratory rhythm, Strictly
speaking, to conform to the definition of the Cushing response, the
intracranial pressure should reach diastolic blood pressure levels
before marked systemic hypertension occurs, However, during continuous
monitoring of intracranial pressure in clinical practice a very variable
relationship between blood pressure and intracranial pressure has been
observed, B

The experimental s%udies described in this thesis have shown con-
sistently that substantial rises in svstemic arterial pressure can
occur with quite moderate increases in intracranisl oressure and =zt
rievels cemmonly found in c¢linical practice. Furthermore, before the

blood pressure response had developed low levels of cerebral blood

flow and cerebral perfusion pressure had not been reached nor had
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intercompartmental pressure differences developed, Diffuse compression
of the intact neuraxis led to sustained increase in blood pressure at
intracranial pressure levels considerably below the restins diastolic
blood pressure level, A similar blood pressure response vas obtained
with diffuse compression of the isolzated spinal cord after mid-cervical
section., There was no blood pressure response to intracranial hyper-
tension after spinal cord section. Focal compression of the intact
neuraxis resulting from expansion of a suvbdural balloon placed in the
left parietal region, right cerebellar region or mid-thoracic resion
of the spinal cord gave rise to transient increases in blood pressure
but no sustained hypertension.

- The basic mechanism therefore seems to be that the blool pressure
response during raised intracranial pressure is mediated through central
sympathetic neurons within the lower brain stem which act by way of
descending pathways on sympathetic neurons in the spinal cord which may
also be sensitive to local pressure changes. The precise location of
the central neurons remains a matter for discussion but they would
appear to be situated within a narrow strip along the floor of the
fourth ventricle, The iniating stimulus is local changes in pressure
both in the brain stem and spinal cord., These changes in pressure
may be quite small., The resultant.effect is » change in cardiovascular
function including both neurogenic constriction and direct effects on
cardiac output. WMeasurements of blood flow in the cerebral hemispheres
and brain stem rule out cerebral and brain stem ischaemiz as triecger
mechanisms for this response. Other postulated mechanisms such as
severe brain stem distortion and transteﬂtorial and transforaminal
pressure gradients also appear to be ruled out.

The unpredictability of the blood wnressure response in clinical
- practice could be due to threshold changes within the receptor neurons

in prolonged states of raised intracranial pressure and also because

of a breakdown in the transmission of periodic increases in
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supratentorial mpressure as a result of transtentorial herniation. The
low threshold of the blood pressure response and the lack of response
to marked variations in intracranial pressure in patients cast con-
siderable doubt on the assvmption that the role of the response is to
maintain cerebral blood flow in states of intracranial pressure. In
any case, in these circumstances, unless autoregulation is impaired

an increase in blood pressure alone will not alter cerebral blood flow.

——
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