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. Abstract |

A microprocessor-based data acquisition; diSplay, and .

analysis system, was developed to measure cerebral blood

fiow, by means of the '’’Xenon inhalation method. It is used
N %

in conjunction with a Medimatic Inhamatic rCBF System, which

contains the scintillation detectors, the amplifier and
counting circuits, and the "’Xenen‘lédministraton system. ,
The microprocessor system w§§~developed inlordef that the
‘acquisition of cerebral blood flow data could be monitored
in feal-tiﬁe, stored on floppy disk, and subsequently
graphically dispiayed and analyzed. The data analysis
utilizes a two-compartment exponential modgl in which a
faster clearing compartment, considered to‘be-cerebrél grey
matter, 1is separatea from a\slower clearing compartment,
consi@ergd to be white matggr and extracerebral tissue. This
mobile system is reiétivelf simple to operate, and provides
écdurate and onsite analysis of data and‘ results. The
applﬁcétion of this cerebral blood flow system will
potentially benefit studies of a variety of cerebral ’
circula;ory‘ cénditions, and gssisf the .clinician in
developing accurate prognoses to improye the condition of
the patient. |

This thesis is intended to describe the desigh and
development _o% this microprocessor-based system, >and to
review the theory of cerebral blood flow#measurement as it

relates to this prbject.

»
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1. Introduction

The lntent of this thesis is to review the theory of
,cerebral blood flow (CBF) measurement as it relates to this
‘project and to describe the de51gn and development of a
m1croprocessor controlled system to measure cerebral blood
flow. Thls chapter includes a description of the require-
‘ments and Faisonsfd’étﬂe.of such a system in terms of the
University of Alberta Hospitals, as well as the.applications'
of cerebral blood'flow measurement techniques uniyersally.
In addition, a brief introduction.to the anatomy'and
phylelogyvof the brain and its blood flow is included to
aid the reader in understandino so;e of the subsequent
dlscu551ons ‘and descrlptlons. Chapter two is a rev1ew of the

: @
- . .theory of cerebral bloqd flow methodology w1th an empha51s

[ig

. 6n that whlch,relates spec1f1cally to thlS system. The
hardware and software aspects’ of the m1croprocessor

controlled system are described 1in chapters three and four,

P

respectlvely An evaluatlon of the exlst1ng system along
w1th recommendatlons for p0551ble 1mprovements is presented

in chapter,flve;

1.1 Ralsons d’ etre

The or1g1nal objectlves of the proposed system were to -

-

'.prov1de accurate and rellable quant1tat1ve measurements of .

cereb al lepd flow ‘that were atraumatic (ie. non—lnva51ve)

to the ient. The system was to be mobllerln order that it
)

‘could be utilized throughout the hospltal, and 1t was to

[



provide rapid and onsite analysis of data and results. Tﬁe
éperation of the system needed to be designed for non-
technical users, and therefore it haé to be relatively
simple to operate and yet still allow flexible use of the
system.: o |

“

Fufthermofe, %t was proposed that~the overall system
sHould;incorporate an existing commercially obtained system
which the hospital had previously purchased'. This system
had théléapébiiities of coilgcting data and storing it-on
paper tape, and administering the radioisotope gas to £he
patieht but it Qasvnot able tb effectively monitor the data
collection in real-time, graphically display or analyze the
data. What was required, thefefore, was '‘a system which could
be eésily interfaced with the Inhamatic system and provide
rapid énd bnsife data analysis and data display functions
that the Inhamatic system could not préviouslf perform,

‘The sysfem that was designed to fulfill these ;equi;e—
: ‘ /
ments utilizes a 16-bit Texas Instrument TMS-9900 micro- //
.processor, aiong with two 8-inch floppy disk drives and //
 eithef a Tektronix 4010 or an ADDS Viewpoiht terminal. QH;
operator is able to run”the entire systém”via the terqﬁgal's |
kéyboard using menu-driven software. This micfoprbceSéor |
controlled system performs foUr'primary funct%ons://

1. The system collects data from the Inhamatic via its
papertape punch interface port and stores it in RAM,

2. Subsequently, the user may store thé collected data on "

‘Medimatic Inhamatic rCBF System (Denmark)

\
\



floppy disk for later analysis and/or display.
3. . The data can be disblayea on.the Viewpoint terminél in
bar gréph form or on the Tektronix terminal in graphical
. form. | ’
4, The‘data can be analyzed OQ§ite according to a two-
compartment‘exponential aeéay model and the regional
blood flow values calculated and displayed.'
In addition, th% systemﬂhas the capability of uploading the
data to’a VAXV11-750'computer where further data analysi§
may occur. o
A‘comme:cially available system does exist that can be
interfaced with the Inhamatic system but it was considered
too expepsivé and .inflexible for the clinical and reSeéfgh"’
Vpufposes'envisioned.'An advantage of an in—housevdesiéﬁé&/ﬁ
 system is that it can be customized.and godifipd”tbj;ﬁﬁtfthé7

{ o
specific requirements of the individual users or rese

programs.,
The method of adminiéterin@ the radioisdtopé gé$ ;q§'§’

chosen to‘be inhalation primarily because ofvits,éthUhétid

‘natﬁre. For the class of. patients théf the cerebral blddd

flow measurements were expecteéd to be‘performed on, an

invasive‘procedure, such as the intra—arterigl techhiquel

was not considered to be avdesirable option. The algorithm ?@f}

that is used to calculate the blood flow is one that is ,

commonly in use in other cérebral blood flow facilities, and

is based upon the algorithm employ%d by Obrist et al.[59]‘

with modifiéations by Risberg et al.[66]. Its wide



y

accéptance and exténsive investigations, which have shown it
to produce stable and reliable regionél cerebral blood flow

data, are some of the reasons why this algorithm was“choseh.

1.2 Anatomy

The'ne;vous system is composed of two parts, éhe
central nervous sysfem and the péripheral nervous system.
The peripheral nervous system consists of the cranial and
-spinal nerves, whilé.bhe central nervous system ﬁs‘
represented by the brain and spinél cord. The hdh@n brain 1is
a relativelj_small structure weighing about 1400 grams,
constituting about ;% of the total body weight, and yet it
receives about 15% of the cardiac output éf blood. This 1is
indicative of the high metabolic rate of the brain tissues.

The brain consists of three basic subdivisions, the
cerebrum, the brainstem,.and the cérebellum. Thé>brain stem
is composed of the medulla, pons and midbrain. It is the
stalk of the braih, through which pass all the nerve fibers
relaying signals between_the spinal cord and the higher
brain centers. The brains;em alsd contains numerous neuronal
circuits which éontrol»respiration, cardiovascular function,
fgastrointestinal function, eye movement,‘equilibrium, and
other special movements of the body. The cerebellum sits on
top of the brainstem. It does not initiate movement but acts
by ihfiuencing other regions of the brain responsible for
motor activity. The cerebellum is especially vital to the

control of very rapid muscular activities.
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The large part of the braiq that remains is the
cefébrum, or the cerebral hemisﬂheres.iThe two highly
con;oluted hemispheres arf partyally separated by a
prominent longitudinal fissure. Bach of these hemispheres 1is
covered with a cellular mantle of grey matter, the cerebral
cortex. The cortex is a shell approximately a half
centimeter thick, containing upwards of 50 billion neurons
and having a total surface area of about one-gquarter sguare
meter. Its purpose is multifaceted but includes providing a
high>dégree of sehsory analysis of the spatial, temporal and
associative aspects of sightS,Asqunds, boéy sensations,
tasfes and smells. Through interactions with other areas of
the brain, the cortex acts to organize skilled responses and
movements, and also provides for memory. The topography of
the cortex is.defined by convolutions (or gyri) separated by
sulci (shallow grooves) and fissures (deeper grooves)’wﬁich
divide it into several idéntifiable lobes: frontai,{
parietal, ogcipital and temporal. Thespccipital'lobe deals
with visual processing. The temporal lobe is ihvolved in
analyzing sounds, vestibular messages, and smells; it also
apbears to store mgmories. The parietal lobe is the domain
of the somatosensory cortex and'the sense of taste. In the
frontal lobe lie the motor coftex énd speech area.

The cortex is an area of grey matter, so called because
of the predominance of cell bodies. In other parts of the
cerebrum, underlying the cortéx, nerve-fiber tracts

predominate, their whitish myelin coating distinguishing



them as white matter. There is, however, another area of
grey matter which lies béneath the cortex, k%own as the
subcortical nuclei.

| - The blood supply of‘the contents of the cranial cavity
is derived from two pairs of arteries in the neck. These are
the common carotid and the vertebral arteries. The paired
carotid arteries carry éS% of the cerebral blood flow, with
the remaining 15% passing through the vertebral ‘arteries.,

The common carotid arteries originate at fhe aortic
arch and agpénd thfough the neck. Below the base of the
skull, each divides intoc an external and in£erna1 carotid
artery. Each internal carotid artery enters the cranial
cavity and divides into an anterior and middle cerebral
artery. The rate of vascular flow through eachvinternal
carotid. artery is rapid (350 miililitres/minute), and the
diameEer of the vessel is large (3.7 to 4.5 millimetres).
The external carotid artery supplies p;imarily the facial
and scalp regions of the head.

The vertebral arteries ascend along the cervical
vertebrae and enter the cranial cavity through the foramen
magnum. They join on the surface of the brainstem to form
"the basilar artery which ends dividing intovtwo posterior
cerebral arteries. The vertebral arteries also supply thev
brainstem and cerebellum,

The carotid and vertebral arteries unite at the base of
the brain to form the 'circle of Willis., This vascular loop

connects the two carotid arteries'with each other and with



the basilar artery, thus providing collateral circulatory
routes to protect tﬁe vulnerable brain tissue from ischemia
(ie. low blood flow). Normally little blood is exchanged
between the two sides of the circle, due to the equality of
gzood pressure, however, if the blJood from ohe of the three
vessels entering the circle 1is oécluded or reduced, then the
circle of Willis helps to equalize blood floQ to various
brain regions.

, The brain is drained by two sets of veins. One is the

deep or great cerebral venous system which eventuaily

empties into dural venous sinuses, and thereby reaches the

internal jugular veins. Another set drains the superficial

pért of the brain and also empties into dural venous
sinuses. |

The capillary network of the central nervous system ié
extensive, especially in the grey matter. What is of "unique
importance, however, is that these capillaries have
permeabil;tX characteristics that are fundamentally
different fr&ﬁ those of capillaries elsewhere in the body.
The tight junctions between the eﬁdothelial cells of the
cerebral capillaries form the blood-brain barrier. This
relatively impermeable barrier;limits the diffusion of most

substances, except for lipid-soluble compounds and water.,

- This barrier may also prevent potentially therapeutic'drugs~

from reaching the brain.
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1.3 Physiology

The normal‘blobd flow through brain tissue averages 50 )
to 55 millilitres per 100 grams of brain per minute.? The
'blood flow through the gréy matter appears to avyerage about
80 millilitres per 100 grams per minute, with the flow
through the white matter about‘one-quarter of this.

The regulation of cerebral blood flow 1is closei§
related to at least three metabolié factors. These are
carbon dioxide concentration, hydrogén ion concentration,
and oxygen concedtratidn. An increase in either the carbgn
dioxide or the hydrogen ion concentration increases cerebral
blood flow, whereas a decrease in oxygen concentration
increases the flow. Carbon dioxide increases‘cerebral blood
flow by combining with water to form carbonic acid, with
subsequent dissociation to form hydrogen ions. The hydrogen L
ions then cause vasodilatation  of theuterebral ves;els. In
=normél tissue, changing the carbon dioxide or hydrogen ion
concentration has a dramatic effect on the cerebral blood
flow. The effect of lowering the concentration of oxygen, in
normal tissue, is much less;marked. However, if the blood
flow to tﬁe brain decreases sufficiently to allow cerebral
hypoxia, the lack'of'oxygen causes vasodilatation to occur,
thus returning the blood flow and the transport of oxygen td
the cerebrgl tissues near to nqrmal.

iNote that these flow values represent tissue blood flow as
opposed to vascular blood flow mentioned in the previous.

section. The techniques described in this thesis measure
brain tissue blood flow.



The aspect of the above discussion with which we must
be concerned is that it is important when measuring cerebral
blood flow by whatever method to also record the partial
pressures of carbon dioxide and oxygen. The reactivity of
cerebral blood flow to changes in carbon dioxide
concentration is pérticularly impértant; Oleson, ?t al.[60],
determined that cdfrection bf a flow value of a previous |
stgdy should be carried out according to the equation:

b (1.1)

CBF' = CBF*-exp(0.041) (PaCO,' - PaCO,?)
where CBF' and PaCO,' represents, respectively, the cerebral
blood flow and partial pressure of carbon dioxide of a
current study, and CBF?® and PaCO;° répresents that of a
previous study. This corresponds to approgimately a 4%
change in blood flow per mm Hg in the partial pressure of
carbon dioxide.

The cerebral blood vessels, iﬁ'fhe normal brain, have
the ability to alter their caliber in order to maintain a

constant blood flow despite moderate alterations in arterial

. blood pressure (autoregulation). Cerebral blood flow is
P !
3 g

iy':'af'}htoregulated very well between the pressure limits of 50
and 140 mm Hg. However, if the pressure falls be;ow 50 or
rises above 140 mm Hg, the flow will fall or rise
accordingly.

In pathologic states, however, the physiological
factors regulating blood flow, including autoregulation, may

be modified or severely impaired. For example, in persons

with hypertension, the range of arterial pressures within
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which normal auto;egulation occurs may be shifted upwérd.
Also, following subarachnoid hemorrhage, the ability to
maintain constant blood flow is probably decreased to some

extent [81].

1.4 Applications
The dependence of the brain on a steady supply of
oxygen and on the continuous removal of metabolites mekeeyit
uniquely vulnerable to circulatoéy insufficiency. Theﬁ

clinician's concern with the cerebral circulation extends

local circulatory dlsturbance. The demand,
more reliable and effective methods of assessing various

. ‘
aspects of the cerebral circulation are constantly
increasing.

Many significant advances have been made 1in recent
years in the development of techniques for measurihg
cerebral blood flow. Some of the more important developments
in bringing cerebral blood flow measurement to its present
state of the art have been the development of
three-dimensional methods, the use of short-lived isotopic
tracefs, and the introduction of computer systems [49]. The
use of mlcrocomputers, in particular, has increased the

appllcab111ty of the various cerebral blood flow methods.
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The mobility of cerebral blood flow measuring systems are
such that they now may be used in operating suites,
intensive care units, emergency departments and other areas
of the hospital [10,29].

Computers have especially facilitated the development
of regional cerebral blood flow multi-detector systems.
Regional CBF systems have been developed which record blood
flow in as many as 256 isolated segments of the human
cerebral cortex simultaneously [43]. The relative levels of
blood flow are then imaged using colours or varying shédes
of gray. These large systems are often used to study the
local ization of function in the cerebral cortex. In normal
tissue, changes in the level of blood flow in areas of the
cortex reflect changes in the metabolism and activity of
those tissues which correspond to specific sensory and motor
functions.

An understanding of the cerebral circulation is
fundamental td comprehension of the pathogenesis of stroke,
an acute disease of the central nervous system caused by the
occlusion or rupture of a brain artery. It is
understandable, then, that cerebral blood flow fechniques
are essential to the prognosis and management of stroke
[50,70]. Measurement of cerebral blood flow ?ften provides
the clinician with an indication of cerebrovascular
responsiveness, which might provide a basis for selecting
the proper treatment for a stroke patient. That is, ft is

often desirable to stress the cerebral circulatory system in
: J



“ some way, in order to measure its ability to respond to\~
changing physiological conditions [73). Examples of typical
manoceuvers include changing the level of oxygen or carbon
dioxide inhaled, raising or lowering the blood pressure, or
by changing the blood volume, after which the change 1in
cerebral blood flow is measured.

| One of the earliest applications of cerebral blood flow
measurement was in the prediction of the outcome of Carofid
ligation [73]. This operation is an established
neurosurgical procedure for certain types of intracranial
aneurysms. Measurements of CBF before and after tria%
carotid clamping make it possible to identify patients
liable to develop ischgmia. 1t has been established that
when clamping of the carotid artery during surgery reduces
regional cerebral blood flow below 18 mls to 20 mls/100
gms/minute for five minutes or longer, cerebral infarction
with permanent neurologic deficit is likely to ensue [70].

Measurements of cerebrovascular reactivity might also

provide a basis for selecting which patients suspected of
carot id artherosclerosis and other occlusive cerebrovascular
diseases should have angiograms and whé; treatments may be
most beneficial [73). Analysis of cerebral blood flow
measurements indicate that an increase in CBF after a
cafotid‘endarterectomy can be expected when the degree of
stenosis has exceeded 90% [70]. Intra-operative cerebral
blood flow measurements can also indicate when a shunt 1is-

appropriate.
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By utilizin§ both cerebral blood flow measurements and
therapeutic @Vgluation techniques, the medicai complications
of Subaﬁad?ho;d hemorrhage due to ruptured intracranial’
' Vi ™

aneurysms cap be diagnosed, and a program of treatment
planned [53,70,82]. Attempts are being made to use cerebral
bloqd flow measurements to‘identify patients, either before
or during an intracranial operation, who are at risk of
developing delayed cerebral ischemia. If a patient is
neurologically well after a subarachnoid hemorrhage but
shows a low bléod flow, this may reflect severe cerebral
arterial vasospasm. In such patients it may be advisable to
delay intracranial surgery [16,73]. Weir et al. [82],
however, have found that there is a poor correlation between
vasospasm and reduced cerebral blood flow except when there
i1s severe spasm., Nevertheless, cerebral blood flow
measurements can still assist the clinician with decisions
as to the timing of surgical treatment such as clipping
aneurysms, evacuating hematomas, or relieving hydrocephalus.
Cerebral blood flow measurements are often used inr
determining»the effect of pharmaceutical drugs on the
cerebral circulation. Indeed, the cerebral blood flow system
described in this thesis is being used by the Division of
Neurosurgery at the University of Alberta to measure the
effectiveness of the ca;cium antagonist drug Nimodipine in
minimizing the occurrence of cerebral vasospasm [2].
Vasospasm often occurs in stroke patients four to twelve

days following a subarachnoid hemorrhage.



Cerebral blood flow measurement technigues are also
utilized in the study of various other cerebral disorders
such as.dementia, migraine, epileptic seizures and severe
head injuries. In particular, it has been found that
cerebral blood flow is reduced in dementia and the degree of
flow alteration correlates well with the severity of the
disorder [70)]. Also, following an epileptic seizure,
cerebral blood flow is usually decreased, while during a
seizure, it increases by 100% or more.

Measuring cerebral blood flow in secondary polycythemia
is currently taking place in the Department of Pulmonary
Medicine using the,described CBF system. Secondary
polycythemia 1is a physiologic condition in which there is an
excess production of red blood cells, resuiting from a
decreased oxygen supply to the tissueé such as that
occurring in association with pulmonary abnormalitles.
Because of the increase in the viscosity of the blood and
the total blood volume, the blood flow becomes extrfmely
sluggish. The measurement of cerebral blood flow in patients
before and after venesection (letting of blood)lhas shown
that this procedure leads in general to a significant
increase in cerebral blood flow [69,89].

The potential applications of cerebral blood flow
vmeasurement techniq‘?s particularly in the area of stroke
management, is plainly visible. The extent of utilization of )
these techniquesl however, depends on the accuracy and

reliability of the method employed and the degree of
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'ﬁtraumatic effeet it‘has oﬁ the‘patient. Also, the success of
‘eerebral blood flow techniques.will be measufed in part,’by
how well they can assist ‘the clihician in preétrlblng
preventive treatment to av01d 1schem1c braln damage Or, as
Teasdale and Mendelo% [73] state.

"The key to improved clinical results lies in the
deyﬁﬁ%ng of tests to .identify patients whose

cef al circulatory reserve, although 1mpa1red has
not™yet become cr1t1cally ‘exhausted. These patlients
might then be-treated in ways that either avoid such
stresses as hypoxia and - ‘hypotension or that increase
the capacity of the cerebral c1rculat10n available
to cope with adverse changes."



2. Methods of/CQrebral Blood Flow Measurement

Quantitative sgadiés bf:éerebral blood flow (CBF) have
‘been possible for almost forty years. In this time, various
methods and‘techniqﬁes have been developed to assist ghe
researcher and physician in their guest for information as
to the state of the cerebral ciﬁﬁ%lation. These guantitative’
measurements can be of diagnostiéaimportanbe or can assist
the researcher in.understanding theifunctions of the brain.

In general terms, methods of{héésdriﬁgf%ereqiﬁl blood
flow can be divided into two basic groups: ; | |
1. methods usihg diffusible indicatprg, and
2. ﬁéthbdshusing non-diffusible indicators.
ID principle, the indicétor is, 1in somé mannef, introduced
téﬁthe b;ain and subse@uently removed by the bloodstream.
The blood flow is measured by recording the rate of
,,indicatof clearance, or by its dilution, either directly in
the tissue? or by sampling arterial and venous, blood. The
indicatorican‘be non-diffusible in that it remagns‘within *
the cerebral véscular bed, or‘it can be freely diffusible,
in which case it can easily cross the brain.capillary wall,
the so—called,biood—braiﬁ'barrier [40,78].

Measurement of vascular flow iﬁ‘heck-arteries and veins
" can be accomplisﬁed using electromagnetic flow meters,
ultrasound, thermovelocity, and thermodilution'techniques.
However, due’to,thé multiplicity of'arteries}supplying the
brain and the efficieﬁéy ofithe circle of Willis, the |

measurement of flow in a single cerebral blood vessel does

16
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not permit conclusions to be drawn about brain tissue blood

flow. In fact, one ﬁay find that one or more of the four

| ajor arteries that are anastomosed in the circle of Willis
are occluded, and yet the cerebral blood flow remains at .its
normal level [23,40]. Nevertheless, technigues used 1in
measuring blood flow in the neck’are useful in yielding
~information as to the patency of these vessels, such as

before and after reconstructive vascular surgery.

2.1 Non-Diffusible Indicator Methods

The uee of non-diffusible indicators (indicators that
do not leave the bloodstream) is among the oldest means of
studying the cerebral circulation. The most commonly used 1s
cerebral angiography, which can indicate not only the
intracran.al distribution'of the radiopague indicator but
also the transit time from artery to vein. Cerebral |
angiograms provide excellent anatomical detail, allowing

visual identification of blood vessels down to an inner

diameter of approximately 0.1 millimeters [40];

2.1.1 Transit Time
Radiocactive rsotopes have been used to measure cerebral
circulation time as early as 1929 when Wolff and Blumgart
used radium C in cats [74]. The earlier techniques measured
carotid—torbrain and brain-to-jugular vein transit times
using detectors mounted over the neck and head and an
v,

1ntravenous injection of "‘Iodlne albumin. More recent

> . 8



18-

modifications have simplified this technique by mounting a
detector over the head only. Following a rapid intravenous
injections of '*'Iodine Hippuran, the passage of the
indicator through tﬂe head is monitored over time, and the
resulting curve‘is differentiated. The time between,the
maximum points on the differentiated ‘uptake and clearance
curve represents/the mode circulation fﬁme.tThat is, it is
the. time between the maximum rate‘of entry and the maximum
rate of e (app;oximately 6.5 to 10 se;oﬁdé in normal man)
[23]. . -

-

" This method, although simple and perhaps attractive to
the clinician, is a measuremeﬁt of bloéd.fiow velocity and
cannot yield quantitative information about cerebral blood
flow unless the cerebral blood volume is knéwn. A number ofv
attempts t6 correlate mean tra%%it time‘wifh cerebral blood
flow have been made including one by Fieschi et al. [17], fi
who}found that |
< "the mean transit time in cerebral vessels of a

bolus of non-diffusible indicator is a 'linear,

though approximate, index of regional cerebral blood

flow." : : '
_Other researchers, however, have found situations in which
the cerebral bléod flow was reduced but the circulation time
of avnon—diffusible indicator remained nOrmai [121. Most
researcﬁers today concur that while the trénsit‘time can .be

an index of cerebral blood flow, the corfplation must be

made within strict limits and condi@ﬁ?ns [23].:

[
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2.1.2 Indicator Dilution‘Technique .

The Stewért—Hamilton dye dilution principle, which is
used to measure cardiac output, can be adapted to measure
cerebral blood flow..ByVinjecting a known quantity of

indicator into the internal carotid artery and sampling

- continuously from the internal jugular vein, a venous

dilution curve can be obtained. Total cerebral blood flow
can then be calculated from the formula

F(ml/min) = 0/(C-t) | (2.1)

where Q is the quantity of indicator injected, C isvthe

avefage concentration of the indicator, and t is the time of

‘sampling [23].

4

This technique is cumbersome and }nvasive, and to get
accurate results it is necessary to sequentially inject the
indicator into both internal carotid arterieé and sample
from both internal jugular velns. As a reéult the dilution
technique is considered impractical for_routine clinical

use,

2.2 Freely Diffusible Indicator Methods

The use of freely diffusible indicators in determining

.cerebral blood flow is currently, by far,the most common.

The indicator used is primarily the radioisotope '°®?Xenon,
although indicators such as heat, Eydrogen gas, and other
inert gases and radioisotopes are utilized in limited

applications. -
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2.2.1 Heat Clearance

In this context heat?may be considered as an inert
freely diffusible indicator. Heat is appliea locally by
heated thermistors implanted in the brain tissue and thfh
cleared by the bloodstream. Although this approach is w‘dely
used -in studies in experimental animals [40], the highly
invasivé nature of this method limits its apﬁlicability in
‘human studies. '
2.2.2 Hydrogen‘Clearahce

Hydrogen gas can be intrdduced to the brain by
inhalation or an injectioniof hydrogen dissolved in saline
into the internal carotid artery.lA hydrogeh clearance curve
can'then be obtained by either polarography using a platinum
electrode inserted in the tissue [40] or by a catheter |
‘placed into each lateral sinus via the cephalic veins [701].
This method is equally traumatic as heat clearance, but has
fghe advantage that quantitative cerebral blood flow can be

more readily obtained.

2.2.3 Kety-Schmidt Method

This classical method, published in 1945 by Dr. Seymour
S. Kety and Dr. Carl F. Schmidt, was the first which could
qﬁantitatively measufe cerebral blood f10w‘and cerebral
metabolism in man [23,37,40,72]. It was based on the Fick
principle which is a restatement of the law on'conéervation

of matter. In its simpiest form, it may be stated as
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follows:

"The quantity of an inert gas taken up by a tissue
is equal to the quantity entering the tissue via the
arterial Rlood minus the quantity leaving in the
venous blood." [70]

Kety and Schmidt [37], in applying this principle to blood

flow in the brain, restated it in the following manner:
"the rate at which the cerebral venous blood content
of an inert gas approaches the arterial blood
content depends upon the volume of blood flowing
through the brain.”

The specific substance which is employed need not

necessarily‘be a gas, but it must be physiologically inert,

capable of diffusihg rapidly across the blood-brain barrier,

N

anq suéﬁ

These qualifications are met by inert gases sueh as nitrous

éptible of accurate analysis in the blood [37].

oxide, hydrogen, argon, krypton, and xenon. .
The classical Fick formula jmay be written as

Q . .
F = (2.2)

[ “(ca-cv) at

o

where F is the blood flow (in millilitres/minufe) through
the organ of interest, Q is the amount of tracer removed
ﬁrom theibloodstream by the organ, and Ca and Cv are‘the
concentrations of the tracer‘in arterial ana venous blood,
>respectively. Because the brain is enclosed in skull and it
is supplied by several collateral arteries, and drained
primarily by two venous outputs, it is not possible to

measure Q directly. In place of Q, Kety and Schmidt

substituted the average concentration of the tracer in the

0
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brain résulting.id an estimate of the brain perfusion rate
or blood flow per unit mass of tissue. If the assumption 1is
made that the tracef reaches equilibrium between blood and
brain tissue rapidly, the average concentration of the
tracer in the brain tissue can be derived from the venous
concentration. Thus, equation (2.2) may be %gdified as

100')\'CV(t) ‘ )
CBF = o (2.3)

[ "(ca-cv) at

i \J

where CBF is the cerebral,blood flow in milﬁilitres/100
grams/minute, Cv(t) is the venous concentration of the
tracer at time t, and N is the partition coefficient.
The pattition coefficient A is defined as the
equilibrium concentration ratio of the tracer in brain

‘tissue and blood. When using inert gases as tracers, this.

)
L]

ratio équals the ratio of tﬁe solubility coefficients, usiwg
one gram and one millilitre as the unit of mass for tissue
apd“blood, respectively. The solubility of many inert gases
is somewhat less in grey matter (cortex) than in white
matter, but within these two tissues no great variabilitf is
found. However, some variation does exist wiﬁh resp;ct to
the inert gas solubility in blood because the percent volume
of red cells (hemqtocrit) influences this factor. In normal
tissue, this effect is easy to measure and cornéct [40,78]1].

In pathological tissue, however, the value of the partition

coefficient may vary.
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The Kety-Schmidt technique originally entailed having
an individual inhale a 15% mixture of nitrous oxide and air
for a period of ten minutes. During this saturation
interval, blood samples were periodically taken from the
femoral artery and jugular vein and analysed for nitrous
oxide content. The arteriovenous concentrations were plotted
over time (figure 2.1) and the cerebral blood flow
subsequently calculated. Kety and Schmidt found average
cerebral blood flow to be 54_millilitre$/100 grams/minute in
man [50,72].

Several modifications of the Kety-Schmidt technique
have developed over the years. Most of the modifications
have afisen in attempts to overcéme the disadvantages of the
original method. These disadvantages include: (1) the
inability to measure'hegional ;erebral blood flow, (2) the

!
i
i
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Figure 2.1 Arteriovenous N,O Concentration Curves '
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invasive nature of the procedure, (3) the inébiiity to
differentiate between blood flow in gfey and white matter
and extracerebral tissue (only mean cerebral blood flow is
measured), and (4) the cumbersome measurement techniques of
nitrous oxide.

In 1955, Lassen and Munck substituted the radioactive
inert tracer, *°*Krypton, for nitrous oxide. The main
advantages of this were avoiding the tedious analysis of
'nitrous oxide in blood and also "Kfypton 1s completely‘
physiologicglly inert. The same calculations were used as in
the Kety-Schmidt procedure, but the period of saturation was
extended to fifteen minutes and, in addition, thé
arteriovenous curves wenégextrapolated to infinity. The
extrapolation was based on the observation that at the end
of the saturation period, the arterial concentration is
relatively constant and the venous concentration approaches
the arterial in a monoexponential fashion. Extrapolation to
infinity eliminates the systematic errors of incomplete
séturatioq and the lack of equilibrium at the end of the
period of’study [50].

The suécess of the Kety-Schmidt technigue depends to
some extent on a cohstant concentration of the indicator
that is being delivered to the patients' lungs. McHenry
suggested, in 1963, that the need for precise conﬁrol during
.inhalation would be eliminated if the desaturat ion curve, as

opposgd to the saturation curve, was used for the

determination of cerebral blood flow [50,72]. Similar
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calculations as with the saturation curve were used but ,
assuming the brain was fhlly saturated initiélly, more
accurate estimates of cerebral blood flow could be obtained
while making the procedure simpler.

While the Kety-Schmidt technique and its modifications
are limited to measuring average cerebral blood flow, it 1is
still considered as the reference methoa for‘studies in man
[40]. A major advantage of this method is that the cerebral
metabolism can be readily assessed by multiplying the flow
with the corresponding arteriovenous differences of oxygen,

glucose, and other metabolites [23,40].

2.2.4 Intra-Arterial '3?Xenon Method

The Kety-Schmidt method éhd its modifications provides

an average cerebral blood flow va.ue It is often necessary,

however, to know regional cerebra. Llood flow (rCBF) values.
| That is, measurements of blood flow through circumscribed
areas of the brain.

In the early 1960s, Ingvar and Lassen (1961) tackled
the problem of quantitqtiveAmeasurement of regional cerebral
blood flow by recordiné the rate of clearance from the
exposed cérebral cortex of the beta emissions of **Krypton
following its injéction into the carotid artery. This method
was subsequently adapted by Glass and Harper (1963) who
recorded the gamma emissions of '33Xenon through the intact
skull and by Lassen and his co-workers (1963), who measured

the gamma emissions of **Krypton [23,40,42,50,72]. This
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intra-arterial method has been refined considerably since
thelearly experiments but is still based on the original
principles as developed by Lassen and Ingvar. The method is
currently the standard method for obtaining quantitative

data on regional cerebral blood flow in man and animals

5“‘ra-arterial method usually entails dissolving

0.5 to 5.0 millicuries® of '®’Xenon or **Krypton in saline
solution and injecting it rapidly into the internal carotid
artery. By selecting the internal carotid artery the brain
is selectively labelled and contamination of extracerebral
ti1ssue such as the scalp and facial areas, is avoided. The
gamma emissions of the isotope are detected by means of
collimated scintillation cr§stals mounted externally .to the
patient's scalp. The degree of localization of radioactivity
will depend on the size of the crystals and how narréwly
they are collimated.

The inert gases krypton and xenon are quite suitable
for this type of study because of their ability to diffuse
rapidiy‘across the blood-brain barrier. Also, as the
solubility of these gases is much higher in air than in
blood or tissue, a high proportion of it will, on reaching
the lungs in the venous ‘blood, be excreted into the alveolar
air, Therefore, there will be no effective arterial
recirculation. Accordingly, if an injection of '??Xenon (or
**Krypton), dissolved in éaline, is made into the internal

The SI (Systéme International) unit for radiation activity
is the becquerel (Bq); 1 curie = 3.7 -10'° Bq.
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carotid arfery, tﬁe isotope will equilibrate rapidly between
the blood and brain tissuel When the injection is stopped,
the arterial blood will wash the gas out of the brain
tissue, and the rate of wasﬁout or clearance will depend on
the blood flow. Because of its greater emission of
gamma-rays, "’Xenén is the isotope more widely used for

detection through the skull [40,70].

2.2.4.1 Calculation of Regional Cerebral Blood Flow

Two models are widely used ;n the computation of rCBF
frbm the clearance curves: the "stochastic" model and the
"compartmental"” model.
Stochastic analysis

The stochastic model assumes that the transit time of a

particle of tracer is a random variable, and thus the

Ry

clearance curve represents the probability distribution of
this variéblé. é;ppose that the bolus of isotope arrives
instantaneously in a circumscribed area of the brain and
that it does not recirculate into the area. One can then
imagine that each small part of the bolus, A,, has a transit
time of t, minutes. The mean value of these transit times,
t, can therefore be calculated as the weighted average of

the individual transit times, ie.,

Z(ts A,)

T
il

(2.4)
. Za,

This equation can be rewritten in terms of the clearance

curve as,

£ = A/ (2.5)
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where A is the area under the curve extrapolated to
infinity, and H is its peak value. This simplified
derivation of equation (2.5) was first arrived at b} Zierler
[26,40,90). This derivation presupposes that A is measured
from time zero to infinity Jithout any recirculation of
tracer and that H is a measure of the total amount of
indicator reaching the counting area. It is also assumed
that the tracer is mixed evenly in the arterial blood and
that the counting efficiency is uniform. .
The relation between £ and the blood flow through the
area is given by the classical equation discussed in detail
by Meier and Zierler [51]:
~- t = V/F (2.6)
where V is the equilibrium volume of distribution (ie. the
number of millilitres blood that would, at equilibrium,
contain the same amount o{ indicato;ﬁas the tissue), and F
the total blood flow of that tissue. If this equation is
expressed per gram of brain tissue, the Meier-Zierler
theorem becomes:
£ = Af | (247)
where N\ is the volume of distribution per gram of brain.
Thus, A is the partition coefficient of Kety, and f is the
blood flow per gram of tissue. If we solve forrf and express
the equation per 100 grams of bfain tissue, ye obfain
rCBF = 100-\-H/A / (2.8)
where rCBF is the regional cerebral blood flow for the

geometrical volume viewed by the collimated detector. This

v
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is tpe same fundamen‘tval*equati'én fifSt derived by Kety éﬁa
échmidt'for the saturation of,the brain with an inert gas by
applying the Fick pr1nc1ple it“is important to note that
vthe>ba51c parameter that is belng measured in both cases 1s
the mean transit time of a freely dlffu51ble’traCer.
Compartmental analysis v -
| The coﬁpartmental‘modéltaséumes that.the Cérebral
oigculation oan be regarded 25 a pjcompartmental expohential
model in which the faster4Cleariog compartment, considered
to be cerebral grey matfer, is in(parallel‘With the |
slower-olearing oompartment, Cohsidered to ?e Cerebral white
matter. This assumption is SUPpOrted mainlyAbY the
~ well= documented separation’ Of local blood flow, in general,
. into two clusters: the fast flOws of the different grey
matters~(cor¢ex,'nucleiL etc.), ang the slow flows of the
white matter [25,26,30,84]; Wi?h such.a model the equations
derived from the Fick principle, deéprlbed by Kety [36);
glve for a partlcular tissue COmpartment i

. (£) = ¢, (0)-expl~(¢ /i) ) (2.9)
where C; (t) and C (0) are the COncentratlons of the 1sotope
in the tissue at t1me t and time zero, respeCtévoly, f, the
blood £low (millilitres/gram/Minute), and the volume of
:distribupion of the tfacer per 9ram tissue
(millilitres/gram). |

©

The average tissue conceBtratjon, C(t), in a system
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with two compartments in parallel, beqomeé:

L

c(t) = C(0) - (Ag-exp(-kg-t) + Aw-exp(-kw-t)) (2.10)
Beoo s, kg o= fg/Ag
%}ft o ~ kw = fw/Aw

.where fg, Mg, fw, and Aw are flow and A values for grey and %
thte mattér, respectively, and Ag and Aw are a function 6f
the ordihate valﬁg, C(O),-belopging'to each of the two
‘compartments. The initial distribution of the trécer to the.
grey and white mattér is proportional to the flow within

these substances multiplied by their relative weights. Thus,

if Wwg and Ww répresent the relative weight of grey and white

matter respectively (ie. Wg+Ww=1), Ag and Aw may be written:

Wg-fgq :
Ag = (2.11)
Wg-fg + Ww-fw
Ww- fw +
Aw =

Wg-fg + Ww-fw »

Therefore, if from the clearance curve kg a:é\?wacan be
obtained, thé respective fiow valués can'be caicuiatéﬁ
’(since Ag and Aw are known vélues). And if Ag éna Aw can be
obtained, the respective rélative weights can be balculated
" from eqguations (2.,11). The mean blood flow of the two
compartments, £, is then given by .

“ £ = fg-Wg + fw-Ww | (2.12)

The four unknowns in equ- 'sn (2.10) (ie. Ag, kg, Aw
and kw).can Pe found using the measured clearance curve with
a leas£;squares method of curve fitting. Alternatively, the

El

blood flow values can be approximated by an exponential
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stripping procedure [23,86]. In this procedure the clearance
curve is replotted on a semilogarithmic graph. A straight
,iine drawn through the tail of the curve is subtracted from
the priméry curve to produce a sécond straight line
approximately equal to the élope'of the'initial portion of
the curve (figure 2.2). The half—maximum time (T,,,) of the
resulting exponential cOmponents can then be galculated..The
Ti,2 is the time taken for the radioactivity té decline to
half its initial value. This procedure is based on the
assumption that the first one or two minutes of the
clearance curve represent primarily those regions with
relati&ely high flow values and therefofe the initial slope
of the curve can be used to estimate the grey matter blood
~values [60]). Similarily, it is aésumed the lattér portion of

the curve represents primarily the slow compartment (ie,

Log counts

per minute

Y

3 i —15

TIME (minutes) 4

Figure 2.2 Exponential lpping Procedure
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white matter).
If equation (2.10) is rewritten as follows:

C(t) = Ig-exp(-kg-f) + Iw-exp(-kw'p) ' | (2.13%?
values for the half-maximum times and zéro time intercepté -
of the greg-matter and white ﬁatter (ie; T,/rg,-Ty/zw,.igk
Iw, respectively) can»be obtained using conventional
graphical analysis. Blood flow and relative weight values
can then be evaluated using the'following equationé:

Ag-1n2/T,, g (2.14)

£g = Mg kg =
fw = Aw-kw = Aw-1n2/T,,,w
1g/1fg
Wg = (2.15)

Ig/fg + Iw/fw
Ww = 1 - Wg

?hé brain-blood partition coefficients for grey and white
éerebral matter have been measured fdr a range of hemoglobin
conéentrations in normal tissue by Veall and Mallett [78].
Values that ére tYpically gsea‘are (fof a hemoglobin
céncgntration of 15 grams/100 millilitres)0.80, 1.50 and
1.08 (grams/millilitre) for g;ey matter, whj \mattgr, and
brain homogenate respectibely.l%_f . '
Initial Slope Analysis A '%fﬁ

A éimplificatipnmof the exponential stripping
procedure, described by Olesen et al. [60], determines an
approximate vafue for the blood flow of grey matter only by
using the initial siope of the ciearance curves. This

initial slope anélysis assumes that the blood flow through

the grey matter dominates the initial portion of the
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clearance,cUrve to such an extent that the slower component
may be disregarded. Thus," the initial one to two minutes of
" the clearancé curve can be regarded as monoexponential [60]. :
'For this portion of the curve equation (2.9) may be
rearranged and reduced to:
| d(ln c(t))/dt = -£/n : (2.16)
or, in terms of the blood flow, £,
£ = -A-d(1ln C(t))/dt o (2.17)
A blood flow.value can then be quickly calculated from that
part of the curve; knowing the logarithmic slope. As already
(ﬁ%entioned, this calculation provides only an approximate
,xvalue of the blood flow of gre} matter. An advantage of this
method is that only a brief portion of the clearance curve
is needed thus allowing\the'posSibility of performing
repetitive measurements and also rapid analysis.
« :
2.2.4.2 Advantages and Disadvantages
The intra-arterial method has a distinct advantage over
the classical Kety-Schmidt technique and its mpdifications;
in that estimates of regional cerebral blood flow can be
obtained. Also, if the injection of inert gas is made into
the internal cafotid{artery, extracerebral contamination of
radioactivity is avoided. The subsequent .clearance of the
radioisotope from the brain tissue can then be followed
u51ng external scintillation detectors |
The principal disadvantage of the method is the

nece551ty for a carotid artery puncture and catheterlzatlon.a

In patlents with cerebral vascular dlsease there is
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potential risk in this method [50]. For this reason it is
usually used in the operating theatre or in combination with
cerebral angiographyT Another drawback is that the carotid
catheterization should be carried out under fluoroscopic
guidance to ;nsure that the catheter has indeed passed into
the internal carotid afFery rather than into the external
carotid artery. Also, unless both carotid arteries are
injected with the inert gas,'only'one cerebral hemisphere
can be accurately monitored. Because of these limitations a
search for a less traumatic method was made.
. ' | /

2.2.5 Inhalation '*’Xenon Method

The inhalation method is based on the same principles
as the intra-arterial method. However, instead bf injecting
'?2Xenon into-thewcarotid artery, the radioisotope is
administered to the patient by allowing him/her to breath
'?3Xenon on a closed-circuit breathing system for a period

5 :

of one to five minutes. Mallett and Veall’pioneergd this
atraumatic method of measuring regional cerebral blood flow
in 1963 [47,487. |

The inhalation technique is a very attractive method,
clinically'becaége of its atraumatic nature} Howéver, it
suffers from two major disadvantages. The first is that
‘during the period“of inhalation all the body tissues take up
the isotope.»Consequently, there is an appreciéble amount of
recirculation with subsequent distorﬁion of the clearance

curves. The second disadvantage is the contamination of the

£



35-

clearance curves by radioactivity in the scalp and

"extracranial tissues.

2.2.5.1 SSUrcesvof Error
Recirculation

Malleft and Veail attempted to correct for
'recirculation of the radioisotope by measuring the
radiocactivity of the expired éir, They discovered that the
concentration of xenon in the end-expired air was closely |
correlated with thévconcentration found in the arterial
blood [79]. The administration of '?®*Xenon by ihhalation‘can
then be considered as a series of intra—afterial injections;
each subsequent'injection being of a different size
depending on the height of the end—éxpired air curve at that
ti@e. In mathematical terms this means that t?e output
responsé} as measured by the external detectors, is the
convolution of the input response, ie. the end—expiratbry
curve, and the impulse response of the cerebral tissue. The;
cerebral ‘blood flow can be calculated, therefore, using a
deconvolution procedure. That is, one attemﬁts to estimate
the impulse response which would have been seen had an-
intra-arterial injection been made, from which the cerebrél
blood flow can be'detérmined.‘

. The equations which describé the measured clearance
cufves are derivéd from the Fick principle'and have been
dgscribed in detail, along with their underlying
assumptions, by Kety [36,58,59], The equations, which

include a correction for recirculation, can be written for a//
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particular tissue compartment, i, as:

c.(t) = £, f ‘calu)-exp(-k, - (t-u)) du (2.18)
° ¥

where
t = a given time after the beginning of inhalation,
C.(t) = isotope concentration in the tissue at time t,

£

blood flow per unit volume of tissue,

k, ¥_fi/xi, where A, is the tissue-biood partition
coefficient, and

Ca(t) = isotope concentration of the arterial blood or
end¥expired air/at any time t. |

Let N(t) represent the count rate obtained from an

external detector at time t. If the isotope is assumed to be

* The activity scale for the expired air curve is of the
order of six times that of the head curves. In other words,
the activity® in the expired air is much greater than the
activity recorded from the head.

1
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' homogeneously distributed in each tissue compartment and if
differences in counting geoﬁetry are neglected, N(t) will be
proportional to a weighted sum of the isotope concentrations
in the several compartmento. In a two~-compartment system,

N(E) = a- L (w,-C,(t)) (2.19)

where a is a proportionality constant relating units of
count rate to concentration, and w, represents the reiative
tissue weight for eacﬁ compartment (Zw,=1)., Substituting
equation (2.18) into equation (2.19),

N(t) = a Zw.£,f ‘calu) exp(-k, (t-u)) du (2.20)

I1f the parameters before the integral sign are represented
by a single coefficient, P,, an equation in four unknowns
can be written:

t

N(t) = i P1;f Ca(u)-exp(-k.-(f-u)) du - (2.21)

1 0

Computer soluticons for P, and k, are re;dily obtained from
equation (2.21) by means of an unweighted least squares
method of curve fitting. Blood flow can then be calculated
by multiplying k; with the appropriate partition
coefficient, \;. Details of the computer analysis are given
in chaptér four.
Extracerebral Contamination

The second major disadvantage of the inhalation
technique is the contamination‘of the extracerebral tiosues
(ie.'scalp, facial tissues, etc.) by the radioisotope.
Obrist’ et al. [58]) originally suggested modelling the

extracerebral tissue as a third compartment with flow values
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slower than those of the first two ‘compartments. However,
both theoretical and practical difﬁiculties arise if this
solution is adopted. |

In particular, the low flow levels in the extracerebral
tissues necessitate long recording times, (about 40 to 45
minutes) for which it is difficult to maintain a stable
physiological state [58]. Furthermgre, an extra ‘compartment
in the model implies integrating three exponentials and thus
two more parameters to determine. With six parameters the
uncertainty in§olved in the results increases to such an
extent that they CQA become guite unusable. This has been
demonstrated by Glass and De Garreta [19] who found that,
taking into account the number of points used, the sampling
rate and the baseline noise , the error on k, for a
three-exponential analysis was 17 to 100%.whereas for a
two~exponential analysis under the same conditions it was
only 2.5 to 10%. The validity of the model can also be
gquestioned, 'since the monoexponential nature of the
clearance of the extracerebral tissues appears somewhat .
ﬁncertain. It also seems that in some pathological low flow
states the discrimination between the flow values of white
matter and extracerebral tissue»become§ guite difficult
using computer analysis [55,58]). £

As a result of these difficulties Obrist et al. [59]
proposed a two-compartment model in which a faster clearing
”mpartment, considered to be cereBral grey matter, is

separated frfom a slower cleafing compartment, considered to
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be white matter and extracerebral tissue. Such a model
assumes grey matter clearance rates that are high relative
to the remaining cerebral and extracerebral components,
Although limited to blood flow estimates of grey matter, it
1s a method better suited for cliniqal research., It is
presently the mbst commonly used model of the '®’Xenon
inhalation technigue.

A second way of minimizing the influence of
extracerebral contamination is a spectrum subtraction
technigue [11,68]. This technique, proposed by Crawley et
al., is based on the form of the '’’Xenon radiation spectrum
which comprises two peaks, one at 81 KeV (gamma radiation)
and the other at 30 KeV (X-ray radiation). Whereas the
radiation of the 81 KeV peak is sufficiently energetic to
reach the detector from the deepest part of the brain, the
soft radlatlon of the 30 KeV peak originates prlmarlly from.
the superficial regions, ThU§, by connecting a detector in
parallel to two discriminators.gating the radiatién around
‘30 KeV and 81 Kev, respectively, it is possible to record
two .clearance curves, one of which, for the 30 KeV energy
level, represents principallf the clearance in the
extracerebral tissues. Subtracting this curve from the oné
Obtained at the 81 KeV level gives a corrected curve
representing primarily thé clearance in the brain tissus.

Macey, Filipow, et al. [46], however, have stggested
that the spectrum subtraction technique overestlmates the

contribution of the '*?Xenon in the scalp for two reasons.
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Firstly, Compton scattering of the 81 KeV photons results in
a significant proportion of counts in the 30 KeV energy
window and secondly, the skull does not act as a perfect
filter for the 30 KeV photons emanating from '®’Xenon in the
cerebr%l‘tissue. A further disadvantage of the sbectrum |
subtraction method is that it necessitates a significant
increase of the dose of the tracer (up to seven times the
usual dose [55]) to maintain a sufficiently low ratio of
random statistical noise to count rate.?®
Compton Scatter .

Cpmpton scatter refers to the scattering of an x-ray or
gamma ray photon upon impact with an electron within an
atom. This 1s accompanied by a transfer §f~part of the
photon's energy to the electron with consequent loss of
frequency. Meric and Seylaz [54] state that because of the
weak energy levels of the tracers involved, the scattered
radiation contributes significantly to the total measured
radiation. They, and others [64], have fouhd that, in the
absence of.any energy discrimination, the intensity of the
scattered radiation from outside the colliméted zone could
attain 55% of the total radiétion intenéity reaching the
detectors. However, the proportion of contamiﬁating
radiation in the total detected radiation can 'be limited by
applying an energy discrimination of which the low level is
75 KeV. The relative intensity of the contaminating
radiation then falls to 10 to 15% [54,64].

* Most researchers suggest that for accurate data analysis a
count rate with a peak value of 1000 cps is necessary.
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Alrway aftefacts

The respiratory passages are highly contaminated during
and immediately following '’°Xenon inhalation. This results
in scattered radiation which has a definite effect on curve
analysis, particularly for the detectors which are placed
proximal to the upper airways. Many attempts have been made,
therefore, to minimize this source of err ;.

The simplest and most commonly used method to
compensate for airway artefacts was proposed by Obrist et
al. [59]. Obrist and his colleagues concluded that the
optimal start fit time is the earliest point on the head
curve where scattered radiation from the air passages can be
-assumed negligible. They determined that such a point is
reached after inhalation is over, when the end-expired air
curve has decr?éSed to 20% of its maximum. Because of
recirculation, the head curve does not peak until several
seconds after the end of inhalation, therefore, Obrist's
recommendéd start fit tiﬁe is usually close to the peak of
the head curve, |

Risberg [65] found that at the point in time when:
‘breathing is switched from '*°Xenon to air, there is a sharp
decline of the air passage concentration of '??Xenon. If a
head curve shows a rapid decline at the same point, the size
of this "drop" is used as an estimate of the size of the
contamination by the air passage artefact. A weighted
product of the average expired air curve is then subtracted

from the head curve. Since this method usually

oy
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underestimaﬁes the airway artefact it is combined with a
late start fit time.

Jablonski et al.[32] use an average '°®’Xenon '
concentration in the respiratory air sampled at the mouth as
an airway artefact template. They assume that the measured
clearaﬁce curve is a summation of the airway artefact, the S
fast and sldy blood flow components convolved with\the
end-expired air curve, and Poiéson-distributed noise. The
relative sizes of these components are determined by an
algorithm that uses a least-squares fit comparison to the
recorded isotope curve in the frequency domain. While this
approach has several advantages over the time domain '
methods, several researchers {31,57] have noted that ;his
method may give rise to artefacts due to over—correction.

Nilsson et al. [57] recently have developed an improved

method for airway artefact compensation based upon Risberg's

technique. Instead of detea’;‘ing the influence of the
airways by utilizing a siﬁ« g point, as Risberg does,

Nilsson et al. uses the fi¥ virty seconds to determine

" the airway artefact and then subtracts a weighted product of
an airway artefact template (respiratory air sampled at the

mouth) from the head curve.

3

2.2.5.2 Initial Slope Index

It has been noticed by several researchers [30,59,66]
that‘éttempts to comparg.fast compartment flow values with
the same patient over t;me have been cqmplicab@d by the fact

that the relative weight of the fast compartmént usually



changes also. Ilif% et al.;[BO]‘attémpted to explain this
phenomena by stating that(éhe fast flow compartgent is a
- physiological rather than an anatomical entity. That is;
-while the Zji;>flow values may increase over time, the

relative weight of ;the fast flow compartment may decrease,

B

signifying that a smaller proportion of the brain is sho&ing
fast flow characteristics. | " |

| Risbefg-et‘al. [66] cregted the initial slope index
VA(ISI)Mthéhriﬁ unaffected by the so-called compartmenﬁal
"slippage" and is minimally influenced by recirgulation.,

Risberg et al. reconstructed a curve from the biexponential

~

solution according to the formula’ B o
N,(t)‘= Ni(x)-exp(-k{'(t—x))-+ szx)‘exp(-ﬁ;-(t-x)) (2.22)
whére v ‘ ' ', s o | |
-N,(t) = total counting rate corrected for recirculation
~at any time t (minutes)®, -
,N1(x)‘= counting rate of the first compartment at the
start fit time, x, aﬁa |
O Nz (x) . counting rate of‘tﬁe-seégnd.compartment at the-
\start~fit‘time, X.
ki, kg, Ny(x) and N:(x) are SQiutions of Obrist's -
biexponentia{ analysis (ie. equation(2.21)f. The ISI is
- defined és the slope éonstantvof a ﬁonoexponential functionv
connecting the‘points at two-minutes gnd tﬁree-minutes of
'this curve, and is calculated according to tﬁe fgfmulé'

ISI = (1n N,(2) = In N,(3)):100. (2.2

4

The ISI is an-index 6f the blooqulow of all tissues
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recor@gd, but is highly dominated by the grey %%fter blood
flow';nd influenced very little by extracerebr;l cbmponents.
While it does not provide;a"quantitative value of blood

flow, it is used reqularly for compéring serial measurements:s

of the same patient.

1

2.2.5.3 Advantages and Disadvantages

'The '??Xenon inhalation method is widely used primarily
rdué to its atraumatic naZure and also because it is
technically simple to“administer. Howé&er, it has several
sources‘of contamination and as a result requires relatively
complex analysis algorithms. In agzgtion to thé-
disadvantages previously mentioned, the inhalation techni&ue
has two furthef limitations. Firstly, because of the manner
of administratibn of the isotope the success of th;s me thod
is dependent upon satisfactory‘pulmonary function of the
patient. Should the patient have a pathologic pulmonary
condition, some other means of détermining the arterial
isotope concentration is required or the method must be
discarded. The second limitation is one that the inhalation
method sharés with dthef-two—dimensional methods, and that
is, contributions»from very slowlf»clearing or ischemic
brain tissﬁe are inadequately.measured ‘'The extreme case of
‘low flow is‘ that of a braln infarct w1th no c1rculat10n.
1“Xenon does not enter such an area as there is no arterlal
1nflow. Hence such an infarct is completely overlooked. The

development of atraumatic tomographic three-dimensional

regional cerebral blood flow methods hopefully will
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circumvent these problems..
o . w )
'2.2.6 Intravenous '’°’Xenon Method

The Lnfra&enéus '??Xenon method shares the same
principles and complicating factors as the inhalation
method. The only major difference is thét in tHis method an
injection of approximately ten milliéuries of "*°ZXenon is
given‘as a bolus into a vein in the arm [69]. The algorithm
used to.calculate ggrebral'bloqd flow for the inhalation
method can also be used for the intravenous method.

The intravenous method suffers from the disadvantage
that, since a relat;vely large amount Qf xenon 1is excréted‘
via the lhngs before it reaches the bfafq, the count rates
at the head are 51gn1f1cantly reduced. On the other hand,
this method of *3*?Xenon admlnlstratlon is much 51mpler than~
inhalation, making the technique useful during neurosurgical
procedufeé where adminisﬁration of xenoh gas by way of the
“anaesthetlc machine may result in problems due to
anaesthetlc gds dllutlon. This technique is also useful in
the intensive care unit where lack of patlent co- operatlon
may make the inhalation method difficult. Due to count rate
limitations, use of this technique is often liﬁ%ted to the
measurement of total blgpd flow or to inter-ﬁemisphéric

PN

¢ompérisons [69].
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2.3 Three-Dimensional Methods

The two-dimensional methéas previously described are
widely used, and a certain regionality of cerebral blood
flow can be obtained particGlarly with regard to blood flow
in the cortex, waever, flow in a focai-area cannot be ~
édequately recorded with such methods. This is particularly
true for.low flow or ischemic areas where the small amount
of isotopifentering the area- is "hidden" behind fadiation
from.other parts within the field of wision. It is as if-one
'"1ooks through" the practically unlabelled infarct. Only a

,three-dimensional‘tomogragbdc,approéch can effectively avoid
N s g i

N Ly

%ﬁ?g@énomenon" [41]. Three= |

- the so-called "look‘th;w_ ‘

Wy v A
. P B [P

dimensional methods of measuring blood flow are still in the

early development stages. Atraumatic tomographic methods

that are-cupfently being developed are briefly mentioned

hérein,
" ,
The clearance method is based on using a rapidly

_6tating four-gamma camera system and single—photoﬁ émission

P%omography [31,41].'This method 6%§éa uses '??Xenon or

?55 '?7Xenon administered by inhalation or intrivgnous
.injection. Due to the neceséity for making repeated scans
wiﬁh a shprt interval, the counting rate'obtained is low.
Tﬁis fact, along with Comptoq scattering effects, limitskthe,
spatial resolution. An adaptation of ﬁhis method‘utilizes
positron emission tomography. The indicators used inhzgis‘
technique are diffusible positton—ehitting tracers‘sﬁch as

™ . .
’’Krypton, '®*Oxygen-labelled water, '*Flourine-antipyrine, N

.o | y
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CH,'*F, and ''C-labelled alcohols [62].
The continuous Inhalation method has used continuous
delivery of C‘562 gas which is converted to H;'*®*0 in the

1 o

lungs by carbonic anhydrasé [62]. The fechniQue relies upon

&
'

a continuous concentration gradién£~§f H,'*0 from blood to
tissue to maintain a steady-state tissue concentration of
H,'®0 that is directly related to cerebral blood flow. This
is maintained because new H,;'°®*0 is being contingously
delivered to the blood while radiocactive decay of '*Oxygen
(withye half-life of 2.1 minutes) and biological clearance
ié c6n£inually reducing tissue concentration of H2‘5Q. This
technique also utilizes positron emission technology.
At equilibrium, the amount ofﬁtrace; entering the

tissue per unit of time equals the loss per unit of time due 4
to decay plus the amount of tracer exiting from the tissue
by blood flow. Thus, W -

- 'F.Cc, = x;th+ F-X/V C (2.24)
where X is the recorded steady-state content of tracer in a
tiésue with volume V, F igxfhé blood flow to that tissue in
ml/min, C, is the afteria; concentration of tracer and A, 4
the. isotope's radioactive'decay constant 6§3n").f
RearranginQJA

F/V-C;

X/V = - c, | (2.25)
F/V + kd :

je’re C, is the tissue concentration of the tracer.

‘ Note that Ay is not a partition coefficient.
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Therefore,

| Ny A "
©F/V = : (2.26)
CI/Ct - 1 .

Thus, provided the steady state levels of C, and C¢ can be
measured, we can solve for the blood flow per unit volume of
tissue since Ay is a known constant [35] ’

The tissue tnapplng mode] 1is dlfflCUlt to 1mplement
because of the reqguirements pPlaced on the tracer [62] he’
~model assumes that the tracer delivered to the brain after
intravenous injection is extracted and retained by the
rlssue during the course of the experiment. While labelled
microspheres are sometimes used to approximate this model, a
more realistic (ie. non—océlusive) tracer is preferred That
is, the tracer ﬁust be trapped in the tissue by some process
- such as metabollc 1ncorporat10n selective tissue_binding,
or a chemical change of the compound while in the tissue
that does not allow clearance of the tracer back into the
blood The only non-occlusive tracer that has been
successfully used is '"*Nitrogen ammonia ('?NH,;). The
equation for this model is given by

' CBF = (F-C,)/C, ' (2.27)
where F is the flow rate in mlllllltres/mlnute of a Pump
used to w1thdraw blood at a fixed rate from a peripheral
artery, C, is rhe‘tissue ;oneentretion in uCi/g in region i
as measured'withlpbsitron emission tomography,'and Cs is tﬁe
total activity in uCi in the blood sample w1thdrawn with the

pump
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Various methods to measure blood flo% are also being
developed using nuclea/" magnetic r'esonance techniques [13].
These include (1) measuring the change in the effective
relaxation time Tz.and relating it to flow, (2) using a
field gradient along the direction of flow and measuring the
relative changes in phase of the pbrecessing proton employed,
-vand (3) using a two-coil System, measuring the tgan51t time
’of the magnetized protons flowing between the transmltter

and recelver coils,
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3. System Hardware

The microprocessor coptrolled cerebral blood flow
measuring system consists of two separate units. That is,
the Medimatic Inhamatic system and the microprocessor
system. Since most of the hardwafe‘components of these
systems are'commercialiy available; the‘su%sequent
descriptions in this chapfer will>be relatively brief.
Emphasis will be placed on the components @hich were
modified and on afeas which help the reader understand the

software development.

3.1 Inhamatic System

.The Inhamatic system is a multidetector system for
measurement of regional cerebral bloode flow using '**Xenon
clearance; This system includes thirty-fw possible
hemispheric detectors and associated electronics, and a
xenon administration system with an air cufve detector for
“inhalation studies. The Inhamatic sygtem'is also applicable
ﬁo intravehous and intra-arterial studies.

The Medimatic inhalationisystem-is housed in a moveable

: ey .
"main frame" which cop}ﬁing the complete system, inclusive
of the xenon administration system‘and electronics (figure
3.1). The detector suspension and the patient mask are
mounted on an adjustable lift at the front of the main
frame. This mékes it possible to egamine patients lying down

as well as sitting, and, if necessary, the detectors and *™*

mask can be positioned down over the patient's own bed. The

50
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Figure 3.1 System Block Diagram

mechanical dimeﬁsions of the main frame are 1.5 by 0.5
meters and 1.6 meters high. The systém reguires a line
supply of 110 volts'AC.

The measured data can be recorded directly on paper
tape or, alternatively, on floppy disk via the developed
‘microprocessor system. Medimatic! does supply an on-line
~version of the Inhamatic, which includes a Varian mini-

computer and a colour display, but the cost was considered



Plate 3.2 Microprocessor-based Cerebral Blood Flow System
(l~r) Inhamatic System, Microprocessor System with Tektronix
Hard Copy unit, Tektronix 4010 terminal.
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prohibitive. The hardware compénents of the microprocessor,
system can be purchased for under $7,000 [39].

‘k The measurement procedure initially 1nvolves f1111ng
the administration systgm with '?°Xenon at two to five
millicur;é§71itre. Using the adjustable lift, the detectors
are positioned correctly relative to the patient's scalp and
the mask is securely held over the patient's face. At the
outset thé'patient breathes room air Qntil a satisfactory
réspiratory pattern ig oStaiﬁed and while the system
heasures the background level of radiocactivity. The patient
is then switched to the re-breathing system, containing
'33%enon, for a period of one minute. Immediately after the
inhalation period, tﬁe system automatically switches the
patient back te room air and cqnﬁinues to collect data for
an additional nine minutes. Thefe 1s also a manual mode in
which the operator may collect data for any length of time.

(Refer to Appendix B for a detailed measuring procedur;.)

3.1.1 Detectors

Primary considerations in regards to selection of a
detector include: resolution, efficiency, energy of
radiation, counting rates, and size. Energy resolution of a
detector is its ability to distinguish between different

energy photons. Detector efficiency refers to the percentage

" A price guotation from Medlmatlc dated May 11, 1978
estimated the cost of the on-line expansion to be in excess
of $50,000.

* The Inhamatlc system was orlglnally purchased in November,
1977, for a total cost of approximately $46,800.
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of radioactive particles at a specified energy that will
interact with the detector rather than simply passing
through it., Most current cerebral blood flow systems utilize
scintillation detectors, although some are’using solid state
detectors, in particular cadmium telluride (CdTe) éetecto;s
[10,29,87].

A scinfillation detector consists of a drystal, usually
sodium iodide, connected to a photomultiplier. X or gamma
photons traversing the crystal interact with the crystal to
produce Compton electrons, photoelectrons or electron-
positron pairs. The energy of these charged particles is
absorbed by the crystal which produces small flashes of
ultraviolet light. These photons strike abphotocathode
xdbticélly coupled tobone side of the crystal, which ejects
low energy-photoelectrons. The number of electrons ejected
from the photocathode is proporﬁional to the energy of the
incident photoﬁ absorbed in the crystal. Use of a Thalium
impurity (0.1%) th the sodium iodide crystal . as a
wavelength shifte;‘ causing the crystal Qx WO or more ’
low’energy photons (visible light) instead of a single #g@
ultraviolet photon. Ultraviolet photons are not suitable )
since they are absorbed by most materials, even those
transparent to visible light,

The essential parts of the photomultiplier aré the
photocathode, ten dynodes, and an anode. The electrons which
are'ejected from the photocathode are attracted to the first

dynode, which is over 100 volts positive with‘respect to the
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Photocathode. These primary electroéns strike the first

dynode with sufficient velobcity to eject two or more

secondary electrons from the sdrface, These seconda
electrons in turn are accelefated to tﬁe second dynode,
wvhich is over 100 volts positive with respect to the fj st.
This procedure is continued throughout the arr €ément of
d}nodes until a multiplication factor of about one million
is attained by the time tﬁe ?inal anode is reached. The
negative output pulse is the input to the subsequent
aﬁplifier circuitry.

The Inhamatic system has the capability of using
thirty-two hemispheric detectors, although only sixteen are
bPresently in use. The detectors use 3/4 inch diameter by 3/4
inch thalium—activated sodium iodide (Nal(Tl))vcr§stals, and
3/4 inch by 1 inch collimators. The air detector uses a 3/4
inch diameter by 1 inch’'crystal with a built-in coppe;
spiral througﬁ which a sample of expired air.is'drawn.
Thicker crystalsyprovide more efficient light collection and
increase crystal efficiency. The air detector is completely
surrounded by a lead shield to minimize background
radiation. J o

The radioisotope used iimth%)inert gas '’’Xenon. It was -
selected primarily dué to its.sU§1ability, availability, and
reasonable cost. '?%Xenon emits a rather soft, elecfro—

magnetic radiation in the form of an 81 Kev primary gamma

ray and a 31 KeV X-ray, and has a half-life of 5.5 days.
.
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% 1.2 Electron1cs

The Inhamatic system contains a standard CAMAC crate
. ' “ . » ,’ : . /:’"
for mounting of the electronic modules. These modules

include four quadruple amplifiers,wiﬁh,built—in

discriminators, a'high voltage supply for the detectors, two
' SCA ratemeters (one for the air curve and Qnewfor a selected

head CUrue), a data acquisition and\ceunting~systembwith a

common discriminator level generator, and an interface

module for a ph'er tape punch or the microprocessor system.

3. :\;\:\;hpl1f1er Modules

The ampllfler modules contain four channels, each of

which consxsts of a charge sensitive preamplifier wmth

BN

variable gain, a pulse shaping c1rcu1t4,and;a lower level

discriminator. The discriminator uses a standard comparator,
s ‘ M

‘referencihg‘the input pulse to either an internal

i discriminaccr'level, which cah‘be varied ipdividually for

veach channei, or to a common discriminator level.‘The |
discciminator allows only those pulses to be counted which
are equal to or greater than the reference dlscrlmlnator

flevel (ie.’ 1nternal or common). In order to calibrate the
. . . $ . . .
channels, so that for’a'given test source of '*°Xenon each
1nd1v1dual egﬁrgy spectrum was the same, a common
\ \

dlscrlmlnator level was used “Each 1nd1v1dual gain was then

n

‘ ad]usted SO that the same number of counts with the same
‘energy- levels were recorded for each detector.
The common discriminator was set at a level which

4

"allowed'éni§ those radicactive particles with;energy levels
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of above approx1mately 50 KeV to be counted. ThlS level was
chosen for two reasons. F1rstly, the copper splral through

which the respired air is drawn effectively attenuates all
(ij*%he Xgradiation in the lower energy peak of 31 KeV. In order -
.. for the head detectors to measure radiation over the same

spectrum as the air detector, the common

-1scr1m1nator was
set at a level above the lower energy® (
Secondly, by setting~the-digériminatoff‘;bgi so that the
lower enérgy peak is ignored, the effect of Compton scatter
and extracerebral contamination is minimized. As mentioned
in the previous chapter, a greater portion of the 31 KeV
energy peak originat}s from the scalp and facial tissues
than that of the 81 KeV peak. Also, the particles which
?é§u1t from Comptbn scatter are. of lower énergy levels.‘The
prime disadvantage of settiﬁg the discriminator level to
eliminate the lower peak is the significant reductibn in

count rate. As a result, the amount of '?*Xenon administered

to the patient must be correspondingly increased.

3 1.2.2 High Voltage Module
e The hlgh voltage module is designed to supply

%,thirty—three detectors with a dc regulated voltage from 0 to

2000 volts. It also’limits the current to 20 milliamperes.
The hlgh voltage was adjusted to supply each detector with

1600 volts. -
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3.1.2.3 Ratemeter Modules

The SCA ratemeters proyide an analog output,of the air
curve and one head curve. The air curve ratemeter also
contains an amplifier circuit which is identical to the head

curve amplifiers. The heal curve rafemeter is able to

display any channel by means of a frong;panel selector.

3.1.2.4 éounting System ﬁodule

The function of the dataracquisition and counting
system is to accumulate count numbers for each of the
thirty-three ‘channels. At~ set 1ntervals of time the count
numbers are read out to‘the CAMAC bus The read—out of data
is controlled by the interface module, via the bus,

The pulses from the detectors and amplifier c1rcu1ts/
are fed into the input of the asynchronous ﬁuffer (see
flgure 3.3), wh1ch consists of thlrty three RS flip- flops, ’
Normally all thlrty three flip- flops are set, but if a pulse
arrlves to one of the inputs, the corresponding flip-flop
will be reset.,When the synchronous buffer,.consisting of
thirty-three D flip—flops; is clocked next, the information
of an arr1v1ng pulse will be transferred to the input of the
encoder. The address of the 1nput in question will appear at
the output of the eﬁcoder as a b1naryQ@oded number

This address is transferred to the sét decoder, and via
the address selector to the random access memory (RAM) In
the sef decoder the address is used to set the flip-flop
which had been reset by the arr1v1ng pulse. If two

flip-flops are reset 51multaneously the .address at the
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output of the encoder will be that with the hlghest channel

- number, The corresponding RS- flip-flop is then set and next

tL@e the synchronous buffer is clocked the address of the

A
other channel will arrive at the encoder output.

The information Of the count numbers for each channel
are stored in RAM. If a pulse arrives at a channel the
current count number for that channel w#ll appear at the

output of the RAM. This count number w1ll then be

i 1ncremented by the adder and the contents of the RAM are

!

eupdated with the new count number. The counting system can

be inhibited by 10wer1ng the signal DYMO from the interface

"module.

The interface module 1n1t1ates the read- out procedure
by ralslng the 51gnal RDDM. ThlS has the following effect in
the countlnggéystem
1. The address of the first channel which is to be read out

1s loaded into the address counter.
2: The address selector is

A
to the address counted

ttched from the encoder output

so the address of the first
-ch?nnel to be read ou N 1 appear at the address input

of the RAM Therefore the count number of this channel

+ oM

w1ll appear: et the output of the RAM.

3. The count number is clocked into the output buffer and

onto the bus. 7
4. The adder buffer is cleared and the null which thereby
appears at the output is written 1nto the RAM (ie,

clearlng the memor y).
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- 5. The address counter'is increménted to give the address
of the next 'channel to be read out.

6. Thé signal CABF goes high to signify.that the data is

| ready.

7. When the data has been successfully transmitted, the
rece1v1ng unit can raise the signal GCBF This has the
effect of repeatlng points two through five for each
subsequent channel. All channels except the first can
then be read out by letting the 51gnal GCBF go up and
down whlle RDDM remalns high.

8. When the data transmission is complete, the signal RDDM
goes low again,

It should be noted that before a measurement can be
started, the RAM must 'be cleared by readinb out ail the
channe;éf‘Also, the RAM uses 14-bit words which means: the
maximum counts per channel per sampling interval is 16,383,
The clock in the timing circuit runs at 7.14 MHz, and after
dividing this byw;ight, it prévides timing pulses at a
rffequehcy of 893 KHz. The maximum count rate per channel is

therefore approximately 10,000 countsuper'Second.

3.1.2.5 Interface Module : ’

."\

The interface module is the link between the data
acquisition anq counting system and the microprocessor
éystem. Its function is to collect the data from the bus and
transmit it at sget 1ntervals of tlme to the m1croprocessor
in sequentlal 8-bit bytes. The sample interval length is

‘selected by means of a switch on the front panel and can be
v &

e
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'’ The normag sample interval length is five seconds.
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of two, three, four, five, ten, twenty, or thirty second’
duration.’ ; | |
The sequence éf data transfer begins with the sample
interval length being read out. This is followed by the
first éir curve point and then data from channels 1 and 2.
After 1/16 sample interval, the next air~curvé point .is read
out, followed by data from channels 3 and 4. In this manner,

at the end of one sample period, each of the thirty-two head

curve channels and sixteen air curve data points have been .

transmitted. Thus, the effective sample interval for the air

curve is sixteen times faster than the selected sample

interval for the head curves. Each of the above data points

is transmitted in the form of  two byteé with odd parity, the

first of which is the most significant byte followed by the

least significant byte.

The procedure by which the interface module receives

"and transmits data is described as follows (see figure 3.4):

1. The data collection routine is initiated when the RUN
switch on the '®°Xenon administration system is bressed.
This raises the signal PUNCH ON which initiates the
timing circuitry in the interface module and raises the
signal DYMO.

2. The head address counter is cléarea ﬁnd the address for
the first channel is transfegred to the bus via the

,

address selector.

4

"~ 3. The signal RDDM is raised to request a data trags{er.

S AN

o

3

1]

o

g
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When the signal CABF goes high to signify that the
counting system has the data ready for transfer, the
data is stored into RAM. The signal RDDM then goes low,
followed by the signal CABF. The interface module does
not use the GCBF line. | .

The head address is then incremented to give the address

of the next channel to be transferred.

Steps 3 through 5 are repeated until all of the heéd
data for one sample interval is transferred to the RAM.
Meanwhile, if the punch ready (PR) lin® is high,
signifying éhe microprocessor is ready for dété
transfer, the output selector places the first byte of
the sample interval length (the most signifigant byte)
in the output buffer. \\\ Q

The punch instruction (PI) line  goes high indicating to
the microprocessor thét data is available (see figure
3.5).

Once the microprocessor has reéd the data, it lowers thé
signal PR, followed by the signal PI going low.

The output selector then placss’the least significant
byte in the output buffer. When the microprocessor
raises the signal PR again, steps 8 and 9 are repeated.
Subsequent dafa i§ transferred to the microprocessor in
the same handshaking manner. . T
The address selector transfers the air channel address %
to the bus, and the corresponding daté is requestea. The

. \
air curve data is then clocked into the output buffer,

o
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PR

PI

Aigy H i

Data ACCEPT
ACKMOWLEDGE - ---

Figure 3.5 Handshaking Protocol

via the air data buffer and output selector, one byte at
a time (as des;ribed in steps 7 through 10). A

12. This is followed by a transfer of channels 1 and 2 data
from the RAM to the output buffer.

13. After 1/16 sample interval, the next air curve data
point is transferred, followed by channels 3 and 4, and
so on. |

14. At the end of one sample period, the procedure is
repeated from-step 2.

The output pgrt of the interface module is a& standard

25-pin connector (see. figure 3.6).

3.1.3 '3%Xenon Administration System
The '?°’Xenon administration system consists of a

' 33Xenon fillinb system, a rebreathing system, and a
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133xenon charcoal trap. The rebreathing system is a closed
circuit, consisting of .a carbon dioxide absorbing filter, a
breathing bag, and a circulation fan (see figure 3.7). The
patient mask is connected to this system via two three-way
valves which are controlled by a timer. Air samples are
drawn eitpher from the mask or the air bag to the air
detector via another three-way valve which is controlled by
a switch on the front paﬁel. The entire system is shielded
with lead. (Refer to appendix B for a description of the

filling procedure.)

3.2 Microprocessor System

The microprocessor system consists of four Texas
"Instruments T™990 series microcomputer modules, twé Qume
flopp& disk drives, and either an ADDS Viewpoint terminal or
a Tektronix 4010 terminal. The TM930 single-board modules
include a 101MA microcomputer module, a 201 memory expansi?n
modﬁle, a 310 input/output expansion module, and a 303B
floppy disk controller module. The 350 1/0 expanéion module

is used for the communications port to an external computer.

3.2.1 Microcomputer

Thé micronmputer module uses as its central processing
unit (CPU) a Texas Instrument TMS‘99OO microprocessor. 1t is
a single-chip 16-bit microprocessor produced us g NMOS

technology. The TMS 9900 was chosen for this project

primarily because of its ava%lability and also for its
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16-bit word and context switching capabilities.

~3.2.1.1 System Structure

A 2
, g&he'major blocks, of the microcomputer system design are

Q&Eﬁmicroprocessor, the miscellaneous control signals,’

address decoding, on-board memory, the ClOcka%river, one

16-bit parallel I/0 pert, two serial I/0 ports, and the

-I?

‘'miscellaneoUs communicd¥ions regfsggr unit (CRU) devices

(figure 3.8). Functionally, these major blocks represent the

processing, mem&%y} and 1/0 portions of the microcomputer.

The System'clock is provided by the TIM 9904 clock
. Lo s
driver which produces four non-overlapping clock pulse

signals at a frequency of 3.0 MHz. Two clock cycles,
hg;eVer, are required for each machine state. Therefgre, the
effective clock frequépcy for comparing with other
microcomputers is actu;lly only 1.5 MHz [61].

Th% mggrocomputer éenters around five buses: power,
control; add?e;;, data, and CRU. The address bus consists of

16.line§,mA03tnﬁough‘A15. The least significant bit of this

-

.bus,” A15, is normally grounded since memory access deals

;‘wieh Jngit words. Therefore, sinCe A15 appears as zero,

Y. Coad ¢ . .
. words. are -fetched on even boundaries. Byte operations are

I3

hahdled by,fetching a 16-bit word, modifying the addressed

,pgteggandﬁ%ewﬁiting:thé»16—bit word back to memory if

v . ) :

;qg¢§§sa:9}”T9e data bus consists of 16 ,bidirectional lines

whicﬂéarefrouted from the microprocessor to memory and to

theﬂﬁféitéctional buffers for off-board use.

. Yok
E RN

€
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3.2.1.2 Microprocessor Architecéure

The TMS 9900 microprocéssor isgkesponsible for memory,
CRU and general bus contrOl;_instruction acquisition and
interpretation; timing of most ‘control signals and data; and

general system 1n1t1a;1zatlon The operat1on of the micro-

processor is'fair%%.straigntforward. There is no instruction

prefetch or pipelining.

A

The microprocessor contains three primary internal
hardware registers;vthe program'counter (PC), the status
registervKST), and the workspace pointer (WP). The program

counter contains the addreSS'of the instruction following

P ¥
‘the current 1Qstructlon being executed Thk status regﬁsﬂ’

contains a 4 bit 1nterrupt mask and seven processor ségtus

’bltS. The workspace p01nter,conta1n5’the address of the

’ B . ' -
first word in the currently active set of .workspace
H o u o ) LT
registers. c ' '

A workspace occuples sixteen contlguous 16-bit memory
words or reglsters in any general RAM area., Each workspace'“'

reglster:may hold data or addresses and fUﬂCthﬂ as _operang
) P . l "‘;b

.reglsters, aq%ygu&ators,gégﬁgfss reglsteQ§ or - 1ndex .

registers. During 1nstru@tlon execution, the processor

addresses any reglster in the workspace by adglng the"
register number to the contents of the workspace p01nter and
1n1t1at1ng a memory request for the word EER oot
The workspace concépt is” also valuable durlng
operatlons‘thaw‘require‘a cohtext switch,»such‘gs in

interrupt service routines, extended operationsg. of .© -

Py . - § o -
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subroutine calls. A context swltch defines @ new set of
workspace reglsters in'main memory. 1t a contextxswitch is
requested, the processor -fetches the new context- WP and PC
frof vector locatlons, in the case of interrupts or extended
operations, or from spec1f1ed memory locations, ‘in the case

of subroutlnes. Then' the’. -previous context WP, PC, and,ST

‘are stored 1n workspace reglsters 13, 14, and, 15,

respectlvely, of the new workspace Thus the 9900 can

'accompllsh a complete context sw1tch with only three Store

cycles aﬁd three fetch cycles and w1thout requiring the
contents 'of the workspace reglsters to be stored or stacked.

This is particularly su1ted to this spec1f1c application

_ 51nce there is exten51ve use of subroutines reguiring

context switches and interrupts., {

The TMS 9900 employs 16, 1nterrupt levels with the

hlghest pr1or1ty level 0 and the lowest level” 15. When the
@

mlcroprocessor receives. an interrupt" request (INTREQ) 1t
compares the 1nterrupt code (ICO through IC3) w1th &pe

1nterrupt mask contained in the status reglste When the

priority of the 1nterrupt 1s hrgher than or equal to the

:mask level the mlcroprocessor recognlzes the 1nterrupt

sets the mask level to one les than™ the current interrupt

number, and 1n1t1ates a cont, ;kgwntch Thus, only

‘1nterrupts of hlgher prlorlty are . oyed to. 1nterrupt a N

service routine. The microprocessor etches the new context

PC and WP from the Jnterrupt vector locatlons
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The TMS 9900 utiliaee a. command-driven I/0 interface
designated as the communications register uhith(CRU). The
CRU provides- up to 4096 addressable input'and‘output bits.
The 1/0 bits can be addressed individually or in fields of 1.
to 16 bits. The microprocessor uses the threi-EPU bus'lines"
(CRUIN, CRUOUT, CRUCLK) and 12 bits (A3 through a14) of the
address bus to interface with the CRU system.'The micro-
processor instructions that affect the CRU Caa set, reset;
or test any bit in the CRU array, orbmove data between .
memory and the CRU. o

A CRU b1t address is developed from the CRU base
address, contalned in, bits 3 through 14 in workspace
.register 12; and the signed—displacement count, contaiﬁed in

@gblts 8 through 15 of the instruction. The base address from

register 12 is added to the 51gned dlsplacement and the

3
«

@»

1/0 purppses, CRU operatTons also program the operation of

such dev1¢es as TMS 9901 and 99p2. : ‘ _ .

03.2.1.3 Programmable Systems Interface
oy . . K ’
The TMS 9901 programmable systems l'ferface (PSI)

provides interrupt-and I/O'ports,»and an interval timer. U@

» to'16 individually controlled, parallel I/0 ports are x

A
B

-

*available (seven dedicated, PO through P6) and hine
programmable, that is, they can be used as 1/0 ports‘or_

1nterrupt 1nputs) Power—up resets all I/0 ports to the

gt

& ;-

Qr

[¢]
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" input mode. Writing data to a port will switch {t to the
output mode. A reset bit on ‘the TMS 9901 can execute a
software reset of the I/O p;ns

~ The TMS 9901 is .used as the communication port with the
Inhamatic system. I/0 ports (PO through P12) are connected
directly to the external parallel I/0 port on the 101MA
microcomputer module which, in turn, ie connected to the:
interface module port»oh,the Inhamatic system via an‘8—meter
long cable (see figure 3.6). It is by means of the TMS 9901,
then, that the hicroprocessor can collect data from’ the
Inhamatic system and transmit control signals.

The TMS 9901 ?SI also acts as an interrupt interface
for the mlcroprocessor The 1nterruptlﬁiputs (six dedicated,
INT1:through INT6, and nine programmable) are sampled,
i‘.Med gud,.ANDed with the1r respectlve mask bits. The TMS

* .

9901 prlorltlzes ang- ihcodes the masked interrupts and iy

transmits a four bit" enqodlng of the hlghest prlorlty a

1nterrupt present (ICO through IC3) towﬁhe microprocessor.
/

‘ The INTREQ line is then held low. toﬁlndlcate to ghe m1cro—A
procgssor that an)lnterrupt is present. Each 1nterrupt 1ﬂbut
has a mask bit individually set or reset under software
control‘ Writing a oné to an interrupt~mask bitmwill enable
that 1nterrupt- wfltlng“a zero w1ll dlggble that 1nterrupt
When an 1nterrupt occurs, the 1nterrupt serv1ce-rout1ne
needs Eo,peSet.the_interrupt mask to avoid further

interrupts of that particular priority from occurring until

the service routine is completed, at which time the mask bit

AY

e
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can be set again.

Thé?e are, therefore, two levels of interrupt mashs
(one in the TMS 9901 and one in the microprocessdr). ﬁoth
masks must~be enabled for an interruptltolbe honoured. Note
that the condition of the mlcroprocessor s status reglster

o
pr10r1ty mask is irrelevant if the TMS 9901' 1nterrupt mask

is zero for a particular interrupt. Y 2

The micgoprocessor system uses seven of the sixteen

interrupt levels. Interrupt input level 6 is connected tp‘

~‘the Inhamatic punch ins%iuctibn line through an inverter.-:

When /the Inhamatic system raises the punch instruction .

signal signifying that data'is ready to be ikan:gi!;ed an
T eRad A *

1nterrupt occurs in the mlcroprocessor

icro-
processor initfatés ‘the 1nterrupt serv1e§_}g5f

proceeds ib coh&bct theh

PO through P7. The micro. ﬁ l.or then lowers the punch

ready-line (P8) to 519,

Wand sets the approprlate&h uk'bit in prepasation for the

Ynext 1nterrupt Originally, the interrupt 6 input was

connected to a edge-trlggered loglc circuit whlch would send

an interrupt to_the TMS 9901 upgn:q.iﬁang a Low-tOfHIGH

~transition. However problems with ‘@litches producing“faISe

interrupts obliged the authqgrto by- pass the: edge trlggerlng

c1rcu1t thus maklng interrupt 6 levei sensitive (as the

i

oth@rvugﬁgrrupt inputs. are) ‘When an 1nterrupt;on level 6
o;eﬁrs, the m1croprocessor, under software cpntrol can
subsequently test the 1nterrqpt input to €nsure that a valid

1

G



interrupt has, ‘indeed occurred o .
o i : E
The TMS 9901 also provides an. 1nternal clock Whlch can
‘be used as either an interval tlméé or an event tlmer. The\
\ '

clock is enabled to cause interrupts bﬁ wr1t1ng non-zero

value to it, and is then disabled by writing zero to it.

When the clock decrements down to zero, it lssues a level 3 SRR

interrupt. The decrementer, when it becomes zero, w1ll be -
'reloaded from the clock register and decrementlng will start
agaln. The clock decrements at a frequency equal to thevf .
system clock frequency divided by 64 (3 0 MHz/64 = 46875 ?g'
/'Hz). The mask°for level 3 i% the TMS 9901 must,be set so%;u-
that the microprocessor will see the clock interruﬁtf
The:microprotessor communicates with the TMS 990&~via:
the oommunlcatlons register unit (CRU) Tne TMS 99OH
occupies 32 b1ts of CRU input and od}ﬁmt Space. Bit zero is

iy

““$e control bit which determineg: if fhe TMS 9901 is in the
B

"interrupt mode (0) or the clock mode (1). The TMS. 9901 must
be in the clock mode in order‘for,a value to,be,loaded inte
the clock reg&ﬁter,'and it must be in thq inte t mode.for
the smask bits to be set or resetﬁand to alion interrupts"to
occur. Writipg a zero to bit 15 while in the clock mode

“executes a software reset of the 1/0 plns.

Several TMS 9901 devices may be cascaded to iﬁ%and I/O
and 1nterrupt capablllty simply by cgnnectlng all CRU and
address select llnes in paral%gl and prov1d1ng each device

w1th a unlqué chip enable 51gnal The 310 I/O expan51on

module does Just ‘that by cascadlng three TMS 9901's

E I 3 -
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ucase to ebmmunlcate wltﬁithe terminal.
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- tOgéther. This module thus provides 48 parallel I/O ports.

Thirty-two of these ports are used in communicating with the
VAX 11-750 computer.,
3.2.%.4 Asynchronous Communications Controller
‘ a

The TMS 9902 asynchronous communications'controller

(ACC) provides an interface between the microprocessor and a

~serial, asynchronous communications channel The ACC

performs the timing and data Serlallzatxgn'and deserlal—w
1zat10n functlons, facilitating microprocessor control of
the asynchronous channel The TMS 9902 is utilized in this
.

The TMS 9902 has f1ve ma1n subsectlons CRU interface,

tragﬁmitter sectlon recelver sectlon 1nterval timer and

il !

/interrupt sectlon The CRU is. the means by whlch the micro-

'processor communicates with the TMS 9902 The TM& 990?‘ o

occuples 32 bits of output CRU space, 23 of which"- are used -

2

by the mlcroprocessor to communicate command and control

1nformatlon to the ACC. It also occupies 32 bits of input

N

CRU space, which the microprocessor reads to sSense the

status of thq‘ ’
d ;2 accepts‘the EIA Standard RS- 232 C

_ terfaces to the pSynchronous commun1cat1ons‘
channel on five lines: request to send (RTS)%.data set ready
(DSR) clear to send (cTs), serial transmit out (XoUuT), and

serlal receive data (RIN). v . -

The TMS 9902 also generate an 1nterrupt to level ¢

3
gs

'when any of the follow1ng conditions o an5°

*
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1. DSR or CTS changes levels;

2. a character has been received and stqred in the Receive
Buffer Register; |

3. the Trahsmit Buffer Register is empty; or

4. the selected time interval has elapsed.

It is by means of these conditions and the interrupts that

result, that the TMS 9902, and thus the microprocessor, can

communicate asynchronously with the terminal.

~3,2.1.5 Memory
The TMS 9900 microprocessor can access up to 65,536 (or
64K) byteép%ffmemory space. This mic%oprocessor"systém
actually uses 20 kllobyteq of random access memory (RAM) and

32 kllobytegﬁ,gt 1nstruct10n code sprlead over 36 kilobytes gf

m‘-ﬁeéﬁ oniy membry CN@M); The 101MA microcomputer module ‘has

o~

‘on- board 8. &#@obytes of ROM, using four TMS 2716 erasable
programmab%ﬁrapM s EPROM) and 4 kilobytes of static RAM
using ekght @&S 2114 memories. The remainder of the memory
‘is prov1de3sby the 201 memory expansion module.

«She f}rst thlrty two words of memory are used for

¢nt¢g£¥St trap vectors, w1th the first word of each

fvzntengrpnﬁgtgzor being the new workspace pointer, and the

ecmn@ wqu}pging the program counter. The next contlguous
block eof thlrty two memory words is used by the extended

oper;ggon (X0P) 1nstructlon for trap vectors. The last two
remalnlng memory “words, FFFC‘S apd FFFE15, are used for the

trap vector of the LOAD 51gnal The LOAD 51gnal is acggated

by the RESET switch on the 101MA.m1crocomﬂ§;er board. The
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> temaining memory is then available for program instruction

code, data, and workspace registers.

3.2.2 Floppy Disk Drive

The microprocessor system utilizes two,Shooart SAB00
floppy disk drives that ose standard eight-inch floppy
dlSkS. A TM 990/303B disk controller module is used as the
1nterface between the microcomputer system and the disk
drives.,

The drsks are formatted in an IBM single~sidedf
51h§le~density track format. There are seventy-seven tracks
per disk w1th twenty six soft sectors per track. Each sector
~ has 128 bytes of data and therefore the capacity of the disk
is over 250 kilobytes. Each set, or sequence, ofvcolleeted
data requires four tracks. This allows nineteen data
sequeoces to be stored on a disk.

’%he 303B disk Lontroller consists of a local micro-

processor system whlch utilizes a TMS 9900 m1croprocessor a

'drlve 1nterface cOntalnlng a TMS 9901 programmable

v ! ;‘ .

5jsystems qnterfece,'a host system 1nterface and a read/write
controller.‘The host system 1nterface con51sts.éffa' . ;
communications register unit (CRU) and a direct memory
access (DMA) interface. The disc controller communicates
‘with the microcomputer system using the CRU for initial-
ization and DMA for commapd, ststus, and datk transfer.
Using the CRU, a 20-bit address rs‘oassed to the disk

. .
controller describing the location in the host memory of a
* Ryl .
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ten-word block called the command list. This command list
defines a command for the controller to execute. It is used
‘to trensfer command data to the controller, and return
status and error data to the host microcomputer. The
controller accesses the commana“iist via direct memory
access. It executes the command in the command list and
reports back completion status. The disk contteller*i_

indicates a command completion by geherating an interrupt to

level 7.

3.2.3; Terminals

The mlcroprocessor system has been designed to be able
to use one of two video display terminals: either an ADDS &8

Viewpoint or axTektronix 4010 terminal. The terminal serves

- -

‘ as the 1nterface between the user and the microprocessor

i i

<, 3 )
system It is used as the entry port for system commands and.

as a dlsplay ‘medium for the acquired and calculated data.

b

capable

- ;he ADDS Viewpoint is an inexpensive t
-of displaying alphanumeric characters. The ] Yy consists

of twenty-four lines of eighty clidracters each. The

characters can»be displayed with a visual attribute such, as

—-reverse video, blinking, half 1nten51ty, underlined, or

,..——

.various conflguratlons of these. The Viewpoint does not have
any graphics capabilities, although by using .the reverse

video attribute, data can be displayed in a horizontal bar *

graph format. R '

o

e - .
- A\
’ \s
< i ’
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i
B
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The Tektronix 4010 terminal is capableyof displaying
alphanumeric characters and graphically displaying data. It .”
has three modes of opération:'an alphanumerﬁc mode, a - F?V“,
graphic plot mode and a graphic input mode. The operating
modes are changed from one to another by issuing control
characters. In the.alphanumerics mode, the displéy screen
allows up to thirty-five lines with seventy;four characters
each. In the graphic plot mode, the 4010 uses 1024
addressable points in each-axis. However, only’780.of these .
points are visible in the vertical axis. Graphic plotting
information is sent from the microprocessor in a four byte
seqguence, containing high and low order y-axis coordinates
and high and low order x—aﬁis coord@nates. In the graphic
input mode the microproceésor can request information
concerning a cross-hair cursor coordinate location or the
alphanumeric cursor coordinafe location. The latté; is used
in this system to determine when the display is full sinée
the 4010 has no scrolling feature as thebyiewpointtterminal
does. )

There are several opefational differences between the
terminals‘which have requ{red software solutions (ie.
'scrol{}ng, graphics capability,;etc.); These will be
‘describéé, along with the solutions utilized,-in chapter

W
four.



. & System Software

The organizational structure of the software ef‘this
‘microprocessof system is based upon a data acquisition
System developed by Dr. Z. Koles of the Department of
Applied Sciences in Medicine. The intent of this chapter 1s'

to prov1de a brief overview of the software organization and

ewto descrlbe the major modifications that were made in .the

PR

de51gn and development of a cerebral blood flow measurlng q

‘system

All of the software was written in assembler languaqF'
with the aid of a Tektronix 80022 development System, TheE
Texas Instrument TM990 assembler language has avallable‘w\w
51xty—n1ne software instructions, These commands suppof@}?

Rf the common addressing modes, include some byte

v fens and access bit- addressable input/output space
The memory to- memory archltecture of the TMS 9900 micro-
processor permits operations to be performed on any word 1n

memory By. any.other word in memory.

4 @ -
By

4.1 Software Organizatien @

- The essential operatlon of this microprocessor system
is menu- drlven That is, a lggt or menu of commands is
available to the user from which he/she can control the.

umber and order of tasks that ' the system performs.’In order

for the system to be "user- frlendiy many of the commands

-

. respond with descrlptlve errog messages if prerequisite

-.tasks have not been perégrmed ‘ %
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At power-up, the microprocessor loads the worksoeoe
pointer and. program counter from'the first two words of
memory, and vectors to the beglnnlng of the main CONTROL
‘program. The 1n1t1allzatlon procedure clears several data
memory buffers, Loadswa block of program constants from ROM
to RAM initializes the Qr0grammﬁble systems 1nterface (TMS
9901) and the asynchronous communications controller ('TMS
990é), and waits for a two secoggfyarm—up perlod. The system
then issues. a prompt'character and enters a READY state
gaiting for’ incoming commands from the terhinal. The block
of prograh cohstants'(PCON) contains various system .
constents, flags, and variables as well as the disk command
Lists; Many of the words in this hemory biock are used as a
common communication link, or ?message‘board", between the
command subroutines. | V

When a command is received, it is compared with the *"
list of possible commands(and control is then given tn the

-
approprlate subroutine. If the received command is not in

the available command list, the systemaresponds with a
gquestion mark. When control is returned from the subroutine,
the system re-enters the READY state and awaits further
commands (see figure 4.1).

There are two modes of operation which divide the
commands into functional groups:. the data acquisition mode
and the analysis modeﬁ'This functional division was done to

empha51ze the separate rﬁﬁes each mode performs and to

n
ensure that the collected raw data has been stored on disk
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Figure 4.1 Basic System Task Flowchart
, A

prior to any analysis. Before entering the analysis mode,

Successful completion

the user must STORE the data on disk or RECALL it from disk
to the main memory. Also, the comiwand menu. overflowed the

scréeh of the Viewpoint terminal, and splitting the

operation into two modes'conveniently pro&ided two separéte
menus, one for each mode. The data.acquiSition hode is the
normal operating mode. ' .

ﬁbe'cqmmand menus are listed in tables 4.1 and 4.2.

These commands can be categorized into functional groups of



. Table 4.1 Data Acquisition Mode Command Menu f

A ’ ' .

-terminates uploading
Y S

’COMMAND DESCRIPTION FUNS%QON’
"; . ‘ Bl
DA n -initiates data acqulsltlon ~Data o
' (n=disk unit) 4 Acquisitien
BKGD -initiates background . |
measurement ' :
.DBKG - -displays background activity Data Display|~
C data _
DISPL £ 1 -displays data collected from
channels f to 1
. -
.FORMAT n -formats disk on unit n Disk"
FRESH - -clears data field on disk Management
unit n - '
STORE -stores collected data an dlSk
- » on unit n
RCALL n s -retrieves data sequence .§
o from disk on unit n e
LABEL n -labels disk on unit n /
- (termination //) :
HEADER n -labels disk on unit nr(flll
o . |in the blanks)
RLABEL n -reads label from dlsk‘@Q
) unit n 3
CLEAR -clears data buffer memory Memory -
DUMP xxxx -dumps a section of memory Management
. beginning .at xxxx, ' : !
'EXAMINE -dlsplays a specified memory
location
CHANGE ~allows a spec1f1ed memory
locatlon to be changed
ANALYSIS -enters analsis mode System
DSTAT -displays ‘system status Management
information
UPLOAD -initiates uploading
OFF
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Table 4.2 Analysis Mode Command Menu

~ COMMAND  DESCRIPTION : FUNCTION

B3 ) ‘ X
AIR v -calculates the air curve -|.Analysis
HEAD - -performs a two-~compartment o S
. CBF analy51s ot

\ ) -

CBF 4displays CBF analy51s resu ts Data Display
DBKG |¥-displays background activi y
o data et
DISPL f 1 -displays data collected from

channelsgf to 1

STORE —~stores CBF results on disk on Disk
unit n ’ . Management
o o . | ‘
END | | -returns system fo data System
acquisition mode . - | Management

/—

system manaéement, data a quisition, data display, disk
menagement memory managementd and analys1s. Through the use

of these commands the use* canDacqu1re and dlqu:f data,

store this data on a disk \ret leve it later fr the disk
back to ‘the memory,_analyze t \d-ﬁa, and display the

results. While the use of.several of the commands have

kY

pPrerequisite tasks, the sequence of tasks performed is :
largely up to the dlscretlon of the user. The“user may write
a label on the disk 1n elther an open, or fill-in~the~blank
type format (ie. LABEL and HEADER commands, respectively),

and, subsequently, read the label from the disk (ie. RLABEL

.-
L4
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. command). Memory management'commands allow the user to CLEAR

- data buffef) in. preparation for new data, and to.display any

L S

e

location of memory The user can also CHANGE any memory

,location in RAM, 1nclud1ng thelprogram constant area. The

UPLOAD command allows, the system to 1n1t1ate an uploading

‘procedure which transfers data from a disk te an external

computer (eg VAX 11-750).
The softwareée programs and subroutines Whlch support
these_commands can also‘be divided into functional groups

similar "*to that of the commamd menus. Some of these programs

"will be described in more detail later in this chapter,

)

«

4.1,1 Terminal Software Support

In order for the microprocessor system to be able to
sopport two terminals with different characteristicsw
several additions to the existing software we:e required.
While the Viewpoint terminal is a relatively simple terminal
to communicate with, the Tektronix‘4010 terminal, because of
its graphics capabilities, requires additional software
support.’ h

The means bvahich the microprocessor communicates with
either terminal are four communication driver routines.

These driver routines incorporate extended operations (X0P)

and an interrupt service routlne to provide an asynchronous

\

communications channel. Theyfirst XOP is used.to’ciear and

initialize the asynchronous communications controller. A

status XOP provides information concerning the current’
v o2 - )
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opetation (ie. read, write), the previous operation, and the -

. .
number of characters transmitted. The read and write XOP's

initiate their,respective operatioﬁ; while the interrupt \

asyﬁchronous transmission of characters. Thgse driver
routines are use¥ by the microprocessor to transmit and
receive cparaétefs with both terminal types. L

The Tektronikbtérminal aféo has several subroutines

4
which provide dedicated software support. These subroutines

are named: CURSSR, ERASE, IPLOT and SYMB. The CURSOR
subroutine returns the x and y screen coordinates of either
the alphanumerics cursor or the cross—héir cursor, depending

oh which ASCII'control characters it transmits to the

IS

terminal. Unlike the Viewpoint terminal, the Tektronix

terminal has no "scrolling" ability. Thérefore, whenever a

1 193

message is written to the ‘Tektronix screen, an integer value

is first placed -in a minimum row count memory word in the
program constant area (PCON + 204)'°, equal to the height of

the message in screen points (twenty-two points per line).
. .

Before writing the message, the system uses the subroutine
CURSOR to determine the present position of the alphanumeric
cursor. If there is sufficient room for the message, it is

transmitted; if there is not, the screen is first erased

s

using the subroutine ERASE, and then the messége is

transmitted. The ERASE subroutine erases the Tektronix

'° PCON is a label equal to the memory address of the first
word in the program constant area, and therefore PCON + 204
is equal to the memory address of the word starting at the
204th byte. ' :

D _ , , o ../
service routine (interrupt level 4) facilitates suNsequent\’

3
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screen by sending the ASCII ccntroI characters ESC and FF. A
time delay of .75 seconds is then required before trans-
mitring,further data,

The subroutine IPLOT is used tc plot points on the
Tektronix 4010 screen. IPLOT puts the terminal into the
graphics plot‘mode, plots the points, ahd then leaves ther
terq}nal in the alphaaumerics mode. The input buffer data
must be x and y screen point coordiﬁhtes. IPLOT converts
this data into a format accepted by the Tektronix terminai
(ie. high and low order'b;zes), and places it into an output
buffer before transmitting it. The input data can be of the
f§?h§2v§" Y4, Xz, yz,,.r., or of the form y,, yg, Ya,+..1 With

a constant—incrementing increase in the value of the x
coordinate (ie. X- STEP)

’ The subroutlne SYMB draws ASCII characters on the
Tektronix 4010 terminal. When this subroutlne is called,
workspace reglsrer 12 must contain the address of where the
particula$ ASCII character array begins. The first three
words of this array must contain the following information:
1. the number of ASCII characters, |
2. 'their size (in integer multiples of normal;character

size), and

3. their or1entat10n (in integer multiples of 45 degrees)
The x and y coordlnates of the lower left corner of the

| first character must also be glven in workspace registers 14

an '1SJ respectively. If the number of characters is a

n ive quantity, then the characters are centered at the x
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and yy coordlnates. . ,
" SYMB ‘uses two look-up tables to descr1he and plot each
‘character The flrst table, 3ﬁB1 1s used to access TABLE
which contains the X,y points that deflne the ASCII
characters. Each word in TABT spec1f1es the offset into
" TABLE and the number of’ x,y coordinate parts for that
particular ASCIT character. ‘Access into TAB1 is made by
u51ng the hexadecimal ASCII valu@“of the ché(acter SYMB
then acts upon these coordlnate palrs, accordlng to the size
and orlentatlon 1nformatlon glven and assembles the final
X,y coordinate, pairs in an. output. buffer. The subroutlne
" IPLOT is. then called to transmlt ‘and plot. these character
points to the terminal. ' 1 ‘\ A
| The microprocesso