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Abstract

The brain is a relatively poor nutrient storage organ and as such is greatly
dependent on an adequate and constant blood flow to remain viable. It is therefore
proposed that a technique for measuring cerebral blood flow (CBF) will constitute an
extremely useful tool in assessing the health state of the brain. This thesis reports the
development of a MR based, non invasive CBF measurement method. The technique is a

3 step process:
1. Introduce a certain amount of tracer into the brain

2. Monitor the kinetics of the tracer in the brain, namely the accumulation and
dissipation
3. Fit a theoretical model to the monitored result to measure CBF

Measurements were performed on Sprague-Dawley rats pre-treated with
Atropine™, anaesthetized with Na-Pentobarbital. Animal preparation was a 3 step
process. The first involved setting up mechanisms to monitor rat physiology during
experiments. The rats were placed on a heated water bag so as to maintain a constant
tympanic temperature of 38 * 0.5 °C. Temperature was monitored constantly throughout
the experiments using a thermocouple inserted into the animal’s ear. The rat was then
mechanically ventilated using a mixture of nitrogen and oxygen gases, with the
ventilation rate and volume adjusted so as to achieve the desired level of PaCO, and
PaO;,. Next, a tail artery was catheterized to enable blood sampling for determination of
the blood gas levels before and after each experiment as well as to allow blood pressure
monitoring. The 2" stage of animal preparation was the placement of the injection
catheter. A neck incision was made to expose the junction of the common carotid,
internal carotid and external carotid arteries. A gauge 24 Teflon catheter was then
inserted retrograde into the external carotid artery until its tip was positioned just before

the junction with the common and intemnal carotids. The 3™ stage of animal preparation



involved the placement of the MR surface coil. The skin and muscle were retracted from
the top of the rat's head and an approximately 1.5 cm diameter surface coil positioned
tightly against the skull. Once prepared the animal was inserted into a Bruker Biospec
7/21 MR scanner for *H spectral acquisition. After tuning and shimming, a series of 360
free induction decays (FID) were taken. The ?H labeled water indicator, usually 200
micro-liters, was injected as an instantaneous bolus at the beginning of the 15" FID. The
serial data acquisition procedure was repeated five times to yield 5 sets of data per rat.
The FID in the series was used to generate 360 “H spectra. The peak heights of the
spectra represent the relative amount of indicator in the brain at a particular time and a
plot versus time of this data constituted the indicator washin and washout curve for the

tracer.

The theoretical model fit to the washin and washout data was modified from the
Stimulus-Response theorem. The model enabled measurement of the fast CBF (fCBF)
and average CBF (aCBF) using the same indicator washin and washout curve: with the
fCBF utilizing the initial portion of the washout curve and the aCBF utilizing the area

under the entire curve.

The validity of the CBF measurement method developed was tested, by examining
its ability to track changes in CBF with changes in PaCO,. Experiments were conducted
in which PaCO, levels were purposefully altered to hypocarbia and hypercarbia by
adjusting ventilation rate and volume. CBF values obtained in these experiments
demonstrated the technique was able to track the anticipated changes in CBF with
changes in PaCQ,.

The reproducibility of the CBF measurement method developed was evaluated by

repetitive CBF measurements on the same animal at the same PaCO, level. It was found

that the method was qualitatively reproducible.

The CBF results obtained with the method developed were compared with values
published in the literature using other techniques. The developed quantitative CBF



method in this thesis, if not corrected for, yielded an average CBF for normal Sprague
Dawley rats of 73 ml/100g/min. This value is 37% lower than the average of all values
appearing in the literature (115 ml/100g/min). It is proposed that CBF underestimation is
due to indicator (used in the CBF method) not being freely diffusible and due to indicator
recirculation. A consequence of the indicator not being freely diffusible was that the rate
of indicator washout from the brain was slower than predicted by our model; hence CBF
was underestimated. A consequence of the indicator recirculation was that the rate of
indicator washout from the brain ‘appeared’ to be slower due to replenishment of

indicator that washed-out earlier but recirculated back to the brain.

Two methods were employed to eliminate the CBF underestimation due to the
indicator not being freely diffusible. The first was the extraction coefficient (E) method
that employed the concept of the capillary permeability surface area product of the
indicator (PS). In this method E was obtained by separating the brain into the
intravascular and extravascular space. E was the ratio of indicator extracted by the
extravascular to the total amount injected. The obtained E was then related to PS to assess
the degree of CBF underestimation. The second method employed deuterated alcohols
(ethanol, isopropanol, and t-butanol) as the indicators for the reason that they are more
freely diffusible than water. A dual indicator technique was employed where deuterated
water and deuterated alcohol were simultaneously introduced into the brain. Due to the
difference in the chemical shifts (CS) of the two, their respective washins and washouts
were simultaneously monitored; hence their respective CBFs were measured. The more
freely diffusible alcohol indicator resulted in a CBF that was larger. This enabled
assessing the degree of CBF underestimation due to the diffusion limitation of deuterated

water.

A convolution analysis was employed to account for CBF underestimation due to
indicator recirculation. This technique utilized an input function obtained from the

derivative of the washout curve and a point spread function from injecting an

vil



instantaneous bolus downstream of the brain while monitoring at the brain. This
technique was successful in delineating and removing indicator recirculation from the
CBF measurements. It was found that the diffusibility and recirculation corrected CBF
values agree with a gold standard from the literature.
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Chapter 1: Introduction

The in vivo measurement of fluid (blood, plasma) flow or mass flux is
based on the principles of tracer kinetics. Briefly, an indicator or tracer is
introduced into the subject’s vascular system and its accumulation and/or
dissipation as a function of time in the tissue/organ of interest is monitored. The
change in system indicator concentration with time is the result of fluid flowing
into and out of the system. As such, an appropriate theoretical kinetic model can
be fit to this data set to yield a best fit estimate of flow or flux. The form of the

theoretical model used in the fitting procedure will depend on a number of factors,

including:
1. the kinetic properties of the indicator
2. the manner in which the indicator is introduced into the subject's
vascular system
3. whether or not recirculation of indicator is significant
4. the protocol used to monitor the indicator

Three main classes of indicators exist:

1. vascular (non-diffusible) indicators, which remain in the vascular
bed

2. extracellular (hydrophilic) indicators, which can pass through the
capillary wall via water-filled pores but are nevertheless confined to

the extracellular space due to their inability to cross cell membranes



3. freely diffusible (lipophilic) indicators, which distribute throughout
the entire tissue/organ, quickly establishing equilibrium

The indicator is usually introduced into the subject in one of two ways, constant
infusion or bolus injection, the period over which the latter is carried out being
either instantaneous or extended.' The principles (e.g., the Stewart principle,? the
Fick principle’) underlying constant indicator infusion flow measurements are
simple and have been in use since the last century. Similarly, the Henniques-
Hamilton*” principle, the Bergner® principle, and the stimulus ~ response theorem
for bolus injection have also been known for quite some time. All of these
principles and theorems, which constitute the foundation of flow measurement in
biological systems, have been reviewed extensively in a monograph by N.A.
Lassen and W. Perl.” Using the constant infusion method, either the washin (ie.
build-up or accumulation) of the indicator in tissue or the washout (ie. clearance or
dissipation) following cessation of infusion is monitored. The rate at which a new
equilibrium is established will depend on flow. In the case of bolus injection,
indicator concentration in tissue will rise from an initial value of zero to some
maximum and then back down to a new baseline value. Flow is related to the ratio
of the amount of indicator injected to the area under this build-up curve. Since the
tracer kinetic principles are well established, the major task in any new flow
measurement will be to optimize their application to different clinical or

experimental environments.

~



A. A Field Driven by New Tools

Chapter 2 reviews in detail how cerebral blood flow (CBF) measurements
have developed over time. It will become apparent that the major advances in flow
measurements were driven by the development of new physical imagers and
spectrometers (i.e monitoring methods), such as single photon emission computed
tomography (SPECT), x-ray computed tomography (CT), positron emission
tomography (PET) and magnetic resonance (MR) imaging (MRI) and spectroscopy
(MRS). With the armrival of each new modality its strengths and limitations for
CBF measurement were tested. The testing usually concentrated on the
applicability of a particular flow principle, rather than on the capability of the
instrument, which tends to be well known. In the end, however, it is the capability
of the instrument that determines the unique modifications needed for the
application of the existing flow principles. For example, consider one very
important constraint of SPECT, its long image acquisition time. This constrains
one to employ indicators that behave as so-called ‘chemical microspheres’, which
can diffuse freely into the tissue of interest and remain in the tissue for a relatively
long period of time, (e.g., 2 hours). On the other hand, if the monitoring device is
an x-ray film, then the ideal flow measurement technique is autoradiography using
radioactive microspheres. Therefore it is fair to say that recent advances in flow
measurement have been driven by new monitoring tools, in an attempt to find

ways to utilize them in conjunction with existing tracer kinetic principles.



B. CBF is Critical to the Well Being of the Brain

The importance of CBF information can not be over emphasized. The brain
is a poor storage organ and it can neither store nutrients for metabolism nor
tolerate waste products. As such, a certain CBF level has to be maintained at all
times to keep the brain viable. The very critical dependence of the brain on CBF
can also be illustrated by the fact that this organ receives an unusually large
portion of cardiac output per tissue weight.

From the vantage point of cancer management, CBF information can be
useful in the diagnosis, treatment and post treatment follow-up of brain tumours.
For diagnosis, CBF may help to delineate lesions better through spatial blood flow
(BF) anomalies.? Prior to radiotherapy, CBF can be used to determine the state of
oxygenation of tumour cells, so that the most appropriate treatment regimes
(fractionation) can be chosen.” The importance of CBF applies equally well to
brain tumour chemotherapy, for the up-take of antineoplastic drugs into the tumour
is a function of CBF and other factors.'° For post-treatment follow-up, CBF can be
used to assess the cerebral vascular damage'"'>'? due to radiotherapy.

In so far as perfusion is concerned, the brain is a fairly simple organ to
model. To a first order approximation, it can be thought to consist of four major
arteries (two internal carotids and two vertebralis) and two major veins (the
internal jugulars), all in bilateral pairs. [n addition, the imaging modalities in use

today, such as CT, PET, SPECT and MR, are ideally suited for sampling the



indicator washin and/or washout data (required in CBF measurements) on the
brain. For example, in comparison to the abdomen, motion artifacts in head scans

can be minimized.

C. The Goal: To Develop a Clinical CBF Technique

We have set our goal to develop a non-invasive MR based CBF
measurement technique that can be used routinely as a procedure in brain tumour
management. We can achieve our proposed goal by accomplishing three tasks:

1. Develop a ‘non-invasive’, indicator based CBF technique in rats that
will allow us to investigate the fundamental principles on which it is
based. ‘Non-invasive’ will refer to the method used to sample the
washin/washout data. Injection of the indicator will be invasive, at

least initially, so as to allow us to study fundamental principles.

2. Formulate procedures to evaluate the accuracy and precision of the
technique.
3. Make the technique truly non-invasive for human usage, in

particular, the injection of indicator.

D.  Organization: Outline of the Thesis

The outline of the thesis, besides this introduction, is as follows:
a) Chapter 2 reviews the history of CBF measurements, past to present.
b) Chapter 3 formulates the theoretical basis of CBF measurement

using MR.



d)

g)

Chapter 4 consists of two parts; the first part summarizes a variety of
experiments undertaken in the development of our CBF
measurement protocol and the second part provides a practical
manual for the final protocol developed.

Chapter 5 presents CBF results obtained using the final protocol and
examines the experimental reproducibility of the protocol.

Chapters 6 and 7 study the accuracy of the CBF technique

Chapter 8 study the suitability of deuterated alcohols for accuracy
assessment of the CBF technique.

Finally, Chapter 9 summarizes the study and suggests the direction

for future research.
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Chapter 2: Review of CBF Research

A. Introduction

Indicator based techuiques have been employed to measure the blood flow
of numerous organs and tissues, with CBF being just one of the many applications.
A common characteristic of all indicator techniques is that the flow measurement
procedure can be described as a ‘three step’ procedure:

1. introduction of an indicator into the system of interest, (e.g., an

organ or tissue)

2. monitoring the time course accumulation and/or dissipation of the

indicator in the system and

3. applying a suitable mathematical model to the monitored data to

predict flow

Out of this simple ‘three step’ procedure, many blood flow measurement
methods have been developed, each differing in the way the three steps are carried
out. For example, step one can consist of bolus injection, or constant infusion,'
intravenous injection, intra-arterial injection, interstitial’ injection or inhalation.'

Furthermore, the indicators themselves can differ substantially, falling into
one of three distinct categories:

1. vascular indicators (remain in the vascular bed)



2. extracellular indicators (pass through the capillary walls by way of
water filled pores but are unable to cross the cell membranes and
hence are confined to the extracellular spaces)

3. freely diffusible indicators (cross cell membranes and distribute
throughout the entire tissue)

Examples of indicators used to measure CBF are given in Table 2.1. The
table also illustrates some of the variations in CBF measurement techniques which
have arisen from applying different methods for monitoring indicator build-up.

Further varnations in techniques developed to measure CBF have also
resulted from the third step. This is simply due to the fact that different
mathematical algorithms will be required for different types of indicators, different
kinds of monitoring techniques and different methods of introducing the indicators
into the organ of interest. Chapter 3 details this discussion.

B. CBF Measurement Methods

1. The Coming of Age of CBF Studies

Research into CBF determination assumed prominence when Kety and
Schmidt demonstrated that CBF can be measured quite conveniently using inert
gases, such as nitrous oxide, xenon, argon, etc.>* This monumental piece of work
provided a simple technique for global CBF measurement, as recognized by all
research groups. In my opinion the most important contribution of the work is in
the example it gives, on how an existing, well-known flow principle (the Fick

principle) can be modified for application to CBF measurement.’
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Table 2.1 Indicators and Monitoring Methods Used to

Measure CBF.

Type of Monitoring Method

Indicator

Geiger-Muller Tube, Gamma Camera,
Planar x-ray Film.

Argon®
N,O*
85K 18
133Xe’

Hydrogen Clearance via Platinum
Eletroodes

H,®

Autoradiography

131 Trifluoroiodomethane’
14C Jodoantipyrine'’

CT

Stable Xenon''

PET

H, 50!

Cl50 12
11C-radiopharmaceuticals®
I3N- radiopharmaceuticals®
18F- radiopharmaceuticals®

82Rb®

SPECT

1231.IMP"
123.HIPDM"
99mTc-HMPAO"
9mTc-ECD'®

2[_12017
19F-tracers
CFC-22"®

FC-23"

I9F-Blood Replacement™
Gadolinium DTPA?

11




2. Classification of CBF Measurement Methods

From a practical point of view, all CBF measurement methods can be
classified into either invasive or non-invasive groupings (with respect to the brain).
Among all methods, the most used invasive CBF method is autoradiography. This
CBF measurement method was developed by Landau and co-workers in 1955.” It
is applicable only to animal studies, as in using this technique, the brain has to be
cut into thin slices after infusion of a radioactive indicator. These slices are then
placed on a photographic film, the level of optical density (or darkening) being a
measure of the concentration of indicator and hence perfusion. This invasive
procedure has been used to provide information on the local blood perfusion rate
in the brain. The autoradiography method has contributed greatly to the
understanding of brain diseases, especially in the pathophysiology of cerebral
ischaemia,”>**?* cerebral metabolism and drug response” and neurological
function, efc.*

When used in humans, the minimum requirement of any CBF measurement
technique is non-invasiveness. Modern imaging modalities are therefore ideal
candidates for CBF studies. To date, all existing imaging modalities have been
investigated, or are being investigated, for their potential use in CBF measurement.
By far the most common clinical implementation of CBF measurement utilizes
single photon emission computed tomography (SPECT) with **™Tc derivatives
such as HMPAO and ECD?"23#3031323334 444 prior to the ®™Tc era with

iodinated amines such as '2°I IMP*3*637383940 Next on the list is positron emission

12



tomography (PET) with '*O-labeled tracers,*! 243459 followed by stable xenon
contrast computed tomography (CT) and iodinated contrast CT.}734%3%35! CBF
using magnetic resonance (MR) is currently a developing technique'”-'3%%%3-34-55:56
that has not seen wide spread clinical appucation. (See a later section on CBF
using MR for more details.) The following sections review in detail both the

invasive and the non-invasive CBF measurement methods.

a) Invasive CBF Measurement Methods

The two invasive CBF measurement methods most frequently used in
animals are autoradiography and hydrogen clearance. The autoradiographic
technique was developed by Landau et al. in 1955 using *'I-triflucroiodomethane
(*'I-CF31).” Since then, the indicator of choice for this technique has been '*C-
iodoantipyrine ("*C-IAP). This preference followed a study by Sakurade ez al.,'® in
which they discovered that '*C-IAP is less diffusion limited than '*'I-CF;l. Other
indicators used in the past’”® were shown to be inferior to '“C-IAP in diffusion

properties. The autoradiography technique assumes that:

1. the indicator used can be detected once introduced into the flow
system
2. the extraction of the indicator is tissue independent (including

diseased tissues)

3. the extraction coefficient (E) is the same for all flow rates
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Because of these assumptions an ideal autoradiographic indicator is one that is
initially freely diffusible, and upon reaching the tissue of interest is retained in
proportion to the perfusion rate of the tissue. To measure CBF after indicator
injection, the brain is cut into thin slices and placed on a photographic film. After
exposure and development the optical densities of the film are related to flow. To
summarize, the ‘three step’ procedure of the autoradiography technique are:

1. Introducing an amount of an indicator, by means of constant infusion
or bolus injection, into the brain. The indicator must be
radioisotopically labeled, extracted by the brain and retained in the
brain for a long period of time

2. Sampling the spatial distribution of the indicator retained by cutting
the brain into thin slices, and placing the slices on photographic film

3. Developing the exposed films and relating the optical density on the
films to relative regional CBF (rCBF)

Another invasive CBF method worth mentioning is the hydrogen clearance
method.* % Aukland® was the first to explore this technigue. In this method, one
relies on the fact that the quantity of hydrogen gas in tissue can be detected by
microelectrodes imbedded in a discrete fashion over a well-defined region of
interest.>?® The ‘three step’ procedure of the hydrogen clearance technique are:

1. Ventilating the subject with a mixture of hydrogen and other gases
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2. Detecting the hydrogen concentration in various locations of the
brain using implanted microelectrodes
3. Relating the local CBF (ICBF) to the hydrogen concentrations via
mathematical modeling
The difference between rCBF and ICBF is that the former refers to a spatial
location in the brain while the latter refers to a specific brain region, such as
frontal cortex.

b) Non-Invasive CBF Methods
Invasive techniques for the study of CBF in the brain have limitations. The

most obvi.. one is the fact that the relationship between CBF and human brain
diseases are studied indirectly through animal models. Unfortunately, findings
from the animal studies cannot always be extrapolated to humans, herein lies the
strength of non-invasive techniques.

(1) CBF Measurements Using CT

Since the earlier 80’s, the most investigated CBF CT technique used CT in
its dynamic mode.'"***3%** This was in order to monitor the build-up or clearance
of xenon in the brain. In CBF measurements, stable xenon (atomic number of 54)
was used as CT image contrast agent. lodinated contrast agents had been used

! With minor exceptions, the vast

previously but with only limited success.
majority of xenon enhanced dynamic CT based CBF techniques consisted of the
following ‘three step’ procedure:

1. Aecrating the subject with a mixture of stable xenon and air (oxygen)
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2. Acquiring three or more CT images during and/or after 4 to 6
minutes of xenon and air inhalation. Simultaneously sampling the
time course of end-tidal xenon concentration of the expired
Xenon/air mixture

3. Using the time dependent concentration of xenon in the brain and the
end-tidal xenon concentration in the Kety®' or the Kety and Schmidt*
equation to predict rCBF or CBF and A; or A for xenon (via
deconvolution or curve fitting). This technique assumes that the
arterial time course concentration of xenon, required in the Kety or
Kety and Schmidt equation, was proportional to the end-tidal time
course concentration.

The Kety equation provided a simultaneous estimation of regional CBF (rCBF)
and regional partition coefficients (A;), and the Kety and Schmidt equation
provided a global CBF and average partition coefficient (A). In CBF studies, A was
defined as the ratio of indicator concentration in tissue (the brain) to that in carrier
fluid (the blood), under steady-state equilibrium. Both the build-up and clearance
of xenon in brain tissue have been used for CBF estimation.

Compared to PET, a strength of the stable xenon CT technique was that the

measured CBF was more accurately linked to anatomy. Also, researchers have

demonstrated that the xenon CT technique could provide more accurate
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measurements of CBF in the low blood flow regions (such as white matter) of the
brain.*®

Although CT is capable of fast dynamic scanning, each scan delivers a
radiation dose of approximately 4 mSv,* resulting in either an unacceptably high
risk to the patient, or insufficient temporal resolution if fewer scans are used. The
xenon concentration used in the air mixture was around 35%, with higher xenon
concentrations often being associated with sedation and agitation.****** This factor

66.67 resulting in

limited the available CT contrast, and hence the signal to noise,
limited CBF accuracy.®®

Recently CBF measurements using stable xenon enhanced CT has been
gaining clinical acceptance, especially in cases of brain death, acute stroke,
occlusive vascular disease, etc.”® In these cases the xenon CT technique was
specially suited, due to its ability to measure low more CBF accurately (compared

to PET).

(2) CBF Measurements Using SPECT
(a) Introduction

The most common CBF study using SPECT is the non-invasive
autoradiographic technique.”” An obvious reason is in the longer imaging time
required for SPECT (autoradiography requires a minimum of one scan). The
tendency towards using the non-invasive autoradiographic technique imposed
strict requirements that the indicator used in SPECT behave more or less like a

chemical microsphere. Physical microspheres may not be used because of their
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potential invasiveness in blocking blood flow to the brain. At present the most
studied SPECT perfusion indicator is **™Tc-Bicisate (or ECD)'¢%*'* It has the
potential to replace *™Tc-HMPAQ'*?"242%323 which had superseded the '*I-
labeled amines (IMP)'3?¢*7383940 and (HIPDM).!*3>"! #™T¢ HMPAO is more
desirable than '2’I IMP because *™Tc is physically more desirable than '*I (for
example, ™Tc¢ has a shorter half life and therefore radiation dose to patient will
be less). ¥mTec HMPAO, however, has a number of short-comings. It is chemically
unstable” and its labeled metabolites demonstrate slow blood clearance.” *™Tc
ECD is a result of considerable effort in the search for a *"Tc¢ HM-PAO
replacement. *™Tc ECD has a rapid blood clearance,” slow washout from the
brain and insignificant intracerebral redistribution. Compared to **"Tc HM-PAO,
"Tc ECD appears to be more stable and has higher extraction fractions.”
Unfortunately, the one time promising non-invasive autoradiography SPECT
technique using **™Tc ECD (or earlier *"Tc HMPAO) is intrinsically incorrect,
due to the fact that the retention of the chemical microsphere is possible only
through metabolic conversion of the freely diffusible indicators into forms that are
stable and remain in the respective organs/tissues for a considerable amount of
time. The very dependence of this mechanism on metabolism results in violation
of the requirement that extraction of the microspheres be tissue (both healthy and
diseased tissue) independent and that the extraction coefficient be the same for all

flow rates. This is especially true when the technique is used to study diseased
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brain where tissues may not function normally (that is, diseased tissues may not
metabolize the injected tracer normally).

The non-invasive autoradiography based SPECT can be divided further into
qualitative SPECT and flow and/or rate constant SPECT.”

(b) Qualitative SPECT

Qualitative CBF using SPECT employs perfusion indexes for flow
assessment.”’° These perfusion indexes include:
l. fractional brain uptake (FBU) of indicator or uptake index (UIs)
2. normalized brain uptake (with respect to, for example, the
cerebellum tissue)
3. regional standardized values (SVs, standardized to the injected
activity and the acquisition time unit)
The ‘three step’ procedure in qualitative CBF using SPECT is as follow:
1. intravenous (bolus) injection of tracer
2. SPECT image acquisition and perfusion indexes determination (from
regions of interest (ROIs) in the image)
3. qualitative blood flow assessment using the perfusion indexes
obtained
An important topic of study for qualitative SPECT is to derive empirical

correlation methods for connecting the perfusion indexes to corresponding blood
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flow or flow rate constants. There are many examples of qualitative CBF
correlation investigations using both **"Tc HMPAO and *™Tc ECD.

In one such qualitative CBF correlation investigation using PmTc HMPAO,
Inugami et al. 77 correlated the normalized radioisotope distribution (uptake) of
#mTc¢ HMPAO in the brain (normalized to the cerebellum tissue) with rCBF
images obtained using PET and C'’O; inhalation. They employed a three
compartment kinetics model to describe **"Tc HMPAO in the brain (the so-called
linearization correction model).”® The three compartments were: (a). the lipophilic
tracer in the blood pool of the brain, (b). the lipophilic tracer inside the brain and
(c). the hydrophilic form retained in the brain. They found that the PmTe HMPAO
images were very similar to the PET-CBF images obtained the using C'°0,
inhalation, steady state method (see section on CBF using PET for more details)
for both the linearization corrected and uncorrected cases. The correlation
coefficient (r) for the corrected case was 0.93 and for the uncorrected 0.85, except
in high blood flow regions. Similarly, Yonekura et al.” correlated **"Tc HMPAO
SPECT images with rCBF images measured with a PET based, C'°O; inhalation
steady state method in patients with stenosis (using the three compartment model
for **™Tc HMPAO brain kinetics). In this clinical application, they had found that
although the SPECT technique could not provide absolute CBF values, it could,
through the use of a ‘linearization algorithm’ (lineanzation correction), provide a

better linear correlation between normalized pixel activity (uptake) and CBF. The



correlation coefficient (r) for the uptake and CBF was 0.901. It was also found that
the ‘linearization algorithm’ improved contrast between normal and ischemic
regions of the brain. In another study, Langen er al.*® correlated **™Tc HMPAO
SPECT images with CBF images measured with a PET based C"®0, inhalation
steady state method in patients with brain tumors. They too employed the three
compartment model for ™Tc HMPAO brain kinetics and found a significant
correlation between intracerebral distribution ratios (normalized tumor uptakes)
and CBF determined using the C'0, inhalation steady state method. As a final
example, Andersen ef al.®' correlated the uptake and retention of **"Tc HMPAO
with CBF image measured using a SPECT based '**Xe inhalation technique. They
found that the *>"Tc HMPAO CBF images agreed quite well with that of **Xe
CBF regardless of whether or not the ‘linearization algorithm’ (the three
compartment correction for >*"Tc HMPAO brain kinetics) was used.

In a qualitative CBF comelation investigation using *Tc ECD, Huglo ef
al.”® correlated regional brain **"Tc ECD standardized values (SVs), uptake
indexes (Uls) and asymmetry indexes (Als) to the corresponding rCBF, flow
indexes (FIs) and Als measured using '*>Xe inhalation SPECT. In this preliminary
study, they found highly significant correlations between: SV and CBF (1=0.47),
Ul(normalized to cerebellar lobes) and FI (=0.57), Ul(normalized to occipital
cortex) and FI (r=0.69). In another study, Yonekura et al.¥ correlated the uptakes

of ECT (which have been corrected using a permeability — surface area product
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(PS) model, see Chapter 6) with CBF images obtained by PET using 10,
inhalation steady-state. They found that the nonlinear relationship between **™Tc-
ECD uptakes and rCBF could be accounted for by using the PS correction.

(c) Flow and Rate Constant SPECT

The flow and rate constant SPECT CBF techniques measure absolute,
quantitative flow and/or rate constants directly, by employing tracer kinetic models
of flow. The '**Xe inhalation method is an example. It employs SPECT in the
dynamic mode and makes use of an indicator clearance model.** Dynamic '**Xe

SPECT is less common clinically for the following reasons:

1. It has poor spatial and temporal resolution’
2. It requires a dedicated SPECT scanner’®
3. Compared to ™ Tc it is less suitable for large depth (center of brain)

studies due to the softer radiation emitted by this radionuclide®
In spite of the above, dynamic '**Xe was sometimes used as a standard for SPECT
perfusion studies.”®® However, most flow and rate constant SPECT CBF
measurements have utilized **™Tc HMPAO or **™Tc¢ ECD.
In a ™ Tc HMPAO flow and rate constant CBF SPECT investigation,
conducted by Matsuda et al.* flow and rate constants were obtained using the

following ‘three step’ procedure:

1. intravenous bolus injection of **"Tc HMPAO (20 to 30 mCi)



2. simultaneous dynamic monitoring and sampling of ***Tc HMPAO
tissue concentration in the brain (using a ring-type SPECT scanner)
and in the arterial blood

3. employing a four compartment kinetic model to describe the brain
and using the arterial **"Tc HMPAO concentration information in a
convolution operation to predict flow.

The four compartment mTc HMPAO brain kinetic model consisted of: (a).
diffusible tracer in the blood, (b). non-diffusible tracer in the blood, (c). lipophilic
diffusible tracer in brain tissue, and, (d). hydrophilic nondiffusible tracer in brain
tissue. The absolute CBF value they obtained was 40 + 3 ml/100g/min for gray
matter and 23 + 1 ml/100g/min for white matter.

Pupi et al.*assessed the accuracy of " Tc¢ ECD flow and rate constants by
comparing them with results obtained using **"Tc-microspheres. In addition, they
compared the strengths and limitations of flow and rate constant versus qualitative
measurements. Their flow and rate constant ‘three step’ procedure consisted the
following:

. Performing an intravenous (antecubital vein) injection of a slow (~

15 s) bolus of **"Tc ECD
2. Acquiring a SPECT image and obtaining arterial blood tracer

concentration information. (While the SPECT image was being



acquired, 32 blood samples were taken from the radial artery to
establish time-activity curves of artery tracer concentration.)
3. Using the artery time activity information to obtain a DR(t) function
(fraction of the tracer that is diffusible across the blood brain barrier,
BBB) and using the tracer activity in the brain (obtained from
SPECT image) to obtain an influx constant K; (a constant which
related to CBF via a two-compartment model for the brain kinetics
of **"Tc-ECD).
The qualitative flow indexes were obtained from the SPECT image in the second
step of the above ‘three step’ procedure. The study demonstrated the possibility of
using **"T¢-ECD for CBF measurement. In addition, it questioned the reliability
of using qualitative CBF indexes, as their results indicated that FBU is neither

accurate nor precise.

(d) Recent Developments in SPECT Based
151 labeled IMP CBF Measurements

The '®I-labeled IMP CBF SPECT technique was superceded by *"Tc
HMPAO CBF SPECT for a number of reasons. Despite the fact that the first pass

extraction fraction and affinity in the brain for this tracer it, unfortunately:

1. has non negligible clearance from the brain (making it a less than
‘ideal, microsphere)86.87.88.89.90
2. has inferior imaging and dosimetry characteristics®'
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3. has a potential for inaccurate correlation of uptake of '*I-labeled

IMP in the brain and true CBF*>*
4. has the potential for redistribution of indicator in the brain over time
(again making it a less than ‘ideal’ microsphere) ®5**%°
Recently there has been renewed interest in '“l-labeled IMP CBF SPECT
research. This renewed interest was in part due to the development of a one-point
arterial sampling method,’® which greatly simplified the technique. Currently this
97.98

one point arterial sampling is being assessed and applied clinically.

(3) CBF Measurements Using PET
(a) Introduction

The distinction between SPECT and PET is that the former employs single
photon emitting nuclear isotopes while the latter employs positron emitters (i.e.
gamma versus beta nuclide decay followed by electron-positron annihilation). This
seemingly singular distinction between the PET and SPECT has far reaching
implications. The most important implication is the kind of indicator that one can
use. With PET, the most frequently used positron-emitting radionuclides are ''C,
3N, 150, '8F, and ®Rb. Since C, O and N are natural building components of
organic matter, PET is currently the only modality capable of simultaneous
measurement of CBF, blood volume (BV), oxygen extraction fraction, and oxygen
and glucose metabolism with detail and accuracy." Unfortunately such
capabilities carry a high monetary cost.*> As a result, if the goal is to study CBF

alone, after many compromises and arguments the end conclusion will be that
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SPECT is much more cost-effective than PET. Besides, PET installations are few
in number and only major research establishments have access to this technology.
The majority of the quantitative CBF with PET techniques were developed
in the 80’s and late 70’s. In all the techniques, the most common indicator was
BBQHA54647 in the form of gas™® (C"0, and °0,)'*'***'° and water®
(H,'°Q),!01.102.103.104.105.106.107.108 i js readily understood, as gas can be
introduced conveniently into the subject through inhalation and water is naturally
present in the body. Recent developments in the area of PET based quantitative
CBF techniques have focused on refining and improving the existing techniques.

(b) CBF Measurements Using PET
With all 1’0 gas CBF PET techniques, an underlying assumption was that

the >0, transfer from gas (CO- or O,) to H,O in the pulmonary alveolar capillaries
via carbonic anhydrase.'” Therefore, the C'°O, technique may be considered an
indirect H,'’O technique. The ‘three step’ procedure for the measurement of CBF
with '°0 gas PET, in many cases, resembles the ‘three step’ procedure of '**Xe

CBF with SPECT.

(i) 'O[Gas] CBF PET
In O gas CBF PET investigations, Frackowiak et al.' developed a
continuous steady-state C'°0, method for measuring CBF in humans. The
technique developed was subsequently treated by many research groups as a

practical CBF measurement standard — a standard for assessing other quantitative
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CBF techniques (such as the CBF with SPECT techm'ques).n'so The ‘three step’
procedure of the Frackowiak et al. method involved:
1. Introducing C'°0, into the subject continuously via inhalation
2. At indicator steady-state equilibrium, measuring the H,"°O activities
in the brain using PET and in the femoral artery using blood
sampling
3. Utilizing the two activities in a kinetic model, a model derived from
the Fick principle, to predict CBF. (See Chapter 3 for more details
on the Fick principle. The Fick principle was used to account for the
decay of 1°0,)
Using this method both gray matter CBF and white matter CBF were obtained,
with the measured gray matter CBF equal to 65 ml/100ml/min and the measured
white matter CBF equal to 21 ml/100ml/min. The CBF results they obtained
compared well with those measured by Kety and Schmidt' and Kety''® and
Lassen.''! The accuracy of this technique in measuring CBF has been assessed and
reported in a number of papers. Lammertsma ef al.''? and Rhodes er al.'"? found
the technique to be highly accurate. Assured of the technique’s accuracy, Ito et
al.'® applied it to the study of CBF in patients with cerebral tumors.
In another >0 gas CBF PET study, Huang et al.? developed a non invasive
autoradiographic bolus C'°0O, CBF method in humans. The ‘three step’ procedure

of this technique involved:
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1. Having the subject inhale a single breath of C'°0,, (again assuming
the °0, transfer from CO, to H,O in the pulmonary alveolar
capillaries via carbonic anhydrase)

2. Acquiring a sequence of five 2-min PET scans to determine brain
tracer activity and a series of 15 to 20 artery blood samples over 10
min; the later was used to obtain a time activity curve of artery
blood.

3. Employing the two tracer activities in a kinetic model {again derived
from the Fick principle of Chapter 3) to predict both gray matter and
white matter CBF

Using this method, Huang ef al. measured a value of 59 ml/100g/min for the gray

matter CBF and a value of 20 ml/100g/min for the white matter CBF.

(i) 'SO[Water] CBF PET

In °O water CBF PET investigations, Raichle et al.'®® developed a non
invasive autoradiographic H,'° O CBF PET technique in baboons. Furthermore,
they evaluated the accuracy of the technique by comparing the results to the CBF
obtained using residue detection of an internal carotid artery bolus injection. (See
Chapter 3 for more details on bolus injection and residual detection theory as well
as Chapter 4 on experimental internal carotid tracer bolus injection and residue
detection in rats using MRS.) The ‘three step’ procedure developed by Raichle er

al. was as follows:
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Performing an intravenous bolus injection of 5 ml H,'°O saline
Acquiring a 40 second PET scan (from 7 brain slices in a low
resolution mode) for brain tracer activity and drawing internal
carotid artery blood (ICA) samples at 5 second intervals to yield an
arterial time activity curve

Using the tracer activity of the ICA and the instantaneous local
radiotracer concentration of the PET scan in Kety’s tracer kinetic
equation®’ to predict CBF (numerically by means of interactive

parameter estimations)

They found that the CBF obtained using the non invasive autoradiographic PET

technique related well to the CBF measured by internal carotid bolus injection and

residue detection, with CBF (PET) = 0.90 CBF(Ref) + 4.

In another O water study, Jones et al'% developed a continuous

intravenous infusion of H,'°0 CBF PET technique. The ‘three step’ procedure

involved:

1.

Introducing H,'"°O into the subject continuously via intravenous
infusion (antecubital vein)

10 min into the intravenous infusion, acquiring PET scans of the
brain for 10 to 30 min and obtaining artery samples every 3 to 4 min.

The PET scans and the arterial blood samples were used to



determine the mean brain tissue concentration and the mean artery
activity
3. Employing a working tracer kinetic equation developed by
Subramanyam et al.'"™* to predict CBF
The CBF obtained, after correcting for underestimation due to the nonlinearity of
the kinetic model used and after correcting for the whole-brain recovery
coefficient, was 47-77 ml/100g/min.

(c) Recent Developments in PET CBF
Techniques

The above mentioned quantitative CBF PET techniques have undergone
refinements for over the past 10 years. For example, Nelson et al.'”' attempted to
make the sampling the of the arterial blood (an awkward and difficult task required
in all the above mentioned CBF PET techniques) less invasive. Their noninvasive
arterial monitoring was as follows:

[ Establishing a time dependent relationship between photon count
(measured using a scintillation probe) from the superior nght lung to
the arterial tracer concentration in humans using C'°O inhalation at
steady state (same blood concentration of 'O labeled carbon
monoxide for the whole body)

2. During the bolus H,°O CBF PET measurement, replacing the
arterial blood sampling by photon count from the superior right lung

(measured using the scintillation probe)



3. Relating the photon time activity curve from the lung to the artenial

time activity curve using the established relation.

Kanno et al.'® investigated the optimal scan time needed to achieve the
maximum signal-to-noise (S/N) for CBF measurements using the bolus H,°0 CBF
PET technique. In this investigation they performed dynamic (sequential) PET
scanning in subjects injected with a bolus of H,'°O and combined the dynamic
data into images corresponding to different scan spans. They found that the
maximum S/N ratio for CBF measurements was for scan durations of 90 and 120
seconds.

Finally, Berridge e al.'” attempted to correct for CBF underestimation
inherent with H,'°O (a tracer that is not entirely freely diffusible and hence does
not fully meet the requirements of the kinetic model used in CBF measurement). In
an animal (thesus monkey) study they compared CBF measured using [''C]butanol
to CBF measured using H,'’0 and had found that the average CBF from
['!C]butanol (53.1 ml/100g/min) was significantly higher than the average CBF
from H,'°O (44.4 ml/100g/min).

(4) CBF Measurements Using MR
(a) Introduction

MR is the most recent modality to be used in the study of CBF. Compared
to PET, MR has many advantages. For example, a unique feature of MR is that it

does not utilize ionizing radiation, and therefore is associated with low or no
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radiation risk to the subject. Another advantage of MR is in the kind of indicators
that can be used. MR indicators are divided into two groups, endogenous and

exogenous.

The endogenous indicator can be generated by manipulating MR pulse
sequences.''*''"'"*11? For example, one can selectively saturate the water in blood
at or near the internal carotid artery and as the saturated water flows into the brain
it can be detected and used to measure flow. In endogenous measurement of CBF
with MR, water has been the only tracer employed; (the protons of water possess
the highest MR signal available in all stable nuclei).

An exogenous indicator is injected into the subject in much the same way
as for SPECT and PET, except that stable (non radioactive) MR indicators are
much easier to handle. Using a stable indicator has many other advantages, one
being that the correction for radioactive decay is unnecessary, which simplifies
flow calculations. Another advantage is that the indicators need not be
manufactured on site using an expensive facility, as in the case of ’O CBF PET
techniques. Other attractive features of measuring CBF using an exogenous
indicator with MR include: 1. availability of scanners, 2. coupling of anatomy to
CBF and 3. superior temporal and spatial resolution.

In many of the exogenous MR CBF studies, labeled water indicators were
used, including: (a) °H MR using *H,0,'*** (b) 'H MR using H,'’0,'*° and (c)

O MR using O; or H,'’0."*"21312% A nuymber of research groups have
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employed "°F labeled compounds, such as: (a) ['°FJCFC-22 (or Freon-22), (b)
[FJFC-23 (Freon-23 or Trifluoromethane), (c) ['°FJhalothane, and (d)
others.'*!22%54123 |y another variation of the exogenous MR CBF studies, contrast
enhancement agents were used. In exogenous contrast enhanced MR, CBF was
studied indirectly (via image contrast enhancements) from relaxation and/or
magnetic susceptibility effects.-5122121:123.126.127.128.129.130.131

The following section reviews the above mentioned CBF MR techniques.
Additional information on the strengths and limitations of the different indicator
techniques can be found in a later section of this chapter: ‘The Development of

Deuterium MRS for CBF Measurement.’

(b) CBF MR Techniques
@) Endogenous Studies
In an animal (male Sprague-Dawley rats) study, Detre ef al.'* utilized
water in the blood (as an endogenous tracer) and 'H MR images of the brain to
estimate CBF. Their ‘three step’ procedure for CBF measurement consisted of:
1. Saturating blood water flowing to the brain in the neck region (using
a spin echo pulse sequence and spoiler gradients at the time of the
180° refocusing pulse'**)
2. Acquiring an MR brain image at indicator steady state (constant MR

signal following the initial signal reduction due to saturated blood

water exchange with non saturated brain water)
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3. Calculating CBF using: (a) the signal ratio from the saturated and the
non saturated image, (b) the T, (spin lattice relaxation rate) of blood
water, and (c) the brain-water partition coefficient (A, defined in
Chapter 5)

Using the above ‘three step’ procedure Detre et al. obtained an average CBF of
105 * 16 ml/100g/min in three rats under normocarbia. In addition, they found that
the technique was sensitive to increases in arterial PaCO,.

In another paper by the same research group, Williams, Detre, Leigh and
Koretsky''® performed a similar study in which the spin echo pluse spoiling
gradients in the neck region were replaced by a spin inversion at the same location
using the principles of adiabatic fast passage (see later in this chapter for more
detailed discussion). In the study the average CBF measured was 139 £ 19
ml/100g/min (in five rats). As in the previous approach, this technique was found
to be sensitive to PaCO, changes. Further more, the technique was found able to
detect anomalous regional perfusion.

Further research on using inverted arterial water spins as endogenous CBF
tracers had focused on accounting for factors which affect the accuracy of the

technique. For example, Zhang, Williams, Detre et al.,'** Zhang, Silva et al.'**

and
Silva, Zhang et al.'*® have investigated (and accounted for) the effect of

unintentional perturbation of tissue macromolecules in the brain volume.
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(ii)) Exogenous Studies
The exogenous tracers used in the CBF MR methods can be divided further
into MR signal indicators and MR contrast enhancement agents (contrast agents
for short). The MR contrast agents can enhance MR image contrast via magnetic

susceptibility and/or relaxation effects.

(a) CBF Using Exogenous
MR Signal Indicators

In most of the MR signal indicator based CBF techniques either *H labeled
water (*H,O or deuterated water) or '°F labeled compounds have been used. Using
deuterated water, Corbett, Laptook and Olivares'’” measured CBF in new bomn

piglets via °H MR spectroscopy (MRS). The ‘three step’ procedure of this study

included:
1. Employing an intracarotid bolus injection of deuterated water
2. Immediately following the injection, obtaining an in vivo *H residue
time course MR spectrum
3. Using the *H rate of clearance of deuterated water to calculate CBF.

(The rate was obtained by fitting the residue time course with a two-
compartment in-series flow model, with the second compartment
representing indicator recirculation)

They found that CBF values determined using this technique were highly

reproducible.



In another study, Detre, Subramanian e? al.’* measured CBF in cat brain

using slow (15 to 20 seconds) bolus ’H MRS and MR imaging (MRI). Their ‘three

step’ procedure consisted of:

1.

Performing a 1 ml slow bolus, bilateral intracarotid deuterated saline
injection

At the completion of the injection, acquiring a time course “H
spectrum for 20 minutes (using a two-turn, 2.5 x 3 cm’ elliptical
surface coil double-tuned to the 'H and *H resonance frequencies) or
a series of 16 images in 4 minutes (using the same surface coil and a
gradient-echo pulse sequence with a 0.3 x 0.3 x 1 cm® nominal voxel
size)

In the case of MRS CBF measurements, fitting a biexponential decay
curve (representing a fast compartment and a slow compartment to
describe the kinetics of the indicator in the brain) model to the time
course “H spectra data (using a least squares fitting method). In the
case of CBF with MRI, fitting a monoexponential decay curve
(representing a single compartment description of the kinetics of
indicator in the brain) model to the time course image intensities at

every pixel location

They found that, in the case of CBF with MRS, CBF increased directly with

PaCO; and the values were in good agreement with a number of papers in the
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literature. In the case of CBF with MRI, H images obtained using a unilateral

slow bolus injection differ from bilateral slow bolus injection *H images in terms

of image intensity distribution. Furthermore, the average CBF (for the bilateral

slow bolus injection case, averaging over the entire image) at a PaCO, = 37 mmHg

was 70 ml/100g/min and at a PaCO, = 21 mmHg was 48 ml/100g/min.

In a "F labeled compound study, Ewing, Branch, Helpern er a

1138

measured CBF in cats with '’F MRS, using Freon-22 as an indicator. The ‘three

step’ procedure of this method was as follows:

l.

Ventilating the animal with a gas mixture of 50 % O, 45 % Freon-
22 and 5 % N, (for CBF measurement at normocapnia) or a gas
mixture of 50 % O,, 45 % Freon-22 and 5 % CO, (for CBF
measurement at hypercapnia) for 6 minutes

Acquiring a series of '’F MR FIDs (at ~ 12 second interval) during
the build-up and clearance of Freon-22 in the brain using a surface
coil. At the same time, acquiring a series of '°’F FIDs (at the same
interval) for the arterial blood (using a 6 turn solenoid coil, with the
blood from a femoral artery running through the axis of the solenoid
and returning to the animal via a femoral vein)

Using an arterial input function (arterial time course curve, derived
from the arterial blood FIDs) and the brain indicator concentration

curve (derived from the brain FIDs) in the Kety equation (with gray
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and white matter compartments)®’ to estimate the gray and white
matter CBF as well as the Freon-22 gray and white matter partition
coefficients. (The estimation employed a maximum likelihood curve
fitting technique.)
They found that the fast (gray matter) flow in cats at normocapnia was 50 + 19
ml/100g/min and at hypercapnia was 83 * 32 ml/100g/min.

In another '°F labeled compound study using the above technique, Ewing,
Branch, Fagan et al.'’ measured CBF with '’F MR, using Fluorocarbon-23
(Trifluoromethane, FC-23, or Freon-23), in place of Freon-22 in the previous
study. At normocapnia, the measured fast (gray matter) flow was 70 + 15
ml/100g/min. The FC-23 toxicity was also investigated by the same research group
in a separate paper.”* Two findings of this paper were: (a) FC-23 could be suitable
for animal studies and, (b) before FC-23 can be used in humans, its toxicity needs
to be studied further.

The technique of using FC-23 as an indicator was later modified to measure
CBF with low resolution '°’F MRI. In a technical note, Branch, Helpern, Ewing
and Welch'®® replaced the brain '’F MR FID acquisitons (of the second step
above) with a time series of '°’F FLASH (gradient field echo) images. In addition,
they replaced the time course 'F MR FIDs of the blood from femoral artery with a
doped semiconductor oscillator that detected the FC-23 concentration in expired

air. Using an arterial FC-23 time course curve (derived from the end-tidal estimate
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of FC-23 in the expired air) and a FC-23 brain clearance curve (obtained from the
time course signal intensities of a pixel in the images) in a single compartment
Kety equation, they calculated CBF at each pixel location. In this study, the rate of
image acquisition was 67.5 seconds per image and the nominal voxel size used
was 1 x 1 x 2 cm’. Typically, 6 to 8 voxels were obtained in a cat brain, giving 6
to 8 regional CBF values ranging from 12 ml/100g/min to 125 mi/100g/min in one
rat. In another paper, they applied the same technique®® to study atraumatic
cerebral perfusion in cats.

In a similar manner Pekar, Ligeti et al.'* measured CBF with '’F MRI
using CHF; as a freely diffusible gas indicator. In this study, '°F brain images were
acquired at a rate of 33 seconds each, with a nominal voxel size of 0.7 x 0.7 x 0.8
cm’. A mass spectrometer (UTI instruments Model 100 C) was used to monitor the
time concentration of CHF; in the expired air. Two CBF values were obtained for
each experiment, one from the build-up of CHF; in the brain and the other from
the clearance, again using the Kety equation for CBF modeling.

In still another study Van Zijl, Ligeti er al.'®

measured CBF using
volumetric-selective '°’F MRS. A major difference between this method and the
above CBF '"’F MRS studies was that a STEAM'*! (Stimulated Echo Acquisition

Mode) pulse sequence was used for the serial '°F spectral acquisitions of the brain.

The STEAM method enabled the selection of a volume in the brain for MRS.
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Therefore the method was able to elimination MR signal from the skin and other

extra-cranial tissues.

(b) CBF Measurements
Using Exogenous MR
Contrast Agents

The MR contrast agents used to measure CBF have been mostly non-
diffusible (intra-vascular) tracers that do not cross the blood brain barrier (BBB).
Quantitative CBF with MR using intra-vascular agents is still in the development
stage. Imitially, attention was focused on developing a kinetic model that can
relate, indirectly, the intravascular transit of the agents to CBF (a tissue perfusion).
(Recall that a kinetic model was also needed in most of the CBF SPECT
techniques, except that this kinetic model was used to describe the process of
tracer metabolic conversion leading to retention, redistribution, etc. of the tracer in
the brain.) Because CBF is studied indirectly, the accuracy of quantitative tissue
perfusion using the intra-vascular agents is model dependent. (The accuracy
depends on the exactness of the model that describes the actual kinetics).”® In
addition, the accuracy is also contrast agent dependent. For example, Gore and

142 have shown that superparamagnetic iron oxide particles could be a

Majumdar
difficult agent to use as a blood flow marker (because the in vivo effectiveness of
this indicator is tissues dependent).

More recently, development has focused on using fast MRI sequences to

track the intravascular transit of Gd-DTPA dynamically.’>'?"*"!4> This allows
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one to obtain the intravascular mean transit time (MTT = cerebral blood volume

divided by tissue flow and therefore CBF.

() CBF Using 0, or H,'’0
as Exogenous MR Tracer

70 is a stable isotope of oxygen with intrinsic spin 5/2. 'O in the form of a
gas (”02) or water (H2170) can be used as an MR signal indicator or contrast
agent. It can be considered a contrast agent because it can enhance water proton
(‘H) T, relaxation rates through its scalar-coupled interactions. '’

Using H,'’0 as an MR signal indicator, Pekar, Ligeti er al."*' measured
CBF for a 0.8 ml voxel in the cat brain using '’O MRI. The ‘three step’ procedure
of this technique was as follows:

1.  Performing an arterial bolus injection of H,'’O enriched saline (0.15

ml at 35% H,'O via the lingual artery)

2. Acquiring an '’O MR image using a surface coil (at a rate of 22

seconds per image)

3. Fitting a monoexponential decay curve to the washout of H,'’O to

predict CBF. (See Chapter 3 for more details.)

In 5 cats at normocarbia (PaCO; in the range of 35 to 42 mmHg) the CBF was

measured to be 39 + 12 ml/100g/min.
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Using H,'’O as a contrast agent, Kwong, Hopkins, Belliveau et al.'?

measured CBF in dogs with dynamic 'H MR imaging. The ‘three step’ procedure

of this study was as follows:
1. Injecting a bolus of 2 to 3 ml of saline or H,'’O enriched saline (at
45% H,'’0) at the external carotid artery, alternately. The ordinary
saline injection was used for acquiring sham images
2. Acquiring consecutive 'H MR images at a rate of one image per
every 2 seconds (using an echo planar pulse sequence)
3. To calculate CBF, dividing the cortical region of the images into 1.2

x 1.2 x 1.5 cm’ voxels, calculating a time curve of relative difference
(AR2(t)) between tissue T, rates with H;'’O and tissue T, rates with
the sham, fitting a monoexponential decay function to the washout
phase of the AR2(t) curve to predict voxel CBF (see Chapter 3 for
more on CBF using a single compartment model).
They obtained, at normocapnia and hypocapnia, CBF values of 72 * 1
ml/100g/min and 29 + | mV/100g/min.

It is fair to say that CBF using MR is still in its experimental stage. (For
example, many studies were performed in animal.) The successful application of
CBF measurement using MR in the clinical environment is pending the
establishment of a ‘preferred’ technique, and quantification of its precision and

accuracy.
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C. Overview

In summarizing the review, one can see that over the years many indicator
based techniques have been developed for quantifying CBF. All of these
techniques are based on the ‘three step’ procedure mentioned previcusly. In the
immediate future, the clinical application of CBF measurements, in all likelihood,
will center on the continued utilization of SPECT. This is due to the fact that
SPECT 1s readily accessible and relatively low cost. As for PET, it will always
play a significant role due to its unique capabilities of providing simultaneous
metabolic and pathophysological information. PET will continue to set the stage
for new metabolite and functional applications of emission tomography while
SPECT will translate the techniques developed with PET into the clinic.

Contrast in CT images is from attenuation (photoelectric effect and
compton scattering) of x-rays by electrons in the subject. Because the underlying
principles of image formation are relatively simple a thorough investigation of the
usefulness CT in CBF measurement has been possible. MR on the other hand is
the most complicated modality that can be used in CBF measurements. Besides the
intrinsic vanations of signal and contrast on parameters such as T, T, T,*, and
pulse sequence used, etc., one also has to consider which MR nucleus to use.
Because of this MR can be said to have the greatest potential but still requires a

great deal more study.



It is obvious that a lot of effort has been invested into finding out whether
or not it is possible to use each of the above mentioned imaging modalities for
measuring CBF. In the end, all modalities reviewed have been shown capable of
measuring CBF. Nevertheless there still exists a gap between feasibility and
clinical applicability for all the modalities. The clinical relevance of CBF
measurement can be increased substantially if more attention is given to assessing
the accuracy and precision and the strengths and weaknesses of the CBF
techniques. It is very difficult to comprehend the usefulness of a CBF method, in
relation to patient management, when such aspects remain undetermined.
Therefore, one way to enhance the clinical potential of CBF measurement will be
to understand the fundamental precision and accuracy achievable with CBF
techniques. This thesis will emphasize the development of a CBF measurement
technique which can be assessed for precision and accuracy at a very fundamental
level.

D. The Development of Deuterium MRS for CBF Measurement

The following is a justification of the major components of the MR based
CBF measurement technique developed in this thesis.

1. Selecting the Sampling Method

Recall the two categories of sampling methods: invasive and non-invasive.
In this study, a strict requirement was that the sampling technique be non-invasive

because our goal is to eventually apply it to humans. Also, it eventually has to
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allow for measurement of regional CBF. Recall the non-invasive indicator

monitoring methods include: 1. PET, 2. SPECT, 3. CT and 4. MR.

Figure 2.1: 2H MR Image of a Bottle of *H,0

The MR method was selected for the following reasons:

1.

2.

MR was the only non-ionizing method among the four

PET was not widely available; as such, clinical application of CBF
measurement using PET is limited to those major centers having
PET facilities

The strengths and limitations of the CT technique are well

understood. A problem with the CT technique is the amount of
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radiation required for acquiring an image. This amount depends on
the spatial resolution (image pixel size) and image signal-to-noise
ratio (SNR). A higher resolution (smaller pixel size) or a larger SNR
image requires a greater amount of radiation. In dynamic CBF
techniques the washin and washout of indicator in the brain are
monitored continuously and the number of images needed per CBF
measurement can be large (for good temporal resolution). Under
dynamic CBF measurement condition the application of CT is
limited

4. An advantage of SPECT based CBF techniques is the potential
connection of CBF measured to physiology. On the other hand the
techniques allow less connection of the CBF measured to anatomy.
In addition, image acquisition time is longer and indicators used in
the CBF measurements are radioactive

MR Spectroscopy was selected over imaging because:

l. It allows better temporal resolution

2. It provides better SNR

3. The data is easier to model and interpret

Eventually spectroscopy based sampling of the indicator will be replaced with
imaging, thereby making possible regional CBF measurements. Progress to date in

using MRI has consisted of’
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1. Acquisition of ’H MR images of a bottle of deuterated water using
various pulse sequences. (See Figure 2.1 for an example)

2. With a flow phantom assembly (presented in Figure 2.2), a gradient
field echo (GFE) pulse sequence (a FLASH derivative) was used to
acquire dynamic 'H MR images of the time course accumulation and

dissipation of an indicator. The steps in these experiments were as

follows:
i. Setup a flow of water through the phantom at a rate of 2 to 10
ml/min

ii. Acquire 12 'H MR images, 22 seconds apart (image
acquisition time was approximately 12 seconds per image)
iii.  After the acquisition of the first image, inject a bolus of *H,0
upstream
Figure 2.3 presents a typical experimental result, where image brightness (a
measure of indicator concentration) averaged of all pixels is plotted as a function
of time. Evidently the MR signal suppression by *H,O injection was measurable.

Theoretically this washin/washout data can be utilized to predict flow.
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Figure 2.2: Phantom Flow Assembly for MR Imaging

plastic vial filled with water

/
':“:“' / ( :.m;:

Magnet
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Figure 2.3: Dynamic '"H MR Images (upper) of the Phantom in Figure 2.2 and
Image Intensity as a Function of Time (lower).
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2. Selecting the Indicator

Recall that MR indicators can be classified as endogenous and exogenous.
The endogenous indicator involves, for example, labeling the protons of the water
in blood. The water protons are labeled magnetically either using adiabatic fast
passage'*'*’ or other spin saturation methods.’"!!6}17H8132134146.147 1y ppe
adiabatic fast passage, a constant radio frequency (rf) field is applied to an existing
magnetic gradient that is along the direction of flow, usually near the entrance to
the brain (ie. internal carotid). When water molecules pass through the f field, the
proton spins are inverted. As the inverted spins enter the brain the MR signal is
reduced proportional to the number of inverted spins that enter the tissue. Since
the number of inverted spins that enter the tissue is proportional to blood flow,
blood flow can be estimated from the MR signal reduction. Others have used a
simple method that employs a multi-slice-multi-echo (MSME) sequence with a
spoiling rf pulse. In this method only two slices are selected: one at the level of the
neck and the other at the brain where perfusion is to be measured. The slice at the
neck serves to saturate the spins in water using a 90 degree pulse and a spoiling
pulse. As the saturated spins enter the brain, MR signal is reduced (similar to that
of the adiabatic fast passage technique).

The use of exogenous indicators involves compounds that possess nuclei
with gyromagnetic ratios less than that of the proton’s. Some of these indicators
include various '°F-labelled'®'®2%**121381490 anq [2H]labelled®*** compounds.

Also included in the exogenous indicator group are compounds that are
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paramagnetic or superparamagnetic>, such as Gd-DTPA,'*'* other paramagnetic

21.127,129.130,148,149,150.151 142,152

lanthanide chelates and iron oxide particles.

a) Indicator Criteria

The indicator selection criteria included:

1. simple mathematical modeling

2. minimal perturbation of the system to be measured
3. good signal to noise

b) Strengths and weaknesses of the endogenous proton
indicator

Endogenous indicators are good physiologically but the results are difficult
to interpret. The main reason is in the relaxation of the saturated spin as a function
of time, which is intricately related to many variables (temperature, flow,
molecular electronic environment). On the other hand this type of indicator
disturbs the blood flow system the least. In spite of its minimum disturbance to the
CBF of the system, the indogenous indicator for CBF measurement can be more
complicated to model.

c)  Strengths and Weaknesses of the '°F Techniques

The strength of the '°F MR techniques is this large gyromagnetic ratio (y) of
19F second only to the proton (y=0.94 of proton).'** Unfortunately many of the '°F
compounds (such as various types of freon) cause physiological disturbances
(including changes in blood flow and toxicity effects) in the subject.>* The '’F MR

based CBF method was considered unsuitable for this reason.
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d) Strengths and Weaknesses of the Paramagnetic
Indicators

Gadolinium-DTPA is routinely employed in clinical imaging as a MR
contrast agent. Gadolinium-DTPA is a relaxation agent, which reduces the in vivo
relaxation time constants T, and T,, with T, reduction proportionally greater than
T,. Depending on the kind of pulse sequence employed, the MR signal can either
be increased or decreased. The alteration of MR signal provides a means of CBF
estimation. In fact, any compound that can enhance T, and/or T, relaxation
constitutes an indicator for the measurement of CBF using MR. For example,
Kwong and colleagues have utilized H,'’O as MR contrast for CBF

129 because H,'’O can selectively reduce T,. With respect to the goal

measurements
of the study this type of indicator is unsuitable as modeling the induced T, and T,
relaxation as a function of time is complicated.

e) Strengths and Weaknesses of the >H Techniques

The *H MR technique has a low signal sensitivity (due to its relatively
small gyromagnetic ratio). The relative MR detection sensitivity of “H is only
0.00965 or approximately 1%'* of 'H. Nevertheless *H as water is extremely
attractive as a flow indicator, for the obvious reason that deuterated water exists
naturally in the body and physically as well as chemically behaves very much like
ordinary water. Therefore it will perturb the system to be measured only minimally
provided concentrations are kept low enough. By employing a surface coil and

MRS (instead of MRI) it is possible to use only a small amount of deuterated
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water in the form of a bolus and still achieve the SNR required for estimating
CBF. Also, as an indicator, the MR signal properties of the 2H.O (or more
precisely *HOH) indicator does not change over time. (This is not the case with
saturated water where the degree of saturation is a decaying function of T,.) Due
to its MR signal stability and chemical simplicity, the use of 2H,O as an indicator
allows quantitative assessment of the accuracy and precision of the CBF methods
at a very fundamental level. For these reasons, *H,O is the indicator of choice for
this CBF study.

3. Selecting the Injection Method

The mathematical model used in CBF calculations depends both on the type
of indicator employed and on the manner in which it is introduced into the system
being measured. The following techniques have been utilized:

. . 11,23,54,
1. inhalation'!->346!

2. intra-tissue injection'>
3. intra-arterial injection:

a. intra-carotid’>'%%!%

b. renal and aortic burification'”’
4. intra-venous injection:

a.  femoral vein'*®

b.  antecubital vein'®

c. percutaneous vein'®



It impressed us that the success or failure of the accuracy and
reproductibility assessment of the CBF measurement depended critically on the
number of variables introduced into the technique. More variables entail more
associated uncertainties that can propagate into the accuracy and reproducibility
results obtained, making the assessment less meaningful. In conclusion, ’H MRS
using deuterated water as indicator and injecting the indicator instantaneously into
the brain of the subject is the most suitable procedure for the proposed
investigation. However, this injection site can result in damage to the brain.
Instead, an instantaneous internal carotid artery bolus injection technique was
developed (see Chapter 4 for details), the site being as close as physically possible
to the brain without actually injecting into brain tissues. Constant infusion was not
utilized so as to minimize indicator recirculation and prolonged system
perturbations.

Note that the injection method is invasive. At this stage an invasive
injection method is acceptable, for the goal of the study is to examine some of the
fundamentals of indicator based blood flow methods. It is therefore recognize that,
if the technique is to be applied to humans, then the injection site will have to be
moved to a peripheral blood vessel.

4. Selecting the Mathematical Model

The mathematical models for the CBF measurements were pre-determined by

the sampling and indicator injection methods chosen. Chapter 3 discusses in detail
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the models used. Briefly, the mathematical models utilized are applications of the
so-called stimulus — response theorem. These applications of the theorem, under
the assumption of instantaneous intra-arterial bolus injection enable simultaneous
measurements of the so-called fast CBF and average CBF. (See Chapter 5 for

details.)
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Chapter 3: The Theory of Indicator Based Flow Measurement

A. Introduction

The theory of indicator based flow measurement has as its foundation four
major principles and a stimulus—tesponse theorem. The principles have been
attributed to: 1. Stewart,' 2. Fick,? 3. Bergner’ and 4. Henriques-Hamilton.** The
theorem was developed by Perl (see section C for details). The Stewart and Fick
principles apply to a system that has a single input and a single output. The
Bergner principle applies to a system that has one input but multiple outputs. The
Henriques-Hamilton principle assumes a system that has multiple inputs and a
single output. The stimulus—response theorem utilizes bolus injection and residue
detection.® All of these principles/theorem are well understood and have been
reviewed by Lassen and Perl.® An in vivo flow system usually consists of multiple
inputs and multiple outputs. In flow measurements, such a system is generally
treated as two sub-systems connected together—a multiple input, single output
system in tandem with a single input, multiple output system.

B.  The Flow Principles
1. The Stewart Principle

Figure 3.1 shows a single input-single output system where both the
Stewart and the Fick principles can be used. In using the Stewart principle’ to

measure the flow F of the system one injects in a continuous fashion an indicator
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with concentration c¢;, [g/mL] at a flow rate of F;, [mL/s] at the input. In this

situation the influx of indicator j;; into the system is

Jo=F, xc [ g/s] Eq. 3.1)

Figure 3.1: A Simple Input and Output System

AI80000~

The concentration of indicator in the system increases during the injection untl it
eventually reaches an asymptote, or constant level c,,. Given c_,, the outflux of

indicator j,, from the system is

.joul =(F+En)xcom [ g / S] . EQ' (3'2)

If the inflow of indicator satisfies the condition F, << F, then

jou! EF‘xcoul. [ g / S] Eq' (33)
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Jout 1S €qual to j;, when the systemic steady state is reached. Combining Egs. (3.1)

and (3.3) we have

Fxcou:. =F:n XCh
or

F=F, xS Eq. 3.4)

In other words, if: 1. disturbance of the system is small (e.g., F;, << F) and 2. the

system returns to a steady state, the flow F of the system is equal to £, times the

indicator concentration dilution factor, ¢ /c,,,.

Figure 3.2: Application of Fick Principle to a Simple Input
and Output System

SRR
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2. The Fick Principle

The Stewart principle can be utilized to determine tissue/organ flow only
when two requirements are satisfied: the first is an absence of indicator
recirculation and second is that indicator dissipation is due to flow alone. If the
former is not satisfied, indicator recirculation needs to be accounted for; if the
latter is not satisfied (due to up-take or metabolism), the Fick principle is used.
Utilization of the Fick principle? is more or less the same as that of Stewart
principle. The main difference between these two principles is in the behavior of
the indicator employed. For example, if oxygen gas is used as indicator, then the
amount of oxygen introduced will be reduced by tissue/organ metabolism.
Assuming the indicator is disappearing at a flux rate of J, then under the systemic
steady state, the flux of indicator into the system is
Eq. (3.5)

FC, =J+FC

out

where F is the system flow, C;, the inflowing indicator (or systematic substance,
hence uppercase C is used) concentration and C,, the outflowing indicator (or

systematic substance) concentration. Rearranging Eq. (3.5) we have

Ferd Eq. (3.6)

Eq. (3.6) was used by Fick to determine cardiac output.?
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3. The Henriques-Hamilton (H-H) Principle
The Henriques-Hamilton (H-H) principle®’ is used to calculate the flow of a

system having more than one input but a single output. Figure 3.3 displays the
basic configuration of the system and the technique for flow measurements using
the H-H principle. In Figure 3.3 a bolus of indicator m, is introduced into the
system at time ¢ = 0. At time ¢ > 0 the injected indicator washes out of the system.

The amount of indicator leaving the system in a time interval d¢ about the time ¢ is

dm,, =c,, (1)dV, Eq. (3.8)

Figure 3.3: A System with Multiple Input and Single Output

Indicator Bolus
m.
F.
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where ¢, (?) is the indicator concentration at time f and 4} the volume of indicator
carrier fluid that flows out of the system in time interval di. Because dV is also the

product of the system flow F and the time interval dt, Eq. (3.8) can be written as

dm,, =F xc,,(t)dt Eq. (3.9)

or

@«

m, = [dm, =Fx [c,(t)dt Eq. (3.10)

out
allt =0

Therefore by rearranging Eq. (3.10) we have

F="" Eq. (3.11)

TC‘““ (r)dt
=0

That is, by using the H-H principle, the flow F through the system is equal to this
amount of indicator m, injected into the system divided by the area under the

indicator concentration curve at the output.
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Figure 3.4: A System with Single Input and Multiple Qutput

~ITITET0~

Indicator
Bolus m.

4. The Bergner Principle

The Bergner Principle? is applicable to a system with one input and more
than one output. Figure 3.4 displays the basic configuration of the system and
technique for flow measurement using this principle. For flow measurement in

such a system one must first define a fraction D, as

D::—I", Eq. (3.12
F q. (3.12)

where F, is the rate the carrier fluid is flowing out of the system at the ntt outlet.

An alternative interpretation of D, is
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D, =" Eq. (3.13)

n
ma

where m, is the amount of indicator that will flow out of the system via outlet n,
given sufficient time. Using arguments similar to those involved in the

development of Egs. (3.9) to (3.11) one arrives at the the Bergner principle

dm, = F, xc,(1)dt Eq. (3.14)

Similar to Eq. (3.13) dm,, is the amount of indicator flowing out of the system via
the nt outlet during the time interval dt about time /. Integrating over time, the

amount of indicator m,, flowing out via the nh outlet is

m, = [ dm, =F,x [c, (o)t Eq. (3.15)
=0

allt

Rearranging Eq. (3.15) we have

F=st _opF=_tMm_ Eq. (3.16a)
fe.nyar [e (o)
=0 t=0

The right hand side (r.h.s.) of Eq. (3.16a) gives

F=" Eq. (3.16b)
J' c,(t)dt
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The significance of Eq. (3.16b) is that in the system flow F can be calculated using
the amount (m,) of indicator injected divided by the area under the concentration
curve of any one of the outlets.

C. Application of the Stimulus — Response Theorem
1. Introduction to a Closed System

Let us consider a system with neither input nor output (that is, a closed
system). We define V; to be the ‘virtual’ volume of distribution [in mL) for a
particular indicator, with respect to (w.r.t.) the closed system that has a physical
volume V. This term ‘virtual’ is necessary because V; need not be equal to the
physical volume. This is because within a closed system there may be locations
where the indicator is present in high concentration while others where the
concentration is low or even zero. We define also:

l. W, the mass of the closed system [in g], including the medium (for

example the carrier fluid) which allows the distribution of indicator,

2. m,, the amount of indicator introduced into the system [in either mL

or g],

¢, the concentration of indicator in the carrier fluid [in amount/mL],

(93]

4. ¢, the concentration of indicator in the tissue [in amount/g], and
5. A, (partition coefficient) = c/c, the ratio of indicator concentration
in tissue to that in carrier fluid [in mL/g] at equilibrium.

According to 5, A can also be written as
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:f’hz#—:—“’-[ml/mg] Eq. (3.17)

The parameters V3, W and m, defined above apply equally to a multiple
input and muitiple output system. (A multiple input and multiple output system
can be visualized as connecting the closed system to multiple inputs and multiple
outputs.) In the closed system, if given long enough, indicator distribution will
achieve an equilibrium state; as such ¢, and ¢, as well as A will be defined by Eq.
(3.17). If the indicator equilibrium can be established instantly, the ¢, c. and A can
also be defined for the multiple input and multiple output system. In practice,
indicator equilibrium in the multiple input and multiple output system need only
be ‘instantaneous’ with respect to flow.

2. CBF Measurement Using Residue Detection and
Instantaneous Bolus Injection

Consider a continuous, constant infusion of an indicator into a system that
has one inlet and multiple outlets (for example, Figure 3.4). After a sufficiently
long time the concentration of indicator in the system (such as the brain) reaches a
steady state concentration c(o0), the indicator concentration at the inlet. Under this
condition

v, = () - Residue . Eq. (3.18)
¢(o) Inlet concentration
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Where m(wx) is the residue indicator in V; after sufficient time of constant indicator
infusion. Let j(«) = F x ¢(o0) be indicator flux at the inlet under steady state
concentration, then

5___: mx) _ n.t(oo) _ Residue. Eq. (3.19)
F Fx¢®») j(o) Flux

For such a system, the Stimulus — Response theorem’ states that the ratio of two
parameters x and y in a continuous infusion experiment at full saturation equals
the ratio of the complete time integrals of the same paramelters in a bolus injection

experiment. Mathematically the theorem can be expressed as

Constant infusion Bolus Injection

m() jom(l )dt . jom(l )dt

: = = Eq. (3.20)
J() I ()t m,

Where m, is the total amount of indicator injected. If m, can be injected so that the
trailing indicator arrived at the system before the washout of the leading indicator,
then the Zierler’s Area — Over~Height® equation for the instantaneous bolus

injection experiment can be used.
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[LO% . [ me)ar

m m

o max

where my,,, is the maximum amount of indicator ever detected in the system. Thus

V, _m) _ [ meyde ) [ meyde

- Eq. (3.21
Fj®  m m. e G2

using Eqs. (3.19) and (3.20). In other words the Zierler’s equation requires that the
entire amount of indicator introduced be in the system during the determination of
Mpax. In addition, if the indictor can be measured with the same efficiency at all
time (such as would be the case with a stationary MR surface coil), then the

residue detection with instantaneous bolus injection can be expressed as

E_IS(’)"‘
F S

max

Eq. (3.22)

.

where S(7) is the MR signal recorded at a time .

That is

_Vd xS,
[ S(yar
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Using the expression of Eq. (3.17) for Vy

AxW xS
F=—pF— %2 Eq. (3.23
IS(t)dI q-(3-23)

The unit of tissue perfusion (f) is given in [mL/min] per unit mass [g] of tissue. As

such

F  AxS§
=—= mas | Eq. (3.24
4 w J'S(t)dt q- (3-24)

By convention CBF'is usually stated as 100 times f

S,
CBF =100x f=100x 4 o Eq. (3.25
S/ XJ.S(l)dt q. ( )

The above bolus injection and residue detection model, although derived for a
single inlet and multiple outlet system, can be applied to a system with multiple
inlets and multiple outlets® (Lassen and Perl, page 84). For example, in the case of
MRI, the detected MR signal in an image represents signal averaged over the
corresponding region of the brain imaged. In the case of MRS using a surface coil,
as is the case in this study, the MRS signal intensity represents weighted signal
averaged over the whole brain, (with heavier weighting given to region closer to
the surface coil), turning the multiple outlets into a single one. The multiple inlets,

according to fractionation principle (Lassen and Perl, page 38-39), can be taken
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care of if an amount of indicator proportional to flow be injected to each of the
inlets. In the case that only one inlet is injected, for example the right internal
carotid artery, the CBF measured represents the weighted flow of the brain regions
serves by the right internal carotid artery.

To conclude, CBF, as determined using MR in association with bolus
injection and residue detection, is equal to 100 times the partition coefficient A
multiplied by the MR signal at its maximum and divided by the area under the MR
signal curve. Eq. (3.25) will be used in the chapters that follow, to calculate
average CBF.

3. An Approximation: Single Compartmental Analysis

If one makes the assumption that the brain can be represented by a single
compartment model, then by definition the MR signal from the brain as a function

of time is a mono-exponential decay curve.

S(t)=S,, xexp(-kt), 120, Eq. (3.26)

where £ is the exponential rate constant. Substituting this equation into Eq. (3.25)

CBF = 100 x 22 Soss

[ S exp(—kt)dlt
=0

Eq. (3.27)
=100 x —

_“exp(—kt)dt

=0
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Integrating
r: I
—kt)dt = —
| !oexr)( )t =

yields
CBF =100x A x k Eq. (3.28)

In approximating the brain as a single compartment, CBF is equal to 100 times the
partition coefficient (4), multiplied by the exponential decay constant k. If one

takes the natural log of the single compartment signal function (Eq. (3.26))

In{S()]= -kt +In[S,. ] Eq. (3.29)
Eq. (3.29) is a linear function

y=mx+b
where

y=In[S(#)]

m=—k
and

b=In[S,, ]

Therefore another way of expressing Eq. (3.28) is

CBF =-100xAxm Eq. (3.30)
Where m in this case is the slope of the semi-log plot of the MR signal as a
function of time. Eq. (3.30) will also be used in the Chapters that follow to
calculate fast or gray matter CBF. Also, in Chapter 5 the results obtained using Eq.

(3.25) will be compared with those using Eq. (3.30).
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Chapter 4: Experiments
This chapter has been divided into two parts. Part One provides an
overview of the many experiments performed in developing the final CBF

measurement protocol; Part Two is a recipe for the final protocol developed.

A, Part One: Development of the CBF Experimental Protocol
1. Introduction

Recall from Chapter 2 that flow measurement is a ‘three step’ process:

1. Inject an indicator into the system in which flow is to be measured.

2. Sample the system to assess the accumulation and/or dissipation of
this indicator.

3. Fit mathematical models to the sampled results to predict flow.

As justified in Chapter 2 we have decided to use the following approach:

1. ’H,0 was used as an indicator.

2. MRS was chosen to monitor the washin and washout of indicator in
the brain.

3. The modeling methods were chosen to be consistent with step one

and two. See Chapter 3 for details.

The following sections describe the experiments and tasks which were performed

in developing the final CBF measurement protocol.
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E 2. Developing the Final Protocol
About 40 Sprague-Dawley rats were used in developing the final CBF

measurement protocol. This section justifies and details the use of the animals.

a) Gaining the Technical Expertise for CBF
Measurement

In the beginning, about 10 rats were used for training. The objective of the

training was to acquire expertise in the following areas:

1. microsurgery

2. anaesthesia

3. trachea intubation

4. vein and artery catheterization

5. physiological control and monitoring:
i temperature and blood pressure

ii. blood gases, (especially PaCO,)

ni.  pH level

iv. level of animal sedation, etc.
The training had provided the much needed skill for the more complicated CBF
experiments and an opportunity to assess how precise blood gases can be
monitored. Table 4.1 demonstrates the kind of precision achievable. (See part Il of

this chapter for how the blood gas was measured.)
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Table 4.1:  Repetitive Blood Gas Measurements at
Three Different Settings of Mechanical
Ventilation in One Rat.
Sample No. |Trial One Trial Trial Three
Two
PaCO2 Pa02 | pH | PaCO2 | PaO2 pH | PaCO2 | PaO2 pH
(mmHg) | (mmHg) (mmHg) | (mmHg) (mmHg) | (mmHg)
1 40.7 460.3 7.389 56.5 124.1 7.201 44.4 288.8 1.34
2 36.1 3836 7377 60.7 125 7.206 35.8 241.1 7.34
3 39 3664  7.383 589 121 7.202 43.9 240.6 7.328
4 388 3471 7383 597 1263 7.198 | 458 2344 7322
5 54.6 1189 7193 | 432 2275 1316
average 39 389 7.383 58 123 7.200 43 246 7.329
st. dev. 2 50 008 2 2 0.00§ 4 24 0.011

In addition to animal experiments, a number of MR studies using a flow

phantom assembly were also performed. The goals of the phantom studies were:

To assess in detail the capabilities, strengths and limitations of the Bruker Biospec

7T/21cm scanner, including its computer systems and software. And, to test the

dynamic sampling procedures developed. A sketch of the flow phantom assembly

is shown in Figure 2.2. The assembly consisted of:

l.

2.

a syringe pump connected to an upstream injection site

a water filled vial, representing the rat’s brain, positioned at the

magnetic center of the scanner, and

a bucket for collecting the flow exiting the phantom

91




The flow of fluid (water) through the phantom was initially calibrated for various
syringe pump settings. Besides experiments investigating static MRI and MRS
using both proton and *H, studies were performed to investigate:

1. dynamic proton imaging using the SNAPSHOT-FLASH sequence

2. dynamic proton imaging using the GEFI sequence (2 FLASH

derivative)

3. dynamic *H spectroscopy
With respect to the goal of this study it was concluded that dynamic 2H
spectroscopy provided both adequate temporal resolution and sufficient MR signal
to noise ratio (SNR). However, for the blood flow measurement protocol to be
clinically useful, it will have to be modified to yield regional information. This, in
turn, will require that indicator washin/washout be measured using MRI. These
phantom studies represent the initial move in this direction.

Other phantoms were developed and utilized in the course of the CBF
measurements. One worth mentioning was a rigid rubber bottle of the approximate
size of a rat’s brain. This phantom was filled with a mixture of ~ 1.5 mL 'H,O and
0.2 mL 2H,0, the latter being typical of the amount used in an animal experiment.
The phantom was used in the quality assurance (QA) of the scanner’s operation.
The object of the QA was to determine whether or not the scanner was performing
at a level suitable for use. The QA procedure required that the phantom be set up

in the same configuration as a rat in a typical animal experiment. For instance, all
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the devices used to control rat physiology (such as temperature, pressure, heart

beat, respiration, etc.) were activated. Similarly the same animal holder and match

box for the MR surface coil were utilized. All rat experiments and QA

measurements were conducted at that location inside the scanner bore possessing

the most homogeneous magnetic field (very likely the magnetic center). The

optimal position for the phantom (and hence the rats) was obtained as follow:

L. The manufacturer’s stated magnetic center along the z-direction was

read directly off the side of the scanner.

2. A plastic positioning rod was used to position the center of the

surface coil at the position identified in 1.

3. A head coil was centered along the magnetic x and y directions by

carrying out the following steps:

1.

ii.

iii.

v.

Fix the surface coil at the approximate physical center of the
magnetic bore along the x and y axes

Tune and shim

Perform a quality assurance (QA) measurement using MR
SNR. (See below for a description)

Change the x and the y positions of the phantom and
recalculate the SNR

Repeat from ii. until the phantom location yielding the highest

SNR is identified
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The QA check consisted of the following:

1.

The phantom was set-up and positioned following the procedures
described above.

This was followed by routine tuning of the *H coil and shimming of
the magnetic field; shimming was done using *H.

An *H FID was acquired using 2 scans in 2 seconds (time of
repetition, TR = 1 second, number of scan, NS = 2, number of
average, NA = 1, number of repetition, NR = 1, and the same pulse,
etc., used in animal experiments).

The FID was processed to yield an *H spectrum by applying a base
line correction and an exponential filter (line broadening = 50 Hz),
Fourier Transforming and phasing. See Figure 4.5.

SNR was calculated and compared to the SNR threshold value (700).
If the SNR was greater than the threshold value the scanner was

considered acceptable for use in animal experiments.

SNR was calculated as follows:

The ?H,O peak height was considered to be the signal (S).
The maximum fluctuation in the base line of the spectrum was
considered to be the noise (N).

SNR was calculated by dividing the signal by the noise.
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Table 4.2 gives an example of the QA results obtained between Nov. 21, 94 to
Dec. 20, 1994. According to the table, the SNR obtained had improved with time.
This was due to better placement of the surface coil on the phantom, a skill that
had increased with experience. The most frequently occurring problems that led to
an unacceptable SNR included:
L. incorrect parameter settings (offset, receiver gain, pulse length,
wrong nucleus, etc.)
2. improper ohmic contact between the ‘match box’ (the capacitor and
the inductor section) and the surface coil (the resistor section) of the
RLC circuit (a circuit with resistor-inductor-capacitor in a series) of
the signal probe
All these problems were readily identified and easily overcome as a result of
instituting the QA procedure. For example the inferior ohmic contact was due
largely to the fact that the same match box was used for all other surface coils
available for the scanner. The problem was two male connectors on °H surface coil
were thinner than on the others. As such the use of other surface coils resulted in
widening the two female connections on the match box to the extent that less than
ideal ohmic contact resulted when the “H coil was configured. This problem was
easily solved by adjusting the size of the two female connections before the QA

procedure. In addition, grease at the two contacts could also increase impedance
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(decreased quality factor (Q) of the RLC circuit—MR probe assembly). Cleaning
the contacts with ethanol remedied this problem.

Table 4.2: Example of QA Results

Date SNR
Nov. 21, 94 700
Nov. 30, 94 920
Dec. 01, 94 950
Dec. 02, 94 833
Dec. 08, 94 933
Dec. 09, 94 1057
Dec. 13, 94 1166
Dec. 20, 94 1160

b) Development of a Technique for Arterial Indicator
Injection

(1) Fabrication of Injection Catheters
The catheter used for indicator injection evolved through three stages. The
earliest type of catheter assembly consisted of a G24 catheter connected to a
plastic tube; the other end of the plastic tube was connected to a two-way stopcock
and then a | mL syringe. The second generation of indicator assembly consisted of
a capillary tube 75 cm in length to replace the plastic tube; one end of the capillary
was joined to a Teflon tip cut from a G24 catheter (for catheterizing) and the other

end to a two-way stopcock and a | mL syringe. The much narrower diameter of
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the capillary tube prevented blood from diffusing back into the indicator assembly.
The dead volume associated with the catheter was 0.33 mL (with about 0.2 mL for
the capillary tube itself). Finally, a special kind of catheter assembly was also
fabricated to inject two different drugs alternately (e.g., Heparin and indicator).
This catheter assembly used two capillary tubes of 75 cm length each. The tube
with the smaller diameter was inserted into the one with the larger diameter,
forming a single coaxial capillary tube. One end of this coaxial tube was
connected to the Teflon tip cut from G24 catheter. The other end was separately
connected to two individual two-way-stopcocks and ImL syringes, one for the
inner tube and the other for the outer tube. The two different drugs were infused
into the inner and outer tubes vig their respective syringes. The dead volume of
both tubes was less than 0.1 mL, (0.23 mL if the two-way stopcock is included). A
shortcoming of all the injection assemblies was the dead volume. Since this
resulted in a waste of indicator. To solve this problem an indicator filling
technique was employed in the deuterated alcohol studies. See the next section for

details.

(2) Filling Methods of the Improved Injection
Assembly (Second Generation)

In the CBF measurements, clotting of blood in and around the tip of the
catheter constituted a major problem. A Teflon catheter was found to reduce

cloting compared to a plastic one. However, the greatest improvement in
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minimizing the problem of clotting was adding 3% (v/v) of heparin into the ’H,0
saline that filled the catheterizing assembly. Each injection, in essence, served to
flush the catheter tip and its vicinity (injections were made every 30 minutes).
However, the time between the placement of the injection catheter and the first
injection was typically 90 minutes (due to the time required for the placement of
the surface coil and positioning the animal in the magnet as well as the setting-up
of the instrumentation for the physiological controls and monitoring). In order to
prevent clotting during this period, the tip of the catheter (approx. 0.005 mL) was
filled with Heparin. Before this technique was adopted, the first experiment
performed on a rat would usually exhibit a depressed CBF. Subsequent
measurements would yield normal values for CBF and it is speculated that the first
injection served to dissolve blood clots which developed during setup. The
problem associated with the first injection disappeared with the introduction of
0.005 mL heparin at the catheter tip.

In the CBF measurements using dual >H,O and 2H[alcohol] indicators
(heparinized, see Chapter 8 for details) the clotting prevention method used was as
stated above. As mention earlier, the 0.33 mL dead volume of the catheter
assembly represents a problem related to cost. In order to avoid wasting the 0.33
mL alcohol indicator in the dead volume of the catheter assembly, a different
indicator filling approach was taken for bolus injections less than 0.1 mL. This

approach involved:
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1. initially filling the entire catheter assembly with heparin

2. drawing in an air bubble of less than 0.002 mL in size.

3. adding alcohol indicator for one injection, usually 0.05 to 0.1 mL,
after the air bubble; the air bubble served to separate the heparin
from this indicator

4. repeating steps 2. to 3. as many as 5 times to load the catheter for
repeated injections.

5. drawing an air bubble after the last indicator bolus and filling the tip
of the catheter with Heparin.

The small air bubbles not only isolate indicator boluses but most more

importantly serve to separate blood from the indicator between injections. The
catheter assembly was filled with heparin initially (step 1. listed above) in hope of

preventing clotting between indicator injections (again every 30 minute).

(3) Injection Sites Investigated
Initially, the femoral vein was investigated as a suitable indicator injection
site. For Sprague Dawley rats the catheterization of this vein is relatively easy.
However, it was found that this injection site has two disadvantages:
l. On average only 15 to 25% of the indicator first passage through the
heart enters the brain (See Chapter 7). As such the MR signal at the
brain resulting from a femoral injection is considerably smaller than

if the entire indicator is injected into the brain directly.
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A femoral injection would also require a more complex model to
describe its movement through the body and into the brain. In order
to calculate CBF a knowledge of the indicator input function (see
Chapter 7) is required. The input function can be obtained from
continuous monitoring of artery indicator concentration by arterial
blood sampling. The input function is needed in employing either the

Kety or the Kety and Schmit CBF equation (see Chapter 2).

An injection site was sought to allow indicator injection as close to the

brain as possible so as to simplify the CBF measurement model. There were a

number of potential arteries that could satisfy this condition. These arteries

included:

l.

2.

3.

the right subclavian artery (fed retrograde from subclavian artery)
the common carotid arteries

the external carotid arteries (fed retrograde from external carotid

arteries)

Catheterizing these arteries was by no means an easy operation. The higher blood

pressure of the arteries was an added difficulty.

Surgically, the right subclavian was the easiest of the three and logically,

was the first injection site tried. The left subclavian was not an appropriate site as

it branches out downstream of the left common carotid artery. The branching of

the right subclavian, however, was upstream of the right common carotid artery

100



and therefore, potentially appropriate. Experimentally, indicator bolus injections of
up to 1 mL were performed at this site in three rats. Of the many injections only
one indicator washin and washout of the brain was observed. Dissecting the
animal after the experiments showed that positioning of the catheter was
problematic. Ideally the tip of the catheter should have been at the junction of the
right subclavian and the right common carotid. Unfortunately however, this was
very difficult to achieve because it was not practical to cut through the arm and
shoulder joint, to visually position the tip of the catheter at the junction. It was
speculated that if the tip of the catheter was not right at the junction, the very high
blood pressure of the aorta would push back the indicator injected into the many
branches along the subclavian. The portion of indicator bolus that did not go into
the right common carotid artery could distort the washin and washout curve, as it
must circulate through part of the body (the right arm) before entering the brain. If
not corrected, the late washin could cause underestimation of CBF.

The next artery investigated for catheterization was the right common
carotid (CCA). Cathetenizing at this site proceeded as far as inserting a catheter
into the artery. Fastening the catheter with surgical thread was not allowed, as that
would have stopped CCA blood flow and so super glue was employed to hold the
catheter in position. Unfortunately, the attempt was not totally satisfactory,
because the catheter was susceptible to slipping out of position. It was then

realized that in order to cathetenize the CCA, the catheter would have to be fed
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retrograde from the right external carotid (ECA) where the catheter can be tied, at
the expense of blood flow to the ECA.

Surgically, the right ECA catheterization was the most difficult procedure
of the three. (See subsequent sections of this chapter for details.) Initially a set of
10 rats was alloted to develop this technique. MR results on the first few rats
indicated that only about half the experiments showed washin and washout of
indicator in the brain. In an attempt to improve the success rate, various injection
rates and bolus sizes were investigated. The success rate, however, did not
improve. At that point the focus of the investigation shifted to placement of the tip
of the catheter in the right common carotid artery (CCA). Initial testing indicated
that when a small portion of the catheter tip was in the CCA, the resistance of the
catheter prevented some of the blood from moving into the right internal carotid
artery (ICA) and traveling to the brain. In other words, intrusion of the catheter
into the CCA compromised blood flow. It was decided therefore to position the tip
of the catheter as close to the carotid bifurcation as surgically possible but still
remaining completely within the ECA. Such a placement was possible due to
surgical skills acquired from extensive practice. One difficulty in catheterizing at
the carotid bifurcation was the fact that the usable section of the ECA was less
than 5 mm in length and when the incision on the artery was made, there was only
about 3 mm between the point of incision and the bifurcation, (as the ECA was

imbedded deep into the neck and needed to be pulled upward before
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catheterizing). In addition to the improvements in surgical technique, the use of
ACCU-FLO™ (LEPAGE) super glue to hold the catheter in position was very
helpful, especially during the handling of the animal after catheterizing.
Consequently the catheterization site chosen was at the right ECA, with the tip of
the catheter positioned at the carotid bifurcation but completely within the ECA.
Results indicated a success rate of 100% when the previously mentioned technique

for indicator injection was utilized to solve the blood clotting problem.

(4) Bolus Size Determination

The size of the indicator injection bolus has an effect on the following
parameters:

L. SNR

2. temporal MR signal resolution

3. injection time

4. and for alcohol indicators, toxicity.
All four of these factors were investigated when selecting the optimum bolus size

for CBF measurements.

(a) SNR of the MR Spectrum
The SNR of MR spectra is the ratio of the resonance peak height (S) to the
baseline fluctuations (N). Given an FID, the optimal SNR for the corresponding

spectrum can be obtained using a line broadening (Ib) that is approximately the
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same as the natural line width. Since the commissioning results indicated that the
most homogenous region of the magnet (a spherical volume with 4 cm diameter) is
homogeneous to 1 ppm the natural FWHM for deuterium is about 50 Hz. Thus, an
exponential multiplicative filter with a 1b of 50 Hz was utilized. The suitability of
50 Hz Ib was experimentally confirmed to provide the best SNR under CBF
measurement conditions among 4 line broadenings tested (0.3, 3, 20 and 50 Hz).
Clearly, an increased bolus size will lead to an increased SNR. However, it
is desirable to keep the bolus size as small as possible in order to minimize
perturbations in the system as a result of the injection. Experiments were
conducted with bolus sizes ranging from 0.05 mL to 1 mL. A bolus size of 0.2 mL

was found to provide an acceptable SNR.

(b) Temporal Resolution
The maximum FID sampling frequency achievable was one every 0.5 to 0.7
seconds using 1 acquisition per FID. This restriction was due to the fact that the
saturated *H nuclei need time to relax their magnetization to an equilibrium level
before the next pulse. However, this would require 2 times the amount of indicator
(0.4 mL) to achieve a resonable SNR. This was considered to be too large and as
such, it was decided to acquire an FID consisting of 2 acquisitions every two

seconds.

104



(c) [Indicator Injection Time

Various injection times were investigated in vivo in an attempt to ensure an
instantaneous bolus. For the mathematical models utilized to be valid (see Chapter
3), the trailing edge of the bolus must enter the brain before the leading edge
leaves. Only then will the maximum MRS signal recorded be proportional to
amount of tracer injected — a fundamental assumption of the model employed.
However, there are physical limitations on the rate at which a bolus can be
injected; too high an injection rate can rupture the injection site. Bolus sizes
ranging from 0.05 mL to as much as 1 mL and injection times from less than one
second to 20 seconds or more were investigated. Results indicated that injecting as
much as 1 mL in 5 second apparently did not alter the blood gases, pressure, pH,
bases, etc., of the animal. Injecting 0.2 mL in less than or equal to one second
produced a washin and washout pattern that resembled an ideal instantaneous
bolus injection. In other words, the washin of indicator into the brain was almost
instantaneous, rising to a very sharp peak, and the initial washout resembled a
mono-exponential decay curve. (A bolus not injected instantaneously would
exhibit a washout curve with a rounded peak.) The washin of the entire 0.2 mL
into the brain was independently assessed by visual inspection. This was
accomplished by exposing the full length of the right CCA at the end of the CBF
measurements and performing the 0.2 mL bolus injection. Visually, part of the

injected indicator went into the ICA and the rest overcame the blood pressure and
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entered into the CCA. Nevertheless the portions that went into the CCA came right
back into the internal carotid in less than 1 second. On the other hand, if the bolus
was more than 0.2 mL, and the indicator injection time was equal to I second, a
number of outcomes were observed (in addition to the outcome just mentioned):

L. It was possible for portions of the indicator to be pushed into the
common carotid and only recirculate back into the brain at a later
time, thereby causing errors in the CBF measurement.

2. More seriously, the catheter would often push out of position.

In the end, an injection time of less than or equal to one second and a bolus size of
0.2 mL was chosen. The choice represents a bolus possessing instantaneous

indicator injection characteristics.

c) Development of a Technique for Monitoring
Indicator in the Brain

(1)  Fixing of the 2H MR Surface Coil
Initially, it was decided to remove the skin of the animal over the frontal
cortex of the brain so that the surface coil could be placed directly on the rat skull.
This not only allowed one to fix the surface coil closer to the brain, but also to
eliminate signal contribution from the skin. In addition, muscles around the surface
coil were also removed for the same reasons. Figure 4.PAl shows a transverse
proton image of the rat brain with the surface coil in position. Note in the image

the regions around the surface coil where skin and muscle were removed.
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Figure 4.PA1: Proton Image of Rat Brain Using MSME, (TR=1500ms,
TE=20ms, Slice Thickness = 1mm)

(2) MR Signal Acquisition
The steps taken before MR signal acquisition included tuning the °H
surface coil and shimming. Tuning was necessary in order to match the LRC
resonance circuit of the receiver (the surface coil plus the match box) to that of the
scanner. Shimming was necessary in order to make the magnetic field as
homogeneous as possible for the volume that was sensitive to the surface coil.
Tuning the 2H for the surface coil was not a problem. Shimming was

problematic in that it could not be performed using *H. Shimming consisted of

107



acquiring FIDs dynamically as the fields generated by the shim coils were
adjusted, the size and shape of the FIDs providing information on the magnetic
ficld homogeneity of the sensitive volume. Because the natural abundance of *H is
so low, shimming was performed using 'H instead. Unfortunately this led to its
own problems. Effectively all tissues (skin, muscles) that contain water contribute
MR signal to the shimming FIDs; as a result, shimming for the brain tissue alone
was not possible. This was one of the reasons why the skin of the animal was
removed before an experiment. If not removed, shimming using 'H would have
been heavily weighted for the skin and muscles. This is especially true for the skin,
as the skin is closer to the surface coil than the brain, and the MR signal acquired
decreases with distance cubed (S=1/d’) from the surface coil.

It was observed in some experiments that shimming using higher order
harmonics (such as using the X2y’ gradient coil) was not possible. The cause was
attributed to the secretion of a small amount of fluid (water) on the exposed skull,
immediately undemneath the MR surface coil. When the secreted fluid was mopped
up, shimming was successful and an acceptable SNR was obtained in the
experiments that followed. This phenomenon was also verified in a phantom. It
was shown that when 4 layers of single ply kimwipe were saturated with water and
placed between the QA phantom and the surface coil, shimming with higher
harmonics was not possible. A logical question to ask was, would the SNR change

as fluid began to build-up during experiments? The answer to this question was
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yes. To solve the problem, it was decided to tune the coil before each indicator
injection. The initial shimming on a dry skull resulted in a magnetic field that was
homogeneous in brain tissues that were near the surface coil and the presence of
fluid would not have altered the homogeneity in the brain. In addition, there could
not have been signal contribution from the fluid itself. It was therefore concluded
that once initial shimming had been performed, it would not have to be repeated

unless the rat was moved.

d) Development of a Mathematical Model to Predict
Flow

The mathematical estimation of CBF required a knowledge of the indicator
partition coefficient A. (See Chapter 3 for details). The concept of partition
coefficient as used in flow measurement was first defined by Kety' as the ratio
between the tissue and blood indicator concentrations under indicator equilibrium.
The H;O partition coefficient was measured directly in four rats and the results are
presented in Table 4.3. In this experimental determination, the rats were sacrificed
with an tnjection of KCl solution at a concentration greater than 10% (w/v) via the
femoral vein. Within 3 seconds of the KCl injection, the heads were submerged in
liquid nitrogen for a sufficiently long time (long enough for the heads to freeze).
Next the rats were put into a freezer at a temperature lower than -10 °C, for 24

hours. Then the brains were removed, weighed and put into an oven at 90 °C for 3
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days. With all water evaporated from the brains they were weighed a second time

and A was calculated using
A=(wet brain weight - dry brain weight)/wet brain weight

Table 4.3: Experimental Evaluation of Partition
Coefficient (A) for Water.

Rat No. Wet Weight (gm) | Dry Weight (gm) A in (mL/gm)
93018 1.9150 0.4146 0.7835
93019 1.9629 0.4113 0.7905
193021 1.8797 0.3905 0.7923
193022 1.8309 0.3900 0.7870
average +s.d. 0.788 + 0.004

The result obtained was different from the well documented® 0.9 mL/g by
about 12%. The large 12% discrepancy could have been due to higher measured
dry weights as the brains were not crushed during drying. The literature value of

0.9 mL/g was therefore used in the CBF models.
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Part Two: The CBF Protocol

1. Introduction

Part Two describes the final protocol utilized in CBF expernments at two
levels. Section 2 is a summary and Section 3 is a detailed explanation of the
protocol. Typical experimental results are presented at the end of this chapter.

2. The Final Protocol

Experiments were conducted on male Sprague-Dawley rats weighing
between 300-350 grams. The animal was pre-treated with Atropine™ and
anaesthetized with Na-Pentobarbital. Following anaesthetization the trachea of the
animal was intubated, and the animal mechanically ventilated. The animal
temperature was controlled at 38 °C and the blood pressure maintained between 90
to 110 mmHg. Animal arterial blood was sampled at an interval of 30 minutes for
blood gas measurements. The partial tension of carbon dioxide (PaCO,) was
maintained between 35 to 45 mmHg by adjusting the rate of the mechanical
ventilation.

The first surgery after initial preparation was on the tail. The tail artery was
catheterized for arterial blood pressure monitoring and blood sampling. The
second surgery was the placement of an indicator injection catheter which was fed
retrograde from the distal side of the right external carotid artery (ECA) to the

bifurcation of the common carotid artery (CCA), while making sure that the tip of
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the catheter resided entirely within the external carotid artery. The third surgery
was the fixing of a deuterium sensitive MR surface coil onto the skull of the rat.

The animal, after surgical preparation, was transferred to an animal holder
where the required connections (such as surface coil to the transmitter/receiver
etc.) were made. Then the animal holder was inserted into a Biospec 7/21 MR
Scanner. After tuning and shimming, a series of 360 consecutive free induction
decays (FIDs) were taken at a scan rate of 0.5 Hz (2 scans per FID). The *H
labeled indicator, usually 0.2 mL, was injected as an instantaneous bolus at the
beginning of the 15" FID acquisition. The data acquisition procedure was repeated
five times to yield 5 sets of washin/washout data per animal.

The individual FIDs in the series of 360 were base line corrected (BC). This
was followed by exponential multiplication (EM), Fourier transformation (FT) and
phasing to generate 360 *H spectra. The peak height of the individual spectra
represented a relative measure of indicator concentration as a function of time.
After picking the peak heights for the entire series the resultant data were
transferred to a PC for further processing and later blood flow modeling. This
additional data processing was carried out using Excel™.

The next chapter describes CBF modeling details, presents CBF results

obtained and observations made.



3. Methodology and Details

This section provides a detailed step by step description of the procedures

summarized above.

a) Anaesthetization and Initial Rat Preparation

The animal used in experiments was the male Sprague-Dawley rat (Figure
4.2); the male sex was chosen for its hormonal consistence. This species was
ideally suited to this study because it was readily available, inexpensive, easy to
care for and handle, and well investigated. The weight range of the animal chosen
was between 300 to 350 grams (gm); this weight range is considered adult for the

rat. Older rats were not used due to their lack of hormonal consistence.
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Figure 4.2: S.D. Rat Showing i.p. Injection

Each animal used in an experiment was pre-treated with Atropine™ (0.4
mL/kg rat, i.p.,) and anaesthetized with 50 mg/kg-rat (i.p.) Somnotol™ (Na
Pentobarbital) initially and additional 15 mg/kg-rat Somnotol™ whenever needed.
The additional Na Pentobarbital was introduced using a plastic capillary tube
inserted into the abdomen. The additional aneasthesia injections depend on a
number of factors, to be discussed later. Additional atropine after the imitial
injection is not necessary but if the pretreatment dose was not given the animal can

choke on its own saliva.
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Having achieved suitable sedation (in about 10 to 20 minutes after the Na
Pentobarbital injection) the trachea of the animal is intubated using a 18G (gray)
catheter for the bigger rats and a 20G (green) catheter for the smaller ones. The
intubated catheter is connected to a rodent ventilator and the animal is artificially
respired with a mixture of N,O and O, gases. The percentage mixture of the two
gases is chosen to maintain the partial tension of oxygen (PaO) at normal levels
(110 to 130 mmHg). The respiration rate and volume are adjusted so that PaCO,
remains at the desired level.

The temperature of the animal is maintained at 38 + 0.1 °C using a water
pad connected to a temperature control umit. When the animal is in the MR
scanner a pair of air tubes are added for accelerated cooling when necessary.

Blood pressure is monitored continuously using a tail artery catheter. The
tail artery catheterization is described fully in the section on surgical procedures.
The blood pressure is monitored and maintained between 90 to 120 mmHg by
injecting 5 mg/kg-rat of Na Pentobarbital whenever the blood pressure reaches 120
mmHg. The elevated blood pressure therefore functions as a crude indication for
the need of additional sedation. Another crude indicator comes from heart beat
regularity, which is monitored using the same blood pressure monitoring unit. For
example if the heart beat is irregular, it can be due to overdosing.

Blood from the animal is sampled at a regular interval of 30 minutes. The

amount of blood sampled each time is insignificant as only < 0.1mL is withdrawn.
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Details of the blood sampling procedure are described later when tail artery

catheterization is discussed. It is worthwhile mentioning here, for completeness,

that blood gases and other physiological parameters are obtained from the sampled

blood using a Radiometer ABL 330™.

b) Animal Surgery

Animal surgery was performed when a surgical plane of sedation was

achieved. The surgery involved:

1.

2.

tail artery catheterization

MR surface coil placement, on the rat skuil

indicator injection catheter placement at the ECA, and optionally

the placement of an additional indicator injection catheter at the right
femoral vein (RFV)

(1) Tail Artery Catheterization

The tail artery catheter assembly consists of: (a). a 5 mL syringe, (b). a 3-

way stopcock connected to the syringe, (c). a short connecting tube with a site for

repetitive needle insertion, linked to the 3-way stopcock and (d). another longer

connector joined to the short one, with one end attached to a 24G (yellow) Teflon

catheter. The S mL syringe is half filled and the connections filled, with

heparinized saline (1/100 Heparine Leo® by volume). Tail (caudal) artery

catheterization can be achieved by first cutting open a 1 cm line along the centre of

the rat tail, 2 cm from the start of the tail, while the animal lays on its back (see
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Figure 4.3). Note that it is critical to have the incision at the centre, otherwise
isolation of the tail artery can be difficult. An indication of a good position is that
the cut is between two large tendons. Having cut open the tail, the next step is to
isolate the tail artery underneath the tendons. If successful, a thread is tied at the
distal end of the exposed tail artery while another thread is half tied (loosely tied)
at the centre, to pull up the tail artery for temporary stoppage of blood flow. At
this point a small amount of local anesthesia is applied onto the exposed artery. A
small cut is then made at the artery (1/3 the artery cross section, use a surgical
microscope if available') and the 24G (yellow) Teflon catheter of the assembly is
inserted retrograde into the hole. Finally, the catheter inside the tail artery is

secured by tightening the loosely tied thread.

'Before a hole is cut, make sure that the artery is free of lining tissues. To check for the linings, position a
pair of fine forceps underneath the artery and by partially blocking the blood flow. the uneven thickness of
an antery wall indicates the presence of lining tissues. The lining tissues can be separated using two pairs
of forceps.
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Figure 4.3: Caudal Arterial Cathetering

(2) MR Surface Coil Placement

The procedure for the placement of a *H sensitive surface coil on the skull

of the rat includes:

L. Removing an oval piece of skin from the skull, starting the incision
between the eyes and ending at the neck. (This step exposes the skull
and tssues adjacent to the skull. Also, this step removes MR signal
contributions from the skin.)

2. Removing or retracting muscles attached to skull, at the location of
the surface coil (including parts of the temporalis and clavotrapezius

muscles).
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3. Removing a thin layer of tissue on the frontal and parietal bones,
leaving only the bare skull intact at these locations. Intra-skull artery
hemostasis can be achieved with bone wax.

4. Fixing the surface coil tightly onto the skull to maximize MR signal.
To fix the surface coil:

i. use a 0-silk, black braided cutting thread and tie its end at one
side of the zygoma, as close to the gregma end as possible,

ii. tie the thread to the surface coil (in a way that the position of
the coil on the thread can be adjusted when needed),’

iii. tie the thread to the other side of the zygoma, as

symmetrically as possible.

“Let the thread run throught the two holes on the coil. if the same coil for this study is used.
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(3) Injection Catheter Placement

The injection assembly is as follows: (a2). a 1 mL syringe, connected to a
stopcock; (b). a 24G catheter that has been forced into a plastic capillary tube
about 0.5 meters long; the other end of the capillary tube makes use of the tip of
another 24G Teflon catheter. The location for the indicator injection catheter is the
ECA. (It is fed retrograde.) This location is chosen so that on the one hand it is as
close to the brain as possible, while on the other hand so that the indicator bolus
injection location will cause minimum perturbation of the system flow. Provided
that care is taken to position the catheter within the ECA, the above mentioned
objectives can be attained. It is important to be as close to the brain as possible so
that an instantaneous bolus injection can be achieved. This means that although the
catheter has to be within the ECA, its tip must be as close to the common carotid
bifurcation as possible (Figure 4.4). Placement of this injection catheter can be
accomplished by:

1. Making a right lateral incision in the neck.

2. Coagulating and cutting small exposed veins.

3. Dissecting the stemomastoid, omohyoid and the disgatric muscles.

4. Using threads to pull away the muscles dissected for a clear field of

view.

5. Isolating, coagulating and cutting the occipital, ascending pharyngeal

and superior thyroid branches of the ECA.



10.

12.

[solating the ECA and fastening it at the most distal end.

Exposing and isolating the ICA.

Half tightening a thread at the centre of the ECA and pulling with
enough tension to overcome blood pressure (in order to prevent
bleeding when catheterizing).

Applying a small amount of local anesthesia to the ECA.

Cutting a small hole as close to the tied end as possible.

Inserting a 24G (yellow) Teflon injection catheter (fed retrograde)
into the hole and tightening the half tied thread on the catheter; a
Teflon catheter is preferred over a plastic one because of better
anticoagulation; in any case a sufficient amount of anticoagulent
(such as Heparin Leo®) must be used.

Making sure that the tip of the catheter is within the ECA; if not,
hold on to the stub of the tightening thread and adjust the catheter
position accordingly. The final step is critically important. When the
tip crosses the carotid bifurcation, blood flow to the brain is

disrupted.
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Figure 4.4: Location of the Carotid Bifurcation and Position of the ECA
(External Carotid Artery) Injection Catheter.

(4) Additional Injection Catheter Catheterization
at the Femoral Vein

The assembly for indicator administration at the femoral vein is identical to
the one used at the ECA. The right femoral vein (RFV) was catheterized for the
CBF underestimation assessments described in Chapter 7. For RFV
catheterization:

1. the skin is cut open 2.5 + 0.5 cm long between the right thigh and the

groin (Figure 4.5)

2. the superficial epigastric vein is coagulated and cut



(73]

the proximal section of the RFV (darker and bigger), which runs
along side the RFA (lighter, smaller, but highly elastic) and neural
fibers (white) are isolated

a thread is tied at the distal end of the isolated RFV and the middle is
loosely tied

a plastic capillary indicator injection tube is inserted and the loosely
tied thread is tightened

the catheter is positioned 0.5 cm before the point at which a slight
resistance is encountered (by retreating 0.5 cm from where the

resistance was felt, while holding onto the thread stub)

Figure 4.5: Location of the Right Femoral Vein Catheter.
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(5) Blood Sampling for Blood Gas etc.
Measurements

The physiological parameters are measured at the beginning of the rat tail
artery through blood sampling. The steps involved in blood sampling are:

1. withdrawal of 1.5 + 0.1 mL of blood from the animal into the tail
artery catheter assembly using the 5 mL syringe

2. filling a capillary tube with blood at the point for needle insertion on
the short connector

3. pushing back the 1.5 £ 0.1 mL blood into the animal

4, measuring blood gases and other physiological parameters using the
ABL 330™

¢) Data Acquisition

Once the rat has been prepared according to the precedures outlined above,
it is transferred into an animal holder. The position of the surface coil is such that,
when the animal holder is inserted into the scanner, it coincides with the origin of
the x and y gradients. All necessary connections are made before putting the
animal holder into the magnet.

The MR scanner used in this study was the Bruker BIOSPEC 7/21 (7 Tesla
magnetic field strength, 21 centimeter bore diameter) imager in the NMR
Laboratory of the Manitoba Health Sciences Centre. The scanner computer was a

Unix based X32. The operating software for imaging (as well as spectroscopy)
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was UXNMR 940501. After tuning the surface coil to the *H resonance frequency,
shimming is done using the proton signal. This is because shimming at the H
signal using the naturally occuring *H in rat brain is not possible, due to its low
natural abundance. The rat at this point is ready for data acquisition. A total of 360
FIDs are acquired (NR = 360) at a rate of 1 scan per second, 2 scans per FID,
using a 90° hard pulse (approximately). The indicator is injected into the ECA at
the beginning of the 15" FID. The rate of indicator injection is as fast as possible,
which is usually less than or equal to 1 second, for a bolus size of 0.2 mL or
smaller.

At this point a right femoral vein (RFV) indicator injection experiment can
be carried out alternately with the ECA experiments and used to correct for
indicator recirculation. (See Chapter 7 for details.) The indicator injection
procedure is identical to that for injecting at the ECA. Figure 4.8 shows a typical
experimental data set.

The type of indicator used for CBF measurement was [‘H]Water
(Heparinized [*H]Saline). The size of the bolus was either 0.1 or 0.2 mL (usually
0.2 mL unless the MR signal was too strong) at the ECA and 0.2 at the RFV.

d) Data Processing

In order to pick out spectral peak heights from experimental data sets, the

acquired 360 FIDs need to be processed into spectra. Figure 4.6 shows a typical
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spectrum with a single peak from deuterium resonance of [*H]water. Data

processing includes the following:

l.

3.

arranging the data set into a 2-dimensional representation, one for

the FID and the other for FID number

performing the following 1-dimensional operation along the FID

direction:

iii.

v.

base line correction (BC)

LB = 50, line broadening

EM, exponential multiplication

FT, Founer transformation

phasing, which is normally at the [*H]water signal but when
an indicator mixture is used (see Chapter 8), phasing is
performed at all chemical shifts

picking peak heights, an automated process performed by a
subroutine built into the UXNMR software. A shortcoming of
this subroutine is that it cannot find peaks when the signal is
small. A merit of this subroutine is that it uses an
extrapolation algorithm for picking peak heights, resulting in
the selection of the highest peak value in the vicinity of the

peak’s CS.

transforming peak height values from binary to ascii
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performing ftp to get the ascii data from the X32 MR scanner
computer to a personal computer via the internet

using Excel® software for data presentation and futher processing

Figure 4.6: A *H,0 Spectrum




Figure 4.7a: Typical Indicator Washin and Washout Curve

2.50E+06 T
]
a
2.00E+06 +
[ ]
a
[ ]
£ 150E+06 1 §
3 -
3 i
4
s
: \
-
S 1.00E+06 + .
S.00E+0S +

o>

0.00E+00 J t + ; : ; ]
0 100 200 300 400 500 600 700 800
Seconds

4. Observation and Discussion

Figure 4.7a shows a typical result from the CBF experiment described

previously; each point in the figure represents the peak height of one acquired

spectrum and is a relative measure of indicator concentration at a particular time.

Figure 4.7b shows the first 120 FIDs from a typical experiment for comparison.

An important feature of this result is that the data set resembles an ‘ideally’

instantaneous bolus injection experiment (IBID). Figure 4.8 is a conceptual IBID
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sketch taken from Lassen and Perl'. Notice that an [BID has the following
characteristics:
1. very fast indicator washin into the brain
2. fast indicator washout initially, followed by some kind of
geometrical or exponential decay, and
3. asymptotic approach to a constant or base line level, depending on
whether or not the indicator recirculates
In contrast to the IBID is the right femoral vein (RFV) bolus injection expertment
given in Figure 4.9. In this case, indicator washin to the brain is not instantaneous
and washout from the brain slower. Since the CBF modeling algorithms developed
in Chapter 3 are for IBID cases, the closer an experiment resembles the IBID one

the better.
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Figure 4.7b:  FIDs (1-120) for Typical Indicator
Washin and Washout Experiment
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Figure 4.8: Instantaneous vs. Non-Instantaneous Injection
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The temporal resolution of the experiment is 0.5 Hz. It was found that this
resolution is sufficient, for it can resolve the direct transit of indicator viag the intra-
vascular bed. The signal from the intra-vascular indicator transit (ie. indicator which
travels directly from artery to vein without being taken-up by tissue and hence
moves through the brain very quickly) is essentially a spike in the semi-log plot of a
typical data set (Figure 4.10). Lassen and Perl' suggest the spike exists in theory
only and cannot be resolved by radiological methods. A sampling frequency of one
datum per every 2 seconds (0.5 Hz) is fast enough for us to capture the initial spike
phenomenon. Also, signal strength (and signal to noise) is high, as shown in Figure
4.10. The high signal strength can be sacrificed somewhat for even higher temporal
resolution (for example with 2 Hz sampling frequency). Potentially high temporal

resolution could be employed to study the kinetics of intra-vascular indicator transit.
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Figure 4.9 Typical
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Figure 4.10: Semi-Log Plot of Typical MR Data (expt. 29¢)
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Figures 4.11(a) to 4.11(c) show CBF versus indicator injection time for
three rats using the expenmental techniques developed and described in this
chapter. In obtaining the results of Figure 4.11, the PaCQO;, of the rats was
maintained at normal levels (35 mmHg < PaCO, < 45 mmHg). The only parameter
that was allowed to vary was the indicator injection time. The CBF values were
obtained using the CBF modeling procedures outlined in Chapter 5. (See sections
on fCBF(n-23) modeling). These figures show that as the indicator injection time
increases, the measured CBF value decreases. The negative correlation is due to
increasing spread in the bolus as injection time increases. For long injection times,

part of the bolus at the leading end of the spread will have left the brain before the
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trailing end arrives at the brain. A consequence is that the initial spike is less
sharp, resulting in a reduction of the numerator of Eq. (3.25) (Smax), and ultimately
an underestimation of CBF. (See Figure 4.9). This was one reason why in the final
CBF protocol the indicator injection time was chosen to be less than or equal to 1

second.

I
Figure 4.1 1(a): CBF vs. Indicator Injection Time (Rat 11) i
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Figure 4.11(b): CBF ws. Indicator Injection Time (Rat 13)
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Figure 4.11(c): CBF vs. Indicator Injection Time (Rat 15)
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Before the ECA was chosen as the indicator injection site for the final CBF
protocol, a number of the other sites were considered, for example the RFV and
the right subclavian artery (RSA). Unfortunately, as mentioned before, the RFV
injection experiment does not represent an IBID (Figure 4.9). On the other hand
the problem with the RSA was experimental consistency. The injection site is
distal from the brain (compared to the ECA), so the portion of indicator going to
the brain is reduced and SNR compromised. More complicated phenomena occur
in the RSA investigation, but an understanding of the phenomena was not pursued.
Figures 4.12 show how results can vary between rats when using the right

subclavian as the indicator injection site. Interestingly the washin and washout

curve shown in Figure 4.12(b) resembles that of Figure 4.9 — a typical result for

RFYV injection.
Figure 4.12(a): A Subclavian Artery Injection Showing
Ins tantaneous Washin/Was hout
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Figure 4.12(b): A Subclavian Artery Injection Showing Non-
Instantaneous Was hin/'Was hout
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Choice of bolus size was also an important consideration in forming the
final protocol. It was found that too large a bolus necessitated a longer injection
time and violated the instantaneous injection requirement. At an injection rate of
0.2 mL/second (the rate used in an IBID experiment) a bolus of 1 mL will require
5 seconds to complete. On the other hand, too small a bolus means smaller SNR
and uncertainty in the CBF measurement. Various bolus sizes ranging from 0.05
mL to | mL were tried. A 0.2 mL bolus size was chosen as a compromise.

It 1s well known that CBF increases as the PaCO, of blood increases. On
the other hand the regulatory ability for PaO, is not clear. Shown in Figures 4.13

are measured CBF versus PaCO, for 5 rats performed at hyper PaO, levels (200
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mmHg < Pa0O, < 300 mmHg). It was found that in 2 out of 5 rats (Figures 4.13(a)
and 4.12(e)) hyper-oxygen tension destroyed the positive correlation of CBF and
PaCO,; and that in 3 out of S rats (Figures 4.13(b) - 4.13(d)) the measured CBF
values are considerably lower than expected (see Chapter 5). Therefore, regardless
of how small an effect abnormal PaO, can have, PaO, in the final CBF protocol

was maintained at normal levels (110 mmHg < PaO, < 130 mmHg).

Figure 4.13(a): CBF vs. PaCO: (Rat 21, with 200 < Pa0: <300
mmHg)
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Figure 4.13(b): CBF vs. PaCO: (Rat 22, with 200 < Pa0: < 300

mmbg)
120 +
100
80 +
[ ]
60 + .
[ ]
40 + .
20 +
® CBF(3-23)
0 : + , —
20 30 40 50 60
PaCO: in mmHg

CBF (in mV'100gm/min.)

Figure 4.13(c): CBF vs. PaCO: (Rat 48, with 200 < Pa0: <300

mmHg)
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Figure 4.13(d): CBF vs. PaCO: (Rat 50, with 200 < Pa0: <300

mmHg)
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Figure 4.13(e): CBF vs. PaCO: (Rat 53, with 200 < P20: < 300
mmHg)
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Chapter 5: Blood Flow Analysis

A. Introduction

The goal of this chapter is to generate CBF values from the MR data
obtained using the previously discussed CBF measurement protocol (See Chapter
4). The first task is to set up data discrimination criteria, so as to discern between
valid and invalid experiments. The second is to analyse and interpret the valid data
and to divide these data into suitable regions for CBF modeling. The third is to
apply the fast (single compartment) CBF (f{CBF) and the average CBF (aCBF)

mathematical algorithms to calculate CBF (See Chapter 3).

B.  Setting-Up Data Selection Criteria
1. The Need for a Data Discriminator
It is to be expected that mistakes will occur during an experiment, either
due to human errors or faulty apparatus. This is the main reason for developing a
systematic way of assessing the validity of experimental data. The many potential
human experimental errors are:
l. overdosing the animal with drugs, especially with anesthetic
2. over-stressing the animal during experiment, especially towards the
end of an 8 hour long experiment
3. surgical mistakes, such as incorrectly positioning a catheter or
employing a poor surgical technique causing excessive bleeding,

etc., (see chapter 4 for details)
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4. errors during monitoring and measurement of physiological

parameters, especially blood gases and

S. clogging of catheters during an experiment
Equipment malfunction can also cause errors. For example the break down of MR
scanner components, the blood gas apparatus, etc., can invalidate experimental
results.

In some situations the data can be rejected using common sense. For
example, data sets have been collected where the washin and washout of indicator
in the rat brain are not observed, (sometimes this phenomenon can be explained
while at other times it cannot). Also, physiological parameters (other than PaCO,)
outside the normal range can be considered reason for throwing out data. Under
these obvious circumstances discarding the data cannot be considered as biased.
The exclusion of PaCO,; as a means of invalidating will become obvious towards
the end of this chapter. Briefly, the levels of PaCO, were intentionally varied,
from lower than normal (hypocarbia) to normal (normocarbia) and from normal to
higher than normal (hypercarbia) during the CBF measurements. Measurements
made at different PaCO, levels was used to validate the CBF measurement
technique.

In some other situations whether to include or exclude data was not as

straightforward and an objective way of substantiating or invalidating the data was
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required. For example a set of data may exhibit no obvious problems other than a
low SNR. Inferior SNR can occur when:
1. animal position in the magnet is less than optimal
2. the animal moves during data acquisition
3. MR coil tuning and/or shimming are/is less than ideal
4, too small an indicator bolus enters the brain (MR SNR is directly
proportional to the number of deuterated water molecules residing in
the brain)
To objectively discriminate and subsequently throw out results under these
circumstances, @ SNRyesnoia Was established. Only data that possess SNR >
SNR ihreshold Were included in the study.
2. Using SNRyyreshoid 28 Data Discriminator
In a CBF experiment, indicator injection was started at the 15™ datum point
(See Chapter 4). Noise (N;4) was defined as the standard deviation of the first 10
datum points (1¥ to 10™ points); signal (Sp.) Was defined as the maximum MR
signal (corrected for background) in the data set. From these two definitions a

corresponding signal-to-noise ratio (SNR) can be derived as

S,
SNR = =, 5.1
= .1

sd
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In this study a SNRyesnoia Was set arbitrarily at 50. Only washin and washout

curves that satisfied the condition SNRs > 50 were accepted for CBF analysis.

C. CBF Modeling

Given the final CBF protocol (see Chapter 4), it was observed that all data
sets satisfying SNRs > SNRyuyreshoic also satisfied the condition SNRs >>
SNRureshold- Similarly, all typical rejected data sets (such as the one given in Figure
5.2, SNR = 20 % 1) will have SNR << SNReshoid- This lends credibility to the
discrimination criteria in that the accepted and rejected data sets are so drastically
different that the latter must be associated with problematic experiments. Notice in
Figure 5.2 the exceedingly high value of the background MR signal associated
with the baseline in front of the peak. This is due to the fact that a number of
injections ( < 4) were performed (without succeeding in obtaining indicator washin

and washout) before the result of Figure 5.2 was obtained.
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Figure 5.1: A Typical Accepted Data Set
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A semi-log plot of a typical accepted data set (as shown in Figure 5.1) is
given in Figure 5.3. It is interesting to note that a substantial amount of
information about the brain can be derived by looking at Figure 5.3 alone. To this
end, it is useful to divide Figure 5.3 into three regions. The first region begins at
the 15™ datum (the time of injection) and ends at the 2°! point after the signal
maximum. The second region begins at the 3™ point and ends at the 23" (36 to 76
seconds after the injection) after the signal maximum. The third region
encompasses all data points beyond the 2™ region. The delineation of these three

regions applies equally well to all the accepted washin and washout curves used
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for analysis. As will become clear in chapter 7, the end of the 2™ region
conincides roughly to when indicator recirculation reaches one quarter of its

maximum effect.

Figure 5.2: A Typical Rejected Data Set
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The first and the second regions combined have been referred to as the gray
matter compartment’, the fast compartment or the mono-exponential
compartment'™ of the brain. It is called the mono-exponential compartment
because this region can often be fitted with a single exponential decay curve, or
with a straight line on a semi-log plot. From a conceptual point of view, this fast
gray matter compartment should also contain of an ultra-fast vascular component

as is predicted by Lassen and Perl.’ Because the ultra fast indicator transit via the
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vascular bed happens very fast, Lassen and Perl predicted that it would appear as
an initial spike on a semi-log plot (that is, region I. See Figure 5.4). Briefly, when
a bolus is injected into the brain, some of the indicator is extracted from the
arterial bed and enters the constituent tissue. The degree of extraction depends on
the type of indicator injected. For [*H]water, the extraction was found to be
approximately 85% for the brain tissue (or E=0.85, see Chapter 6). The remaining
indicator not extracted will pass directly from the arterial supply to venous supply
via the capillaries. In other words this component moves through the brain much
more quickly than that extracted by the tissue and leads to the appearance of the
initial spike. Chapter 6 gives details for calculating the extraction coefficient (E),
and discusses how E is related to the initial spike. Lassen and Perl also commented
that the spike could not be detected by radiographic means because it happens too
fast. (The comment was made before the advent of MR scanning). Figure 5.3
shows that in a typical experiment (using the technique developed) the initial spike
for the brain indeed exists. This is the reason for dividing the fast gray matter
compartment into the first and second regions; the first region characterizes the
intra-vascular indicator transit, and the second region represents the conventional
fast gray matter compartment, that component taken up by and eventually washed
out of cerebral grey matter. We attributed the detection of the initial spike to the

use of:

1. a fast MR technique
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2. a bolus injection, and
3. an injection site that is close to the brain (ECA, at the entrance of the
brain)
In Figure 5.3 notice that the duration of the spike phenomenon is around five
seconds. In order not to smear out the spike phenomenon the MR signal sampling
frequency needs to be higher that 0.2 Hz. Our sampling frequency of 0.5 Hz
satisfied this criterion.

If the injection is not instantaneous, indicator will enter the brain over a
greater pertod of time. Now, the leading edge of the bolus will begin to move out
of the brain before the trailing edge enters. The loss in signal due to intra-vascular
transit will in part be compensated by the increased signal associated with the
trailing edge of the bolus entering the brain. As such, the spike is not observed and

in fact the entire peak region of the washin/washout curve takes on a more rounded

appearance.
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Figure 5.3: Semi-Log Plot of a Typical Accepted Data Set
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The third region represents a slow white matter compartment. In this region
indicator taken up by cerebral white matter will be retained for a longer time. As a

result the indicator will washout at a much slower rate than that in grey matter.'
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This region also embodies an indicator recirculation component (see Chapter 7).
The recirculation component becomes more important at larger times. It dominates
when the MR signal asymptotically approaches a constant value. At the end of the
experiment, indicating uniform distribution of the indicator throughout the animal.
The first and second regions defined above are used for the measurement of
the fast gray matter CBF (fCBF for short). The beginning of the data range
selected is at the MR signal maximum (see Figure 5.1 or 5.3) and the end at the
23" point after the maximum. The decision to end at the 23™ point after the
maximum (about 50 seconds after indicator injection) was somewhat arbitrary.
However, a number of factors were considered before reaching this decision. The
first observation is that there is no region on the semi log plot of indicator washout
that is truly linear. The further into the experiment (larger time) the more
pronounced this curvature becomes. The sources of this curvature are the fact that
the indicator is not 100% freely diffusible, indicator recirculation and the influence
of white matter flow. As such, choosing a region to analyse gray matter flow is in
fact a trade-off between a more accurate and a more precise fCBF modeling
method. For example, ending the 2™ region at a point to the left of the 23™ will
give a more accurate fCBF value, due to the reduced influence of the slow white
matter compartment and recirculation. However, this is at the expense of a more
precise value (fewer data points and increased statistical fluctuation). The converse

is also true, in that ending at a point to the right of the 23" will provide a more
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precise fCBF value, but at the expense of accuracy (the fCBF will in fact be
underestimated, as the region is expanded to the right due to the influence of white
matter flow). Practically, ending the f{CBF datum range at the 23" point serves as a
first order approximation for the CBF modeling. It also enables one to standardize
the CBF technique of the study. The remaining chapters explore the strengths and
weaknesses and assess the precision and accuracy of this standardized CBF
technique.
The fCBF values were derived as follow:
l. Calculate the MR background signal as the average of the first 10
points of an accepted data set (such as the one given in Figure 5.1)
2. Subtract the MR background signal from each datum point
3. Take the natural logarithm of the MR background subtracted data
4. Fit a straight line to the fast data range using least squares
regression, to obtain a slope m, and
S. Use Eq. (5.2) (reproduced from Chapter 3, Eq. (3.30)) to obtain the

fCBF value for the experiment

JCBF =—-100 x A xm Eq. (5.2)
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Figure 5.5: A Typical Processed Data Set for Fast CBF
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In an effort to investigate the effect of the region of analysis on fCBF,
assume that fCBF(0-23) is the fCBF value obtained using the entire ‘fast’ CBF
datum range (a combination of the first and the second regions). Similarly,
fCBF(n-23) is the fCBF value obtained using the n™ to 23" data points. fCBF(0-
23) corresponds to the fast gray matter CBF that is usually reported in the
literature, while fCBF(3-23), calculated using the second region only, is in a sense
the pure fast gray matter CBF value, a fCBF value that excludes the intra-vascular

component.
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The entire washin-washout curve (that is, the whole data set) is used for the
average CBF (aCBF for short) calculation. The first step in modeling aCBF is to
remove base line values from the data set. This step is accomplished by taking the
average of the first 10 points as a base line value and subtracting it from all points,
as discussed previously in fCBF modeling. The second step is to remove indicator
recirculation. (Figure 5.1 shows that the wash-out of indicator does not return to
the base-line, suggesting the presence of indicator recirculation and in particular
the eventual uniform distribution of indicator throughout the rat.) In Chapter 7, a
technique is described and used for the removal of indicator recirculation from the
data. Here, a ‘crude’ method is used as a starting point for aCBF analysis. This
‘crude’ method takes the average (aENDs ) of the last 30 points (from point 331 to

360), as in Figure 5.1, and subtracts a value of

aEND
(n=18)x == 155 Eq. (5.2)

from the n" datum point, for n = 15 to 360. It can be seen from the equation that
the aEND:s is in effect the maximum value to be subtracted and that this value is in
fact subtracted from the last point in the washout (for example, n=360). For n=15
(the time injection started), the value subtracted is 0. The equation results in the

subtraction of a tnangular area from the washin and washout curve. The aCBF is
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then obtained using the processed data set and the aCBF equation given in Chapter

3 (Eq. (3.29)) .

aCBF =100 x A x ,]:o"‘ [ml/100g/min. ] Eq. (5.3)
S(t)dt

=30

Note that signal integration in Eq. (5.3) is finite (from t=30 to t=720
seconds), in contrast to a ‘true’ aCBF that is semi-finite (from t=30 to o).
According to Eq. (5.3) a finite integration will overestimate aCBF. Since acquiring
signal from t = 30 seconds to « is impossible, the t = 30 to 720 seconds (11.5
minutes) interval is used here. aCBF represents some sort of weighted average of
white matter and grey matter flow, contaminated ever so slightly by a very small

intra-vascular component and an inaccurate removal of indicator recirculation.

D.  Results and Observations

In the process of finalizing the CBF protocol the relationship between the
CBF results obtained and many experimental parameters have been investigated.
Some of the results from the investigation, such as injection site, injection time,
etc., are presented in the discussion section of Chapter 4. Others are presented in
Chapter 6. The following presents only results obtained using the finalized CBF

protocol, as described in Chapter 4.
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Before presenting the results a few terms regarding the partial tension of
carbon dioxide (PaCQO,) and oxygen (Pa0,) need to be defined. These definitions

are given collectively in Table 5.1.

Table 5.1: Blood Gas Definitions

Low PaCO, 20 mmHg < PaCO; < 35 mmHg
Normal PaCO, 35 mmHg < PaCO; < 45 mmHg
High PaCO, 45 mmHg < PaCO; < 62 mmHg
Low PaO, 60 mmHg < PaO, < 100 mmHg
Normal PaO, 100 mmHg < PaO, < 140 mmHg
Near Normal PaO, 140 mmHg < Pa0O, < 180 mmHg
Medium High PaO, 180 mmHg < PaO, < 200 mmHg
High PaO, 200 mmHg < Pa0; < 300 mmHg

1. fCBF Results and Discussion

Figures 5.6 to 5.10 show fCBF(3-23) versus PaCO; for individual animals
at normal PaO, (see Table S.1). Four out of the five rats have a positive correlation
between fCBF and PaCO,, as expected (Figure 5.6, r = 0.97; Figure 5.7, r = 0.50;
Figure 5.8, r = 0.98; Figure 5.9, r = 0.96). The reason why a positive correlation
between CBF and PaCO; does not exist for Figure 5.10 (r = -0.91) is not known.
Figures 5.11 combines all the rat data, including the problematic data of Figure
5.10. Figures 5.12 is the same as Figures 5.11 except that rat #5 (data of Figure
5.10) 1s not included. It is evident, from Figures 5.11 and 5.12, that not only does

the measured CBF increase with increasing PaCO, within a single animal
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experiment but also for inter-animal experiments (Figure 5.11(a), r = 0.58; Figure
5.12(a), r = 0.86). This observed correlation establishes the validity of the CBF
technique developed. Note that Figures 5.6 and 5.9 exhibit overlapping fCBF(3-
23) values at PaCO, ~ 35 mmHg, suggesting that reproducibility may be quite

good. (See also Figures 5.15 at PaCO; ~ 38 mmHg, 5.17 at PaCO, ~ 40 mmHg,

5.18 at PaCO, ~ 32 mmHg.)

Figure 5.6: fCBF vs. PaCO; (at 100 < Pa0, < 180
mmHg), Rat 93042, (n =3, r = 0.97)

e 120 +
E o CBF 23!
‘E 100 + G-23)
ob
S
= 80 + ®
£
=
= 60 T
— L J
o .
e 40 7T
€
o
¥ 2 41
o , 1 .
0 20 40 60
PaCO: in mmHg

159



Figure 5.7: fCBF vs. PaCO; (at 100 < Pa0; < 180
mmHg), Rat 93053, (n = 3, r = 0.5)
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Figure 5.8: fCBF vs. PaCO, (at 100 < Pa0, < 180
mmHg), Rat 95021, (n =3, r = 0.98)
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Figure 5.9: fCBF vs. PaCQO; (at 100 < Pa0O,; < 180
mmHg), Rat 95022, (n = 3, r = 0.96)
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Figure 5.10: fCBF vs. PaCO; (at 100 < Pa0O, < 180
mmHg), Rat 95020, (n = §, r = -0.91)
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Figure S.11(a): fCBF(3-23) vs. PaCO; (at 100 < Pa0, < 180 mmHg),
with rat 95020, (r = 0.58)

120 T
100
£ .
;;' 80 + o ® ,
|
] . ercBRO23)| |
— 60 o . . |
=2 .
g ® ® ®
B 40+ ° o
e
20 T ¢ ¢
0 4 |
0 10 20 30 40 50 60
PaCO: (mmHg)

Figure 5.11(b): fCBF(n-23) vs. PaCO; (at 100 mmHg < Pa0Q, < 180
mmHg), with rat 95020, for n=1, 2, 3, ..., 9.
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Figure 5.12(a): fCBF(3-23) vs. PaCO; (at 100 < Pa0; < 180 mmHg),
without rat 95020, (r = 0.86)
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Figure 5.12(b): fCBF(n-23) vs. PaCO; (at 100 mmHg < Pa0O, < 180
mmHg), without rat 95020, for n=1, 2, 3, ..., 9.
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Figures 5.11(b) and 5.12(b) show fCBF(n-23) for n = 1 to 9. [n these two

figures observe that:

1.

fCBF values depend on the choice of n, and decrease as n increases,

due to indicator recirculation (see Chapter 7) and due to a more

significant influence of the slower white matter flow

2. The magnitude of change in fCBF as a function of n varies, from less
than 5 ml/100gm/min to more than 30 ml/100gm/min
3. The average least squares fitting errors from the first 45 experiments of
1993 that passed the data screening criteria mentioned previously are as
follows:
st. dev. of] fCBF(1-23) | f{CBF(2-23) | fCBF(3-23) | fCBF(4-23) [ fCBF(5-23) | fCBF(6-23) | fCBF(7-23) | fCBF(8-23) [ fCBF(9-23)
(n=45) 3.31 2.33 2.18 2.25 2.32 2.29 2.48 2.57 2.72

fCBF(3-23) was chosen to represent the fast CBF because the fitting error

associated with it was the least. Figure 5.13 shows fCBF(n-23) versus PaCO, for two

rats at low PaO, (see Table 5.1). In this figure the linear correlation between CBF

and PaCO, is not very good. But with only three experiments one can not say for

sure if this is indeed the case; more experiments will be needed before making a final

conclusion. Figures 5.14 and 5.15 show two rats at medium high PaO, while Figure

5.16 combines the data contained in these two figures with that of a third rat.
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Figure 5.13: fCBF vs. PaCO; (at 60 < Pa0, < 100
mmHg), rats 93034 & 93035, (n=3,r =

0.68)
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These three figures reveal the same CBF, PaCO, linear correlation as the data
at normal PaO,. In Figure 5.15, note that at PaCO, = 38 mmHg, fCBF(3-23)
measured for two separate experiments have almost the identical value, indicating

once again that the CBF technique developed is quite precise.
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Figure 5.14: fCBF vs. PaCO; (at 180 < Pa0, < 200
mmHg), Rat 93029, n =2
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Figure 5.15: fCBF vs. PaCO,; (at 180 < Pa0Q, < 200
mmHg), Rat 93048, (n = 3, r = 0.98)

_ 120 ¢
£ 100l [ecBF323)
7]
S .
S 80 1
E
£ 60
byl L
S 40+ o
<
(-]
g 20+

0 t

0 20 40 60
PaCO: in mmHg

166



Figure 5.16: fCBF vs. PaCO; (at 180 < Pa0; < 200
mmHg), Rat 93029, 93048, 93051, (n =

6, r = 0.96)
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Figures 5.17 to 5.19 show fCBF(3-23) versus PaCO; for 3 rats at high PaO,
(see Table 5.1). For an individual rat a linear correlation of CBF and PaCO; exists.
The degree of this correlation (or correlation coefficient) however, is less than that
of either the normal or medium high PaO, cases. When all the high PaO, results
are combined (see Figure 5.20) the degree of correlation worsens. A possible
explanation for the observed result could be as follows. Although it is true that
under general circumstances the level of PaO, will not affect (or regulate) CBF,
when Pa0, is above a certain threshold (i.e. extremely high), CBF starts to drop at

all levels of PaCO,. If it so happens that the threshold varies from animal to
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animal, the inter-animal correlation for CBF and PaCO, is destroyed, but the intra-

animal correlation is maintained.

Figure 5.17: fCBF vs. PaCO; (at 200 < Pa0O, < 300
mmHg), Rat 93048, (n = 4, r = 0.60)
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Figure 5.18: fCBF vs. PaCO; (at 200 < PaO, < 300
mmHg), Rat 93050, (n = 3, r = 0.58)
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Figure 5.19: fCBF vs. PaCO; (at 200 < PaO, < 300

mmHg), Rat 93051, n =2
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Figure 5.20: fCBF vs. PaCO; (at 200 < Pa0Q; < 300

mmHg), Rat 93029, 48, 50, 51, (n = 10,
r=-0.02)
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2. aCBF Results and Discussion

Figure 5.21 shows aCBF versus PaCO; results at normal and medium high
PaO; for 8 rats. Figure 5.22 shows the same at high PaO, for 3 rats. The results of
aCBF mirror that of fCBF. For example good correlation between aCBF and
PaCO, exists for normal and medium high PaO, levels but inferior correlation for
high PaO,. The aCBF results for normal and medium high PaO, levels are put
together because as in the fCBF study, results indicate that there is no difference
between the two.

Figure 5.21: aCBF vs. PaCO; (at 60 < Pa0, <200 mmHg, without
Rat 95020), no. Rats =8, (n=15,r =0.77)
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Figure 5.22: aCBF vs. PaCO; (at 200 < PaO; < 300 mmHg), no. Rats
=3,(n=8, r=0.42)
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3. Observations and Comparisons

Figure 5.23 illustrates fCBF(3-23) versus PaCO, values for low, normal,
medium high and high PaO; levels. The corresponding aCBF are given in Figure
5.24. Comparing both figures, the aCBF values are generally smaller than values
for fCBF(3-23). From a theoretical point of view the aCBF values represent
weighted averages of the fast gray matter and slow white matter and therefore
should be lower than the fast gray matter alone. The aCBF values are smaller than

fCBF(0-23) by about 25% (see Table 5.3). Clearly this is a rough comparison only
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as the process utilized to correct for indicator recirculation in the former data is

crude at best.

Figure 5.23: fCBF vs. PaCO, (at 60 < Pa0O, < 300

mmHg), n=49
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Average R 0.63
Average R (without HPa O;) 0.72
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Figure 5.24: aCBF vs. PaCO, for NPaO; (at 100 < Pa0O; < 200
mmHg) and HPaO, (at 200 < Pa0O, < 300 mmHg),
[n =39, r(NPa0Q,) = 0.77, r(HPa20,) = 0.42]
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Listed in Table 5.2 are average CBF values for rats taken from the
literature. Among the many values, quantitative autoradiography is usually
considered as the gold standard. Table 5.3 lists the various averages CBF values
obtained in this study, for comparison. The average of 115 mL/min/100g from the
literature is higher that the 88 mL/min/100g obtained in this study for normal
PaCO, levels (35 mmHg < PaCO, < 45 mmHg). If one compares the 88
ml/min/100g of this study to that of 97 ml/min/100g for the quantitative
autoradiography the difference is smaller. In any case the reason is likely due to

the less than 100% extraction of the indicator as well as the fact that results are



slightly contaminated by white matter flow due to the definition of region 2 used

for the analysis is too late so that contamination from white matter flow is more

significant.
Table 5.2: CBF Values from the Literature
CBF s.d. CBF
(ml/100g/min) Technique

122 17 dual-autoradiographic [6]
97 7 quantitative autoradiography [7]
150 60 hydrogen clearance (8]
99 19 intra-art. 133 Xe [9]

130* 19F MR Spect. [10]

97.1 10.6 14C butanol [11]

83.3 7.4 hydrogen clearance [12]
159 12 hydrogen clearance [13]

AVERAGE 118 + 29

*This a value assumed by the authors of the paper
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Table 5.3: CBF Values Using the CBF Measurement Method Developed

for This Study
CBF sdCBF
{ml/100g/min.)]  (ml/100g/min.)
fCBF(0-23)

1. Normal PaC02, Normal Pa02

(8 rats, partition coefficient=1) 81 1

(8 rats, partiion coefficient=0.9) 73 10
2. Normal PaCO2, LowPa02

(2 rats, partition coefficient=l) 98 30

{2 rats, partition coefficient=0.9) 88 27
3. Normal PaC02, High Pa02

{7 rats, partiion coefficient=1) 66 22

{7 rats, partition coefficient=0.9) 59 20

aCBF

1. Normal PaCO2, Normal PaQ2

(5 rats, partition coefficient=l) 57 17

(5 rats, partition coefficient=0.9) 51 15
2. Normal PaCO02, High Pa02

(4 rats, partition coefficient=1} 55 9

{4 rats, partition coefficient=0.9) 49 8
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Figure 5.25: fCBF(3-23) vs. aCBF [r(fCBF) = 0.74,
r(aCBF) = 0.77)
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Chapter 6: Underestimation of Cerebral Blood Flow: Quantification
Using Surface Permeability

A, Introduction

Chapter S assumes that during a CBF experiment, instantaneous indicator
equilibrium exists between the blood and the tissue (brain). Unfortunately, this is
not the case. If equilibrium indeed were established instantaneously, the spike,
observed in a washin and washout curve would not have been observed. Its
presence is due to the fact that [°H]water (water for short), as an indicator, is
diffusion limited. In other words, equilibrium is not established instantly. As a
result, when the indicator is first introduced into the brain, its concentration in

blood relative to that in tissue is higher.

At equilibrium,

A = Snene . Eq. (6.1)

cblood

where A is the partition coefficient for the indicator used and Cyssue and Cplood
represent the indicator concentration in the brain (including blood) and blood,

respectively. Immediately after injection, due to indicator diffusion limitations we

have

 <AXCpq- Eq. (6.2)

cl‘l&rll
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The same diffusion limiting mechanism works the opposite way as blood flow
continues and washout of indicator from tissue begins (average time to start of
washout, t = Volume(brain)/CBF(average) ~ 2 to 3 seconds after indicator
injection), this time with the tissue concentration being higher than at equilibrium.
In other words,

e > AXChpos- Eq. (6.3)

Cm.ru

A consequence of the indicator diffusion limitation is that the rate of
indicator washout from the brain is slower than predicted by our model; hence
CBF is underestimated. There are two causes for the diffusion limitation of water
in the brain: One is due to the fact that the water indicator is not 100% freely
diffusible. For example, at equilibration, water does not diffuse through a cell
membrane but rather transverses it vig pores. As a result, diffusion is restricted at
the cell membrane. The second reason is related to the fact that the diffusion
processes take time to reach equilibrium, whereas the CBF model requires an
unlimited rate of indicator diffusion (that is, requires an instantaneous mixing of
indicator in the brain).

The goal of this chapter is to quantify the degree our model underestimates

CBF. The method used to reach the goal is to employ the concepts of indicator
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permeable surface (PS), diffusibility factor (M) and indicator extraction coefficient

(E).

B. Surface Permeable (PS) Correction
1. The Diffusibility Factor (M)
In Chapter 3, Eq. (3.25) provides an average CBF (the aCBF used in

Chapter 5) modeling method, reproduced here as Eq. (6.4):

aCBF =100 f =100x A x ,,, / [ S(t)dt . Eq.(6.4)

With fCBF modeling (See Chapters 3 and 5), it is assumed that the brain is a
single compartment. For a single compartment, the washout of indicator from the
brain is described by a mono-exponential curve. Using the single compartmental
model, Eq. (3.25) can be replaced by the simpler Eq. (3.28) , reproduced here as

Eq. (6.5)

JCBF =100x A x k. Eq.(6.5)

Eq. (6.5) represents the fast compartment or the fast gray matter flow. Once again,
the A in the equation is the indicator PC and k is the time constant of the mono-
exponential curve. A single compartmental washout curve is by definition a mono-
exponential decay function', because it assumes that when the indicator is injected

into the brain, instantaneous mixing of the indicator in the compartment occurs; in

181



other words, the indicator diffuses freely within the compartment, and the rate of
diffusion is unlimited. In other words, this ideal process assumes that
instantaneous indicator equilibrium between the tissues and the carmer fluid exists,
for all flow rates and at all times. Given instantaneous indicator equilibrium, the
rate of indicator washout from the brain is proportional to the amount of indicator

in the brain, or

dN /dt=—kN or —=-kdt

Upon integration,

ln(Nl) =—kt or N()=N, exp(—kt)

o

Although in the model utilized in this study the brain is treated as a single
compartment, water can not achieve instantaneous mixing in the brain due to the
fact that its movement is, to some degree, restricted and it can not establish
equilibrium instantaneously. The use of water, as a CBF measurement indicator,
therefore does not fully satisfy the requirement of the model. A consequence of the
diffusion limitation of water is an apparent slower indicator clearance. This slower
washout gives rise to a slower mono-exponential decay curve and hence a smaller
time constant k than one would predict to be associated with a particular value of
flow. That is to say, if Kexperiment 1S the time constant measured using water as an

indicator, then k for Eq. (6.5) can be related to Kkecperiment as follows



ke = M, 0sM<1 Eq. (6.6)

expenment

In Eq. (6.6), the diffusion factor M denotes the degree of equilibrium achieved by
the water indicator during the clearance of indicator from the brain>** By

substituting Eq. (6.6) into Eq. (6.5), a new fCBF, corrected for water diffusion

limitation, is obtained.
k t
newfCBF =100 4 x ~o=e Eq. (6.7)

2. The Expression of (M)
The water diffusion limitation correction factor (M) has been formulated by
Kety??, using a model suggested by Krogh® and a derivation by Bohr.® Kety’s
diffusion correction factor (M) is applied generally to all indicators that are

diffusion limited. The derived formulation of this correction factor is simply stated

here

M =1-exp(-PS/F), Eq. (6.8)

where the multiplication of P and S is the “Permeability (P) — Surface (S)
product”®’ and F is flow. PS, also called surface area product, was first developed

by Renkin.” According to Renkin, it is ‘a theoretical relation between blood flow
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and blood tissue clearance,” assuming uniform circulation characterised by a
permeability constant P.

Herscovitch et al.* pointed out that this expression for M is equivalent to
the indicator extraction coefficient (E, to be discussed later). Crone® derived an

expression for permeability (P) as follows:

F 1
P=——l . E . 6.9
5 NG q.(6.9)

Upon rearranging, Eq. (6.9) yields

E=1-exp(-PS/F), Eq. (6.10)

supporting Herscovitch and co-workers’ claim that M is equivalent to E. Another
derivation by Renkin’ shows the same expression for E as Eq. (6.10), further
strengthening the argument that M is equivalent to E.

Substituting E = M into Eq. (6.8) one has

k BF
newfCBF =100 x A x “"Z‘“‘“‘ = /< Z’"‘m‘“‘. Eq. (6.11)

A parallel expression for the aCBF diffusion limitation correction, using

[!50]water, was derived by Herscovitch et al.,*

CBF,
newaCBF = ‘—'—Ep"ﬂ. Eq. (6.12)
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In this chapter, both Eqs. (6.11) and (6.12) will be used to quantify the

underestimation of CBF due to indicator diffusion limitations.

3. The Concept of Extraction Coefficient (E)
The definition of indicator extraction coefficient (E) is given as the ratio of
indicator extracted by the brain to the amount of indicator injected, during the first

pass of the indicator through the brain. In equation form, this is

E = Domas Eq. (6.13)

In Eq. (6.13), m, is the amount of indicator injected into the brain and myyqcieq 1S
the amount extracted by the brain during indicator’s first passage through the
brain.

A characteristic of the final CBF protocol, as is discussed in Chapter 4, is
that it allows a simultaneous measurement of the extraction coefficient (E), fCBF
and aCBF. For example, Figure 6.1 is a base line corrected, indicator washin and
washout curve. The initial spike superimposed on the initial straight line is a result
of direct indicator transit through the brain via the vascular bed (i.e. that portion of
the injected indicator that does not enter the tissue space). As such, the presence of

this spike provides information for the estimation of E.
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Figure 6.1: Sermi-Log of Initial Indicator Washin and Washout
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To calculate E, one can utilize the fact that the amount of indicator in the

brain is proportional to the MR signal received; then Eq. (6.13) can be rewritten as

= S(Megres) _ S(m, cd)
o o Eq. (6.14)

In Eq. (6.14), Sy« is the MR signal, at the maximum, during indicator washin and
washout. S(Mcyracted) is the corresponding MR signal due to the portion of indicator
extracted by the brain. S(Meyyacied) Can be obtained from Figure 6.1 as follows:

L. In Figure 6.1, the initial straight line is projected back to the time of

Smax, Using least square linear regression.
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2. The magnitudes of Sya« and S(Mercres) ON the semi-log plot are
measured.
3. The extraction coefficient (E) is calculated using Eq. (6. 15).3
Therefore, when CBF washin and washout is plotted in the form of Figure 6.1, the

extraction coefficient (E) is calculated as

E=SManee) _ _ explly) Eq. (6.15)
Smax exp[I(m extracted )]

[;nax 1s the value measured at the spike and I(mexracied) 1s the value measured at the
intercept of the spike with the initial straight line of Figure 6.1.

Using the final CBF protocol the Full-Width-Half-Maximum (FWHM) for
the intra-vascular indicator transit spike was 3 * 2 seconds. The FWHM was

derived as follow:

1. Treat the initial spike of the indicator washout as a distribution with

base at Meyacied-

2. Calculate

m max m extracted

Hhalf = + mcxtr:cted -

2

3. Measure the width of the initial spike at the height of Hya.
In essence, the FWHM of the spike is the mean of the intra-vascular transit time

for the brain. The uncertainty of 2 seconds in the intra-vascular transit can be
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reduced to | second by using a higher MR spectrum sampling frequency (for

example one spectrum per second).

C. Discussion

The results of experiments described in this chapter are summarized in
Figures 6.2 and 6.3. Figure 6.2(a) presents E, as a function of fCBF(3-23), for 60
mmHg < Pa0O, < 200mmHg. According to Eq. (6.10), when fCBF(3-23) increases,
E decreases. This decrease can be seen in both Figures 6.2(a) and 6.2(b). Figures
6.2(a) and 6.2(b) can be used to correct for the underestimation of measured fCBF
and aCBF as a result of the limitations of tracer diffusion. For example if one
obtains an aCBF value of 55 ml/100g/min, then E from the figure is
approximately 0.85; as such, substituting 0.85 for E into Eq. (6.12), the diffusion

limitation corrected aCBF is 65 ml/100g/min.
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Figure 6.2(a): Extraction Coefficient (E) versus fCBF(3-23) for 60
mmHg < Pa0, < 200 mmHg, r =-0.30
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Figure 6.2(b): Extraction Coefficient (E) versus aCBF for 60 mmHg
< Pa0; <200 mmHg, r = -0.62
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Figure 6.3(a) shows fCBF(3-23) versus PaCO,, corrected for diffusion
limitations. For comparison, Figure 6.3(b) shows both the corrected and the non-
corrected fCBF(3-23) versus PaCO,. The average percent difference between the
corrected and the non-corrcted fCBF(3-23), using Eq. (6.16), was approximately

20%.

(fCBF d fCBF - d )
P . D = carrecte non —correcte: IOO o/ E . 6. l6
./CB F non -~ corrected " ’ q ( )

The average extraction coefficient obtained using the final CBF protocol

decribed in Chapter 4, is 0.85.

Figure 6.3(a): Diffusion Limitation Corrected fCBF(3-23) versus PaCO,
for 60 mmHg < Pa0, < 200 mmHg
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Figure 6.3(b): Diffusion Corrected and Non-Corrected fCBF(3-23)

versus PaCO; for 60 mmHg < Pa0, < 200 mmHg. Note
that the diffusion corrected fCBF(3-23) (circles) is
approximately 20% higher than the non-corrected

(triangles).
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Chapter 7: Indicator Recirculation Correction: Impulse Response
Function (IRF) and Convolution Analysis

A. Introduction

Indicator recirculation is a problem in the final CBF protocol described in
Chapter 4. In CBF measurements, one way of classifying the various types of
indicators is on the basis of indicator recirculation. An indicator is called a non-
recirculating indicator if it is removed from the blood flow circulation, one way or
another, after washout from the brain. On the other hand, a recirculating indicator
remains in the system longer than the time required for the blood to go from the
brain to the heart and then back to the brain, either directly or indirectly. The most
serious aspect of indicator recirculation is that it introduces a distortion into the
washout curve and hence an error in the CBF estimates. The error is due to the fact
that indicator recirculation makes the washout appear slower. (Tracer is
continually entering the brain and compensating for, in part, that which is beingz
washed out.) In the case of fCBF modeling (see Chapter 5), indicator recirculation
contributes to flow underestimation. This underestimation is mostly from shifting
the semi-log plot of a washout curve to the right and up. In fCBF calculations, this
problem is partially circumvented by using only a small number of points at the
beginning of washout. The initial data are expected to be less distorted by
recirculation, due to the fact that there is a time delay associated with the on-set of

recirculation. Flow is also underestimated in the case of aCBF (Chapter 5). This is



because as the washout curve drifts to the right the area under the curve increases.
According to Equation (5.3) an increase in area under the signal curve results in
flow underestimation. This is more serious than with fCBF since recirculation
eventually leads to a uniform distribution of indicator throughout the rat and a
constant concentration over time in the brain. In Chapter 5, a crude method was

employed to partially eliminate the aCBF recirculation distortion by subtracting

the term

akENDs
360

(n-15)x

from the n"™ datum point, for n = 15 to 360.

In this chapter, the concept of convolution integration is incorporated into
the existing CBF technique in an attempt to remove the effects of indicator
recirculation from the experiment. The concept of convolution integration involves
obtaining a impulse response function (IRF) and an input function (INF)
describing indicator recirculation. The IRF and INF are used in the convolution
integral to generate the (theoretical) recirculation curve. Knowing the indicator
recirculation function, its removal from the CBF experiment is only a matter of
direct subtraction.

The concept of convolution integration was initially applied and evaluated
in phantoms. Unlike animal experiments, phantom experiments can be performed

under precisely controlled conditions. This allows simulation of various kinds of
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flow in a single system (for example, flow with and without indicator recirculation
using the same phantom assembly). In addition, flow parameters can be controlled
at a desired level of accuracy and precision. Using a phantom, the applicability of
convolution analysis for generating a recirculation curve was tested.

The phantom testing of the convolution concept consisted of five steps. The
first step was to simulate washout with indicator recirculation. The second was to
simulate washout without indicator recirculation. The third was to generate a
recirculation curve using convolution analysis. The fourth was to add the
recirculation curve to the curve acquired without indicator recirculation to predict
theoretically washout with indicator recirculation. The final step was to compare
the theoretical and measured washout with recirculation curves. The phantom
technique developed and assessed was incorporated into the CBF animal studies,
in order to eliminate indicator recirculation. In parallel to the phantom studies, the
animal studies involved the following steps: (a) Performing a CBF experiment
using the protocol given in Chapter 4. (b) Obtaining an IRF and an input function
for this CBF experiment. (c) Using the convolution integration to generate a
recirculation curve for this experiment. (d) Subtracting the recirculation curve
generated from the experimental washout curve. (¢) Calculating the fCBF(3-23)

and aCBF using the corrected curve (see Chapter 5).

At the end of this chapter the percentage underestimation of CBF

measurement due to indicator recirculation is assessed. This is accomplished by
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measuring fCBF(3-23) and aCBF before and after subtraction of the recirculation

curve.

B. Theory

1. The Impulse Response Function (IRF) of Indicator
Recirculation

The IRF is a term borrowed from radiographic imaging. In radiographic
imaging, IRF is the image generated by a radiographic technique (i.e. SPECT,
PET, CT, etc.) of a point source. In a more general sense the IRF is the output (or
response) of a system for a delta function input. If one treats the vascular bed of
the rat as a system and the MR signal from the brain as the response, the IRF is the
measured signal associated with a unit volume bolus injection of indicator. In the
particular case of recirculation, the IRF of indicator recirculation is the signal
response (as a function of time) from the brain, due to a unit volume bolus
injection of indicator introduced at the exit of the brain, (i.e., at the jugular veins).
In essence, the IRF describes the signal (as a function of time) arising at the brain

as a result of an instantaneous unit volume bolus of indicator leaving the brain at a

particular time.

2. The Input Function (INF) of Indicator Recirculation
The INF is the instantaneous rate of indicator leaving the brain as a function
of time. Therefore it is the derivative of the indicator washout curve in the absence

of indicator recirculation. In this in-vitro study the INF was taken from the
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derivative of the washout in a CBF experiment. The INF obtained in this manner

was therefore only an approximation of the actual one. In theory, using iterations,

an arbitrarily precise INF can conceptually be obtained. For example, consider the

following process:

Consider the derivative of the washout curve from a CBF experiment
to be the 15t order approximation of INF.

Generate the 15t order approximation recirculation curve using this
INF.

Subtract the 1¥ order approximation curve recirculation from the
washout curve and consider the result to be a 2" order
approximation (more precise) INF.

Generate a 2™ order (approximation) recirculation curve using this
input function.

Repeat steps 3 to 5 using the new recirculation curve, until a
recirculation curve or input function is achieved with the desired

degree of accuracy.

In practice only the 1* order INF is required, as the difference between it and the

‘true’ input function is normally small. The derivative of the washout represents

the rate at which the amount of tracer in the brain is dropping. Because of the

simple nature of the rat experiments, any tracer disappearing from the brain must

be appearing at the internal jugular veins.
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3. Convolution Integration

Knowing the IRF and the INF of an CBF experiment, one can calculate
indicator recirculation (MR signal from brain due to tracer re-entering this organ)
for that experiment using convolution integration. The IRF describes how a unit
volume bolus of indicator will behave as a function of time, following its
appearance at the exit of the brain. The INF can be interpreted as a function
describing the size of the instantaneous bolus appearing at the exit of the brain as a
function of time. Essentially convolution integration equation (Eq. (7.1)) is the
sum of the time shifted IRFs, modulated by the magnitude of INF at the shifted

time, t.

Output(t) = jIRF (t — u)INF (u)du Eq. (7.1)

In Eq. (7.1) the indicator recirculation, as a function of time, is given by the left
hand side.

[n practice, it is not necessary to measure the IRF with a unit volume bolus
of indicator. Provided the same bolus size is used for both the determinations of
IRF and INF, consistency will be maintained by normalizing the IRF curve to the

signal maximum of the INF curve.
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C.  Experimental
1. Phantom Model

A phantom based experiment was designed to assess the capability of this
theory to predict recirculation. Figure 7.1 shows the set-up. The assembly
consisted of a water filled chamber representing the brain of the animal. The
volume of the phantom was 1.5 mL (the measured size of the rat brain is 1.2 to 1.5
mL). The detecting apparatus is a sodium iodide crystal and this simulates the MR
scanner in the animal experiments. A high performance liquid chromatographic
(labeled peristaltic) pump, with variable flow settings, represented the heart and
served to pump water through the brain at a constant rate. The reservoir, when
used in recirculation experiments, contained 20 mL of water, mimicking the
vascular ‘volume’ of the rat. A stirring bar was also included in the reservoir. The
total length of the connecting tubing was chosen so that at a flow rate of 2
ml/minute (or 2 mL/1.5g/min. = 133 mL/100g/min.) the entire length could be
filled in 20 seconds. The injection devices, etc., simulated, as closely as possible,
the animal situation. The indicator used in the phantom study was **"Tc
pertechnetate. The injection loop shown in the figure could be arranged to inject
an indicator bolus either up-stream or down-stream of the phantom chamber.
Although the detector and indicator used in these experiments differ from those

employed in the animal studies, the underlying principles of flow are exactly the

199



same, implying that any findings are directly applicable to an MR based

experiment.
Figure 7.1 The Phantom Assembly
DSRE Option
{ Nal detector
reservoir
lead
(H20) collimaton
injector
valve
L I 0
> syringe
peristaltic 3;::2 control
pup > .
injector
loop

For convenience define the following terms:

1. DSRE = down-stream injection with recirculation
2. USRE = up-stream injection with recirculation
3. USNRE = up-dtream injection without recirculation

The set-up shown in Figure 7.1 was used to perform the DSRE phantom

experiment which yielded the IRF for this arrangement. It is called DSRE because

200



the indicator bolus was injected down-stream of the phantom chamber. From the
figure it can be seen that injecting a bolus at this location simulates a bolus at the
exit of the chamber or the rat brain. Monitoring the *"Tc activity at the chamber is
a measure of the effect of a bolus appearing at the exit of the brain on activity
recorded from the brain (ie. IRF). Flow rates of the DSRE experiments were set at:
i. 2 ml/min. or 133 ml/100g/min., ii. 3 ml/min. or 200 ml/100g/min., ii. 4 ml/min.
or 267 ml/100g/min. and iv. 5 mI/min. or 333 ml/100g/min. Figure 7.2 shows the
DSRE data (IRF curves), for the flow setting of 3 mi/min. Note in Figure 7.2 that
two experiments were performed using different amounts of activity. USRE
experiments were then carried out using the same experimental set-up but with an
injection site at the input to the brain.

The set-up shown in Figure 7.1 was modified in order to perform the
USNRE phantom experiments. The modifications included moving the indicator
injection site up-stream of the phantom chamber and collecting the outflow down
stream of the phantom before it reached the resevoir so as to prevent the tracer
from recirculating. To compute the input function the flow rate was set equal to
that of its corresponding DSRE experiment. The same size bolus as in the DSRE
experiment was also used. The negative of the derivative of the activity (count
rate) versus time curve obtained in the USNRE experiment was taken to be
proportional to the input function. The USNRE experiments were performed

alternately with the DSREs. Figure 7.3a shows a USNRE curve for the same
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experimental setup used for Figure 7.2 and Figure 7.3b shows USNRE
experiments at various flow settings. The washin of USNRE was very fast
compared to that of DSRE, as indicated by the sudden increase of activity in
Figure 7.3a. The absence of washin in Figure 7.3b was due to the fact that
injections were performed prior to the initiation of flow.

Figure 7.2: DSRE (IRF) at 3 mUmin Using
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Figure 7.3(a): USNRE at 3 ml/min Using Different Amounts

of Activity.
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Figure 7.3b: USNRE at Various Flow Rates (with Diminishing
Amounts of Activity)
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Figure 7.3(c): Input Function for Experiment No. 2 of

Figure 7.3(a)
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The DSRE and the USNRE experiments can be used to generate a theoretical
USRE. The ability to calculate the USRE provides a method for assessing the
ability of Equation (7.1) to correct for indicator recirculation (i.e. the theoretical
USRE can be compared with the experimental results). However, before Equation
(7.1) can be employed, the DSRE needs to be scaled to reflect the response per
unit volume bolus of tracer injected. In the phantom experiments, the measured
signal was related to the amount of indicator present within the brain (radiation
decay was ignored as only about ten minutes of time lapsed between each
injection). At each flow setting equal volumes of indicator bolus were used for
both the DSRE and the USNRE experiments. Also, due to the design of the
USNRE experiments, the maximum signal recorded is directly related to the
amount of indicator injected. Therefore, the DSRE can be scaled by dividing by
the signal maximum of the USNRE washout curve.

The Input Function, as mentioned in the theoretical section of this chapter,
is the derivative of the USNRE. In taking the derivative, a number of numerical
differentiation algorithms were evaluated. The algorithms included: (a) two, three-
point formula', (b) a five-point formula' and (c) the negative difference. The
method selected was the negative difference technique since it worked better over
a larger time region. It consisted of taking the negative difference of the (i+1)" and

the i point on the washout curve to represent the i" input function value.
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Figure 7.4 compare a theoretical and experiment USRE. It is evident that
the convolution technique successfully predicts the USRE as the two curves are
similar in shape and the area under the curves approximately the same. Although
one may question the ability of the phantom experiment to simulate the CBF
experiments carried out on rats, the underlying concepts of flow, impulse response
function and input function are the same. As a result, the success observed in the

phantom study provides the confidence needed to transfer the technique to
animals.

Figure 7.4: Theoretical versus Experimental USRE Results
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2. Animal Model

The recirculation experiments on animals differed from those on the
phantom. The final CBF technique described in Chapter 4 corresponds to the
USRE experiment. The goal of the recirculation experiments on animals was the
reverse of the phantom study. In particular, convolution analysis in the animal
experiment was employed in order to remove indicator recirculation from the
USRE experiment. Having removed indicator recirculation from the USRE
experiment, the derived USNRE result can be used for CBF calculation.
Unfortunately, in animal experiments, a theoretical USNRE can not be compared
with an experimentally obtained function (the latter is impossible to measure) —
hence the need for validation of the technique through phantom studies.

In the animal study, a down-stream injection site must be selected. Initially,
the left external jugular vein was chosen because it is at the exit of the brain.
Unfortunately it requires an additional catheterization to be performed near the
ECA (external carotid artery) catheter. This procedure is quite complicated and the
additional neck incision further stresses the animal. A more practical downstream
injection site and the one finally employed, was the right femoral vein (RFV).
Compared to the external jugular site, the femoral is more distal to the brain.
However, relative to the exit of the brain (the ideal injection site for obtaining the
impulse response function of indicator recirculation), its distance from the heart is

about the same; thus, the recirculation associated with a femoral injection should
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be very similar to that associated with the exit of the brain. The primary advantage
of the femoral site is its surgical simplicity.

A set of animal experiments for the indicator recirculation study included
measuring two impulse response functions (IRFs), using the RFV indicator
injection site and 0.2 ml bolus, as well as the original CBF experiment described
in Chapter 4. The IRFs were scaled by the signal maximum of the washout curve
obtained in the original CBF measurement in order to remain consistent with its
definition. The first relative IRF (or IRF1) experiment began 30 minutes prior to
the CBF experiment, and the second relative IRF (or IRF2) began 30 minutes after
the start of the CBF experiment. Animal surgery and experimental parameters such
as the size and injection time of the indicator bolus, etc., for the RFV experiments
are described in Chapter 4. The two RFV experiments served to indicate the
stability of the IRF during the 90 minutes of experimentation. Although the
physiological parameters of the animal were kept as constant as possible during
the experiment, the IRF could still change. It is speculated that a major reason for
the change was the variation in the level of anaesthesia over the 90 minutes of
measurement, an effect which could not be eliminated. Figure 7.5a shows a pair of
relative IRF1 and IRF2 that are nearly equal to each other. In comparison, Figure
7.5b shows a pair of relative IRF1 and IRF2 that are dissimilar due to an increase
in PaCO; level from normocarbia during IRF1 to hypercarbia during IRF2. If PSF1

is similar to IRF2, then the relative [RF at the time of the CBF experiment is taken
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to be the average of the two. Such averaging, in some cases, can approximate the
relative IRF even when IRF1 is not similar to IRF2; provided that during the 90
minutes of experimentation the change in animal physiological parameters are
small or unidirectional (for example, with PaCO, either increasing or decreasing
monotonically). In any case, the convergence of the predicted recirculation free
washout curve to zero baseline can always be used to check the validity of the IRF
used.

Figure 7.5a: IRF1 and IRF2 with Unchanging Animal
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Figure 7.5b: IRF1 and IRF2 with Changing Animal
Physiology
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The procedure for calculating the indicator recirculation curve in the rat
experiment paralleled that utilized in the phantom study. The impulse response
function for the CBF experiment was scaled using the signal maximum associated
with the washin/washout curve of the CBF experiment as discussed previously.
The input function for the CBF experiment was taken as the derivative of the
washout curve. The numerical differentiation method utilized was the same
negative difference signal technique described in the phantom experiment section.
Finally, Equation (7.1) was used to generate the indicator recirculation curve for

the CBF experiment. Figure 7.6 shows an indicator recirculation curve, along with
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its corresponding CBF washout curve. Note in this figure the convergence of the
washout and recirculation curves. The convergence is a good indication of the
validity of the impulse response function utilized. Note also that the gradual and
smooth build-up of the recirculation is similar to that observed in the phantom
experiments. At 48 seconds into the experiment (the time of the last datum point
used in fCBF calculations, see Chapter S) indicator recirculation reaches 25% of
its maximum. The implication of this is that although only the initial few points
are used in a fCBF calculation, the results obtained are still influenced by indicator

recirculation.

Figure 7.6: Recirculation and Corresponding Washin/Washout Curves
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Figure 7.7 illustrates recirculation, impulse response function and CBF
curves. Note the convergence of the three curves shown. Aiso, the maximum of the
impulse response function is about 20 % that of CBF, indicating that 20% of the
cardiac output went to the brain in this experiment. The average cardiac output to
the brain for normal PaCO, (35 mmHg < PaCO, < 45 mmHg), as determined from
12 impulse response functions (in 6 recirculation experiments), was (18 % 8) %.
The cardiac output to the brain was also observed to increase with increasing

PaCO, level as expected. The highest observed cardiac output to the brain (for

PaCO; = 65 mmHg) was 45 £ 5 %.
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Figure 7.7: Recirculation and Corresponding IRF and
Washin/Washout (CBF) Curves
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Figure 7.8 presents typical washout curves with and without correction for
indicator recirculation. The recirculation corrected curve in Figure 7.8 was
obtained by subtracting the recirculation curve (generated using convolution
analysis) from the CBF curve. In Figure 7.8 the curve corrected for indicator
recirculation converges to a base line of zero. In contrast, the curve not corrected
for indicator recirculation converges to a non-zero constant base line, reflecting

uniform distribution of indicator throughout the rat.



Figure 7.8: Washin and Washout Curves for CBF Experiment
(With and Without Recirculation Correction).
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Figure 7.9 is a semi-log plot of the data presented in Figure 7.8. In this
figure the recirculation corrected curve is straighter than the non-corrected one and
would appear to consist of two linear segments of different slope. This shape
supports the three component brain model consisting of an intra-vascular spike, a
fast grey matter compartment (Ist linear segment) and a slower white matter
compartment (2nd linear segment). Note that in the case of the uncorrected curve,
the initial section gradually shifts to the right, at no time demonstrating a linear
region. This result suggests the possibility of simultaneous fCBF and sCBF

calculation (with their respective recirculation corrected flows as refCBF and
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resCBF), where fCBF, as before, stands for fast gray matter flow and sCBF for
slow white matter flow. The procedure for this task was to use a least square linear
regression to fit to each straight line portion independently and then use the slopes
in conjunction with Eq. (5.1) to predict the recirculation corrected flows. (See
Chapter 5). For the particular experiment shown in Figure 7.9 refCBF(3-23) was
68 and resCBF(50-100) 48 ml/100g/min; or resCBF(50-100) was 71% of

refCBF(3-23) for this experiment.



Figure 7.9: Semi-Log. of Washin and Washout Curves (With and
Without Recirculation Correction
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D. Non-Corrected Versus Corrected CBF Results

Figure 7.10 shows recirculation corrected (refCBF(3-23)) and non corrected
fCBF(3-23) values. Figure 7.11 compares refCBF(3-23) with resCBF(50-100).
The aCBF and the recirculation corrected rcaCBF values are shown in Figure 7.12,
for comparison. The average percentage difference (P.D.) between corrected and
non-corrected flow values of individual experiments was calculated to be 33% for

aCBF and 31% for fCBF(3-23), using

p.p.= CBE - FCBE | o0
refCBF

If indicator recirculation were not partially corrected for using the crude aCBF
technique described in Chapter 5, the percentage difference between recirculation

corrected and uncorrected aCBF would have been higher.



Figure 7.10: Recirculation Corrected and Non-Corrected
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Figure 7.12: aCBF and rcaCBF versus PaCO,. P.D.
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Chapter 8: A Dual Indicator Technique for Measuring CBF: A Comparison
of *H-Labeled Water and Alcohols

A. Introduction

It was pointed out in Chapter 6 that deuterated water is diffusion limited
and therefore does not fully satisfy the requirements of the mathematical models
used to predict CBF. This results in CBF underestimation. Also in Chapter 6, the
deuterated water extraction coefficient (E) was measured in order to quantify the
CBF underestimation. E is equivalent to the permeable surface (PS) area and is the
reciprocal of the CBF underestimation correction factor. This chapter attempts to
evaluate the CBF underestimation using a dual indicator technique. Briefly, the
technique utilizes simultaneous injection of two kinds of indicator. The two kinds
of indicator selected were deuterated water and deuterated alcohol. Because
alcohols better satisfy the ‘ideal’ freely diffusible condition required by the

234,
12343 they can serve as a yard

mathematical models used for CBF calculations,
stick for assessing the degree of CBF underestimation associated with deuterated
water. Using the deuterated water and deuterated alcohol CBF values from a dual

experiment, the underestimation with respect to alcohol is given by

g CBF (alcohol ) - CBF (water)

PD=2
CBF (alcohol ) + CBF (water)

x 100%, Eq. (8.1)
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where PD is the percentage difference between the CBF determined using an
[*H]Jalcohol (alcohol for short) based indicator and that using [*H]water (water for
short).

In the dual indicator protocol developed, water and alcohol are injected
simultaneously. Because of the nature of pulse MR signal acquisition (i.e. both
alcohol and water signals are acquired together in a FID after an rf pulse), the
washin/washout of the two indicators can be monitored simultaneously (because
the FID can be Fourier transformed into a spectrum to yield both the alcohol and
water lines) and as a result, CBF can be calculated for each of the two indicators
under identical conditions. Hence, differences in the two values reflect only
diffusion limitations of water, assuming that no individual indicator is under
preferential flow regulation due to metabolism or other differential flow factors.

In this chapter, substantial efforts were given to the development of the dual
indicator technique, especially in understanding acute alcohol reactions (so as to
determine the most appropriate bolus size and concentration of alcohol for each
injection) and determining which alcohol is most suitable for the dual indicator
study. In addition, the dual indicator experiment necessitated the development of
appropriate data processing procedures prior to CBF modeling. One should keep in
mind while reading this chapter that the results are preliminary and qualitative

only. This is due to the fact that only a small number of experiments were
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performed for each of the three dual indicator techniques. More experiments are
needed before statistically significant conclusions can be formulated.

B. Dual-Indicator Experiments

The dual indicator experiments were designed to measure water CBF and
alcohol CBF under virtually identical conditions. To achieve this, the CBF
technique presented in Chapter 4 required modification. One modification which
has already been mentioned was to replace the original water indicator with a
mixture of alcohol and water. Another modification was in the technique used to

introduce the indicator into the system. The injection catheter of the injection

assembly (See Chapter 4 on catheter fabrication) was filled with Heparin Leo®

(0.33 mL). This step attempted to prevent blood from clotting during the

experiment. At S to 10 minutes before injection, the Heparin Leo® filled injection
assembly was withdrawn so that the catheter assembly was filled with blood from
the animal. Then a very small air bubble (< 0.002 mL) was introduced, and 0.32
mL of dual indicator mixture was loaded behind the air bubble. This air bubble
served to isolate the indicator mixture from the blood. During indicator injection,
the small air bubble was pushed into the ECA, along with the desired indicator
injection bolus.

Three different indicator mixtures were used in the dual study:

.  amixture of [*H]water and [*H]ethano! (dual ethanol for short)

2. amixture of [*H]water and [*H]isopropanol (dual isopropanol)



3. a mixture of [*’H]water and [?H]t-butanol (dual t-butanol)

The fact that alcohol could affect the animal physiology was assumed
inconsequential, as the respective CBF values of water and alcohol were measured
under the same physiologic conditions.

The *H,0O spectrum was simple, as it contained only the O*H line (see
Figure 4.5). The dual ethanol spectrum, besides the O’H line of %H,O, also
contained the C*Hj line (1.3 ppm), the C*H, (3 ppm) line, and the O’H associated
with deuterated ethanol (C*H;C?H,O%H). These three lines are resolvable in vitro
using large number of averages (n.a. = large number) per FID, (and hence per
spectrum). Figure 8.al shows a dual ethanol spectrum obtained in vitro using n.a.
= 200 per FID and line broadening (Ib) = 0.3 Hz. For comparison another in vitro
spectrum with n.a. =3 and Ib = 50 Hz is given in Figure 8.a2. Note in Figure 8.a2
that the three lines are barely resolved. The Ib = 50 Hz was the line broadening
used in all the animal experiments so as to achieve superior SNR at the expense of
resolution (see later sections for more detail). The corresponding dual isopropanol
spectra are given in Figure 8.a3 and 8.a4. Note in Figure 8.a4 that the small C*H
(3.2 ppm) line of the deuterated isopropanol is not resolved. A spectrum for dual t-
butanol, with n.a. =3 and Ib = 50Hz, is given in Figure 8.a6. Note the single C*H;

line from deuterated t-butanol [(C*H;);C-O*H].
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Figure 8.a3: Deuterium Spectrum for dual Isopropanol Indicator (n.a. =
100, Ib = 0.3 H2)
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Figure 8.a5: Deuterium Spectrum for dual t-Butanol Indicator
(n.a. =100, Ib = 0.3 Hz)
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1. The Dual Ethanol Protocol

In the dual ethanol experiments, the size of the indicator bolus used was 0.2

1 0.01 mL. (See Table 8.1). Composition of this bolus was:

f—
.

[*H]ethanol (C*H;C?H,0H, ethanol for short) 60% v/v

2. [*H]water 38% v/v

3. 1% Heparin Leo® v/v

4, 0.9 mg NaCl /100mL
The time and frequency of experiments were the same as those described in the
final CBF protocol of Chapter 4. With this Ethanol concentration, an animal could
typically tolerate 2 to 3 injections at 30 minute intervals, after which the
physiology and the CBF of the animal were affected. Figure 8.1(a) shows a typical
washin and washout curve for a dual ethanol experiment. It can be seen that,
although the amount of ethanol injected was quite large (0.12 mL), the SNR of the
ethanol experiment was small. A more serious problem with the dual Ethanol
experiments in particular, and all alcohol experiments in general, was the
observation that blood pressure and presumably the CBF fluctuated drastically
during the initial washout, affecting fCBF determination. The claim that CBF
fluctuated during a dual alcohol experiment was supported by a number of
observations. Indirect evidence was the significant change in blood pressure during
the washin and washout of the indicator mixture. When the ethanol was

introduced, blood pressure increased rapidly from normobaric (90 to 110 mmHg)



to hyperbaric (= 180 mmHg), usually in about 5 minutes. After the initial increase,
blood pressure dropped continuously, at a slower pace, to hypobaric (50 to 70
mmHg), in about 15 minutes. This was followed by the blood pressure recovering
to normobaric, usually in time for the next experiment (= 30 min) if the animal
was still alive. Figure 8.1(a) served as additional evidence of CBF fluctuation
during indicator washin and washout. In this figure, the characteristic exponential
indicator washout shown in Figure 8.1(b) (a washout curve obtained from a
deuterated water only injection) was not observed. The deviation of the washout
curve from that expected suggested that the CBF might have fluctuated during the
initial washout, with each change represented by a fluctuation in the linear portion
of the initial washout in a semilog plot. When the fCBF values (see Chapter 5)
were calculated using non-characteristic washout curves similar to that of Figure
8.1(a), the values obtained ranged from approximately 0 mL/100g/min to 30
mL/100g/min. In addition, the values were associated with large uncertainties. The
large range and large uncertainties of CBF measured from the dual experiments
made meaningful statistical analysis impossible. The reduction in CBF was
dependent on the amount of ethanol injected per study and on the total amount
accumulated in the animal. Figure 8.1(e) shows a dual ethanol experiment with
less deviation due to less alcohol accumulated in the animal. CBF fluctuations
during indicator washin and washout also occurred in the dual alcohol experiments

using [*H]t-butanol and [*H)isopropanol, although the magnitude of fluctuation



was less. The CBF fluctuation indicated in Figure 8.1(a) was severe. Further
alcohol injections either killed the animal, or disrupted the CBF entirely, as shown
in Figure 8.1(c). This state of total absence of washout was observed in all rats

after a sufficient amount of alcohol was introduced.

Figure 8.1(a): Non-Typical Washin and Washout for a Dual Ethanol [
Experiment |
|
3SOE+08 T |
3.00E+08 +
T 2.50E+08
o0 °
= 2.00E+08 | .
; il ® o 2H]Water
2 1.S0E+08 + G [2H]Ethanol |
= |
? H
& 1.00E+08 F !
| e ;
5.00E+07 *U SR ] |
g ' : i
0.00E+00 & ; O—+—— OO N i
0 200 400 600 800 !
Seconds !

[\
(9]
(93]



Figure 8.1(b): Typical Washin and Washout Taken Before that of Figure
8.1(a)
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It was realized that the dual ethanol study was of limited usefulness. In
order to obtain an adequate SNR, a relatively large amount of ethanol had to be
injected, in turn producing a significant drop in CBF from the ‘normal’ value (as
evident from the washin/washout curves similar to that of Figure 8.1(a)). When the
CBF was disrupted, as the case in Figure 8.1(c), the flow could sometimes be
restored by injecting additional [?H]Jwater (heparinized saline). The washin and
washout of Figure 8.1(d) was taken after an injection of [*H]water into a rat

exhibiting the disrupted CBF shown in Figure 8.1(c).
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Figure 8.1(c): CBF Disruption Due to Additional Alcohol Injection After
that of Figure 8.1(2)
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Figure 8.1(d): Restoration of Typical CBF
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Figure 8.1(e): Dual Ethanol Experiment Showing Less Severe CBF
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2. The Dual Isopropanol Experiment

In the dual isopropanol study, the size of the injection bolus used was 0.10
+0.01 mL. The indicator mixture consisted of:

1. [*H]isopropanol [(C*H;),C*HO?H, isopropanol for short] 30% v/v

2. [PH]water 68% v/v

3. Heparin Leo® 1% v/v

4. NaCl 0.9 mg/100mL
The amount of alcohol in each experiment was therefore 30% (by volume) of that

used in the dual ethanol study. The indicator injection time was less than or equal
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to 1 second and an animal could tolerate typically 3 to 5 injections at 30 minute
intervals before physiologic changes affecting the CBF were observed.

A typical washin and washout curve for the dual isopropanol experiments is
given in Figure 8.2. Many of the observations and comments made for the dual
ethanol investigation were also noted in the dual isopropanol study. These
observations and comments include:

1. a reduction of CBF (see Table 8.2 (a))

2. an increase in the uncertainty of measured CBF

3. blood pressure fluctuation, which was observed to be the same as

described in the previous dual ethanol experiment section

4. temporary CBF disruption and permanent CBF breakdown (similar

to that given in Figure 8.1(c)), etc., when the amount of alcohol
injected per study or the total amount accumulated in the animal was
large

Once again, meaningful statistical analysis of CBF values was difficult.
There were however important differences between the dual ethanol and the dual
isopropanol experiments. First, blood pressure variation (from normobaric, at the
beginning of indicator washin, to hyperbaric, followed by hypobaric and then back
to normobaric) during an experiment was in general less severe for the latter.
Secondly, a normal washin and washout curve (similar to that obtained using only

[*H]water as an indicator) was observed in some of the dual isopropanol
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experiments (See Figure 5.1), usually for the first two to three dual indicator
injections (within an individual animal). However, achieving the characteristic
washin and washout does not imply that the CBF in the rat was not disturbed, only
that the changes in physiology were less. Furthermore, the SNR for the dual
isopropanol measurements was much larger than that observed in the dual ethanol
experiments. Unfortunately, the prominent isopropanol line was not resolved from
the shoulder of the water line in the MR spectra acquired in the dual isopropanol
studies. Therefore, the isopropanol signal was severely contaminated with water,
and the peak height measured at that position was not directly proportional to ihe

alcohol concentration.

Figure 8.2: A Typical Dual kopropanol CBF Result
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3. The Dual t-Butanol Experiment

Two types of dual t-butanol experiments were performed. Initially, the size
of indicator bolus was 0.05 mL. This bolus, besides heparin and NaCl, included:
[?H]t-butanol [(C*H;):C-O*H] (50% v/v) and [2H]water (50% v/v). Since the bolus
was concentrated and small in size, special attention was given to the filling of the
catheter assembly. (See Part [ of Chapter 4 for details.) Briefly, in order to prevent
the waste of concentrated t-butanol in the 0.33 mL dead volume of the catheter
assembly, the filling of the catheter was as follows:

L. Fill the entire catheter assembly with Heparin.

2. Introduce a small air bubble into the tip of the catheter.

3. Draw in 0.05 mL of indicator, to be njected as a bolus.

4. Repeat steps 2. and 3., as much as five times, depending on number

of experiments to be run.

5. Draw in the last air bubble and fill the tip of the catheter with

Heparin.
The air bubbles in the filling served to separate the leading bolus from the blood of
the animal after each injection.

It was believed that the t-butanol concentration in the previously discussed
experiments was too great in that it significantly affected the rat physiology
(similar to that of dual ethanol) and hence affected the CBF. It was decided to use

approximately the same amount of alcohol (0.033 mL) but in a lower



concentration. In these later studies, the size of indicator bolus was 0.33 + 0.05
mL. This bolus included:

1.  [*H]t-butanol (t-butanol for short), 10 % v/v

2. [*H]water, 88% v/v

3. Heparin Leo®, 1%

4. NaCl (0.90 mg/100 mL)

Due to the larger total bolus size, the injection time was increased to less than or
equal to 2 seconds. In terms of CBF modeling, a 2 second injection time was
acceptable, as can be seen from Figure 8.3(a) which suggests that the washin of
indicator was sufficiently fast. The frequency of experiments was every 30
minutes, as before. Usually an animal remained alive for 3 to 5 injections (an
improvement from the 2 to 3 injections of the earlier t-butanol study) indicating
that the attempt to reduce the effects of alcohol on the rat physiology was
successful.

A typical dual t-butanol washin and washout curve obtained with the lower
concentration of alcohol is given in Figure 8.3(a). The results were similar to the
dual isopropanol studies and most of the observations and comments for Figure
8.3(a) were similar to that for dual isopropanol, namely:

L. a reduction of CBF

2. an increase in uncertainty associated with measured CBF

3. blood pressure fluctuation
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4. temporary CBF disruption
S. permanent CBF breakdown, etc., when the amount of alcohol
injected per study or the total amount of accumulated alcohol in the
animal was large
The level of t-butanol water contamination was approximately 24% (derived using
deconvolution method, see later) compared to 100% for isopropanol (the latter was
estimated by visual inspection; for example, the peak height of the isopropanol line
was smaller than the height of the shoulder of the water line it sat on). This
observation might have been due to the fact that all dual isopropanol experiments
were performed on rats having a large HOH background). If t-butanol is less
contaminated with water in general, then the dual t-butanol technique is the
method of choice for quantifying CBF underestimation. (See later for details of
how the water contamination in dual t-butanol studies was eliminated using a de-
convolution method.) After 3 to 4 experiments, the washin and washout began to
resemble that of a typical dual ethanol study, as is shown in Figure 8.3(b);

additional alcohol injections either killed the animal, or interrupted CBF entirely.

See Figure 8.3(c).
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Table 8.1: Parameters for Dual Indicator Experiments

Experiment Indicat or Bolus size { [Inj. time
Alcohol (%v/iv) | 2H20 (%v/iv) (mL) (seconds)
Dual Ethanol 60% 38% 02 1
(n=3)
Dual Isopropanol 30% 68% 0.1 1
(n=6)
Dual t-Butanol I 50% 50% 0.05 1
(n=3)
Dual t-Butanol II 10% 88% 0.33 2
(n=4)
C. CBF Comparison

1. Characteristics of the Alcohol Data

[n comparing the washout curves for alcohol and water, it is evident that the

former is characterized by fewer data points in the low signal regions; the only
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exception is in those dual t-butanol experiments with 50/50 (v/v) concentrations of
alcohol and water. This is because the software used to detect the MR spectral
peak heights (See chapter 4) ignores signals less than a threshold value. This
becomes an important factor in alcohol measurements where the signal is
considerably smaller than that of water. It can be seen that the low signal regions
include the initial pre-injection base line and the tail of the washout curve. This
makes aCBF (See Chapter 5) modeling difficult, since the aCBF results depend
critically on the asymptotic region, the region where missing data points frequently
occur. On the other hand, fCBF modeling only requires a base line correction,
which is a single averaged value and the missing data points are less of a concern
(Chapter 5). It is worth pointing out that regions with too many missing data points
cannot be used for CBF prediction. This was because, in low signal regions the
noise that adds to the MR signal was preferentially picked up by the peak selection
program while noise that reduces the MR signal was selectively ignored. This
preferential selection made the washout of indicator and hence CBF appear slower

(for both fCBF and aCBF).



2. Baseline Correction

As mentioned above (and in Chapter 5), in order to calculate fCBF using
the alcohol washin and washout data one needs the alcohol base line. In some of
the alcohol experiments the base line information was not available. This was due
to the fact that the Bruker peak height picking software selectively ignores MR
signals under a threshold. An attempt was made to locate the source code of the
software but without success. In the absence of the alcohol baseline information,
the corresponding water base line information was used to determine the alcohol

base line

n 1 & S ... (alcohol
Balcohoi = M[ﬁz Sl (Water) x S—((V/ateT))} Eq' (8’2)
=1

water max

where 7icon01 and N4, are the respective number of alcohol and water injections
before the current experiment; S,..(alcohol) and S,.(water) are the respective
maxima of the alcohol and water washin and washout curves; and S;(water) is the
signal for the i™ point of the water washin and washout curve (datum points | to
10, represent the baseline before washin). Eq. (8.2) was used to obtain the alcohol
baselines in those experiments where baseline information was not available; that
is, in those alcohol experiments characterized by a significant number (e.g, 25% or
more) of missing data points (from the initial base line just before washin). Eq.
(8.2) was used in all dual isopropanol experiments and three (out of six) of the

dual t-butanol experiments (25en6, 25en7 and 25en8).



3. Partition Coefficients
As before, fCBF was calculated using

JCBF =-100x A xm. Eq. (8.3m)

where A is the partition coefficient and m the slope of the initial washout curve on
a semi-log plot. The partition coefficient (1) for water, as before, was taken as 0.9
mL/mg. (See Chapter 5.) The A for ethanol was taken as 1.14 mL/gm,' a value for
cortical gray matter and hence one that is quite suitable for our present
experimental technique. (See Chapter 4). At present, the A for isopropanol has not
been reported and was assumed 1.0 mL/gm. The A for t-butanol was 0.77 mL/gm.
This value, published by Gjedde et al.,*’ was measured according to the definition
given by Kety® and therefore is appropriate for our experiments.

4. Fast CBF Component Comparisons
The CBF modeling technique used to analyse the dual indicator

experiments was identical to methods discussed previously. (See Chapters 4 and

5)
Table 8.2(a): Dual Alcohol fCBF Results
Experiment [2ZH}Water s.dev. [2H]Alcohol s.dev.
(mL/100g/min) | [2H]Water |(mL/100g/min)| [2H]Alcohol

Dual Ethanol 20 16 31 18
n=3

Dual Isopropanol 35 19 31 15
n=6

Dual t-Butanol 42 25 36 28
n=7
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Table 8.2(a) summarizes the dual alcohol and water fCBF(3-23) results.
Not included in the fCBF summary were a number of low alcohol signal
experiments, (rejected using the SNR data discriminating Eq. (5.1) of Chapter 5
and the same threshold value of 50 as with water). Also not included were those
experiments with too many missing t-butanol peaks in the initial washout region.

Note the large standard deviations in the CBF values obtained. This made
statistical analysis impossible. The main reason, as given before, was the large
range of CBF values associated with alcohol experiments. In addition, the level of
PaCO, of these experiments was not controlled (in fact, attempts to control the
level of PaCO; in the experiments failed; the failure was due to the influence of
alcohol, for it was observed that PaCO, could change substantially in these
experiments). However, the standard deviations for both water and alcohol
measurements are roughly equal, suggesting the precision of the two
measurements is similar and thus lending credibility to the technique. In all
experiments it was observed that as the fCBF value for water increased so too did
the value for alcohol and by the same proportion.

Table 8.2(b) shows the average fCBF percentage difference (PD) between
the water and the alcohol values using the results of Table 8.2(a) and Eq. (8.1).
The negative signs for the dual isopropanol and t-butanol indicate that the average

fCBF values were less than that for water.
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Table 8.2(b): Dual Alcohol f{CBF Percentage

Differences
Experiment Percentage Difference
fCBF(3-23)

Dual Ethanol 43
n=3

Dual Isopropanol -12
n=6

Dual t-Butanol -15
n=7

Table 8.2(b) shows that the fCBF measured using ethanol was greater than
that for water by 43%. If this value is statistically meaningful (which is probably
not due to the large standard deviation associated with the fCBF values), one can
infer that water is diffusion limited and as a result will underestimate CBF. Results
presented in the table for isopropanol and t-butanol are however contrary to what
one would predict based on the fact that alcohol is more freely diffusible than
water (alcohol should exhibit a higher CBF value). CBF values obtained for
isopropanol were suspect due to the fact that 4 was unknown. Because of this no
further investigation was made into the isopropanol results. Keeping in mind the
number of experiments is too small to yield statistical significance, the t-butanol
findings are examined further in the next section.

S. An Explanation for Lower t-Butanol CBF Obtained

The dual t-butanol study was performed using the same experimental
protocol as the dual ethanol study (which yielded a CBF that was greater than that

measured using deuterated water), with only three exceptions (See Table 8.1): 1.



concentration, 2. bolus size and 3. duration of injection. Our previous CBF studies
using water (Chapter 4) indicated that CBF measurements using bolus sizes
ranging from 0.05 mL to 0.35 mL and injection times from 1 to 2 seconds did not
significantly affect CBF results. In addition, the effects of bolus size and injection
time on the t-butanol and water results would have been the same. Clearly, the
remaining difference (alcohol concentration) is the only possible reason for the
conflicting results obtained with ethanol and t-butanol.

Note in Table 8.1 that the ethanol bolus concentration was 60% (v/v) and
the t-butanol concentration was 50% (v/v) for 3 experiments and 10% for 4
experiments. Table 8.3 lists the individual results of all t-butanol experiments and
presents the PD (using Eq. (8.1)) for the dual t-butanol at 50% and 10%
concentrations separately. When the t-butanol concentration was close to that used
in the ethanol experiments (50% versus 60%) the measured fCBF was higher than
for water. On the other hand, when the t-butanol concentration was 10%, the
measured fCBF was lower than for water. This suggested that the fCBF values for
t-butano!l and water obtained in the dual alcohol experiments were dependent on
the relative concentrations (v/v) of two indicators used. The chemical shift (CS)
between the *H labeled water and t-butanol was approximately 3.5 ppm (Figure
8.a6, HOH on the left and t-butanol on the right) and ther FWHM was
approximately 2 ppm. The large FWHM of water and t-butanol was due largely to

the fact the Bruker Biospec 7T/21 cm scanner was optimized for imaging and SNR



at Ib = 50 Hz (~ lppm). This resulted in a magnetic field that was quite

homogeneous over a considerably large volume, but the homogeneity may not be

as high as would be expected with a dedicated MR spectrometer at the same field

strength over a smaller volume. In addition, the small bolus size (in some cases 25

HL each or 50 pL total) also played a role in the SNR obtained (for example SNR

is proportional to the amount of the indicator injected). From the knowledge of the

CS difference and FWHMs for water and t-butanol it was concluded that the peaks

over lapped. The degree of cross contamination between t-butanol and water was

determined using a deconvolution technique to fit the water and t-butanol peaks.

The deconvolution

Table 8.3(a): Dual t-Butanol Resuits
Exp. No [t-Butanol [i. time |b. size [fCBF(3-23) |st.dev. [f{CBF(3-23) |st.dev.
(viv) (s) (mL) _[’H,0 ’H,0 __|t-Butanol _|t-Butanol
6end 50% 1 0.05 60 57 75 3.5
6en6 50% 1 0.05 22 14 22 1.3
12en1 50% 1 0.05 24 6.3 38 7.6
ave. 35 45
P.D. +25%
25en6 10% 2 0.35 40 1.5 31 6.1
25en7 10% 2 0.35 34 1.7 4 52
25en8 10% 2 0.35 90 2.7 72 45
25en9 10% 2 0.30 21 4.2 13 57
ave. 46 30
P.D. ~42%




employed two lines (one at the ’HO'H resonance and the other at the t-butanol
resonance) with a Lorentz lineshape. Results show that 24% of t-butanol peak
height was due to water contamination and close to 0% of water peak height was
due to t-butanol contamination. Table 8.4. shows the deconvolution results. This
indicates that the contribution of water signal to the t-butanol peaks is more
serious as the t-butanol concentration decreases. A similar process could also have
been applied to dual ethanol experiments but was not performed due to the low
SNR of the data obtained. In the case of the 50/50 (v/v) dual t-butanol experiment,
the height and FWHM of the water and the t-butanol lines were nearly equal and it
is expected that cross contamination of water in t-butanol and vice versa would be
nearly equal. A conclusion is that the effects of mutual contamination on this type
of experiment was minimal (the effect of water cancels the effect of alcohol and
vice versa), and that the respective fCBF values obtained for water and for t-
butanol can be compared directly without deconvolution analysis. The results of
Table 8.4 were obtained using data measured with 10% t-butanol (25en6). Similar
results are expected from experiment 25en7 to 25en9 because they all utilized 10%
alcohol concentration. There are two reasons for the higher water peak: the
obvious one is it has much higher concentration in the bolus and the second is due
to the fact that the dual t-butanol experiments were performed after S injections of
deuterated water which would increase the deuterated water background. The
second reason should only affect background as the time between consecutive
injections was relatively long (30 minutes); hence the background effect is
removed with deconvolution and background subtraction.

In order to more accurately calculate fCBF using t-butanol, the water
contamination needs to be removed from the t-butanol peaks. In the case of
experiment 25en6 a simple approximation would be to:

1. subtract 24% from the measured t-butanol peak heights
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2. calculate a new ‘water contamination removed background’ for t-

butanol using

Baleohol(new) = Balcohol (Observed) x 0.76

where Byconoi(observed) is obtained from Eq. (8.2)

3. subtract the Bycno(new) from the t-butanol peaks and calculate
fCBF for t-butanol as before using the new peak height and
background values

Table 8.4: Dual t-Butanol Deconvolution Results for Experiment 25en6
Spec. No. Water Peak t-Butanot Peak

Before  JAfter  [P.D. IBefore  JAfter P.D.

15 1.34E+05 1.36E+05 -0.64013 2.60E+04 2.09E+04 21.7484
16 1.37E+05 1.38E+05 -0.40095 239E+04 184E+04 26.00473
17 1.37E+05 1.39E+05 -0.68979 2.39E+04 1.90E+04 22.84382
18 1.35E+05 1.36E+05 -0.35662 220E+04 1.69E+04 26.22108
19 1.37E+05?7 1.37E+05? 2.12E+04 161E+04 27.34584
20 1.31E+05 1.33E+05 -0.64647 238E+04 1.90E+04 22.42991
21 1.30E+05 1.31E+05 -0.44984 2.04E+04 1.S4E+04 27.93296
22 1.27E+05 1.29E+05 -0.95205 2.30E+04 1.88E+04 20.09569
23 1.25E+05 1.27E+05 -0.61704 1.98E+04 161E+04 20.61281
24 1.23E+05 1.25E+05 -0.78834 203E+04 1.61E+04 23.07692
25 1.22E+05 1.24E+05 -0.92001 2.00E+04 1.56E+04 24.7191
26 1.21E+05 1.23E+05 -1.00307 1.96E+04 147E+04 28.57143
27 L.I9E+05 1.21E+05 -0.87769 1.99E+04 1.60E+04 21.72702
28 1.ISE+05 L.17E+05 -1.10953 2.08E+04 1.74E+04 17.80105
29 1.ITE+05 1.19E+05 -0.85472 1.80E+04 143E+04 22.91022
30 1.20E+0S 1.21E+05 -0.64332 1.95E+04 1.51E+04 25.43353
31 .ISE+0S 1.20E+05 -0.86425 1.79E+04 1.35E+04 28.02548
32 1.I4E+0S L.16E+05 -0.75676 2.23E+04 1.84E+04 19.16462
33 1.12E+05 L.14E+05 -0.50429 2.12E+04 1.69E+04 22.57218
34 L1IE+05 LI3E+05 -0.80167 2.06E+04 1.68E+04 20.32086
35 1.0S8E+05 1.09E+05 -0.37768 1.83E+04 1.38E+04 28.03738
36 1.LI0E+0S 1.12E+05 -0.61406 1.87E+04 |.49E+04 22.61905
ave. -0.70801 lave. 23.64609|
st.dev. 0.213324 Ist.dev. 3.169187




Using this method the fCBF for t-butanol of 25en6é obtained is 40 + 8

mL/100g/min. Table 8.5 are the results from experiments (25en7, 25en8, 25en9),

recalculated assuming 24% water contamination of the t-butanol peak. In

conclusion, the water contamination must be removed to obtain more accurate t-

butanol results. When this is done, t-butanol fCBF values obtained are greater than

those for water, as one would predict on the basis of diffusibility.

Table 8.5: New Dual t-Butanol Results

Exp. No [t-Butanol |i. time ([b. size ({fCBF(3-23) |st.dev. [fCBF(3-23) [st.dev.
(viv) (s) (mL) |2H20 2H20 (t-Butanol [t-Butanol
6end 50% 1 0.05 60 57 75 35
6en6 50% 1 0.05 22 1.4 22 1.3
12ent 50% 1 0.05 24 6.3 38 76
ave. 35 45
P.D. +25%
25en6 10% 2 0.35 40 15 40 8
25en7 10% 2 0.35 34 1.7 39 19
25en8 10% 2 0.35 Q0 27 156 8
25en8 10% 2 0.30 21 4.2 24 16
ave. 46 64
P.D. +33%

To summarize: 1. using the dual t-butanol experiments at 50/50 (v/v)

concentrations of t-butanol and water, the measured fCBF for alcohol was higher

than for water, 2. using the dual t-butanol experiments at 10% t-butanol

concentration and deconvolution to account for water contamination, the measured

fCBF for alcohol was also higher than for water.




D. Observations and Discussion

Unlike the water CBF experiments, the use of alcohols disturbed the CBF
due to alcohol toxicity. A cumulative alcohol injection of about 0.15 + 0.05 mL
altered the CBF to a point where CBF would stop completely. This is the reason
why only a limited number of injections were performed in a rat. Within the time
span of an experiment (typically 30 minutes) the alcohol toxicity was similar for
all three alcohols (that is, acute toxicity dominated). However, the results of the
study were indifferent to the alcohol toxicity as the water and alcohol CBF values
were determined under identical measurement conditions.

The SNR for t-butanol and isopropanol was at least 9 times higher than
ethanol. The apparent higher SNR for isopropanol was due to excessive water
contamination under the in-vivo experimental conditions. An attempt to eliminate
water contamination in both dual t-butanol and isopropanol using a line
broadening of 20 Hz (Ib = 20) was not successful. It was speculated that due to the
intrinsically large in-vivo FWHM of the water and alcohol lines, the use of Ib = 20
only serves to reduce SNR in the spectra obtained. This led to the development of
the deconvolution technique for the removal of water contamination in the dual t-
butanol experiments with low alcohol concentration described above.

Under the given experimental conditions, the dual t-butanol approach was

the preferred technique. Other findings of the study include:



Water, as CBF indicator, is limited by diffusion; on the other hand,
alcohol is limited by toxicity.

Results of the study presented in Tables 8.5 are independent of
alcohol toxicity.

t-butanol is the best of the alcohol indicators.

Water is preferred over alcohol indicators, if one keeps in mind that
according to Chapter 6 it underestimates the CBF by an average of
25%. This 25% underestimation of CBF using the water method was
qualitatively confirmed in this chapter using the dual t-butanol at
50/50 (v/v) of alcohol and water and using the dual t-butanol at
10/90 (v/v) of alcohol and water in combination with deconvolution.
Results obtained are preliminary and qualitative only, due to the

poor statistics associated with the small number of measurements.
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Chapter 9: Conclusion

The goal of the CBF project is to develop a method of measuring CBF in
humans using MR, with eventual application of the method to brain tumor
management. Three phases of research were identified as necessary in achieving
this goal. They were:

1. To develop a non invasive CBF measurement method in an animal
model and gain an understanding of the underlying fundamental
principles on which 1t is based.

2. To assess in detail the accuracy and precision of the CBF method.

3. To modify the CBF method for use in humans.

The first phase was successfully completed in the present study. In the first
phase the CBF measurement method was developed and investigated thoroughly to
better understand all aspects of the technique (Chapters 4 and 5). For example, the
effect of bolus size, injection time and injection location on results were studied.
The second phase, an assessment of accuracy and precision, was also completed.
The accuracy of the method was assessed using the concept of extraction
coefficient (Chapter 6) to investigate the diffusion limitations of the tracer and by
developing a method for recirculation correction (Chapter 7). Precision was
quantified through repeated measurements on the same animal, using three rats.
The third phase, to modify the CBF method for use in humans, remains to be

tackled.
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A. Development of the Animal Model

The goal of the study imposed a number of constraints on the CBF method
developed. For example, invasive CBF (invasive with respect to indicator
sampling) methods were not considered, as the method is to be applied eventually
to humans. With the above conditions in mind the literature was reviewed
(Chapter 2). In the end deuterated water was chosen as the indicator and MRS as
the sampling method. In light of the MRS sampling method chosen, the
mathematical models for the CBF measurement were formulated (Chapter 3),
fCBF and aCBF. In developing the CBF method, many experiments were
performed to evaluate the suitability of indicator injection sites (femoral vein, right
subclavian, common carotid, external carotid and external jugular), duration of
injection (from less than 1 to 25 seconds) and bolus size (from 50 pL to | mL),
etc. Chapter 4 presented these experiments, as well as a recipe for the final
protocol (which employed an instantaneous bolus injection at the right carotid
bifurcation).

Using the CBF method developed it was noted that the indicator washin and
washout curve suggested that the brain consists of three components:

1. the vascular bed, as was evident from the initial spike of indicator

washout presented on a semi-log scale (see Figure 5.3)
2. the fast gray matter, represented by the initial linear section of the

washout curve



3. the slower white matter, represented by the second linear portion of

the washout curve (after removal of recirculation)
Using the three component picture of the brain it was found that the intra-vascular
fluid (blood, plasma) transit time in the brain was of the order of 3 i- 2 seconds
and that, the extraction coefficient of *H,O indicator was 0.85 (from Figure 6.2).
The transit time was obtained from measuring the FWHM of the initial spike

(which in all cases was equal to 3 seconds); the + 2 seconds was due to the

limitation in sampling frequency.

1. Precision
Repeat measurements on the same rat under identical experimental
conditions were extremely difficult due to fluctuations in PaCO, and animal
sedation. However, in those instances where conditions remained constant

(Figures 5.6, 5.7, 5.9, 5.15, 5.16, 5.18, etc.) results were found to be reproducible.

2. Validity
[t is expected that a valid CBF method should be capable of tracking
changes in PaCO, levels. Under normal conditions, the CBF results, as presented
in Chapter 5, correlated positively to PaCQO,. As the PaCO; increased, the CBF
increased accordingly. The increase in CBF at normocarbia was directly
proportional to PaCO, levels, with a positive correlation coefficient greater than

0.78. This fact lends credibility to the CBF method developed.



To summerize: We have developed a CBF measurement method that is
valid and precise. This method involved:
1. Instantaneous bolus injection of deuterated water at the right external
carotid of the animal
2. Monitoring the washout of the indicator from the brain using ’H
MRS
3. Estimating CBF by fitting the appropriate mathematical model to the
measured data.
The measured fCBF and aCBF values for:
1. hypocarbia
2. normocarbia
3. hypercarbia
were summarized in Table 5.3 (reproduced in this chapter for ease of reference).
These values are at the lower end of the CBF range appearing in the literature
(Table 5.2). Among the literature values it is difficult to say which is the gold
standard. Results obtained in this study were lower than the median of the
literature data. There are two possible reasons for this. The first is due to indicator
recirculation which is not accounted for in the data presented in Table 5.3 and the

second due to the indicator not being completely ‘freely’ diffusible.



Table 5.3: CBF Values Using the CBF Measurement Method Developed

for This Study
CBF sdCBF
(ml/100g/min.)  (mi/100g/min.)
fCBF(0-23)

1. Normal PaC02, Normal PaQ2

(8 rats, partition coefficient=1) 81 1

{8 rats, partition coefficient=0.9) 73 10
2. Normal PaC02, LowPa02

(2 rats, partition coefficient=1) 98 30

(2 rats, partition coefficient=0.9) 88 27
3. Normal PaCO2, High Pa02

(7 rats, partition coefficient=1) 66 22

(7 rats, partition coefficient=0.9) 59 20

aCBF

1. Normal PaC02, Normai Pa02

{5 rats, partition coefficient=1) 57 17

(5 rats, partition coefficient=0.9) 51 15
2. Normal PaCO2, High Pa02

(4 rats, partition coefficient=1) 55 9

(4 rats, partition coefficient=0.9) 49 8

B. Accuracy of the CBF Method

Chapter 6 quantified the underestimation of CBF due to deuterated water
not being an ‘ideal’ freely diffusible indicator using the extraction coefficient
correction method. It was found that the underestimation of CBF was 20%.

Chapter 7 quantified the underestimation of CBF due to indicator
recirculation by means of convolution analysis. It was found that the
underestimation of CBF due to indicator recirculation was 30% for both f{CBF and

aCBF.




Chapter 8 was a preliminary investigation into using deuterated alcohol

protocol for simultaneous measurements using two tracers.

compounds as an alternative approach in assessing the diffusion limitations of
water as a tracer. Although the number of rats utilized in this study was too small

to draw statistically significant conclusions, the chapter does outline a very elegant

Table 9.1: Corrected versus Non-Corrected CBF Values

fCBF(0-23)

CBF (uncorrected)
(mL/100g/min)

CBF (recirculation and

extraction corrections)

(mL/100g/min)

1. Normal PaCO2, Normal
Pa02 (8 rats, A =0.9)

73

114

2. Nommal PaCO2, Low
PaO2 (2 rats, A = 0.9)

137

3. Normal PaCO2, High
Pa02 (7 rats,A. = 0.9)

59

2

aCBF

1. Normal PaCO2, Normal
PaO2 (5 rats, A = 0.9)

s1

2. Normal PaCQ2, High
PaO2 (4 rats, A = 0.9)

49

76

9
[=))
)




C. Future Prospects

Having completed the first two phases of the CBF study, the next logical
step will be to apply the CBF method to brain cancer management. To make this
possible, the technique will have to be modified to make it more appropriate for
use on humans (the injection site will have to be moved to a peripheral vein) and
to provide spatial resolution (sampling will have to be performed using magnetic

resonance imaging).





