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Abstract

The purpose of this thesis was to develop a method of continuously measuring
cerebral edema. The technique investigated measured the complex dielectric constant,
consisting of the real dielectric constant and loss factor, of a small volume of biological
tissue using time domain reflectometry at frequencies between 100 and 1000 MHz. The
sample is placed at the end of an open-ended coaxial transmission line. The terminating
impedance presented by the tissue may be calculated from the Fourier transforms of the
incident wave from a time domain reflectometer and the reflected wave from the sample.
For 0.141" cable, which was used in this study, estimated accuracies of less than 5 % were
observed for sample thicknesses greater than 3 mm. Strong correlations were observed
between dielectric properties of in-vitro canine white matter and its water content during
osmotic edema. Real dielectric constant increased while loss factor decreased with
increasing water content at each frequency. From preliminary measurements of a
vasogenic edema progression in a cat it was observed that the real dielectric constant and
loss factor of cerebral tissue both increased with water content.

It was concluded from these results that the tissue real dielectric constant is
primarily affected by its water content while tissue loss factor is primarily affected by the
loss factor of the accumulated edematous fluid over 100 - 1000 MHz. The technique may
enable the detection of all types of edema using the real dielectric constant of the tissue.
Since the tissue loss factor reflects the concentration of proteins and ions, the type of edema
might also be determined from the measurements. Future use of this technique in-vivo
require that the changes in dielectric properties with water content in-vivo be established, as

these may be different from in-vitro changes.
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Chapter I

Introduction

1.1 Cerebral Edema

Cerebral edema is defined as increase in cerebral volume due to increase in its water
content. It is a potentially life threatening condition commonly associated with several
diseases of the brain. The increase in tissue volume is often large enough to cause
increased intracranial pressure or severe displacement of the brain. Cerebral edema may
also cause dysfunction or failure of respiration and circulation.

There are four main types of cerebral edema: vasogenic, cytotoxic, interstitial and
osmotic edemas. The characteristics of each condition is outlined below. It should be

noted, however, that more than one type may occur in a patient.

1.1V ni rebral Edem
Vasogenic edema is the most common form of cerebral edema. It results from the
extravasation of water from within blood vessels into the cerebral tissue surrounding an
area of damaged cerebral vessel wall. In this type of edema, most of the water accumulates
in the white matter of the brain (Figure 1) [16]. Vessel wall damage, or blood brain barrier
breakdown, with subsequent edema formation may result from the presence of brain
tumors, contusions or hemorrhages. The blood brain barrier depends upon the special

morphological features of the endothelial cells of brain capillaries. These cells form a
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Figure 1: Cerebral Gray and White Matter



semipermeable barrier between the blood and the extracellular space (ECS) of the cerebral
tissue. Depending on the chemical and physical characteristics of the compound, transport
through the barrier is limited. In general, the ease with which a substance can cross the
barrier is directly related to its lipid solubility and inversely related to its molecular size.
Only water, carbon dioxide and oxygen can pass through the barrier relatively unrestricted
[14]. With injury, the permeability of the barrier is increased, allowing some compounds
previously blocked to enter the brain (Figure 2). The content of the accumulated edematous
fluid is close in composition to blood plasma, the non-cellular constituent of blood. The
cerebral extra-cellular space (ECS), that is, the volume occupied between the cerebral cells,
is increased by the edema fluid, thus increasing tissue volume. The spread of edema fluid
occurs by pressure and concentration gradients through the cerebral white matter. This
results in a "balloon-like" edematous zone, where the accumulation of edema decreases

radially from the damaged site [52].

1.1.2  Cvtotoxic_Cerebral Edema

Cytotoxic edema is produced by swelling of cerebral cells, with an accompanying
decrease in ECS volume (Figure 3). It is caused by hypoxia, the cutoff of oxygen to the
cells, which in turn, causes a drop in cellular adenosine tri-phosphate (ATP) production.
Because of the resulting failure of the ATP dependent sodium pump within the cell
membranes, intracellular sodium accumulates rapidly. Water collects in the cells to
maintain osmotic equilibrium. Thus, this type of edema only occurs in the white or gray
matter areas where ATP production has stopped. Cytotoxic edema is observed after cardiac

arrest or asphyxia [16].

1 nterstitial Cerebral Edem
Interstitial edema is caused by the accumulation of cerebral spinal fluid (CSF) in the

periventricular (surrounding the cerebral ventricles) white matter. Most often,
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accumulation results from the obstruction of CSF flow from the ventricular system. CSF
then collects in the ventricles, resulting in retrograde movement of CSF across the
ventricular walls (Figure 4). This form of edema occurs with hydrocephalus, a condition
caused by the blockage of normal CSF flow, resulting in abnormal increase of CSF volume
in the skull. Unlike other forms of edema, the volume of the periventricular white matter is
reduced, rather than increased, because its myelin lipids are dissolved as hydrostatic
pressure increases. Brain volume, however, may be increased due to the volume of

additional CSF [16].

1.4 motic rebral Edem
Osmotic edema develops when blood plasma osmolarity falls quickly. To maintain
osmotic equilibrium, water flows into the cells of both gray and white matter [51]. This
form of edema arises during water intoxication. It can be induced by the administration of
distilled water into the blood stream, which reduces plasma osmolarity. In-vitro osmotic

edema may be produced by immersion of an excised piece of brain tissue in distilled water.

2 ( I ntent M remen
Presently, there are three methods commonly used to determine the water content of
cerebral white matter, thus allowing the diagnosis of cerebral edema: computerized
tomography, wet-dry weight and the gravimetric method. None of these methods can

monitor water content continuously.

1.2.1 Computer Axial Tomography

Computer axial tomography, or CAT scanning, is a method of imaging the structure
of the brain. The amount of X-ray absorption by the tissue is calculated when a narrow
beam of X-rays is passed through a section of the brain at different angles. Detectors

receive the beam on the opposite side of the head (Figure 5). Reconstruction of the



Figure 4: Movement of CSF from the ventricle to the adjacent cerebral
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Source: Reference [16]



X-RAY TUBE

IIlli'l;:!'.L

([
m.

COMPUTER

CRT MONITOR

Figure 5: Basic setup for computerized axial tomography

Source: Reference [69]



structure uses a series of projections to yield a transaxial sectional image of the examined
part. When several images are put together, a tomograph of the entire brain is produced.
CAT scanning distinguishes minute differences in X-ray absorption of different parts of the
head. The image reconstructed is a map of the X-ray absorption coefficients.

Absorption coefficients are usually expressed on the Hounsfield scale from -500
units for air to 500 units for bone, with O for distilled water. Since absorption coefficients
are closely related to tissue density, changes in the density of the tissue will be observed
with the CAT scan [69]. When edema occurs, the accumulation of water causes the
cerebral density to decrease. An increase of 10 % in water content corresponds
approximately to an absorption coefficient drop of only 3 Hounsfield units [40].
Furthermore, the proportions of solids, lipids, water and blood may also change the
absorption coefficient. Therefore, an observed reading from the CAT scan cannot be
directly attributed to water content. Enhancement of the observation of the edema
progression may 56 achieved through the injection of a contrast fluid into the brain [25].
The extent of the fluid penetration can be assessed by the amount of contrast fluid
penetrating into the brain. As CAT scanning is noninvasive, however, it has become the

major tool for the nonquantitative observation of edema and for the diagnosis of edema.

1.2.2 Wet-Drv_Weight

The wet-dry weight method, unlike CAT scanning, is invasive, requiring opening
of the skull and biopsy of tissue [54]. Fresh brain samples are weighed and then dried in a
heated oven at approximately 1009 C until no further weight loss occurs. The water
content of the sample is then calculated by the following formula:
tissue fresh wt - tissue dry wt

% tissue water content = X 100 (D
tissue fresh wt




This formula assumes that the only volatile component lost during drying is water. Besides
being invasive, the wet-dry weight method for measurement of edema has two main
disadvantages: 1) samples greater than 25 mg must be used to minimize errors due to

evaporation of tissue water, and 2) the drying process requires times of up to three days.

1.2.3 ravimetri hnique

The gravimetric technique is another physical invasive method of measurin g brain
water, requiring biopsy of tissue [41]. The specific gravity of the tissue depends on the
specific gravity of its dried tissue solids as well as the water content of the sample. As the
specific gravity of the dried tissue solids is constant for a particular type of tissue only
knowledge of the sample specific gravity is required to mathematically determine the
sample water content. This method is based on the principle that the specific gravity of a
sample is determined by the depth to which the sample sinks in a linear density gradient
column (Figure 6). The column is made up of kerosene and bromobenzene, liquids which
do not readily react with the sample. Using the depth and linear densify relation, the
sample's specific gravity can be determined. The water content can then be determined
using the following linear equation [44] between tissue water content and the inverse of its

specific gravity:
% tissue water = { 1 - [(spgrt - 1)/((1-1/spgrs) X spgry)] } X 100 2)

where spgrs is the specific gravity of tissue solid and spgry is the specific gravity of the
sample.

If water is the only substance added to the brain tissue, the specific gravity of
normal tissue solid is used. In vasogenic edema, small amounts of proteins and other
substances enter the brain which alter the specific gravity of the tissue solid slightly. Thus,

a correcting factor must be introduced to (2) to account for this error in these samples
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[42]. The main advantage of this method over the dry-wet weight technique is that the
minimum sample size is reduced to approximately 2 mg. In addition, as no weighing is
involved, the error from evaporative loss is small and results can be obtained immediately
after collection of specimens. Therefore, because of its versatility, the gravimetric
technique is most often used to measure water content in animal experiments and clinical

practice [7,23,70].

1.3 The Medical for Contin M rement of Cerebral Edem

In cases of severe edema, a method of continuously measuring the water content of
a small tissue volume would be useful in the treatment of edema. A method that precludes
the need for repetitive sampling also has the advantage of sparing further damage to
cerebral tissue. Continuous monitoring of edema in patients would enable early detection
of edema, the assessment of treatment and the prevention of complications. In addition,
such a method could be used in clinical research to test the efficacy of experimental drugs to
reduce edema. Furthermore, during surgery, it would allow for easier location of injured

areas of the brain through recognition of the "balloon like" edematous zone.

R ch in Electrical remen f Cer

The detection of cerebral edema was first done indirectly by Grant [27], who
observed a decrease in the impedance magnitude of white matter at 1 kHz in areas
surrounding brain tumours. Decreases in the impedance magnitude at frequencies less than
50 kHz have also been observed after penetration of electrodes into the brain [28]. This
may be attributed to the presence of vasogenic edema in and around a cerebral tumour or
injured area. This finding has been verified by Fujita [19] and Gazendam [24], who
observed a gradual decrease in the impedance of cerebral tissue several hours after the onset
of vasogenic edema, produced by the cold lesion technique. However, contrary to these

results, increases in impedance have been reported during osmotically induced edema [29].
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Van der Veen [72] and Go [26] both attempted to correlate water content of cerebral
white matter with impedance magnitude at 10 kHz during vasogenic edema. For each
experiment, one electrode was inserted into the brain while a reference electrode was
attached to the skin or surface of the brain. Results obtained had a large scatter between
impedance magnitude and water content, which may be attributed to the nonhomogeneity of
samples measured and the variation of surface resistance among subjects. Both studies
verified a decrease in impedance with vasogenic edema. Kao et al [35], however, found
strong correlations between water content of canine cerebral white matter in-vitro and the
impedance parameters of impedance magnitude and resistance at frequencies between 0.5
and 500 kHz.

Early measurements of the complex dielectric constant of tissues, consisting of the
real dielectric constant and loss factor, provided insight into the structure of the biological
media. However, limited capability of available instrumentation prevented accurate
measurement at higher frequencies. Recently, there has been increased interest in the
dielectric properties of tissue at higher frequencies over concern of health hazards due to
exposure to radio and microwave frequencies, and the use of these frequencies in
hyperthermia, a cancer therapy [61]. Dielectric properties have been used successfully in
the detection of the water content in industrial and research applications. Strong relations
have been observed between the water content of soil, coal, grain and timber and dielectric
parameters [13,36,48,71].

Most studies of the high frequency dielectric properties of tissue have been
performed using frequency domain techniques. At lower frequencies, i.e., those below
100 MHz [18,56], impedance measurements are sometimes used to calculate dielectric
properties. Higher frequency measurements are based on network analyzers
[3,8,18,57,58,60,61], whereby the reflection coefficient of a tissue sample load in a
coaxial line is measured and used to calculate the complex dielectric constant. Recently,

some researchers have used time domain techniques for measurements of tissue permittivity
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[4,12,46]. The complex dielectric constant is calculated from the Fourier transforms of an
incident fast rising pulse and its reflected wave from a sample terminating a coaxial line.
The difference in dielectric permittivity in-vivo and in-vitro at the same temperature
has been observed to be insignificant at frequencies above 100 MHz. Significantly lower
dielectric constants were observed in-vitro above 100 MHz [61]. This was attributed to the
Maxwell-Wagner relaxation of membranes, proteins and bound water. Higher frequencies
are primarily affected by the relaxation of free water, the ionic conductivity of cytoplasm,
and bound water. Based on these results, it would be expected that the complex dielectric
constant of tissue is primarily affected by the dielectric nature of the fluid contained in the
tissue at higher frequencies. Schepps and Foster [53] have examined the relation between
water content and dielectric properties of various types of tissues. It was found that the
properties of these tissues fitted to Debye equations above 1-5 GHz correlate well with their
water contents. However, their study did not consider variations of water content within
one type of tissue. This thesis examined the relation between the dielectric properties of

one type of tissue, canine white matter, and its water content.

1.5 Purpose

The purpose of this thesis is to develop a method of continuously measuring
cerebral edema. The method investigated measured the complex dielectric constant,
consisting of the real dielectric constant and loss factor, of the cerebral tissue. To
determine the relationship between these quantities and cerebral edema, the real dielectric
constant and loss factor of canine white matter were correlated with its water content during
osmotic edema. A preliminary test of the method was also performed using a vasogenic
edema progression in a cat.

All dielectric measurements were made using a time domain reflectometer with an
open-ended cable to measure the tissue. The small cable size enabled the measurement of a

small volume of tissue without the need for biopsy. The frequency window chosen was

14



100 - 1000 GHz. White matter was chosen as all 4 types of edema, and in particular

vasogenic edema, affect this type of tissue.

The theory on which the technique is based is briefly discussed in chapter II,
followed by the experimental procedure in chapter III and an analysis of the results in

chapter IV.

15



Chapter II

Theory

The measurement of the complex dielectric constant of brain tissue is accomplished
through measurement of its impedance. The tissue was used to terminate an open ehded
coaxial cable. The terminating impedance presented by the tissue is calculated from the
Fourier transforms of the incident and reflected waveforms using a time domain
reflectometer. Time domain reflectometry was used as this technique allows the calculation
of complex dielectric constant at any frequency within a large window from one set of
waveform measurements.

Time domain reflectometry principles are first reviewed followed by a discussion of
the measurement system. The chapter concludes with an analysis of system performance.

A background review of basic electrical concepts is presented in Appendix A.

2.1 Time Domain Reflectometry (TDR)

A basic time domain reflectometer (TDR) setup is shown in Figure 7. The step
generator produces a fast rising voltage step wave, which travels down the transmission
line. Typical rise times for this wave are less than 1.0 ns. The wave is detected at the
bridging tee by the sampling head and displayed on the oscilloscope. The sampling head
has a high input impedance and therefore has very little effect on the observed waveforms.

If a line mismatch exists at the load, a reflected wave is produced which propagates back to

16
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the generator superimposed on the incident wave. This second waveform is detected on the
oscilloscope display when it reaches the bridging tee. The generator impedance is usually
line matched, so no reflected wave is produced from the generator (Figure 8).

From an analysis of the incident and reflected waveforms on the oscilloscope, the
position, type and magnitude of mismatches composed of linear, passive, frequency
independent components may be evaluated. If Er, the reflected waveform appears a time T
after Ej, the initial pulse from the generator, the total distance, D, from the bridging tee to

the mismatch is

va
b= ®)

where vp is the "average" or group velocity of propagation of the step pulse. The factor of
1/2 accounts for the wave travelling the distance D to the mismatch and the distance D back.

For a lossless transmission line, the type and magnitude of the linear time-invariant
mismatches can also be determined from the shape and magnitude of Ey. Let the incident
step pulse be u(t) and the impulse response of the load be h(t). The reflected wave or
output, g(t), resulting from the application of u(t) to the load or system is

gt) = h(t) * u® 4

where the "*' operator denotes the convolution of the two functions. Transforming (4) into

the frequency domain using the Fourier transform yields

G(®) = H(®) U) 5)
or,
H(w) = S ©)
Ulw)
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U(w) can be obtained numerically from the observed waveform, u(t), or may be
approximated by assuming that u(t) is an ideal step pulse. G(w) can be determined from
the observed waveform g(t). Since G(w) is the reflected frequency component from U(w),
H(w) is the reflection coefficient, p(w), of the load. The value of the terminating

impedance as a function of frequency is thus known by

7, (@) = Zg @ @

1-H(w)
Alternatively, taking the inverse Fourier transform of H(w) yields h(t). From either h(t) or
Z1 (w), an equivalent circuit of the load can be constructed. For real (purely resistive)
loads, the equivalent circuit is calculated easily since the reflected waveform is also a step
pulse. Reflections from typical real loads are presented in Figure 9. Reflections from

typical complex loads are presented in Figure 10.

2.2 Measurement of Complex Dielectric Constant Using TDR

2.2.1 Principle of QOperation

The basic setup for measuring the complex dielectric constant, &, of a sample using

TDR is shown in Figure 11. A TDR unit is connected to the sample by a uniform
transmission line. In some studies, the sample is contained in a sample holder. However,
for this study, the open end of the transmission line was used. Samples are measured by
applying the open end of the line to the tissue (Figure 12). The result of either
configurations is the loading of the transmission line by a complex terminating impedance.
The impedance was calculated using the incident and reflected waveforms, u(t) and
g(t), respectively. As a practical matter, the incident waveform was collected as the
reflected waveform from an air sample, i.e., an open circuit termination. In addition,

taking this waveform as the incident wave eliminated errors due to different time references
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between the waveforms and the attenuation and phase shift due to the length of the cable,
as will be discussed. Since the open end of the cable presents an almost infinite
impedance, the voltage reflection coefficient, p, may be taken as 1. Thus, the reflected
waveform at the open end of the cable is identical to that of the incident waveform. This
allowed the reflected waveform from tissue samples to be collected over the same time
interval as those collected for the incident waveforms. No adjustment of the waveform
interval was necessary between the collection of the two types of waveforms. This gave
both the incident and reflected waveforms the same time reference, thus eliminating phase
differences between the Fourier transforms of the two waveforms. Assuming the initial
step had attained a constant voltage level over the collection time interval, the reflected
waveform could be calculated by simply subtracting the dc component from the collected
waveforms (Figure 13). All collected waveforms included the rise of the pulse, where
most high frequency components are contained. From digitized traces of the waveforms on
the oscilloscope, the corresponding Fourier transforms, U(w) and G(®), can be determined
numerically.

The voltage reflection coefficient, p, can be derived from these transforms.
However, the value of p depends on the incident and reflected waveforms at the load rather
than at the oscilloscope. As each frequency component of a waveform at the oscilloscope
is attenuated and out of phase with respect to its value at the load due to the length of the
cable, d, U(w) and G(w) at the oscilloscope may be expressed as

U(w) = Up(we ¥ @4

(8
G(w) = Gy e ' @4

where Up (0) and Gy () are the respective Fourier transforms at the load of the incident
and reflected waveforms and ¥() is the propagation constant of the cable. Rearranging (8)

yields
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Ur(@) = Uy et @d

)
Gr(®) = G e V@4
The reflection coefficient, p(m), is then given by
G +y(wd
D(®) = (@) _ Gw)e _ G(w) (10)

UL®) e @1 U@

Thus, p(w) may be determined using only the incident and reflected waveforms at the
oscilloscope. This eliminated errors due to one of the transforms being attenuated or out of
phase with respect to the other due to the length of the cable. Note that in general, p is a
complex number. Assuming low-loss transmission lines, the value of Z() may be
considered constant. With p defined by (10) the terminating impedance, Z] , may be
determined by

1+ p(w)
1-p@)

Z1 = Zg an

A lumped parameter equivalent circuit was used to model the termination of the
coaxial cable with the tissue. Model parameters were determined using the measured load
impedance values, Z] . From this, the relative complex dielectric constant of the sample is
obtained. For this study, two equivalent circuits, a two element circuit and a four element
circuit, were investigated. In either case, the load impedance could be represented as a
simple complex (lossy) capacitance, CI_,

1
joZy

CL= (12)

No circuit elements in either circuit were used to represent radiative effects from the tip of

the cable as these were assumed negligible over the frequencies considered.
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The two element circuit is comprised of two shunt capacitances, Cr and C;, to
represent the fringing field capacitance within the cable dielectric at the open end of the
cable and the capacitance of the tissue sample, respectively (Figure 14). The sample

capacitance is equal to egCp where €5 is the relative complex dielectric constant of the

sample and Cy is the capacitance of an air sample. Thus, the capacitance, Cy, is equal to

CL=Cr + gCp (13)

from which the complex dielectric constant of the sample, €g, may be determined. The

values Cq and Cr can be determined from empirical measurements of two samples with

known dielectric constants, €51 and €g2,

CL1=Cr + &1Co

(14)
Cro=Ct + €52C0.
This system of equations may be solved for the unknown constants, Cp and Ci,
Cy-C
Co = L2
€17 €2
(15)
Ce=Cry + &1Co.
The sample dielectric constant is determined using (11), (12), and (13),
_ 1 - p(w) Cy
gg(w) = - C_O . (16)

JOZyCp(l+ p(w)

The four element circuit is shown in Figure 15. The two shunt capacitances
represent the electric field component tangential to the interface while the two series
capacitances represent the electric field normal to the interface [21]. The capacitance, Cr,

represented by this circuit may be written as
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£, Cs
CL( SS) = Cf+ S CO + C a7
1+gk—S
80 (b- a)

where Cr is the tangential fringing field capacitance in the cable dielectric, Cy is the
tangential fringing field capacitance in the sample , Cg is the equivalent series fringing field
capacitance in the sample, and k is a constant. The values of the capacitances normalized to
free space permittivity €¢ and dielectric thickness (b-a) for teflon cables have been
determined using the method of moments [21] and are listed in Table 1. With the exception
of the last term, (17) is the same as (13) for the 2 element circuit. The last term, when

written with the value for Cg/eg(b-a) from Table 1, is

g, Cq

— (18)
1+0.32¢g,

In comparing this term to the sample capacitance, Ct = €5C0, it is apparent that it is smaller,
since by Table 1,
| Col>|Cs

which implies
’ sSC()! > | eSCSI
or, since the real dielectric constant, Re{eg} > 0,

g, C
|Cu| =] eCo| > |—=. (19)
1+0.32¢g,

For cerebral white matter, where the real dielectric constant is greater than 30 over the
frequencies considered, 100 - 1000 MHz [62], equation (19) becomes approximately
e, Cq

| Ctl >—2 7
1+0.32 (30)
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Ce/eg(b-a) | Coplep(b-a) Cs/gp(b-2) k

0.404 1.953 0.500 0.647

Table 1: Normalized values for 4 element circuit

Source: Reference [21]

31



g, Cq
11

|C,| > (20)

Thus, for the frequencies and type of tissue considered in this study, this last term is very
small compared to the sample capacitance. This circuit may be considered a higher order
model than the 2 element model where the last term in (17) represents the truncation error. |
As all the circuit parameters are known from the cable dimensions and Table 1, (17) may be
solved for €. However, of the two solutions obtained from the resulting quadratic
equation, only one can be valid. The valid solution has a positive real part.

Accuracy tests were performed by using both equivalent circuits to calculate the
dielectric constants of liquids with known dielectric constants, namely distilled water,
saline and methanol. The circuit which predicted the dielectric constant closest to the

known values was used to analyze data from biological samples.

2.2.2 Numerical iculation of Fourier Transform

As mentioned, the determination of the reflection coefficient, p(w), required the
Fourier transforms of the measured incident and reflected waveforms. Here, certain
aspects of the numerical determination of the observed waveforms are discussed.

Observed waveforms were digitized to N points (N=512 in this study) spanning Tg
(Ts = 5.0 ns) seconds where the constant value from the initial step pulse was subtracted
from all collected waveforms. Simpson's rule for numerical integration was then applied to

the digitized waveform data in the Fourier transform equation,

X(w) =f e Ot

—o0

= f x(t) coswt dt + j f x(t) sin ot dt 2D

oo —00
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where x(t) is a digitized waveform. However, no information on x(t) is known after the
Nth dj gitized point. As the TDR waveform is ideally of infinite duration, the remainder of
the waveform was approximated by a step pulse shifted Tg seconds to the right with height
equal to that of the Nth digitized point in order to eliminate large truncation error (Figure
16). This approximation assumes that the reflected waveform achieved a steady state
voltage by T seconds. The approximate Fourier transform of the waveform was obtained

by adding the Fourier transform of the shifted step pulse to the numerical summation.

2.2.3 Determination of the Freguencv_Window

The frequency window is defined as the range of frequencies where calculations of
complex dielectric constant are accurate. This is limited by the frequency information
contained in the collected waveform.

The lower boundary of the window is determined by the minimum frequency which
may be resolved from the digitized waveform (Figure 17). This boundary, f1, may be
arbitrarily selected as where half the period of a sinusoid at this frequency equals the time
span, To, of the collected portion of the step. Thus, fi, may be determined from

1
fL= T, : (22)

Note that the shifted step pulse was ignored in the derivation of (22). The effect of the
shifted step pulse is to reduce truncation error by supplementing the information stored in
the data. Thus, the actual value of f1 is lower than that given by (22) due to the presence
of the shifted pulse.

The upper boundary for the frequency window is determined by two factors, the
time between digitized points, T, and the rise time, Ty, By the sampling theorem, only
bandlimited signals x(t) with X(w)=0 for wy > 7t/ T may be uniquely constructed from its

samples taken at every time T. In practice, however, wy is often taken as 1/10 its
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Figure 16: Approximation of TDR waveform from
collected data
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Collected Waveform

Figure 17: Example of a Collected TDR Waveform
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theoretical value to ensure no aliasing of the signal occurs. This frequency, /10, may be
considered as an upper frequency boundary limiting calculation due to the digitization of the
waveform. The highest frequency component resolveable from a waveform also limits the
frequency window. This frequency, fy, is a limitation of the sampling head of the TDR.
A model of an observed waveform and shifted step pulse is given in Figure 18. The
shifted step pulse is included since its exclusion would introduce extraneous high
frequency components into the analysis. The Laplace transform of y(t) is

-sT,
d-e 7 )} . 23)

-sTr) _ E
s sT;

\'
L{y(®) = Y(s) = 2—0 (1-¢
s T,

Y(s) may be considered to be the output of a filter H(s) after an ideal step pulse of height
Vo has been applied to it, where H(s) is defined as

(1-e T

HE) = "7
T

24)

At lower frequencies, Y(s) approaches the Fourier transform of a step pulse of height V.

This can be demonstrated by taking the limit of H(s) as s approaches 0 using L'Hospital's

rule,
-sT
. . 1-¢ 1
limg_yp H(s) = limg ( T )
T
= lim Tre o
s=0 Tr
= 1. 25

Thus, at lower frequencies, the filter passes the step pulse with little distortion. However,
as the frequency is increased from 0, the value of H(s) decreases due the factor s in the

denominator. At frequencies corresponding to

oT; = 2, 47, 61 . . . (26)
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Figure 18: Model of TDR waveform used to determine higher
frequency boundary
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H(s) equals zero. The upper frequency limit may be considered to occur at the half power

point for the filter,

Yo -l 1]V
S sT; V2| s
or,
-sT,
d-e  i_ ..1_.. Q7
ST, V2
Solving (27) gives
oT; = 2.783
or,
fu = 0.443 ‘ (28)
TI‘

This upper frequency is determined by the value of Ty. The upper frequency boundary was
chosen as the lower of the two values derived above.

The above analysis illustrate the factors which determine the frequency window.
The lower boundary may be deéreased by iﬁcreasing the time span of the collected
waveform, To. The upper boundary may be increased by decreasing the time between
samples, T, and decreasing the pulse rise time, Tr.

The rise time is an important factor in determining the frequency window. It is
sensitive, however, to the length and type of cable chosen. The attenuation of higher
frequencies and dispersion factors increase the value of Ty. Either use of low-distortion

cable, such as air cable, or shorter cabling minimizes the deterioration of the rise time.

38



2.3 Svstem Performance

Sources of error in the technique are described in this section. First, an uncertainty
analysis is presented where it is shown that limitations in the equipment affect the accuracy
of measurement of some materials. The section concludes with a brief discussion of other

possible sources of error.

2.3.1 Uncertainty Analysis

The uncertainty analysis presented gives an indication of the type of materials for
which the real dielectric constant, €', and loss factor, €", can be accurately measured using
the technique described in section 2.2. Actual uncertainties in the measurements were not
estimated for this study.

An uncertainty analysis for the measurement of dielectric constant from its reflection
coefficient at one frequency has been derived by Stuchly et al [58] using the 2 element
model. It is reasonable to assume that the analysis holds, in general, for the 4 element
model since the last term in (17) is very small in comparison to the sample capacitance,
€sCp. Thus, (17) reduces to (13) for the 2 element model for the range of dielectric
constants considered (see section 2.2.1). The analysis ignored the effects of the fringing
capacitance in (13). However, as the value of Cf/ Co is very small (C¢/ Cp < 0.3) in
comparison to the measured dielectric constant, this assumption is reasonable. It should be
noted that only systematic errors, or uncertainties in measurements due to the equipment
used, were modelled. From equation (16), the following equations were obtained for the

uncertainties,
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where Ip’ and ¢ are respectively the magnitude and the phase angle of the reflection
coefficient, p, at the frequency considered respectively. The uncertainty in &' depends
primarily on the value of ¢. For values of ¢ approaching - 1800, and I P I approaching 1
(i.e., samples which are good conductors at the frequency considered where €;" » &), the
uncertainty approaches infinity due to the tan ¢ factor in the denominator of the 3™ term of
(29a). As ¢ approaches 90° in (29a), the uncertainty falls rapidly. The uncertainty in &"

depends primarily on the value of A l pl and Ipl for all values of ¢. As ¢ approaches 00

2
and l pl approaches 1, or alternatively as I pl approaches 1, (i.e., samples which present a
very high impedance at the frequency considered) the 4th term in (29b) approaches
infinity. The A lpl factor, however, affects the rate at which this term approaches

infinity.
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If a lossless material (g » &:" = O at the frequency considered) is measured, then
lp l approaches 1 and -1800 < ¢ < 00 (see equation A.13 in Appendix A). The uncertainties

for such materials are thus

)
! 2 2 2_2/
Ag = (ACO) + (~———AZO) + cos ¢ X A0 (302)
8' Co Zg 2+2 cos ¢ tan ¢
T
1
\ 7
2 2 2\
ACO) + AZO) =m0 A
Co Zg 1+ cos ¢ (305)

N

€

2
+ 2 X A]pl)

[1-15f] )

The uncertainty in &' is least for low permittivity materials (¢ approaches 0°). For high

.|
\

permittivity materials (¢ approaches - 1800), the uncertainty approaches infinity due to the
tan ¢ factor in the denominator of the 3™ term of (30a). The uncertainty in ", however,
approaches infinity regardless of the value of ¢ as a result of lpl tending to 1. Thus,
measurements of low loss materials will contain larger uncertainties in loss factor than
those for more lossy materials.

The type of substances which may be measured accurately is restricted to those
which are lossy materials, but not good conductors over the range of frequencies
considered. Such materials include soft biological tissue and saline. However, the
measured impedance must be large enough to ensure the reflection coefficient does not
approach 1. For the open-ended cable configuration used in this study, the diameter of the
cable directly affects the value of the measured impedance since a larger dielectric thickness -

increases the value of Cp in both (13) and (17). For lossless materials, the uncertainty is
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least for low permittivities though loss factor measurements would contain higher

uncertainties then more lossy materials.

Several practical limitations affect the accuracy of measurements. These include
noise present in the collected waveform, drift, radiation of signal energy from the open-
ended cable, unwanted reflections and errors in obtaining the TDR waveforms from the
digitized data. These factors are briefly discussed in this section.

Noise |

Noise is the result of signal channel noise in the sampler and time-base circuitry
jitter [10]. Noise present in a digitized waveform affect mostly the high frequency accuracy
of the technique. The effects of noise may be greatly reduced by time averaging several
signals [10], as was performed for waveform collection in this study.

Drift .

Over long periods of time, a TDR waveform may drift by several picoseconds.
Incident and reflected waveforms collected between such times will contain a time shift due
to the drift, thus introducing phase errors into the Fourier transform of the signal. Again,
the higher frequency components are affected most. This effect may be reduced by
allowing the TDR unit a warmup time and minimizing the time between the collection of the
incident and reflected waveforms. Both these procedures were used in the collection of
waveform data.

Radiation of the TDR signal from the open-ended cable

For lower frequencies, where the dimensions of the line are small compared with
the wavelength, the open end of the cable radiates very little energy. Almost all of the
energy is stored in the fringe field emanating from the end of the cable. At higher
frequencies, energy is radiated into the sample. The effect of this radiation is to cause the

value Cp to become a function of frequency [39]. In addition, a shunt resistance

42



representing the energy lost in the sample must be included along with the sample
impedance in the equivalent circuit for the terminating impedance. If these parameters are
not considered at these higher frequencies, errors in the evaluation of the complex dielectric
constant occur. For the size of cable used in this study (0.141" outer diameter), it has been
shown that radiation may be considered insignificant over the range over the frequencies
considered of 100 - 1000 MHz [59].
Unwanted Reflections

Extraneous reflections from discontinuities such as connectors and line mismatches
affect the observed waveform. Appropriate lengths of cable were chosen to place large
reflections outside the time window. However, a smaller reflection was included in the
time window to avoid the use of long cables, as will be discussed in chapter III. Long
cabling increases the rise time of the waveform and lowers the upper frequency boundary,
fL, as was noted in section 2.2.3. In addition, all connections were cleaned in order to
reduce mismatch.
Errors in Obtaining TDR Waveforms from the Digitized Data

Errors in the TDR waveform result from the the subtraction of the constant level of
the initial step from all collected waveforms. The initial step has some variation over the
time window. However, for this study this variation was observed to be less than 1 % of
the height of the reflected waveform. Thus, errors introduced by this factor are relatively
small. Truncation error also introduces error into the measurements. To determine the
Fourier transform of a TDR waveform, it was assumed that the voltage had attained a
constant level by the end of the time window. The Fourier transform of a shifted step pulse
was added to that of the collected waveform to approximate the Fourier transform of the
infinite TDR waveform. The terminating impedance may be modelled as a resistance and a
capacitance in shunt. Thus, after the application of the step pulse, the voltage reflected
from the sample would rise indefinitely approaching a constant. At the end of the time

window, the voltage would not have reached a constant value. However, as the time
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constants of the samples measured in this thesis were small, the voltage would be very

close to the final value.
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Chapter III

Materials and Method

The experimental apparatus and the procedure for dielectric constant measurement
are first presented in this chapter. This is followed by the method for preparation of tissue
samples.

1 Experimental

High frequency complex dielectric constant was measured in all samples using a
Time Domain Reflectometer (TDR) connected to an open-ended coaxial transmission line.
The TDR unit consisted of a Tektronix 7854 oscilloscope with 7S12 TDR/ Sampler plug-in
unit. An S-52 pulse generator and an S-2 sampling head were used for step pulse
generation and signal detection, respectively. A Tektronix GURU package installed in an
IBM personal computer was used to retrieve digitized waveforms from the oscilloscope.

The tranémission line consisted of 60 cm of flexible RG58A cable connected
through an SMA connector to 30 cm of 50 Q semirigid 0.141" coaxial cable (0.0359
0.0005 inches inner conductor outer diameter, 0.1175 = 0.001 inches dielectric outer
diameter). All connections were cleaned with circuit cleaner to reduce the effects of any
discontinuities introduced by the connector. The open end of the semirigid cable was
slightly rounded so as to reduce the possibility of air being trapped beneath the cable during

measurements.
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The S-2 sampling head does not have a high input impedance. Its 50 Q input
impedance reduced the height of the incident wave by 1/ 3. Moreover, the samplinig head
was not line matched and caused multiple reflections in the transmission line. The total
length of the line was chosen to completely avoid measurement of multiple reflections of
the step pulse. The lengths of cable making up the transmission line were calculated to
place reflections from the SMA connector approximately 3.0 ns after the beginning of the
pulse. This time was chosen since it placed reflections aWay from the step rise, or high
frequency portion of the waveform while keeping the cable length as short as possible to

minimize rise time.

D mination of Complex Dielectri nstan
1 llection Waveform
Prior to all measurements, the TDR unit was allowed a warmup time of 2 - 6 hours
in order to minimize drift. The time window and voltage scale were set and were not
altered throughout an entire experiment. Collected waveforms spanned 5.0 ns and began
approximately 0.5 ns before the pulse. The voltage scale was adjusted to fit the waveform
to the full screen. The rise time of an incident pulse collected from the oscilloscope was
measured to be approximately 100 ps. One hundred signals were averaged by the
oscilloscope in order to minimize observed noise on the waveforms. Individual waveforms
were displayed using the high resolution function on the TDR unit. The averaged
waveforms were digitized to 512 points and transferred using a GURU package to an IBM
personal computer for storage. Each point was stored as its vertical distance from the

bottom of the oscilloscope grid, in hundredths of millimeters.

Listings of the programs to calculate the complex dielectric constant using the 2

element and the 4 element models are given in Appendix B.
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The frequency window was calculated from the measured waveform parameters to
determine the frequencies where complex dielectric constant could be measured accurately.
By (22), the lower frequency boundary, fr, was 111.1 MHz. As noted, due to the
presence of the shifted step pulse added to each waveform, f. is lower than this valué.
The upper frequency boundary determined by the digitization of the signal was fyg/ 10 =
5110 MHz while the ﬁpper boundary determined by the rise time of the pulse was 4429.5
MHz. The upper boundary, fy, was thus taken as 4429.5 MHz giving a total frequency
range of 4318.4 MHz. Based on this frequency window, the complex dielectric constant
was calculated at 100.0, 250.0, 500.0, 750.0 and 1000.0 MHz.

Analysis of the waveforms was performed using double precision FORTRAN. In
order to calculate their Fourier transforms, both incident and reflected waveforms had to be
adjusted to the same voltage level and time reference. This was accomplished by setting
zero voltage (the steady state dc level of the initial step) and zero time as occurring at the 6th
digitized point (49 ps after the first digitized point). This location was chosen as the first 5
points of each waveform occasionally contained noise and thus were not included in the
data analysis. The value of the 6th point was first subtracted from each digitized point.
Fourier transforms of the waveforms were evaluated by applying Simpson's rule for
numerical integration to the remaining data in the Fourier transform equation. The Fourier
transform of a step pulse with height equal to that of the 512th point and shifted by 4.94 ns
to the right was added to the numerical summation to reduce the truncation error of
approximating the infinite TDR pulse (see Section 2.2.2). No multiplicative factors were
introduced to the waveforms to scale them to their actual voltage values. This was
unnecessary since only the ratio of the transforms is needed to calculate the voltage
reflection coefficient, p, in (10) rather than the actual transform values. Once p had been
calculated, Z1, and Cr, could be determined using (11) and (12), respectively. From Cp,
the complex dielectric constant could be calculated using either the 2 element or the 4

element lumped parameter circuit.
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The constants Cg and Cr required in (16) for the calculation of complex dielectric
constant using the 2 element model were determined using measurements of air and of
distilled water taken at 100.0, 250.0, 500.0, 750.0 and 1000.0 MHz. Measurements for
the capacitance of the cable in air were taken from published data for the capacitance of an
open-ended 0.141" coaxial line [39]. The total capacitance of the open-ended cable was
taken as constant since its variation over the frequencies considered was less than 0.03 %
[39]. Since the real dielectric constant of distilled water is much greater than its loss factor
from 100 to 1000 MHz [6], this substance was taken as lossless. Thus, based on the
uncertainty analysis given in section 2.2.3, loss factor measurements were considered
inaccurate over this frequency range. Consequently, only the capacitive component of Cf,
in (12) was used to determine the values of Cg and Cs. The real dielectric constant of
distilled water was linearly interpolated as a function of the log of the measuring frequency
from tabulated data [6]. Five measurements of distilled water were performed at each
frequency. For each measurement, the tip of the cable was cleaned with distilled water,
dried and the incident waveform collected. The open end of the transmission line was then
lowered vertically to a depth of 1.0 cm into 200 ml of fluid contained in a 250 ml beaker
(Figure 19), after which the reflected waveform was collected. Care was taken to ensure
no air was trapped beneath the cable. The temperature at which measurements were
performed was also recorded. Co and Cr were calculated at each frequency using (14),
where Cr1 equals 22.4 pF, &1 equals 1.0 for air, Cy 5 is the average capacitance measured
at frequency f and &g is the dielectric constant of water at frequency f. The constants Cy
and Cr used to analyze data were the averages of the values obtained at each frequency.
This procedure was repeated with the open end of the cable applied to the surface of the
liquid (Figure 20). The complex dielectric constant of a sample was calculated using these
averaged values in equation (16).

Constants Cg, Cg and Cg for the 4 element method were calculated from Table 1 and

the appropriate cable dimensions. For the chosen cable, they are
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Beaker filled with 200 ml of fluid

Figure 19: Cable Submerged in Liquid for Tests
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Cable

Beaker filled with 200 ml of fluid

Figure 20: Cable Placed at Surface of Liquid for Tests
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Cr = 0371 pF
Cs = 4.588 pF (29)
Co = 17.920 pF

These values were used in (17) to solve for the complex dielectric constant of a sample
where as noted, only the solution giving a positive real part, or positive real dielectric

constant, is valid.

3 r T

The accuracy of both equivalent circuits was assessed by measurement of the
complex dielectric constant of three known liquids, namely distilled water, methanol, and
saline. Before each measurement, the tip of the cable was cleaned with methanol, dried and
the incident waveform collected. The head was then lowered vertically to a depth of 1.0 cm
into 200 ml of fluid contained in a 250 ml beaker (Figure 19) after which the reflected
waveform wés measured. Care was taken to ensure no air was trapped beneath the cable.
This procedure was repeated 5 times for each liquid. The temperature at which
measurements were conducted was recorded The average complex permittivities and
standard errors for each liquid were calculated at 100.0, 250.0, 500.0, 750.0 and 1000.0
MHz for comparison with published data. An accuracy test following the same procedure
was performed for the application of the cable to the surface of the liquid (Figure 20). The
equivalent circuit which best agreed with published data was used to analyze measurements

from biological tissues.

3.4 Minimum Sample Size
Minimum sample size was established for saline and distilled water using the more
accurate equivalent circuit determined from the accuracy test. For this purpose, the cable

was lowered vertically into a petri dish filled to a depth of 10 mm with liquid (Figure 21).
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Figure 21: Setup to Measure Minimum Sample Thickness
with Cable Submerged
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The distance from the tip of the cable to the bottom of the dish, or sample thickness, was
altered from 5.0 mm to 1.0 mm in steps of 1.0 mm. At each thickness, 5 measurements
were performed following the same procedure for cable preparation and waveform
collection as in the accuracy test. The averages and standard errors of dielectric constant
and loss factor were calculated at 100.0, 250.0, 500.0, 750.0 and 1000.0 MHz for
comparison with values established by the accuracy test. The minimum sample thickness,
z, for a dielectric parameter was taken as the largest thickness for which any of its averages
at each frequency changed by more than 5 %. The above procedure was repeated for the
configuration with the cable at the surface of the liquid. Sample thicknesses were varied by
altering the depth of saline in the petri dish (Figure 22). The minimum sample thickness
was taken as the largest value z, determined for either distilled water or saline, with an
added margin of error. The minimum sample volume was taken as the volume of tissue

within a distance z from the center of the head.

reparation -Vitr 1

3.5.1 In-Vitro Production of Osmotic Edema

Thirteen dogs were sacrificed either through intravenous injection of sodium
chloride, overdose of sodium pentobarbital (Nembutal) or blood vasation. The cerebral
hemispheres were removed immediately. For nine dogs, the hemispheres were placed
within thick plastic containers and frozen for tissue preservation at -300 C. Within one
week of removal, these brains were thawed at room temperature and measured. For the
remaining four brains, the cerebral hemispheres were removed immediately and measured
within six hours. For measurement, each brain was cut into 8 coronal slices (Figure 23).
Control specimens were kept normal while experimental specimens were made edematous.
In-vitro cerebral osmotic edema was produced by immersion of slices in distilled water.
Different water contents were achieved by soaking the samples for different times. Slices

from the right hemisphere were immersed in water while those from the left hemisphere
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Figure 22: Setup for Measuring Minimum Sample Thickness
with Cable at Surface of Test Liquid
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Figure 23: Schematic of Cutting of the Brains
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were kept normal. Comparison of the water contents from the two hemispheres allowed
verification of the production of edema. Soaking times were varied between 1 and 6 hours
in seven of the frozen brains and the four fresh brains. The remaining two frozen brains

were kept normal.

2 In-Vivo Pr ion_of Osmotic Edem

Cerebral osmotic edema was produced in-vivo in 8 adult mongrel dogs using the
technique described by Herschkowitz [29]. Each dog was anesthetized first using sodium
pentobarbital (Nembutal). Pitressin was then administered intraperitoneally at 0.01 units/
kg. After 5 minutes, pyrogenic-free water was intravenously infused at 50 ml/ kg into the
femoral vein for periods bétween 10 and 20 minutes. The dog was sacrificed 30 minutes
after infusion by intravenous injection of sodium chloride (KCl), after which the cerebral
hemispheres were removed immediately. For 6 dogs, the hemispheres were placed within
thick plastic containers and frozen for tissue preservation at -309 C. Within one week of
removal, these brains were thawed at room temperature and measured. For the remaining 2
dogs, the hemispheres were removed immediately and measured. In preparation for

measurement, each brain was cut into 8 coronal slices.

le Preparation and Water Content M remen

To measure each sample, the tip of the cable was first cleaned with distilled water
and dried. The incident waveform was then collected. An area of white matter on the
sample was selected and any blood or water on the surface was removed with gauze. The
tip of the cable was introduced to the white matter area at a depth of 1.0 mm and a reflected
waveform was collected. Immediately following the measurements, a sample of white
matter was taken from directly beneath the cable and placed in a gravimetric column to
measure its water content. A description of the preparation of a gravimetric column is

given in Appendix C. Equilibrium depths of the samples were taken at 2 minutes after
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entry in the column. The temperature at which samples were measured was also recorded.
To ensure that only the complex dielectric constant of white matter was measured, only
samples with no gray matter within the minimum sample volume of the cable were reported

for this thesis.

Pr ion and M rement of V nic Edem

The changes in the dielectric properties of cerebral white matter with water content
may differ between in-vitro and in-vivo samples. A preliminary test of thé tecﬁnique in-
vivo was performed by monitoring a vasogenic edema progression in cerebral white matter.

One adult female cat was anesthetized with sodium pentobarbital. The dura
overlying the parasagittal portion of the posterior gyrus of the left cerebral hemisphere was
exposed. A cold lesion was produced by placing a 5 by 10 mm probe, cooled to
approximately -500 C by dry ice, for 10 minutes to the exposed dura. The right
hemisphere was left unaffected. The tip of the cable was then introduced into the white
matter immediately anterior to the lesion at a 6 mm depth and was left untouched
throughout the experiment.

Immediately before the cable was inserted into the brain, an incident waveform was
acquired from 1000 averaged signals digitized to 512 pbints. Following the placement of
the cable, reflected waveforms were collected every 15 minutes for 375 minutes after which
the cat was sacrificed. Each reflected waveform was the average of 100 individual signals
digitized to 512 points. Since no incident waveform could be collected with this setup, it
was assumed that the incident waveform collected prior to cable insertion could be used in
the calculation of the complex dielectric constant for all waveforms. The production of
edema was verified from measurement of the specific gravity of white matter taken from

respective areas on the fixated left and right cerebral hemispheres.
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Chapter IV

Results and Discussion

An analysis of the results from the tests and experiments is presented in this
chapter. This is followed by a discussion of possible sources of error in the measurement

of biological samples and the use of this technique for the measurement of cerebral edema.

4.1 itance Val for the 2 Element Equivalent Circui

The values of Cp and Cs with the open end of the cable submerged in distilled water
was found to be 21.5 £ 0.3 SE fF and 0.9 £ 0.3 SE fF respectively. The values of Cg and
Cr with the open end of the cable at the surface of the distilled water were 20.2 = 0.7 SE fF
and 2.2 = 0.7 SE fF respectively. The difference between these two values may be
accounted by a fringing field in the air surrounding the cable. The presence of this field
models results in a 4 element model for the terminating impedance as in Figure 15, where
£sCp and Cr represent the total fringing field capacitances rather than the normal fringing
field capacitances, in the sample and cable dielectric, respectively. The two series
capacitances represent the total fringing capacitances due to the field through the air
surrounding the cable and the sample. However, the series fringing capacitance in air is
probably much smaller than the fringing field capacitance in the samples measured in this

study, as the dielectric constant of air is 1 while those of the tissue samples are in the range
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30 - 50 [62]. Thus, the equivalent capacitance of the 2 series capacitors is very close to the
value of the fringing field capacitance in air. This air capacitance may be taken as constant,
thus reducing the 4 element circuit to the 2 element circuit of Figure 14, where C is the
sum of the fringing field capacitances in the surrounding air and the cable dielectric, and
£5Co is the fringing field capacitance in the sample. The greater standard errors observed
with the cable at the surface of the liquid may be due to the difficulty of placing the cable tip
exactly at the surface of the liquid.

The values for Cg and Cr at the surface of the sample are in agreement with the
values of Cg =22.0 fF and C¢ = 1 fF found by Stuchly et al for the same cable position
[59]. The relationship between these parameters and dielectric thickness, (b-a), may be
assessed by the ratio Co/ Cy. From the values determined in this study, the ratio for 0.141"
cable is 9.2. The value of C(j/ Ct for 0.325" cable is 5.1 based on values found by Stuchly

et al [58]. The differences imply that Cp and Cs are not linear functions of the parameter (b-

a).

4.2 Accuracy and Minimum Sample Thickness Tests

The accuracy of the technique was assessed from measurements of methanol,
distilled water and saline. The minimum sample thickness was established using samples
of distilled water and saline of varying thicknesses.

4.2.1 Accuracv Tests

Dielectric measurements of methanol, distilled water and saline with the open end of
the cable submerged in each liquid are listed in Tables 2, 3 and 4 respectively. The
averages and standard errors from analysis using the 2 and 4 element equivalent circuits are
listed. As can be seen , in every measurement, the 2 element circuit predicts dielectric

parameters much closer to the published data.
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Table 2
Dielectric Measurements of Methanol

for the Open End of the Cable Submerged

Real Dielectric Constant
frequency e g *
(MHz) (from equation given (measured this
for 250 C in reference study at 24.20 C
[61) using 2 element circuit)
100 32.6 338+1.4
250 325 333+1.2
500 32.1 325+ 1.1
750 31.3 320+ 1.1
1000 304 302x1.1
Loss Factor
frequency &' g *
(MHz) (from equation given (measured this
for 250 C in reference study at 24.20 C
{6 using 2 element circuit)
100 0.8 1.4£09
250 2.0 23+0.2
500 4.0 54+£02
750 5.8 6.81£0.2
1000 7.4 8.2+0.1

* values are averages * standard error

60

& ¥
(measured this

study at 24.20 C
using 4 element circuit)

399+1.7
392+14
383+ 1.3
37713
355+1.3
g ¥

(measured this

study at 24.20 C
using 4 element circuit)

1.6+ 1.1
28+0.2
6.5+£0.2
8.2%0.2
99+£0.2



Table 3
Dielectric Measurements of Distilled Water

for the Open End of the Cable Submerged

Real Dielectric Constant
frequency e g **
(MHz) (from measurements given (measured this
at 250 C in reference study at 24.20 C
(61 using 2 element circuit)
100 78.0 76.6+0.5
250 77.6 * 78.0+0.6
500 77.3 * 77.6 £0.6
750 T7.2 % 78.6+0.7
1000 77.1 * 76.4+ 0.8
Loss Factor
frequency g g w*
(MHz) (from measurements given (measured this
at 259 C in reference study at 24.29 C
{61 using 2 element circuit)
100 0.4 -23+0.6
250 1.1* 2.8+0.2
500 ' 3.6 * 54+0.1
750 55% 45+0.2
1000 6.9 * 47+0.1

* points interpolated from data given at 100, 300 and 3000 MHz

** values are averages * standard error
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81_’ Xk
(measured this

study at 24.20 C
using 4 element circuit)

912 £0.5
92.9
92.4
93.6
90.9

NeRNeNo LN

0.
0.
0.
0.

M

gt F*
(measured this

study at 24.20 C
using 4 element circuit)

-2.7 £ 0.8
34+£0.2
6.5£0.1
54%+0.2
5.7%+0.1



Table 4
Dielectric Measurements of Saline

for the Open End of the Cable Submerged

Real Dielectric Constant
frequency &' g ¥
(MHz) (from equation given (measured this
for 250 C in reference study at 24.20 C
[551) using 2 element circuit)
100 75.6 743+1.0
250 75.6 769+ 1.1
500 75.6 737 %£1.1
750 75.5 757+ 1.1
1000 754 73.8+1.3
Loss Factor
frequency g" gt *
(MHz) (from equation given (measured this
for 250 C in reference study at 24.20 C
. [55]) using 2 element circuit)
100 274.0 276.8 0.9
250 1104 11394+04
500 56.6 61.4+0.3
750 39.2 42.8 £0.3
1000 31.0 32.5+0.3

* values are averages * standard error
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e *
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884+1.2
91.6
87.8
90.2
87.9
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Dielectric measurements of methanol, distilled water and saline with the open end of
the cable at the surface of each liquid are listed in Tables 5, 6 and 7 respectively. In most
measurements, the 2 element equivalent circuit dielectric parameters are much closer to the
published data. Values predicted by the 4 element circuit with the cable at the surface are
closer to the published data than corresponding values with the cable submerged. This
suggests that parameters in the 4 element model are dependent on the depth of the tip of the
cable in the liquid.

The 2 element circuit was used to analyze data from biological samples, since the
results from the accuracy tests indicate this circuit predicts dielectric properties more
accurately. The Cg and Cs values for the cable submerged in the liquid were used in the
analysis of the vasogenic edema progression in the cat, where the cable was inserted in
cerebral tissue. The values for the cable at the surface of the liquid were used in the
analysis of in-vitro samples, where the cable was applied to the surface of the tissue.

It should be noted that the higher errors observed for the 4 element circuit do not
necessarily imply that a 4 element circuit does not model the terminating impedance
accurately. As discussed in section 4.1, the existence of a fringing field in the air
surrounding the cable suggests a 4 element model describes the terminating impedance.
However, a 2 element circuit can be used to approximate this 4 element circuit. The errors
observed using the 4 element model are probably due to the errors in the determination of
Cs, Cpand Cg.  Cy, Cg and Cg are probably not linearly related to the dielectric thickness,
(b-a) due to the finite conductance of the cable conductors and the skin effect in these

conductors.

2 Minimum Sample Thickn
The dielectric parameters measured at varying thicknesses of distilled water and
saline with the cable submerged are listed in Tables 8 and 9. All the measurements of the

real dielectric constant of distilled water deviate more than 5 % from their values established
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Table 5
Dielectric Measurements of Methanol

for the Open End of the Cable at the Liquid Surface

Real Dielectric Constant

frequency &' e *
(MHz) (from equation given (measured this
for 250 C in reference study at 23,59 C
[61) using 2 element circuit)
100 32.6 347+£1.5
250 32.5 334+1.3
500 32.1 325+1.3
750 31.3 324+1.2
1000 30.4 31,114
Loss Factor
frequency & g ¥
(MHz) (from equation given (measured this
for 250 C in reference study at 2350 C
61 using 2 element circuit)
100 0.8 1.1+0.8
250 2.0 43+0.1
500 4.0 53%£0.3
750 5.8 7.0£0.2
1000 7.4 8.8+0.1

* yalues are averages + standard error
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37.0
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35.8
34.3
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1.4
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Table 6
Dielectric Measurements of Distilled Water

for the Open End of the Cable at the Liquid Surface

Real Dielectric Constant
frequency e g ** g **
(MHz) (from measurements given (measured this (measured this
at 250 C in reference study at 23.59 C study at 23.50 C
6l using 2 element circuit) using 4 element circuit)
100 78.0 82.3+x1.1 919+1.3
250 - T77.6* 747+1.2 833+1.3
500 77.3 % 75.8%+1.0 84.6 1.1
750 77.2 * 77.6 1.1 86.6 £ 1.2
1000 77.1% 76.9+1.2 858+ 1.3
Loss Factor
frequency & g ** g ¥
(MHz) (from measurements given (measured this (measured this
at 259 C in reference study at 2350 C study at 2350 C
[61) using 2 element circuit) using 4 element circuit)
100 0.4 3.6+0.5 4.1 +£0.5
250 1.1 % 6.1£0.5 69 +0.5
500 3.6%* 4.1%0.1 46 %0.1
750 55% 42+0.2 4.8 £0.2
1000 6.9 * 49+0.1 55%0.1

* points interpolated from data given at 100, 300 and 3000 MHz

** values are averages + standard error
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Table 7

Dielectric Measurements of Saline

Real Dielectric Constant

frequency
(MHz)

100
250
500
750
1000

Loss Factor

frequency
(MHz)

100
250
500
750
1000

* values are averages * standard error

&

(from equation given
for 250 C in reference

[55D)

75.6
75.6
75.6
75.5
75.4

8rll

(from equation given
for 250 C in reference

[55D)

274.0
110.4
56.6
39.2
31.0

for the Open End of the Cable at the Liquid Surface

g *
(measured this

study at 23.50 C
using 2 element circuit)

76.1+1.3

3~ ]
Lok b
N I N

1.1
1.2
1.0
1.2

-3
W
HH

8rll *
(measured this

study at 23.50 C
using 2 element circuit)

2755%14
110.7 £0.6
57.2+04
40.6+04
31.9+04

g *
(measured this

study at 23.50 C
using 4 element circuit)

849+ 14
82.8
83.
84.
83.

H H

)—lr—\)—-l)-—-l
L = L L) |

NoRV- ROV

erll *
(measured this

study at 23.50 C
using 4 element circuit)



Real Dielectric Constant *

frequency  Accuracy
(MHz) Test
100.0 76.6
250.0 78.0
500.0 77.6
750.0 78.6
1000.0 76.4

Loss Factor *

frequency  Accuracy
(MHz) Test
100.0 -2.3
250.0 2.8
500.0 5.4
750.0 4.5
1000.0 4.7

5 mm

76.8
77.8
77.5
78.2
76.1

S mm

-2.3
2.6
5.5
4.2
3.4

* all measurements at 24.20 C

Table 8

4 mm

76.4
77.8
77.8
78.8
76.8

4 mm

-3.3
2.6
5.6
4.3
3.6

67

3 mm

76.2
77.6
77.4
78.3
76.2

3 mm

-3.2
2.8
5.7
4.4
3.7

Minimum Sample Thickness of Distilled Water

2 mm

75.5
76.7
76.6
77.4
75.1

2 mm

-2.7
2.7
5.7
4.3
3.4

1I'mm

72.5
72.3
73.1
70.9

1 mm

-3.0
2.6
5.4
4.1
3.1



Table 9

Minimum Sample Thickness of Saline

Real Dielectric Constant *

frequency  Accuracy

(MHz)
100.0
250.0
500.0
750.0
1000.0

Loss Factor *

frequency  Accuracy

(MHz)
100.0
250.0
500.0
750.0
1000.0

Test
74.3
76.9
73.7
75.7
73.8

Test
276.8
113.9

61.4

42.8

32.5

5Smm

73.9
75.8
74.9
75.6
73.4

S mm

273.4
112.5
58.7
41.4
31.5

* all measurements at 24.20 C

4 mm

73.7
75.9
75.0
75.6
73.6

4 mm

272.1
112.2
58.6
41.3
31.4

68

3 mm 2 mm 1 mm
74.0 72.2 67.8
76.1 74.9 70.5
75.3 74.1 69.7
76.0 74.9 70.2
73.9 72.77 68.2
3 mm 2 mm 1 mm
271.3 267.1 249.5
111.5 110.7 103.5
58.3 58.0 54.1
41.1 40.8 37.9

314 30.8 28.4



by the accuracy test at a sample thickness of 1 mm. Measurements at other thicknesses
were within 5 % of the accuracy test values. Due to the uncertainty in the measurement of
the loss factor of distilled water, this parameter was not included in the determination of
minimum sample thickness. Again, all measurements of the real dielectric constant of
saline deviate by more than 5 % at a thickness of 1 mm. The measurements at other
thicknesses were within 5 % of the accuracy test values. Measurements of the loss factor
of saline deviate by more than 5 % at thicknesses of 2 mm or less, while deviations at
greater thicknesses were less than this amount.

The field at the tip of the cable at the surface of the liquid would be expected to be
similar to that for the cable submerged in the liquid. Data for the tip of the cable at the
surface of the liquid, which are not reported in this thesis, support this argument as the
same results for the minimum sample thicknesses were obtained.

The minimum sample thickness of a tissue sample may be taken as the greatest
minimum sample thickness measured for distilled water or saline, 2 mm. Including a
margin of error, this value was taken as 3 mm for the collection of tissue data. Reliable
results may thus be expected if all the tissue within a 3 mm radius of the tip of the cable

was of the same type.

4.3 Results from In-Vitro Megasurements

431 M remen n rmal_Canin hite Matter

Twenty-nine normal samples were collected with average specific gravity equal to
1.0435 + 0.0015 SE (water content = 68.709 + 0.972 SE %) at temperatures between 200
C and 220 C. The specific gravity of brain samples are in close agreement with the value of
1.0437 for canine centrum semiovale (white matter) reported by Inaba et al [31].

The average and standard errors of real dielectric constant and loss factor at each
frequency are listed in Table 10. Figures 24 and 25 contain graphs of this data and results

for normal canine white matter reported by Schepps and Foster [53] at 370 C versus
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Table 10

Measured Dielectric Properties of Normal Canine Cerebral White Matter *

frequency

(MHz)
100.0
250.0
500.0
750.0
1000.0

49.1 £ 3.2
374 +£25
342+23
33.5+£23
320%2.1

* g]l measurements at 200 - 220 C

70

539 %58
265+23
15713
113+ 1.0
92+29



Real Dielectric Constant
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Figure 24: Real Dielectric Constant of Normal Canine White

Matter vs. Frequency
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Loss Factor

100 -
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Figure 24: Loss Factor of Normal Canine White

Matter vs. Frequency
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frequency. The trends observed with frequency and temperature are in agreement with
trends observed by Foster and Schepps [18] for canine white matter between 100 and 1000

- MHz.

4.3.2 In-Vitro Production of Osmotic Edema

Graphs of the real dielectric constant and loss factor of edematous sampleys and
normal samples at each frequency are given in Appendix D. With each frequency, a least
squares fit of the measured parameter and water content is graphed. The correlation
coefficient, R, and the linear equation are also given. Twenty-seven edematous samples
were measured at temperatures between 200 C and 220 C, giving a total of 56 points per
graph. The averége water content of the edematous samples was 75.319 + 2.836 SE %
with a maximum water content of 80.526 %.

The real dielectric constant of cerebral samples increased with increasing water
content at each frequency. The value of R was least at 100 MHz with a value of 0.76. For
the remaining frequencies, the correlation was stronger with 0.87 <R <£0.89. The change
in dielectric constant with water content, or the slope of the fitted line was least at 100 MHz
with a value of 0.895 units/ % water content. The slope increased at 250 MHz to 1.503
units/ % water content and for the higher frequencies was approximately 1.7 units/ % water
content. The above results suggest water content is best measured using the real dielectric
constant at higher frequencies. Better correlations with water content and a higher
sensitivity of measurements to this parameter are observed at these frequencies. The lowest
correlation observed at 100 MHz may reflect the increased contribution of the relaxation of
cell membranes. The relaxation of the membranes is a function of the time since excision
[61] and may vary from animal to animal.

The loss factor of the samples decreased with increasing water content at each
frequency. At all frequencies, the correlation coefficient was in the range 0.81 <R <0.84.

The change in loss factor with water content, unlike permittivity, was greatest at 100 MHz
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with a magnitude of 2.373 units/ % water content and declined with increasing frequency to
0.357 units/ % water content at 1000 MHz., From the above observations, water content
would best be measured using loss factor at lower frequencies due to its high sensitivity in
this range.

The above observations may be explained by modelling the increase in water
content as the "dilution" of a mixture of water and the proteins present in dried tissue. At
the frequencies considered, cellular membranes have extremely low impedance, and the
tissue may be treated as a suspension of proteins in water [53]. From measurements of
normal canine white matter, it is observed that the real dielectric constant of normal canine
white matter is less than that of distilled water in the frequency range 100 - 1000 MHz.
The expected effect of the addition of water to the white matter is to increase its real
dielectric constant. Similarly, since the loss factor of normal white matter is greater than
that of water in this frequency range, the addition of water to the tissue would cause this
parameter to decrease. These effects on the dielectric parameters with the addition of
distilled water were observed. Based on the above argument, it would be expected that as
the water content of the tissue approaches 100 %, both the real dielectric constant and loss
factor should approach that of distilled water. The permittivity and loss factor should
approach that of dried tissue as the water content approaches 0 %. A linear mixture model

might describe the dielectric parameters of tissue with its water content,

€ — €4 1
water  “dried tissue
€issue = Edried tissue T 100 x Water Content (%) (30)

where € represents either the permittivity or loss factor of the tissue. Rewriting (30) for

normal tissue parameters,

Ewater ~ €normal tissue

€normal tissue ¥ TpQ (Normal Water Content)

Eiissue ~

(Water Content (%) - Normal Water Content) 3D
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As can be seen from (31), the slope of the line is directly proportional to the value of €water
- €normal tissue - The real dielectric constant of water may be taken as approximately
constant while that of normal tissue decreases with increasing frequency over 100 - 1000
MHz. Thus, the slope of the line relating real dielectric constant and water content should
be positive and increase with frequency, as was observed. The loss factor of water is less
than that of normal white matter over 100 - 1000 MHz. The loss factor of water increases
while that of normal tissue decreases as frequency is increased over 100 - 1000 MHz. The
slope of the line relating loss factor and water content should therefore be negative, and its
magnitude decrease with frequency, which was observed.

The validity of this model may be determined from the linear equations fitted to the
data at each frequency. As mentioned above, at O % water content, the complex dielectric
constant of tissue should approach that of dried tissue whereas at 100 % water content, it
should approach that of water. The predicted values of the dielectric parameters at 0 % and
100 % water content may be used to test the model. Table 11 gives the predicted real
dielectric constant and loss factor values at 0 % and 100 % water content at each frequency.
A water content of 0 % results in impossible negative real dielectric constants. At a water
content of 100 %, dielectric constant is predicted with a maximum error of 10 dielectric
units while the loss factor is predicted with an error of 9 to 22 dielectric units. These
results demonstrate that the model is not valid over the full water content range from 0 to
100 %. However, the relatively low errors observed at 100 % water content suggest that
this model predicts the approximate behavior of complex dielectric constant between normal
and 100 % water content. Below this range, the relations between the dielectric parameters
and water content are most likely nonlinear.

Errors in this model may be accounted for by proteins in the tissue. The large
number of proteins of different shapes and sizes and their interactions with one another and
the water solute may affect their individual contributions to the complex dielectric constant

at different water contents. At lower water contents, proteins are closer to each other and
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Table 11
Predicted Dielectric Properties of Canine White Matter

at 0 % and 100 % Water Content

frequency 0% 100 %
(MHz) g e" e e"
100 -12.1 215.2 77.4 -22.1
250 -65.1 104.9 852 -105
500 -81.5 59.2 88.2 -4.9
750 -86.4 42.3 89.5 -3.4
1000 -86.2 33.5 87.3 -2.2
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less water is present in the tissue. The interactions between the protein molecules and the
lack of interaction between these molecules and water may cause a nonlinear relationship
between dielectric parameters and water content. As‘ water content is increased, these
interactions are less prominent and interactions with water molecules contribute more to the
dielectric constant . At higher water contents, interactions of protein molecules with
themselves contribute less to complex dielectric constant while interactions with water
molecules approach a constant. Thus, with higher water contents, the material would be

expected to behave closer to the model.

4.3.3 In-Vivo Production of Osmotic Edema

Graphs of the real dielectric constant and loss factor of edematous and normal
samples at each frequency are given in Appendix E. With each graph, the least squares
linear fit and correlation coefficient, R, are given. Forty-one edematous samples were
measured at temperatures between 200 C and 220 C for a total of 70 data points in each
graph. The average water content of the edematous samples was 69.599 + 1.224 % SE
with a maximum water content of 71.746 % measured . The average water content of the
edematous samples and the average water content of normal samples were within 1
standard error of each other. Thus, the method of water intoxication used in this thesis was
not successful in producing significant cerebral edema, i.e., normal and edematous
populations were practically identical.

The inability of the water intoxication technique to produce more edema in the white
matter may be attributed to the species of animal used. Herschkowitz et al whose method
of water intoxication was employed in this thesis used monkeys and rabbits in their study
of water intoxication and achieved increases in water content of up to 4.5 % [29]. The
canine species, though, may be more resistant to the drop in blood osmolarity associated

with water intoxication and therefore less edema was produced.
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Weak correlations were observed of dielectric constant with increasing tissue water
content at each frequency (0.26 < R < 0.28). However, the fitted linear equations do
predict an increase in dielectric constant with increasing water content. The weak
correlations reflect the small increase in the water content of the edematous samples as they
suggest measurements may have been from the same normal population.

Aimost a zero correlation was observed of loss factor with increasing water content
at each frequency (0.03 <R <0.09 for all frequencies except 100 MHz). Again, these low
correlations reflect the small amount of edema produced and suggest measurements were
from the same normal population.

The above results demonstrate that this technique cannot be used to reliably detect
changes of the order of 1 % from a single measurement of white matter. The uncertainty in
a single measurement prevents measurement to this accuracy. Note that changes of 1 %
might be detected with continuous monitoring since the change in water content can be
calculated from the change in dielectric properties. The spread of the measurements is not

present in this situation and thus does not introduce uncertainty.

4.4 Measurement of Vasogenic Edema

The dielectric constant and loss factor from measurements of cat brain are graphed
with time at each frequency in Appendix F. The production of edema was verified from
specific gravities of samples taken from the fixated brain and a visual examination of the
hemispheres. The specific gravities of samples taken from respective areas on the fixated
right and left hemispheres were 1.0376 for the experimental left hemisphere and 1.0405 for
the control right hemisphere. The lower specific gravity for the left hemisphere suggests a
higher water content and thus the production of edema in this hemisphere.

The cable probably did not measure purely white matter as the thickness of the

white matter in front of the cable was approximately 1.0 mm, less than the minimum
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sample thickness of 3.0 mm established from the tests. Thus, it would be expected that the
complex dielectric constant of a mixture of gray and white matter was measured.

Both real dielectric constant and loss factor were observed to change significantly
with time. At 0 time, it may be assumed the edema front had not reached the tip of the
cable and the measured dielectrié parameters were those of normal tissue. With time, both
real dielectric constant and loss factor increased from normal. The behaviour of dielectric
constant with increasing water content is the same as that observed for osmotic edema.
This fact may be used to estimate the approximate increase in the water content of the
tissue. However, the behaviour of loss factor is opposite to that observed for osmotic
edema. This may be explained by the protein composition of the edematous fluid

introduced into the brain.

4.4.1 Normal values of Cat Tissue

Dielectric properties measured for the cerebral tissue at time O are listed in Table 12
along with normal values reported by Stuchly et al [57] for feline gray and white matter. It
may be assumed that the vasogenic edema front had not reached the cable by time 0. Thus,
these measured values were taken as those for normal tissue.

The real dielectric constants obtained in this study are in general between the ranges
previously reported for gray and white matter, suggesting a mixture of both gray and white
matter. The measured data, however, is closer to values for white matter, which implies
that mostly white matter was measured. Loss factor values are mostly in the lower range
previously reported for gray matter or between the ranges for gray and white matter. This

again implies that a mixture of gray and white matter was measured.

From examination of the graphs of real dielectric constant with time listed in

Appendix F, it is apparent that the shape of these graphs is similar over all the frequencies
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Table 12

Measured Dielectric Properties of Normal Cat Cerebral Tissue *

Real Dielectric Constant
frequency &
(MHz) (gray matter measured

at 330 + 0.50 C vy
Stuchly et al [57])

100 65 - 80
250 55-60 *
500 48 - 52
750 47 - 51 **
1000 47 - 51
Loss Factor
frequency er
(MHz) (gray matter measured

at 330 £ 0.50 C by
Stuchly et al [57])

100 93.5-152.8
250 43.1-59.7 *
500 25.5-334
750 19.2-25.3 **

1000 16.0-21.0

1

€r
(white matter measured
at 330 £ 0.50 C by
Stuchly et al [57])

58 - 64
46 - 47
39-40
38 -39
37.5-138.5

Er
(white matter measured
at 330 + 0.59 C vy
Stuchly et al [57])

86.3 - 91.7
38.1-38.5
219-223
17.0-17.4
14.6 - 14.7

* average of measurements betweeen 200 and 300 MHz

** average of measurements between 700 and 800 MHz

&'
(measured this study
at body temperature)

66.0
46.8
42.6
42.0
39.6

&'
(measured this study
at body temperature)

103.8
45.8
26.1
19.1
15.5



considered. The real dielectric constant of the cat tissue increased from normal with the
advancement of the vasogenic edema front. The maximum value achieved by this
parameter occurred at approximately 255 minutes. Fluctuation in the real dielectric constant
with time might be attributed to the accidental movement of the cable.

The results of measurements of the real dielectric constant of in-vitro osmotic edema
samples and in-vivo vasogenic edema suggest that dielectric constant increases with tissue
‘water content. It may be assumed that the changes of dielectric constant with water content
determined for in-vitro samples (Appendix D) hold for in-vivo samples. Note however,
that this assumption might not be valid since the data in Appendix D is for canine white
matter measured in-vitro between 190 C and 220 C while the sample here is for the feline
species, a mixture of gray and white matter, in-vivo and at body temperature. These
differences may change the value of the slope.

Nonetheless, using the fitted slopes from Appendix D, the predicted maximum
increase at each frequency is listed in Table 13. With the exception of the value at 100
MHz, the average maximum increase is 9.5 £ 1 SE %. This is in agreement with increases
in water content reported in the area of a cold lesion by Reulen et al [52] of 11 %. The
value at 100 MHz is much greater than the other estimates. This may reflect the relaxation

of cell membranes which are more prominent in-vivo [61] at 100 MHz.

4,43 Changes of Loss Factor with Time

From examination of the graphs of loss factor with time listed in Appendix F, it is
seen that the shape of these graphs are similar over all frequencies. The loss factor appears
to increase with the increasing water content associated with vasogenic edema. This is in
sharp contrast to the decrease in loss factor observed with increasing water content during
in-vitro osmotic edema (section 4.3.2). This may be explained by the nature of the
edematous fluid introduced into the tissue during both edemas. During vasogenic edema,

the accumulated fluid is close in composition to blood plasma. Measurements of the loss
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Table 13
Predicted Maximum Increases in Water Content

in Vasogenic Edema Progression

frequency Predicted Increase
(MHz) (%)
100 20.12
250 10.74
500 9.51
750 8.27
1000 9.42
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factor of human blood serum over 100 - 500 MHz at 230 C [62] suggest that the loss factor
is close to that of saline. This same relation may be extended to feline blood plasma over
100 -1000 MHz. Thus, the loss factor of feline blood would be greater than that of the
feline cerebral tissue measured for this experiment (Table 12). By the mixture model
discussed in section 4.3.2, the loss factor should approach that of the accumulated
edematous fluid as water content is increased. Thus, it would be expected that with the
introduction of the edematous fluid in vasogenic edema, loss factor would increase, as was
observed. As mentioned earlier, the introduction of distilled water, which has a loss factor
lower than that of cerebral tissue over the frequencies considered, would cause tissue loss
factor to decrease, as was observed. It should be noted that loss factor, in general,

increases with the concentration of ions and proteins dissolved in the solution.

4.5 The Use of TDR in Measurements of Cerebral Edemg

4.5.1 Errors in Measurements of Biological Samples

Variation in the collected data may be accounted for by systematic errors and

practical limitations in the method, as discussed in section 2.3.2. Factors in the
measurement of biological samples may contribute to variation, such as gray matter
contamination in samples, nonuniform water content distribution in the sample and errors
in the determination of water content gravimetrically. These factors are discussed in this

section.

Gray Matter Contamination in Samples

Gray matter contamination in the samples likely had some effect on the in-vitro
results. Approximately 40 % of all the in-vitro samples were rejected because gray matter
was within the minimum sample volume. It is possible that some samples contained small
unobserved amounts of gray matter. The sample of feline cerebral tissue measured in the

vasogenic edema experiment contained gray matter. It is not known exactly how much this
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factor would affect measurements of the complex dielectric constant though it would
decrease the specific gravity of the sample. Since gray matter has a lower specific gravity

than white matter, this would cause overestimation of water content.

Nonuniform Distribution of Water Content in the Sample

The nonuniform distribution of water content in the tissue most likely affected the
results. With the in-vitro production of osmotic edema, a water content gradient was
probably formed with its maximum at the surface of the tissue. Thus, samples measured
were not homogeneous. It is not known how much this factor affected complex dielectric
constant measurements, but it does change the estimate of water content. The thickness of
the sample taken for the gravimetric column would affect its specific gravity, and therefore
its water content. Thicker samples (those containing more tissue from the interior of the
cerebral slice) would have lower estimates of the water content as specific gravity of the
whole sample is measured. Samples taken for this study had approximately the same
thickness and volume. For the vasogenic edema progression, the water content gradient

established by the lesion produced water content variation in front of the cable as well.

Errors in the Gravimetric Determination of Sample Water Content

Errors in the gravimetric technique may have contributed to errors in water content
estimation. Variations in the specific gravity of normal tissue affect the linear relation
between water content and the inverse of tissue specific gravity. However, the variation in
the water content and specific gravity of normal samples is not very large, as is
demonstrated by the values of normal canine white matter established in this study of

68.709 + 0.973 SE % and 1.0435 £ 0.0015 SE respectively.
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The results of this study suggest that the dielectric constant is primarily affected by
the water content of the tissue while loés factor is primarily affected by the loss factor of the
tissue fluid over the frequency range .100 - 1000 MHz. However, the loss factor of an
aqueous solution, in general, increases with the concentration of proteins and ions. This
might therefore enable the detection of all types of edemas using the real dielectric constant
of the tissue. As the loss factor would reflect the concentration of proteins and ions, the
type of edema might also be determined from the measurements.

The use of TDR in-vivo for the detection of cerebral edema presents several
problems. Changes in the dielectric parameters with water content in-vivo must be
established as changes of dielectric parameters with water content may be different from in-
vivo to in-vitro. Factors which may limit the accuracy the measurement of this relation of
biological samples were discussed in section 4.5.1. Variation in the dielectric parameters
may not allow resolution of the water content to accuracies of 1 % from a single
measurement. However, as changes of 3 - 4 % might be the minimum change considered
significant clinically; this factor ma§ not be important. Continuous monitoring to 1 %
accuracy, however, may still be possible since changes in dielectric parameters could be
attributed to changes in water content. Ideally, smaller diameter cable is preferable for in-
vivo measurements to minimize further damage to the brain. The smaller cable also
decreases the complex capacitance of the sample, thereby increasing its impedance. From
the uncertainty analysis given in section 2.3.1, uncertainty in measurements would increase
since the reflection coefficient, p, would tend to a magnitude of 1 and a phase angle of 00.
The smaller sample volume associated with the smaller diameter would make measurements
more sensitive to local variations in water content, especially changes in the tissue due to
damage from the cable itself. In addition, measurements in-vivo would be sensitive to any
collection of blood or cerebrospinal fluid at the tip of the cable. As these substances are

very high in water content, erroneous estimates of water content would result. Lastly, the
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electric field at the tip of the cable increases as the diameter of the cable decreases. Care
must be taken to ensure that no damage to the cerebral tissue occurs in the vicinity of the

open end occurs as a result of excessive high frequency irradiation [34].
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Chapter V

Conclusions

Time domain reflectometry may be used to determine the complex dielectric
constant of a small sample placed at the end of a coaxial transmission line. For the cable
used (0.141" diameter), estimated accuracies of less than 5 % were achieved with a
minimum sample thickness of 3 mm. All calculations of complex dielectric constant were
between 100 and 1000 MHz. The real dielectric constant of canine white matter was
observed to increase while its loss factor decreased with increasing water content during in-
vitro osmotic edema. However, a preliminary test of the technique found that both the real
dielectric constant and loss factor of feline cerebral tissue increase with increasing water
content during vasogenic edema. These results suggest that the real dielectric constant of
tissue is sensitive to the water content of the tissue while tissue loss factor is sensitive to the
loss factor of the accumulated edematpus fluid over the frequency range 100 - 1000 MHz.
The technique may enable the detection of all types of edema using the real dielectric
constant of the tissue. As the tissue loss factor reflects the concentration of proteins and
ions, the type of edema might also be determined from measurements.

Future in-vivo experiments must establish the changes in dielectric properties of
tissue with water content, as they may differ from in-vitro changes. Uncertainties in the
measurements may not allow resolution of water content to within 1 % from a single

measurement of the tissue though this small error may not be significant clinically.
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Continuous monitoring of the brain may allow resolution of changes in water content to 1

% as changes in dielectric parameters may be attributed to changes in water content.
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Appendix A

Review of Basic Electrical Concepts

This appendix includes a review of the definition of complex dielectric constant and
the basic transmission line theory for the operation of time domain reflectometers.
Al mplex Dielectri nstan

When a vacuum capacitor (Figure A1) is connected to a sinusoidal voltage source,
V, a sinusoidal current, I, which leads the voltage by 900 flows through it. The phasor

voltage, V, and the phasor current, I, are related by the susceptance of the capacitor, YC,

I

Yo = ¢ = joCq (A.1)

where 0=2rf and Cy is the capacitance of the capacitor. When the capacitor is filled with a

substance, the capacitance changes by a positive factor of &'

C=¢' X Cp (A.2)

This factor, €, is called the relative real dielectric constant or, the permittivity of the
substance. The real dielectric constant €' of a material is defined as

1

g =g X €o (A.3)
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Figure Al: Voltage and current relations for a capacitor
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where €g is the dielectric constant of vacuum. In actual materials, the current and voltage
can never attain an exact phase difference of 900. This is accounted for by the presence of
a loss current in the material due to energy consuming processes brought about by the
applied voltage, such as migration of charge carriers or molecular rotation. In some
materials, energy loss is negligible and the phase angle is practically 909. A resistor placed
in shunt with the capacitor is used to model the energy loss in the equivalent circuit of the
capacitor (Figure A2). To describe this loss current, a negative imaginary component, €",
is introduced to the dielectric constant called the loss factor. The dielectric constant with the
loss factor is called the complex dielectric constant, €%,

]

g* = ¢ - je"=(e - jer") X g (A.4)

where €r* is the relative complex dielectric constant and €;" is the relative loss factor. The

value C in (A.2) is then rewritten as a complex capacitance,

C = (e&r'-jer'y X Co (A.5)

Insertion of &* in (A.1) yields the following values for R and C in Figure A2,

C =¢f X Co
(A.6)
1

R=—"—
we" Co

Thus, knowledge of the equivalent conductance and capacitance of a material in a vacuum

capacitor enables the calculation of the complex dielectric constant.

A.2 Transmission Lines
A transmission line is a device for transmitting or guiding energy from one point to
another. Basically, it consists of two terminals into which power is transmitted and two

terminals into which power is received. Thus, a transmission line can be considered as a
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Figure A2: Equivalent Circuit of a dielectric filled
vacuum capacitor
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four terminal device for connecting electrical devices. An example of a transmission line is
the coaxial cable (Figure A3).

Uniform transmission lines can be modelled as being made up of a chain of units of
resistances (R), conductances (G), inductances (L) and capacitances (C) defined per unit
length of cable (Figure A4). These cable parameters are determined by the physical
dimensions and the dielectric of the cable. The characteristic impedance of the line, Zy), is a
property of the uniform transmission line. It is a function of the frequency of the
sinusoidal voltage wave in the line and the line electrical characteristics. If the line is

infinitely long, Zg is defined as
Zy = o] RHiOL A7)
G+joC ‘
where w=27f, f being the frequency of the sinusoidal voltage wave in the line. Another
property of uniform transmission lines is the propagation constant. A single frequency

voltage travels down an infinite line at a finite velocity. As every material has some

electrical losses associated with it, the voltage will be attenuated by an amount o per unit

length. The phase of this voltage also lags behind that induced at the generator by an

amount P radians per unit length. This attenuation and phase shift are described by the

propagation constant, ¥,

y=o+jB

= VR+jOL)G+jwC) (A.8)

where o is the attenuation in nepers per unit length and B is the phase shift in radians per
unit length. This constant can be used to determine the phasor voltage, Ej, and the phasor

current, Ij, at any distance x along an infinitely long line by the relations
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Ei = EO e-’Yx
(A.9)

Ii = Ioe

where zero reference in the x direction is arbitrarily defined. At any point along the line,
the voltage and current are related by the characteristic impedance of the line,

E;

T (A.10)

Zy =

Transmission lines terminated in a complex impedance, Z; =R[ +jX] ., may change
the infinite line situation, depending on the value of Z], (Figure AS5). The generator, ES,
produces a single frequency voltage in the line which propagates toward the load. If the
transmission line is finite in length and is terminated in a load, Z[,, equal to the
characteristic impedance of the line, Z(), then equations (A.9) - (A.10) hold for the length
of the line to x=d. For this case, the line is said to be line matched. However, if Z1,1s
different from Z(), or line mismatched, a second wave must be considered which originates
at the load and propagates toward the generator. This second wave is the reflected wave
from the load consisting of the energy not delivered to the load. In the transmission line,
the first and second waves add by superposition. Equations determining the voltage and
current of the reflected wave are derived similarly to the infinite line equations by assuming
the wave originates from a source at the end of the line,

E, = Ege '@

(A.11)
I, = IgeV@®
=

where Ed and I are the voltage and current phasors at the load. At the load, the ratio of

reflected to incident voltages is found from (A.9) and (A.11),
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r_ Eq -vd-20

(A.12)

hel
g

i Eo

This ratio, p, is known as the voltage reflection coefficient and is frequency dependent.

This ratio is also dependent on Z() and ZJ,

Z1, - Zy

= . (A.13)
ZL + ZO

Determination of p and knowledge of Z() allows for the calculation of Z],. Similarly, the
generator impedance, ZS, may be regarded as a load impedance for the reflected wave. If
Z§ is line mismatched, a second reflected wave is produced from the first reflected wave.
This wave, too, adds by superposition to the first two waves in the transmission line. This
process of continually reflecting waves would continue indefinitely if no line matches exist
on tﬁe line.

For many transmission lines, attenuation of the signal is negligible, or R and G may
be assumed equal to 0, over the lengths of line considered. With this simplification,

equations (A.7) and (A.8) can be reduced to, respectively,

L
Zo= 1 & (A.14)
Y = joVLC = jp. (A.15)

In these cases, the transmission line is called a low-loss transmission line. This
assumption greatly reduces the amount of mathematical calculation required in many

transmission line problems.
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There are several factors affecting the use of transmission lines. Attenuation is
present in all transmission lines. If the line is long enough, serious attenuation of any
signal will result. Amplification is necessary after the signal has passed through a certain
amount of line in order to be detected at the receiving point. Dispersion is another factor
which limits the use of transmission lines. Signal carrying information is usually
comprised of a group of frequencies. The phase velocity is the velocity of a single
frequency signal in a transmission line. If the line contains a nondispersive dielectric, such
as vacuum, the phase velocity of different frequencies are the same. If the line contains a
dispersive dielectric, such as teflon, the phase velocities varies with the frequency. A
multifrequency signal travelling down a dispersive transmission line is distorted since its
different components travel at different velocities. For a typical transmission line, higher
frequency components travel faster than lower ones. Thus, shorter lines are preferred to
reduce any signal distortion. Lastly, the frequency response of transmission line dielectrics
limit transmission of high frequency signals. The dielectric absorbs high frequencies from
the signal, thus distorting the signal. Thus, only frequencies up to a certain limit as

determined by the line dielectric can be transmitted efficiently.
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Appendix B

Program Listings
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C

2 element program

C******************************************************************************

C*®
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C#*®
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
Cx*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*

C****************************************************

C

C Set

This program will calculate the complex dielectric constant of a
from time domain reflectometry (TDR) measurements on a sample. Only
data obtained from probes with 3.6 mm outer conductor diameter
can be inputted to the program. This may be altered for other
probe sizes by adjusting the constants C0O and CF. CF and CO are
must be placed in the progran. Data for the capacitance of some
open-ended coaxial lines are listed in the reference below.

Note, the program is user interactive, prompting the user for the
number and names of data files and data titles. )

This program was written by Hung Pin KAO, Department of Electrical
Engineering, University of Manitoba, June, 1989.

Important Program Variables

INPUT - Vector containing incident waveform

FNT - Vector containing reflected wavefornm

FINT - Complex value of fourier transform of the
incident waveform at a prescribed frequency

FFNT - Complex value of fourier transform of the
reflected waveform at a prescribed fregquency

PERIOD - Time length of the waveforms

POINTS - Number of digitized points

Co,CF ' - Variables needed to calculate the sample
impedance

cT - Complex sample capacitance

zZ0 - Characteristic impedance of coaxial cable

FO - First frequency at which the dielectric

constant is calculated

FINC - Incremental frequency at which dielectric
constant is calculated. Note, the second
frequency used is FINC, the third is 2%FINC

and so on. '
MAX - Number of frequencies to be calculated

Reference for total capacitance of a 3.6 mm line

A. Kraszewski and S.S. Stuchly, "Capacitance of Open-Ended Dielectric-
Filled Coaxial Lines - Experimental Results,*" IEEE Trans. Instrum.

Meas., vol. IM-32, no. 4, pp. 517-51%, Dec. 1983.

REAL*8 INPUT(512),FNT(512),PERIOD,T,CO,CF,ZO,W,F,FO,FINC,PI,ZEROI,
* ZEROF, ZERO

INTEGER POINTS,MAX,I,M,K

COMPLEX*16 FINT,FFNT,P,CT,E, CFREQ

CHARACTER*25 JUNK

CHARACTER*64 FNAME, TITLE

program constants.

PERIOD=5D~-9

LR R R g R BB TRt )

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
, %
*
*
*
*
*
*
*
*
*
*
*



POINTS=512
POINTS=POINTS~-1
T=PERIOD/POINTS
CF=0.89077D-15
Z20=50.0
F0=100.0
FINC=250.0
MAX=5

ZERO=0.0
PI=3.141592654

Prompt user for name of file to contain dielectric constant data and open
file.

[eReNoNe!

WRITE (*,500)
READ(*,510) FNAME
OPEN (1, FILE=FNAME)

Prompt user for number of samples to be calculated.

(o RO NP

WRITE (*,520)
READ (*,*%) M

Adjust first page spacing.

s NeNe!

WRITE (1,%) ' 1

Begin calculations.

Q00N

DO 10 X=1,M

Prompt user for new waveform files and open the files.

Q00

WRITE (*,530)
READ(#*,510) FNAME
OPEN (2, FILE=FNAME)

WRITE (*,540)
READ(*,510) FNAME
OPEN (3, FILE=FNAME)

Prompt user for title of sample dielectric constants.

o000

WRITE(*,550)
READ(#*,510) TITLE

Read in data from waveform files into INPUT and FNT.

[eNeNe)

READ(2,510) JUNK
DO 20 I=1,512
READ(2,*) INPUT(I)
20 CONTINUE

READ(3,510) JUNK
DO 30 I=1,512
READ(3,*) FNT(I)
30 CONTINUE
Cc
C Adjust zero level of waveform files.
c



ZEROI=INPUT (6)
ZEROF=FNT (6)
DO 40 I=6,512
INPUT(I)=INPUT(I)~ZEROI
FNT (I)=FNT(I)~-ZEROF
40 CONTINUE
c
C Write title onto screen and output file.
C
WRITE (*,*)
WRITE (1, *)
WRITE (*, *)
WRITE (1, *)
WRITE (*, %)
WRITE (1, *)
WRITE (*, %)
WRITE (1, *)
WRITE(*,560)
WRITE(1,570)

ITLE
', TITLE

- - =] - - o= =

Calculate sample dielectric constant at each frequency.

a0

F=F0
DO 50 I=1,5
W=2*PI*F*1E6

Find fourier transform of each waveform at frequency W.

[eNeNe!

CALL FORIER (W, INPUT,FINT,T,POINTS)
CALL FORIER(W,FNT,FFNT, T, POINTS)

Determine the reflection coefficient at frequency W and complex capacitance,
cT.

[eEeNeNe!

P=FFNT/FINT
CFREQ=DCMPLX (ZERO, W)
CT=(1-P)/ (Z0% (1+P) *CFREQ)

Calculate dielectric constant from complex capacitance.

[oNeNe!

C0=21.50911D-15
E=(CT-DCMPLX (CF, ZERO) ) /CO

Write results onto screen and into output file.

[eNeNe!

WRITE (%, %) ' !
WRITE(1,*) ' ¢
WRITE(*,580) F,E
WRITE(1,590) F,E

C
C Increment frequency.
c

F=FINC*I
C
50 CONTINUE
C
C Close waveform files.
C
CLOSE(2)

CLOSE (3)



C

C Set page skip.
C

500
510
520
530
540
550
560

570
580

580
600

(@]

[oNeNe! O000000COa0O000N

[eNeNe!

IF (MOD(K,4).EQ.0) THEN
WRITE(1,600) CHAR(12)
END IF

CONTINUE

STOP

FORMAT (' Name of file to contain dielectric constants: ")
FORMAT (2) :

FORMAT (' How many samples to be calculated ? "\)

FORMAT (' Incident Waveform Filename: ™)

FORMAT (' Reflected Waveform Filename: '\)

FORMAT (' Set Title of Data: '\)

FORMAT (9X, 'Frequency (MHz)',10X,'Dielectric Constant', 6¥X,
*'Loss Factor?!)

FORMAT (12X, 'Frequency (MHz)',10X,'Dielectric Constant', X,
*'Loss Factor!')

FORMAT(lZX,FG.l,lSX,flO.3,l2X,FlO.3)
FORMAT(lSX,FG.1,18X,F10.3,12X,F10.3)

FORMAT (A1)

END

SUBROUTINE FORIER(W,FUNC,FFUNC, T, POINTS)

This subroutine will determine the value of the fourier transform of a
digitized step pulse at radian frequency, W. The digitized portion of
the waveform is contained in vector FUNC and the complex value of the
transform is contained in FFUNC. The value of T is the time distance
between the points. cCalculation of the transform is by Simpson's rule
of numerical integration, adding to the sum the value of a delayed
step pulse with height equal to the value of the last digitized point.

Note that the beginning of the waveform is assumed to be at the sixth
digitized point.

INTEGER I,POINTS,UPPER
REAL*8 W,FUNC(512),ANGLE,T,ZERO, XTEMP, YTEMP
COMPLEX*16 FIRST,LAST,SUM1,SUM2,FFUNC, TEMP1, TEMP2

Calculate incremental sums from first and last sections.

ANGLE=W*T

ZERO=0.0
FIRST=DCMPLX(FUNC(6),ZERO)
XTEMP=DCOS (506 *ANGLE)
YTEMP==-DSIN(506*ANGLE)
TEMP1=DCMPLX (XTEMP, YTEMP)
LAST=FUNC(512) *TEMP1

Compute sums needed to determine remaining areas.

SUM1=(0.0,0.0)
SUM2=(0.0,0.0)

UPPER=POINTS~6
DO 30 I=1,UPPER,2
XTEMP=DCOS (I*ANGLE)



YTEMP=-DSIN (I*ANGLE)

TEMP1=DCMPLX (XTEMP, YTEMP)

SUM1=SUM1+TEMP1*FUNC(I+6)
30 CONTINUE

UPPER=POINTS-7
DO 40 I=2,UPPER,2
XTEMP=DCOS (I*ANGLE)
YTEMP=-DSIN (I*ANGLE)
TEMP1=DCMPLX (XTEMP, YTEMP)
SUM2=SUM2+TEMP1#FUNC (I+6)

40 CONTINUE

C

C Determine transform of waveform.
C

XTEMP=DCOS (W*T*506)
YTEMP=-DSIN (W*T*506)

TEMP1=DCMPLX (XTEMP, YTEMP)

TEMP2=DCMPLX (ZERO, W)

FFUNC=T/3* (FIRST+4*SUM1+2*SUM2+LAST) +TEMP1/TEMP2*FUNC (512)

RETURN
END



c

4 element program

C************************w*****************************************************

C*
C®
C*
C#*
C*
C*
C*
C#*
C*
C*
C*
C*%
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*®
C*
C*
C*

C*****************************************************************************

C

This program will calculate the complex dielectric constant of a
from time domain reflectometry (TDR) measurements on a sample. Only
data obtained from probes with 3.6 mm outer conductor diameter

can be inputted to the progran. This may be altered for other
probe sizes by adjusting the constants C0, CF and CS according to
equations given in the reference below. The time length of the

waveforms and the number of digitized points may also be adjusted.

Note, the program is user interactive, prompting the user for the
number and names of data files and data titles. Should a discrepancy
occur in the data, and error message will be generated. ERROR 1
indicates two solutions for the complex dielectric constant were
found with negative real dielectric constants (ie., two impossible
sulutions were encountered). ERROR 2 incicates that two possible
solutions were encountered.

This program was written by Hung Pin KAO, Department of Electrical
Engineering, University of Manitoba, June, 1989.

Important Program Variables

INPUT - Vector containing incident waveform

FNT - Vector containing reflected waveform

FINT - Complex value of fourier transform of the
incident waveform at a prescribed frequency

FFNT - Complex value of fourier transform of the
reflected waveform at a prescribed frequency

PERIOD - Time length of the waveforms

POINTS - Number of digitized points

Co,Cs,CF - Variables needed to calculate the sample
impedance

CT - Complex sample capacitance

Z0 - Characteristic impedance of coaxial cable

FO - First frequency at which the dielectric

constant is calculated

FINC - Incremental frequency at which dielectric
constant is calculated. Note, the second
frequency used is FINC, the third is 2*FINC

and so on.
MAX - Number of frequencies to be calculated

Reference for equations of CO, CF and CS

G. Gajda and S.S. Stuchly, "Equivalent Circuit of an Open-Ended Coaxial

Cable," IEEE Transactions on Instrumentation and Measurement,
vol. IM-32, pp. 506-508, December 1983

REAL*8 INPUT(512),FNT(512),PERIOD,T,CO,CF,CS,ZO,W,F,FO,FINC,PI,ZEROI,

* ZEROF,ZERO,TEMPI,TEMPZ,XTEMP,YTEMP

INTEGER POINTS,MAX,I,M,K

COMPLEX*16 FINT,FFNT,A,B,C,CONST,P,CT,E,El,E2,CFREQ
CHARACTER*25 JUNK

%
*
*
*
%
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
, *
*
*
*
*
*
*
*
*
*
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C

(e NeNe! [sNeKe] Q00 Qo000

[oNeNe!

[eReNe]

[oNoNe]

CHARACTER#*64 FNAME, TITLE
Set program constants.

PERIOD=5D~-9
POINTS=512
POINTS=POINTS-1
T=PERIOD/POINTS
C0=1.792034306D-14
C5=4.587901449D-15
CF=3.707024371D-16
Z20=50.0

F0=100.0

FINC=250.0

MAX=5

ZERO=0.0
PI=3.141592654
XTEMP=0.3235%*C0
A=DCMPLX (XTEMP, ZERO)
XTEMP=C0+CS+0.3235*CF
CONST=DCMPLX(XTEMP,ZERO)

Prompt user for name of file to contain dielectric constant data and open
file.

WRITE (*,500)
READ(#*,510) FNAME
OPEN (1, FILE=FNAME)

Prompt user for number of samples to be calculated.

WRITE (*,520)
READ(*,*) M

Adjust first page spacing.
WRITE(1,%) '
Begin calculations.
DO 10 K=1,M
Prompt user for new waveform files and open the files.
WRITE (*,530)
READ(*,510) FNAME
OPEN (2, FILE=FNAME)
WRITE (*,540)
READ(*,510) FNAME
OPEN (3, FILE=FNAME)

Prompt user for title of sample dielectric constants.

WRITE (*,550)
READ(#*,510) TITLE

Read in data from waveform files into INPUT and FNT,.

READ(2,510) JUNK



DO 20 I=1,512
READ(2,*) INPUT(I)
20 CONTINUE

READ(3,510) JUNK
DO 30 I=1,512
READ(3,*) FNT(I)

30 CONTINUE

C

C Adjust zero level of waveform files.
C

ZEROI=INPUT (6)
ZEROF=FNT (6)
DO 40 I=6,512
INPUT (I)=INPUT(I)-ZEROI
FNT(I)=FNT(I)~ZEROF
40 CONTINUE
c
C Write title onto screen and output file.
c
WRITE (#%,%) ' ¢
WRITE(1,*) ' !
WRITE (*,%) ' !
WRITE(1,*) ' !
WRITE(*,*) TITLE
WRITE (1,%) !
WRITE(*,*) !
WRITE(1,%)
WRITE (*,560)
WRITE(1,570)

', TITLE

1
L

Calculate sample dielectric constant at each frequency.

[eNeNe!

F=F0
DO 50 I=1,5
W=2*PI*F*1E6

Find fourier transform of each waveform at frequency W.

(o NeNe]

CALL FORIER(W,INPUT,FINT,T,POINTS)
CALL FORIER(W,FNT,FFNT,T,POINTS)

Determine the reflection coefficient at frequency W and complex capacitance,
cT. :

[eNeNeNe!

P=FFNT/FINT
CFREQ=DCMPLX (ZERO, W)
CT=(1-P)/ (Z0* (1+P) *CFREQ)

Calculate dielectric constant from complex capacitance.

[oNoNe!

B=CONST-0.3235%CT
C=CF-CT

El=(-B+CDSQRT (B**2-4*A%C) ) / (2%A)
E2=(~B-CDSQRT (B**2-4*A*C) ) / (2%A)

Check if discrepancies exist in result.

(oo Ne]

TEMP1=CDABS (CDEXP (E1) )
TEMP2=CDABS (CDEXP (E2) )



[eNeNe!

C

IF (TEMP1.GE.1.0) THEN
E=E1l
ELSE
E=E2
END IF
IF (TEMP1.LE.1.0 .AND. TEMP2.LE.1.0) WRITE(*,*) 'ERROR 1'
IF (TEMP1.GE.1.0 .AND. TEMP2.GE.1.0) WRITE(*,*) 'ERROR 2'

Write results onto screen and into output file.

WRITE (*,%) ' !
WRITE(1,*) ' !
WRITE(*,580) F,E
WRITE(1,590) F,E

C Increment frequency.

C

c
50
c

F=FINC*T

CONTINUE

C Close waveform files.

C

C

CLOSE (2)
CLOSE (3)

C Set page skip.

C

c
10
C

500
510
520
530
540
550
560

570
580

590
600

O

sReNoNoReNoNeRe Xe!

IF (MOD(K,4).EQ.0) THEN
WRITE(1,600) CHAR(12)
END IF

CONTINUE

STOP

FORMAT (' Name of file to contain dielectric constants: "\)
FORMAT (A)

FORMAT (' How many samples to be calculated ? '\)

FORMAT (' Incident Waveform Filename: '\)

FORMAT (' Reflected Waveform Filename: '\)

FORMAT (' Set Title of Data: '\)

FORMAT (9X, 'Frequency (MHz)',10X, 'Dielectric Constant', 6X,
*'Loss Factor')

FORMAT (12X, 'Frequency (MHz)',10X, 'Dielectric Constant', 6X,
*'Loss Factor!')

FORMAT (12X,F6.1,18X,£10.3,12X,F10.3)

FORMAT (15X,F6.1,18X,F10.3,12X,F10.3)

FORMAT (A1)

END

SUBROUTINE FORIER (W, FUNC, FFUNC, T, POINTS)

This subroutine will determine the value of the fourier transform of a
digitized step pulse at radian frequency, W. The digitized portion of
the waveform is contained in vector FUNC and the complex value of the
transform is contained in FFUNC. The value of T is the time distance
between the points. Calculation of the transform is by Sinmpson's rule
of numerical integration, adding to the sum the value of a delayed
step pulse with height equal to the value of the last digitized point.



C Note that the beginning of the waveform is assumed to be at the sixth
C digitized point.
c
INTEGER I,POINTS,UPPER
REAL*8 W,FUNC(SlZ),ANGLE,T,ZERO,XTEMP,YTEMP
COMPLEX*16 FIRST,LAST,SUMl,SUMZ,FFUNC,TEMPl,TEMPZ
c

C Calculate incremental sums from first and last sections.
C

ANGLE=W*T

ZERO=0.0

FIRST=DCMPLX (FUNC(6) , ZERO)

XTEMP=DCOS(506*ANGLE)

YTEMP=-DSIN (506*ANGLE)

TEMP1=DCMPLX(XTEMP,YTEMP)

LAST=FUNC(512)*TEMP1

[P RONe]

Compute sums needed to determine remaining areas.

SUM1=(0.0,0.0)
SUM2=(0.0,0.0)

UPPER=POINTS-6
DO 30 I=1,UPPER,2
XTEMP=DCOS (I*ANGLE)
YTEMP=-DSIN (I*ANGLE)
TEMP1=DCMPLX (XTEMP, YTEMP)
SUM1=SUM1+TEMP1*FUNC (I+6)
30 CONTINUE

UPPER=POINTS-7
DO 40 I=2,UPPER, 2
XTEMP=DCOS(I*ANGLE)
YTEMP=—DSIN(I*ANGLE)
TEMPl=DCMPLX(XTEMP,YTEMP)
SUM2=SUM2+TEMP1*FUNC(I+6)
40 CONTINUE
C
C Determine transform of waveform.
C
XTEMP=DCOS(W*T*506)
YTEMP=—DSIN(W*T*506)
TEMP1=DCMPLX(XTEMP,YTEMP)
TEMP2=DCMPLX(ZERO,W)
FFUNC=T/3*(FIRST+4*SUM1+2*SUM2+LAST)+TEMP1/TEMP2*FUNC(512)

RETURN
END



Appendix C

Preparation of Gravimetric Columns

The gravimetric method requires the use of a mixture, or gradient column,
contained in a graduated cylinder to measure the specific gravity of tissue samples. The
specific gravity of the liquid decreases as the distance from the bottom of the graduated
cylinder increases. To construct the gradient, two mixtures of kerosene and bromobenzene
are prepared (Figure B1). The upper flask, A, contains liquid with specific gravity
SPGR A, while the lower flask, B, contains a denser liquid with specific gravity SPGRR.
The position of the flasks is such that hydrostatic pressure would cause the outflow of
lighter liquid (SPGRA) from A to B to be half that of the mixture from B to the cylinder. A
drop or two of liquid is then siphoned out of flask A using connecting tube 1, after which
the tube is clamped. Next, the double outflow tubes, 2, from solution B into the cylinder
are siphoned and clamped. All 3 tubes are then simultaneously unclamped, allowing the
cylinder to slowly fill with a linear density gradient. Care was taken to ensure severe tube
crimping did not occur. To allow for uniform mixing, a mixer constantly stirs the contents
of flask B. The mechanical stage shown raised the flasks in order maintain hydrostatic
pressure constant. The time required to load a column of 0.5 liters is approximately 1.5
hours plus 1 hour to allow the column to settle.

The specific gravity at the bottom of the column (depth=0) equals the initial specific
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Figure B1: Setup for the preparation of a Gravimetric Column

Source: Reference [41]
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gravity of flask B, SPGRB. At the top of the cylinder, the specific gravity equals the
average of the initial specific gravities of the two flasks. The volumes of kerosene (specific
gravity = 0.78734), K, and bromobenzene (specific gravity = 1.49716), BB, required to
produce stocks A and B can be found from the following equations (for 1000 ml of
solution): |

desired spgr - spgr K

mlof BB = spgr BB - spgrK

%X 1000 (B.1)
ml of K = 1000 - ml of BB (B.2)

The linearity of the column was tested when completed using specific gravity standards
made of potassium sulfate and distilled water. One drop of each standard was gently
placed in the column using a small syringe and its depth of equilibrium was recorded at 2
minutes. The specific gravity at this depth was that of the standard solution.

Small tissue samples (less than 5 mg) can be measured by dropping them in the
column and recording its equilibrium depth at two minutes. From a least squares linear fit
between specific gravity standard values and their depths, the sample specific gravity may
be found. If water is the only substance to enter the brain, as in osmotic edema, then
equation (2) relating the inverse of the specific gravity of cerebral tissue with its water
content may be used to determine the water content of the sample. For canine white matter,
the specific gravity of normal tissue has been found to be 1.0437 [31] while the normal
water content has been found to be 68.6 % [50]. The equation to calculate the water
content of cerebral tissue from its specific gravity may be determined from the linear
interpolation between the specific gravity of 1.0437 for a water content of 68.6 % and the

specific gravity of 1.0000 for a water content of 100.0 % in equation (2).
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Appendix D

Real Dielectric Constant and Loss Factor
vS.
Water Content

for In-Vitro Production of Osmotic Edema
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Appendix E

Real Dielectric Constant and Loss Factor
vSs.
Water Content

for In-Vivo Production of Osmotic Edema
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Dielectric Constant vs. Water Content
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Loss Factor
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Appendix F

Real Dielectric Constant and Loss Factor
vS.
Time

for Vasogenic Edema Progression
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