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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 7o wcre

observed for sample thicknesses greater than 3 mm. Strong correlations were observed

between dielectric properties of in-vitro canine white mattff 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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tr.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.

1.1.1 Vasoeenic Cerebral Edema

Chapter f
Introduction

Vasogenic edema is the most coûÌmon 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. hr 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 endotheliai cells of brain capilla¡ies. These cells form a

1
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semipermeable barrie¡ between the blood and the extracellular space @CS) 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 accumulared 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-1ike" edematous zone, where the accumulation of edema decreases

radially from the damaged site [52].

1.1,2 Ctfotoxic 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 rhe

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].

t-1,3 nnterstitial Cerebral Edema

Interstitial edema is caused by the accumulation of cerebral

periventricular (surrounding the cerebral ventricles) white

J

spinal fluid (CSF) in the

matter. Most often,
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Figure 3: Swelling of endothelial, neuronal and glial cells during

cytotoxic edema

Source: Reference [16]



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 skutl. 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].

I J-4--Osm-ofic-Çerebral Edema

Osmotic edema develops when blood plasma osmolarity falls quickly. To maintain

osmoric equilibrium, r"vater flows into the ce1ls 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.

'â'r, \Ðefer Confenf Measrrrement

Presentiy, 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.

A.2.1 Comnuter Axial Tomoerarl-Y

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 narow

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

6



Figure 4: Movement of CSF from the ventricle to the adjacent cerebral

white matter during interstitial edema

Source: Reference [16]
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Figure 5: Basic setup for computenzed axial tomography
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structure uses a series of projections to yield a transaxial sectional image of the examined

part. V/hen several images are put together, a tomograph of the entire brain is produced.

CAT scanning distinguishes minute differences in X-ray abso¡ption 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 0 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

ierebral density to decrease. An increase of 10 Vo 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 be 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.

n.2.2 'Wet-Drv Weisht

The wet-dry weight method, unlike CAT scanning, is invasive, requiring opening

of the skul1 and biopsy of tissue [54]. Fresh brain samples are weighed and then dried in a

heated oven at approximately 100o 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
7o tissue water content =

tissue fresh wt

9

X 100 (1)



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.

L23 Gravimetric Technioue

The gravimetric technique is another physical invasive method of measuring 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 ro 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 linea¡ density 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 contenr and the inverse of its

specific gravity:

where spgrs is the specific gravity of tissue solid and spgrr 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 colrecting factor must be introduced to (2) to account for this error in these samples

Totissuervater= { 1-[(spgrt -I)l(Q-1/spgrs)Xspgrr)] ] X 100 (2)

10
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1421. 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 smali 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 anima-l experiments and clinical

practice U,23,701.

1.3 The Medical Need for Continuous Measuremenlof Cerebral Edema

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.

1..4 Fast Research in Electrical Measurements of Cerehral Tissne

The detection of cerebral edema was fi¡st done indirectly by Grant 1271, 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 seve¡al 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].

t2



Van der YeenlT2l and Go [26] both attempted to corelate 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 ftequencies be¡ween 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 mic¡owave 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 soi-l, coal, grain and timber and dielectric

parameters fl3,3 6,48,7 11.

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

13



[4,12,46f. 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 a¡d in-vitro at the same tempeÍarure

has been observed to be insignificant at frequencies above 100 MHz. Significantly lower

dielectric constarìts were observed in-viro above 100 MHz [61]. This was artributed to the

Maxwell-\ü/agner 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 Furpose

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 corelated 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. V/hite matter was chosen as all 4 types of edema, and in particular

vasogenic edema, affect this rype 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



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 ended

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 conceprs is presented in Appendix A.

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 generaror impedance is usually

line matched, so no reflected wave is produced from the generator Figu¡e 8).

F¡om 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 Ei, the initial pulse from the generator, the total distance, D, from the bridging tee to

the mismatch is

where vp is the "average" or group velocity of propagation of the step pulse. The factor of

7/2 accounts for the wave ffavelling 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 E¡. 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

g(t) = h(Ð * u(t) (4)

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

the frequency domain using the Fourier transform yields

D=ç

Of'

(3)

G(co) = H(co) U(co)

H(co) = 
G(co)

U(co)

18

(s)

(6)
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U(co) 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(co) can be determined from

the observed waveform g(t). Since G(co) is the reflected frequency componenr from U(ol),

H(ol) is the reflection coefficient, p(@), of the load. The value of the terminating

impedance as a function of frequency is thus known by

Alternatively, taking the inverse Fourier transform of H(co) yields h(t). From either h(t) or

Zy(a), an equivalent chcuit 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.

zr@) = 70 
1*H(co)

1 - H(co)

2.2 Measurement of Complex Dielectric Constant Using TDR

2.2.1 Principle of Oneration

The basic setup for measuring the complex dielectric constant, ts, 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 waveforrn 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 effors due to different time references

(7)
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Figure 11: Basic Setup for mèasuring complex dielectric

constant using TDR

Figure 12: Application of transmission line to a tissue sample
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between the waveforms and the attenuation and phase shift due to the length of the cab1e,

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 initiai

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(co) and G(co), can be determined

numerically.

The voltage reflection coefficiert, 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(co) and G(co) ar the oscilloscope may be expressed as

where Ul-(co) and G¡(co) are the respective Fourier transforms at the load of the incident

and reflected waveforms and T(co) is the propagation consrant of the cable. Rearranging (8)

yields

U(co) = Ur(ol) 
"- 

T (co) a

G(co) = Gr(co) 
"- 

T (to) 0
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Initial pulse from step generator

Reflected pulse from load superimposed on constant value

Figure 13: Reflected wave added to a constant value
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Ur(r¡) = U(co) 
'+Y(ro) 

d

Gr(co) = G(co) 
'+1(co) 

d

The reflecúon coefficient, p(crl), is then given by

Thus, p(ro) 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 r¡ansmission lines, the value of Zg may be

considered constant. With p defined by (10) the terminating impedance, Zy, may be

determined by

G, (co)

P(ol) = -" =
Uilro)

G(cD1 s+Y(o) 
o

u(co¡ 
"+T(at) 

o

A lumped parameter equivalent ci¡cuit was used to model the termination of the

coaxial cable with the tissue. Model parameters were determined using the measured load

impedance values, Zy. 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, C¡,

c(co)

U(ctt)

(e)

zL= zo 1+P(co)

1 - p(r¡)

(10)

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.

C,L j cttZt

(11)
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The two element circuit is comprised of two shunt capacitances, C¡ and C1, 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 equai to ssCg where es is the relative complex dielectric constant of the

sample and Cg is the capacitance of an air sample. Thus, the capacitance, C¡, is equal to

from which the complex dielectric constant of the sample, €s, rnâ! be determined. The

values Cg and C¡ can be determined from empirical measurements of two samples with

known dielectric constants, es1 and es2,

CL=Ct + esCg

This system of equations may be solved for the unknown consants, C6 and C¡,

CLl=C¡ + eslCg

CLz= Cr + €s2Co.

The sample dielectric constant is determined using (11), (12), and (13),

er(co)=' 1-P(co) -cr
J ioZoCs (1 + P(co)) Cs '

The four element circuit is shown in Figure 15. The two shunt capacitances

reptesent the electric field component tangential to the interface while the two series

capacitances represent the electric field normal to the interface [21]. The capacitance, C¡,

represented by this ci¡cuit may be written as

co=
tsl - ts2

Cr=CLr + es1C6.

clr - cp

(13)

(14)

(1s)

(16)
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Figure 14: Two element lumped parameter circuit for
open-ended cable

Ct = erCg
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Figure 15: Four element equivalent circuit for the open-ended

cable
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where C¡ is the tangential fringing field capacitance in the cable dielectric, Cg is the

tangential fringing field capacitance in the sample , Cs 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 eg 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 Cs/e¡(b-a) from Table 1, is

Cil e, ) = Cr+ E, Co * ut 
"tõ:

1+ e^k "" ro{b- a)

In comparing this terrn to the sample capacitance, Ct = esCo, it is apparent that it is smaller,

since by Table 1,

which implies

(17)

t, c,

or, since the real dielectric constant, Re{es} > 0,

1 + 0.32 e,

lco

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

c. 
I

lt,"o

tc,t=l,."ol'l#äl

trC. 
I

(18)

lc'l'
t, c,

1+ 0.32 (30)

30

(i9)



C¡leaþ-a)

0.404

Cs/eo(b-a)

Table 1: Normalizedvalues for 4 element circuit

Source: Reference [21]

1.953

gs

Cr/q (b-a)

0.500

k

0.647
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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 pammeters a¡e known from the cable dimensions and Table 1, (17) may be

solved for es. 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.

rc,r'l+l

).2.2. Nrrmerical Celcnlefion of F.ollrier Transforms

As mentioned, the determination of the reflection coefficient, p(co), 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 T5

(Ts = 5.0 ns) seconds where the constant value from the initial step pulse was subtracted

from all coliected waveforms. Simpson's rule for numedcai integration was then applied to

the digitized waveform data in the Fourier ransform equation,

r+*
X(or) = f *(t) 

"- 

j 't d,
J

(20)

= f--- x(t) cos ot dt * j f 
___
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where x(t) is a digitized waveform. However, no information on x(t) is known after the

Ñh ¿igitized point. As the TDR waveform is ideally of infinite durarion, the remainder of

the waveform was approximated by a step pulse shifted Ts Soconds to the right with height

equal to that of the Ñh digitired point in order to eliminate large truncation error (Figure

16). This approximation assumes that the reflected waveform achieved a steady state

voltage by Ts 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 Frequencv 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, fL, may be

arbitrarily selected as where half the period of a sinusoid at this frequency equals the time

span, T6, of the collected portion of the step. Thus, ftmay be determined from

¡r= A ez)

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 f¡ 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, T., By the sampling theorem, only

bandlimited signals x(t) with X(co)=g for co¡4 > n / T may be uniquely constructed from its

samples taken at every time T. In practice, however, co¡a is often taken as 1/10 its
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Typical Collected TDR Waveform

t=0

Step Pulse Approximation added to collected waveform

t =T,

t=T,

Figure 16: Approximation of TDR waveform from

collected data

Approximated TDR'Waveform
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Figure 17: Example of a Collected TDR Waveform

Collected Waveform
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theoretical value to ensure no aliasing of the signal occurs. This frequency, {ù¡a/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, fH, 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

Y(s) may be considered to be the output of a filter H(s) after an ideal step pulse of height

V6 has been applied to it, where H(s) is defined as

- sT-.

H(s) =a# . e4)

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

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

rule,

r-{v(t)) = Y(s) = * (1 -e-"') = + l*$1)]s"T,

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

lims-Ð H(s) = lim53g

(23)

(1-e-sTt;

- lims=ç

_1
- t^

sTr

T, g- sT'

Tr

(ÐTr = 2n,4n,6n
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Approximated TDR Waveform

vo

Figure 18: Model of TDR waveform used to determine higher
frequency boundary

Model of Approximated'Waveform

37



H(s) equals zero. The upper frequency limit may be considered to occur at the half power

point for the filter,

Oft

vo (1 -e-sr,) I = llflt srr I i7lsl

Solving (27) gives

o1,

(t - 
"- 

tt') 
I,L l=

This upper frequency is determined by the value of T¡. 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 decreased by increasing the time span of the collected

waveform, T¡. 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 Tr. Either use of low-distortion

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

1:
^lz

ú)T¡ = 2.783

^ 0.443
JH- 'ì- 'rr

(27)

(28)
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7. 1 Svsfem Performânce

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 ?-X {Incerfninf v Analvsis

The uncertainty analysis presented gives an indication of the type of materials for

which the real dielectric constant, e', and loss factor, e", 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,

esC6. Thus, (i7) reduces to (13) for the 2 element model for the range of dielectric

constants considered (see section2.2.1). The analysis ignored the effects of the fringing

capacitance in (13). However, as the value of C¡ / Cg is very small (Cr / Co < 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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II
where lP I and 0 are respectively the magnitude and the phase angle of the reflection

coefficient, p, af the frequency considered respectively. The uncertainty in e¡' depends

primarilyonthevalueof Q. Forvaluesof Qapproaching- 1800,*¿lpl approachingl

(i.e., samples which are good conductors at the frequency considered where e¡" >> €r'), the

uncertainty approaches infinity due to the tan Q factor in the denominator of the 3rd term of

(29a). As Q approaches 90o in (}9a),the uncertainty falls rapid.ly. The uncertainty in €r"

depends primarily on the value of ¡ lp I an¿ lp I 
". 

ali values of Q. As Q approaches 00
,,2tt

an¿ lP I upp.ourhes 1, or alternatively u, lp I upprourhes 1, (i.e., samples which presenr a

very high impedance at the frequency considered) the 4th term in (29b) approaches

infinity. The Â lp Lurro., however, affects the rate at which this term approaches

infrnity.

\

t

í

*/ ¿lpl* z"orO* zlpl2rorO.

\(' lo 11(' * zlpl cos q. lo 11

t/
/2

+ zlolcos Q * lp l'

(29a)

. 
^o)

'^,r,)

(zeb)
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If a lossless material (€r' tt er" = 0 at the frequency considered) is measured, then

lO I unprourhes 1 and -i800 < O < g0 (see equation 4.13 in Appendix A). The uncerrainties

for such materials are thus

+{+,)'.(

at.

er

The uncertainty in er' is least for low permittivity materials (Q approaches 00). For high

permittivity materials (Q approaches - 1800), the uncertainty approaches infinity due to the

tan Q factor in the denominator of the 3rd term of (30a). The uncertainty in €¡", however,

approaches infinity regardless of the value of Q as a result 
"f 

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 ¡eflection 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 Cg in both (13) and (17). For lossless materials, the uncertainty is

+ æf.(jffi"
*1, 2 

^,.ololl'\('toll "')

2+2 cosS
.*)')' (30a)

(30b)
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least for low permittivities though loss factor measurements would contain higher

uncertainties then more lossy materials.

2.32 Practic¡l l-imitations to the Accu¡acy of Measuremcnts

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 erors 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 $eatly 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 a¡e 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 Cg to become a function of frequency [39]. In addition, a shunt resistance
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representing the energy lost in the sample must be included along with the sample

impedance in the equivaient 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 ín Obtaining TDR Woveþrms 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 iess than 1 7o 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

close to the final value.

this thesis were small, the voltage would be very
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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.

3.1 Exoerimental Setun

Chapter nnI

Materials and Method

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 Teknonix 7854 oscilloscope with 7512 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 transmission line consisted of 60 cm of flexible RG58A cable connected

through an SMA connector to 30 cm of 50 Ç) semirigid 0.141" coaxial cable (0.0359 +

0.0005 inches inner conductor outer diameter,0.7l75 + 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.

45



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 sampling 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 puise. 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 pofiion of the waveform while keeping the cable length as short as possible to

minimize rise time.

3-2 Ðetermination of Comnlex Dielectric Constant

? 2-l Colleefion of Waveform l)nfn

Prior to ali 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 entfue 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 transfered 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 miilimeters.

3-2.2 Caleulation of Comnlex Dielectric Constant

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, f¡, was 111.1 MHz. As nored, due to the

presence of the shifted step pulse added to each waveform, f¡ is lower than this value.

The upper frequency boundary determined by the digitization of the signal was /¡4 / l0 =
5110 MHz while the upper boundary determined by the rise time of the pulse was 4429.5

MHz. The upper boundary, f¡¡, 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 setring

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 rhe first 5

points of each waveform occasionally contained noise and thus rù/ere 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 inf,rnite TDR pulse (see Section2.2.2). 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 (i0) rather than the actual transform values. Once p had been

calculated, Zy and C¡ could be determined using (11) and (12), respectively. From C¡,

the complex dielectric constant could be caiculated using either the 2 element or the 4

element lumped parameter circuit.
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The constants C6 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 O.03 Vo

[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 C¡

in (12) was used to determine the values of C6 and C¡. 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 rnl of fluid contained in a250 ml beaker

(Figure 19), after which the reflected waveform was collected. Care was taken ro ensure

no air was trapped beneath the cable. The temperature at which measurements \¡/ere

performed was also recorded. C6 and C¡ were calculated at each frequency using (14),

where C¡1 equals 22.4pF, es1 equals 1.0 for fu,Crzis the average capacitance measured

at frequency f and es2 is the dielectric constant of water at frequency f. The constants C6

and C¡ 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 Sigure 20). The complex dielectric constant of a sample was calcuiated using these

averaged values in equation (16).

Constants C¡ Co and Cs 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 rnl of fluid

--T 1.0 cm

Figure 19: Cable Subrnerged in Liquid for Tesrs
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Figure 20: Cable Placed at Surface of Liquid for Tesrs

Beaker filled with 200 ml of fluid
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These values were used in (17) to

where as noted, only the solution

constant, is valid.

Cr = 0.371 pF

Cs = 4.588 pF

Co = 17.920 pF

3.3 Accuracy Tests

The accuracy of both equivalent circuits was assessed by measurement of the

complex dielectric constant of th¡ee 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 rhe reflected

waveform was measured. Ca¡e 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.

solve for

giving a

the complex dielectric constant of a sample

positive real part, or posiúve real dielectric

(ze)

3,4 Minimum Samole_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 frtled to a depth of 10 mm with liquid (Figure 21).
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Petri Dish Containing Test Liquid

Figure 21: Setup to Measure Minimum Sample Thickness

with Cable Submerged

_ Sample Thickness
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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 i.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 er¡ors of dielectric constant

and ioss factor were calculated ar 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 Vo. The above procedure was repeated for the

conf,rguration 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 iargest value z, determined for either distilied water or saline, with an

added margin of error. The minimum sample volume was taken as the volume of tissue

within a distance zfrom the center of the head.

3.5 Preparation of In-Vitro Samnles

3-5.tr In-Vitro Froduction 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 \ilere removed immediately. For nine dogs, the hemispheres were placed

within thick plastic containers and frozen for tissue preservation at -30o C. V/ithin 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 rvas cut into 8 coronal slices (Figure 23).

Contol 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: Serup for Measuring Minimum Sample Thickness

with Cable at Surface of Test Liquid

Petri Dish Containing Test Liquid

Sample Thickness
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Anterior

Figure 23: Schematic of Cutting of the Brains

Posterior
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were kept norrnal. Comparison of the water contents from the two hemispheres allowed

verification of the production of edema. Soaking times were varied between i and 6 hours

in seven of the frozen brains and the four fresh brains. The remaining two frozen brains

were kept normal.

3,5.2 In-Vivo Froduction of Osmotic Edema

Cerebral osmotic edema was produced in-vivo in 8 adult mongrel dogs using the

technique described by Herschkowitz [29]. Each dog was anesthetized fnst 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 between 10 and 20 minutes. The dog was sacrificed 30 minutes

after infusion by intravenous injection of sodium chloride (KCt), 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 -30o C. Within one week of

temoval, 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.

3-5-3 Cahle Frenarafion and Wafer Confenf Measurement

To measure each sample, the tip of the cable was fust cleaned with distilled wate

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 gravimeric column is

given in Appendix C. Equiiibrium 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.

3.6 Production and Measurement of Vasogenic Edema

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 the technique 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 -50o 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

throu ghout the experiment.

Immediately before the cable was inserted into the brain, an incident waveform was

acquired from 1000 averaged signais digitized to 5l2points. 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.

57



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.

Chapter IV

Results and Discussion

4.1 Canacitance Values for the 2 Element Eouivalenf Circuit

The values of Cg and C¡ with the open end of the cable submerged in distiiled water

was found to be 21.5 + 0.3 SE fF and 0.9 + 0.3 SE fF respectively. The values of Cg and

C¡ 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

esCg and C¡ 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

probabiy 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

esCg 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 diff,rculty of placing the cable tip

exactly at the surface of the liquid.

The values for C6 and C¡ at the surface of the sample are in agreement with the

values of C6 = 22.0 fF and Cr = 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/ C¡. From the values determined in this study, the ratio for 0.141"

cable is 9.2. The value of CO/ C¡ for 0.325" cable is 5.1 based on values found by Stuchly

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

a).

4.2 Aacnracv and Minimum Samnle Thickness Tests

The accuracy of the technique was assessed from measurements

distilled water and saline. The minimum sample thickness was established

of distilled \ilater and saline of varying thicknesses.

4-2-'ü Accrlracv Tesfs

Dielectric measurements of methanol, distilled \ilater and saline with the open end of

the cable submerged in each tiquid 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.

of methanol,

using samples
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Real Dielectric Constant

Dielecric Measurements of Methanol

for the Open End of the Cable Submerged

frequency
(MHz)

Table2

100
250
500
750

1000

tr'
(from equation given

for 250 C in reference
t6l)

32.6
32.5
32.r
31.3
30.4

Loss Factor

frequency
(MHz)

100
250
s00
7s0

1000

tr' *
(measured this

study at 24.20 C
using 2 element circuit)

33.8 + 1.4
33.3 + 1.2
32.5 + 1.7
32.0+ 7.7
30.2+ 1.7

tr"
(from equation given

for 250 C in reference
t6l)

0.8
2.O
4.4
5.8
7.4

€r' *
(measured this

study at 24.20 C
using 4 element circuit)

39.9 + r.l
39.2 + 1.4
38.3 + 1.3
37.7 + t.3
35.5 + 1.3

* values are averages * standard error

tr" *
(measured this
study at 24.20 C

using 2 element circuit)

1.4 + 0.9
2.3 + 0.2
5.4 + 0.2
6.8 + 0.2
8.2 + 0.1

c ll {<Çr

(measured this

study at 24.20 C
using 4 element circuit)

1.6 + 1.1
2.8 + 0.2
6.5 + 0.2
8.2 + 0.2
9.9 + 0.2
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Real Dielectric Constant

Dielectric Measurements of Distilled'Water

for the Open End of the Cable Submerged

frequency
(MIIz)

Table 3

100
250
s00
7s0

1000

tr'
(from measurements given

at 250 C in reference

t6l)

78.0
77.6 *
77.3 *
77.2 x
77.I *

Loss Factor

frequency
(MHz)

€r' **
(measured this

study at 24.20 C
using 2 element circuit)

76.6 + 0.5
78.0 + 0.6
77 .6 + 0.6
78.6 + 0.7
76.4+ 0.8

100
250
s00
750

1000

€rt' tr" rt{'

(from measurements given (measured this
at25a C in reference study at 24.20 C

t6l) using 2 element circuit)

0.4 -2.3 + 0.6
1.1 * 2.8+0.2
3.6 *, 5.4 + 0.1
5.5 * 4.5+0.2
6.9* 4.7+0.r

cr**çf

(measured this
study at 24.20 C

using 4 element circuit)

9I.2 + 0.5
92.9 + 0.7
92.4 + 0.8
93.6 + 0.9
90.9 + 0.9

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

** values are averages * standa¡d er¡or

cil*¡kÇr

(measured this
study at 24.20 C

using 4 element circuit)

-2.7 + 0.8
3.4 + 0.2
6.5 + 0.1
5.4 + O.Z
5.7 + 0.1
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Dielectric Measurements of Saline

for the Open End of the Cable Submerged

Real Dielectric Constant

frequency
(MHz)

Table 4

100
250
500
750

1000

tr'
(from equation given
for 250 C in reference

t5sl)

75.6
75.6
75.6
75.5
75.4

Loss Factor

frequency
(MIIz)

crd<Lr
(measured this

study at 24.20 C
using 2 element circuit)

74.3 + 7.0
76.9 + 1.1
73.7 + 1.7
75.7 + 1.1
73.8 + I.3

100
254
500
750

1000

tr"
(from equation given

for 250 C in reference
t55t)

274.0
110.4
56.6
39.2
31.0

€t' *
(measured this

study at 24.20 C
using 4 element circuit)

88.4 + 1.2
91.6 + t.3
87.8 + 1.3
90.2 + 1.4
87.9 + 1.5

* values are averages * standard error

tr" *
(measured this

study at 24.20 C
using 2 element circuit)

276.8 + 0.9
713.9 r 0.4
6t.4 + 0.3
42.8 + 0.3
32.5 + 0.3

cll*er
(measured this

study ar 24.20 C
using 4 element circuit)

332.2 + 7.r
136.7 + 0.5
73.7 + 0.4
51.3 + 0.4
39.0 r 0.4
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Dielectric measurements of methanol, distilled water and saline with the open end of

the cable at the surface of each iiquid 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 C¡ 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

surounding 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

obsewed using the 4 element model are probably due to the errors in the determination of

C¡ Co and Cs. Cr, C0 and Cs 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.

4.2.2 N[inimum Samnle Thickness

The dielectric parameters measured at varying thicknesses of distiiled 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 Vo f-rom their values established
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Dielectric Measurements of Methanol

for the Open End of the Cable at the Liquid Surface

Real Dielectric Constant

frequency
(MHz)

Table 5

100
250
500
750

1000

tr'
(from equation given

for 250 C in reference
t6l)

32.6
32.5
32.1
^1 ^J I.J
30.4

Loss Factor

frequency
(MHz)

€r' I
(measured this

study at 23.50 C
using 2 element circuit)

34.7 + 1.5
33.4+ 1.3
32.5 + r.3
32.4 t t.2
31.1 t t.4

100
250
500
750

1000

tr"
(from equation given

for 250 C in reference
t6l)

0.8
2.0
4.0
5.8
7.4

tr'*
(measured this

study at 23.50 C
using 4 element circuit)

38.4 + 1.1
31.0 + 7.5
35.9 + 7.4
35.8 + 1.4
34.3 + r.5

* values are averages * standard er¡or

tr" *
(measured this

study at 23.50 C
using 2 element circuit)

1.1 + 0.8
4.3 + 0.1
5.3 + 0.3
7.0 + 0.2
8.8 + 0.1

tr" *
(measured this

study at 23.50 C
using 4 element circuit)

7.2 + 0.9
4.8 + 0.1
6.0 + 0.3
1.9 + 0.2
9.8 + 0.2
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Dielectric Measu¡ements of Distilled Water

for the Open End of the Cable at the Liquid Surface

Real Dielectric Constant

frequency
(MHz)

Table 6

100
2so
500
t50

1000

Êr' t¡'**
(from measurements given (measured this

at250 C in refe¡ence study at 23.50 C

t6l) using 2 element circuit)

Loss Factor

frequency
(MHz)

78.0
77.6 *
77.3 *
71.2 *
l7.l *

100
250
s00
750

i000

82.3 + 1.1
74.7 + t.2
75.8 + 1.0
77 .6 + 7.7
76.9 tr.2

t¡"
(from measurements given

at25o C in reference

t6l)

0.4
1.1 *
3.6 *
5.5 *
6.9 *

tr' **
(measured this
study at 23.50 C

using 4 element. circuit)

9r.9 + r.3
83.3 r 1.3
84.6 + 1.1
86.6 + 1.2
85.8 t 1.3

* points interpolated from data given at 100, 300 and 3ffi0 MHz

** values are averages + standard error

tr" **
(measured this

study at 23.50 C
using 2 element circuit)

3.6 + 0.5
6.1 + 0.5
4.1 10.1
4.2X0.2
4.9 + 0.1

ta" *
(measured this
study at 23.50 C

using 4 element circuit)

4.1 + 0.5
6.9 + 0.5
4.6 + 0.1
4.8 + 0.2
5.5 + 0.1
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Dielectric Measurements of Saline

for the Open End of the Cable at the Liquid Surface

Real Dielectric Constant

frequency
(MHz)

TableT

100
250
s00
150

1000

tr'
(from equation given
for 250 C in reference

Issl)

ts.6
75.6
75.6
75.5
75.4

Loss Factor

frequency
(MHz)

tr' *
(measured this

srudy ar 23.50 C
using 2 element circuit)

76.r + 1.3
74.2+ 1.1
14.1 + I.2
76.1+ 1.0
75.2+ t.2

100
250
500
750

1000

tr"
(from equation given
for 250 C in reference

tsst)

274.0
710.4

56.6
39.2
31.0

cr*Çr
(measured this

srudy ar 23.50 C
using 4 element circuit)

84.9 + 1.4
82.8 + 1.3
83.3 + 1.3
84.9 r 1.1
83.9 + 1.3

* values are averages * standard error

tr" *
(measured this
study at 23.50 C

using 2 element circuit)

275.5 + 1.4
110.7 + 0.6
57.2+ 0.4
40.6X0.4
31.9 !0.4

c ll d<Lr
(measured this

srudy ar 23.50 C
using 4 element circuit)

309.8 + 1.5
124.5 + 0.7

64.4 ! 0.5
45.6 ! 0.4
35.8 + 0.4
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Real Dielectric Constant x

frequency
(MHz)

100.0

250.0

500.0

750.0

1000.0

Minimum Sample Thickness of DistilledWater

Accuracy
Test

7 6.6

7 8.0

11.6

78.6

7 6.4

Table 8

5mm

7 6.8

17.8

71.5

78.2

7 6.1

4mm

7 6.4

17.8

17.8

78.8

7 6.8

Loss Factor *

frequency
(MHz)

100.0

2s0.0

s00.0

750.0

i000.0

3mm

16.2

71.6

17.4

78.3

7 6.2

Accuracy
Test

-2.3

2.8

5.4

4.5

4.7

2mm

7 5.5

7 6.7

7 6.6

71.4

7 5.1

5mm

-2.3

2.6

5.5

4.2

3.4

1'mm

71.7

72.5

72.3

13.1

70.9

* all measurements at24.20 C

4mm

- 3.5

2.6

5.6

4.3

3.6

3mm

-3.2

2.8

5.7

4.4

3.7

2mm

-2.7

2.7

5.7

4.3

3.4

1mm

-3.0

2.6

5.4

4.1

3.1
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Real Dielectric Constant *

frequency
(MHz)

100.0

250.0

500.0

750.0

1000.0

Minimum Sample Thickness of Saline

Accuracy
Test

74.3

7 6.9

13.7

7 5.7

73.8

Table 9

5mm

73.9

75.8

7 4.9

7 5.6

73.4

4mm

73.7

7 s.9

7 5.0

7 5.6

73.6

Loss Factor *

frequency
(MHz)

100.0

250.0

s00.0

750.0

1000.0

3mm

74.0

7 6.1

7 5.3

76.0

73.9

Accuracy 5 mm
Test

276.8 273.4

113.9 112.5

6r.4 58.7

42.8 41.4

32.5 31.5

2mm

72.2

74.9

7 4.1

74.9

72.7

1mm

67.8

70.5

69.7

70.2

68.2

* all measurements at24.20 C

4mm

272.1

t12.2

58.6

47.3

31.4

3mm

27r.3

111.5

58.3

4t.l

3r.4

2mm

267.1

710.t

58.0

40.8

30.8

1mm

249.5

103.5

54.1

37.9

28.4
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by the accuracy test at a sample thickness of 1 mm. Measurements at other thicknesses

were within 5 7o of the accuracy test values. Due to the uncertainty in the measurement of

the loss factor of distilled rwater, 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 Vo at a thickness of 1 mm. The measurements at other

thicknesses were within 5 Vo of the accuracy test values. Measurements of the loss factor

of saline deviate by more than 5 Vo 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, suppoft 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 Resulfs from In-Vifro Measurements

4.3.1 Measrrrements on Normal Canine White 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 Vo) at temperatures between 200

C and 220 C. The specifrc gravity of brain samples are in close agreement with the value of

1.0437 for canine centrum semiovale (white matter) reported by Inaba et aI [31].

The average and standard errors ofreal 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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Measured Dielectric Properties of Normai Canine Cerebral White Matter *

frequency
(MIIz)

100.0

250.0

s00.0

750.0

1000.0

Table 10

t'

49.r + 3.2

37.4 ! 2.5

34.2 + 2.3

33.5 + 2.3

32.0 + 2.1

* all measurements ü2Ú - 220 C

t"

53.9 + 5.8

26.5 + 2.3

15.7 + 7.3

11.3 + 1.0

9.2 + 2..9
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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 i000

MHz.

4,3.2 ïn-Vitro Froduction of Osmotic Edema

Graphs of the real dielectric constant and loss factor of edematous samples 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 average water content of the edematous samples was 75.319 + 2.836 SE Vo

with a maximum water content of 80.526 7o.

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 cor¡elation 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/ Vo water content. The slope increased aT 250 MHz to 1.503

units/ 7o water content and for the higher frequencies was approximately 1.7 units/ Vo wãter

content. The above results suggest water content is best measured using the real dielecfic

constant at higher frequencies. Better cor¡elations with water content and a higher

sensitivity of measurements to this parameter are observed at these frequencies. The lowest

correlation observed at 1m MHz may reflect the increased contribution of the relaxation of

cell membranes. The reiaxation 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/ 7o wàter content and declined with increasing frequency to

0.357 units/ 7o 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 d¡ied tissue. At

the frequencies considered, cellula¡ 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. Similariy, 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 I00 Vo, both the real dielectric constant and loss

factor should approach that of distilled water. The permittivity and loss factor should

approach that of d¡ied tissue as the water content approaches 0 7o. A linear mixture model

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

ttisru" = Êdried tissue*

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

normal tissue parameters,

twater - tdri.d risrue

Ê = e * E*at"r-tnormaltissue
otissue - cnormal Lissuer "

@ater Content (%) - Normal'Water Content)

100
x Vy'ater Content (7o)
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As can be seen from (31), the slope of the line is directly proportional to the value of ewaþr

- tnormal Lissue . 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 - i000 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 0 Vo water content, the complex dielectric

constant of tissue should approach that of dried tissue whereas at 100 Vo water content, it

should approach that of water. The predicted values of the dielectric pa.rameters at} 7o and

100 Vo water content may be used to test the model. Table 11 gives the predicted real

dielectric constant and loss factor values al} Vo and 100 Vo water content at each frequency.

A water content of 0 7o results in impossible negative real dielectric constants. At a rvater

content of 100 Vo, dtelecttc constant is predicted with a maximum error of 10 dielectric

units while the loss factor is predicted with an error of 9 to 22 dielectic units. These

results demonstrate that the model is not valid over the full water content range from 0 to

100 Vo. However, the relatively low errors observed at 100 Vo water content suggest that

this model predicts the approximate behavior of complex dielectric constant between normal

and 100 7o water content. Below this range, the relations between the dielectric parameters

and lvater content are most likely nonli¡ea¡.

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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Predicted Dielectric Properties of Canine'White Matter

at} 7o and 100 7o Water Content

frequency

(MHz)

100

250

500

1s0

1000

Table 11

e'

-t2.7

-65.1

-81.5

-86.4

-86.2

0Vo
g"

2t5.2

r04.9

59.2

42.3

33.5

t'

77.4

85.2

88.2

89.s

87.3

1.00 Vo

e"

-22.1

-10.5

_4.9

- 5.+

art
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less water is present in the tissue. The interactions between the protein molecules and the

lack of interaction between these moiecules and water may cause a nonlinear relationship

between dielectric parameters and water content. As water content is increased, these

interactions are iess 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 \ /ater 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 Vo SE

with a maximum water content of 71.746 Vo measvred . 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 idenúcal.

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 7o [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 norrnal population.

Almost 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 norrnal population.

The above results demonstrate that this technique cannot be used to reliably detect

changes of the order of 7 7o from a single measurement of white matter. The uncertainty ín

a single measurement prevents measurement to this accuracy. Note that changes of l Vo

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 Meeslrremenf of Vesoç¡enic 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 visuai examination of the

hemispheres. The specific gravities of samples taken from respective areas on the fixated

right and left hemispheres were 1.0316 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 matier 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 dielectric parametffs 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 Caf Tissnp

Dielectric properties measured for the cerebral tissue at time 0 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. l¡ss 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 mixtu¡e of gray and white matter was measured.

4.4.2 Çhanges of Real Ðielecfric Consfant_yith Time

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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Measured Dielectric Properties of Normal Cat Cerebral Tissue *

Real Dielectric Constant

frequency
(MHz)

Table 12

100
250
500
750

1000

tr'
(gray matter measured

at 330 + o.so c uy
Stuchly et al [57])

6s-80
55-60 *
48-52
47 -57 **
47 -5r

Loss Factor

frequency
(MHz)

tr'
(white matter measu¡ed

ar 330 + o.so c uy
Stuchly et al [57])

s8-64
46-47
39-40
38-39

37.5 - 38.5

100
250
s00
750

1000

Êr'
(gray matter measu¡ed

at 330 + o.5o c uy
Stuchly et al [57])

93.5 - rs2.8
43.1 - 59.7 *
25.5 - 33.4
19.2 - 25.3 **
t6.o - 21.0

tr'
(measured this study

at body temperature)

66.0
46.8
42.6
42.0
39.6

* average of measurements betweeen 2@ and 300 MHz

** average of measurements between 700 and 800 MHz

tr'
(white matter measured

ar 330 + o.5o c uy
Stuchly et al [57])

86.3 - 91.7
38.1 - 38.5
21.9 - 223
17.0 - 17.4
14.6 - 14.7

tr'
(measured this study

at body temperature)

103.8
45.8
26.r
19.1
15.5
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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

parametil occurred at approximately 255 minutes. Fluctuation in the reai 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-viro osmotic edema

samples and in-vivo vasogenic edema suggest that dielectric constant increases with tissue

\ilater 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 and220 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 + | SE 7o. This is in agreement with increases

in water content reported in the area of a cold lesion by Reulen et al [52] of 77 Vo. 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.

4.4.3 Chenses of Ï.oss Facfor wifh Time

From examination of the graphs of ioss 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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Predicted Maximum Increases in'Water Content

in Vasogenic Edema Progression

Table 13

frequency
(MHz)

100

2s0

s00

750

1000

Predicted Increase
(7o)

20.r2

t0.74

9.51

8.27

9.42
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factor of human blood serum over 100 - 500 MHz at230 C 162l suggesr 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 wouid 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 eariier, 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 Cerebrat Edrma

4.5.L Errors in Measurements of Biolopical Samnles

Variation in the collected data may be accounted for by systematic erro¡s 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 Contaminntion ín Samples

Gray matter contamination in the samples likely had some effect on the in-vitro

results. Approximately 40 Vo of aJl 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

dec¡ease the specific gravity of the sample. Since gmy 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 coiumn would affect its specific glavity, a¡d therefore

its wate¡ content. Thicker samples (those containing more tissue from the interior of the

cerebral slice) would have iower estimates of the watff 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 \vater 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 mattff established in this study of

68.709 + 0.973 SE Vo and 1.0435 + 0.00i5 SE respectively.
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The results of this sfudy suggest that the dielectric constant is primarily affected by

the water content of the tissue while loss 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 aiso 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 I Vo from a single

measnrement. However, as changes of 3 - 4 7o might be the minimum change considered

significant clinically, this factor may not be important. Continuous monitoring to | 7o

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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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 Vo were achieved with a

minimum sample thickness of 3 mm. All calculations of complex dielecuic constant were

between 100 and 1000 MHz. The real dielecffic 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 edematous 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 Vo from a single

measurement of the tissue though this small error may not be significant clinically.
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Chapter V

Conclusions



Continuous monitoring of the brain may allow resolution of changes in water content to 1

Vo as changes in dielectric parameters may be attributed to changes in water content.
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,A.ppendix ,{

R.eview of Basic Electrical Concepts

This appendix includes a review of the definition of complex dielectric constant and

the basic ransmission line theory for the operation of time domain reflectometers.

A-I Comnlex l)ielecfric Constanf

When a vacuum capacitor (Figure A1) is connected to a sinusoidal voltage source,

V, a sinusoidal current, I, which leads the voltage by 90o flows through it. The phasor

voltage, V, and the phasor current, X, are related by the susceptance of the capacitor, Yç,

where a=Znf and C¡ is the capacitance of the capacitor. 'When the capacitor is filled with a

substance, the capacitance changes by a positive factor of e¡'

This factor, Ê¡', is called the relative real dielectric constant or, the permittivity of the

substance. The real dielectric constant t' of a material is defrned as

Yc=+= jcoCo

C =tr'X CO

t'-t¡'Xt6

(4.1)
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(4.2)

(4.3)



V = Vo sin c¡t

I=Iocos(l)t

Figure A1: Voltage and current relations for a capacitor
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where es is the dielectric constant of vacuum. In actual materials, the curent and voltage

can never attain an exact phase difference of 90o. 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 90o. 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 curent, a negative imaginary component, e",

is introduced to the dielectric constant called the loss factor. The dielectric constant with the

loss factor is called the complex dielectric constant, t*,

e* = e' - je" = (er' - jer") X eg (4.4)

where 0r* is the relative complex dielectric constant and e¡" is the relative loss factor. The

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

Insertion of e¡* in (4.1) yields the following values for R and C in Figure 42,

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

capacitor enables the calculation of the complex dielectric constå.nt.

C = (er'-jer") X CO

&2 Transmission l-ines

C

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

=er'X C0

=1
(r) t"rcg

R

(A.s)

(A.6)
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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

^rtre 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

iength 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, Zg, 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,74 is defined as

where a=Znf , 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 iine at a finite velocity. As every material has some

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

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

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

propagation constant, Y,

T = cr+iÊ

R+jtoL
G+jtoC

where o is the attenuation in nepers per unit length and P is the phase

unit length. This constant can be used to determine the phasor voltage,

current, {1, at any distance x along an infinitely long line by the relations

= l,(R*J,oLXc*jcoC)

(4.7)

(A.8)

shift in radians per

Ei, and the phasor
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T
W

Figure A3: A Coaxial Cable

- Dielectric

- Conductor

(a)

Figure A4: (a) Circuit Notation, and (b) Equivalent Circuit

for a transmission line

100



where zero reference in the x direction is arbitrarily defîned. At any point along the line,

the voltage and current a¡e related by the cha¡acteristic impedance of the line,

E,
zo = ì. (A.10)

Transmission lines terminated in a complex impedance,Zy=Fiya¡X¡, may change

the infinite line situation, depending on the value of Zy (Figure A5). The generator, ES,

produces a single frequency voltage in the line which propagares toward the load. If the

transmission line is finite in length and is terminated in a load, Zy, equal to the

characteristic impedance of the line,Zg, then equations (A.9) - (4.10) hold for the length

of the line to x=d. For this case, the line is said to be line matched. However, if Zy is

different fromZg, 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

cturent 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,

Ei = Eo e-Y*

-Yxxi=loe'
(A.9)

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

reflected to incident voltages is found from (4.9) and (4.11),

E, = E6e-T(d-x)

I, = no.-Y(d-x)

i01

(4.11)



ES

ZS

Figure A5: Transmission line circuit terminated nloadZ ,

x=0

ZL

x=d
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This ratio, p, is known as the voltage reflection coefficient and

This ratio is also dependent onZ,OandZy

Erp=g, E¿ -y(d-2x)
E6-

Determinationof pandknowledge of Zgallowsforthecalculation of Zy. Similarly,the

generator impedance ,23, may be regarded as a load impedance for the reflected wave. If

Zg 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 the line.

n = 
zt- zo

' Zt+ Zo

(4.12)

is frequency dependent.

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. V/ith this simplification,

equations (4.7) and (4.8) can be reduced to, respectively,

In these cases, the transmission line is called a low-loss transmission line. This

assumption geatly reduces the amount of mathematical calculation required in many

transmission line problems.

(4.13)

'o= {E
y=jco/LC=jp.

(4.14)

(4.15)

103



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 a¡e 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 effîciently.
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2 element program
c
C************:t*****:t***:t****'t*?t*****)k********************tr************t'{****t{**:r
C:t

9* This program will cal-culate the complex dielectric constant of ac* from time domain reflectometry. (TDR) ireasurements on a sample. onlyc* data obtained from probes with ¡.o mm outer conductor diameteic* can be inputted to the program. This nay be altered for otherc* probe sizes by. adjusting tñe constants c0 and CF. cF and co are
9o must be placed +t- the program. Data for the capacitance of somec* open-ended coaxiar lines are listed in the referenäe berow.c*
c* Note, the program is user. interactive, prompting the user for thec* number and names of data files and data'title;. "
c* *
91 This program vtas written by Hung Pin KAo, Department of Erectrical *crr Engineering, University of ManiÉoba, June, Lggg *c**
C* Important program Varj_abl-es *C* ==========::============:::c** *c* INPUT Vector containj_ng incident waveform *c* FNr - vector containi;é ;;¡i;ãfàa ,".reform *ux FrNT - complex value of fourier transform of the *c* 

¡rrm inciaent waveform at a prescrj-bed frequency *c* FFNT - complex vaLue of fouri"i t.arr=fonn of the *c* 
¡DT^ñ reflected wavefo_r^ at a prescribed frequency *C¡k PERIOD - Tirne length of the waveforms *c* poINTS _ Number oi aigitir"a p"i"i= *c* co,cF variables needed to ðalculate the sample *crt irnpedance 

?kc* cT - complex sarnple capacitance *c* zo _ chaiacter:-siic úp;ã;;;ä-ãr "ouxial cable *f-* Ëô¡u - First frequency at which the dielectriã- *c* constant is calcurated '¡¡v s¡E¿svu!¿e 
*c* FrNc - rncremental freguency at which dielectric *c*

c* constant is caleulated. Note, the second *
c* frequency used is FINC, the third is z*rll¡c, *

and so on. *c* MÀx - Number of freguencíes to be cal-culated *c*
C* Reference for totat capacitance of a 3.6 mm Linec*=:=======:=:==:===:=:=:=::::====:====:=-
c*

*c¡t A' Kraszewski and s.s. stuchly, rrcapacitance of open-Ended Diel-ectric- *C* Filled Coaxial Lines - fxperiñåntal^Resufts," IEEE Trans. Instrurn. ?rc* Meas., voJ-. rM-32, llo. 4, pp. 517_519, Dec. 1983. 
¡Àq¡¡Þ¡ rrr>LrLrrr 

*c**
c*?r'**ìk*****************************tr*******tr***:t********************rr****rr*****
c

REAL*8 rNpuT ( 512 ), FNT ( 5I2),'ERIOD, T, CO, Cî, ZO,W, F,FO, FrNc, pr, ZEROI,]< ZEROF, ZERO
ÏNTEGER POINTS,MAX, T,M, K

*
*

*

*

*
*
*
*

CoMPLEX*16 FINT, FFNT, P, CT, E, CFREQ
CHÀRACTER*25 JUNK
CHÀRACTER*64 FNÀ}{E, TTTLE

Set program constants.

PERIOD=5D-9

c
c
c

*
*
*



POïNTS=512
POINTS=POfNTS-1
T=PERTOD/POINTS
CF=0.89077D-15
Z0=50.0
F0=100.0
FINC=250.0
MÀ V_F

ZERO=O. 0
PI=3. ]-41592654

Prompt user for name of file
tr-Le-

c
c
c
c

(\

c
c

WRïTE (*,500)
READ(*,510) FNAME
OPEN ( 1, FIr,F=fNÀl,IE)

Prompt user for number of samples to be calculated.
WRITE ('È, 520)
READ(*, *) M

Adjust first page spacing.

WRITE(1,*) I r

Begin calculations.

DO l_0 K=]rM

Prompt user for new waveform fil_es and. open the files.
WRITE ('t, 53 0 )
READ(*,510) FNAI{E
OPEN ( 2, Ff LE=FNAI',ÍE )

wRrTE(*,540)
READ ( dr, 510 ) FNAl"fE
OPEN (3, FILE=FNÀUE)

Prompt user for title of sample dierectrÍc constants.
WRITE("t,550)
READ(*,510) TITLE

Read in data from waveform fir-es into rNpur and FNT.

READ(2,s10) JUNK
DO 20 I:1,5I2

READ(2,*) INPUT(I)
CONTTNUE

READ(3,510) JUNK
DO 30 f=1,512

READ(3, *) FNl(I)
CONTINUE

Adjust zero level of waveform fi1es.

c
c
c

I

c

(\

c

to contain dieLectric

I
c
c

constant data and open

c
c

20

30
c
o
c



ZERoï=fNpUT (6)
ZEROF=FNT ( 6 )
DO 40 I=61512

INPUT (I ) =INPur (r) -zERoI
FNT(I)=FN1(I) -zERoF

O CONTINUE4
c
c
c

Write title onto screen and output file.
WRITE(*,,k) I I

I^]RITE(1,*) I I

WRTTE(*r*) I I

WRITE(1,*) ' r

WRITE(*,*) TITLE

c
c
c

I{RITE(1,*) |

WRITE(*r*) ' I

calculate sample dierectric constant at each frequency.

F:F0
DO S0 I=1r5

w=2 *PI*F*IE6

WRITE(1,*) r r

WRïTE('t,560)
WRITE(1,570)

c
c
(-

Find fourier transform of each \.{aveform at frequency w.

cÀLL FORIER (W, rNpuT, FINT, 1, POTNTS )
C.ALL FORIER (W, FNÎ, FFNT, T, POINTS )

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

c
c
(,

c

,, TITLE

P:FFNT/FTNT
CFREQ=pCMPLX ( ZERO, W)
s1=(1-P) / (zo* (1+P) *cFREe)

CaLcul-ate diel-ectric constant from

C0=2I.5091lD-15
!= (cT-DcMpLX (cF ,ZER}) ) /co

Write results onto screen and into
WRITE(*,*) I I

WRITE(I,*) I I

WRïTE (t , SB0) F,E
I¡IRITE(1,590) F,E

Increment freguency.

F=FINC*I

CONTINUE

Close v¡aveform fíLes

cl,osE ( 2 )
c]-osE ( 3 )

c
c
c

c
c
c

c
c
c

c
50
c

c

complex capacitance.

output file.



c
c
c

Set page skip.

rF (MOD(K,4) .EQ.0) THEN
wRrTE(1,600) CHAR(12)

END IF
c
10 CONTINUE
c

500
510
520
530
540
550
560

STOP
FORMAT(r Name of file to contain dierectric constants: '\)FORMAT (A)
FORMÀT(r How many samples to be calculated ? ,\)
FORMAÎ(r Incident Waveform Filename: t\)
FORMÀT(r Reflected Waveform Filename: '\)FORMAT(r Set Tit1e of Data: '\)FORMAT(9X, tFrequency (MHz) r,1ox, rDielectri-c constantr,6x,*rLoss Factort )57o FORMAT (J-2\,'Frequency (MHz) r ,10x, rDÍelectric constantr ,6x,

'k 
I LOss FaCtorr )

?80 FORMAT(]-zX,F6.1,18X,fI0 .3,I2X,F10.3)
590 FORMAT(15X,F6.1,18X,Fl0 .3,!2X,FI0.3i
600 FoRMAT(A1)

END
c

c

U

c
c
c
c
c
c
c
(1

c

This subroutine will determine the vaLue of the fourier transform of adigitized step pulse at radian frequency, w. The digiiizea portion ofthe waveform is contained. in vectór ruÑó and the coñpl-ex value of thetransform is contained in FFUNC. The value of r is the time distancebetween the points. calcuration of the transform i.s by simpso¡i;-ñi;of numerical 
_ integration, - adding to the sum the valùe of a delayedstep pulse with height egual to thã val-ue of the last digitized ¡;i;a:

Note that the beginning of the waveform is assumed to be at the sixthdigitized point

ÏNTEGER T,POINTS,UPPER
REÀL*ç8 W, FUNC (5I2 ),ANGLE, T, ZERO, XTEMP, yTEMp
COMPLEX?+16 FIRST, LAST, SUMI, SUM2 , FFUNC, fnttef , TEMP2

caLcul-ate incremental sums frorn first and. last sections.
ÀNGLE=W¡rT
ZERO=O. 0
FIRST=DCMPLX (FUNC ( 6 ), ZERO)
XTEMP:DCOS ( 5 06*ANGLE )
YTEMP=-DS IN ( 5 0 6 *ANGLE 

)
TEMPI=DCMPLX ( XTEMP I yTEMp 

)
LAST=FUNC ( 512 ) c,TEMpl

Compute sums needed to determine remaining areas.
SUMI=(0.0,0.0)
s(IM2=(0.0,0.0)

UPPER:POINTS-6
DO 30 I=1,UppER,2

XTEMP:DCOS (I*ANGLE)

SUBRoUTINE FORTER (W, FUNC, FFUNC, T, POINTS )

a
c
c

c
c
I

c



YTEMP:-DSIN (I*ÃNGLE)
TEMPI=DCMPLX ( XTEMP, yTEMp)
SUMl=SUMI+TEMP1 *FUNC ( I+ 6 )

CONTTNUE

UPPER=POTNTS-7
DO 40 f=2,UPPERr2

XTEMp=DCOS (f*ÀNGLE)
YTEMp=-DS IN ( I *ANGLE )
TEMPI=ÐCMPLX ( XTEMP, yTEMp)
SUM2=SUM2+TEMpt*FUNC ( I+6 )

CONTTNUE

Determine transform of waveform.

30
c

40
c
c
c

XTEMP=DCOS (W*T*506)
YTEMP=-DSIN (W*Tcr5 O6 )
TEMPI=DCMPLX ( XTEMP, yTEMp)
TEMP2=DCMPLX (ZERO, W)
FFUNC=T/ 3'r ( FIRS T+ 4 * SUMI+ 2 }t SUM2 +LAS T ) +TEMP I / TF,I,TP 2,'r FUNC ( 5 1 2 )

RETURN
END



4 clerncnf 1ìrrìûrr¡rn
l/¡v6rq¡¡

c
C**************3t*****rr***a'k*¡t**rt*****:+******************:l**********************
c**
çi This program will calculate the complex dielectric constant of a *c* from tirne domain reflectornetry. (TDR) ireasurements on a sample. only *c* data obtained from probes v¡ith 3.6 nm outer conductor dia¡retei *c* can be inputted to the program. This may be altered. for other rçc* probe sizes.by adjusting the constants col cF and cs accoraing tã *C* equations given in the ieference belorn¡. The time length of the *c* waveforms and the number of digitized points may also be aájusted. *C:Ë-o
c* Note, the program is user interactJ-ve, prornpting the user for the *c* nurnber and names of data files and data'titteè. sñould a disciepu"ãv *c* occur in the data, and error message will be genãratea. ERRoR 1 *c* indicates two solutions for the coñp1ex dielectric constant were *c* found with negative real dielectric èonstants (ie., two irnpossible *ctç sulutions were encountered). ERRoR 2 ÍncicateÀ tnåt two þossible *C* solutions !{ere encountered. *c**
!i This program \¡¡as written by Hung Pin KAo, Department of El-ectrical- ,¡rc* Engineering, University of Manitoba, June, t9g9 *c**
C* fmportant program Variables *C* =============:=====:====:::
c** *C* fNpUT - vector containing incident waveform *c* FNT - vector containiné r"rr""iãa wavetorm *c* FINT - complex value of fourier transform of the *c* ,arñ incident waveform at a prescribeã tiãquãn.y *c* FFNT - complex value of fourier transforrn of the *c* !Dr^ñ reflected. waveform at a prescribed fieqü"r"y *c* PERIOD - Tirne length of the wavefðrms *c* porNTS - Number oi ai.giti-ea poi;a;"- ,rc* cO,cs,cF - variables needed to äa1culate the sample *rl* irnpedance - *C* CT - Colnplex sample capacitance *c* zo - chaiacterist.ic Gp;d;;"-"r coaxiar- cable *(?r ¡'0 - First frequency aL which the dietectric *u^ constant is calculated *c* FrNc - rncremental freguency at which dielectric *

constant is calcul-ated. Note, the second *c*
c* frequency used. is FINC, the third j-s 2*FTNC, *

and so on. ,rC:r MÀX - Number of freq-uencies to be cal_cuLated *c*
C* Reference for eguations of C0, CF and CSC* ====:=!=::=:=::====:===::::=::===:====:=
c*

trc* G' Gajda 
"19 q.s. stuchly, rrEquivalent circuit of an open-Ended coaxial *c* cabre,rr IEEE Transactionè on rnstrumentation aná-uãäsurement, *C* vol-. fM-32, Fp. 506-508, December 1983 , 

oc**
c***************tç**:t**tf***********************ik******************rt*rtrt*******?t**
c

REÀL*8 INPUT(512),FNT(sr?I,pERroD,T,co,cF,cs,ze,w,F,ForFrNc,pr,zERor,
* ZEROF,ZERO,TEMPI,TEMP2,XTEMP;yTËMp

INTEGER POINTS,MÄX, I,M, K
coMpLEX*16 FINT, FFNT,À, B, C, CONST, p, cT, E, E1,E2, CFREQ
CHAR.è,CTER*25 JUNK

*
¿

*



CHÀRACTERå64 FNÀ¡{E, TITLE

Set program constants.

PERIOD=5D-9
POfNTS=512
POINTS:POINTS-1
T=PERIoD/porNTS
C0=1. 792034306D-14
CS=4. 5879OI449D-15
CF=3 . 7 07 02437 l-D-]-6
Z0=50. 0
FO=100. O

FINC=250.0
MAX:5
ZERO=O. O

PI=3. ]-4]-S92654
XTEMP=O.323S*CO
À:DCMPLX(XTEMP, ZERO)
XTEMP=CO+CS+O . 32 35*CF
CONST=DCMPLX ( XTEMP, ZERO )

:íiå:t 
user for name of file to contain dielectríc constant data and open

WRITE (*,500)
READ(*,51-0) FNAME
OPEN ( 1, FILE:FNAME)

Prompt user for number of sampÌes to be calcul-ated.

c
c
c

c
c
c
c

U

c
c

I^¡RITE(*,520)
READ(*, *) M

Adjust fírst page spacíng.

WRfTE(1,*) I I

Begin calculations.

DO 10 K=lrM

Prompt user for new lraveform fires and open the fires.
WRITE(*,530)
REÀD(*,510) FNAIVIE
OPEN (2, FfLE=FNAME)

WRITE ('k , 54 0 )
READ(*, s10) FNÀME
OPEN(3,FILE=FNA¡IE)

Prompt user for title of sample dielectric constants.
I^lRfTE(*,S50)
READ(*,510) TITLE

Read in data from waveform fiLes into ïNpUT and FNT.

REÀD (2 tsLO) JUNK

c
c
c

c
c
c

c
c

c
c
c

c
c
c



DO Z0 I:1,512
REÀD(2,*) INPUT(r)

CONTINUE

READ(3,510) JUNK
DO 30 f=lr512

REÀD(3, *) FNT(r)
CONTTNUE

Adjust zero level of \,raveform fi1es.

ZEROr=INPUT ( 6 )
ZEROF=FNT ( 6 )
DO 40 I=6,512

20
c

30
c
c
c

INPUT (I) =INPUT ( r) -ZEROT
rNT (r) =FNT (r) -zERoFO CONTINUE4

c
c
c

Write title onto screen and. output fiIe.
I^IRITE(*r*) I I

WRITE(1,*) t ,

ï^¡RITE(*,*) I I

I\TRITE(lrr,,) r r

wRrTE(*,*) TrTLE
WRITE(1,*) r r, TITLE
I^TRITE(*,*) I I

WRITE(1,*) r ,

wRrTE ( *, 560 )
wRrTE(1,570)

c
c
c

cal-curate sample dierectric constant at each freguency.
F=F0
DO 50 I=1r5

Ì^l:2*PI*F*IE6
c
c
c

Fi-nd fourier transform of each waveform at frequency w.

cÀLL FORIER (w, TNpuT, FINT, T, poINTS)
CALL FORfER (I^I, FNT, FFNT, T, pOfNTS)

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

P=FFNT/FTNT
CFREe=DCMPLX ( ZERo, W)
s1= ( I-P) / (zo* ( l+p) *cFREe)

cal-culate dielectric constant from complex capacitance.
B=CONST-0.3235?rCT
C=CF-CT
El= (-B+CDSQRT (B**2-4*A*C) ) / (Z*A)
¡2= (-B-CDSQRT (B**2-4*A*c) ) / (z*Ai

Check if discrepancíes exist in result.
TEMpI=CDABS (cDEXp (E1) )
TEMp2=CDABS (cDEXp (82 ) )

c

c
c

c
c
c

c
c
c



rF (TEMPI.cE.r.0) THEN
E=El-

ELSE
E=E2

END IF
rF (TEMPI.LE.1.0 .AND. TEMP2.LE.1.O) WRITE(*,*)'ERROR 1'rF (TEMPI.cE.1.0 .AND. TEMP2.GE.1.O) WRITE(*,*) 'ERROR 2'

c
C Write results onto screen and into output file.
U

WRIIE(*,*) I I

WRITE(1,*) I I

WRITE(*,580) F,E
wRrTE(1,590) F,E

c
C fncrement frequency.
c

F=FïNC*I
c
50 CONTTNUE
c
C Cl-ose waveform files
c

cl,osE ( 2 )
cI,osE ( 3 )

c
C Set page skip.
c

rF (MOD(K,4).8Q.0) THEN
wRrTE(1,600) CHAR(12)

END IF
c
10 CONTINUE
c

500
510
520
530
540
5s0
560

STOP
FORMAT(r Name of file to contain dierectric constants: t\)
FORMAÎ (À)
FORMAT(' How many samples to be calculated ? r\)
FORMÀT(r Incident Waveform Filename: r\)
FORMAT( t Reflected l^taveform Filename: ,\)
FORMÀT(r Set Title of Data: '\)FORMAT(9x, 'Frequency (MHz) r , rox, rDielectric constant, ,6x,*rLoss Factorr)

570 FORMAT (L2l,rFrequency (MHz) r,1ox, rDielectric constantr ,6x,*rLoss Factorr)
!80 FOR¡4AT (r2Xt F6. t,l-8x, f 1o .3 tI2X,FlO.3)
:?0 FoRMAT(15X,F6.1,18X,FI0 .3,L2X,Fl0.3i600 FoRt4AT (A1)

END
c

c
c
c
c

c

c
c

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

This subroutine will determine the val-ue of the fouri.er transform of adigitized step pulse at radian frequency, w. The digitized portion ofthe waveform is contained. in vector ¡uÑc and the coñprãx-vatue of thetransform is contained in FFUNC. The value of T is the time distancebetween the points. carculation of the transforrn is by silnpson,s rureof numerical integration, adding to the sum the vaIüe of a delayedstep pulse with height equal to the value of the rast aigitizea ¡;r;a:



c Note that the begínning of the waveform is assumed to be at the sixthC digítized point
c

INTEGER I, POINTS,UPPER
REÀL*8 W, FUNC(512 ),ANGLE, T, ZERO, XTEMP, yTEMp
coMpLEx*16 FTRST, LAST,SUM1, SUM2, FFUNC, TEMP1, TEMP2

c
c calcul-ate incrernental sums from f irst and last sect,ions.
c

AIIGLE=W*T
ZERO=O.0
FIRST:DCMPLX (FUNC ( 6 ) , ZERO)
XTEMP=DCOS ( 5 0 6*ANGLE )
YTEMP=-DS rN ( 5 0 6 *ÀNGLE 

)
TEMPI=DCMPLX ( XTEMP, yTEMp)
LAST=FUNC (512 ) *TEMPI

c
C Compute sums needed to determine remaining areas.

SUMI_=(0.0,0.0)
suM2= ( 0. 0, 0. o)

UPPER=POINTS-6
DO 30 I=I,UPPER,2

XTEMP=DCOS (I,tANcLE)
YTEMP=-DSIN (I*ÀNGLE)
TEMPI=DCMPLX ( XTEMP, yTEMp)
SIJM1=SUMt+TEMPl :TFUNC ( I+ 6 )

CONTINUE30
c

UPPER=POINTS-7
DO 40 I=2rUppER,2

XTEMp=DCOS (I*ANGLE)
YTEMp=-DS IN ( I,',ANGLE )
TEMPI=DCMPLX ( XTEMP, YTEMP )
SUM2 =SIIM2 +TEMPI,+FUNC ( r+ 6 )O CONTTNUE

Ðetermine transform of v/aveform.

XTEMp=DCOS (W*T*506)
YTEMp=-DS fN (W*T:t5 O 6 )
TEMPI=DCMPLX ( XTEMP, yTEMp)
ÎEMP2=DCMPLX (ZERO, W)
FFUNC=T/3 * (FIRST+4 *SIIMI+2 *SLIM2+LÀST) +TE¡,rp I/TEt"tpZrrFUNc ( s12 )

RETURN
END

4
c
c
c



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

SPGR4, while the lower flask, B, contains a denser liquid with specific gravity SpGRg.

The position of the flasks is such that hydrostatic pressure would cause the outflow of
lighter liquid (SPGR$ from A to B to be haif that of the mixture from B ro rhe 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. Ca¡e was taken to ensure severe tube

crimping did not occur. To allow for uniform mixing, a mixer constantly stfus 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 t hour to allow the column to settle.

The specific gravity at the bottom of the column (depth=0) equals the initial qpecific

Appendix C

Freparation of Gravimetric Columns

i16



Figure B 1: Setup for the preparation of a Gravimetric Column

Source: Reference [41]
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$avity of flask B, SPGRg. 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 equarions (for 1000 mt of

solution):

The linearity of the column was tested when completed using specific gravity standards

made of potassium sulfate and distilled water. One drop of each standa¡d was gently

placed in the column using a small syringe and its depth of equilibrium was recorded at 2

minutes. The specif,rc gravity at this depth was that of the standard solution.

Small tissue samples (less than 5 -g) can be measured by dropping them in rhe

column and recording its equilibrium depth at fwo 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 l31l while the normal

water content has been found to be 68.6 Vo 1501. The equation ro calculate rhe water

content of cerebral tissue from its specific gravity may be determined from the linear

interpolation between the specific gravity of L0437 for a warer content of 68.6 Vo and.the

specifrc gravity of 1.0000 for a warer conrenr of 100.0 vo )n equation (2).

rnl of BB =

rnl of K

desired spgr - spgr K
spgr BB - sp$ K

= 1000 - rnl of BB

x i000 (8.1)

(B.2)
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R.eal Ðielectric Constant and I-oss Factor
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Water Content

for In-Vitro Production of Osmotic Edema
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