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The work presented in this thesis involves magnetic resonance imaging (MRI)

and spectroscopy (MRS) in the female pelvìs. The abiÌíty of MRS to grade pre-cancerous

lesions of the utenne cervix was examrned, and a technique for acquisition of l¡¿ uluo MR

spectra of the human ovary was developed.

Cancer of the uterine cervix is thought to be preceded by dysplastic lesions called

cervical intraepithelial neoplasia (CIN). Cunent methods of grading the degree of CIN

are subject to high inter- and intra-observer variability. In this study, one dimensional rH

MR spectra were obtained from biopsies of the uterine cervix. Multivariate methods of

analysis were employed to classify the spectra according to the clinical diagnoses of non-

dysplastic, CIN grade 1 (CIN l), CIN 2, and CIN 3.

The differences in the MR spectra wele sma)I, making classification difficult. A

set of spectra were consistently misclassified by each of the muÌtivariate methods. It was

concluded that either the clinical diagnoses were inaccurate, or the MRS technique

detected biochemical changes that were not morphologically manifest. The accuracy of

classification of spectra into two adjacent classes was comparable to that of nÕn-adjacent

classes. This result did not suppofi, but can not refute, the theory that cervical lesions

follow a continuous progression from CIN 1 to CIN 3.



Detection and accurate diagnosis of abnorrnallties of the ovaries is difficult

because the ovaries are situated deep within the pelvis, maktng them inaccessible to

examination. In this study, three aspects of in vivo MR spectroscopy of the ovanes were

examined. First, the most suitable coils for transmitting and receiving signal from the

ovanes at 1.5 Tesla were chosen. Second, methods of locating the ovades in the MR

images were examrned. Third, a method of obtaining spectra from the ovaries was

desìgned that compensated for motion within the pelvis.

It was found that the whole body coil could be used to obtain uniform excitatlon

within the pelvis. A circularly polarized surface corl was used to receive the signal rather

than the whole body coil because it gave better signal to nôise ratios. Premenopausal

ovaries were most easily identified in T2-weighted images, and postmenopausal ovaries

were identified in T1-weighted images. Fast scout images were obtained periodìcally

du¡ing spectroscopic acquisition in orde¡ to track the motion of the ovary as it was

displaced by the expanding urinary bladder. Pelvic motion caused frequency shifts and

phase changes in the individual acquisitions Õf the FID. Conection prior to averaging

yielded a significant improvement in the signal to noise ratio.

It was concluded that magnetic resonance imaging and spectroscopy can be used

to examine structures in the female pelvis. rH MRS, in conjunction with multivariate

methods, provided infonnation regarding the progression of dysplastic lesions of the

uterine cervix. Techniques developed in this thesis may be used to obtain in vivo lúR

spectra from the human ovary.
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Figure 1.1: Precession of a nuclear magnetic moment p at an angle 0 about an 5

extemal magnetic field Bo for a spin with I = 1/2.

Figure 1,2: Precession of an ensemble of spins with magnetic moments, lr, 6

around a static magnetic field along the z axis, 8,, resulting in a net

magnetization, M.

Figure 1.3: Alternating rf magnetic field,81, modeled as two circularly 7

polarized components rotating at the Larnor frequency, rùo.

Figure 1.4: A) Initial magnetization Mo in a static magnetic field along the z- 11

axis. Application of B1 causes rotation of M.. B) After to, M has

rotated to the y-axis. When Br is removed, relaxation occurs.

C) Transverse relaxâtiôn causing dephasing of the spins. D) Partial

longitudinal relaxation causing M to retum to its initial value along

z-

Figure 1.5: A) Dephasing of Mo due to T2 relaxation. B) 1800 rotation of the 13

spins by application of a second B1 pulse. C) After the 1800 pulse,

the relative directions of precessìon of the spins is reversed. D) The

spins refocus along the negative y-axis to form a spin echo.

Figure 1.6: Stimulated echo pulse sequence. Refe¡ to text for details. 14



Figure 1.7: Scalar coupling in the ethyl alcohol molecule. Splitting of the

methyl protons by the methylene protons is illustrated by the

possible spin states of the methylene protons. The relative intensities

of the spectral peaks are shown beneath. A similar representation is

given for the splitting of the methylene protons by the methyl

protons.

Basic two dimensional MR imaging sequence. The phase encoding

gladient is incremented fol each successive acquìsition of the FID.

Figure 1.8:

Figure 1.9: Scan of k-space accomplished by the basic MR imaging sequence

shown in Figure 1.8. The anows indicate the direction in which k-

space is scanned.

Figure 1,10: PRESS pulse sequence. This pulse sequence uses thrce slìce

selective gradients in conjunction with three rf pulses to produce a

double spin echo.

Figure 1.11r STEAM pulse sequence. This pulse sequence uses three slice

selective gradients in conjunction with three 900 rf pulses to produce

a stimulated echo.

Figure 2.1: Sagittal T2-weighted image of the female pelvis and conesponding

contour image.

Figure 2.2t (A) Schematic representation of normal cervical tissue and

dysplastic carvical tissue progressing from mild dysplasia (CIN 1) to

CIS. B-E) Magnification of cross sections of stained cervical tissue

showing normal tissue (B), CIN 1 (C), CIN 2 (D), and CIN 3 (E).

(Cross sectional images supplied by Dr. Mana Paraskevas,

Department of Pathology, Health Sciences Centre.)
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23
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26
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38



Figure 2.3: Schematic representation of the cervix biopsy suspended in the 46

capillary.

Figure 2.4: Spectra grouped according to the four histopathological diagnoses - 53

A) non-dysplastic, B) CIN 1, C) CIN 2, and D) CIN 3.

Centroids are illustrated in yellow.

Figure 2,5: Centroids of the MR spectra classified in four diagnostic groups - 54

nondysplastic, CIN 1, CIN 2, and CIN 3.

Figure 2.6: Spectra grouped according to two histopathological diagnoses - 55

A) non-dysplastic and CIN I versus B) CIN 2 and CIN 3.

Centroids are illustrated in yellow.

Figure 2.7: Centroids of the MR spectra classified in two diagnostic groups - 56

non-dysplastic and CIN 1 vs CIN 2 and CIN 3.

Figure 2.8: Centroids of the MR spectra classified in four diagnostic groups 60

with the diagnostic regions highlighted.

Figure 2.9: Centroids of the MR spectra classified in two diagnostic groups 6L

with the diagnostic regions highlighted.

Figure 3.1: Relative concentrations of the homones - estrogen, follicular 99

stimulating hormone (FSH), luteinizing hormone (LH), and

progesterone - through the normal menstrual cycle (Adapted from

Speroff and Vande Wiele 1971).

Figure 3.2: Schematic rcpresentation of the female reproductive organs, 104

postenor view.



Figure 3.3; Timing diagram for the STEAM sequence (TE = 20ms,

TM = 17ms, TR = 2000ms) preceded by water suppression using

the CFIESS sequence. Gradient amplitudes are given in mT/m,

gradient rise and fall times are 1ms, and times are given in ms.

CFIESS pulses are Guassian, and 900 pulses are sinc pulses.

Figure 3,4: Signal intensities at time zero of the absolute magnitude water FID

for 15x15x15mm3 voxels positioned along the x-, y-, and z-axes.

The intensities for the Helmholtz-type volume coil are illustrated by

the dotted line, the solid line reprcsents the cp spine coil, and the

dashed line, the whole body coil.

Figure 3.5: FISP image used to locate the uterus. The cp spine coil was

positioned directly beneath the uterus.

Figure 3.6: T2-weighted Turbo Spin Echo coronal (4, B, and D), sagittal (C),

and transverse (E and F) images. The folllcular cysts appear

hyperintense. The ovary(ies) are located: A) on either side of the

uterus, B) superior to the antevefted uterus, C) superior to the uterine

fundus, D) superior and not adjacent to the uterus, E) on either side

of the uterus, and F) lateral tÕ the uterus which is rotated and shifted

to the left. The images are labelled as follows:

RO = Right ovary B = Bladder

LO = Left ovary

U = Uterus

S = Spine

125

129

t31

Ì J.J

F = Femu¡

P = Pelvic Bone

Figure 3.7: T2-weighted (A) and T1-weighted images (B) showing a cross ),36

sectional view of a portion of bowel_ The bowel and ovaries are

isointense.



Figure 3.8: T1-weighted Spin Echo coronal (A) and transverse (B and C)

images. The images are labelled as folÌows:

LO=Leftovary B=Bladder F=Femur

U = Uterus S = Spine P=PelvicBone

BL = Broad Ligament A = Abdominal Muscle

Figure 3,9: (A) T1-weighted Spin Echo transverse ìmage and (B) T2-weighted

Turbo Spin Echo transverse image showing the right ovary adjacent

to the uterus. (RO = nght ovary, U = uterus, A = abdominal muscle)

Figure 3.10: T1-weighted images showing A) respiratory artifact as blurring of

the upper portion of the image, and B) flow aÍifact due to pulsation

o[ the femo¡al anenes

Figure 3.11: T2-weighted coronal images of a premenopausal pelvis A) at the

beginning of the study using the high resolutìon TSE sequence, and

B) near the end of the study, approximately one hour late¡, using the

lowe¡ resolution, sho ened version of the TSE sequence. Note the

filling of the unnary bladder and its effects on the position of the

ovary. (RO = right ovary, B = bladder, U = uterus, F= femur)

Figure 3.12: T2-weighted coronal (A) and transverse (B) images illustrating gas

in the bowel proximal to the ovary.

Figure 3.13: Eddy cunent conected, raw water spectra acquired from ovaries of

two women with A) no bowel gas (FWHM = 3.l}Hz) and C) bowel

gas near to the ovary (FWHM = 32.29H2). Each acquisition in A

and C was frequency shifted and phased to obtain B

(FWHM = 2.86H2) and D (FWHM = 2O.24Hz).
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Figure 3.14: Windows from the IDL program used to frequency shift and phase

the individual acquisitions.

A) Main window showing averaged real and imaginary data. B)

Filter window showing averaged, absolute magnitude water

spectrum and filter. C) Phasing window showing non-averaged real

and imaginary spectra. D) Frequency shifting window showing

non-averaged absolute magnitude spectra.

Water suppressed spectra from a healthy premenopausal ovary with

A) no frequency and phase correction, B) frequency and phase

corection on the residual water peak, and C) frequency and phase

conection on the metabolite peaks. Voxel size = l2xI2x12mm3.

Figure 3.15:

Figure 3.16: Water suppressed spectra averaged over 32 acquisitions after A)

frequency shifting and phasing the residual water peak in each

acquisìtion, and B) frequency shifting and phasing the metabolite

peaks in each acquisition. (Refer to text for details.)

Figure 3,17: A) Frequency shifts and B) phases applied to each acquisition of

the spectrum in Figure 15C. The total number of spectral points per

spectrum was 2048 points.

Figure 3,18: MR spectrum from a postmenopausal ovary (15 years since last

menses). Voxel size = 8.0x8.0x l2.0mml.
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Figure 3.19: T2-weighted images from a premenopausal woman on A) the

second day of menses (cycle day 2), B) midway between menses

and ovuÌation (cycle day 10), C) the day before ovulation (cycle day

2l), D) the day of ovulation (cycle day 22), E) the day after

ovulation (cycle day 23), F) midway between ovulation and the

onset of menses (cycle day 30). The left ovary ovulated and is

indicated by the white anow. The uterus is indicated by the black

aÍow.

MR spectra from a premenopausal woman on A) the second day of

menses, B) midway between menses and ovulation, C) the day

before ovulation, D) the day of ovulation, E) the day after ovulation,

F) midway between ovulation and the onset of menses.

MR spectla obtained on the day of ovulation f¡om the ovary that

ovulated. Due to equipment failure, only 96 acquisitions were

obtained for the spectrum in A and no eddy cur:rent cor-rection was

applied. Spectrum B consists of 192 averaged acquisitions and eddy

culTent coffection was performed. While the signal to noise ratio in

B is significantly higher than in A, the peaks present in the spectra

are sìmiìar-

Figure 3.20:

Figure 3.21:

Figure 3.22: Basal body temperature measured each moming through one

menstrual cycle (34 days long). Day one conesponds to the first

day of menses. Ovulation occurred on day 22, as confimed by the

MR images and the rise in luteinizing hormone.

Figure 3,23: T2-weighted coronal image of a 4.5x3x3cm3 follicular cyst on the

right ovary and the colTesponding MR spectrum with voxeì size

2}x20x2}mm3.
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Figure 3.24: A) T2-weighted coronal image of a polycystic ovary showing 762

multiple small follicula¡ cysts, B) water suppressed spectrum from

the right ovary with expansion of the region between 2.5ppm and

4.5ppm, and C) water spectrum showing a peak at l.3ppm with

intensity equivalent to the water peak (4.7ppm).

Voxel = 14x14x23mm3.

Figure 3.25: A) T2-weighted image of a premenopausal women with a 3x3x3cm3 165

left ovary. B) MR spectrum of the left ovary. Voxel

size = 18x15x18mm3. C) T1-weighted image, and D) fat saturated

image of the left ovary.

Figure 3.26: MR spectra from a woman with dermoid cysts on both ovaries. 161

Spectrum A is from the cyst on the right ovary, and B is from the

cyst on the left. (Images are displayed in Figures 3.27 and 3.28.)

Figure 3.27: A) T2-weighted, B) T1-weighted, and C) fat saturated MR images of 168

a dermoid cyst on the left ovary. (The spectnrm from the dermoid

cyst is displayed in Figure 3.26B.)

Figure 3.28: A) T2-weighted, B) T1-weighted, and C) fat saturated MR images of 169

a dermoid cyst on the nght ovaly. (The spectrum f¡om the dermoid

cyst is displayed in Figure 3.264.)

Figure 3.29: A) T2-weighted image of a 10cm malignant ovarian tumour with 17I

cystic and solid portions. B) MR spectrum obtained from the soÌid

pofiion of the tumour labeled in A wrth *.

Voxel size = 5xl5x20mm3.



Figure 3.30: An oval representing an ovary wìth A) a rectangular box

representing the voxel maximized to be as large as possible while

remaining within the oval, and B) the rectangle extending outside of

the ovâl âfter rotation of the oval, similar to rotation of the ovary

caused by filling of the urinary bladder.

Figure 3.31: Two dimensional view of a lxlx1cm3 voxel inside a spherical

ovary with diameter 1.5cm. Distance from the middle of one side

of the voxel to the side of the ovary is 2.5mm.

Figure L1: Two-Jayered ANN with one hidden layer showing the notation for

units and weight, where xo is the input data vector, wio is the

weighting coefficient between the rnput and hidden layers, y¡ is the

output from the hidden layer, W, is the weìghting coefficient

between the hidden and final layers, and Oi is the output in the final

layer. (Adapted îr'om Herrz et al, I99l)

Figure I.2: Back-propagation with one hidden layer. The solid lines show

forward propagation of the inputs, and the dashed lines show

backward propagation of the modìfied weighting coefficients.

(Adapted from Hertz et eI. 7997)
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Table 2.1: HPV Type Associated with Degree of Oncogenic Risk 36

Table 2.2t Example of Classification Probabilities for a Single Spectrum 5l

Table 2.3: Spectral Classification Accuracies as Compared to the Clinical 5'7

Diagnoses Using the CIN and Bethesda Classification Systems

Table 2.4t Bethesda System (Non-dysplastic and CIN I versus CIN 2 and 59

CIN 3) Classification Accuracies for each Multivanate Method

Table 2.5: Spectral Classification Acculacies in Four and Two CÌasses Using 62

the Regions and Ratios of Regions Determined by Delikatny et al.

(1993) as the Input for LDA

Table2,6z Two Class Classification Accuracies Using LDA

Table 2.7 z Centers of Regions and./or Ratios Chosen by the Multivariate 65

Methods for Each of the Class Definitions

Table 2.8: Classification Accuracies Using the Regions and Ratios Chosen for 66

CIN 1 Versus CIN 3

Table 2,9: Chemical Species Contributing to Peaks in rH MR Spectra of the 18

Cervical Tissue Biopsies (Sze and Jardetzky 1990a, b)

b-J



Table 3.1: Summary of the Activity of the Ovary Through the Menstrual 9g

Cycle.

Table 3.2: T1- and r2-weighted signal lntensities of Anatomical s tructures in 1 16

the Female Pelvis (tlricak and Caffington 1991, Outwater and

Dunton 1995, Outwater et al. 1996,Iaffe et al. 1994, Semelka et al.

1991)

Table 3.3: Signal to noise r-atios for th¡ee Siemens manufactured coils. l2B
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ANN Artificial Neural Network

B. static magnetic field

Br radio frequency magnetic field

CffiSS CllEmical Shift Selective

CIN Cervical Intraepithelial Neoplasia

CIS Carcinoma In Sl¡¡¡

CP Circularly Polanzed

CT Computed Tomography

E Energy

EFS Enhanced Forward Selection

FFT Fast Fourier Transform

FID Free Induction Decay

FISP Fast Imaging with Steady-state Precession

FSH Follicular Stimulating Hormone

FWHM Full Width, Half Maximum



G gradient magnetic field

H Hamiltonian

Tt hl2n

Planck's constant

HPV Human PapillomaVirus

Hz Hertz

nuclear spin angular momentum

IDL Interactive Data Language

scalar coupling constant, or spin-spin coupling constant

LDA Linear Discriminant Analysis

LH Luteinizing Hormone

M Molar

M net, mlcroscopic magnetization

m eigenvalues of the spin angular momentum, I

MHz MegaHertz



mM milliMolar

MR Magnetic Resonance

MRI Magnetic Resonance lmaging

MRS Magnetic Resonance Spectroscopy

mT/m milliTesla per meter

PABA Para-AminoBenzoic Acid

PBSID2O Phosphate Buffered Saline in deuterated water (D2O)

PPM Parts Per Million

ru¡ Radio Frequency

SAR Specific Absorption Rare

SE Spin Echo

SIL Squamous IntraepitheÌial Lesion

SNR Signal to Noise Ratio

STEAM STimulated Echo Acquisition Mode

T Tesla

Tr spinJattice relaxation time



T2

TE

TM

TR

TSE

TVS

ô

v

t¡

p

o

oo

spin-spin relaxation time

Echo Tìme

Mixing Time

Repetition Time

Turbo Spin Echo

TransVaginaÌ ultrasonography

chemical shift

gyromagnetic ratio

dipolar magnetic moment of a nucleus

spin density distribution

shielding constant

Larmor frequency
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The first leports of the nuclea¡ magnetic resonance phenomenon were published

in 1946 by research groups led by Felix Bloch and Edward Pu¡cell (Bloch er aL 1946,

Pvcell et al. 1946). While nuclear magnetic resonance (NMR) was first used in the areas

of physics and chemìstry, unpublished repoÍs suggest that some of the early pioneers had

visions that NMR could someday be applied to biological systems (Mansfield and Morris

1982). In 1973, the first two-dimensionâl proton magnetic resonance images were

produced (Lauterbur 1973). Since this time, the technology of nuclear magnetic

resonance has advanced rapidly. Today, magnetic resonance imaging (MRI) is used

routinely in the clinical setting to obtain ln vivo irnages of the human body for the

purpose of diagnosis of many different diseases. Clinical acceptance of magnetic

resonance spectroscopy (MRS) as a diagnostic tool is only now beginning.

Magnetic resonance spectroscopy allows qualitative and quantitative analysis of

the chemical composition of tissue. Because disease processes are associated with

biochemrcal changes, MRS can differentiate healthy tissue from diseased tissue based on

biochemical differences in the tissue (Mountford et aI. 1993). It is believed that the

biochemical processes involved in disease progression precede clinical manifestation. If

this is conect, MRS may provide an early method of detection and diagnosis of disease.

Diagnosis of gynecological abnormalities is difficult because many of these

diseases manifest deep within the pelvis. In many cases, diagnosis can not be made



without the assistance of surgery. Conversely, some gynecologic diseases, such as those

in the vagina and cervix, are accessibÌe to visual examination, but cunent diagnostic

methods are inaccurate. In this thesis, two gynecological sÍuctures * the uteline cervix

and the ovary - are examined.

Due to accessibility of the uterine ce¡vix to visual examination and improved

screening programs that detect pfe-cancerous lesions, the incidence of cervical cancer in

Canada has dropped dramatically in ¡ecent years. Unfortunately, the present screening

methods suffer from high inter- and intra-observer variability in grading of the pre-

cancerous lesions. This leads to over-treatment in some cases and under-treatment in

others.

Abnormalities of the ovanes, such as infeÍility and ovarian cancer, are normally

difficult to detect and diagnose due to the location of the ovaries deep within the pelvis

and the lack of symptoms associated with ovarian disease. Malignant ovarian cancer is

commonly detected in advanced stages of progression resulting in high mortality rates.

Improvements in ultrasound, computed tomography (CT), and MRI have had Iittle impact

on the diagnosis and treatment of ovarian abno¡malities.

This thesis involves magnetic resonance imaging and spectroscopy of structures

in the female pelvis. The purpose of this thesis is two-fold. First, the suitability of MRS

for grading the pre-cancerous lesions of the uterine cervix will be detemined. Second

the techniques required to obtain ln vlvo MR spectra of the human ovary will be

developed.
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1.1 Fundamentals of Magnetic Resonance

1.1.1 Nuclei in a Static Magnetic Field

Magnetic resonance (MR) occurs in systems which contain magnetic moments

and angular momentum. Many atomic nuclei contain both of these properties. Consider

a nucleus with an intnnsic spin angular momentum I. If this spin angular momentum is

non-zero, the nucleus has a dipolar magnetic moment ¡r given by:

¡¡ = yhl t1.11

where y is a proportionaÌity constant that is characteristic of the nucleus, called the

gyromagnetic ratio, and lz is equal to h/2n where h is Planck's constant. When a nucleus

with non-zero spin angular momentum is placed in a static magnetic field Bo, an

interaction takes place between the nuclear magnetic moment and Bo leading to new

energy leveÌs fo¡ the nucleus. This interaction is described by the Hamiltonian, H,

according to:

H=_F.Bo =_yñI .Bo

If the extemal magnetic field is along the z axis,

[1 2]

t1.31H, = -yltB oI,



B = -yftBom t1.41

where m descnbes the energy levels of the nucleus and m is equal to I, I-1, ..., -I. A

nucleus with a non-zero spin angul momentum, in a statlc magnetic field, has 2I + 1

equally spaced energy levels that are dependent on the strength of the magnetic field and

the characteristics of the nucleus. Transitions may only occur between adjacent levels,

whose separation, ÀE, is:

¡¡ = _yÈBo tl.sl

This set of energy levels may be detected when an interaction causes a transition to occur

between levels. Since conservation of energy must be obeysd, the interaction required to

produce a transition requìres a frequency, vo, satisfying:

where H, is known as the Zeeman Hamiltonian.

multiples of m, which are the eigenvalues of I,.

energies, of the nucleus are given by:

The eigenvalues of this Hanìrltonian are

Thus, the allowed energies, or Zeeman

t1.61

t1.81

^E 
-y8.,

'o- h - 2"

From this, the angular frequency of the interaction is

S=*tru" =¡ryBosino

0, = -YBn lr.7l

From classical mechanics, it is known that a torque acts on a magnetic moment in

a magnetic field. This is given by:

A magnetic moment at an arbitrary angle 0 with respect to the magnetic field wilt

experience a torque that causes the moment to precess about the dlrection of the field.



The rate of this precession is equal to yBo, the Larmor frequency. Note that the Larmor

frequency is equivalent to the angular frequency required to produce a transition between

energy levels given rn equation [1.7].

Figure 1.1: Precession of a nuclear magnetic moment p at an angle g

about an extemal magnetic field Bo for a spin with I = 1/2.

To this point, only a single nucleus has been examrned. Consider now an

ensemble containing a large number, N, of similar nuclei with a spin of 712 at thermal

equilibrium with the suroundings at temperature, T. When the ensemble of spins is

placed in a static magnetic field, Bo, the ratio of the population of spins in the lower

energy level, N*, to the population of spins in the upper energy level, N_, is given by

Boltzmann's law.

t1 el

where k is the Boltzman constant. The series expansìon of the exponential is accurate

because at normal experimental temperatures, the exponent is small. At room

temperature, spins exposed to a 1 Tesla (T) magnetic field will populate both the upper

and lower energy levels with a higher population in the lower level (Nr). The excess

N* _"*d2$Bol=,*2@,
N_ '\kr ) kr



population in N*, however, is on the orde¡ of 10{. While small, this excess results in a

net, macroscopic magnetization, M, for the ensemble of spins. M is always parallel to

Bo, as given by:

N^v2ñ28^M= u' u IfI+1)=vB-
3kT

t1.101

where No is the total number of spins, and 1is the bulk magnetic susceptibility. Note that

the magnetic susceptibility is dependent on the temperaturc of the spins. Hence, the

magnetic susceptibility of an ensemble of spins in the liquid state is different than Í for

the same spins in the gaseous state. The net magnetization is propoÍional to the sfength

of the magnetic field, and thus, as Bo increases, the magmtude of M also increases.

Figure 1.2: Precession of an ensemble of spins with magnetic moments,

p, around a static magnetìc field along the z axrs, 8,,

resulting in a net magnetization, M.



1.1.2 Perturbation of the Spins by an Alternating Magnetic Field

As previously discussed, transitions of the nuclear spins occur between adjacent

energy levels when energy at the Larmor frequency is applied to the system. This energy

may be in the form of an alter¡ating magnetic field, 81, applied in the plane

perpendicular to Bo. This altemating field is often ¡eferred to as a radio frequency, or rf,

field because the Larmor frequencies of nuclear spins typically fall in the radio frequency

region of the spectrum. The d field may be modeled as two circularÌy polarized

components, each of amplitude 81, one of which rotates clockwise, B¡, and the other

which rotates counterclockwise, BR, as illustrated in Figure 1.3.

Figure 1.3: Altemating rf magnetic field, 81, modeled as two circularly

polarized components rotating at the Lamor frequency, coo.

The equations describing the two components of the rf field are given by:

"* 
= ä(t 

cos rot + i sin rot)

", 
=ä(tcosor-isinor)

t 1.111

11.121



It can be shown that the component of the field which rotates in the direction opposite to

the precession of the total magnetic moment of the ensemble of nuclear spins may be

neglected. Thus, the component that precesses in the same sense as the spins, and is

responsible for transitions of the spins between energy levels, may be written as:

Bl (t) = Btû cos úrot -j sin oot) t 1.131

The total magnetic field to which the nuclei are exposed now consists of the sum of the

static and alternating fields.

B(t) = iBr cos oot - jBl sin oot + kBz 11.141

Equation [1.8] describes the time dependent changes in the magnetic moment of a

single spin caused by a static magnetic field. Since the total macroscopic magnetization,

M, is the vector sum of the individual magnetic moments in an ensemble, equation [1.8]

becomes:

ff=ll,,rn=MYBsino t1.1sl

From equation [1.i4], the total magnetic field, B, is time-dependent and therefore the

angle, 0, between M and B ìs also time-dependent. The analysis of 0 is simplified by

conversion f¡om the laboratory reference f.rame to a rotating reference frame that rotates

about the z-axis at the frequency, o, of the alternating magnetic field. In this refelence

f¡ame, the effective magnetic field becomes:

t1.161



where B1 is arbitrarily set along the x-axis. When the frequency of the alternating field is

equal to the precession rate of the nuclei, or the Larmor frequency, cù is equal to coo = yBo

and the rotating field becomes:

B 
"¡¡ 

= iBl lt-t7l

This condition is known as resonance. From equations [1.15] and [1.17], rt can be seen

that at resonance, M will experience a torque due to B1 and thus, will p¡ecess about the

x-axis of the rotating frame. The angle, 0, through which M rotates in a penod of time tD

is given by;

0 = yBlto i1.181

Note that the rotatron is dependent on 81. When the influence of B1 is removed, the spins

relax to their equilibrìum state.

1.1.3 Relaxation

Relaxation of the nuclear spins after peÍurbation occu¡s in two forms. The first

occurs when the spins interact with each other to cause dephasing of the net

magnetization in the xy-plane. This interaction is caÌled spin-spin, or transverse

relaxation, and is denoted by T2. The second form of relaxation involves the inte¡action

of the spins with their surroundings, causlng the net magnetization to retum to the z-axis.

The characteristic time for this interaction is called the spin-lattice, or the longitudinal

relaxation, and is denoted by T1. The rate of ¡elaxation of M as a result of these

relaxation processes is given by the following three equations.

dMx __Mx
dr T2

t1.1el



*r 
=-ttdr T2

dMz __Mz -Mo
dr T1

1r.20)

lr.21l

where Mo is the initial net magnetization befo¡e perturbation. The ¡elaxation processes

are such that T2 < T1.

Solution of equation [1.15] using equations t1.141, t1.191 to [1.21] yields a set of

three differential equations, known as the Bloch equations, that describe the net

magnetization in the laboratoly reference frame.

ff = t(tr"" + MzBr sinor,t)- Yi

dM., M..

-i=t(-M*Bo -M,B¡coscrrrt)-l 11 .22)

f = t( *r"1 cosoor - M^81 sin co,t)- Yz- vo

The Bloch equations may be solved for each situation given the appropnate boundary

conditions. Many MR expenments can be described using these equations.

1.1..4 Basic MR Experiments

1.1.4,1 Single RF Pulse Sequence

It is now possible to describe an elementary MR experiment. For simplicity, this

experiment will be described in a reference frame that rctates at the Larmor frequency.

Consider a net macroscopic magnetization, M, of an ensemble of spins placed in a static



magnetic field, Bo, whose direction is along the z axis. Application of B1 along the x-axis

with precession rate equal to the Laflnor frequency will cause M to rotate around the the

x-axis. Br can be applied for a short time, tp, so that M rotates by 900, placing it along the

y-axis, as in Figure 1.44 and B. Afte¡ B1 is removed, relaxation of the magnetization

begins immediately. Although the transverse and longitudinal relaxations occur

simultaneously, they are illustrated separately in Figures l.4B and C for clarity.

Figure L.4: A) Initial magnetization Mo in a static magnetic field along

the z-axis. Application of Br causes rotation of M". B)

After to, M has rotated to the y-axis. When B1 is removed,

relaxation occurs. C) Transverse relaxation causing

dephasrng of the spins. D) Partial longitudinal relaxatron

causing M to retum to its initial value along z.



1.1.4.2 Spirt Echo Pulse Seqttence

Typically, MR experiments involve the appLcation of more than one pulse of the

rf field. The first multiple rf pulse experiment was published by Hahn in 1950. This

expeflment, called a spin echo, forms the basis of many present day MR experiments.

Consider an ensemble of spins that has been rotated to the y-axis by the application of B1

along the x-axis. Initially, the spins are coherent with the net magnetization along the y-

axis as in Figure 1.48, but inhomogeneitìes in the static magnetic field quickly causes the

spins to dephase. Some spins will rotate clockwise, whlle others rotate counterclockwise,

as illustrated in Figure 1.54. After a time TE, application of a second rf pulse along the

x-axis fo¡ twice the length of the first pulse causss the dephasing spins to rotate around

the x-axis by 1800 (Figure 1.58). This changes the relative directrons of precession of the

spins (Figure 1.5C). After a time equal to TE the spins wiÌl refocus along the negative y-

axis to form a 'spin echo', M."¡o (Figure 1.5D). TE is known as the echo time. It should

be noted that the magnitude of [4""¡o is slightly less than that of À4o due to Tr relaxation.



c)

Figure 1.5: A) Dephasing of Mo due to T2 relaxation. B) 1800 rotation

of the spins by application of a second B1 pulse. C) After

the 1800 pulse, the relative directions of precession of the

spins is reversed D) The spins refocus along the negative

y-axis to form a spin echo.

1.1.4.3 Stimulated Echo Pulse Sequence

A different type of echo, called a stimulated echo, may be formed by a pulse

sequence containing three 900 rf pulses. The evolution of M in this sequence is

illustrated in Figure 1.6. The first B1 pulse is applied along the x-axis and rotates the

ensemble of spins by 900 to place the net magnetization along the y-axis (Figure 1.64).

During a time TE, T2 r'elaxation will cause the spins to dephase in the transverse plane

(Frgure 1.68). A second 900 rf pulse, again applied along the x-axis, will rotate the spins

into the xz-plane (Figure 1.6C). During a time TM, inhomogeneiries in the static

13



magnetic field cause each magnetization vector to spread into a cone as the spins dephase

with respect to the xy-plane. Thus, only the z-components contribute to the net

magnetization (Figure 1.6D). Application of a third 900 rf pulse returns the spins to the

+y-axìs (Figure 1.6E). After â time TE, the spins will again rephase along the y-axis to

form the stimulated echo (Figure 1.6F). It is important to note that the maximum signal

obtained from the stjmulated echo is approximately half that of the maximum signal

obtained from the spin echo.

A) i , B) i - ''^ia-

fr*' rE>ffi' u' > -'''l^'l -t'v
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Figure 1.6: Stimulated echo pulse sequence. Refe¡ to text for details.

LL4.4 Signal Acquisition

The energy of the spins and the rate at which they relax after perturbation, or

excitation, by 81 can be measured using a coil with the plane of the coil perpendicula¡ to

Bo. Faraday's 1aw states that a changing magnetic flux in a coil induces a current. When

t4



excited by the rf pulse, the precessing spins create an altemating magnetic field that may

be measured by the current it induces in the coil. At the time immediately after

excitation, the direction of the magnetic flux produced by the spins is perpendicular to the

plane of the coil, but as the spins relax, this component decays. The plot of the signal

intensity, S(t), of the current induced in the coil is a measure of the free induction decay

(FID) of the spins. Typically, the signal received from the spins is not viewed in the time

domain, but in the frequency domain, which is obtained by Fourie¡ transformation of S(t).

S(ro) = Js(t)exp(,ot)dt [r.23)

The Fourier fansform of S(t) yields a real component, Re(o), and an imaginary

component, Im(o), such that:

Re((-0) o- ; 
T2 

;
I * 4n2 (oJo - q2 T22

(o^ - 0)?r2rm(o) (J' ------;---
t+4n2q.io-ù2r]

[r.24)

11.2sl

The imaginary component is called the dispersion spectrum. The real component is

called the absorption spectrum, and it describes aLorenlzian line shape. The full-width of

the line at half its maximum intensity (FWHM) is theoreticalÌy equal to I/nT2, but

experimentally, the lìne shapes are often not Lorentzian and the line widths are wider

than predicted theoretically. Static magnetic field inhomogeneities, ÀBo, cause slight

variations in the local magnetic field expenenced by the individual spins. These

inhomogeneities enhance transverse relaxation and increase the widths of the spectral

lines. The time constant goveming this decay is denoted by Tj , which is always less

than T2.
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1.1.5 Chemical Shift

The energies of nuclei in a magnetic field are dependent on the strength of the

magnetic field, and on the magnetic characteristic of the nuclei expressed by y (equation

[1.4]). Measurement of like nuclei in a molecule, however, does not yield a single

energy. For example, measurement of the protons in ethyl alcohol (CH3-CH¡OH) gives

nse to three different energies, or peaks, in the MR spectrum. The drfferences between

the energies are called chemical shifts and are due to changes in the local magnetic fields

of the nuclei caused by motion of the electrons in the electron clouds surrounding the

nucleus. The extemal magnetic field induces motion of the electrons, creating an orbital

curent with an associated local magnetic field. This local magnetic field opposes the

extemal field at the nucleus, reducing the total magnetic field experienced by the nucleus,

and its resonant energy. The magnitude of this shielding of the nucleus depends on the

chemrcal environment of the electrons and nucleus. The change in the effective magnetic

field at the nucleus may be described by:

B=Bo(1-o) lr.26l

where o is the shielding constant and is typically much less than unity. The variations in

the local magnetic fields of the nuclei cause shghtly different precession rates for the

nuclei. These precession rates are expressed in tems of the chemical shift, õ, as defined

by:

11.271

where v. is the frequency of a ¡eference nucleus, vi is the frequency of the nucleus in

question, and vo is the frequency of the applied B1 fieìd. Normally, the protons in

u,=[\r)^,"

T6



tetramethylsiìane (TMS) are used as the reference and their chemical shift is arbitrarily

set to zero. Note that the chemical shift is a dimensionless ratio, and thus values

measured at different static magnetic field strengths may be compared. The range of

chemical shrfts possible for a given nucleus varies greatly depending on the position ôf

the nucleus in the periodic table. The normal range of chemical shifts for protons is

approximately 1Oppm.

L.1.6 Scalar Coupling

The local magnetic field expenenced by a nucleus is furlher modified by the

interactions between two nuclei. This interaction is called scalar, or spin-spin, coupling.

It involves the transfer of information from one nucleus to an adjacent nucleus via a

chemical bond. Distortion of the electron cloud at a nucleus k is detected through a

chemical bond by nucleus i. This causes a small change in the local magnetic field

experienced by nucleus i which is described by the spin-spin Hamiltonian.

Hscala¡ = 2nJikIi .Ik t1.281

where J¡¡ is the coupÌing constant between nuclei i and k. Recall that the z projection of I

has 2I+1 eigenvalues. Each energy state of I¡ will cause a slightìy different change in the

local magnetic field experienced by I¡. The result is to split the energy level of I¡ into

2Ir+1 new energy levels.

The effects of this energy level splitting on the MR spectrum is to split the

obse¡ved resonance of a single nucleus into multiple resonances, or a multiplet. For

example, consider once again the ethyl alcohol molecule. The chemical shift diffe¡ence



between the three methyl protons is zero giving rise to a single resonance, but the protons

of the methylene group are coupled to the methyl protons. Since the proton has a spin of

+I/2, rhe methylene protons may both have spins of +1/2 (respresented by 11), or may

both have spins of-1/2 (represented by JJ;, or the first may be +7/2 andthe second -1l2

or vice versa OJ and J1;. Note that spin Ii will see îJ and Jî as equivalent. This gives

rise fo splitting of the energy level of the protons of the methyl group into three different

energy levels, resuìting in three resonances, or peaks in the spectrum. The intensity of

the peaks is proporlional to the number of contributing energy levels as illustrated in

Figure 1.7 for the methyl and methylene resonances of ethyl alcohol.

Spliuing of CH3

11 1J JJ

J1

2

Figure 1.7:

spìitting of CH2

111 11J JJl JTJ

îJ1 JlJ
Jîî lJJ

Scalar coupling in the ethyl alcohol molecule. Splitting of

the methyÌ protons by the methylene protons is illustrated by

the possibìe spin states of the msthylene protons. The

relative intensities of the spectral peaks are shown beneath.

A similar representation is given for the sphtting of the

methylene protons by the methyl protons.
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1.2 Principles of Magnetic Resonance Imaging (MRI)

1.2.1 Slice Selection

It has been shown that MR spectra of relatively small, homogeneous samples can

be obtained by placing the sample in a static magnetic field and exciting the nuclei with

an altemating field. The same principles may be applied to obtain MR images of a

localized portion of a sample.

Recall from equation [1.7] that the rate of precession of the nucleus js

proporlional to the strength of the static magnetic field. If a linear magnetic field

gradient, G,, is supenmposed on Bo along the direction r, the rate of precession becomes

dependent on position according to:

6¡ = y(eo + rG. ) lt.2el

where r is the position of the spin with respect to the gradient field. The Hamiltonian

descnbing fhe interaction of the static and gradient magnetic fields with the nuclear

magnetic moment (equation [1.2]) becomes:

H=-y¿(r.Bo +r.G.r) t1.301

where G is a tensor. Since the magnitude of the Bo along the z,axis is typically much

greater than the magnitude of the applied gradient fields, the x and y components of G

have negligible effect on L Thus, only gradients of Bo aÌong the z-axis need

consideration and may be denoted as:

c" =Þ c.,"dx) - aB-

dz
=à8,

ðy
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The magnitude of the g.adient magnetic fields used in MRI is normally on the order of

between 1 and 10 milliTesla per meter (mT/m).

It is obvious that nuclei in a plane perpendicular to the z-axis all have the same

Larmor frequency. Then, application of B I at a frequency or in the presence of a gradient

magnetic field would excite a plane of nuclei with oo=¡¡. In practice, nuclei are excited

in a thin slice rather than a plane. This is ¡eferred to as slice selection. The nuclei in the

slice have frequencies equal to ro + Âro. The position of the excited slice is controlled by

manipulation of the frequency of 81. The thickness of the slice is determrned by the

bandwidth of the rf pulse and by the amplitude of G. From equatìon [r.2gl, the rhickness

of a selected slice, Â2, is given by:

ÀolLz=-
vG- Í.321

Thus, slice thickness decreases as the magnitude of the gradient increases. In equation

[1.32], the selected slice was arbitrarily chosen perpendicular to the z-axis. The selected

slice may be oriented in any direction by proper application of the field gradients dunng

excitation by 81.

1,2,2 Frequency Encoding

WhiÌe selective excitation of the nuclei within a slice allows localization of a slice

of the sample, localization of the nuclei \.vithin the slice is also desired. This may be

accomplished by frequency encoding the spins. Consider a sample in which a slice of

nuclei has been excited by the slice selection method. Frequency encoding involves

20



application of a gradient magnetic field during acquisition of the MR signal from the slice

of excited nuclei. Because the nuclei in the slice precess at different frequencies

depending on their location with respect to this second, frequency encoding gradient, the

frequency of the acquired signal is dependent on the location of the nuclei with respect to

the direction of the frequency encoding gradient (equation t1.291). The signal arìsing

from the slice is:

s(t) = cjp(r) exp{'yc . rtþr t1.331

where C is a proportionality constant, p(r) is the normalized spin density distribution

with respect to r of the nuclei ln the slice, and G is a time independent magnetic gradient

applied during acquisition. Tlpically, the detected signal is mixed with a reference signal

set to oo. The resulting signal is the differ-ence frequency and oscillates at yG.r. Thus,

the yBo component in equation [1.33] has been neglected.

Fourier transformation of equation [1.33] yields

p(r) = !Js(t) exp{- ,yc . .tþt 11.341

This equation is integral to MRI. It shows that the MR signals acquired in the presence

of a magnetic field gradient can be reconstructed in the spatial domain via Fourier

transformation. The reconstruction contains an image of the nuclear spin density along

the direction of the gradient. Thus, the nuclei may be localized in one of the two

dimensions of a selected slice.
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1.2.3 Phase Encoding

Localization of the nuclei in the second dimension of the slice, the third and final

dimension of the sample, is achieved by phase encoding. Consider, once again, a slice of

nuclei that have been excited by the slice selection method. After excitation, application

of a gradient magnetic field for a time t will cause the nuclei to precess through an angle

0(r) that is dependent on the position of the nuclei with respect to the direction of the

gradient.

Q(r) = yG. rt t1.3sl

Note that application of a third gradient field at a later time and along a diffe¡ent direction

than the phase encoding gradient does not eljminate the spatially dependent phase

inlormation imparted to the spins.

1.2.4 Basic MR Imaging Experiment

A basic two dimensional MR imaging sequence combines the concepts of slice

selection, phase encoding, and frequency encoding. Consider a gradient field applied

along the z-axis in conjunction with a 900 lf pulse with frequency equal to rÐ. This causes

the nuclei in the slice with precession rates equal to úl + 
^o 

to be excited, or rotate into

the transverse plane. Localization has been achieved along one of the dimensions. After

excitation, a phase encoding gradient is applied along the y-axis for a time t.¡, which is

called the evolution penod. During this time, the spins evolve at different rates

depending on their location with respect to the direction of the phase encoding gradient.

Finally, after the evolution period, a frequency encoding gradient is applied along the x-

axis during acquisition. During the acquisition period, the spins precess at different rates
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depending on their location with respect to the direction of the frequency encoding

gradient. Thus, localization is achieved along the second dimension. This sequence of

pulses is repeated multiple times with the amplitude of the phase encoding gradient

incremented by a small amount in each successive experìment. The rate of change of the

phase in the acquisitions gives localization along the third, and final, dimension. This

simple two dimensional MR imaging pulse sequence is displayed in Figure 1.8.

,-- 90"R-F ll rtt-

Figure 1.8: Basic two dimensional MR imaging sequence. The phase

encoding gradient is incremented for each successive

acquisition of the FID.

The final signal acquired from this simple pulse sequence may be described by a

form of equation [1.33].

slt) = cJ o(x, v) exp[ ry (G, y + G x x) t]dxdy t1.361

Note that the effects of relaxation have been ignored. Equations [1.33] and [1.36] are

commonly expressed in terms of a spatial frequency domain called k-space. Thrs spatial

frequency, k, is defined as:

G.

<- Acquisition --'

¡=yGt 11.371



Substitution of [1.37] into [1.36] yields:

s(kx,ky)=CJo(x,v)exltry(kry+k"x)tJdxdy tt.3sl

A two dimensional inverse Fourier t¡ansformation yields a two dimensional

representation, or image, of the spin density distribution within the slice.

k-space is often used to describe the effects of g¡adients on magnetic fields. The

scan of k-space in the simple experiment descnbed here is illustrated in Figure 1.9. The

direction in which k-space is scanned is determined by the amplitudes of the phase and

frequency encoding gradients and the times of acquisition. Multiple methods of k-space

sampling have been developed, and these methods define unique MR imagrng methods.

Figure 1,9: Scan of k-space accompÌished by the basic

sequence shown in Figure 1.8. The arrows

direction in which k-space is scanned.

MR imaging

indicate the
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1.3 Localized Magnetic Resonance Spectroscopy (MRS)

The principles used in MRI may be used to obtarn MR spectra of a localized

poÍion of a sample. While many loca)ized MRS sequences have been developed and are

described in the literature, only two of these will be descnbed here. These two sequences

- PRESS and STEAM - are used most commonly in the clinical setting. They are based

on the principle ol- slice selecrion.

l.3.L Point-Resolved Spectroscopy (PRESS)

The PRESS sequence (Bottomley 1984) involves the application of three slice

selective gradients in conjunction with three rf pulses to form a double spin echo. A

double spin echo sequence involves a 90o excitation pulse, followed by a 180o refocusing

pulse to refocus the spins (illustrated in Figure 1.5), followed by a second 180o refocusing

pulse. The PRESS pulse sequence is illustrated in Figure 1.10. The fi¡st 90o pulse and

slice selective gradient will excite the nuclei in a slice. Dunng a time TE1/4, equal to one

quarter of the total echo time, TE, the spins will dephase in the transverse plane. After

this time, a 180o rf pulse is applied in conjunction with a slice selective gradient in a

direction orthogonal to the fitst gradient. At a time TEtl4, the spins will refocus, but

further dephasing is allowed during a time TE2l4. After this second time period, a second

180o rf pulse is applied with a slice selective gradient that is orthogonal to both of the

previous slice selective gradients. Finally, after a Íime TEz/4, the spins will refocus and

the signal from the spin echo is acqurred. The th¡ee orlhogonal slice selective gradients

define a cubic volume at their intersection. only the spins in this cubic volume will be

refocused, and therefore obserued, at the time of acquisition.
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Figure 1.10: PRESS pulse sequence. This pulse sequence uses three slice

selective gradients in conjunction with three rf pulses to

produce a double spin echo.

1.3.2 Stimulated Echo Acquisition Mode (STEAM)

The STEAM sequence @rahm er al. 1987) involves the application of three slice

selective gradients in conjunction with th¡ee 900 rf pulses to fom a stimulated echo. The

STEAM sequence is illustrated in Figure 1.1i. The first 90o pulse and slice selective

gradient will rotate the nuclei in a slice onto the y-axis. During a tirne TE/2, equal to half

the total echo time, TE, the spins will dephase in the xy-plane. At the end of this time, a

second 90o pulse and slice selective gradient orthogonal to the first slice selective

gradient will rotate the dephased spins into the xz-plane. During the mixing time, TM,

the xy-components of the spins will dephase as was described for the simple stimulated

echo sequence in section 1.1.4.3. Note that gradients are applied in all three directions

during the mixing time. These gradients, called spoiler gradients, cause dephasing of the

xy-components of the magnetization, as well as signal from outside the volume of

interest. At the end of the mixing time, the spins are rotated back into the xy-plane by

anothe¡ 900 pulse in conjunction with a slice selective gradrent that is orthogonal to the

G,
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previous two slice selective gadients. After a time TE/2, a stimulated echo is forrned

and the MR signal is acquired. As with PRESS, the three slice selective gradients form a

cubic volume at their intersection, and only the spins in this volume are refocused at the

time of acquisrtion. Note that additional gradients are applied between the first two 900

pulses and after the final 900 pulse. These gradients refocus any dephasing of the spins

caused by imperfections in the gradients during slice selection.

Figure 1.11: STEAM pulse sequence. This pulse sequence uses three

slice selective gradients in conjunction with three 900 rf
pulses to produce a stimulated echo.

Recall from sections 1.1.4.2 and LL.4.3 that the signal acquired from the simple

stimulated echo sequence with no slice selective gradients was half the intensity of that

acquired from the spin echo sequence. Hence, the signal obtained using the STEAM

sequence will be half that obtained using the PRESS sequence. STEAM is also more

sensitive to motion than PRESS, but it has the advantage of shorter echo times. This may

reduce the effects of motion and more importantly, offers the additionâl benefit of

allowing observation of metabolites with vely short T2 relaxation times (Moonen el al.

1989).
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Plnr 2

lH MRS oF THE {Jrrnrws Crnvrx

2.L Introduction

Squamous cancer of the uterine ce¡vix is normally a slowly progressing disease

which may take as long as 10 years to progress to carcinoma in situ (Appleby 1995,

Mezrich 1994). For this reason, the existence of a biological marker for the disease

would allow screening and very early teatment, thus reducing the mortality rate. While

no biological marker has been found, it is believed that abnormalities on the cervix

known as dysplastic lesions, are precursors to cervical cancer. With the recent emphasis

on screening and the early treatment of dysplastic lesions, the incidence of cervical cancer

has dropped dramatically. In 1998, it is estimated that cervicaÌ cancer will have the

eleventh highest incidence of all types of cancer in Canadian women and the fourteenth

highest mortalrty ¡ate (National Cancer Institute of Canada 1998). The incidence and

mortality rates are much higher in developing countries, making cervical cancer- the

second most common cancer in women and overall, the fifth most cornmon cancsr

worldwide (Armstrong et al. 1992). The incidence and mortality rate have dropped

dramatically since 1969 when cervical cancer had the third highest incidence and sixth

highest mortality rate of all cancers in women (National Cancer Institute of Canada

1998). Further reduction in the incidence of cervical cancer is hindered in part by

women's lack of unde¡standing of the need for regular screening, but is also greatly
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complicated by difficulties in diagnosing dysplastic lesions correctly. In o¡der to discuss

the difficulties involved with diagnosis, it is helpful to unde¡stand the structure of the

uterine ce¡vix.

2.1.1 Anatomy of the Uterine Cervix

The uterine cervix (term taken from the Latin, meaning neck) forms a connection

between the uterus and the vagina (Figure 2.1). It is continuous with the body of the

uterus and is cylindrical in shape, measuring 2-4cm in length in adult women who are not

pregnant. The junction between the uterus and cervix is called the intemal os. The lower

portion of the cervix extends into the vagina such that the vagina circumferentially

attaches to the cervix, dividing it into an upper pofiion, the endoce¡vix, and a lower.

portion, called the exocervix. Typically, the cervix is directed downward and posteriorly

into the vagina. The vaginal end of the exocervix has a convex ellipticaÌ surface. The

opening to the exoceruix, the extemal os, is circular in nulliparous women and slit-like in

parous women. (Kurman 1987, I-ewis and Chamberlain 7989, Meznch 1994, Sloane

1985)
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Figure 2.1: Sagittal T2-weighted image of the female pelvis and

corresponding contour image.

The walls of the carvix are composed of fibromuscular tissue and are lined on the

interior by a single layer of columnar epithelium resting on a basement memb¡ane. Many

glands are contained in the walls of the endocervical canai. Under hormonal control,

Bowel

Urinary
Bladder



these glands produce and secrete mucus that varies in amount and quality during the

menstrual cycle. The extemal suface of the exocervix is covered with stratified squamous

epithelium similar to that which lines the vagina. The endocervical canal and the vaginal

surface of the exocervix meet at the external os. The exact location of the juncture is

variable and may either be slightly within the endocervical canal or on the extemal

surface of the vaginal pofion of the exocervix. This junction is known as the

squamocolumnar junction, or the transformation zone. It is an area of rapid cell divisìon.

(Kurman 1987, I-ewis and Chamberlain 1989, Mezrich 1994, Sloane 1985)

2.1.2 Cervical Dysplasia

Cervical abnormalities in the endocervix are difficult to examine due to difficulty

in accessing them. Conversely, the great elasticity of the vagina allows easy visualization

of the exocervix and extemal os. Ninety to ninety-five percent of ce¡vical carcinomas

originate in the t¡ansformation zone (I-ewis and Chamberlaìn 1989, Mezrich 1994) and

approximately '75Vo of alL cancers occur in the epithelial tissue (Burghardt et aL 1993).

thus allowing easy examination of high risk a¡eas. It is in the epithelium of the

transformation zone that dysplastic lesions occur. Dysplasia is a change in the size,

shape, and/or organization of the cells (Miller and Brackman Keane 1987). Cells which

are said to be dysplastic are approximately two+hirds the size of normal cells, while the

a¡ea of the nucleus of a dysplastic cell is approximately four times the area of a normal

nucleus. As cells become dysplastic, their shape changes from predominantly polygonal

to round-oval forms (Coppleson 1,992).



2.1.3 Human Papillomavirus

While no biological marker has yet been found, many risk factors are associated

with cervical dysplasia, such as onset of coitus at an early age, multiple sexual paftners, a

sexual partner who has had multiple sexual partne¡s, a history of venereal disease,

cigarette smoking, lower socioeconomic status, and a history of dysplasia of the genital

tract (Wilkinson 1990). Most disturbing is the well known link between cervical

dysplasia and the sexually transmitted Human Papillomavirus, HPV (Reviewed in Bosch

et al. 799'7, P.eid et al. 1982, Richart et aI. 7998). Due ro dramarically changed sexual

habits during the past two decades, there has been a rapid increase in HPV infection rates

(reviewed in Daley 1998, Higgins and Smith 1997, Syrjânen 1989). Estimations of rhe

number of women infected with IIPV range from 57o to 807o (reviewed in Breitenecker

and Gitsch 1992, Cannistra and Niloff 1996, Daley 1998, Higgins and Smith 1997,

Steben 1994, Syrjänen 1989). The broad range of incidence figures repofied may depend

on the modality of detection and the extreme fluctuating course that FIPV runs from

manifest to subclinical or latent infection (Bosch el aI. 1997, Breitenecker and Gitsch

1992, Syrj änen 1989). HPV is a DNA virus that causes koilocltosis, which is exhibited

as hollowed or concave cellular structure, and,/or condyloma, which rs manifest in the

form of wartlike lesions (Alani and Münger 1998, Higgins and Smirh 1997, Kurman

1987 p. 188). Over 90 types of HPV have been identified of which about 20 infect the

ceruix (Schiffman 1993, Alani and Münger 1998).

While the role of FIPV in cervical disease is not yet fully understood (Reid et aI.

1987), mounting evidence supports the association between this sexually transmitted
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disease and cervical cancer. The link is supported by the dramatic increase in HPV

infection, especially in young women (age 15 to 24), and the corresponding increase in

the rate of cervical dysplasia in the same age group @aley 1998, Syrjänen 1989).

Stronger suppo¡t is lent by the fact that HPV is found in as many as 90-95Va of ce¡vical

cancer lesions (Daley 1998, É{rggins and Smith 1997, Reid et aI. 1982, Sherman 1994,

Shah 1992, zur Hausen 1991). The consistency of these findings in different countries

with different study designs and different laboratory methods makes it unlikely that the

results are due to bias, and thus it has been established that a subset of HPV's are the

precursors to cervical dysplasia and cancer (Bosch er aI. 1997, Richart e¡ aI. 1998). The

most common HPV types found in the cervix can be divided into low, intermediate, and

high oncogenic risk as follows (Richart et aI. 1998, Shah 1992, Stratton and Ciacco 1994,

Syrj änen 1989):

Table 2.lz HPV Type Associated with Degree of Oncogenic Risk

Oncogenic Risk HPVTwe

Low Risk 6,tt,42,43,44

lntermediate Risk 31,33, i5,51,52

High Risk 16, 18,45.56

Not all women with HPV types in the high risk group will develop cervical cancer.

Although the presence of HPV is not necessary for the development of cervical cancer,

analysis of high grade dysplastic cervical lesìons and malignant cervical tumours

normally reveals IIPV infection with types in the high risk group (Burghardt et al. 1994,



Cannistra and Niloff 1996, Ferenczy and Winkler 1987). lt is important to note that while

HPV is linked to cervical disease, it is estimated that only approximately 5-15% of HpV

infections will progress to cervical cancer @aley 1998, Higgins and Smith 1997, Richart

et al. 1998, Syrjânen 1989). The presence of HPV alone is insufficient to cause cervical

cancer.

2.1.4 Clinical Classification of Dysplasia

In the early 1960's, a classification system was developed which defined dysplasia

as cervical intraepithelial neoplasia (CIN) and divided the severity of dysplasia into three

grades, mild, moderate, and severe (Flgure 2.2). CIN I is mild dysplasia, CIN 2

corresponds to moderate dysplasia, and CIN 3, severe dysplasia. Normal squamous

epithelial tissue in the cervix is composed of layers of cells. The basal layer, or base, is

the active layer where cells a¡e produced. These cells slowly rise to the surface or top

layer of the epithelium and are sloughed off. The basal cells are typically pyramidal or

polygonal in shape with rounded nuclei. As the cells rise to the top of the epithelial layer,

they assume a more flattened, or elliptical, shape. In the case of CIN 1, only a few of the

cells at the basal layer are abnormal. They are irregularly ordered, but resemble normal

cells. In the case of CIN 3, almost tbe entire epithelial layer contains irregularly ordered,

abnormal cells. As previously discussed, the size of the dysplastic cells are

approximately two-thirds the size of normal celÌs, and the area of the nucleus of a

dysplastic cell is approximately four times the a¡ea of a normal nucleus. The shape of the

dysplastic cells has changed from predominantly polygonal to round-oval forms

(Coppleson 1992). When the epithelial layer is entirely composed of abnormal cells of



irregular order and these cells have not invaded the basement membrane and underlying

stroma, the lesion is descnbed as carcinoma in sîtu (l|/'lller and Brackman Keane 1987).

Displayed in Figure 2.2A is a schematic representation of the progession of cervical

dysplasia from normal cells to carcinoma lrz sila (CIS). Displayed in FigLtres 2.28 fo 2.28

are cross sections of stained cervical tissue as viewed under a microscope. Note the

change in size and shape of the cells with increasing grade of dysplasia.

Cervicnl lnfroepith e liul Neoplosio

Figure 2,2: (Continued on next page) A) Schematic representation of

normal cervical tissue and dysplastic cervical tissue

progressing from mild dysplasia (CIN 1) to CIS. B-E)

Magnification of cross sections of stained cervical tissue

showing normal tissue (B), CIN 1 (C), CIN 2 (D), and

CIN 3 (E). (Cross sectional images supplied by

Dr. Maria Paraskevas, Department of Pathology, HeaÌth

Sciences Centre.)

VERY MITD - /TILD ÞY5PLÀSIA

MICROINVASIVE CARCINOMA
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It is obvious that the CIN system of classification is subjective. Whether a

pathologist will classify a lesion as CIN 1 or 2, lor example, will depend on the

experience of the pathologist as well as the pathologist's opinion regarding how many

abnormal cells must be present before the classification must be upgraded to CIN 2.

Ismail e¡ aI. (1989,1990) circulated 100 cervical biopsy specimens to eight experienced

pathologists. After each pathologist had examined and diagnosed them, the specimens

were randomly ¡e-ordered and each pathologist again examined and diagnosed all 100

specimens. This study found that at least two pathologists agreed on their dragnoses for

only 5I.77o of the specimens. Upon second examination of the same specimens , 65.57 Ea

of the pathologists' diagnoses agreed with their first diagnoses. Agreement was found to

be poor for classification of CIN I and 2, mediocre for CIN 3, and excellent fo¡ lnvasive

cancer. It was largely due to this poor reproducibility that a second method of classifying

the severity of dysplasia was developed. This second method is known as the Bethesda

classification system. It was first introduced in 1988 (National Cancer Intitute Workshop

1989) for the classification of abnormal Pap smears, but is now used frequently to refer to

classification of colposcopically attained biopsies (Private communications with Dr. F.

Guijon). This system divides dysplastic lesions into two rather than three classes. The

first class, Iow grade squamous intraepithelial lesions (SIL), is identical to the previous

system's classification of CIN 1 but also includes abnormalities which are IIPV infected

and not dysplastic. The second class, high grade SIL, includes the previous

classifications of CIN 2 and 3 and carcinoma in situ (CIS) (Wilkinson 1990).
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There is much controversy over the Bethesda system (reviewed in Appleby 1995,

Valente 1994). Proponents of this two{ier system argue that since patients presenting

with CIN 2, CIN 3, or CIS should receive the same treatment, distinction between these

two classes is not necessary. Opponents of the Bethesda system point out that the

combination of CIN 2, CIN 3, and CIS into one classification causes a significant loss of

information. This may lead to over-treatment of moderately dysplastic lesions that if left

on their own would regress. Opponents also contend that the definition of low grade SIL

assumes that ÉIPV infection will lead to cervical dysplasia, but since there is not yet

agreement as to the role of F{PV in the dysplastic chain, these two diagnostic classes

should not be grouped together. There is concem that this classification will lead to

clinicians ordering HPV DNA typing to see if the lesion is likely to progress. Since HPV

and CIN 1 lesions can contain both low and high risk HPV types, and that lesions with

high risk types can also regress, this may lead to over-diagnosis and inappropriate

featment. The division between the two classes assumes that there is a distinct

separation between CIN 1 and CIN 2. This implies that CIN 1 lesions will regress, while

CIN 2 lesions will always progress to CIN 3 and on to carcinoma, yet there is a lack of

understanding regarding the progression/regression of lesions.

Two schools of thought exist regarding the progression/regression of cervical

lesions. The first teaches that there is a continuous progression of lesions from CIN 1 to

CIN 3 to carcinoma. While some lesions will regress, those that progress to carcinoma

will pass through each grade - CIN 1 to CIN 2 to CIN 3 to CIS to cancer (I-ewis and

Chambe¡lain i989). The second school of thought offers findings which cont¡adict this



belief. For example, in some cases, invasive cancer has originated from lesions graded as

CIN 2 or even CIN 1. Those who present these findings believe that not all cervical

lesions follow the progression from CIN 1 to CIN 3, but that some lesions, if left

untreated, wiÌl regress to normal (Burghardt et aI. 1993).

2.1,5 Screening and Diagnosis of Dysplasia

Recently, the medical community has emphasized the need for screening for

cancer of the uterine cervix (Valente 1994). The present method for screening women is

the Papanicolaou, or Pap, smear in which cells are scraped from the exocelix. The cells

are then analyzed by cy.tology, which involves observation of the shapes of the cells as

well as their relative sizes and the sizes of the nuclei of the cells. The accuracy of

diagnosis of cervical abnormalities from Pap smears is questionable. Reports on the

accuracy of cytology vary greatly, ranging from 5Vo to 507a (reviewed in Appleby 1995,

Burghardt et al. 1994, Valente 1994). In one study (Sherman et al. 7994),200 Pap

smears were reviewed by five cy,topathologists. In only 297o of the smears did the

cytopathologists' diagnoses agree. The low accuracy of the Pap smear may be attributed

to inadequacy of sampling, inappropriate fixation and slide preparation, as well as the

subjectivity of the cltopathologist. Further, any insult to the cervix, including

intravaginal medications, douching, lubricants, tampons, and sexual intercourse, may

produce false positives (Appleby 1995).

If abnormal cells are found in the Pap smear, the patient is refened for

colposcopic examination. Colposcopy involves visual examination of the cervix using a



mag¡ifying lens. The magnification of the cervix is less than a typical microscope.

During this examination, weak acetic acid is sprayed on the ceruix causing abnormalities

to temporarily appear opaque and white, called acetowhite. Although the reaction which

produces acetowhite epithelium is unknown, it is believed to be caused by a coagulation

of keratin and/or proteins on the surface of the tissue (communications with

Dr. F. Guijon). The acetowhite appearance may also be due in part to the increased

nuclear and cellular density which prevents observation of the subepitheliaÌ vessels

(Coppleson, 1992). A small biopsy of the abnormality, called a punch biopsy, is

obtained. The biopsy is then examined histopathologically to confirm or exclude the

presence of CIN and./or invasive cancer. Unfortunately, histopathology is also not

infallible. As described earlier, subjectivity is introduced by the pathologist's

determination of the separation between the vanous degrees of dysplasia. Also,

histopathology suffers from sampling errors since onÌy paft of the biopsy obtained during

colposcopic examination is used for diagnosis.

Despite the inaccuracy of cytology and histopathology, these methods have had a

significant impact on the incidence of cervical cancer. A study by a Canadian Task Force

illusfated the efficacy of screening for cervical cancer (RepoÍ of the Canadian Task

Force 7976). From 1958 to 1972, tbe incidence of cervical cance¡ in British Columbia

dec¡eased dramatically as the number of women undergoing Pap smear screening

increased. From 1983 to 1995, the incidence in Canada of invasive cervical cance¡ has

decreased at an annual rate of 3-47a Q-n et aI. 1995). Conversely, the link between the

sexually transmitted disease, HPV, and cervical dysplasia is of concem, parlicularly since

43



the incidence of HPV-infections of the female genital tract has risen drastically (Daley

1998, Syrjânen 1989). This may lead to an increased incidence of dysplastic lesions. A

more accurate screening method for cervical dysplasia that does not suffer from the

subjectivity and sampling enors of cytology and histopathology may lead to further

reductions ìn the incidence of cervical cancer.

2.2 Hypothesis

It is hypothesized that magnetic resonance spectroscopy (MRS) in conjunction

with multivarjate analysis has the ability to differentiate between non-dysplastic cervical

tissue, CIN 1, CIN 2, and CIN 3 based on biochemical information obtained from cewical

punch biopsies.

2.3 Rationale

MRS allows determination of the biochemical composition of tissue with minimal

insult to the tissue. Thrs allows examination of the tissue by histopathology after MRS

analysis. MRS also has the advantage that the entire biopsy is used for analysis, unlike

histopathology where only serial sections of the biopsy are analyzed. Sampling effors are

limited to those associated with the colposcopist's choice of the region for biopsy.

MRS has been used to compare the biochemical composition of biopsies taken

from healthy cervices with those taken from preinvasive and invasive cervical



malignancies (Kuesel ar aI. 7992, Delikatny et aI. 1993, Kuesel 1991, Mounrford ¿l ¿1.

1990). It was found that the MRS biochemical fingerprint of normal cervical tissue is

very different from that of cancerous cervical tissue. The MR spectra from biopsies of

invasive cervical cancer were dominated by contributions from lipids while the spectra

from preinvasive cervical lesions contained much less intense lipid peaks. Distinction of

invasive from preinvasive lesions can also be accurately determined by histopathology.

Delikatny et al. (1993) found that the spectral peaks at 0.9 ppm, 1.3 ppm, 3.8 ppm, and

4.2 ppm were of different intensities in dysplastic lesions as compared to invasive lesions.

They used the ratios of the peak intensities at 1.3 ppm to 0.9 ppm and 3.8 ppm to 1.3 ppm

to classify their spectra. These ratios were distinctly different for invasive cancer biopsies

as compared to those of preinvasive lesions, with a Student's t-test of p<0.0001. Of

greater clinical impact would be the ability to diagnose accurately the degree of cervical

dysplasia, as well as the potential fo¡ cewical lesions to progress to carcinoma. The

method of Delikatny et aI. was not able to classify the MR spectra of dysplastic lesions

according to the degree of dysplasia. This study examines the ability of MRS in

conjunction with multivariate analysis to diagnose the degree of cervical dysplasia based

on the biochemical content of cervical punch biopsies.
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2.4 ll/Iaterials and Methods

2.4,I Magnetic Resonance Spectroscopy

Uterine cervical punch biopsies were obtained from 200 women. Since the cervix

undergoes d¡amatic changes during pregnancy (Campion and Sedlacek, 1993), no

biopsies were obtained from pregnant women. Biopsies were placed in phosphate-

buffered saline in deuterated water (PBSID2O) and frozen in liquid nitrogen immediately

after removal. Each biopsy was kept frozen no longer than 14 hours. Specimens were

thawed and suspended in a glass capiÌlary conraining PBSID2O (Kuesel er al. 1992). A

teflon plug was inserted into the end of the capillary to ensure that the tissue ¡emained

suspended (Figure 2.3). The capillary was then inserted into a 5mm tube containing

PBS/D2O and para-amino benzoic acid (PABA concentration 5mM for large biopsies and

0.5mM for small biopsies). The PABA solution was used as a chemical shift reference.

Two doublets occur in the spectrum from the ring protons of the PABA molecule. The

chemical shift of the highest field, doublet peak was set to 6.8lppm.

s¿mÞle susÞênsion

chem¡côl shif! ond
integÞtion stdnd¿rd
cão¡l¡ârv sith samDl€
suspcnsÍon bufre.'

Figure 2.3: Schematic representation of the cervix biopsy suspended in the capillary.



One-dimensional tH MR spectra were obtained using water pre-saturation and a

non-selective, 900 excitation pulse (pulse length was approximately 7¡rs), followed by

acquisition (360 MI{Z, NS=256 or 640, SW=SKHz, RD=2.41s, TD=4K,

temperature=37oC). After spectral acquisition, the specimens were fixed in formalin

weighed, and submitted for histopathology. The biopsies were processed, embedded in

paraffin, and 5¡rm sections were cut and stained by hematoxylin and eosin. The slides

were all reviewed by a single pathologist (Dr. Maria Paraskevas). The time between

thawing and formalin fixation did not exceed 75 minutes. The first ten cases were

biopsied next to the biopsy taken for histopathological examination and were examined in

order to determine if the viability of the tissue for histopathological examination was

compromised by the MRS study. The tissue was sufficiently preserved during the MRS

study to be useful for histopathological analysis. For the remaining cases, only one

biopsy was taken and this biopsy was used fo¡ both the MRS study and histopathology.

2,4.2 D ata Pr eprocessing

Biopsies that contained significant quantities of blood yielded MR spectra with

broad lines and were dominated by the blood. These spectra (N = 2) were eliminated

from the study. Since the majority of dysplastic lesions occur in the epithelial tissue

(Burghardt et al. 1993), and since different layers of tissue may have different

biochemical contents (Brière er aL 1995, Moreno ¿f aI. 1993), spectra from biopsies that

did not contain epithelial cells (N = 2), as determined by histopathology, were also

removed f¡om the study. The analysis was performed using remaining 196 spectra.



In order to remove the subjectivity inherent in phasing of the real and imaginary

components of the spectra, the absolute magnitudes of the spectra were used in the

multivariate analysis. The magnitude spectra were norrnalized such that the area in the

region of low chemtcal shift relative to the suppressed water peak (0 ppm to

approximately 4.5 ppm) was equal to one. Only the spectral region from 0.14 ppm to

4.30 ppm, consisting of 640 data points, was included in the analysis. Each spectrum was

divided into equal regions and the intensities in each region were averaged. In order to

determine the optimal numbe¡ of regions, the analysis was performed using 64 and 128

equal regions. This served to simplify the analysis by minimizing the number of points

used, as well as acting as a crude method of smoothing the data. The first derivatives of

the spectra were also detemined and used as altemate inputs for the analysis. Calculation

of the first derivative removed any DC offset which may have existed in the spectra, thus

eliminating this variable from the analysis. Histopathological and colposcopic reporls

were obtained for the biopsies. The spectra were grouped according to their clinical

diagnoses of non-dysplastic, CIN 1, CIN 2, or CIN 3 (N¡oo_¿r5orastjc = 68, Ncn{ r = 46, NcL\

n = 32, Ncn ru = 50). Spectra with clinical diagnoses of reactive or inflammatory changes

and HPV were included in the non-dysplastic group. Only 19 of the 68 spectra in the

non-dysplastic group had clinical diagnoses of normal. The final diagnosis of each case

was based on the histopathological assessment and colposcopic impressíon.

2.4.3 Multivariate Analysis Methods

The preprocessed spectra were divided into a training set (N=112) and a test set

(N = 84). The training set consìsted of an equal number of spectra from each diagnostic

48



category. The spectral regions which best separate the spectra into their diagnostic

classes were determined using an Enhanced Forward Selection @FS)-based feature

selector (Nikulin et aL 1998) described in Appendix 1. Once a ser of regions which

reliably classified the spectra was identified, the set was used as input for the vanous

multivariate methods including linear discriminant analysis (LDA), using the Leave-One-

Out cross-validation method to increase reliability, an artificial neural net-based

classification method (ANN) which uses back propagation, and Stacked Gene¡alization

using the median method and Wolpert's method to combine the results of the LDA and

ANN (Somorjai et al. 1995). The multivariate methods used are described in Appendix

1. From these analyses, the diagnostic classifications of the spectra in the test set were

obtained. As a second method of analysis, every combination of ratios of the selected

diagnostic regions was calculated, and the EFs-based feature selector was applied to

determine which set of ratios of regions was diagnostic. The set of diagnostic ratios was

submitted to the multivanate classifiers and the diagnostic classifications of the spectra in

the test set were determined. This method of analysis was performed using the averaged

spectra with 128 equal regions, the averaged spectra with 64 regions, and the firsr

derivatives of the spectra averaged to yield 128 equal regions.

Each multivariate classifier assigned classification probabilities to the spectra.

These probabilities are a measure of the csfainty with which each spectrum was assigned

to a class. Thus, the diagnoses determined by these methods were expressed in two ways

- as a percentage of the total spectra classified correctly as compared to the clinical

diagnoses, as well as the percentage of only those spectra classified with high probability
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(27 5Vo) and classified correctly. The latter is referred to as the crisp classification

accuracy. The classification accuracy of the test set was optimrzed by adjustments to the

multivanate analysis technique, such as varying the number of diagnostic regions used as

input for the I-DA, or increasing or decreasing the leaming rate of the neural net. The

clinical diagnoses \ryere the goÌd standard to which the multivariate analysis results were

compared.

The spectral peaks found by Delikatny et aL (1993) to be different fo¡ invasive

and preinvasive iesions were at 0.9 ppm, 1.3 ppm, 3.8 ppm, and 4.2 ppm. The peak ratios

used for classification of the spectra were 1.3 ppm to 0.9 ppm and 3.8 ppm to 1.3 ppm.

These regions and ratios were each selected from the spectra obtained in this study and

we¡e used as the input for the LDA.

This multivariate analysis was performed using four diagnostic classes - non-

dysplastic, CIN 1, CIN 2, and CIN 3 - as well as two classes. The two class problems

were:

Non-dysplastic, CIN I

Non-dysplastic

Non-dysplastic, CIN 1, CIN 2

Non-dysplastic

Non-dysplastic

Non-dysplastic

CIN 1

CIN 1

CIN 2

Versus CIN 2, CIN 3

Versus CIN 1, CIN 2, CIN 3

Versus CIN 3

Versus CIN 1

Versus CIN 2

Ve¡sus CIN 3

Versus CIN 2

Ve¡sus CIN 3

Versus CIN 3
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In the first case, the training set consisted of 112 spectra, in the second two cases, the

training sets contained 60 spectra, and in the last six cases, the training sets consisted of

50 spectra. Using the results from the first three cases - non-dysplastic and CIN 1 versus

CIN 2 and CIN 3; non-dysplastic versus CIN 1, CIN 2, and CIN 3; and non-dysplastic,

CIN 1, and CIN 2 versus CIN 3 - classification of the spectra into the four diagnostic

classes was attempted. For each class, LDA provides a probability that each spectrum is

classified in the given class. The probabilities obtained from the LDA of each of the

three cases were averaged to obtain the probability of classification into four classes. For

example, given the following probabilities for a single spectrum:

the probability of classification into each class for the fou¡ class problem is determined as:

. 79.5/2+94.3+86.2r3_=54.3vo p,,o,,,
'r*r'----------ì-

79.5/2+5.7 /3+86.2/3
= 23.51a

P",.,", = =13.6Vo
20.5/2+5.7 /3+86.2/3

Table 2.22 Example of Classification Probabilities for a Single Spectrum

Probabilitv of Classification Probability of Classification
in Class 1 in Class 2

Non-dysplastic, CIN I
versus CIN 2, CIN 3

79-57o 20.57o

Non-dysplastic versus
CIN 1, CIN 2, CIN 3

94.37o 5.'lVa

Non-dysplastic, CIN 1

CIN 2 versus CIN 3

86.2Vo 13.8Vo

The spectrum is thus assigned to class 1 sìnce this class has the highest probability.



2.5 Results

The sizes of the biopsies vaned greatly. The wet weights of the 196 biopsies used

for the multivariate analysis ranged from 0.94 mg to 33.52 mg. The mean weight was

8.39 mg with a standard deviation of +6.03 mg. Because more signal is obtained from

larger biopsies, the range of overall intensities of the spectra and signal to noise rat.ios

was large. Normalization of the spectra prior to multivariate analysis removed the

variability of the range of overall spectral intensitìes.

The spectra were grouped according to their four dìagnostic classifications -

normal, CIN 1, CIN 2, and CIN 3. The ranges and centroids of the spect¡a in each class

are shown in Figure 2.4. No unique peaks are present whìch allow separation of the

spectra into diagnostic classes. There is a wide range of peak intensities tn each of the

classes and a comparison shows sigmficant overlap of the ranges bet\ ieen the four

classes. An overlay of the centroids (Figure 2.5) reveals small differences between the

four classes in terms of the peak intensities and peak widths. The spectra were also

divided into two classes, wìth normal and CIN 1 diagnoses in one group, and CIN 2 and

CIN 3 in another. The spectral ranges of the classes using two diagnostic classifications

(Figure 2.6) also demonstrate a wide range in peak intensities and widths. The overlay of

the centroids ffigure 2.7) shows slightly larger differences between classes than were

observed in the centroids using four classes. The differences between the centroids,

however, are still less than the ranges of the spectra in each class.
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Table 2.3: Spectral Classification Accuracies as Compared to the Clinical

Diagnoses Using the CIN and Bethesda Classification Systems

*Value in brackets refers to percentage of the total number of spectra classified conectly

or incorrectly with high probability (>7 5Vo).

The values presented in Table 2.3 are those in which the method of analysis was

optimized to yield the best test set classification accuracy. Several methods wete tested

fo¡ the two class problem in order to obtain an optimal result (Table 2.4). '|he accuracy

of classification is presented as the percent of spectra whose diagnostic classificatiÕns, as

determined by multivariate analysis, were in agreement with the clinical diagnoses. Also

presented (Table 2.4) are the cflsp classification accuracies, or the percentage of spectra

classified correctly with high probability (>'7 5Vo). The percentage of the total number of

spectra classìfied correctly or incorrectly with probability of'75Va or g|eater is given in

brackets. The classification accuracies are quite similar, ranging from 86.67a to 93.8Va

for the training set and 64.3Vo ro 70.2Eo for the test set. LDA was performed using the

intensities of the regions in the spectra, as well as ratios of these intensities. The use of

ratios of the regions improved the test set classification accuracies by as much as 4.'17o.

The crisp classìfication accuracies for the training set increased by 0.6Vo to 9.77o, as

Class Definitions
Training

Set

Training Set.

Crisp
Classification { Test Set

Test Set.

Crisp
Classification *

CIN System -
Non-dysplastic vs CIN I
vs CIN 2 vs CIN 3

+ I .3"/ô 60.jVo
(22.37o)

52.4Va 5l.8Vo
(98.8Ío)

Bethesda System -
Non-dysplastic and CIN 1

vs CIN 2 and CIN 3

93.8Ío 94.4Vo
(96.4Eo)

'7O.27a 71.67o
(96.4Vo)



compared to the classification accuracies in which the spectra with low probabilities were

included. ln the test set, the crisp classification accuracies decreased when the first

derìvative of the spectra was used and lnc¡eased by as much as 4.'7 Vo for the other

multivariate strategies.



Table 2.4: Bethesda System (Non-dysplastic and CIN 1 versus CIN 2 and

CIN 3) Classification Accuracies for each Multivariate Method

*Value in brackets refers to percentage of the total number of spectra classified correctly

or incorrectly with high probabilìty (>7 57a).

Multivariate Anal)'si s

Method
Training

Set

Trainine Set.
Crisp

Classification *
Test
Set

Test Set,

Crisp
Classification *

i) LDA using 6 of I28
Spectral Regions

8'7.57a 94.4Vo
(79.57a)

65.5Vo 65.5Vo
(100.07o)

2) LDA using I Region and
6 Ratios of Regions
Generated from 6 of 128
Spectral Regions

97.IVo 96.5%
(76.8Eo)

10.27a 7l.l7o
(98.87o)

3) LDA using 7 of64
Spectral Regions

86.6Vo 92.jEo
(77.7Ío)

69.ÙVo 69-\Vo

O00.j%o)

4) LDA using 2 Regions and
7 Ratios Generated from
7 of 64 Spectral Regions

90.27o 92.27a
(80.47a)

'7O.27o 70.27a
(r00.0%)

5) ANN using 1 Region and
5 Ratios of Regions
Generated from 6 of 128

Spectral Regions

89.3Vo 95.7Vo
(83.ÙVo)

67.9% 72.6%
(86.gEa)

6) Stacked Generalization -
Median Method - using 1

Region and 5 Ratios of
Regions Generated from
6 of 728 Spectral Regions

92.OVo 94.4Vo
(95.5Vo)

70.27o 1r.2%
(95.27")

7) Stacked Generalization -
Wolpert's Method - using
I Region and 5 Ratios of
Regions Generated from
6 of 728 Spectral Regions

93.87a 94.47o
(96.4V")

70.2Vo 7I.6Vo
(96-4V")

8) First Derivative of
Spectra, LDA, using 2
Regions and 5 Ratios of
Regions Generated from
9 of 128 Spectral Regions

87.57o 97 .2Vo

(63.4Vo)
64,37o 63.9Vo

(e8.8%)







spectra into invasive and preinvasive lesions. The regions and ratios used by Delikatny

were selected from the spectra and were used as the input for LDA. The classification

accuracies of the training and test sets for both selection of regions and ¡atios in the four

class problem (CIN classification system) and the two class problem (Bethesda

classification system) are given in Table 2.5.

Table 2.5: Spectral Classification Accuracies in Four and Two Classes

Using the Regions and Ratios of Regions Determined by

Delikatny et al. (1993) as the Input for LDA

*Value in brackets ¡efers to percentage of the total numbe¡ of spectra classified correctly

or incorrectly with high probability (>75Vo).

In order to gain an understanding of the differences between the four diagnostic

classes of non-dysplastic, CIN 1, CIN 2, and CIN 3, the classification accuracy was

determined for every combination of two classes (Table 2.6). The spectra were also

Class Definitions
Training

Set

Training Set.

Crisp
Cìassification * Test Set

Test Set.

Crisp
Classification +

CIN System - Regions 3O.4Va 50.jvo
(8.9Eo)

34.57o 34.I7o
(97.6Vo)

CIN System - Ratios 33.07o 50.07a
(5.4Vo)

28.67o 29.37o
(97.67a)

Bethesda System - Regions 70.5Vo 76.7Vo
(38.4Vo)

50.OVo 50.07a
(97.6Eo)

Bethesda Svstem - Ratios 6'7 .9Vo 88.2Vio

(30.4Vo)
57.IVo 57 .8lo

(98.8Vo)



classified in two classes first as non-dysplastic versus dysplastic and then as non-

dysplastic, CIN 1, and CIN 2 ve¡sus CIN 3 (Table 2.6).

*Value in brackets refers to percentage of the total number of spectra classified correctly

or incorrectly with high probability (>7 5Vo).

Using the results f¡om the classifications of a) non-dysplastic and CIN 1 versus

CIN 2 and CIN 3 (Table 2.3), b) non-dysplastic versus dysplastic (Table 2.6), and c) non-

dysplastic, CIN 1, and CIN 2 versus CIN 3 (Table 2.5), the spectra were separated into

Table 2,6: Two Class Classification Accuracies Using LDA

Class Definitions
Trainins

Set

Training Set.
Crisp

Classification * Test Set

Test Set,
Crìsp

Classification *

Non-dysplastic versus CIN I
CIN 2, CIN 3

86.1Ío 89.47o
(78.3Vo)

69.97a 69.97o
(100.\Eo)

Non-dysplastic, CIN 1, CIN 2
versus CIN 3

80,0E 89.3Vo
(46.7Vo)

78.7Vo 78;7 Vo

{100.0%)

Non-dysplastic versus CIN 3 86.OVo 94.47o
(72.07")

73.5Va 73.17o
(e8.s%)

Non-dysplastic versus CIN 2 98.07a 97.97o
(94.}Vo)

74.07a 72.97o
(96.070)

CIN 1 versus CIN 3 l00.ÙVa 700.07o
(98.ÙVo)

82.6Vo 8I.8Vo
(95.7Ea)

Non-dysplastic versus CIN I 88.OVo 88.6Vo
('70.07o)

65.67a 65.6Vo
(100.ÙVo)

CIN 1 versus CIN 2 90.0% 89.2Vo
(74.j7o)

75.9Vo 7 5.j%o
(96.6Vo)

CIN 2 versus CIN 3 82-O7o 97.77o
(12.ÙVo)

7 4.2Va 7 4.2Vo
(100.0Ío)



four diagnostic classes by averaging the probabilities of the classes for each spec[um.

The ove¡all classification accuracy obtained was 67.2Va.

The regions and/or ratios of regions chosen by the EFS-based feature selector for

each of the ten class definitions are given in Table 2.7. Four of the analyses were

optimized using only regions. The addition of ratios of regions did not improve the

classification accuracies. Five of the analyses were optimized using regions and ratios,

and one analysis was optimized using only ratios of regions. No pattems were observed

in the regions and ¡atios of regions chosen for the different class definitions.

The highest classification accuracy of the test set was obtained for the class

definition of CIN 1 versus CIN 3 (Table 2.6) using two regions and seven ratios of

regions in the spectra. These regions and ratios of regions were used to classify the

spectra in every combination of two classes. The results are given in Table 2.8.
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Table 2.7t Centers of Regions and./or Ratios Chosen by the Multivanate

Methods for Each of the Class Definitions

Class Definition Regions (ppm) Ratios (ppm/ppm)

Non-dysplastic versus CIN I
ve¡sus CIN 2 versus CIN 3

3;7712.47, 2.41/1.7r
r.46/t.tt, t.43/1.11

Non-dysplastic & CIN 1

versus CIN 2 & CIN 3

l.ll 1.1r/3.51, 2.2t/2.44,
2.2!1.46, 1.46/r.1r,
1.11t1 .46

Non-dysplastic versus CIN 1

CIN 2, & CIN 3

2.4'7, 2.2t, 1.46,
1.40, 7.11, 1.07,
t.04

Non-dysplastic, CIN 1, &
CIN 2 versus CIN 3

2.50, 1.46, t.43

Non-dysplastic versus CIN 3 3.4t. 3.31. 2.'79

Non-dysplastic versus CIN 2 11) )<7 )A1
2.2t, t.98, t.50,
1.1 1

CIN 1 versus CIN 3 r.46, 1.31 3.38t2.28, 3.38/1.76,
1.16/3-38, 3.38/1.37,
2.44/1.95, 1.95t2.44,
2.44/1.37

Non-dysplastic versus CIN 1 3.77 3.25/3.81, r.43/r.7t
0.20/1.11

CIN 1 versus CIN 2 0.75 3.10/2.89, 2.89/3.t0
r.37/3.10, 1.31t2.89
1.04/2.89, 0.75/2.89
o.15/1.37

CIN 2 versus CIN 3 3.61/3.25, 3.34t3.25,
2.08/3.34, 1.30/i.11
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Class Definitions Trainins Set

Trainine Set.

Crisp
Classification * Test Set

Test Set.

Cnsp
Classification *

Non-dysplastic vs CIN 1

vs CIN 2 vs CIN 3

35;7 Vo 35.7 Vo

(25.07o)
405% 40.57o

(rco.jqo)

Non-dysplastic & CIN 1

vsCIN2&CIN3
82.LVa 87.87o

(73.27a)
6l.9Vo 63.4Va

(97.6Eo)

Non-dysplastic vs CIN 1

CIN 2, & CIN 3

63.3Vo 72.47o
(48.3Eo)

57.4Vo 57 .OVo

(99.3Vo)

Non-dyspìastic, CIN 1, &
CIN 2, vs CIN 3

85.07a 92.l%o
(63.3Eo)

74.37o 74.4Vo
(97.8Vo)

Non-dysplastic vs CIN 3 88.OVo 92.7 7a

(82.jEo)
58.87o 59.IVa

(97.IVo)

Non-dysplastic vs CIN 2 68.jVo '70-8Vo

(48.07o)
50.07o 51.77o

(94.07o)

CIN 1 vs CIN 3 lOO.OVn l00.ÙVo
(98.j%o)

82.6Va 81.8%
(95.1Vo)

Non-dysplastic vs CIN I 56.07a 60.9Vo

(46.jEo)
57.87o 6I.07o

(92.2qa)

CIN 1 vs CIN 2 74.07o t 1.3"/a

(60.0Vo)
65.59o 65.5Vo

(100.07o)

CIN 2 vs CIN 3 50.04o 33.37o
(30.ÙVo)

51.6% 53.37o
(96.87.)

Table 2.8: Classification Accuracies Using the Regions and Ratios

Chosen for CIN 1 Versus CIN 3

+Value in brackets refers to percentage of the total numbet of spectla classified correctly

or incorrectly with high probability (>7 57o).



2.6 Discussion

Visual examination of the spectra obtained from the cervical punch biopsies

reveals no distinct peak or set of peaks which could be used fo¡ diagnosing the degree of

dysplasia. There is a very large range of spectral peak intensities and peak widths in each

of the four diagnostic groups @igure 2.4). Since the degree of CIN is a measure of the

thickness of cellular layers of the squamous epithelium showing abnormal morphology,

one would expect the diagnosis of degree to be somewhat subjective, depending on the

pathologist's appreciation of the delineation of the grades. This is not surprising in view

of the large range of intensities observed in the spectra. Based on the wide range of

spectra in each group and the small differences between the centroids of the classes

@gure 2.5), visual inspection of the spectra in terms of peak intensities and widths may

not serye to separate the spectra accurately into classes which correspond to the clinical

diagnoses. Computer-assisted multivariate methods of analysis are required.

Initially, the spectra were grouped into the four conventional diagnostic classes of

non-dysplastic, CIN 1, CIN 2, and CIN 3. Classification by the multivariate methods

yielded an accuracy of 46.4Vo for the training set (Table 2.3). The classification accuracy

of the trainins set, however, is not a true test of the ability of the method to classify the

spectra accurately, since any group of spectra can be separated into specìfic classes if

enough parameters a¡e conside¡ed (Somorjai et aI. 1995). The true measure of the ability

to classify the spectra accurately is found in the classification accuracy of the test set.

Using the four diagnostic classes, the classification accuracy for the test set (Table 2.3) as

determined using Linear Discriminant Analysis (I-DA) and 5 ratios generated f¡om 5 of



128 regions was 52.47o, whereas random classification would yield an accuracy of 257o.

Elimination of the spectra classified correctly or incorrectly with probability less than

15Vo increased the accuracy of the training set significantly (60.0Ea), but only 22.3% of

the spectra were classified with caÍainty (probability 275V0). The crisp classification

accûÍacy of the test set did not improve because almost all of the spectra (98.87o) were

classified with high probability. The crisp classification accuracy and the low number of

spectra classified with high probability in the training set suggest that the LDA was not

well trained. Since the ranges of the spectra in each class suggest a continuous

distribution from CIN 1 to CIN 3, it would not be surprising for spectra to be classified

incorrectly into an adjacent class rather than the desi¡ed and clinically determined class.

Examination of the distributions of the classifications revealed that this is not the case. In

fact, in the extreme cases, spectra clinically diagnosed as non-dysplastic were classified

as CIN 3 and vice versa.

The lack of high overall classification accutacy using four diagnostic classes

could be attributed to the fact that the differences in the spectra of each diagnostic class

are small. The multivariate classifiers, therefore, cannot readily be trained to identify four

distinct classes. Theoretically, separation of the spectra into the two most extreme

diagnostic cases, non-dysplastic and CIN 3, should be the easiest classification since one

would expect that the biochemical differences between these classes would be maximal.

Similarly, the spectra in classes CIN 1 and CIN 3 should exhibit fewer biochemical

dissimilarities than the spectra in classes non-dysplastic and CIN 3, whereas the spectra in

classes CIN 1 and CIN 2 would exhibit the least dissimilarities. It follows, therefore, rhat
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if the spectra with diagnostic classes of non-dysplastic and CIN 1 were combined, and

those in classes CIN 2 and 3 were combined, the differences in the spectra of class CIN 1

as compared to those of class CIN 2 would be enhanced, or weighted, by the

dissimilarities between the spectra in classes non-dysplastic and CIN 3. The classifier

could then be trained to separate the spectra into two classes. The two class analysis does

not differentiate spectra with diagnoses of CIN I from those with diagnoses of non-

dysplastic. This does not pose a problem in terms of determining the clinical treatment of

the patient since the classification scheme separates the spectra according to the treatment

regimens recommended by the majority of physicians. Patients with diagnoses of CIN 2

and CIN3, or class two in this study's two class analysis, should be treated, wheteas

patients with diagnoses of non-dysplastic and CIN 1, class one in this study, should not be

treated.

The spectral ranges for the two class problem, non-dysplastic and CIN 1 versus

CIN 2 and CIN 3, were plotted @igure 2.6). As in the four class problem, the spectral

ranges are large and appear to overlap between the two classes. No difference between

the two classes in terms of peak intensities and peak widths can be determined by visual

examination. The centroids of the two classes (Figure 2.7) exhibit larger differences than

were observed in the centroids of the four class problem. For instance, the differences in

the cent¡oids at 0.9, 1.6, 1.8, and 2.0 ppm, appear to be enhanced in the two class

problem. Consideration of the spectral ranges, however, reveals that these differences are

still within the ranges of the spectra, and separation of the spectra into diagnostic classes

can not be accomplished without the aid of computer-assisted multivar-iate methods.
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An initial attempt to classify the spectra into two groups yielded results which

were much more promising than those found for the fou¡ class problem. Hence, the four

class problem was abandoned and an effort was made to maximize the classification

accuracy of the test set for the two class problem. Eight of the multivariate analysis

methods used a¡e listed in Table 2.4 along with the traìning and test set classification

accuracies.

Calculation of the first derivative of the spectra removed any DC offsets which

may have existed in the spectra, thus removing any classification error arising therefrom.

The classification accuracy of the test set obtained using the first derivatives of the

spectra as input for the multivariate analysis was 64.3vo. This is slightly lower than the

other classification accuracies listed in Table 2.4. Furthermore, the percentage of spectra

classified with high probability was quite low in the trainìng set, 64.3Vo, and removal of

the spectra from the test set which were classified with low probability caused the

classification accuracy to drop to 63.9%. The dec¡ease in the classification accuracy was

due to elimination of spectra that were correctly classified with low probability. It would

appear that DC offset was not a factor in the analysis.

The classification accuracies obtained when LDA was performed using regions

from the spectra which were smoothed over 5 points to obtain 128 subregions (Table 2.4,

Method l) were 87.57o for the training set and 65.57o for the test set. The same analysis

using the spectra smoothed over 10 points to obtain 64 subregions (Table 2.4, Method 3)
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resulted in classification accuracies of 86.67o and 69.0Va for the training and test sets

respectively. The classification accuracy for the test set using the spectra smoothed over

10 points was higher by 3.5%, suggesting that the reduction of noise caused by averaging

over 10 points as compared to 5 points was significant. When ratios we¡e used for the

analysis along with the regions, however, the accuracy for the test sets with the spectra

smoothed over five and ten points were identical. Smoothing over 10 points ¡ather than 5

did not significantly improve the classification accuracy.

If the biochemical changes which lead to dysplasia involved independent changes

in the concentrations of one or more molecular species, accutate diagnoses could be made

using only ceftain regions in the spectra, and one would not expect the classification

accuracy to improve with the use of ratios of the regions. The addition of ratios to the

analysis using the spectra averaged to obtain 64 spectral regions (Table 2.4, Methods 3

and 4) resulted in an increase in the training set classification accuracy of 3.67o and a

slight increase of 7.27o in the test set. When the spectra were averaged to obtain 128

spectral regions Qat:le 2.4, Methods L and 2), the training and test set classification

accuracies increased by 3.6Vo and, 4.7Va, respectively, with the use of ratios. Although

these increases are not large, they do imply that the biochemical changes leading to

dysplasia are not due to independent changes in one or more molecular species. Rather,

the biochemical changes are complex, interdependent variations in the concentrations of

multiple molecular species which a¡e observable in the MR spectra as relative changes in

peak intensities and widths.



The optimal training set classification accuracy, 93.8Vo, for the two class problem

was obtained using the combination of LDA and ANN through Wolpe¡t's stacked

generalization method (Table 2.4, Mefhod 7). Examination of Table 2.4 reveals,

however, that four of the eight different multivariate strategies yielded a test set

classification accuracy of 70.2Vo (Table 2.4, Methods 2, 4, 6, and 7). Since the range in

training set classification accu¡acies for these four methods is only 3.6Vo, and since the

true test of the multivariate method is the classification accuracy of the test set, these four

methods yielded equivalent results. Examination of the crisp classifications revealed

similar findings. The increase in the classification accuracies when spectra with low

classification probabilities (<7 5Va) werc removed was not significant for these four

methods. The largest increase was 7.6Va. The percentage of spectra classified corlectly

or incorrectly with high probability differs slightly for each merhod, ranging from 95.2Vo

to 100.0Va. It could be argued that the analysis using LDA with the 2 regions and 7 ratios

of regions generated from 7 of 64 spectral regions Qable 2.4, Method 4) yielded the best

results since I00.0Vo of the spectra in the test set were classified with high probability

(>7 57o)- The multivariate methods, however, are most robust when the fewest number of

spectraì regions and ratios of regions are used. The stacked generalization method used

the fewest regions and ratios of regions and gave the best results ìn terms of the trainìng

set classification accuracy and the crisp classification in the test set (Tables 2.4, Method

7). It is also desirable, however, to use the simplest analysis possible in order to ensure

that the analysis is robust and can be accomplished in a minimal amount of time. The

method in which one region and six ratios of regions generated from six of 128 spectral

regions was input for the LDA (Table 2.4, Method 2) yielded almost identical results to
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the stacked generalization using Wolpert's method and does not require the use of both

LDA and ANN. Further, this method averages over five points rather than ten, and thus,

loses less information in the averaging process than is lost when averaging over larger

numbers of points. Thus, LDA averaging over five points is the anal)'tical method of

choice (Table 2.4, Method2).

A classification accuracy in the test set of 70.2Eo meant that thirty-five of the

spectra in the test set were misclassified. Examination of the classification results for

each spectrum in each of the applied methods revealed that fourteen of the spectra were

misclassified by all or almost all of the multivariate classifie¡s. Removal of these

fourteen spectra from the test set resulted in an increase in the two class classification

accuracy of the test set from 70.27o to 84.37o. This increase in the classification accuracy

was significant, and thus waranted a close examination of the spectra which were

consistently misclassified. No unique attribute could be identified in these spectra which

would suggest that they are outliers. The histopathological specimens and clinical

findings for these fourteen patients as well as fifteen other patients with frequently

misclassified spectra were re-examined. The majority of the original clinical diagnoses

were confirmed. In three cases, however, additional information was available. In one of

these cases, the patient had originally been diagnosed with CIN 1, and was not treated.

Six months after this diagnosis, the patrent retumed for a second biopsy and was

diagnosed with CIN 2. The MRS analysis was performed on the first biopsy which was

clinically diagnosed as a CIN 1 lesion, however, the MRS analysis consistentìy classified

this biopsy to the class contarning lesions with diagnoses CIN 2 and CIN 3. This suggests



that either the original clinical diagnosis, possibly due to sampling effor, or that the MRS

analysis detscted progression of the biochemistry of the cervical lesion f¡om CIN 1 to

CIN 2 befo¡e progression in morphology occuned. In two of the twelve consistently

misclassified cases, the patients were diagnosed as non-dysplastic, but on follow-up

visits, were diagnosed with CIN 1. While the spectra obtained from these two cases

should still be classified in the non-dysplastic and CIN 1 class, even with the additional

information from the follow-up visits, it may be that the MRS is detecting the progressive

potential of the lesions. It is possible that the lesions which were classified incorrectly by

the MRS technique had begun to progress or regress. This progression/regression may be

initiated by MRS observable biochemical changes that precede the morphological

changes. A follow-up study could determine whethe¡ morphological changes would

occur to confirm the MRS diagnoses. This is not possible for the present cohort since the

majority of patients diagnosed with CIN, including CIN 1, were treated. A long term

study is required in which patients who refuse Íeatment for dysplastic lesions would be

followed.

A previous study by Delikatny et al. (1993) found that differentiation of invasive

cervical cancer specimens from preinvasive lesions could be accomplished based on the

ratios of the peak intensities at 1.3 ppm compared to 0.9 ppm, and 3.8 ppm compared to

1.3 ppm. Spectra of invasive and preinvasive lesions also showed significant differences

in the maximum intensity of peaks at 0.9 ppm, 1.3 ppm, 3.8 ppm, and 4.2 ppm. It was

not possible, however, to differentiate between the three grades of CIN using these peak

intensities and ratios of peak intensities. In the present study, regions near to but not
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identical to these were found to be diagnostic by the EFS-based feature selector

@igures 2.8 and 2.9 and Table 2.7). In order to determine if LDA could classify the

spectra according to the peak intensities chosen by Delikatny et aI. (1993), rcgions

centered at the peaks chosen by Delikatny et aL (7993) were selected from the spectra

that were averaged over 5 points. Rather than comparing the peak intensities at these

points, the regions were used as the input for the LDA. This analysis was repeated using

the two ratios of regions chosen by Delikatny et al. (1993). The cìassification accuracies

of the training and test sets for the four class problem (CIN classification system) and the

two class problem (Bethesda classification system) are given in Tab\e 2.5. In the four

class case, the classification accuracies of the training and test sets for both the selection

of regions and ratios of regions are only slightly higher than random classification, 25Vc.

The number of spectra in the test set classified conectly or incorrectly with high

probability is less than l07o. This implies that the LDA was not trained well. In the two

class case, the classification accuracies of the training set were somewhat better (1O.5Vo

and 67.9Vo) with more spectra classified with high probability (more than 30Vo), but the

classification accuracies of the test set were poor. In the case whe¡e the regions were the

input for the LDA, the classification accuracy of the test set \.vas random (507o). This is

in agreement with the findings of Delikatny el aI. (1993). The peaks ar 0.9 ppm, 1.3 ppm,

3.8 ppm, and 4.2 ppm are not diagnostic of the degree of dysplasia present in cervical

tissue biopsies.

Classification of the spectra was performed with the spectra grouped according to

non-dysplastic versus dysplastic, and non-dysplastic, CIN i, and CIN 2 versus CIN 3.



The classification accuracies of the test set were 69.9Vo and i8.7Ea, rcspectiyely. Using

these results, and the ¡esults from the classification of non-dysplastic and cIN I ve¡sus

CIN 2 and CIN 3, it is possible to separate the spectra into the four diagnostic classes of

the CIN classification system. Using these th¡ee classifications, the overall classification

accuracy obtained for all the spectra (training and test sets combined) was 61.2%. This is

significantly higher than the classification accuracy of 52.4lo obtained for the test set

when LDA was used to classify the spectra into fou¡ classes. An accuracy of 6l.2%.,,

however, is not clinically useful.

The results given to this point suggest that the differences in the spectra grouped

according to the clinical diagnoses are small. Since the morphological changes associated

with dysplasia follow a continuous linear progression from non-dysplastic to CIN 3, the

MRS observable biochemical changes may also show a continuous progression from non-

dysplastic to CIN 3. If this is the case, it would be reasonable to predict that the

multivariate analysis would yield higher classification accuracies for two classes that are

not adjacent. For example, spectra with clinical diagnoses of non-dysplastic should be

more easily separated by the multivariate method from spectra with clinical diagnoses of

CIN 2 and CIN 3 than from CIN 1. Multivariate analysis was performed for every

combination of two classes. The classification accu¡acies obtained are given in Table 2.6.

Four of the six class definitions yielded similar results with test set classification

accuracies between 737a and 76Vo. Classífication of non-dysplastic versus CIN 1 was

significantly worse than the other classifications with a test set classification accuracy of

65.67o, and CINI versus CIN3 was significantly better with a test set classification
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accuracy of 82.6Vo. One would expect that non-dysplastic versus CIN 3 would classify

with equal or better accuracy than cIN 1 versus cIN 3. This was not the case. Further

the classification accuracies of adjacent classes we¡e not consistently worse than classes

that were not adjacent. These results do not support, but can not refute, the hypothesis

that the biochemical changes follow a continuous progression from non-dysplastic to

CIN 3. Examination of the regions selected as diagnostic for each of the class definitions

is necessary in order to gain an understanding of the biochemical diffe¡ences between

spectra from each of the four diagnostic classes.

Chemical species which may contribute to major peaks in the MR specfa of

cervical biopsies are as follows:
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Table 2.9: Chemical Species Contributing to peaks in IH MR Spectra of

the Ce¡vical Tissue Biopsies (Sze and Jarderzky 1990a, b)

Peak Position Contributing Chemical Species

0.9 ppm _CH:

1.3 ppm -CH"_

1.6 ppm -cH2-cHr-coo
2.0 ppm -CHz-C = C -
2.2ppm - cH, - coo

2.7 ppm -C=C-CHz-C=C-

3.0 ppm NH CHSilt
-C-N_

3.2ppm -N-CH3

3.45 ppm - c Hr- so3

3.5 - 4.2 ppm Protons of cyclic compounds

The regions and./or ratios of regions selected by the EFS-based feature selector are listed

in Table 2.7 for each of the class definitions. In many cases, diagnostic regions were

chosen on the sides of spectral peaks. spectra obtained from tissue biopsies are

complicated by resonances from many different biochemicals. A single peak may be

broad, with contributions from multiple molecular species. The varìations in the line

widths found to be diagnostic by the EFS-based feature selector may be attributed to

broadening and narrowing of the peaks as the concentrations of the contributing chemical

species change. while some spectral regions were chosen for more than one class

definition, no region was consistently chosen for all of the class definitions. Four class
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definitions used only regions with no ratios, suggesting that the biochemical changes in

these cases are not interdependent. Conversely, one definition used only ratios, which

would suggest that in this case, the biochemical changes are completely interdependent.

No trend was observed in the regions and/or ratios chosen. This also does not support,

but can not refute, the hypothesis that the MR observable biochemical changes which

occur in ceruical lesions follow a continuous linear progression from non-dysplastic to

CIN 3.

Classification of non-dysplastic versus CIN I yielded a classification accuracy

(65.67o) that was significantly lower than the accuracies of the other two class definitions

(Table 2.6). The LDA had difficulty disringuishing berween non-dysplasric and CIN 1.

This may be attributed to the abnormalities present in the non-dysplastic tissue. The non-

dysplastic group consisted of biopsies with clinical diagnoses that were not dysplastic, but

not necessarily normal. Included in this group rrvere biopsies diagnosed with reactive

changes, HPV infection but no dysplasia, cervicitis or inflammation, and metaplasia.

I-ess than 3070 of these biopsies were truly normal. Thus, biochemical changes have

occurred in these biopsies that may or may not be related to dysplastic changes. The non-

dysplastic group is not a good control group. The control group should contain only

biopsies with clinical diagnoses of normal. Since healthy cervices are not normally

biopsied, it is not possible to obtain an appropnate control group.

Classification of CIN 1 versus CIN 3 yielded a classification accuracy for the test

sef (82.6Vo) that was significantly higher than the accuracies of the other two class



definitions (Table 2.6). If the biochemical changes that occur with progression of disease

are similar but of different scales at each stage of the progression, the regions and ratios

of regions chosen for the classification of cIN I versus cIN 3 could be used to classify

the spectra in the other class definitions with accuracy as well. The classification

accuracies obtained fo¡ each of the class definitions when the regions and ratios of

regions chosen for CIN 1 versus CIN 3 were applied are listed in Table 2.8. The

accuracies range from 40.5va to 74.3vo for the test sets. They are all significantly lower

than the values obtained when the EFS-based feature selector was used to determine

unique diagnostic regions and./or ratios of regions for each cÌass definition (compare to

Tables 2.3 and 2.6). The crisp classifications of the test sets do not significantly improve

the results. Only the class definition of non-dysplastic, CIN l, and CIN 2 versus CIN 3

yielded a reasonably accurate classification for the test sef (7 4.3vo). This is somewhat

surprising in light of the fact that the regions and ratios chosen for the cIN 1 versus

CIN 3 class definition were very different than those originally chosen for the non-

dysplastic, CIN 1 and CIN 2 versus CIN 3 case (Table 2.7). In fact, in this case, only

three regions were used with no ratios of regions. Since the classifìcation of non-

dysplastic versus cIN 1 was poor (Table 2.6), one would expect the classification

accuracies of non-dysplastic versus CIN 3, and CIN 1 versus CIN 3 to be similar when

the same regions and ratios of regions were applied to both class definitions. This was

not the case Qable 2.'l). Furlher, only regions were chosen by the EFs-based feature

selector for classification of non-dysplastic versus cIN 3, and these regions were very

different than the regions and ratios of regions chosen for the classification of cIN 1



versus CIN 3. These results suggest that there are differences in the biochemistry of

tissue biopsies with diagnoses of non-dysplastic and CIN 1.

The classification of the spectra according to the clinical diagnoses of non-

dysplastic, CIN 1, CIN 2, and CIN 3 is complicated by several factors. First, the

classifications obtained using the MR spectra and the multivariate methods were

compared to the clinical diagnoses. The clinical diagnoses a¡e based on the combination

of the cyological report, the colposcopic impression, and the histopathological report. As

previously discussed, the accuracy of c¡ology is low. The colposcopic impression is

based on what the examining gynecologist obsewes, making it subjective and insufficient

for accurate diagnosis. Histopathology is also somewhat subjective with low diagnostic

accuracy. While Burghardt et aL (1994) state that the combination of cytology and

histopathology allow detection of CIN with an accuracy that approaches 997o, the

accuracy of grading the degree of dysplasia may be much lower. The classifications in

this study have been compared to the clinical diagnoses which are nor.700Vo accurate. If

the true diagnoses could be used for comparison, the classification accuracies obtained by

the MRS and multivariate methods mav increase.

Cervical lesions are often so small that a single punch biopsy will remove the

entire lesion and may include some of the tissue surrounding the lesion. This may

complicate the MR spectra. It is possible for two lesions with different grades of

dysplasia to exist immediately adjacent to one another (Burghardt et aI. 1994). The MR

spectrum from a biopsy composed of two lesions with differing grades of dysplasia will
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exhibit a combination of the two t)?es of biochemical changes. If the biochemical

changes progress from CIN I to CIN 3 and the biopsy contains equal portions from a

CIN 1 lesion and a CIN 3 lesion, for example, the MRS and multivariate method may

classify the spectrum incorrectly as CIN 2. If the biochemrcal changes do not progress,

but rather are different at each stage of progression of the lesion, changes may occur in

the MR spectra which conelate to mole than one diagnostic classification. This, too

would make classification by the multivanate method difficult.

It is known that MR spectra differ fo¡ different organs of the body and for

diffe¡ent disease processes (Mountford et aL 1996). Fufher, MRS studies of human and

rat colon tissue have shown that the appearance of the MR spectrum differs for each of

the different layers of tissue in the colon (Brière er aL 1995, Moreno ¿/ a/. 1993). Using

inf¡ared spectroscopy, Krupnik et al. (1998) confirmed that the biochemical composition

of the different layers of tissue in the rat colon give rise to different absorption peaks in

the infrared spect¡a. It is reasonable to believe that the different types of tissue present in

the uterine cervix will also give rise to different MR spectra. Ninety to ninety-five

percent of cervical lesions originate in the transformation zone, and thrs is where the

columnar epithelium of the endocervix meets the squamous epithelium of the exocervix.

Hence, biopsies of ceruical lesions will contain varying quantities of columnar and

squamous epithelial cells. It is possible that the MR spectra differ as the relative

quantities of columnar and squamous epithelial cells present in the tissue biopsy vary.

This would complicate the spectra making diagnosis of the degree of dysplasia difficult.

In this MRS study, only biopsies from the t¡ansformation zone were examined, and these
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contained either only squamous epithelial cells or both squamous and columnar epithelial

cells.

Several biochemical changes not related to the dysplastic process may also be

visible in the MR spectra. First, the cervix undergoes changes through the menstrual

cycle and after menopause. It is known that glycogen concentrations in the cervix

inc¡ease during the period of ovulation, and decrease after ovulation and after menopause

(Kurman 1987, Gilks et aL 1989). Because glycogen is a large, relatively immobile

molecule, it is unlikely that it would be obseryed in MR spectra. It is probable, however,

that other biochemical changes, some of which may be triggered by changing glycogen

concentrations, also occur in the cervix through the menstrual cycle and during

menopause. These changes may cause variations in the MR spectra. Second, it is known

that some dysplastic lesions progress to invasive cancer while others regress to normal.

There may be MR observable biochemical changes associated with the potential for

progression which partially mask the MR features which are due to the dysplastic

changes. As previously discussed, a follow-up study of untreated patients is necessary.

Finally, the presence of sexually transmitted diseases, such as herpes, human

immunodeficiency virus (HIV), clamidia, and human papillomavirus (HPV), may play a

role in the changing biochemistry of the cervix, and thus cause variations in the MR

spectra. Particularly important are the changes caused by HPV, because F{PV has been

linked to dysplasia and invasive cance¡ of the cervix. A study is required that attempts to

cor¡elate the MR spectra to the HPV type present in the tissue. Since there are

approximately twenty HPV tlpes that can occur in the cervix and multiple types can be



present simultaneously, it would be a formidable task to attempt to correlate the MR

spectra to each of the HPV types. The types, however, can be grouped into low,

intermediate, and high risk of progression to carcinoma. The MR spectra could be

correlated to these three categories, thus providing a measure of the progressive potential

of cervical lesions.

2.7 Conclusions

The differences in the MR spectra of non-dysplastic cervical tissue and ceruical

lesions do not allow classification by visual inspection nor by simple peak ratios.

Classification of the spectra into four diagnostic groups - non-dysplastic, CIN l, CIN 2,

and cIN 3 - is difficult. using multivariate methods, classification of the spectra into

two classes - non-dysplastic and cIN 1 versus cIN 2 and cIN 3 - resulted in optimal

classification accuracies o191.Í7o for the training ser and70.2vo for the test set. FouÍeen

spectra in the test set were consistently misclassified by the multivariate methods. It is

hypothesized that in these cases, the MRS technique has detected changes in the

biochemistry of the lesions which preceded the morphological changes.

Histopathology suggests that the morphological changes caused by dysplasia of

the cervix follow a continuous progression from CIN 1 to CIN 3. In this study, the

accuracy of classification of spectra into two adjacent diagnostic classes, such as cIN 1

versus cIN 2, was comparable to those of non-adjacent classes, such as non-dysplastic

versus cIN 3. The regions and/or ratios of regions chosen fo¡ each combination of two

84



classes were different. This does not support, but can not refute, the hypothesis that the

MR observable biochemical changes associated with dysplasia follow a continuous linear

progression. The changes may be different at each stage of progression.

2.8 Future Perspectives

A greater knowledge of the biochemical changes involved with dyspìasia may

provide information regarding the progressive or regressive potential of cervical lesions.

The multivariate methods are sensitive to small variations in the MR spectra, including

variations in the noise. In this analysis, only crude methods were used to minimize the

noise. Reduction of the noise in the spectra through more sophisticated techniques such

as wavelet transforms may improve the classification accuracies.

Histopathology, which detects morphological changes in tissue, is not able to

determine the progressive potential of pre-cancerous lesions of the cervix. Biochemrcal

changes, however, may be associated with progressive potential. An MRS study is

required where untreated lesions are followed through their dysplastic

progression/regression in order to determine if MR observable biochemtcal changes can

be seen that correlate to progressive potential.

Many factors may affect the biochemìcal content of the cervix. Biochemical

changes, which may be observable in the MR spectra, occur through the menstrual cycle

and after menopause. The mechanism of progression or regression of cervical lesions is
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poorly understood and may be a source of variation in the MR spectra. The changes

associated with the sexually transmitted disease HPV are of paficular importance in light

ofthe link between HPV and cervical dysplasia. If the MR spectra could be correlated to

the presence of low, intermediate, and high grade FIPV types, a measure of the

progressive/regressive potential of cervical lesions would be available, and this would

have a profound impact on clinical treatment. A study of the biochemical changes that

occu¡ in the cervix as a result of non-dysplastic events is necessary.
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P¡.nr 3

lH MRS oF TrrE Htm¡,N Ovany

3.1 Introduction

The human ovary is a complex organ that undergoes radical changes throughout a

woman's life. Each month throughout the child bearing years, the ovaries swell to as

much as twice their normal size before ovulation and then shrink after ovulation. After

menopause, the ovaries cease to ovulate and as a result, undergo further changes as they

become even smaller. Each of these changes is associated with hormonal changes that

can have a significant impact on the woman's day to day activities. With these large

changes occuring throughout a woman's life{ime, it is not surprising that a variety of

ovarian abnormalities exist.

It is estimated that l0 to 18% of couples have infertility problems (Reviewed in

Evers and Heineman 1990, I-ewis and Chamberlaìn 1989, Sloane 1985) thar are t)?ically

a result of several possible dysfunctions in both partners. Diagnosis of problems related

to the woman is difficult since there are a variety of conditions that may cause infertility.

When the cause is related to the ovaries, diagnosis is further complicated since many

ovarian abnormalities are asymptomatic other than the inability of the couple to conceive.
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More devastating than inferlility is ovarian cancer. Cancer of the ovaries normally

occurs in women as they approach menopause or after menopause, although some

relatively rare types of ovarian cancer occur in younger women and. girls (Hart 1992).

Canadian women with no familial history of ovarian cancer face a I in 66.7 chance of

developing ovarian cancer over thei¡ lifetimes. This incidence is not high, particularly

compared to breast cancer where the lifetime incidence is 1 in 9.3 (National Cancer

Institute of Canada 1998), but the mortality rates for these two types of cancer are

disparate. whereas 27 vo of women who develop b¡east cancer will die of their disease,

approximately 607o of women who develop ovarian cancer will die of their disease

(Canada Communication Group 1995, National Cancer Institute of Canada 1998). This

poor prognosis is due to the aggressiveness of ovarian cancer and its asymptomatic

nature. Tumour growth occurs quickly without causing significant pain, and as a result,

approximately 75Vo of malignant ovarian cancets are in advanced stages with extensive

metastases by the time of diagnosis (NIH Consensus Statement 1994).

Screening, detection and diagnosis of ovarian abnormalities is difficult due to the

location of the ovaries deep within the pelvis. Inaccessibility also prevents direct

observation ofthe ovaries. Despite this, the physiology of the ovary is well documented.

3.1.1 Anatomy and Physiology of the Ovary

Pre-menopausal, healthy ovaries are almond-shaped. The size of the ovary

depends greatly on the age of the woman and the phase of the menstrual cycle; however.

an ovary is typically ovoid in shape and measures approxìmately 3.0 to 5.0 cm in length,
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by 1.5 to 3.0 cm by 0.6 to 1.5 cm in width (Clement 1987a, Jaffe et aI. 1994). The

surface of the ovary is covered by a single layer of epithelial tissue. A substantial

basement membrane, the tunica albuginea, separates the surface cells from the underlying

stroma within which a¡e found follicles of varying stages of development. The follicles

contain the oocytes, or eggs. Each oocyte is surrounded by granulosa cells which are in

tum surrounded by a membrane refer¡ed to as the basal lamina. This membrane separates

the follicle, containing the oocyte and associated granulosa cells, from the stroma (Adashi

et al. 1996, andHillier 1991). The appearance of the ova¡y, and particularly rhe folücles,

changes dramatically dunng the menstrual cycle.

The length of the human menstrual cycle varies greatly between women.

Although it is seldom constant from one cycle to the next for a given woman, the average

length of a menstrual cycle is said to be 28 days. The activities of the ovary are

summarized in Table 3.1, and the changes in concentrations of hormonal levels associated

with the menstrual cycle are iìlusfated in Figure 3.1.
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Table 3.1: Summary of the Activity of the Ovary Through the Menstrual

Cycle.

Day of Menst¡ual Cvcle Activitl, of the Ovarv

t Beginning of Menses

5 End of Menses

12 End of Follicular Phase

13 Beginning of Ovulatory Phase

Reduced blood flow to walls of follicle

Cellular and biochemical changes in walls of follicle

L4 Rupture of follicle (ovulation).

Expulsion of follicular fluid and oocyte into fallopian tube

t5 T6 Beginning of formation of corpus luteum

Granulosa cells in ruptured follicle proliferate and increase
in diameter

Accumulation of lutein in granulosa cells

16- 18 Capillaries extend into walls of ruptured follicle

19 -20 Completion of formation of corpus luteum

23-26 Corpus luteum begins to recede

Decrease in amount of blood in capillaries followed by
obliteration of vascular networks

23 -28 Beginning of Follicular Phase

Cells of follicles proliferate forming fluid filled cavity
containing the oocyte
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Relative concentrations of the hormones - estrogen, follicular

stimulating hormone (FSH), luteinizing hormone (LH), and

progesterone - through the normal menstrual cycle (Adapted

from Speroff and Vande Wìele 1971).

Figure 3.1:

By convention, the first day of the cycle is the first day of bleeding, or menses.

Approximately 15 to 20 days prior to ovulation, or days 23 to 28 of the cycle, some of the

follicles within the stroma of the ovaries begin to grow. This follicular growth is

stimulated by an increase in the production of follicutar stimulating hormone (FSH) by the

pituitary gland. This is the beginning of the follicular phase of the menstrual cycle. The

cells of the ovarian follicles proliferate foflning a fluid filied cavity containing the oocyte,

or egg. The follicles quickly exceed lmm in diameter. More than 99.9a/a of aß



follicles become atretic, or degenerate, at different stages of gowth (Jaffe et aI. 1994).

Only one of these foÌlicles, called the dominant follicle, will continue to grow, reach

maturation, and ovulate. The dynamics of follicular g¡owth are poorly understood. As a

result, no mechanism exists which will allow prediction of which, or how many follicles

will develop during a cycle or which follicle will reach maturation and ovulate. It is

known, however, thât the dominant follicle exhibits the greatest ability of all the follicles

to synthesize estrogen; it has a more extensive and permeable capillary network; and it

will inhibit development of the other follicles. Normally, follicles will form on both

ovaries, but only one ovary will produce a dominant follicle. Typically, the dominant

follicle will appear on altemate ovaries from one cycle to the next, and thus the ovaries

take tums ovulating.

At approximately day 1 of the cycle, the level of FSH slowly begins to drop, and

at the same time, the follicles begin to produce estrogen. The increase in the level of

estrogen begins slowly and then rapidly increases. At the same time, there is a gradual

increase in the level of luteinizing hormone (I-H) (Mishell et at. L971, Speroff and vande

wiele 1971). The dominant follicle continues to grow throughout the follicular phase,

ultimately achieving a size of approximately 20 - 26mm in diameter (Iaffe et at. 1994),

The other follicles on both ovaries will slowly become atretic at various stages through

the follicular phase. (Jaffe et al. 1994, Speroff and Vande Wiele 1971)

The follicular phase ends with a sudden rise in the level of estrogen signifying the

beginning of the ovulatory phase. This next phase begins approximately 36 hours before
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ovulation with a surge-like rise in the secretion of LH that is thought to be triggered by

the previous rise in estrogen. Concomitant with the surge in LH is a much less intense

rise in FSH and a drop in estrogen levels (Mishell et aI. L971,, Speroff and Vande Wiele

1971). Ovulation occurs at approximately day 74 to 16 of the cycle. The mechanisms by

which the hormonal changes that occur during the ovulatory phase influence ovulation a¡e

unclear, but thei¡ effects are to constrict the capillaries of the follicle resulting in reduced

blood flow to the walls of the follicle, as well as to change the c),tologic and biochemìcal

characteristics of the follicula¡ walls. Rupture of the follicle at the time of ovulation does

not occur as a result of increased pressure on the walls of the follicle by the increased

amount of follicular fluid since the pressure caused by the fluid remains constant

throughout the follicular phase. Rupture is caused by weakening of the follicula_r wall.

While weakening occurs over the entire follicular wall, rupture occurs only at the apex of

the follicle at the suface of the ovary. Rupture of the follicle causes expulsion of the

follicular fluid and the oocy.te into the proximal fallopian tube. Around the time of

ovulation, the basal body temperature normally increases by approximately 0.5oC and

remains elevated until the time of the next menstruation (-ewis and Chamberlain 1989,

Sloane 1985). The level of progesterone begins to increase at the time of ovulation, and

LH, FSH, and estrogen levels all decrease shortly after ovulation. The decrease in

estrogen, however, is brief with levels rising again one or two days after ovulation during

the next phase of the cycle, the luteal phase (Jaffe et aI. 7994, Mlshell et aI. 1971, Speroff

and Vande Wiele 1971).
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The luteal phase of the menstrual cycle is characterized by a simultaneous rìse and

then decline in the levels of progesterone and estrogen with higher levels of progesterone

than estrogen (Mishell et al. 1971, Speroff and Vande Wiele 1971). After ovulation, the

wall ofthe follicle is not desffoyed, but rather ìs reorganized transforming the follicle into

the corpus luteum. Within a few hours of ovulation, the granulosa cells in the ruptured

follicle proliferate and undergo an almost th¡eefold inc¡ease in their onginal diameters.

The yellow pigment, lutein, accumulates in the cells giving this phase of the cycle the

name luteal, or luteinization phase. Over the 48 to 72 hours following ovulation,

capillaries extend into the thickened walls of the ruptured follicle, and approximately half

the time, penetrate the follicular wall filling the emptied cavity of the follicle with blood.

By approximately 5 or 6 days after ovulation, the cells of the corpus luteum have

achieved their maximum size and have transformed to luteal cells that are rich in lipids.

The corpus luteum is extremely well vascula¡ized and has one of the highest blood flows

per unit mass of any gland in the body (Hillier 1991). It normally attains a diameter of

approximately 10-20mm (I affe et al. 1994) and is responsible for the production and

secretion of progesterone and estrogen. By about the eighth day after ovulation, or day 22

of the menstrual cycle, progesterone secretion is at a maximum. About 9 to 12 days after

ovulation, levels of progesterone slowly decrease (Mishell et al. l9'77, Speroff and Vande

Wiele 1971). Two to five days before menses, or the menstrual period, the corpus luteum

begins to regress provided that pregnancy has not occurred. At this time, there is initially

a decrease in the amount of blood in the capillaries, followed by a decrease in the size of

the corpus luteum and obliteratìon of the vascular networks until the corpus luteum

recedes from the ovarian surface. (Jaffe et aL 1994, Speroff and Vande Wiele 1971)



The ability of a woman to conceive, called her reproductive potential, decreases

with age. In a review of the literature regarding reproductive potential, Scott and

Hofmann (1995) found evidence that this decline may be largely due to changes in the

ovaries. Throughout life, the¡e is a continuous dec¡ease in the number of oocytes in the

ovaries. At some point, there begins a significant depletion in the numbe¡ and quality of

the oocltes which is referred to as diminished ovarian reserve. The age of onset of

perimenopause, which is the deciine in reproductive potential and diminshed ovarian

reserve, is highly variable. While the cause of decline in reproductive potential is

unknown, a large increase in production of FSH and a much smaller increase in the

production ofLH has been observed at the same general time as ovarian reserve begins to

diminish (reviewed in Jansen L992, Mlller and Keane 1987, O'Keane 1996, Scott and

Hofmann 1995, Sloane 1985). In some women, normal menstrual cycles continue until

the last menstrual period. More commonly, however, the length of the cycle begins to

shorten and menses becomes irregular as successful follicular growth and ovulation does

not occur in each cycle. Often, one ovary will discontinue cyclic activity before the other

ovary which may result in successful ovulation only every second cycle (Jansen 1992,

Mille¡ and Keane 1987, Sloane 1985). Due to the inegularity of menstruation during the

perimenopause, it is difficult to determine exactly when the menopause has occurred.

Normally, it occurs around 50 years of age and is considered to be permanent when

menstruation, or bleeding, has not occurred for a period of one year (Miller and Keane

1987, Sloane 1985). After menopause, the ovaries sh¡ink in size, but activity in rhe

ovaries does not necessarily cease. The elevated levels of FSH and LH which occurred

during the perimenopause remain constant. In some cases, the ovaries still undergo
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follicular development, although, the follicles seldom reach maturation and menstruation

is rare. Postmenopausal ovaries produce and secrete negligible amounts of progesterone

and estrogen, and thus, estrogen is derived from other sources (Jansen 1992, Hillier 1991,

Sloane 1985).

3,1.2 Anatomy of the Female Pelvis

In o¡der to determine accurately the location of the ovaries in the pelvic region,

and to gain an understanding of the challenges associated wilh in vivo analysis of the

ovaries, a basic knowledge of the anatomy not only of the ovaries, but also of the entire

female pelvis is required. In theory, the ovaries are located on either side of the uterus.

The uterus is superior to, and rests on top of the urinary bladder. It is suspended and held

in place by 8 ligaments. Two of these ligaments, the broad ligaments, connect the sides

of the uterus to the late¡al walls of the pelvis @gure 3.2).

/Uterine 
Fundus

Ovarian Ligament

Fallopian Tube

\-,
\.
),:.

r,i
:,'/ "...

Broad Ligament

Figure 3.2: Schematic representation of the female reproductive organs,

posterior view.

Uterus - Endometrium
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The ovaries and fallopian tubes are on the posterior side of the broad ligament. The

fallopian tubes extend from the fundus of the uterus, or end of the uterus most distant

from the vagina, to the sides of the pelvis. They are contained within the superior folds of

the b¡oad ligaments. The fallopian tubes are approximately 10-15cm in length, but are

only a few millimeters in diameter. The end of the fallopian tube opposite the uterus is

open to the abdomen and consists of many fingers, or fimbriae, through which the oocytes

pass to enter the fallopian tube and ultimately the uterus. One of these fimbriae is

attached to the ovary such that the ovary remains close to the end of the fallopian tube.

The ovaries are infenor to the fallopian tubes. Anteriorly, they are attached to the

posterior folds of the broad ligament. Further support is provided by the ovarian ligament

which extends from the medial side of the ovary to the wall of the uterus slightly inferior

to the insertion of the falÌopian tube. The infundibulopelvic, or suspensory, ligament

extends from the pelvic brim to the superior aspect of the lateral side of the ovary. The

vessels which supply the ovary with blood course along the suspensory ligament.

Estrogen dilates the vasculature of the uterus and ovaries while progesterone has the

opposite effect. Hence, blood flow to the ovaries increases and decreases through the

menstrual cycle. (Clement 1987a, Gray 19'77 , Jaffe et aI., 1994)

3,1.3 Abnormalities of the Ovaries

Due to the functional complexity of the ovaries, it is not surprising that a wide

variety of ovarian abnormalities exist. These abnormalities can be divided into non-

neoplastic abnormalities, or those abnormalities that do not jnvolve uncontrolled and



progressive cell multiplication (Miller and Keane 1987), and benign and malignant

abnormalities as follows (I-ewis and Chamberlain 1989, Mack et al. 1992):

A) Non-neoplastic ovarian abnormalities

1) Enlarged follicular cysts

2) Enlarged corpus luteum cysts

3) Polycystic ovarian disease

B) Benign and malignant abnormalities

1) Tumours originating in the surface epithelium

2) Germ cell tumours

3) Sex cord stromal tumours

C) Metastatic tumours

3. 1.3. 1 Non-Neoplastíc Ovarian Abnormaliîies

Follicular and corpus luteum cysts are part of the normal ovulatory function of the

ovaries, as previously discussed. These cysts are normally small and are not considered

abnormal. Occasionally, however, a follicular cyst may grow larger than normal. While

these cysts commonly regress naturally, a cyst that exceeds five centimeters in diameter is

considered abnormal. At the time of ovulation and the subsequent fomation of the

corpus luteum, there is always a small amount of bleeding where the follicular cyst has

ruptured. If this bleeding is excessive, the corpus luteum will become distended with

blood, possibìy leading to delay of menstruation and,/or pain (Lewis and Chamberlain

1989, Sloane 1985).

Polycystic ovanan disease is characterized by enlargement of the ovaries to two to

five times their normal size as well as the presence of an abnormally large number of
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small follicular cysts that vary in size but seldom exceed five millimeters in diameter.

The follicular cysts seldom or never mature to the point of ovulation resulting in

infrequent or absent menstruation and infertility (-ewis and Chamberlain 1989, Clement

1987b).

3.1.3.2 Benign and Malignant Abnormalities

Sex cord stromal tumours are variable in their origin and structure. They originate

from the cell types that form the testes and the ovaries during fetal development, called

the sex cord. Since they form in the stroma of the ovaries, they may contain one or more

of the various tlpes of cells found in the st¡oma. Sex cord st¡omal tumours account for

approximately eight percent of all ovarian tumours. Of these, approximately half are

benign, and those that are malignant are normally of a low $ade of malignancy (I-ewis

and Chamberlain 1989, NIH Consensus Statement 1994, Young and Scully 1987).

Germ cell tumours are more common than sex cord stromal tumours, compnsing

approximately twenty percent of all ovarian tumours. Typically, they occur in girls and

young women. The majority (95 to 99Vo) of these tumou¡s are benign and consist of

dermoid cysts (I-ewis and Chambe¡lain 1989, NIH Consensus Statement 1994, Talerman

1987). Dermoid cysts are normally rich in lipids and very heterogeneous. They

commonly contain skin, sebaceous and sweat glands, hair, cartilage, muscle, and calcium

deposits in the form ofbone or teeth (Iæwis and Chamberlain 1989, Sloane 1985).



The most common ovarian tumours arise in the epithelium that covers the surface

of the ovarìes. These tumours account for 50% of al benign ovarìan tumours and 85 to

90Vo of nalignant tumours (Hafi 1992). Epithelial tumours may be solid or cystic, or

may contain both solid and cystic portions. The solid portions may be of varying cell

tlpes, or may be of a single cell type. Fluid in the cystic portions is normally rich in

glycoproteins that diffe¡ in the amount of amino sugars (I-ewis and Chamberlain 1989

Sloane 1985).

3.1.3.3 Metastatic Tumours

In some cases, the ovaries are the site of secondary tumours, or metastases, from

other malignant cancers. One common example is tumou¡s that result from

endometriosis. Endometriosis is a disease in which cells from the endometrium, or inner

lining, of the uterus are found in the form of growths, or lesions, outside of the uterus.

These lesions are commonly found on the ovaries (I-ewis and Chamberlain 1989).

3.1.4 Screening for Ovarian Abnormalities

The prognosis for patients diagnosed with ovarian disease rn its early stages is

much better than for those with advanced stages of disease. The five year suwival rate

for patients diagnosed with early stages of malignant ova-rian cancer is g[eaÍer than 9OEo,

but for patients with advanced stages including metastases, lt is only 15 to 20Va

(Reviewed in Look 1993). Accurate screening methods would greatly reduce the

mortality rate due to ovarian cancer. Cur¡ently there are three screening tests available:
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bimanual rectovaginal pelvic examination, CA-125 analysis, and transvaginal

ultrasonography (TVS).

While bimanual rectovaginal pelvic examìnation may be performed at routine

physical examinations, some ovarian abnormalities are too small to detect on manual

examination, and some lie in a position such that they can not be felt. Further, this

examination only detects the presence of an abnormal growth. It does not allow

differentiation between benign and malignant tumours (I-ewis and Chamberlain 1989

Look 1993, NIH Consensus Statement 1994). CA-125 is an antigen that was initially

found to have elevated concentrations in more than 807o of malignant, epithelial, ovarian

tumours. Unfortunately, only half of the patients with cancer in its early stages have

elevated levels of CA-125, and a significant number of healthy women also have elevated

levels of CA-125 (Forstner et al. 1995, Look 1993, Kuesel 1992, NIH Consensus

Statement 1994). Hence,levels of this antigen can not be used as an accurate screening

method. Finally, TVS allows accurate detection of ovarian growths. Attempts have been

made to determine the malignant potential of detected abnormalities based on the size and

cystic properties of the growth. These studies have met with limited success (Reviewed

in I-ewis and Chamberlain 1989, Look 1993, NIH Consensus Statemenr 1994). Due to

the low incidence of malignant, ovarian cancer and the inaccuracy of screening methods,

it has been estimated that screening of even 50Va of postmenopausal women would

generate charges of $2.7 million for every ovarian cancer that is found (Willson 1991).
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An accurate sc¡eening method would be particularly beneficial for women with a

familial history of ovarian cancer. women with no familial history of ovarian cancer

have approximately a 1.57o chance of developing ovarian cancer. women with one first-

degree relative with ovanan cancer have a 57o hrdrrme risk of developing ovarian cancer.

with two or mo¡e first-degree relatives, the risk rises to 7vo. 'rhese women are further at

nsk since 3va oî those women with two or mo¡e family members affected by ovarian

cancer have hereditary ovarian cancer syndrome. In these cases, the lifetime risk is

approximately 407o to 50va. Because there is no way of detecting which of these women

have hereditary ovarian cancer sl,ndrome, all women with two first-degree relatives with

ovarian cancer are considered at high risk and are treated assuming a 50Ío r,sk (Lynch et

a\.7985, NIH consensus statement 1995). Since no screening method has been found to

be reliable, annual pelvic examination is the only screening method recommended for low

risk women. while studies have not shown that screening of high risk women will reduce

the mo¡tality rate from ovarian cancer, annual pelvic examination, CA-125

deteminations, and rvS are recommended fo¡ women with a familial history of ovarian

cancer who wish to maintain fertility. After childbearing is completed, or at least by the

age of 35, it is recommended for high risk women that both ovaries be removed as a

preventative measure (NIH Consensus Statement 1994).

3.1.5 Diagnosis and Treatment of Ovarian Abnormalities

Due to the lack of screening methods and the asymptomatic nature of the disease,

ovarian abnormalities are normally found either by chance during routine pelvic

examination or as a result of symptoms such as abdominal pain or rapidly increasing



abdominal girth. selection of the most appropriate treatment for newly detected ovarian

abnormalities is one of the most common diìemmas in gynecology (I_ewis and

Chamberlain 1989, Moore 1993, Outwater and Dunron 1995, Sloane 1985).

Non-neoplastic growths, such as unusually large follicular or corpus luteal cysts,

normally go undetected unless tlrey grow large enough to be felt during pelvic

examination or cause pain. If detected, these cysts normally do not require treatment

because they will recede spontaneously. The recommended treatment for unusually large

cysts is careful obseryation using TVS. In some cases, however, non-neoplastic growths

will persist, causing pain and irregular menstruation. In these cases, surgical removal of

the growth may be necessary (æwis and Chamberlain 1989, Sloane 1985). Other non-

neoplastic abnormalities, such as polycystic ovarian sl,ndrome, are normally cor¡scted

with hormonal therapy, but in some cases may require surgical managsment involving

drilling of multiple holes through the epithelium of the ovary (Al-Took and Tulandi 1997,

Sloane 1985).

Since it is often impossible to determine prior to surgery whether an ovarian

tumour is benign or malignant, surgical removal of the growth is normally the first stage

of treatment (I-ewis and Chamberlain 1989, Moore 1993, Outwater and Dunton 1995,

Sloane 1985). Dunng surgery, it is of great importance that the entire pelvis is examined

to determine if metastasis of malignant tumours has occurred. If the growth is benign, no

further treatment is necessary. Approximately I0 To 20Vo of ovarian tumours are

classified as tumours of low malignant potential, or the less commonly used terminology



of borderline (Reviewed in Hart 1992, sutton 1993). These tumours are neither benign

nor malignant. They ar.e composed of cells which are clearly malignant but show no

tendency to invade the stroma of the ovaries. Tumours of low malignant potential have a

better prognosis and a five year survival rafe oî 92 to r00Ea, which is significantly higher

than that for the truly malignant tumours (Reviewed in Hart 1992, outwater and Dunton

1995). Due to the mixed nature of thess tumours, determination of appropriate treatment

is difficult. It is recornmended that women presenting with ovarian tumours of low

malignant potential, who have completed child-bearing, undergo a total hysterectomy

including removal of both ova¡ies. There is no evidence which suggests that furthe¡

treatment, such as chemotherapy or radiation, is of benefit unless there is ¡ecurrence

and./or clinical progression (Morrow 1992, Mack et aI. 1992, NIH consensus Statement

1994, Sutton 1993).

If upon surgical examination the tumour is believed to be malignant, as much as

possible of the metastatic growths should be removed since minimal residual tumour is

associated with improved survival. Post-surgical treatment is based on whether

metastasis to adjacent tissue has occurred. If no metastases are found, further treatment is

normally not necessary. If metastâses are present, surgery is normally followed by

chemotherapy (Hoskins 1993, Moore 1993, NIH Consensus Sratemenr 1994, Sloane

1985). unfortunately, approximately half of the patients develop a resistance to the

chemotherapy, and some patients do not respond at all. chemotherapy rarely eliminates

ovarian cancer even in patients who respond to the treatment. The poor response fate to

chemotherapy along with the large number of women who present with advanced stages



of ovarian cancer (app¡oximately 7 570) lead to the high mortality rate from this disease

fi-ewis and Chamberlain 1989, McGuire 1993, Perez et al. 1993).

3.1,6 Current Imaging Modalities

3.1.6.1 Ultrasonograpl'ry

Typically, ultrasound is the diagnostic imaging technique of choice because of its

relatively low cost as compared to computed tomography (CT) and magnetic resonance

imaging (MRI). Ultrasound allows accurate visualization of unusually ìarge follicular

cysts and polycystic ovarian sy,ndrome. These conditions may be monitored using

ultrasound without the need for surgical intervention (Jaffe et al. 1994). Enlarged corpus

luteum cysts, however, are often indistinguishable from an ectopic pregnancy in

ultrasound images (Jaffe et aI. 1994). Ovarian cysts that result from endometriosis are

also difficult to distinguish from other cysts (Jaffe et al. 1994, Lipson and Hrìcak 1996).

Reports on the accuracy of differentiation of the different types of solid tumours using

ultrasound vary (Jaffe et aL 1994, Lipson and Hricak 1996, Scoutt and McCafthy 1992,

Willson 1991). The sensitivity for malignancy of ova¡ian tumours has been reported to

be as low as 587o (Reviewed in Outwater and Dunton 1995, Scoutt and McCarthy 1992,

Willson 1991). Further, ovarian tumours are often missed or not clearly defined by

ultrasound because they may be beyond the range of the probe (Romero et al. 1995,

Willson 1991), o¡ air interfaces or extensive subcutaneous fat tissue may cause distortion

of the signal (Prayer et al. 1993). As a result, most surgeons do not recommend the use

of ultrasonography for diagnosis of ovarian tumours since the scan rarely provides

additional useful information (Willson 1991). While ultrasound has not been shown to be
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useful in the diagnosis of solid ovarian tumours, it is accurate, and used routinely,

monitoring ovulation as well as to diagnose and monitor the effects of Íeatments

infertility (Pierson et aL l994b).

3.1-6.2 Computed Tomography (CT)

CT is often used when ultrasonographic findings are inconclusive (Fiedman et al.

1994, Occhipinti et al. 1993). CT, like ultrasound, can accurately determine the presence

of abnormally large follicular o¡ corpus luteum cysts, but unlike ult¡asound, normal

ova¡ies are not normally visualized by CT. Further, CT is unable to resolve the numerous

small follicula¡ cysts associated with polycystic ovarian s¡rndrome (Occhipinti et aI.

1993) because of poor soft tissue contrast (Outwater and Dunton 1995). Dermoid cysts

and their internal structures, including calcium deposits and hair, are pa¡ticularly well

visualized with CT and may be correctly diagnosed in about two thirds of patients with

dermoid cysts (Friedman et aI. 1994, Occhipinti et aI. 1993). The intemal architecture of

other ovarian masses may not be well resolved (Occhipinti et al. 1,993). CT is unable to

differentiate cysts associated with endometriosis from other ovarjan cysts (Friedman el al.

1994, Occhipinti et aL 1993). Differentiation of benign from malignant tumours using

CT is difficult and has not been shown to be more accurate than ultrasound @riedman et

al. 1994,I-ewis and Chamberlain 1989, Lipson and Hricak 1996, Occhipinti et aI. 1993,

Outwater and Dunton 1995, Scoutt 1992, Symonds et al. 7992).

for
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L14



3.1.6.3 Magnetic Resonance Imaging (MRI)

MRI provides âccurate identification of normal ovaries in 8'l7o to 967a of

premenopausal women (Occhipinti 1994). Because of their smaller size and lack of

follicula¡ cysts, ovaries in postmenopausal women a¡e much more difficult to locate with

MRI (Occhipinti 1994, Occhipinti et aL 1993). Unlike ulrrasound, MRI is not limired ro

visualization of structures close to the surface of the pelvis and./or the vagina. This is

particularly helpful in women whose ovaries a¡e displaced into the abdomen due to

stretching of ligaments, growths within the uterus which displace the ovaries, or surgical

displacement of the ovaries (occhipinti 1994). Major structures of the female pelvis and

their intensity in T1- and T2-weighted MR images are given ìn Table 3.2_
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Table 3,2: T1- and T2-Weighted Signal Intensities of Anatomical

Structures in the Female Pelvis (llricak and Carrington 1991,

Outwater and Dunton 1995, Outwater et al. 7996, J aîfe et al.

1994, Semelka ¿t aL 1997)

Follicular and corpus luteum cysts a¡e well depicted with MRI and use of

contrast-enhanced T1-weighted images improves characterization of these cysts. If

hemorrhaging has occuned within the cyst, as is conìmon in corpus luteum cysts,

differentiation between symptomatic corpus luteum cysts and endometriosis is difficult

(occhipinti 1994, occhipinti et al. 1993). Polycystic ovarian syndrome is well depicted

by MR imaging, but diffe¡entiation of this disease from stromal h)?efthecosis of the

Anatomic SÍucture
Intensitv in

TlWeighted Imase
Intensitv in

T2Weiehted hnaee

Bowel Low to Intermediate Lo''¡r' to Intermedi âte

Broad Ligament Low Low to Intermediate

Muscle Low to Intermediate Low

Corpus Luteal Cysts - no hemorrhaging

- hemorrhaging

Lo',v to Intermediate

lntermedi ate to High

High

Intermediate to High

Ovaries - Developing Follicles L¡w to Intermediate High

Ova¡ies - Stroma Low to Intermediate Intermediate

Urinary Bladder Wall Low Low

Urine Low High

Uterus - Internal Layer (Endometrium) Low to Intermediate High

Uterus - Central Layer (Junctional Zone) Low to I¡ termedi ate Low

Uterus - Outer Layer (Myometrium) Lo\ry to Intermediate Intermediate



ovary, characterized by an increase in the size of the ova¡ies due to growth of normal cells

and excessive accumulations of lutein in the cells of the stromal layer (Miller and Keane

1987), is often not possible using MRI (Occhipinti 1994, Occhipinti er al. 1993). Reports

on the accuracy with which MRI can differentiate between benign and malignant ovarian

tumours vary. Some state that diffe¡entiation using MRI is no more accurate than CT or

ultrasound and that the specificity of all three imaging modalities is not sufficient to

distinguish benign from malignant tumours (Reviewed in Miralles 1996, occhipinti et al-

1993, Outwater and Dunton 1995, Scoutt and McCarthy 1992). Others claim that MRI is

at least equivalent and may be superior to cr. These studies report differentiation of

benign from malignant tumours with accuracies lrom 86Vo to 97 7o (Reviewed in Lipson

and l{ricak 1996, Medl et al. 1995, Occhipinti et al. 7993, Romero et aL 1995, Symonds

et aI. 7992).

3.1.6.4 Summary of hnaging Methods

Ultrasound and MRI allow observation of healthy ovaries and accurate diagnosis

of polycystic ovarian syndrome. Unusually large ovarian cysts are well depicted with

ultrasound, CT, and MRI, but hemorrhagic, corpus luteum cysts are not well

differentiated from ovarian implants associated \¡/ith endometriosis. Reports on the

accuracy with which benign ovarian tumours are distinguished from those that are

malignant range from 52Ea to 97 Eo for each of the three imaging modalities. Tumours of

low malignant potential (borderline) can not be diagnosed with any of the imaging

modalities. They are diagnosed exclusively by histopathological examination of

surgically removed biopsies (Harf 1992).

117



While current imaging modalities provide a method of obsewing the normal

cyclic changes in the ovaries as well as the manifestation of disease processes, the causes

of these changes and the associated biochemical alterations remain poorly understood.

Furthermore, no method exists for the early detection and screening of ovanan

abnormalities such as ovarian cancer. An in vivo method that would allow examination

of the biochemical changes in the ovaries could Ìead to a better understanding of the

causes of ovulation, infertility, and ovarian tumours as well as a method of following the

effects of drugs on the ovaries. This could have a profound impact on the Íeatment of

ovarian abnormalities.

3.2 Hypothesis

It is hypothesized that in vivo lH magnetic resonance spectra can be obtained from

healthy ovaries and abnormalities of the ovaries.

3.3 Objectives

The objectives of this work include determination of:

1) the best rf coil(s) for MRS of the ovaries from amongst the available coils;

2) a last and accurate imaging protocol for location of the ovaries; and

3) a method for obtaining accurate in vivo spectra of the ova¡ies that corrects for

the effects of motion within the pelvis.



3.4 Rationale

The ovaries undergo extreme changes through the menst¡ual cycle and during

menopause as a ¡esult of hormonal stimulation. When the follicula¡ and corpus luteum

cysts that occur nonnally during the menstrual cycle become abnormally large, abnormal

changes in hormonal levels may be observed (Jaffe et aI. 1994, pierson and Chizen

1994a). The concentration of these hormones is tlpically ât the nanomolar level (Speroff

and Vande Wiele 1971). While their concentration is too low to be detected using

rnagnetic resonance spectroscopy (MRS), it is probable that other biochemical changes

occur which can be measured with MRS.

Mackinnon et aL (1995) found that lH magnetic resonance spectra of surgically

obtained ovarian biopsies could be used to differentiate normal/benign from malignant

tumours with a sensitivity of 87Vo and a specificity of 9lVo. Tumours of low malignant

potential could also be distinguished from malignant tumours. A simila¡ study performed

by Wallace et aI. (1997) yielded a sensitivity of I007o and a specificity of 95%. This

study also examined the abilìty of lH magnetic resonance spectroscopy to differentiate

untreated ova¡ian cancer from recurrent ovarian cancer. The sensitivity and specificity of

this anaìysis were found to t:e 92vo and 700Ío, respectively. provided that sufficient

signal to noise is obtained, these results should be reproducible using irz viva IH MRS.



3.5 Materials and Methods

3.5.1 Coils

Three coils manufactured by Siemens were tested to determine their suitability for

imaging and spectroscopy of the ovaries on a Siemens SP 1.5T magnet. The th¡ee coils

used were:

1) Whole body coil - quadrature coil, transmilreceive

" length = 90cm

- inner diameter = 57cm

2) Helmholtz-type volume coil - quadrature coil, receive only

- Inner coil = 15.5cm x 15.5cm

- Outer coil = 18.0cm x 18.0cm

- Maximum separation between coils = 30cm

3) Circularly polarized (cp) surface coil - quadrature coil, receive only

- Double ring coils = 10.3cm x 20.0cm

- Single ring coil = 72cm x 23cm

The signal to noise ¡atios were determined for each coil using a spherical phantom

(diameter = 18 cm) containing 0.1M acetate and 0.lM lactate. The loading of the whole

body coil and the cp spine coil was inc¡eased by including a body loader phantom

containing water. The coils of the Helmholtz-type volume coil were separated by the

maximum distance possible to approximate the conditions of a patient positioned in the

coil. The loading of the HelmholtzJype volume coil was not increased using the body

loader phantom because the phantom was too large and did not fit between the coils. For

each coil, a \ryater suppressed spectrum was obtained from a 15x15x15mm3 voxel at the

center of the magnet using the STEAM sequence @gure 3.3). The signal to noise ratio

was determined frorn the acetate singlet at 1.92 ppm. The maximum intensities of the

t20



magnitude FID's with no water suppression were determined al time zero using the same

voxel. These intensities we¡e also determined every 15 mm along each of the three axes

in order to determine the signal faìloff cha¡acteristics of the coils.

3.5.2 PatientPopulation

All women who palticipated in this study were recruited under the guidelines

established by the National Resea¡ch Council's Human Subjects Research Ethics

Committee (HSREC). Ethical approval for this study was also obtained from the HSREC

(protocol numbers 1994-4, 1995-24, and 1995-25). Magnetic resonance imaging and

spectroscopy were perfomed on 22 premenopausal women (ages 27 - 47 years, mean age

= 29.2 years),2 perimenopausal women (ages 45 and 50), and 16 postmenopausal women

(ages 52 - 77 years, mean age = 61.4 years; 1 to 32 years since last menses, mean = 10.0

years) with no a prior knowledge of ovarian abnormalities. Menopause was said to have

occuned if at least one year had passed since the last menses. An additional 8

premenopausal women (ages 22 - 42 years, mean = 28.9 years) with no prior knowledge

of ovarian abnormalities paúicipated in the study six times during one menstrual cycle.

They were asked to measure and record their temperature each moming using a basal

body thermometer. MRS was performed on these women on the following six days:

I ) The second day ol menses

2) Approximately midway between the onset of menses and the day of ovulation

3) The day before ovulation

4) The day of ovulation

5) The day after ovulation

6) One week after the day of ovulation



Since the exact time of ovulation was initially unknown, the day of the second visit was

estimated. The exact time of ovulation was determined using the ovulation predictor kit

Conceive LH (registered trademark of Quidel). This predictor measures the concentration

of luteinizing hormone in a urine sample. The predrctor tests positive on the day before

ovulation when the concentration of luteinizing hormone surges @igure 3.1). All women

who participated in the study were encouraged to limit their liquid intake on the day(s) of

the study.

Two women werc refe¡red to the study by gynecological oncologists. One (27

years of age) presented clinically with a 5cm growth on the left ovary that was a

suspected dermoid cyst. The other (46 years of age) had a 10cm growth that was

diagnosed as adenocarcinoma. This woman was undergoing chemotherapy treatments at

the time the MRS was performed.

Because this study was performed on a clinical MRI system, research time vr'as

limited. The system was available for research weekdays from 10:00pm to 7:00am,

Tuesdays from 4:00pm to 6:00pm, and Saturday after 4:00pm to Monday at 7:00am. All

of the premenopausal women who pafiicipated six times during one menstrual cycle were

scheduled for the study betrveen 10:00pm and midnight.



2,5,3 Imaging

The cp surface coil was chosen for imaging and spectroscopy of the ovaries.

Imaging of the entire pelvis was required in order to locate the ovaries. In both pre- and

postmenopausal women, an initial set of three 10mm slices was imaged using a FISP

sequence (TE = 10ms, TR = 60ms, matrix = 128x256 with over sampling, total

acquisition time = 10s). These images allowed localization of the uterus. The coil was

adjusted to lie directly beneath the uterus. In premenopausal women, the T2-weighted

Turbo Spin Echo (TSE) sequence (Siemens supplied, TE = 91ms, TR = 5000ms, matrix =

128x256 with over sampling, 16 echo train, 4 acquisitions, total acquìsition time = 2min,

57s) was used to obtain nine 4mm coronal slices with slice gaps of 4mm. The sequence

was repeated with the nine slices shifted by 4mm. In this manner, contiguous, coronal

slices were obtained. Using the same Turbo Spin Echo sequence, nine 4mm transverse

slices were obtained. In postmenopausal women, the T1-weighted Spin Echo sequence

(TE = 17ms, TR = 480ms, matrix = 256x512 with over sampling, 2 acquisitions, total

acquisition time = 4min, 9s) was used to acquire nine 4mm transverse slices with 4mm

slice gaps. The sequence rvas repeated to obtain nine transverse slices shifted by 4mm

arid then nine coronal slices.

3.5.4 Spectroscopy

Once the ovaries were identified, a voxel was positioned on the ovary such that

the voxel size was maximized but was entirely inside the ovary. Standard first order

shimming was perforned. Water suppression was obtained using the CÉIESS sequence

(Haase et al. 1985), and was optimized by adjustment of the voltages of three Guassian



pulses. Images of the pelvis were once again obtained using a shortened form of the

Turbo Spin Echo sequence (TE = 91ms, TR = 1550ms, matrix = 128x256 with over

sampling, 2 acquisitions, total acquisition time = 35s) in premenopausal women, and a

shortened form of the Spin Echo sequence (TE = 17ms, TR = 300ms, matrix = l92x5I2

with over sampling, l acquisition, total acquisition time = 6ls) in postmenopausal

women. The voxel was repositioned to account for movement of the ovary. Using the

STEAM sequence (TE = 20ms, TR = 2000ms) shown in Figure 3.3, 32 wafer suppressed

FID's were acquired in 67s. This protocol of scout imaging, voxel re-positioning and

spectral acquisition was repeated to obtain a minimum of 128 and a maximum of 160

water suppressed FID's, and 32 FID's with no water suppression.

The acquired FID's were not averaged, but rather were stored in 32xI024

matrices. Since the Siemens spectroscopy software automatically averages the FID,s as

they are acquired, the STEAM sequence was n¡n from the imaging software in order to

store each acquisition without averaging. The radio frequency (rf) puìses we¡e calculated

externally using a modified version of the Siemens program SRFCALEX (modified by

Dr. Jonathan C. Sharp, Research Officer, Institute for Biodiagnostics, National Research

Council).
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Figure 3.3: Timing diagram for the STEAM sequence (TE = 20ms, TM = 17ms, TR = 2000ms) preceded by water

suppression using the CHESS sequence. Gradient amplitudes are given in mT/m, gradient rise and fall
times are 1ms, and times a¡e given in ms. CFIESS pulses are Guassian, and 900 pulses are sinc pulses.
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3,5.5 Spectral Processing

The FID's were t¡ansferred to a Unix based system for analysis. A program was

written in IDL which allowed interactive manipulation of the individual FID's as well as

the averaged FID's. The program was tested using spectra obtained from a spherical

phantom (diameter = 18cm) containing 0.1M acetate and 0.1M lactare. Using the IDL

plogram, each FID was fâst Fourie¡ transformed @FI'd). The absolute magnitude water

spectra were frequency shifted and the real and imaginary water spectfa were phased to

ensure that each acquisition was aligned and had the same phase. The individual water

suppressed FID's were zero filled to 2048 points and multiplied by an exponentiaÌ filter.

They were then FFT'd and the individual spectra were frequency and phase cor¡ected in

the same manner as the water spectra. In cases where the signal to noise ratio was too

low to identify accurately a peak or peaks in the spectra that could be used for frequency

shifting and phasing, each set of 32 spectra were averaged, and the averaged spectra were

cor¡ected. The individual spectra were then examined, and where the signal to noise ratio

was sufficient, further flequency shifting and phasing were performed. The frequency

shifts and phases were saved and applied to the raw data with no zero filling or filtering.

The frequency and phase cor¡ected water FID's were averaged. In cases where

metabolite peaks were present in the water suppressed spectrum, the spectrum was

multiplied by a filter, f(p), according to the following equation:



l+ exp(-pn I an)
J \r/ 

lln- À- n"f
I * exPl 

-

lool

where p is the point on the x-axis, po is half the width at haÌf height, p" is

the center point of the filter, and ao is the width of the drop-off region of

the curve.

The averaged water FID was used as the reference spectrum to correct the individual

frequency and phase corrected water suppressed FID's for eddy currents. The eddy

current correction was performed according to the method of Ordidge and Cresshull

(1986). The water suppr€ssed FID's were zero filled to 2048 points, multiplied by an

exponential filter, and FFT'd to obtain the final spectrum.

Point (p)



3.6 Results

3.6.1 Coils

The stgnal to noise ratios for the Helmholtz-type volume coil, the circulatly

polanzed spine coil, and the whole body coil as measured at the centel of the magnet are

listed in Table 3.3.

Table 3.3: Signal to noise ratios for three Siemens manufactured coils.

Coil Sisnal to Noise Ratio

Helmholtz-type volume coil 1'7.8

Circularly polarized spine coil 8.8

Whole body coil 5.6

The maximum signal intensìties of the water FID at time zero as a function of position

along the x-axis (fight to lsft across the bore of the magnet), y-axis (top to bottom of ths

bore of the magnet), and z-axis are plotted in Figure 3.4.



700

650

600

:- ,,-
E

à 500

I 450

9 4oo

300

250

200

-90 -75 4545-60 30 -15 0 15 30

Positjon Along X-Axis (mm)

1800

1600

1400

tÊ 1200

à'z 1000
õE soo

'r5s 600

400

200

0

-90 -75 -60 -45 -30 -15 0 15 30 45 60 '75 90

Position Along Y-Axis (mm)

Figure 3.4: (Continued on next page) Signal intensities at time zero of the

absolute magnitude water FID for' 15x15x15mm3 voxels

positioned along the x-, y-, and z-axes. The intensities for the

Helmholtz+ype volume coil are illustlated by the dotted line,

the solid line reprcsents the cp spine coil, and the dashed line,

the whole body coil.
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Figure 3.4: (Continued from plevious page) Signal intensities at time

zero of the absolute magnitude water FID for 15x15x15mm3

voxels positioned along the x-, y-, and z-axes. The intensities

for the Helmholtz-type volume coil are illustrated by the

dotted line, the solid line represents the cp spine coil, and the

dashed line, the whole bodY coil.

The plots along the x- and y-axes were asymmetric about the magnetic field center for the

Helmholtz-type and cp spine coils. The plot fol the Helmholtz+ype coil was also

assymetric around the magnetic field center along the y-axis. The Helmholtz-type

volume coil gave the highest signal intensity along all three axes, except when the voxel

was positioned at less than -45mm along the y-axis. The signal intensity decreased morc

rapidly for the Helmholtz-type coil than the cp spine and whole body coils as the voxel

approached the coil extremtìes along the x- and z-axis. The cp spine coil gave a higher

signal intensity than the whole body coil near the cantel of the magnetic field, but the



signal intensity dropped below that of the whole body coil at voxel positions gÍeater than

70mm and less than -70mm along the z-axis, greater than 60mm along the x-axis, and

greater than I5mm along the y-axìs.

3.6.2 Imaging

Using tlie whole body coil for excitation and the cp spine coil for receiving the

signa) from the nuclei, FISP images were obtained (Figure 3.5). The resolution in these

images was sufficient to locate the margins of the uterus. The cp spine coil was adjusted

to lie directly beneath the uterus.

Figure 3.5: FISP image used to locate the uterus. The cp spine coil was

positioned directly beneath the uterus.



The T2-weighted Turbo Spin Echo sequence was used to obtain contiguous

coronal and transverse images rn premenopausal women. Sagittal images were obtained

only when the ova¡es were difficult to locate. The position of the ovaries vaned

(Figurc 3.6). Typically, they lay between -5cm and +5cm along rhe x-axis, and -3cm

and +3cm along the y- and z-axes with respect to the center of the statjc magnetic field.



Figure 3.6: (Continued on Next Page) T2-weighted Turbo Spin Echo

coronal (4, B, and D), sagittal (C), and transverse (E and F)

images. The follicular cysts appear hyperintense. The

ovary(ies) are located: A) on either side of the uterus, B)

superior to the anteverted uterus, C) supenor to the uterine

fundus, D) superior and not adjacent to the uterus, E) on either

side of the uten:s, and F) Iateral to the uterus which is rotated

and shifted to the Ieft. The images are labelled as follows:

RO = Right ovary B = Bladder

S = Spine

F = Femur

P = Pelvic BoneLO = Left ovary

U = Uterus



Figure 3.6: (Contrnued on Next Page) The ovary(ies) are located: C)

superior to the utedne fundus, D) supenor and not adjacent to

the uterus E) on either side of the uterus. The images are

labelled as follows:

RO=Rightovary O = Ovâry B=Bladder

LO =Left ovary S =Spine P=PelvicBone

U = Uterus C=Celvix A = Abdomrnal Muscle



Figure 3.6: (Continued from previous page.) The ova¡y is located: F)

lateral to the uterus which is rotated and shifted to the left.

The image is labeÌled as follows:

RO = Right ovary P = Pelvic Bone

U = Uterus A = Abdominal Muscle

A cross sectional view of a portion of the bowel appeared as a round. or oval

sfucture in the images and had the same intensity as the ovaries in both T2- and T1-

weighted images. Examples are shown in Figure 3.7. Bowel was easily distinguished

from the ovaries in T2-weighted lmages when follicular cysts werc present on the ovades

because the follicular cysts were of high intensity, due to their high water content, while

the ovaries and bowel were of low to intermediate intensity (Figur.e 3.7A). In T1-

weighted images, the bowel, follicular cysts, and ovâry were of low to intermediate

intensity (Figure 3.78). When no follicular cysts werc present, differenriation was more

difficult. Contiguous slices aided in differentiation. The loops of bowel extended

through multiple slices, while the ovaries did not.



Figure 3.7: T2-weighted (A) and T1-weighted images (B) showing a cross

sectional view of a portion of bowel. The bowel and ovaries

ale ìsointense.



The ovaries were successfully identified in 20 of the 21 premenopausal women

with no known ovarian abnormalities and both of the 2 perimenopausal women. The

woman whose ovaries could not be located was breast feeding her child and had stopped

taking oral contraceptives approximately one month pnor to her participation in the

study. Breast feeding and oral contraceptives inhibit the formation of folÌicular cysts. No

follicular cysts wele observed on this woman's ovaries making location difficult. The

ovaries could not be distinguished from bowel in the images. Of the 20 women whose

ovaries were identified, 6 were found to have a cyst on one ovary that was large enough

(>2cm) to measure using MRS. None of these cysts exceeded 5cm in diameter, and

therefo¡e were considered nomal. One women was found to have polycystic ovaries.

The T1-weighted Spin Echo sequence was used to obtain sequential transverse

and coronal images in postmenopausal women. Representative images ar.e shown in

Figure 3.8:
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Figure 3.8: (Continued on next page) T¡-weighted Spin Echo coronal (A)

and transverse (B and C) images The images are labelled as

follows:

LO =Leftovary B=Bladder F=Femur

U = Uterus S = Spine P=PelvicBone

BL = Broad Ligament A = Abdominal Muscle
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Figure 3.8: (Continued from previous page) T1-weighted Spin Echo

coronal (A) and transverse (B and C) images The images are

labelled as follows:

LO = Left ovary B=BÌadder

U =Uterus S =Spine

BL = Broad Ligament A = Abdominal Muscle

At least one ovary was successfully identified in 10 of the 17 postmenopausal women

with no known ovarian abnotmalities. One of these women had a large uterine fibl'oid

that was 10cm in diameter and one woman had undergone an hysterectomy, but both

ovaries and the broad ligament were intact. Another had early onset menopause (last

period occurred at the age of 42). One woman, whose ovaries could not be identified,

had a prolapsed uterus. In some cases where the ovary was adjacent to the uterus, T2-

weighted images confimed the position (Figure 3.9).

F = Femu¡

P = Pelvic Bone
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Figure 3.9: (A) T1-weighted Spin Echo transverse image and (B) T2-

weighted Turbo Spin Echo transverse image showing the r.ight

ovary adjacent to the uterì-ls. (RO = right ovafy, U = uterus, A

= abdominal muscle)

3.6.3 Spectroscopy

MR spectroscopy of the ovaries was complicated by motion in the pelvis.

Respiration and pulsation of the femoral afiedes caused altìfacts in the images

(Figure 3.10), but these motions, along with penstalsis of the bowel, had minimal, if any,

effects on the spectroscopic examination of the ovaries because they did not cause the

ovary to move.
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Figure 3.10: T1-weighted images showing A) respiratory artifact as

blurring of the upper porlion of the image, and B) flow artifact

due to pulsation of the femo¡al afienes



Motion of the urinary bladder as it filled as well as gas in the bowel had significant

effects on the ovaries. The ovaries may be displaced by 2cm over a 90 minute period due

to filling of the urinary bladder (Figure 3.11). The image displayed in Figure 3.1 1A was

obtaíned using the high resolution, T2-weighted Turbo Spin Echo (TSE) sequence. The

image in Figure 3.118 was obtained using the shortened version of the same sequence.

While the signal to noise ratio in Figure 3.118 is much lower, the resolution is adequate

to determine the new position of the ovary. Note the pÕsition of the ovary in Figure

3.114 whete the unnary bladder is almost empty. The bottom of the right ovary (RO) is

in the same transverse plane as the top of the femur (F). In Figure 3.1 18, the nght ovary

is displaced by the full bladder. The ovary is now superior to the top of the femur. The

ovary may also rotate as a result of filling of the urinary bladder. Note in Figure 3.118

that the long axis of the ovary has rotated by approximately 20o near the end of the study

as compared to Figure 3.114 at the beginning of the study.



Figure 3.11: T2-weighted coronal images of a premenopausal pelvis A) at

the beginning of the study using the high resolution TSE

sequence, and B) near the end of the study, approximately one

hour later, using the lower ¡esolution, shortened version of the

TSE sequence. Note the filling of the urinary bladder and its

effects on the position of the ovary. (RO = nght ovary,

B = bladder, U = uterus, F = femur)

Gas in the bowel proximal to the ovary (Figure 3.12) had no noticeable effect on motion

of the ovary, but the tissue to air inteface between the ovary and the gas caused magnetic

field inhomogeneities that affected the line width and signal to noise ratio of peaks in the

spectra (Figure 3.13). When no gas was present near the ovary, a nanow water peak was

obtained (Figure 3.134). Frequency and phase corections to the individual acquisitions

had virtually no effect on the line width and signal to noise ratio (compare Figure 3.13A

to 3.138). When bowel gas was proximal to the ovary, a much broader water peak was



observed (Figure 3.13C). Frequency and phase corrections to the individual âcquisitions

resulted in a narrower line width and an increase in the signal to noise ratio (compare

Figure 3.13C to 3.13D). The full width, half maximum linewidth (FWHM) of the warer

peak varied from 5 Hz in some subjects to 30 IIz in others.

Figure 3.12: T2-weighted coronal (A) and transve¡se (B) images illustrating

gas in the bowel proximal to the ovary.
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Figure 3.13: Eddy cunent corected, raw water spectra acquired from

ovaries of two women with A) no bowel gas

(FWHM=3.10H2) and C) bowel gas (FWHM=3229H2)

near to the ovary. Each acquisition in A and C was frequency

shifted and phased to obtain B (FWHM = 2.86H2) and D

(FWHM =20.24H2)-
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The frequency and phase conections made to the individual acquisitions, as

illustrated by the water spectra in Figure 3.13, were performed using an IDL program.

The program was customised for this study. The source code is given rn Appendix 2.

The IDL program was designed to be interactive. Frequency shifting and phasing are

accomplished using sliders which allow the user to view the effects on the spectra in real

time. The rvindows of the program are shown in Figure 3.14. The data displayed in the

wìndows were obtained f¡om the spherical phantom that contained 0.1M acetate and

0.1M lactate.



Figure 3.14: (Continued on next page) Windows from the IDL program

used to frequency shift and phase the individual acquisitions.

A) Main window showing averaged real and imaginary data.

B) Filter window showing averaged, absolute magnitude

watsr spectrum and filter. C) Phasing window showing non-

averaged real and imaginary spectra. D) Frequency shifting

window showing non-averaged absolute magnitude spectra.

14'1



Figure 3.14: (Continued from previous page) Windows f¡om the IDL

program used to frequency shift and phase the individual

acquisitions.

C) Phasing window showing non-averaged real and

imaginary spectra. D) Frequency shifting window showing

non-averaged absolute magnitude spectra.



Frequency shifting and phasing of the individual water supprcssed spectra

resulted in significant changes rn the spectra including an improvement in the signal to

noise ratio (Figure 3.15). The effects of these corrections on the spectra depended on

which peak or peaks were used as the reference. The spectrum shown in Figure 3.15A

was obtained from a healthy ovary. No manipulation of the individual acquisitions was

performed prior to avelaging. Figure 3.158 illlrstrates the same datâ as in Figure 3.15A

after fiequency shifting and phasing the residual water peak in each of the 12g

acquisitions. After con'ection, the averaged spectrum was phased according to the

metabolite peaks. The results of fi'equency and phase corecting the metabolite peaks in

each acquisition is shown in Figure 3.15c. All three spectra were eddy cuffent corected,

zero filled to 2048 points, and multiplied by an exponential filter (full width, half

maximum = 64 points). The signal to noise ratio is g.eatest in Fìgure 3.15c and poorest

in Figure 3.154. The metabolite peaks appear at slightly djfferent fi.equency shifts and

a¡e of different intensities rn Figure 3.15C than in Figur.es 3.15A and B.
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Figure 3.15: Water suppressed spectra from a healthy premenopausal

ovary with A) no frequency and phase conectlon, B)

frequency and phase coffection on the rcsidual water peak,

and C) frequency and phase coffection on the metabolite

peaks. Voxel size = l2x12x12mm3.

Frequency shifting and phasing the residual water peak in each acquisition did not

corespond to the same conections applied to the metaboìite peaks, and vice versa. This

is illust¡ated in Figure 3,16. Each set of 32 acquisitions was frequency and phase

conected on A) the water peak, and B) the metabolite peaks before averaging, eddy

.,
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current corectìon, zero filling (2048 points) and exponentìal multiplication (full width,

haÌf maximum = 64 points). In Figure 3.164, the water peaks in each set of 32

acquisitions have the same relative phase, but the metabolite peaks have different phases,

Similarly, the metabolite peaks in each set of 32 acquisitions in Figure 3.168 have the

same relative phase, but the water peaks do not. The sets of 32 acquisitions are

repÍesentative of the individual acquisitions, since the relative frequency shifts and

phases of the spectra within a set of 32 acquisitions were normally similar. The relative

phases of each set of 32 acquisitions, however, differed by as much as 1800. The

frequency shifts and phases fol each acquisltion of the spectrum that was corrected using

the metabolite peaks as the reference (Figure 3.15C) are plotted in Figure 3.17. Each

averaged set of 32 was frequency shifted and phase conecred. Only individual

acquisitions with sufficient signal to noise were lurther corected. The fi'equency shifts

and phases that are constant within each set of 32 acquisitions were obtained for

acquisitions that either required no further corrections or had insufficìent signal to noise

ratios to allow fufiher corrections.
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Figure 3.16: Water suppresscd spectra averaged over 32 acquisitions after A) frequency shifting and phasing the

residual water peak in each acquisition, and B) ficquency shifting and phasing the metâbolire peaks in

each acquisition. (Refer to text for details.)
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MR spectra werc obtained from the ovanes of pre- and postmenopausal women.

The spectrum displayed in Figure 3.18 is representative of those obtained from

postmenopausal ovaries. It is similar to the spectrum displayed in Figure 3.15C from a

healthy, premenopausal ovary. Typically, postmenopausal ovaries were small

necessitating small voxel sizes. In some cases, a voxel that was entirely within the ovary

was so small that insufficient signal to noise was obtained in the spectrurn. In these

cases, the voxel size was increased and signal was obtained from the ovffy âs well as a

small ponìon of the surrounding tissue.

3

PPM

Figure 3.18: MR spectrum from a postmenopausal ovary (15 years since

Iast menses.¡. Voxel si¿e = 8.0x8.0x 12.0mm3.

154



Five of the eight women who participated in the study of the ovaries through the

menstrual cycle paticipated in all six visits. Illustrated in Figures 3.19 and 3.20 are six

MR images and spectra representative of a healthy ovary belonging to a premenopausal

woman. The images and spectra correspond to six days in one menstrual cycle of the

woman. The first image (Figure 3.194) was obtained on the second day of the menses

(day 2 of the cycle). A few follicular cysts had formed on each ovary. The woman's

second visit occured 8 days after the first visit (day 10 of the cycle), which was estimated

to be mrdway between the onset of menses and the day of ovulation. The image in

Figure 3.198 was obtained on the second visit, and shows a slight increase in the size of

the follicuÌar cysts on both ovades. Figure 3.19C shows the image obtained on the third

visit conesponding to the day before ovulation (day 21 of the cycle). In this image, the

follicular cyst that will ovulate is clearly depicted as a region of high intensiry on the left

ovary. The day before ovulation was identified as the day when the ovulation test was

positive for an increase in luteinizing hormone Further confirmation of the day before

ovulation was obtained on the foufth visit, which was the day of ovulation (day 22 of the

cycle). The image obtained on the day of ovulation (Figure 3.19D) confirrns the rupture

of the ovulating follicle by the absence of the cyst that previously exhibited high signal

intensity. It appears that a small amount of fluid may be left in the ruptured cyst as

evidenced by a small region of high intensity in the folmer position of the follicular cyst.

Furlher confirmation of ovulation was obtained fiom the woman's record of he¡ basal

body temperaturc. A representative temperature chaft is shown in Fìgure 3.22 showing

the rise in body temperaturc on the day of ovulation. The images obtained on the day

after ovulatron (d,ay 23 oT the cycle, Figure 3.19E) and 7 days after the day of ovulation

r55



(day 30 of the cycle, Figure 3.19F) illustrate a few cysts on each ovary. The cysts are

mainly follicular cysts, but one is the corpus luteal cyst that fonned from the foÌlicular

cyst that ruptured at the time of ovulatron. The corpus luteal cyst can not be distinguished

from the follicular cysts in the T2-weighted images.

Representative spectla obtained fi'om an ovulating ovary on each visit through the

menstrual cycle are displayed in Figure 3.20. The voxel sizes varìed slightly for each of

the six visits due to the changing size of the ovary and its onentation. The voxel sizes

ranged lrom 5xl0xl5mml to 10x l4xl4mmt. Dr" to equipment breakdown. only 96

acquisitions were obtained on the foul'th visit (Figure 3.20D), and a water spectrum was

not acquired. Hence, no eddy current con'ection was perforTned on this spectrum, leading

to the excessive ringing in Figure 3.20D. A spectrum acquired from the ovulating ovary

of another woman is displayed in Figure3.21along with the spectrum from Figure 3.20D.

The spectrum in Figure 3.21 has a significantly better signal to noise ¡atio than the spectra

in Figure 3.20 due to a greater number of acquisitions acqulsition (192 acquisitions in

Figure 3.21 and 128 acqusitions in Figure 3.20). Note that the spectra in Figures 3.20 and

3.27 are all similar with an intense peak at 1.3ppm. No significant differences were

observed in the spectla acquired on each visit fo¡ each of the women who participated in

the study.



Figure 3.19: T2-weighted images from a premenopausal woman on A) the second day of menses (cycle day 2), B) midway between

menses and ovulation (cycle day 10), C) the day before ovulation (cycle clay 21), D) the day of ovulation (cycle d,ay 22),

E) the day after ovulation (cycle day 23), F) midway between ovulation and rhe onset of menses (cycle day 30). The left

ovary ovulated and is indicated by the white arrow. The uterus is indicated by the black anow.

157



9 8 7 6 5 4 3 2 1 0 -l

9 87 65 43210-1 2-3 9 87 65 43210-1 -2-398765432to_1 _23

Figure 3.20: MR spectra from a premenopausal woman on A) the second day of menses, B) midway between menses and ovulation,

C) the day before ovulation, D) the day of ovulation, E) the day after ovulation, F) midway between ovulation and thc

onsct of menses.
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Figure 3.21: MR spectra obtained on the day of ovulation from the ovary

that ovulated. Due to equipment failure, only 96

acquisitions were obtained for the spectlum in A and no

eddy cunent couection was applied. Spectrum B consists of

192 averaged acquisitions and eddy current conection was

performed. While the signal to noise ratio in B is

significantly higher than in A, the peaks present in the

spectra are simrlar.
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Figure 3.22: Basal body temperature measured each moming through one

mensfual cycle (34 days long). Day one corresponds to the

first day of menses. Ovulation occurred on day 22, as

confirmed by the MR images and the rise in luteinizing

homone.

MR spectra were also obtained from five follicular cysts on healthy ovades.

These cysts were all less than 5cm in diamete¡ and were therefore not considered

abnormal. A reprcsentative image and the coresponding spectrum obtained fiom one of

these follicular cysts is shown in Figure 3.23. The spectra from the cysts were similar-.

showing ân intense peak at l.3ppm.
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T2-weighted coronal image of a 4.5x3x3cm3 follicular cyst on

the right ovary and the conesponding MR spectrum with

voxel size 20x20x20mm3.

Figure 3.23

161



One woman who pafiicipated in the study was found to have polycystic ovanes

(Figure 3.244). Her ovaries were approximately twice the average size of a healthy

premenopausal ovary and had numerous small (<0.5cm diameter) follicular cysts. The

diagnosis was confirmed by a radiologist. The water suppressed spectrum obtained from

the right ovary is displayed in Figure 3.248. A spectrum with no water suppression

obtained from the same voxel as in Figure 3.248 is displayed in Figur-e 3.24C. The

intensity of the peak at 1.3ppm is equivalent to the intensity of the water peak at 4.7ppm.

In healthy ovaries, the peak at 1.3ppm was either much less intense (appr.oxrmately one

tenth the intensity) than the water peak or could not be seen when no water suppression

was applied.

Figure 3.24t (Continued on next page) A) T2-weighted coronal rmage of

a polycystic ovary showing multiple small follicular cysts.
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Figure 3,24: (Continued from previous page) B) water suppressed

spectrum from the right ovary with expansion of the region

between 2.5ppm and 4.5ppm, and C) water spectrum

showing a peak at 1.3ppm with intensity equivalent to the

walerpeak (4.1ppm¡. Voxel = l4xl4x23mm3.



One woman entered the study with no a priori knowledge of ovarian

abnormalities. The images revealed that the left ovary was approximately one and a half

times larger than the right ovary (Figure 3.25A). The presence of follicular cysts on the

left ovary suggested that the ovary was functional. The MR spectrum of the left ovary

was dominated by a peak at l.3ppm (Figute 3.258). Subsequent T1-weighted images and

fat saturated images confirmed the presence of a dermoid cyst (Figures 3.25c and D).

compare the spect¡um in Figure 3.258 to the specfa in Figures 3.26A and. B. These

spectra were obtained from the ovanes of another woman refened to the study by a

gynecologist. This woman was diagnosed with a 5cm diameter growth on her left ovary

suggestive of a dermoid cyst. The T2-weighted MR image showed this growth as a

medium íntensity glowth with intemal hypo-intense strucrures (Figure 3.27A). It was of

medium intensity on the T1-weighted and fat saturated. images (Figures 3.2i¡^ and c

respectively). The rìght ovary was of inte¡mediate intensity in the T2-weighted image

(Figure 3.284). The T1-weighted image revealed a region of high intensity on the dght

ovary (Figure 3.288) and the fat saturated image (Figure 3.28c) showed the same region

with low intensity. upon surgical removal, the presence of a dermoid cyst on the left

ovary was confirmed. The right ovary was not removed, so post-surgical diagnosis was

obtained. The MR spectra from the right ovary and the dermoid cyst on the left ovary are

given in Figures 3.264 and B, respectively. The spectrum from the right ovary (Figure

3.264) is simila to the spectrum in Figure 3.258. The spectrum from the left growth

(Figure 3.268) is signrficantly different rhan those of Figures 3.258 and,3.26A.

1,64
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Figure 3.25: (Continued on next page) A) T2-weighted image of a

premenopausal women with a 3x3x3cm3 left ovary. B) MR

spectrum of the left ovary. Voxel size = 18xl5x18mm3.

C) Tl-weighted image, and D) fat saturated image of the left

ova¡y.



Figure 3.25: (Continued from previous page) C) T1-weighted image, and

D) fat saturated image of the left ovary.
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Figure 3,26: MR spectra from a woman with dermoid cysts on both

ovaries. Spectrum A is f¡om the cyst on the right ovary, and

B is from the cyst on the left. (lmages are displayed in

Figures 3.27 and 3.28.)



Figure 3.27: A) T¡weighted, B) T1-weighted, and C) fat saturated MR

images of a dermoid cyst on the left ovary. (The spectrum

from the dermoid cyst is displayed in Figure 3.268.)



Figure 3.28: A) T2-weighted, B) Tr-weighted, and C) fat saturated MR

images of a dermoid cyst on the rìght ovary. (The spectrum

from the dermoid cyst is displayed in Figure 3.264.)
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Finally, a woman with a 10cm malignant ovarian tumour was referred to the study

by a gynecologist. The tumor had multiple cystic and solid components. The cystic

components were hyperintense and the solid components were medium to low intensity

in the T2-weighted images (Figure 3.294). A spectrum obtained from the solid portion

of the tumour labelled in Figure 3.294 with an astensk is displayed in Figure 3.298. No

motion of the tumour occun'ed during spectral acquisition, so repositioning of the voxel

was not required. The baseline of the spectrum drops below zero in several places and it

is difficult to detemine which are true peaks in the spectrum. After acquisition, it was

leamed that the power supplies to two of the gradients were unstable. Ful1her, the If

shield surrounding the magnet was compromised. Many pieces of hospital equipment

emit rf signal that resonate around 60MHz, which is close to the resonance fi'equency of

the magnet (64MHz). This signal may have leaked through the faulty rf shield and was

received by the cp spine coil within the magnet during spectral acquisition.
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Figure 3.29: A) T2-weighted image of a 1Ocm malignant ovarian rumour

with cystic and solid portions. B) MR spectrum obtained

from the solid portion of the tumour labeled in A with +.

Voxel size = 15x15x20mm3.



3.7 Discussion

3.7.1 Coils

Three coils manufactured by Siemens were tested to detemine their suitability for

MRI and MRS of the human ovary. The signal to noise ratios measured at the center of

the static magnetic fieÌd for the Helmholtz{ype volume cÕil, the circularly polarized

spine coii, and the whole body coil are listed in Table 3.3. The Helmholtz-type coil is

clearly superior to the other two coils in telms of the signal to noise ratio. The signal to

noise ratio obtained for the Helmholtz-type volume coil was approximately double that

for the cp surface coil. This may be attributed to the position of the voxel and the loading

of the coils. Fol each of the three coils, the voxel was positioned at the center of the

magnetic field. This conesponded to approximately the center of the whole body and

Helmholtz-type coils. The signal to noise ratio obtained with a surface coil falls off with

distance from the coil. In the case of the cp surface coil, the voxel was approximately

Scm away from the coil, so the signal to noise ratio measured was lower than mìght be

expected nearer to the coil. Each of the three coils was loaded with the spherical phantom

containing 0.lM acetate and 0.1M lactate. The cp surface coil and the whole body coil

were also loaded with the body loader phantom. The Heìmholtz-type volume coil was

not loaded with the body loader phantom because it was too large and did not fit between

the coils. While all three coils received noise from the volume of the spherìcal phantom

that was outside the measured voxel, the cp surface and whole body coils also received

noise from the whole body loader. This caused a decrease in the signal to noise ratio for

the cp surface coil and the whole body coil. This accounted, in part, for the lar-ge

difference rn signal to noise ratio measured for the cp surface coil and the whole body
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coil as compared to the Helmholtz-type volume coil. The whole body coil is much lalger

than the other two coils and its filling factor much lower, so a low signal to noise ratio

was expected. Note that in a true Helmholtz coil, the upper and lower coils are separated

by a distance equal to the radius of the coils. In this study, the separation was much

greater. This resulted in a less homogeneous B1 across the diameter of the coil.

Plotted in Figure 3.4 are the signal intensities at time zero of the absolute

magnitude water FID's measured a)ong the x-, y-, and z-axes. Because the noise acquired

would remain constant, the signal to noise ratios along the axes would follow the same

trends as seen in these plots of signal intensities. The relative intensity of the signal

received by the whole body coil is relatively uniform across all three axes. Generally, the

signal was also lower than the other two coils. As the voxel approached the edges of the

Helmholtz-type volume and cp spine coils along the x- and z-axes, the intensities

measured for each of these coils and the whole body coil became similar. Since the

ovaries were rarely positioned further than 60mm off center along the x-axis and 30mm

along the z-axis, voxels were not positioned in the region where the acquired signal

intensity would be equivalent for each of the three coils. The signal falloff along the x-

and z-axes for the Helmholtz-type volume coil was mole severe than that measured for

the cp spine coìI. The optimal signal would be obtained if the Helmholtz-type volume

coil was positioned such that the ovary was precisely in the center of the upper and lower

coils, but the coils were not large enough to position in such a way that both ovaries were

relatively close to the center of the coil. It is essential to examine both ovaries,

paúicularly in premenopausal women, since the ovanes take tums ovulating and may not



give equivalent MR spectra on a single day of the menstrual cycle. As a result, the falloff

of the signal at the edges of the coils was an important parameter. Despite the more rapid

drop in the signal intensity with distance from the center for the Helmholtz-type volume

coil, this coil was clearly superior to the cp spine and whole body coils along the x- and z-

axes.

The signal intensity along the y-axis was significantly different than that measured

along the x- and z-axes. Along the y-axis, the signal intensity obtained f¡om the

Helmholtz-type volume coil was consistently greater than that obtained from the whole

body coil. In the case of the Helmholtz-type volume coil, as the voxel was positioned at

increasing distances from the center of the static magnetic field, it approached the top or

bottom coil. At these positions, the reception of the coil became similar to that of a

surface coil. As expected, the signal intensity measured with the cp spine coil along the

y-axes decreased as the distance of the voxel fiom the coil increased. At distances greater

than 15mm, the whole body coil was superior to the cp spine coil, but at distances less

than -45mm, the cp spine coil was superior to the Helmholtz-type volume coil. Typically,

the ovaries did not lie at the center of the static magnetic field and did not lie in the center

of the woman's pelvis. Whether the optimal signal with respect to the y-axis was

obtained using the cp spine or Helmholtz-type volume coil was dependent on the position

of the ovanes within the pelvis. For example, for women with small pelvises whose

ovaries were not positiÕned in the center of the pelvis, the cp surface coil would be

supenor to the Helmholtz-type volume coil.



The minimum signal intensity along the y-axis for the Helmholtztype volume coil

did not occur at the center of the static magnetic field. This was due to the position of the

coil on the patient bed. The center of the volume coil did not coincide with the static

magretic field's center. Note also that the plot of signal intensity along the x-axis for the

cp spine coil is not symmetric about the magnetic field's center. The signal received by a

surface coil, or the coil's B1 field distribution, is assymetric with respect to the plane

defined by tl-re axis of the surface coil and the static magnetic field (Keltner et al. l99I).

In the case of the cp spine coil, this plane lay along the x-axis, and this may account for

the observed assymetry.

Typically, surface coils are used for studying anatomical features that are close to

the sudace of the body since a large penetration depth is not required in these cases.

Because the penetration depth of a surface coil is proportional to the diameter of the coil

(Keltner et al. l99I), as the required penetration depth increases, the diameter of the coil

must also increase. The signal to noise ratio, however, decreases as the diâmeter of the

coil jncreases because the coil acquires noise from a larger area. For this reason, studies

of anatomical features deep within the body are best performed using a volume coil.

Since the ovaries are situated deep within the pelvis, the optimal signal to noise ratio

would be obtained in an MRS study of the ovades by using the Helmholtz+ype volume

coil. Further, the two coils of the Helmholtz-type volume coil manufactured by Siemens

are mounted in such a way that the sepalation between them can be adjusted to fit the

patient. Unfortunately, the maximum possible separation between the coils is 28.5cm.

Many healthy women with no known pelvic abnormalities do not fit within this



separation. Abnormalities within the pelvis commonly cause distension of the pelvis and

abdomen, and many women who have ovarian cancer also suffer from collection of fluid

or ascites, in the pelvis that causes further distension of the pelvis. The separation of the

Helmholtz-type coils is not sufficient to encompass the pelvis of a woman with a pelvic

abnormality. While the inner diameter of the whole body coil (57cm) is large enough for

almost all patients, the signal to noise ratio is poor. The cp spine coil was found to have a

signal to noise ratio twice that of the whole body coil. Since the cp spine coil ís a receive

only coil and the whole body coiÌ is the transmit coil, excitation of the nuclei deep within

the pelvis is relatively uniform. This eliminates the non-unifomity of excitation and

penetration problems associated with transmit surface coils. Furlher, the cp spine coil

does not exclude larger women from the study- The cp spine coil was chosen for this

MRS study of the ovaries.

3.7.2 knaging

In order to obtain the maximum signal to noise ratio from the ovaries using the cp

spine coil, it was essential that the coil be positioned to lie directly beneath the ovaries.

Since the exact position of the ovaries could not be determined prior to imaging, the coil

was ìnitially placed approximately in the location of the ovanes. The initial scout images

obtained using the FISP sequence (Figure 3.5) were not of sufficient rcsolution to

determine the exact location of the ovaries. The resolution was, however, sufficient to

locate the uterus. It was assumed that the ovaries were located on either side of the

uterus. Based on this assumption, the cp spine coil was adjusted to lie dìrectly beneath

the uterus. The coil is mounted on a track beneath the patient table, and its position can



be adjusted precisely without the need to first remove the coil from the center of the

magnet. This allowed rapid repositioning of the coil without moving the patient.

In nulliparous women, the assumption that the ovanes are late¡al to the uterus is

normally accurate, but in women who have been pregnant at least once, the assumption is

more commonly inaccurate. During pregnancy, the ligaments ìn the pelvis, and

particularly the ligaments which secure the position of the uterus such as the broad

ligaments, stretch. After pregnancy, these ligaments do not necessarily tighten and retum

to their onginal position. This not only causes a relocation of the ovafles, but the

stretched ligaments arc no longer taut, which allows an increased ability of the ovary to

move within the pelvis. Displayed in Figure 3.6 are six images that illustrate the

variability of the location of the ovarjes. Figures 3.64 and E show the ovanes lateral to

the uterus as would be expected in a nulliparous woman. In parous women, the ovaries

may be located superior and adjacent to the uterus as in Figures 3.68 and C. In some

women, the ovaries are not adjacent to the uterus but are displaced cranially as in

Figure 3.6D. In these cases, positiÕning of the coil directly beneath the uterus was not

equivalent to positioning of the ovaries directly above the center of the coil. In these

cases, the coil was repositioned a second time in order to ensure that the ovanes were

directly above the coil and optimal signal to noise would be obtained in the spectroscopy

portion of the study.

The position of the ovaries was also dependent on the position of the uterus.

Displayed in Figure 3.6F is a transverse image showing the uterus rotated and shifted to
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the left. Lateral displacement of the uterus may cause the ovary to be pushed to a position

superior to the uterus. Rotation of the uterus as in Figure 3.6F causes the ovaries to be

displaced posteriorly and antenorly. The angle at which the uterus is tilted has a

significant effect on the position of the ovaries and this was important to the MRS pofiion

of the study. If the uterus is anteverted and minìmal stretching of the pelvic liagments has

occu¡ed, the ovarìes typically lie antcrior to the center of the pelvis, but if the uterus is

retroverted, the ovanes lie posterior to the center of the pelvis. Because the signal

acquired using a surface coil falls off wjth distance from the coil along the y-axis

(Figure 3.4), the best signal to noise ratio was obtained when the ovaries we¡e situated as

close to the cp spine coil as possible. This required thât women with anteverted uteri be

placed in a prone position, and women with retroverted uteri be placed in a supine

position.

Since the position (anteverted ol retroverted) of the uterus and the location of the

ovaries was unknown prior to imaging of the pelvis, and because scout images did not

have adequate resolution for identification of the ovaries, optimal positioning of the

patient with respect to the suface coil required high resolution imaging. From these

ìmages, the location of the ovaries could be detemined allowing precise repositioning of

the cp spine coil. Further imaging would then be required to determine the new location

ofthe ovaries with respect to the coil. This protocol was not followed for several reasons.

First, repositioning and re-ìmaging would add between five and fifteen mlnutes to the

total experimental time depending on how many sets of images were required to locate

the ova¡ies. Clinical imaging systems a1e typically overtaxed with waiting periods of up



to half a year for non-critical scans. If MR spectroscopy of the ovaries is to be used

clinically as a diagnostic method, it is necessary to minimize the total expenmental time.

Further, the healthy patients who palicipated in this study complained of stiffness after

lying motionless in the magnet for extended perìods, and often could not refrain from

moving near the end of the study. Patients with pelvic abnormalities or other health

problems such as aitl'iritis or back problems, which were comÍìoll in ihe postmenopausal

patients, were less likely to be able to lie still for the entirc study. In order to maintain the

relevance of spectroscopy of the ovanes as a clinically diagnostic technique, as well as to

ensure patient compliance, the total expenmental time was minimized by not

repositioning the cp spine coil after location of the ovaries unless the ovaries were

displaced fiom the center of the coil along the z direction (i.e. superior to the uterus) by

more than 5cm. Since the ovaries were nornally located approximately at the center of

the pelvis, changing the patient's position from prone to supine or vice versa would have

produced only a minimal improvement in the signal to noise ratio.

Due to the small size of the ovaries, MR image slices must be contiguous and thin

in order to locate the ovanes. Large gaps between tlie imaged slices may result in

positioning of the slices such that the ovaries fall within the gaps, and therefore obviously

can not be located in the images. The ovaries can also be isointense with the bowel

depending on the contents of the latter. Displayed in Figure 3.7 areT¡ and T2-weighted

images that show closs sectional views of the bowel. In the T2-weighted image

(Figure 3.74), the bowel appeared round and isointense with the central portion of the

ovary. Normally, the ovaries of premenopausal women were easily distinguished from
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bowel due to the high intensity follicular cysts on the margins of the ovaries. In some

premenopausal women, however, follicular cysts we¡e not present on the ovaries after

ovulation and prior to menses, and postmenopausal women typically did not have any

follicular cysts on their ovades. In these cases, it was difficult to diffe¡entiate the ovaries

from bowel in the T2-weighted images. The T1-weighted image in Figure 3.78 illustrates

the ovary and bowel as low intensity structures. The bolvel loops around the ovary

making it difficult to distinguish the margins of the ovary. The acquisition of contiguous

slices made it possible to follow the loops of the bowel through the slices. The ovary was

distinguìshable from bowel because it did not extend through multiple slices. Thin slices

were required in orde¡ to obtain high resolution of small structures, such as the ovaries, in

the images. Due to motion in the pelvic region and the complexity of structures within

the pelvis, imaging using thin (4mm), contiguous slices yielded images with unacceptable

signal to noise ratios. To overcome this problem, two sets of nine images each were

acquired with gaps between the slices that weÌ€ equal to the slice thickness. The second

set of slices were positioned between the gaps of the first set of slices. This, along with

interleaved excitation of the slices within each set of nine images elìminated the cross

excitation that occurs with acquisition of contiguous slices. Unfortunately, the

acquisition of two sets of slices was done at the expense of a two-fold increase in the total

acquisition time. The use of thin slices also ¡esulted in less signal than would be obtained

with thicker slices. While this allowed finer resolution of small structures. such as the

ovaries, it also resulted in a reduction in the signal to noise ratio. knproved signal to

noise was obtained by increasing the number of acquisitions for each slice from one to
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four in the T2-weighted images, and two in the Tr-weighted images. This was done at the

expense of four-fold and two-fold increases in the total acquisition times.

Despite these improvements in the images, the ovaries of postmenopausal women

were particularly difficult to locate. This was due to the lack of follicular cysts on the

ovaries as well as the fact that ovaries shrink during and after menopause. The T1-

weighted Spin Echo sequence was used to obtain transverse images of the pelvis in

postmenopausal women. These images were superior to the T2-weighted images for

locating the broad Ìigaments. The b¡oad ligaments were of low to intermediate intensity

in the T2-weighted images, making them difficult to differentiate from the isointense

pelvic fat and bowel. In the T1-weighted images, the broad ligaments were of low

intensity which was in sharp contrast to the high intensity pelvic fat. Since the ovaries ale

attached to the postedor side of the broad ligament, a thickening of the broad ligament

conesponded to the Ìocation of the ovary. Unfortunately, this method of locating the

ovaries in postmenopausal women was not always successful. Figure 3.8 iÌlustrates three

Tl-weighted images obtained from the pelvises of postmenopausal women. In some

women, the ovary was identified by an obvious thickened portion of the bload ligament

as in Figure 3.8A.. In other women, the ovary was located in an image that did not

contain the broad ligament (Figure 3.88), or did not show a thickened portion of the

broad ligament (Figure 3.8C). In some cases, the position of the ovary was confirmed by

acquinng both Tr- and T2-weighted images. For example, when the ovary was adjacent

to the uterÌls, its location was difficult to determine because the ovary and utenrs are both

of low intensity in the T1-weighted images (Figure 3.94). When the ovary was identified



adjacent to the uterus, its margins were not clearly visualized in the T1-weighted images.

In these cases, both T1- and T2-weighted images were acquired. Figure 3.94 shows a

transverse T1-weighted image with a region of low ìntensìty adjacent to the uterus. The

T2-weighted image displayed in Figure 3.98 confirms that this structure is the right ovary

because it appears with higher signal intensity than the myometnum of the uterus, and

Iower intensity ihan ihe sarne legion in the T1-weighted image. The ovaries were

successfully identified in only l0 of the 17 postmenopausal women who particjpated in

the study. This low success Íate was expected because the literature states that

identification of the ovaries of postmenopausal women is normally difficult (Reviewed in

Occhipinti 1994, Occhipinti et al.1993,Piercon et al. 1994).

3.7.3 Spectroscopy

Traditionally, i¡¿ vluo MRS has been performed in the brain and in large organs

such as the liver and kidney. The lelative homogeneity of these regions of the body

allows good shimming that gives rise to nanow line widths and well resolved metabolite

peaks in the spectra. More importantly, these regions of the body are relatively stationary.

In regions of the body where there is a great deal of movement, such as in the pelvis,

measurement using MRS is more complicated.

Respiratory motion was observed in the MR images obtained in this study as

blurring of the image in the region of the abdomen (Figure 3.104). The effects of

respirâtoly motion on MRS would be to cause the ovary to move in and out of the defined

voxel. The effects on the spectrum acquired arc dependent on the time during which the



motion occurred. First, if motion occurred prior to the initial excitation of the spins, the

spectrum would be acquired from tissue outside of the ovâry, potentially resulting in

peaks in the spectrum from biochemicals that âre not present in the ovaries. Second, if

motion occur¡ed during excitation of the spins, refocussing would be incomplete if the

ovary moved partially outside of the defined voxel, or refocussing would not occur if the

ovary moved completely outside of the defined voxeÌ. In the first case, the signal to noise

ratio would be decreased in the spectrum. In the second case, no signal would be

acquired, so there would be no peaks in the spectrum. FinaÌly, if motion occuned during

acquisition of the FID, the peaks in the spectrum would be broadened. Since respiratory

motion is a slow process as compared to the time required for excitation of the spins and

acquisition of the FID, it is probable that motion would occur prior to excitation, during

excrtation, and dunng acquisition. The effects on the MR spectrum would be a

combination of the effects observed as a result of motion at all three times. The amount

of respiratory motion obseryed was dependent on whether the patient tended tÕ breath by

expanding her chest or her abdomen. Placing the patient in a prone position caused slight

pressure on the anterior pelvic wall. This encouraged expansion of the chest rather than

the abdomen and thus reduced the up and down motion of the pelvis caused by

respiration. Whìle prone positioning of the patients was preferred, many women were not

comfortable lying prone. These women were positioned supine. Respiratory motion

could be reduced by placing gentle rcstriction across the pelvis in the form of restraining

belts. Because respiratory mÕtion is cyclic, its effects could be fufiher reduced by

rrcspiratory gating of the STEAM sequence. It was found that this was unnecessary

because normally, the ovaries were positioned deep within the pelvis. Respiratory motion



occutred supenor to the pelvrs, being confined to the chest and abdomen. Thus,

respiratory motion should have little or no effect on MRS of the ovaries, since the images

showed no effect.

Flow artifact was also seen in the MR images (Figure 3.108) from the femoral

artei-ies which pass thÍough the pelvis and into the legs. This artifact wâs most âpparent

in the transverse slices and was seen as bands of high intensity that crossed the pelvis and

extended beyond the outer wall of the pelvis. The flow of blood past the voxel defined

for spectroscopy could cause the local magnetic field expenenced by the spins in the

ovary to change with time as the amount of ferromagnetic blood in the afiery increased

and decreased slightly with pulsation. This would cause broadening of the spectral peaks.

It is unlikely that pulsation of the atery would cause the ovary to move unless the ovary

were positioned immediately adjacent to the aúery, but even in this case, motion of the

ovary would be mjnjmal. In any event, the femoral arleries typically lie in the antenor

portion of the pelvis while the ovaries are located more postenor. Cardiac gating may

have minimized the effects of the flow, but because there was a significant separation

between the ovaries and the femoral arteries, the effects of pulsation of the femoral

arteries had minimal, if any effect on the spectroscopic measurement of the ovanes.

While the effects of respiratory motion and pulsation of the femoral arteries had

virtually no effect, motion of the urinary bladder had a significant effect on MRS of the

ovarìes. Because the ovaries are situated superior tÕ the udnary bladder, as the bladder

fills, the ovades are displaced in a cranial direction (Figure 3.11). Several facto¡s
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influence the amount of displacement of the ovaries and the speed at which displacement

occurs. First, ovades that were situated immediateìy adjacent to and above the bladder

often experienced approximately 2cm of displacement over a 90 minute study. The

ovaries of women with retroveÍed uteri tended to be positioned posterior to the bladder,

and thus, filling of the bladder caused either a very small displacment (<5mm), or no

displacement of the ovanes. Second, the speed at which the bladder filled, and thus the

amount of displacement which occuned during the study period, was dependent on the

amount of liquid the patient had ingested prior to the study. A high liquid intake resulted

in rapid and extensive filling of the bladder. Women were encouraged to mtnimize their

liquid intake on the day of the study. While this did not eliminate filling of the urinary

bladder, it did decrease the speed at which the bladder filled resulting in slower and less

displacement of the ovaries. It was also noted that the speed at which the bladder filled

was dependent on the time of day dunng which the study was perforrned. The unnary

bladder tends to fill less quickly at night tlian during the day, so the ovaries of women

who participated in the study after 10:00pm were normally displaced less throughout the

course of the study than the ovaries of women who participated earliel in the day.

The effect on the MRS study of displacement of the ovanes due to filling of the

urinary bladder was to move the ovary pafiially or completely out of the voxel defined by

the slice selective gradients and rf pulses. This resulted in acquisition of the spectrum

from a region not on the ovary. Commonly, the bladder extended such that the position

of the voxel defined at the outset of the study was within the urine in the bladder ne¿r the

end of the study (Figure 3.11). In order to acquire the spectrum solely from the ovary, it
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was necessary to move the voxel as the ovary moved, ensuring that the voxel was always

within the ovary. If the speed at which the bladder filled was constant and measurable,

and if the direction of displacement of the ovary was known, it would have been possible

to coordinate gradual movement of the voxel with the motion of the ovary.

Unfotunately, the speed at which the bladder filled was not constant, and thus could not

be predetermined. The ovanes, therefore, were not displaced ât a constant speed. Also,

the direction of displacement of the ovary did not occu¡ in a single direction and was not

uniform. The direction of motion of the ovary was dependent, in part, on its location with

respect to the ute¡us. The direction of displacement of ovaries that were located posterior

to the uterus and/or did not have direct contact with the uterus was unpredictable. In

these cases, movement of the ovaries was dependent on the motion of the othe¡ structures

within the pelvis, such as the bowel. In some cases, there was no movement of the

ovaries. Ovaries that lay immediately superior to and in direct contact with the uterus

tended to move in a cranial dilection, and in many cases moved simultaneously in a

posterior direction. Because the bladder often did not fill uniformly, one side of the

bladder could have more urine than the other. This resulted in different rates of

displacement for the left and rìght ovanes. Also, the liquid within the bladde¡ was not

stationary. Hence, the ovary could be displaced cranially for a period of time as one side

of the bladder filled more quickly than the other, folÌowed by caudal displacement as the

urine flowed to the other side of the bladder. Clearly, the direction and speed of

displacement of the ovaries due to filling of the urinary bladder can not be predicted. Ir

was necessary to develop a method of trackrng the motion of the ovaries.



Coordination of movement of the voxel with the motion of the ovarv was

accomplished by scout imaging between spectroscopic acquisitions. The high resolution

turbo spin echo sequence and the spin echo sequence, initially used to obtain images for

the purpose of locating the ovaries, were shortened by decreasing the number of slices

imaged from nine to three, reducing the repetition time (TR), and reducing the number of

acquisitions per slice by half. The spin echo sequense used fo¡ pÒstmenopausal women

was fu¡ther modified by decreasing the matrix size such that the number of phase

encoding gradients was reduced. These modifications allowed acquisition of two sets of

images with three slices each in just over one minute fo¡ premenopausal women, and just

over two minutes in postmenopausal women. Two sets of images, one set in the coronal

orientation and one in the transverse onentation, were required in order to precisely

determine the location of the ovary along all three axes. Compare the image in Figure

3.11-A that was obtaìned using the high resolution, Iong version of the turbo spin echo

sequence to the image in Figule 3.118 that was obtained using the faster, shortened

version of the same turbo spin echo sequence. Note that the shoúened sequence yielded a

much poorer signal to noise ratio in the image and the contrast has changed as a result of

the change in TR. Despite these changes, the ovary was easily identified because its

approximate position was known from the previous images. Resolution and contrast

were sacrificed in favour of speed. Based on these scout images, the voxel was

repositioned to the new location of the ovary. This method of tracking the ovary allowed

compensation for involuntary motion of the ovary caused by filling of the unnary bladder,

and it had the added benefit of allowing compensation for small voluntary motions of the

patient. Ideally, imaging should be performed before each acquisition, but the time
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required for such a protocol would be formidable. Consider the prcmenopausal case.

Assuming that two sets of TSE images, repositioning of the voxel, and a single

acquisition of the FID usìng STEAM could be obtained in two minutes, it would take 4

hours, 16 minutes to obtain a FID with 128 averaged acquisitions. The study of

postmenopausal ovaries would require a longer time because the SE sequence used for

the scout images had twice the acquisition iime as ihe TSE sequence. Obviously, this

would not be practical in a clinical setting, and the patient could not be expected to lie

motionless for this length of time. Typically, the ovary moved less than 3mm over a five

minute period. Thus, it was found that scout imaging after every 32 acquisitions of the

FID was sufficient to ensure that the voxel remained within the ovary at all times. In

cases where the ovary was positioned away from the bladder and minimal o¡ no

displacement occuned, scout imaging was pedormed after every 64 acquisitions. The

total time required to obtain a FID with 128 acquisitions was between 15 minutes and

half an hour, depending on the amÕunt of motion of the ovanes.

It should be noted that shimming was performed on the voxel only after the initial

imaging and locating of the ovaries, but before the beginning of spectral acquisition.

Shimming was not repeâted during the spectral acquisition after movement of the voxel

to compensate for motion of the ovaries. Additional shimming was not performed in part

because the added time required was unacceptable, but mainly because the ovary

continued to move during the shimmrng procedure. Thus, by the end of shimming, the

ovary could have once again moved out of the defined voxel. Maximum homogeneity of

the magnetic field was sacrificed in order to ensure that the voxel remained withrn the
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ovary during spectral acquisition. In theory, only small changes in the spectra should be

obseryed as a result of small displacements of the voxel since optimal shimming of the

magnetic field within the voxel should lead to an improvement in the homogeneity of the

field in the vicinity of the voxel. Experimentally, it was found that minimal, if any,

improvement was obtained by shimming after moving the voxel by amounts that were

typically less than 1cm.

Filling of the urinary bladder not only caused displacement of the ovaries, but in

some cases, it also caused rotation of the ovaries. In Figure 3.118, the long axis of the

right ovary has rotated by approximately 20o from its original orientation at the beginning

of the study (Figure 3.114). While the voxel may have been entirely within the ovary at

the beginning of the study, rotation of the ovary during the study could cause the voxel to

lie partially outside the ovary near the end of the study. This is illustrated in Figure 3.30.

Consider the oval shape of a slice through an ovary as illustrated in Figure 3.304 with a

rectangular box contained within the oval. The box is maximized such that it is as large

as possible without extending outside of the oval. If the oval rs rotated (Figure 3.308)

similar to the rotation of the ovary caused by filling of the urinary bladder, the rectangular

box is no longer contained within the oval. Compensation for rotation of the ovary could

be achieved either by setting the length, width, and height of the voxel to the smallest

dimension of the ovary, or by adjusting the size of the voxel as the ovary moved to ensure

that the voxel was always contained within the ovary. In this study, the former method

was used.
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Figure 3.30: An oval representing an ovary with A) a rectangular box

representing the voxel maximized to be as large as possible

while remajning within the oval, and B) the rectangle

extending outside of the oval after rotation of the oval,

similar to rotation of the ovary caused by filling of the

urinary bladder.

The final type of motion within the female pelvis that required consideration for

the MRS study of the ovaries was the motion of the bowel. Peristalsis of the bowel

occu¡s as the muscular walls of the bowel contract and relax to propel the contents along

the bowel (Miller and Keane 1987). The contractions associated with peristalsis are

normally irregular in intensity and frequency, but contractions typically cause only a few

millimeters of motion in the walls of the bowel. The intensity and frequency of peristaltic

contractions can be reduced, but not eliminated, by fasting (Private communications with

Dr. Tedros Bezabeh and Dr. Charles Bernstein). Antispasmodic agents such as hyoscine

butylbromide (trade name Buscopan) can be administered to temporarily stop peristalsis,

but the potential side effects include discomfort, visual distu¡bances, and an inc¡eased

pulse rate (Gillis 1998). The bowel is often adjacent to and in contact with the ovary.

While precise determination of the effects of peristalsis on the MRS study of the ovaries

could only be detemined by performing the study with and without paralysis of the
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bowel, it is unlikely that the small peristaltic motion would cause the ovary to move, and

thelefore would not affect spectroscopic measurements of the ovanes (Pnvate

communications with Dr. Tedros Bezabeh and Dr. Charles Bemstein). Conversely, the

contents of the bowel had a signifìcant effect.

As solid contents of the bowel were propelled through pofiions of the borvel

adjacent to the ovary, they may have caused slight vanations in the local magnetic field

experienced by the ovary. This would result in broadening of the metabolite peaks in the

MR spectra. As with the effects of penstalisis, the effects of the solid contents of the

bowel on the MRS study could be minimized by fasting of the patient prior to the study or

by paralysis of the persitaltic motion of the bowel. While the effects could be determined

by performing the MRS study with and without paralysis of the bowel, the narrow line

widths obtained in many of the spectra suggest that the passage of the solid contents of

the bowel had minimal, if any, effects on the homogeneity of the local magnetic field at

the ovary.

Gas was normally seen in the bowel, and when the gas was situated in a poftion of

the bowel adjacent to the ovary (Figure 3.12), large changes were observed in the MR

spectra. The gas produced a tissue to air intetface at the suface of the ovary that resulted

in local magnetic field inhomogeneities due to the extremely different magnetic

susceptibìlities of gas and tissue. Shimming was difficult, and in some cases, yielded no

improvement in the shape and intensity of the FID. The magnetic field inhomogeneities

resulted in an increase in the line widths of the peaks in the spectra. Displayed in
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Figures 3.134 and 3.13C are the water peaks of spectra obtained from ovaries of two

women with and without gas in the adjacent bowel. Note the much broader peak in

Figure 3.i3C. Gas jn the bowel also caused frequency shifting of the peaks between

acquisitions and differences in the phases of the individual acquisitions. Each acquisition

in Figures 3.134 and 3.13C was frequency shifted to align the water peaks, phased, and

then averaged to obtâin Figures 3.138 and 3.13D, respectively These corrections had

little effect in the absence of gas (compare Figures 3.134 and 3.138) The full width at

half maximum t¡WHit¡) line width of the water peak decreased by 8% of the original line

width (original line width = 3.l0Hz, and conected line width = 2.86H2)' Conversely, the

coÍections yielded a significant reduction of 37 7a tn the FWHM line width of the water

peak when gas was proximal to the ovary (original line width = 32.29H2, and conected

line width = 20.24fI2).

The variations in the frequency shifts and phases of the individual acquisitions

were caused by motion. As the ovary moved due to filling of the unnary bladder, it

experienced slìght changes in the local magnetic field, ÀBl..or, due to inhomogeneities in

the magnetic field. Slight vanations in the local magnetic field also occur¡ed as the

contents of the bowel passed the ovary. The frequency (o) and phase (Q) of the spins is

dependent on the local magnetic field according to:

tÙ = Y(Bo +ÂB1o.o1)

q = yBot + jyÀB¡o"n1dt + JyG" xdt



where y is the gyromagnetic ratio of the spins, Bo is the static magnetic field, ÁB1o"u¡ is the

change in the local magnetic field experienced by the spins, G* is the magnetic field

gradient along an axis x, x is the position of the spins, and t is the time of precession.

While frequency shifts and phase differences were obse¡ved in spectra obtained from

ovaries with no gas in the adjacent bowel, the diffe¡ences between acqursitions were more

exreme in cases where gas was proximal io the ovary. Because gas in ihe bowel was not

stationary, the local magnetic field inhomogeneities caused by the different magnetic

susceptibilities at the tissue to air interface changed more dramatically than when gas was

not present. This accounted for the larger frequency shifts and phase changes between

acquisitions that were obse¡ved when gas was proximal to the ovary.

Similar frequency and phase variations were observed by Star-Lack et al. (1998)

in kidney and liver. The authors also reporled improvements in the signal to noise ratio

after frequency and phase conections. In this study, however, the motion of the organ

under study was not monitored, and thus, the voxeÌ was not moved to compensate for

motion. With large organs such as the kidneys and liver, large displacements do not

normally occur, so motion may not pose a problem provided the organ is relatively

homogenous and the voxel size is chosen to be small enough. Star-Lack et al. (7998)

used the parlially suppressed water peak in the spectrum as the refercnce for their

frequency and phase corrections. Frequency and phase conections applied to the

individual acquisitions obtained in this MRS study of the ovaries suggested that the

resìdual water peak can not be used as the reference. This may be attributed to the partial

suppression of the water peak which results in a line shape that is not truly Lorentzian.

193



Displayed in Figure 3.15 are three spectra obtained from a healthy, premenopausal

ovary. The three spectra originate lrom the same data, but different cÕrrections have been

applied. No frequency and phase coffections were applied to the spectrum in Figure

3.154. In Figure 3.158, the resrdual water peâk was used as the reference peak for the

frequcncy and phasc corrcctions, and in Figure 3.15C, the motabôlite peak at 1.3ppm was

used as the reference. Significant differences between the conected spectra were

observed in the shift of the metabolite peaks as well as their relative intensities (Figures

3.158 and 3.15C). The effects of the frequency and phase corrections were dependent on

which peak (water or metabolites) was used as the reference. Further evidence of this

was observed in the individual acquisitions. For clarity, the data are displayed ìn Figure

3.16 as four spectra averaged over 32 acquisitions each, rather than a plot of each of the

128 acquisitions. The effects of partial water suppression on the residual water peak are

dependent on the frequency at which suppression is applied with respect to the frequency

of the water peak, and the line width of the water peak. In order to use the residual water

peak as the reference for corrections, it must be assumed that the peak is approximately

Lorentzian and that changes rn its phase and frequency conespond to equivalent changes

in the metabolite peaks. The results of this study negate this assumption. When the

frequency shifts and phases of the residual water peak in each acquisition were optimized,

the relative frequency shifts and phases of the metabolite peaks in each acquisition varied

(Figure 3.164). Similarly, when the frequency shifts and phases of the metabolite peaks

were optlmized, the ¡elative frequency shifts and phases of the residual water peaks

varied. For the purpose of this study, fiequency and phase coûections could not be



applied using the residual water peak as the reference. Rathe¡, the metabolite peaks were

used as the reference.

The frequency shifts and phases applied to the individual acquisitions of the

averaged spectrum displayed in Figure 3.15C are plotted in Figure 3.17. Typically, the

frequency shifts and phases of the individual acquisitjons were similai withjn each set of

32 acquisitions. The data were acquired in sets of 32 acquisitions. After acquisition of

each set, the voxel was repositioned to account for the movement of the ovary. With each

new position, the voxel experienced a slightly different local magnetic field due to

magnetic field inhomogeneities, which resulted in different relatìve frequency shifts and

phases for each set of 32 acquistions. In cases where the signal to noise ratio of the

metabolite peaks in a single acquisition was too low to accurately frequency shift and

phase conect, the acquisitions were averaged over each set of 32. Each averaged set of

32 was frequency shifted and phase conected, and then the individual acquisitions were

examined. Only individual acquisitions with sufficient signal to noise we¡e fufther

corrected. The frequency shifts and phases plotted in Figure 3.17 fhat are constant within

each set of 32 acquisitions were obtained for acquisitions that elther required no fu¡ther

conections or had insufficient signal to noise ratios to allow futher coüections. Since

the frequency shìfts and phases of each acquisition within a set of 32 we¡e similar, further

corrections to the individual acquisitions normally yielded small improvements rn the

signal to noise of the final, averaged spectrum.



MRS of the postmenopausal ovary is difficult due to its small size. Very small

voxel sizes were required in o¡der to ensure that the voxel was entirely inside the ovary.

This resulted in a low signal to noise ratio. In some cases, the required voxel size was so

small that insufficient signal was obtained. In these cases, the voxel size was increased

such that the comers of the voxel were outside the ovary and thus, a small portion of the

acquired signal was obtained from the tissue suirounding the ovaiy. The usefulness of

this data is questionable since the signal from the surrounding tissue could give rise to

peaks in the spectra that would not be observed if the signal was purely from the ovary. If

used for diagnostic purposes, these peaks could be rnistaken for abnormalities in the

ovaries. Conversely, since the majority of the signal was obtained from the ovary, the

contdbutions from the surrounding tissue mây be small enough to have minimal effect on

the spectrum. The effects of the signal acquired from the sunounding tissue could be

determined by comparing spectra obtained from postmenopausal ovaries that were large

enough to contain the voxel to spectra obtained from voxels ìn the same ovades that were

slightly larger than the ovary. Higher magnetic field strengths and improved rf coils may

allow smaller voxel sizes that would be entirely within small ovaries while still providing

sufficient signal to noise. No differences were observed in the spectra obtained from

postmenopausal women in this study, but only 10 spectra were obtained. A lafger

number of spectra are required to detemine if there are any differences between the

spectra. A representative spectrum with good signal to noise obtained from a

postmenopausal ovary that was laÍge enough to contain the voxel is displayed in Figure

3.18.
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Both ultrasound and MRI are able to image the development of follicuìar cysts

through the menstrual cycle (Brown eî al. 1994, Occhipinti et aI 1993, Pierson et al.

Ig94b). Displayed in Figure 3.19 are six T2-weighted images of a female pelvis

corresponding to six days in one menstrual cycle. The folllcular cysts appear with

characteristic high signal intensity, as expected (Table 3.2), and grow through the

follicular phase of the cycle with the dominant follicle easily visualized cn the day before

ovulation (Figures 3.194-C). After ovulation, it is not norrnally possible to distinguish

between the follicular cysts and a non-hemonhagic corpus luteal cyst because their MR

appearances are identical in both Tr- and T2-weighted images. If hemoirhagrng occurs in

the coryus luteal cyst, its Tl-weighted appearance changes from ]ow/intermediate

intensity, to intelmediate/high intensity, thus allowing differentiation from follicular cysts

(Semelka et at. 1997). Because the focus of thjs study was on the MRS and not the MRI,

visualization of the corpus luteum was not attempted. Detemination of the day of

ovulation was accurately determined in 6 of the 8 women who participated in the study

through use of the unne test for the sul ge in LH. The day of ovulation was missed in two

women due to irregular menstrual cycles. In these women testing for ovulation was

stafied after ovulation occured. While measurement of the woman's basal body

temperature was not essential for determination of the day of ovuìation (Figure 3.22), it

was useful in confirming the results of the urine test

Because it is much less expensive, ultrasound is normally used rather than MRI

for visualization of the changes in the ovaries through the menstrual cycle. Neither

ultrasound nor MRI, however, has the ability to monitor biochemical changes in the
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ovaries through the menstrual cycle. The technique developed in this study to acquire

MR spectra of the ovaries measures the biochemical content of the ovanes.

Representative spectra obtained from one woman on six days during one menstrual cycle

are displayed in Figure 3.20. The six days chosen from the cycle were those on which the

most significant changes in horrnonal concentrations and morphology occuned

(Figure 3.1). The spectra are doÍrinated by a peak at 1.3ppm. No significant differences

were noted between the spectra obtained on the six different days of one menstrual cycle

for each of the women who participated. While hotmonal changes differ significantly

during the menstrual cycle (Figure 3.1) and remain lelatively constant after menopause,

these changes would not be seen in the MR spectra because the concentrations of the

hormones are normally on a nanomolar level whìch is too low to be detected with MRS at

1.5T. While it is possible that no MR observable differences exist in the biochemical

content of the ovaries through the menstrual cycle and after menopause, it is also possible

that the signal to noise râtio of the spectra was not sufficient to resolve differences in the

spectra. No peaks were obse¡ved in the region from 3.0ppm to 4.0ppm of the spectra

displayed for the postmenopausal ovary (Figure 3.18) or the premenopausal ovary

(Figure 3.20). Note, however, that in the spectrum acquired on the day of ovulation in

Figure 3.218, obtained from a different woman than that of Figure 3.20, the improved

signal to noise in the spectrum shows a few small peaks present between 3.0ppm and

4.0ppm. The signal to noise ratio of these peaks was not sufficient for any analysis. This

study should be performed at higher magnetic fields with improved coils in order to

improve the signal to noise ratio.
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In two ¿-rr vlvo studies (Mackinnon et al. 7995, and Wallace et oI. 1997), high

resolution spectra acquìred from biopsies of malignant ovarian tumours were found to be

dominated by peaks at 1.3ppm and 0.9ppm. These peaks were assigned to the lipid

methylene and methyl groups, respectively. Spectra from healthy ovaries and benign

ovarian tumours also contained these peaks, but they were less intense. Simrlar peaks

were observed in this in vivo study, but the ¿¡ vivo stu<ìies showed additional peaks in the

spectra that were not observed in the in vlvo study. Macklnnon et al. (1995) found that a

simple analysis of the ratios of peak intensities at 3.0ppm to l.7ppm and l.7ppm to

1.3ppm could be used to differentiate malignant tumours from benign tumours and

healthy ovarian tissue. Using linear discriminant analysis, Wallace et al. (7997)

determìned that the peak at 1.3ppm was not diagnostic of malignancy, but could be used

to differentiate spectra obtained from untreated and recurrent ovarian tumours. Both of

these analyses relied on less intense metabolite peaks between 2.0ppm and 4.0ppm.

Resonances in this region of the spectra obtained from heaÌthy ovar-ies were either poorly

resolved or not visible in the i¡¿ vlvo study pedormed here. This may be due to the lower

signal to noise ratio, or it may be due to the type of tissue examined. Different types of

tissue give rise to different MR observable biochemical fingerprints (Brière et al. 1995,

Moreno ¿l al. 1993). The ex vivo studies examined epithelial tissue, while the voxel

pìaced on the ovary in the ítt vivo study contained virtually no epithelial tissue.

The tissue sunounding the ovaries is typically rich in lipids as evidenced by the

regions of high signal intensity sunounding the ovarìes in the T2-weighted images.

Excitation and subsequent acquisition of signal outside the defined voxel could result in



leakage of signal into the spectrum from non-ovarian tissue. Because gradient magnetic

fields, G*, were applied during excitation, resonances from metabolites that are located a

distance Àx from the voxel expedence a shift in their resonance frequencies, Âv,

according to:

nv =Lc u2n'
The three rf excitation pulses of the STEAM sequence were applied at the frequency of

the water resonance, but metabolites outside the voxel whose resonant frequencies were

shifted by an amount such that thei¡ resonances were equal to that of the water were also

excited. At the time of acquisition, no gradients were applied, so the acquired resonances

of excited metabolites extemal to the voxel were equivalent to those of the same

metabolites within the voxel. This would result in a false increase in the intensity of

peaks. Metabolites extemal to the voxel that did not exist within the voxel could also

give rise to unexpected peaks in the spectrum. This phenomenon is commonly refened to

as chemical shift atifact. The separation between the water resonance and the lipid

methylene resonance at l.3ppm is 2l7llz at a static magnetic field of 64MHz. In this

study, the strength of the slice selection gradients was 4.0mT/m. Substitution of these

values into the above equation gives Àx equal to 1.3mm. Hence, for a voxel placed on

the ovary, the methylene group of the lipid molecules at a maximum distance of 1.3mm

outside the voxel were excited and therefore contributed to the spectral peak at 1.3ppm.

Consìder a two dimensional case with a square voxel, 1x1cm2, inside a circular'

ovary with a diameter of 1.5cm (Figure 3.31). At the middle of a side of the voxel, the



distance from the side to the edge of the ovary would be 2.5mm. Since the lipid

methylene spins exteraal to the voxel were excited at a mâximum distance of 1.3mm

most of the excited spins extemal to the voxel were still within the ovary. The only lipid

molecules outside of the ovaries that contnbuted to the spectrum were at the extemal

comers of the voxel. Hence, lipid extemaÌ to the ovaries contributed only minimally to

ihe specira, and ihe intense peak at 1.3ppn can be attdbuted mainly to molecules within

the ovary.

^--V 2.5mm

¡(- l.5cm ------)

Figure 3.31: Two dimensional view of a

spherical ovary with diameter

middle of one side of the voxel

2.5mm.

1xIxlcm'voxel inside a

l.5cm. Distance f¡om the

to the side of the ovary is

Spectla were obtained from several follicular cysts that were large (> 2cm in

diameter), but clinically normal (< 5cm in diameter). One of these spectra and the

coresponding image are displayed in Figure 3.23. Similar to the spectra obtained from

the healthy ovaries, these spectra were dominated by a peak at 1.3ppm. I€ss intense

peaks at 0.9ppm and 2.0ppm, visible as shoulders to the 1.3ppm peak in Figure 3.23, and
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at 5.2ppm are suggestive of a lipid spectrum. A broad peak appeared between 3.Oppm

and 4.0ppm. It is not surpnsing that the spectra from these follicular cysts were similar to

the spectra obtained from healthy ovaries because these cysts are not abnormal and thus,

may have biochemical content similar to that of the ovaries.

MR spectra were also obiained from four women with ovarian abnonnalities. The

first of these was a woman who entered the study with no ¿ priori kr'owledge of an

ovarian abnormality. The MR images (Figure 3.244) revealed numerous small (<0.5cm

diameter) folhcular cysts on both ovaries, and the ovaries were approximately twice the

average size of healthy ovaries. These chalacteristics al'e consistent with polycystic

ovanan disease. The MR spectrum obtained from the right ovary is displayed in

Figure 3.248. As with the spectra obtained from healthy ovanes, this spectrum is

dominated by an intense peak at 1.3ppm. Iæss intense peaks at 0.9ppm,2.0ppm, and

5.2ppm are consistent with the presence of lipid. Unlike the spectra obtained from

healthy ovaries, the spectl'um acquired from the polycystic ovaly contains peaks in the

region between 3.0ppm and 4.0ppm. Two distinct peaks occuned at 3.lppm and 3.5ppm.

while a third less intense peak was seen at 3.2ppm. The spectra displayed in

Figures 3.248 and C were Õbtained from the same voxel, but no water suppression was

applied to the spectrum in Figure 3.24C. Typically, the peak at 1.3ppm was either not

seen, or was barely resolved in the water spectra obtained from healthy ovaries, but in

Figwe 3.24C, its intensity is almost equivalent to that of the water peak at 4.7ppm. The

less intense peaks at 0.9ppm,2.Oppm, and 5.2ppm, attnbuted to lipid, were also seen in

the spectrum without suppression of the water resonance. This suggests that the
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polycystic ovary contains more lipid than healthy ovaries. In order to detemine the

diagnostic sigmficance of the intense lipid peaks as well as the less intense peaks between

3.0ppm and 4.0ppm, more spectra of polycystic ovaries must be obtâined.

Demoid cysts are composed mainly of lipids (Lewis and Chamberlain 1989,

Sloane 1985). Hair growths and calcium deposits whjch are common to dermcid cysts

would most likely not be seen in i¡¿ vivo MR spectra, or would appear as very broad

underlying peaks. Hence, an MR spectrum of a dermoid cyst should contain only lipid

peaks. MRS was performed on two women with demoid cysts. The first woman entered

the study with a regular menstrual cycle and no knowledge of ovadan abnormalities. In

the T2-weighted images (Figure 3.25A), the left ovary was found to be larger than the

right ovary, but it was not considered abnormal. The presence of follicular cysts was

further suggestive of a notmal, functioning ovary. The MR spectrum obtained from the

left ovary was dominated by a peak at 1.3ppm (Figure 3.258). The less intense peaks at

0.9ppm and 2.0ppm were suggestive of a lipid spectrum. While the signal to noise ratio

is relatively high in thìs spectrum, no peaks were seen in the region between 3.0ppm and

4.Oppm. Because lipid has a shott Tz relaxation time, it appears with high intensity in T1-

weighted images. The left ovary was of high intensrty in the T1-weighted images (Figure

3.25C). Fat saturation images showed the left ovary with low signal intensity, whìch was

also suggestive of high lipid content and thus, the diagnosis of a demoid cyst.

The second woman was referred by a gynecologist. She had a 5cm diameter

growth on her left ovary that was a suspected dermoid cyst. Imâges of the glowth were
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not consistent with a derrnÕid cyst. The growth appeared as a region of high intensity in

the T2-weighted images (Figure 3.21A). It was of inte¡mediate intensity in Tr-weighted

images, rather thân the expected high intensity (Figure 3.278). Fat saturation did not

result in the expected low signaì intensity in the growth (Figure 3.27C). While the

images were not suggestive of a dermoid cyst, surgìcal removal of the growth confirmed

that ìt was a dern-roid cyst. The spectrum contained only peaks consistent with â lipid

spectrum, as would be expected from a dermoid cyst (Figure 3.268). Complete water

suppression could not be obtained in the spectrum which suggested a high water content

within the derrnoid cyst. This is consistent with the fat suppression images where the

signal from the cyst was not well suppressed by suppression of the fat resonance. The

spectrum obtained from this dermoid cyst ìs similar to that obtained from the fi¡st woman

(Figure 3.258). The peaks obtained from the suspected demoid cyst in Figure 3.268 are

significantly bloader than those in Figure 3.258. This may be due to the inhomogeneities

in the dermoid cyst of the spectrum in Figure 3.268. These inhomogeneities, possibly

attributable to calcium deposits and/or hair growths, were well visualized in the T1-

weighted image in Figlure 3.278.

A second dermoid cyst was detected on the nght ovary of the woman who was

referred to the study by a gynecologist. Images showed the intermediate signal intensity

in T2-weighted images (Figure 3.28A), high signal intensity in Tr-weighted images

(Figure 3.288), and Ìow signal intensity in fat saturated images (Figure 3.28C) typical of

a dermoid cyst. The spectrum Õbtained from the cyst, however, was not a typical lipid

spectrum (Figure 3.264)- It consisted of two intense peaks at 1.3ppm and 1.7ppm. The



peak at 1.3ppm and the less intense shoulde¡ peaks at 0.8ppm and 2.0ppm show that the

spectrum contains lipid, but the intense peak at l.7ppm is not typically from lipid. Note

that shoulder peaks are seen at 0.8ppm, l.lppm, 2.0ppm, and 2.3ppm. The spectrum

could be the combination of two lipìd spectra with one spectrum shifted by 0.3 to 0.4ppm.

It is possible that the lipid within the cyst is compartmentalized or that the lipid exists in

two forms, one of which is less nobile. This could lead to the lipid spins resonating at

two different frequencies and would result in two sets of lipid peaks, with the peaks from

the more mobile lipids shifted to a slightly higher frequency. This demoid cyst was not

¡emoved during surgery, so its exact composition is unknown.

Two of the three dermoid cysts examined in this study were coûectly diagnosed

using only MR imaging. Two of the MR spectra obtained from these three cysts

contalned intense lipid peaks. The third spectrum appeared to contain two lipid spectra

with slightly different chemical shifts. While more spectra ale required to detelmine the

ability of MRS to diagnose dermoid cysts, the combination of MR imaging and

spectroscopy may provide a more accurate diagnosis than MR imaging alone.

Finally, a woman with a 10cm diameter, malignant ovarian tumour was ¡efened to

the study by a gynecologist. The woman had begun chemotherapy treatments prior to her'

participation in the MR study. The T2-weighted images showed a large tumour with

many compaftments (Figure 3.29). The tumour was highÌy cystic, as evidenced by the

many high intensity compaftments of the tumour. Fewer intermediate intensity regions

associated with solid components of the tumour were also visualized. The uterus was
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displaced to the right side of the pelvis by the tumour. An MR spectrum obtained from

the solid component of the tumour labeled with an astensk in the ìmage of Figure 3.294

is displayed in Figure 3.298. The baseline of the spectrum drops below zero, pafiicularÌy

in the region of the metâbolite peaks. The main cause of this was probably the unstable

power supplies for two of the gradients, but spurious signals due to the compromised lf

shìelC may have also contributed. At any rate, the validity of this spectrum is

questionable. While it is difficult to determine which peaks are real, there is definitely an

intense peak at t.3ppm. This is consistent with ¿.r vlvo studies (Mackinnon et al. 1995,

Wallace et al. 1997) which showed that malignant ovarian tumours are dominated by

lipids. Also, this woman was undergoing chemotherapy, which causes necrosis, or death,

of the cells. Kuesel ¿t al. (1994) found elevated liprd levels in necrotic brain tumour

biopsies. The intense peak at 1.3ppm in the spectrum shown in Figure 3.298 may be due

to areas of chemotherapy induced nec¡osis in the tumour.



3.8 Summary and Conclusions

The ovaries are located deep within the pelvis. Hence, use of a volume coil as the

transmit coil is preferable to a surface coil because the volume coil ensures homogenous

rf penetration to the required depth. It is important, however, to ensure that the volume

coil is constructed with sufficient space within the coil to allow positioning of women

with ovanan abnormairties that have distended peivises. The receive coil must aiso

penetrate to the required depth, and must achieve a high signal to noise ratio. It is

important to determine the location of the ovanes and ensure that they are located within

the center of the recerve coil in order to obtain the best possible signal to noise. A surface

coil may be used for reception, but it must have a large enough diameter to allow

examination of both ovaries. Examination of one ovary, repositioning of the coil, and

examination of the other ovary is too time consuming. For this study, the whole body coil

was used as the transmit coil and the cp spine coil was used to receive.

T2-weighted images were most suitable for identification of premenopausaL

ovaries due to the high signal intensity of follicular cysts. Postmenopausal ovaries were

identified by a broadening of the broad ligaments. The broad ligaments and

postmenopausal ovaries were best visualized in Tt-weighted images. Ovanan

abnormalities were typically large, and thus were easily identified in both Ti- and T2-

weighted images. Dermoid cysts, however, may be mistaken for enlarged ovaries in T2-

weighted images, and Tr-weighted images and fat satu¡ated images did not always allow

acculate diagnosis of dermoid cysts.



Motion of the ovaries was caused predominantly by filling of the urinary bladder.

Fast scout images were obtained penodically to track the motion of the ovaries. While

the resolution of these ìmages was low, the ovaries were easily visualized because their

approximate location was previously determined by the high resolution images.

Movement of the voxel defined by the STEAM sequence compensated for motion of the

ovary and ensured that signal lvas obtained only from lvithin the ovary. Motion r.vithin

the pelvis causes frequency shifts and phase changes in the individual acquisitions of the

FID. Correction of these shifts and phases pnor to averaging improved the resolution of

the peaks and the signal to noise ratio obtained in the spectra. 1¡r vivo MR spectra of the

ovanes and ovarian abnormalities werc dominated by an intense peak at 1.3ppm which

probably originated from lipid. Those spectra that had high signal to noise also contained

peaks between 3.0ppm and 4.0ppm which may be dìagnostic of disease.

It is concluded that the techniques developed in this study alTow in vivo

acquisition of spectra from the healthy, human ovary as well as ovarian abnormalities.

3.9 Future Perspectives

Design of fastel imaging sequences with high resolution would allow mole rapid

location of the ovanes at the beginning of the exper-iment, thus reducing the examination

time. This would be beneficial in the clinical setting since clinical scanners are highly

oveftaxed and have long waiting lists. AlsÕ, shorter examinatiÕn times mean that pâtients

do not have to remain motionless for a long time, and this typìcally improves patient
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compliance. Fast, high resolution imaging sequences could be used for the scout images

that were required for tracking of the movement of the ovaries. This would allow more

accurate coordination of the movement of the voxel with the displacement of the ovaries

as the urinary bladde¡ fills. Scout images could be acquired more frequently without a

significant increase in the total examination time. Improvements in the resolution of the

images may aiso allow automaiion of ihe movement of the voxel. Algoritl.rms ihat detect

the edges of structures in the images are available. These could be used to calculate the

position of the ovary, and the new position of the voxel could be automatically adjusted.

The signal to noise ratio of the MR spectra obtained from healthy ovaries in this

study was low due to the small size of the ovaries and their location deep wrthin the

pelvis. Improvements in the homogeneous penetration of 81, the signal to noise, and

filling factors of the rf coils would yield improvements in the signal to nolse of the

spectra, providing better resolution of low intensity peaks. Recent developments in

phased anay volume coils may make these coils suitable for this study (Stark and Haacke

1996, Takahashi et al. 1998). Fufiher improvements in the signal to noise could be

obtained at higher static magnetic fields. This would require design and constructìon of

specialized coils, since the coils cunently available for magnetic fields above 1.5T have

been designed for studies of the head or anatomical structurcs near the surface of the

body. Construction of a large diameter volume coil, such as a whole body coil, for high

magnetic fields is complicated, because standard, Iarge diameter, volume coil designs

suffer from standing waves and rf penetration problems at these fields. This results in

inhomogeneous rf magnetic fields. These coils require large rf power supplies which are
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expensive, and due to the rf penetration problem, the increase in lf power may lead to

unacceptable increases in the specific absorption rate (SAR), ol the amount of power

deposited in the patient.

This study involved the development of the techniques required to obtain accurate

in vivo MR spectra of the ovaries. Ìvlultiple spectra must now be acquired from healthy

ovaries and benign and malìgnant ovarian tumours to determine if the biochemical

differences seen in ¿r uiuo MR spectra (Mackinnon eî al. 1995, Wallace et al. 1997) can

also be seen in the i¡¿ vluo spectra. Wallace et al. (199'7) also found that the MR spectra

obtained from untreated and recurrent ovarian tumour biopsy specimens contained

diffe¡ent biochemical information. Thrs suggests lhat in vivo MRS may be able to

distinguish malignant ovarian tumours that respond to chemotherapy from those that do

not. If this is true, in vlvo MRS may be useful in the determination of treatment regimens

for ovarian cancer patients.

Cun'ently, the chemical changes associated with abnormalities such as polycystic

ovarian disease and recurent enlargement of follicular and corpus luteal cysts can only be

determined by surgical removal of part or all of the ovary. MRS may provide a non-

invasive method of analysis in these cases. The MR spectra may also provide insight into

the causes of infertility and might allow determination of the effects of drugs, such as

fertility drugs, on the ovaries. The technique developed here could also be used to obtain

spectra from other structures within the pelvis. For example, abnormalities of the uterus,

including uterine cancer and fibroids, could be studied using the MRS technique. The



uterus is also displaced as the urinary bladder fills, so scout imaging and movement of the

voxel would be required as in the ovary study. Healthy fallopian tubes are too small to be

examìned using the current technology, but abnormalities on these anatomical stuctures

may be large enough to study using MRS.
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Sruunnv on Tnnsrs

In thjs thesis, appücation of magnetic resonance imaging and spectroscopy to

structures in the female pelvis was examrned. In particular, the suitability of MRS for the

grading of pre-cancerous lesions of the utenne cervix was determined, and a technique

for acquisition of in vivo MR spectra of the human ovary was developed.

It was shown that tþ differences in the MR spectra obtained from non-dysplastic

and dysplastic cervical tissue could not be determined by visual examination or a simple

analysis of peak latios. Classifìcation of the spectra according to the clinical diagnoses

was performed using multivariate methods. A set of the spectra was consistently

mjsclassified by each of the different multivariate methods. From this, it was concluded

that either the clinical diagnosis, the gold standard to which the spectral classifications

were compared, was flawed, or the MRS technique detected biochemlcal changes that

preceded the morphological changes. It was also shown that the accuracy of

classification of spectra into two adjacent classes was comparable to that of non-adjacent

classes. The results obtained heie do not suppoll, but can not refute, the theory that

ce¡vical lesions follow a continuous progression from CIN 1 to CIN 3.

In vivo MRS of the human ovary was performed using the whole body coil for

excitation because it gave uniform excitation within the pelvis. A circularly polarized

surface coil was used to receive the signal rather than the whole body coil because it gave

better signal to noise ratios. Location of premenopausal ovaries was accomplished using
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T2-weighted images, and postmenopausal ovaries, though difficult to locate, were

identified in Tr-weighted images. MRS of the ovary was complicated by motion in the

pelvis. Displacement of the ovaries was caused predominantly by filling of the urinary

bladder. It was shown that periodic acquisition of fast scout images could be used to

track the motion of the ovaries. Repositioning of the voxel after every set of scout

images ensured that the MR signal was obtajned from the ovaries and not the sunounding

tissue. Motion in the pelvis was also shown to cause frequency shifts and phase changes

in the individual acquisitions of the FID. Correction of these shifts and phase changes

pnor to averaging yielded a significant improvement in the signal to noise ratio in the

spectra. It was concluded that the techniques developed in tliis thesis can be used to

obtain ù¿ vivo MR spectra of the human ovary and ovarian abnomalities.

In conclusion, magnetic resonance ìmaging and specfoscopy was used to

examine structures in the female pelvis, This thesis has shown that IH MRS, in

conjunction with multivariate methods, provides information regarding the progression of

dysplastic lesions of the utenne cervix. It was also concluded that the techniques

developed in this thesis may be used to obtain úz vivo MR spectra from the human ovaty.



Appnunrx I:

Mur,rrv¿.RIATE MErnoos

I.1 Enhanced Forward Selection (EFS)

The biochemical content of healthy tissue differs from that of unhealthy tissue.

These differences are observable in magnetic resonance spectra via the presence of

different peaks and/or the vadation in intensity of the peaks in spectra obtained from

different tissue types. Often these differences are too subtle to detect with the human

eye. Enhanced forward selection (EFS) is a computer algorithm that deterrnines which

points in the spectra are diagnostic (Nikulin et aL 1998). From these points, the spectra

may be separated into diagnostic classes which conespond to the different tissue types.

Consider a spectrum containing M points. The enhanced forward selection (EFS)

algorithm developed by Nikulin et al. (1.998) can be used to find a subset, K, of these

points that will allow differentiation of the spectra into diagnostic classes. Initially, each

point is individually placed in a set (Q1={1}, ., OM={M}) and tested to determine its

ability to classify the spectra correctly. An objective (fitness) function, F, is used to rank

the classification accuracy of a subset of the original complete set of points. This

function is a test of the between gl'oup diffe[ences and is given by:

t=o:,!,,i,(r¡q -r¡q)2



N is the total number of spectra, C is the number of diagnostic classes, p¡o is the

probability that spectrum j is in class q, and \o is the class indicato¡, such that 130 is equal

to one if spectrum j is in class q, and is equal to zero for spectrum j in all other classes.

The value of p¡o is determrned by linear discriminant analysis (LDA) using the leave-one-

out (LOO) method as described below. Objective functions are then detemined with two

points in each set: oi={ 1, oi(z)}, ..., o1"1={N4, e¡"f2)¡, where a¡(2) is not equal to the first

point in the set. Each set is updated with the point that gives the lowest value of the

objective function in combination with the point ahcady present in the set The process is

repeated for a specified number of K points in each set lor= 1J, cr¡(2). . . GfK)) ). Normally,

K is limited to l0 or less. At larger values of K, classification results tend to be excellent

on the training set and poor on the test set. After the selection process is complete, the

best set of points is chosen for diagnostic classification of the spectra.

While EFS is robust, it has some limltations. First, EFS does not test every

combination of points and does not allow backtracking. As a result, it does not guarantee

that the best set of poìnts will be found. Nevertheless, it always produces a good

suboptimal subset. Second, EFS chooses points in the spectra lt does not have the

flexibility to merge or overlap these points, and can not choose regions of varying widths.

A genetic algorithm, which allows detetmination of regions of varying widths, has been

developed (Nikulin et aI. 1998), but was not used for this work. Finally, EFS is relatively

slow. It requires approximately 30 mtnutes on a SGI workstation to choose 10 diagnostic

points out of 100.
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I.2 Linear Discriminant Analysis (LDA)

A spectrum with p points, or attributes, can be considered a data vector

¡=(x1,x2,..., xo) with p attnbutes. A set of LDA coefficients are obtained. These

coefficients are based on the pooled covariance matnx and the class centroids computed

f¡om the training set (James 1985), such that one coefficient vector, G,, exists per class.

In orde¡ to dete¡mine the probability of a single spectrum belonging to a class c, a

discnminant function, d", is calculated for each class such that:

p

d" = 0o" + )c*xn

The largest d" computed for the c classes is called d-",. The discriminant functions of the

classes make p-dimensional sample spaces. The surface that separates the p-dimensional

sample spaces is a (p- 1)-dimensional hyperplane. It is assumed that the dìstribution of

the sample spaces is Gaussian. Hence, the following is computed for each class:

g" = exp(d" * d-,,* )

d-u* is not essential, however it helps to prevent computational overflow. The probability

of a single spectrum belonging to class c is determined by the partition function:

p. =*L
LëC
c

Linear discnminant analysis was performed using the leave-one-out method of

cross validation (Lachenbruch 1975). This method involves leaving out one spectrum at

a time flom the original training set. The coefficients, c¿, and the discriminant function,



4, are computed, and the omitted spectrum is classified usrng these values to determine

the probability of belonging to each of the c classes, p". The spectrum is assigned to the

class with the highest p". Each spectrum in the test set is then submitted to the classifier

and assigned to one class ìn the same manner. A counter for the assigned class is

incremented for the cunent test spectrum. This method is repeated leaving out each

spectrum from the original traìning set. The class probabilities for the spectra rn the test

set are the final values of the counters for each class divided by the number of training

spectra (method unpublished; developed by R. Somorjai).

I.3 Artificial Neural Networks Using Backpropagation

Atificial neural networks (ANN) attempt to model networks of neurons in the

brain. For classification problems, the neurons are commonly grouped into layers.

Typically, two layers are used, as shown in Figule I.1. Data vectors are submitted in

parallel via N input connections. In the frrst stage of computation, the inputs are

weighted using a random set of weights, {,0, and the weighted inputs are combined to

produce M outputs, or scores. These scores are passed to the first layer of neurons, yj,

called the hidden layer'. Each neuron in the hidden layer is activated in accordance with

the input to the neuron, the activation function, and the thrcshold of the neuron. Once

activated, the neurons are again weighted with another random set of weights, W¡, and

combined to produce the neurons of the output layer, O¡. The output layer has one

output, or classification probability, for each of the classes. Each neuron in the output

layer is compared to the expected output for the class, and the enor is determined.

Training of the neural net involves minjmization of this error. Based on the error
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changes to the weights of the output layer, ÂW¡, a¡e determined. The weights of the

hidden layer, Awjp, are also determined, and their value is calculated in terms of ÂW¡.

Thus, the er.rors are propagated backwards. With the new and updated weights, the

outputs are again calculated in a feed-forward manner. The training of the neural net via

the process of updating the weights and recalcuÌation of the outputs is repeated for a user-

specilietl number ol- ite¡ations.

Ouçut Layer

Hidden l-aver

oi

wù

wjp

Input

Figure L1:

Consider a two-Jayer

considered an input data

network as illustrated in Figure

vector. x, and the spectraì points

L 1. Each spectrum can be

are attributes of the vector.

Yi

Xp

xl

Two-layered ANN with one hidden layer showing the

notation for units and weight, where xn is the input data

vector, wjp is the weighting coefficient between the input and

hidden layers, y¡ is the output from the hidden layer, W¡ is

the weighting coefficient between the hidden and final layers,

and O¡ is the output in the final layer. (Adapted from Herlz

et al. l99l)



The attributes of x are weighted and summed to form the input for each component, j, ol

the hidden layer H according to:

h¡ =)w.;oxo+0,
P

where w¡o is the weighting coefficient, and 0¡ is a threshold value.

The inputs, h, to the hidden layer are passed through a nonlinear equation to produce the

outputs of the hidden layer, y. In this case, the non-linear equation is the hyperbolic

tangent:

yj = tanh(hj)

The output values of the hidden layer are weighted according to a new weighting

coefficient, W, and summed to forrn the ìnput for each component, i, of the final layer.

H1 =)W¡¡y¡+01
J

The number, i, of neurons in the final layer is equal to the number of classes. The values

H¡ are once again passed through the hyperbolic tangent to yield the output in the final

layer:

oi = ranh(Hi )

Tlaining the network requires optimizatiôn of the weighting coefficients. The

back-propagation algorithm accomplishes this via the gradient descent rule which

increments the coefficients by the gradient of an error function. The enor function, E, is

determined via:

s=1rlo, -o,ll):' '
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u = ]¡f*, -,unnf rw',,*n[ , *,r-r l]l'.il [j rp ]))

where (Þi is the expected output for class i.

The gradient descent rule increments the weighting coefficients, W, by a value AW

proporlional to the gradient of the enor function, E, âccording to:

Àw;,i9 = -e9 + Plw;i(t - 1),r awij , ,r

where W(t-l) is the previous weight change, and g and p are constants called the leaming

rate and momentum parameter, respectively. The learmng rate controls the amount by

which increments to the coefficient are made, and the momentum parameter has the

effect of using the history of past weight changes to influence the cuffent change.

The weighting coefficients, w, applied between the ìnput layer and the hidden

Iayer are also optimized. The increments for these weighting coefficients, Áw, may be

written in tems of 
^W. 

Hence the errors, are propagated backwards through the

weighting coefficients. The newly detemined weighting coefficients are applied, and the

outputs are again calculated in a feed-forward manner. This process of forward

computation of the outputs O and backwards computation of the enors in the weighting

coefficients is carried out multiple times. Figure L2 illustrates this process, with the solid

arrows showing the forward propagation of the outputs and the dashed arrows showing

the back-propagation of the errors-



Figure I.2: Back-propagation with one hidden layer. The solid lines

show fo¡ward propagation of the inputs, and the dashed lines

show backward propagation of the modified weighting

coefficients. (Adapted from Hertz et al. 1991)

I.4 Computerized Consensus Diagnosis

Computerized consensus diagnosis attempts tÕ minimize classification errors by

considering simultaneously the outputs of more than one classifier. In this study, two

methods were used to combine the results from the LDA and the ANN classification -

Wolpert's stacked generalization method and the median method. Both of these methods

use LDA for classification of the spectra, however, the inputs for the methods are

different. In Wolpert's method, the inputs are the classification probabilities determined

by LDA and ANN. The number of elements in each input data vector is the number of

classification methods times the number of diagnostic classes. In the median method, the

inputs are the medians of the classrfication probabilities determined by LDA and ANN,
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and hence the number of elements in each input data vector is the number of diagnostic

classes (Somorjai et al. 1995, P¡ivate communications with B. Dolenko).
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Appnxnrx II:

IDL PnocRAM FoR Spncrnar, ANar-,vsrs

The program is located on the attached compact disc.

The program can be initiated by typing '@spec' from within IDL



Appnmrx III:

Gr,ossrnv

anteverted Tippedforward.

âscites Abnormal collection of fluid in the pelvic cavity.

atretic Degenet ation and absotption of cells.

basal lamina The membrane that sunounds the granulosa cells and an oocyte in the

ovary. This membrane cÕntains the follicular cyst.

broad ligaments Two of the eight ligaments that hold the uterus in place These

Iigaments extend from the walls of the uterus to the lateral pelvic walis.

CA,-125 An antigen that was initially found to have elevated concentrations in

malignant, epithelial, ovarian tumours but was subsequently found to have elevated

levels in many healthy women as well.
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carcinoma in situ (CIS) A lesìon composed of abnormal ceìls of irregular order that

extends througl't the entirc epithelial layer but does not invade the basement

membrane and underlying mucosa.

caudal Toward the inferior pafi of the body.

cervical intraepithelial neoplasia (CIN) Change in the úze, shape, anÙor

organization of cells in the epithelial layer of the cervix. Also called squamous

intraepithelial lesion (SIL).

cervicitis

coitus

colposcopy

Inflammation of the uterine cervìx.

Sexual intercourse involving penetration of the vagina.

Examination of the uterus and cervix by means of a magnifying lens.

columnar epithelium Epithelial cells that arc much greater in height than in width

condyloma A wart-like lesion that is elevated fiom the surface layer of the tissue

coronal The plane that extends through the body flom the left to right side and from

superior to rnfenor.



corpus luteum Cyst that forms on the ovary after mâturation and ovulation of the

follicular cyst. This cyst is rich in lutein, a yellow, fatsoluble hydrocarbon

pigment.

cranial Toward the head, or superior pofiion of the body.

crisp classification The percentage of the total numbe¡ of spectra classified

conectly by a multivariate method with high probability (>7 5Va)).

cytology The study of the size and shape of cells.

dermoid cyst Abnormal cysts on the ovades that are nor-mally rich in lipids and

heterogeneous, commonly containing skin, sebaceous and sweat glands, hair,

carlilage, muscle, and/or calcium deposits.

dominant follicle The follicular cyst on the ovary that will reach maturity and

rupture at the time of ovulation.

dysplasia Changes in the size, shape, and/or organization of cells to a foIm that is

abnolmal.

endocervix The canal of the uterine cervix which extends f¡om the cewical

connection of the vagina to the opening of the uterus.

238



exocervix The lower portion of the uterine cervix which extends downward into the

vagina.

external os The opening to the exocervix.

cndomctr¡os¡s A dlsease tn wnrciì ceils j ronl ille enoonieiilunl, oi' inner l¡nlng ol lne

uterus, are found in the form of growths, ot lesions, outside of the uterus These

lesions are commonly found on the ovaries.

epithelium The cellular covenng of the body and organs of the body.

follicular cyst A fluid filled cavity in the ovary containing an oocyte and the

surrounding granulosa cells.

follicular phase The time during the menstrual cycle between the end of the luteal

phase and the beginning of the ovulatory phase when the follicular stimulating

hornone induces growth of follicular cysts in the ovaries.

follicular stimulating hormone (FSH) A homone produced by the pituitary gland

that is responsible for simulating growth of follicular cysts in the ovanes

granulosa cells The cells that suround the oocyte in the ovary.



histopathology The study of the minute str'Ìlcture, composition, and function of

tissue.

human papillomavirus (HPV) A DNA virus that infects the skin, mucous

membranes, oral cavity, larynx, trachea, esophagus, bladder, anus, and genìtal tract

of both women and men. It may manifest as koiloc]'tôsis and/or conciyloma on the

cervix. There are over 90 types of FIPV, of which approximately 20 types infect

the cervix.

inferior Situated below or towards the feet of the body.

infundibulpelvic ligament A ligament that extends from the pelvic bdm to the

superior aspect of the lateral side of the ovary and contains the vessels that supply

blood to the ovâry. Also called the suspensory ligament.

keratin A protein found in the epithelium of the exocervix.

koilocytosis Wart-like lesions with hollowed or concave cellular structu¡e.

lateral Toward the right or left side of the body.



luteal phase The time during the menstrual cycle between the end of the ovulatory

phase and the beginning of the follicular phase when growth of the corpus luteal

cyst occurs.

luteinizing hormone A ho¡mone produced by the pituitary gland that is responsible

f'or stimulating ovulation as well as growth of the corpus luteum in the ovaries.

menses The cyclic shedding of the lining of the uterus and bleeding thât occurs ât

ths end of the menstrual cycle. Also known as menstruation, or the penod.

metaplasia A change of adult cells into an abnormaÌ form that is not malignant.

morphology The study of the form and structure of an organ.

mucosa The tissue layer that lies undemeath the epithelium.

neoplasia The formation of an abnormal growth in which cell multiplication is

uncontrolled and progressive. The growth may be benign or malignant.

nulliparous Descnbing a woman who has not been pregnant.

oocyte An immature egg in the ovary.
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ovarian ligament The ligament that extends from the medial side of the ovary to

the wall of the uterus slightly inferior to the insertion of the fallopian tube.

ovarian reserve The numbel and quality of oocytes present in the ovaries.

over sampiing An MR imaging technique in which a larger fielci of view is sampled

than is required in order to reduce aliasing artifacts in the region of interest.

ovulatory phase The time during the menstrual cycle between the end of the

follicular phase and the beginning of the luteal phase when ovulation occurs.

parous Describing a woman who has been pregnant at least once.

pathology The study of the nature of disease.

peristalsis The wormlike movement of the bowel by which the contents are

propelled along the bowel. It consists of a wave of contraction passing along the

tube.

polycystic ovarian disease Enlargement of the ovanes to two to five times their

normal size as well as the presence of an abnornally large number of small

follicular cysts that vary in size but seldom exceed 5mm in diameter.



prone Lying face downward.

reactive changes A term used to describe abnornal changes in the shape, size, and

organization of the cells in the cervix. These changes are not dysplastic.

reproductive potentiai The ability of a woman to conceive.

retroverted Tipped backwards.

sagittal The plane that extends through the body from supenor to inferior and from

posterior to anterior.

sensitivity The conditional probabìlity that the presence of an abnormality will be

conectly diagnosed. The number of true positive results divided by the sum of the

number of true positive results and the number of false negative results.

specificity The conditional probability that the absence of an abnormality will be

conectly diagnosed. The number of true negative results divided by the sum of the

number of t¡ue negative results and the number of false positive results.

squamocolumnar junction The location on the uterine cervix where the

endocervical canal and the vaginal surface of the exocervix meet. Also called the

transfomation zone. Il contains both squamous and columnar cell types.



squamous cancer Cancer that originates in the epithelial tissue layer.

squâmous intraepithelial lesion (SIL) Change in the size, shape, and/or

organization of cells rn the epithelial layer of the cervix. Also called cervical

intraepitheliai neoplasia (Cllti).

stratiflred squâmous epithelium The cellular covering of the body and organs of the

body. The cells are ananged in layers with the top layer being squamous, or

flattened.

stromâ The tissue forming the ground substance, or framewolk of an organ.

stromal hyperthecosis An increase in the size of the ovaries due to growth of

nomal cells and excessive accumulations of lutein in the cells of the stromal layer.

superior Situated above or towards the head of the body.

supine Lying face upwards.

suspensory ligament A ligament that extends from the pelvic brim to the supenor

aspect of the Ìateral side of the ovaty and contains the vessels that supply blood to

the ovary. Also called the infundibulopelvic ligament.



transformation zone The location on the uterine cervix where the endocervical

canal and the vaginal sudâce of the exoceryix meet. Also calÌed the

sq uamocolumnar j unction.

transverse The plane that extends acloss the body from the left to right side and

from posterior to anterior.

uterine fundus The paft of the uterus that is farthest away from the vagina

Reference:
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