NLO^CUl 1'J
'V

S-mi — 1 r

Characterization of
Human Breast Disease using
Phosphorus Magnetic
Resonance Spectroscopy
and Proton Magnetic
Resonance Imaging
X

i

L.

Thomas Edward Merchant

CHARACTERIZATION OF HUMAN BREAST DISEASE
USING PHOSPHORUS MAGNETIC RESONANCE SPECTROSCOPY
AND PROTON MAGNETIC RESONANCE IMAGING

THOMAS KDWARD MERCHANT

CHARACTERIZATION OF HUMAN BREAST DISEASE
USING PHOSPHORUS MAGNETIC RESONANCE SPECTROSCOPY
AND PROTON MAGNETIC RESONANCE IMAGING

Karakterisering van mamma-pathologie met
fosfaai-MR-spectroscopicen proton-MR-beeldvorming

(met cen samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Rijksuniversiteit te Utrecht, op gezag
van de Rector Magnificus, Prof. dr. J.A. van Ginkel, ingevolge het besluit van het
College van Decanen in het openbaar te verdedigen op dinsdag 25 februari 1992des
namiddagste I2.45uur

door

THOMAS EDWARD MERCHANT
geboren op 22 oktober 1961 te Tucson, Arizona, Verenigde Staten

Promotores:

Prof. dr. W. Den Oiler
Prof. dr. J.F.G. Vlicgenlhart

Co-promotores:

Dr. P.W. de Graaf
Dr. T. Glonek

Beoordelingscommissie:

Dr. C.J.G. Bakker
Dr. J.A. den Hollander
Prof. dr. B. de Kruijff
Prof. dr. W.P.Th.M. Mali
Prof. dr. H. Obertop

The research for this thesis was carried out in the Departments of Pathology and
Surgery of the Academic Hospital Utrecht, Utrecht, The Netherlands and in the
Department of Pathology and Magnetic Resonance Laboratory of the Chicago College
of Osteopathic Medicine, Chicago, Illinois, United States of America. This research was
generously funded by the Academic Hospital Utrecht, the Netherlands-America
Fulbright Commission, the Chicago College of Osteopathic Medicine, the American
Osteopathic Association, the Max Goldenberg Foundation, and the intramural
resources of the Departments of Pathology and Surgery of the Academic Hospital
Utrecht and the Department of Pathology and Magnetic Resonance Laboratory of the
Chicago College of Osteopathic Medicine. Technical support was furnished by Philips
Medical Systems, B.V., who assisted in the development of the imaging and
spectroscopy coil used in the in vivo experiments. The clinical magnetic resonance
imaging and spectroscopy system used for the human subject experiments was
furnished by the Department of Radiology, Academic Hospital Utrecht.

CONTENTS

INTRODUCTION
General view of the subject matter.

.

.

.

.

.

.

1

II
PHOSPHATIC INTERMEDIARY METABOLITES IN HUMAN BREAST
AND COLON SURGICAL TISSUE SPECIMENS DETERMINED BY 31P
MAGNETIC RESONANCE SPECTROSCOPY
31

P Magnetic Resonance Spectroscopic Profiles of Neoplastic
Human Breast Tissues.
Merchant TE, Gierke LW, Meneses P, and Glonek T.
Cancer Research 48:5112-5118,1988

33

P-31 Magnetic Resonance Spectroscopy of Human Colon Cancer.
KasimosJN, Merchant TE, Gierke LW, and Glonek T.
Cancer Research 50:527-532,1990

53

III

PHOSPHOLIPIDS IN HUMAN BREAST AND COLON SURGICAL TISSUE
SPECIMENS DETERMINED BY 3IP MAGNETIC RESONANCE SPECTROSCOPY
31

P Magnetic Resonance Phospholipid Profiles of Neoplastic
Human Breast Tissues.
Merchant TE, Meneses P, Gierke LW, Den Otter W, and Glonek, T.
British Journal ofCancer 63:693-698,1991
Phospholipid Profiles of Human Colon Cancer Using
P Magnetic Resonance Spectroscopy.
Merchant TE, KasimosJN, de GraafPW, Minsky BD, Gierke LW, and Glonek, T.
International Journal of Colorectal Disease 6: 121-126, 1991.
.
.

73

31

89

COM*: vis

IV
SAPONIF1EDPIIOSPHOIJIMDGLYCEROLM-PHOSPHORYLDJESTFR
RESI DUES: TECHNIQUES AND TIIKIR APPLICATIONS IN "I'HK ANALYSIS OF
HUMAN BRFAST AND COLON SURGICAL TISSL'K SPKCIV1KNS BY SII»
MAC;NK I 1C RKSONANCE SPECTROSCOPY
31

P NMR of Phospholipid Glycerol Phosphoryldiester Residues.
Merchant TE and Glonek T.
Journal ofUpid Research 31:479-486, 1990

105

Phosphodiesters in Saponified Extracts of Human Breast and Colon Tumors
Using UP Magnetic Resonance Spectroscopy.
Merchant TE, Characiejus D, KasimosJN, Den Otter W, Gierke LW,
and Glonek T.
Magnetic Resonance in Medicine 25: 1992
.
.
.
.
.

121

MAGNETIC RESONANCE IMAGE CHARACTERIZATION
OF HUMAN BREAST DISEASE
Application of a Mixed Imaging Sequence for Magnetic Resonance
Imaging Characterization of Human Breast Disease.
Merchant TE, Thelissen GRP, de GraafPW, Nieuwenhuizen CWEA,
Kievit HCE, and Den Otter W.
Submitted for publication. .
.
.
.
.
.
.
.
MRI Appearance of Multiple Papilloma of the Breast.
Merchant TE, Kievit HCE, Beijerink D, Van der Putte SCJ,
and de Graaf PW.
Breast Cancer Research and Treatment 19:63-67, 1991

.

135

.

Fibroadenoma of the breast: In Vivo Magnetic Resonance Characterization.
Merchant TE, de GraafPW, Nieuwenhuizen CWEA, Kievit HCE, Bakker CJG,
and Den Otter W.
European Journal of Radiology 13:91-95,1991.
.
.
.

151

159

COM

Advantages

of Magnetic

Treatment

Planning.

Merchant

IMS

Resonance Imaging in Breast

TE, Obertop H and de Graaf

Submitted for publication.

.

.

Breast Disease Evaluation

with Fat

Surgery

PW.
.

.

.

.

.

.

171

Suppressed

Magnetic

Resonance

Imaging.

Merchant

TE, Thelissen GRP, Kievit HCE, Oosterwaal

Bakker CJG, and de Graaf

LJMP,

PW.

M a g n e t i c R e s o n a n c e I m a g i n g 1 0 :1 9 9 2 .

.

.

.

.

1

VI

IN VIVO MAGNETIC RESONANCE SPECTROSCOPY IN
THE EVALUATION OF HUMAN BREAST DISEASE
Clinical Magnetic Resonance Spectroscopy of Human Breast Disease.
Merchant TE, Thelissen GRP, de Graaf PW, Den Otter W, and Glonek T.
Investigative Radiology 26:1053-1059, 1991

AFTERWORD

General Discussion .

.

.

.

.

215

Summary

.

.

.

.

.

224

Samenvatting

.

.

.

.

.

226

Acknowledgements

.

.

.

.

.

228

Curriculum Vitae

229

199

8

5

Introduction
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Brcasi cancer results Irotn pt-t luib.tioon* i-i tunmnl *.vUukit hu»ih«:im±ii\ I forte
perturbations lead ic> alicraiicins in ihr (lux «»! inivttnvdr.uv turt-jJxiiSiUc-* ;md m sib*function oj cell membranes. Alterations in cellular bimht'ttmlrt tats be nn~;twvt:d and
monitored noninvasively by magnetic resonance imaging and inafjJDeUc n-Msjwi'jctspectroscopy: lor magnetic resonance images and spectra portray issai-racioots*, «4
biomolecules in metabolic pathways and membrai.es. Because ni;»j»jiciiic
imaging and spectroscopy incorporate these features, they tan be u*ed ut c
and distinguish disease and nondiscasc states.
Breast cancer detection, diagnosis, treatment, and prognosis rely on invasive jjseih<*I*.
and procedures, loni/ing radiation (mammography) is used to screen lor brca«i cancel
and acts as an adjunct to palpatory examination in the detection of bteasj cancer. A*
an imaging technique, mammography has a high level of sensitivity - one thai enable*
detection of breast tumors under certain conditions, t'nlortunately. inan;m«>yf-iphv
lacks the specificity necessary to discriminate between a malignant tumor and a benign
tumor. Once a breast tumor has been delected, the diagnosis can be drawn only
through surgical removal and microscopic examination of the tumor tissue. When
tissue is classified as malignant, treatment and prognosis are based primarily on the
macroscopic (tumor size) and microscopic (histologic)characterislicsofihe tumor and
lymph nodes.
While the causes and manifestations of breast cancer arc muliifactorial, the origin and
eventual consequences of malignant breast tumors share a common denominator: the
underlying transformations and alterations of normal biochemical processes. These
biochemical aberations range from the genetic to the metabolic and are responsible for
the characteristic mass, maturity and metastases of a malignant lumor. Consequently,
the tumor palpated by the physician, the lesion detected on a mammogram by the
radiologist, the microscopic observations contributed by the pathologist, and finally, the
prognosis, are all governed by the biochemistry of ihe malignant lumor.
Magnetic resonance imaging and magnetic resonance spectroscopy are noninvasive
techniques that can be used to evaluate the biochemistry of a tumor. These techniques
rely on the properties of magnetic resonance that discriminate equivalent atomic nuclei
on the basis of differences in local chemical and physical environments while in the
presence of a polarizing magnetic field. The properties of the nuclei and their relative
numbers are revealed as differences in the anatomical structure of the tissue
componentsand their respective chemical compositions. Indeed, if these observations
are possible at the level of the human subject, then MR imaging and spectroscopy
could be used clinically to characterize and differentiate diseased and nondiseased
tissues. If clinical application of MR imaging and spectroscopy were realized, these
techniques might consequently prove to be of great value in advancing the methods
utilized in breast cancer diagnosis, in determining treatment for established breast
disease and in providing prognostic information on the basis of tumor biochemistry.
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based tijxin the analysis of proton magnetic resonance images and * P magnetic
resonance spcctroscopic profiles ofphosphafic meiaboliles, phospholipids and ilw
phosphoryldicster residues of saponified phospholipids i»l>uincd ciiho Uwn fxiracn
cil human breast and colon surgical tissue specimens wx »•«"&» <»r fiuiu hunuin *ubjccu*
;;< \-ivn. To assess the general implications of these anah-*c*. iht- ;*|>pliob;'l9ly *»i the
exuaciion procedures to other human tissues, and to luiiher qtianitiy ihc
changes asscxiated wiUi malignancy, human colon tissues also were characterized
cv I'ivo iiiagnelic resonance techniques. In the execution of these investigations,
subjects with various breast diseases were examined using proton magnetic resonancc
imaging and phosphorus magnetic resonance spectroscopy in order to document ihe
applicability of the described techniques at the level of the human subject. The
measured diflerences in tissue biochemistry provide a significant foundation for further
research using magnetic resonance imaging and spectroscopy, the purpose of which
is to improve the evaluation of breast cancer and benign breast disease.
Human Breast Disease
Breast cancer is a major health problem in the Netherlands, in the United States and
in the developed World. There are currently more cases of breast cancer diagnosed
than any other form of cancer in women. It is second only to lung cancer as a cause of
cancer death, and in the Netherlands, more than 7000 new cases are diagnosed
annually.' Statistics from the United States predict that in 1991,175,000 new cases of
breast cancer will be diagnosed and 44,500 deaths will result from the disease.2 Current
estimates place the probability for the development of breast cancer over the course of
a woman's lifetime at 1 in 9.3 While the epidemiology of breast cancer is well studied.
including the demographics and risk factors for the development of the disease, the
incidence of breast cancer continues to increase in all age groups, especially in
underprivileged women.4 In spite of early detection, the age-adjusted mortality rates
for breast cancer have remained relatively constant since 1930.4 This discouraging
information is offset by the knowledge that women with Stage I breast cancer (tumor
less than 2 cm in diameter and no axillary lymph node meiasiases) have an 84 % fiveyear survival rate.5 To improve the survival rate and curability of breast cancer,
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t»l citve.iM- uM.Ttmul.it"*' j>tt"vcjjij«ijti) Mill mnJjjj:itt«*ni «»J
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tit cast cancer detection relic* pi tntaroly *m svii-vxattunMum i
in the L'liitrtl SiaU'N and Wcsicrn Knropc, while Jcanus* Hsu«.-.»»n IL^
ignore the si^niiicancc and importance «»| ^«rll'C-x;»j»smrti;«u«»OB. Uluiik' btv»m
detection :IIM> relies heavily «»n early detection ihr»u${it tnnnmw&saphis
programs, these same women choose m igijore the ixruelit^ and ut%«»jjudMC8u
such programs. In (he L'nited State*, only 'JO-^.W o| woiwjii. tit wh*»ts» "MurrcjjMsg »*
recommended, actually undergo mammo^raphic vrceninj*.*1 Solui«««i»» »«»
are. in part, the responsibility ol the physicians who IIHIM ithn.tir ;ttul
examine their patients. Lack of physician cooperation may In* due i«» line
the guidelines for maminographic screening, which are a source
scientists. In the Netherlands, women ages f>0- 70 years are screened. Ihi*contrasi*
with protocols in the United States where the American Cancer Society recommend*
baseline mammography at age 3:") and annual or semi-annual mammo^iaphk
examinations after uV- age of 40 years.' While mammography appears to be a relatively
cheap (J 94; S Wt) and efficient way in which to delect breast tumors, it lacks diagnostic
specificity. Simply staled, the sensitivity of mammography allows it io detect a large
number of tumors in most situations, but its lack of specificity does not enable it lo
provide a diagnosis of malignant versus benign.8 Mammography also suflen> in the
evaluation of dense breasts found primarily in younger women.* Mammography
employs ionizing radiation lhat may be responsible for the induction of breasl cancer
in women with genes for hereditary breast cancer.9
In order lo diagnose breast cancer, once a breasl lump has been palpated or a
suspicious lesion has been identified on a mammogram, hisiological examination of
surgically biopsicd tissue must be made by a pathologist. Breast cancer also may be
diagnosed through fine-needle aspiration of malignant cells; however, ihc practice of
this art is variable, user dependent and of little value in nonpalpablc tumors. The.
negative predictive value of aspiration cytology is extremely low.10 As a result of ihe
lack of specificity of self examination and mammography to determine whether a
tumor is malignant or benign, a large number of women who undergo surgical biopsy7
for a suspicious lesion do so only to be told lhat they have a non-malignanicondition.
The number of diagnoses and deaths associated with breast cancer have moved
authorities in both the Netherlands and in the United Stales to instigate breast cancer
screening programs for women in the age groups where breast cancer has its highest
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d i a g n o s i s , i r r a t m c n i , a n d loll«iiv-u|>. K o r ifiis r c i i s o n h r will u s e i};i- l ) u u h si;jij*.im«>i<»

support our case lor the need ol a diagnostic adjuvant to mnnun<t%t;tph% :aui ihf*f
statistics are independenl of the potential application of MR techniques.
Dutch public health authorities have recommended that all uomen. ayes *•'•» to 7"
years, submit to mammogiaphic screening every other vear. With a (IIHIIIIU-IIK-CI
participation rale of 70'/!, nearly ">0(),000 examinations are pel Ionised eath \e;« !J
ApproxiniiUely '.)()(JO patients are referred yearly to surgeons from these piograim. Ol
these 9000 women, suilistics indicate that 2700 CM) ';i) will have a malignant tumor. 1 ' "
Depending on where the pitienLs are sent for referral. >>0 to 100 'i oj "iJ-iese patient/, arc
biopsied. I his means that 30 to 70 ','•} of the total number of referred patients are
biopsied unnecessarily. With a potential augmentation in both awareness and the
number of women to be screened in both countries, it can be assumed that the number
of women presenting with a suspicious lesion will rise. Furthermore, since it is unlikely
that an improvement in screening will arise from present day techniques and since the
least number of unnecessary biopsies was achieved by a group of paihologisus. surgeons
and radiologists working in a team to scrutinized each case individually." it is unlikely
that the positive predictive value of current methods will improve. Additionally, factors
such as family history of breast cancer, recommendations concerning the screening of
women less than 50 years of age, and the influence of the patient and the medico-legal
system on the surgeon's decision-making serve to increase the number of unnecessary
biopsies.
The treatment of breast cancer is in constant evolution. Just as the Halstedian
approach to the treatment of breast cancer yielded in the mid-seventies to less radical
forms of surgery, so too has the idea that systemic therapy should only be applied in
the more advanced cases of breast cancer. Currently, systemic chemotherapy is
advocated for all premenopausal women with tumors greater than 1 cm in greatest
dimension, independent of metastases to regional lymph nodes. These
recommendations are made in spite of the fact that 84 (7c of these women would
experience curative therapy with local therapy alone - surgery and post-operative
radiation therapy 15 Ihese recommendations are due to lack of specific information or
prognostic factors to predict who, among these women, will die of distant metastases.
Selection of treatment must be tailored to the individual case and selection of treatment
relies primarily on assessment of the clinical condition of the patient and staging or

determining the anatomical extent of the disease. Staging provides the information
necessary to determine the prognosis.
Prognosis in human breast cancer relies primarily on the pathological evaluation of
tissues obtained from breast cancer surgery. The single most important predictive
factor is the absolute number of lymph nodes containing metastatic disease.16 Tumor
size follows as the next most important predictor of outcome." 1 These two factors
sometimes combine with other factors to provide for staging of the disease. Certain
clinical factors also may influence prognosis for patients with breast cancer. The most
olten studied include: endocrine status of the patient, age, race, and weight.
Pathological factors that may influence prognosis include: histology, nuclear grade,
histologic characteristics of blood vessel invasion, lymphatic vessel invasion, presence
of inflammatory response, presence or absence of hormone receptors and degree of
aneuploidy measured by flow cytometry. These factors may be studied to predict
outcome; however, most of them do not provide information about tumor biology or
explain why histologically similar tumors in different patients grow at different rates.
Prognosis and staging rely primarily on physical measurements and less on biological
factors, such as tissue metabolism and energy status. Any idea that breast cancer is
sufficiently staged and specifically treated must yield.
Breast disease is a general term for malignant and benign breast disease and
includes the full scope of malignant and benign tumors that can be found in the breast.
Like their malignant counterparts, benign diseases are an immense health problem in
the United States and Western Kurope. Not well understood are the causes of benign
breast diseases, which are responsible for a disproportionate number of clinical visits
and surgical consultations. F.ven less well known are reasons why certain benign tumors
predispose the patient to malignant breast tumors. The incidence of benign breast
disease is high, and its physical examination and mammographic characteristics
mimmick closely the properties of malignant lesions. These factors provide an
explanation for the high number of negative surgical biopsies in women.
Human breast tissues were chosen lor analysis for several reasons. The primary
motivating factor was the known incidence of breast cancer and its position as the
leading cause of cancer in women. Secondly, cooperation at the medical centers in
Utrecht and Chicago, where these studies were performed, provided for surgical tissue
specimens that could be rigorously controlled. The nature of the tissue allows it to be
quickly removed during a surgical procedure, easily dissected into component parts
and frozen in liquid nitrogen. This allowed for a reduction in the number of
experimental variables that had to be controlled and documented. Finally, the most
convincing reason for choosing breast tissues for analysis stems from the need for
biochemical characterization of these tissues. Through the characterization and
differentiation of malignant, benign and normal processes using magnetic resonance
techniques our ability to delect, diagnose, treat and prognosticate human breast cancer

will be improved.
Eluman colon tissues were chosen for parallel ex v'wo analysis not because colorectal
cancer is the second leading cause of cancer death for men and women combined, but
because these tissues also are of epithelial origin, they could be rigorously controlled
and they share many known physiologic, biochemical and histologic properties with
breast tissues. Malignant and normal colon surgical tissue specimens provided an
additional tissue from which parallel conclusions about the behavior of malignant and
normal tissue were sought.
Magnetic Resonance
The history of nuclear magnetic resonance (NMR) began with the independent
discovery of the XMR phenomenon by Bloch, Hansen and Packard17 and by Purcell,
Torey and Pound18 in 1946 and subsequent fundamental magnetic resonance
discoveries extending to I952.19i2° Their discoveries led to the use ol NMR as a
spectroscopic technique that could be used to determine chemical composition and the
physical properties of a material and to probe the metabolism of a tissue.21 More than
two decades later, and following the invention of Fourier-transform NMR by Ernst,22
Damadiair3 detected a tumor by NMR and Lauterbur24 showed that NMR could be
used as an imaging technique to determine anatomical structure.
In medical applications, imaging and spectroscopy were first used on tissues or fluids
removed from the body;21-25-26 they were later developed for use on human subjects.27
Predictably, the term NMR has been replaced by the non-thought provoking term
magnetic resonance (MR) which is used throughout this dissertation. Even though MR
spectroscopy was discovered 25 years before MR imaging, in medical applications MR
imaging is now highly developed and clinical indications for its use are common. On
the other hand, the development of clinical MR spectroscopy continues to lag. In spite
of the wealth of information that it provides, no clinical indications for its application
are routine at the time of this writing. The major reason for this is that evaluation of
clinical applications of MR techniques has been suppressed for organ systems other
than those whose reimbursement was assured in the initial applications of MRI, i.e., the
central nervous system. Consequently, 'H MR spectroscopic studies of brain will most
likely be the first spectroscopic applications to have clinical indications.28
Developmental problems have placed MR in a paradoxical position. For the breast,
this position can be viewed in one of two ways. On one hand, basic research concerning
the role of in vivo magnetic resonance techniques in breast cancer diagnostics and
therapeutics has not been performed. On the other hand, very little may have been
gained in performing early studies using MR techniques in breast cancer assessment.
Current MR methods and techniques are undisputably superior compared to 1982,
when the first paper was published pertaining to breast imaging with MRI. Virtually

no useful information can be derived from early reports of breast imaging.
Additionally, this point of view, expressed in early studies of the breast with MR! and
in subsequent review articles covering breast imaging, may also be responsible for the
reluctance of some investigators to enter this field. MR imaging systems are now found
in hospitals throughout the United States, japan and Western Kurope, and there is
pressure to develop and use MR spectroscopy to obtain more specific clinical
information regarding disease processes.-"1 :)<l
Using magnetic resonance, biomolecules are studied by radiofrequency pulses in the
presence of a powerful and polarizing magnetic field to determine the local biological
environment of the molecule. The local interactions generated by the matrix of
molecules gives rise to the many characteristic magnetic resonance parameters, such
as 5, the chemical shift, the J-coupling constant, the relaxation limes T, and To, and the
signal intensity, which makes possible the measurements of relative concentration.
While many other laboratory parameters exist and can be measured by MR, these
fundamental parameters are of primary importance in the work which was conducted
for this dissertation.
Magnetic resonance imaging and spectroscopy assess biochemistry. Any scan or
spectrum is a measurement of biochemical processes and their constituent
biomolecules. When one looks at an MR spectrum or an MR image, one visualizes the
local biological environment through the eyes of a resident biomolecule. The spectra
and images depict the interactions of biomolecules in metabolic pathways, membrane
dynamics, the flux of metabolites, and how metabolites affect their solvent, which is
water.3132
These ideas are of significance because MR can be used to describe and investigate
tissue biology. In practice, the ability of MR to characterize and differentiate diseased
and nondiseased states of a tissue depends on several important considerations. These
considerations include signal sensitivity and resolution, both of which are defined
differently for magnetic resonance imaging and magnetic resonance spectroscopy. For
spectroscopy, resolution is defined simply as the ability of the technique to resolve or
identify as many chemical species as possible in a given sample or tissue so that their
concentration can be accurately determined. The more substances thai can be
identified in a tissue, the more possibilities that exist for differences to be determined
between different tissues. With imaging, resolution is defined as the minimum level of
detail necessary to characterize, distinguish and identify anatomical features in a tissue.
Magnetic resonance is a procedure for obtaining a 'picture' of living tissues. The
particular strength of MR is that these 'pictures' appear in two formats that
complement each other when applied to the diagnosis of disease. In one instance, the
picture defines the anatomy, i.e., the location of organs and vessels is delineated. In a
second insiancc, it defines the chemical events taking place within these anatomical
structures. The process of obtaining these pictures of anatomy and biochemistry

involves a dialogue between an electronic system that is, at once, capable of asking
questions from specific atoms within a tissue of interest and receiving answers to those
questions. This dialogue is possible because the system is primed to question the
particular physical properties of the tissue and to understand the tissue's response. Ihe
dialogue is conducted via the transmission and reception of radiofrequency energy.
The radiofrequency energy is modified by the magnetic fields of the tissue, and this
modification forms the basis of the tissue response to the radioencrgy question. The
atoms of the tissue are imbedded in a physical medium, a matrix, which is simply the
immediate environment of the atom. This environment consists of the neighboring
molecules, their nuclei and the way in which these neighboring substances move. It is
important to understand that magnetic resonance is more than just a static
measurement. It is both dynamic and static. The matrix and the motions within the
matrix alter the environmentobserved by the atomic nucleus under observation, thus
changing its properties. These changed properties are retransmitted by the atom to the
magnetic resonance device.
All of the interactions that are recorded by the MR spectrometer represent precise
mathematical expressions that involve the interactions of matter and energy. These
interactions are well undersUxx! and rigorously defined. It is therefore possible to take
the radiofiequency message received from the reporting atom in the tissue and display
it in a variety of formats, which are defined by mathematical interrelations. One of
these formats is the magnetic resonance image and the other is the magnetic resonance
spectrum. Although the two formats appear distinctly different, it is important to
understand that both foimats are derived from exactly the same information and
processes. Thus, the NMR data, whether image or spectra, represent information by
which an atom, residing in a biomolecule, that resides in a biological system, that
resides in a cell, that resides in a tissue, that resides in an organ, communicates to the
outside world ihe events that are occurring in its immediate vicinity.
The biochemical information obtained from MR spectr* and images will hopefully
be used in the future to expand our knowledge of tumor biology, provide diagnostic
information and information concerning the extent of disease and prognosis. In
regards to treatment, this information may potentially be of value as an indication to
tailor specific radiation therapy, chemotherapy and immunotherapy. Magnetic
resonance techniques, which are the tools of the chemist, the physicist and the biologist
are now the instruments of the physician.3334
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Importance of Phosphorus
The central theme of this thesis is that the images and spectra portray biochemistry
and that these data can be used to characterize and differentiate diseased from
nondiseased tissues. Kven though spectroscopy and imaging may be performed with
any appropriate atomic nucleus, phosphorus was chosen for study because of its
importance to living systems and to intermediary metabolism. 'Hie natural abundance
of phosphorus, its narrow range of chemical shifts for the biological phosphates, the
ease with which its spectrum can be interpreted and its central role in intermediary
metabolism make it extremely useful as a diagnostic tool. Phosphorus chemistry is a
field whose significance in the study of human biochemistry, physiology and disease
processes was seen a century ago by the man who named the phosphatides,
Thudichum:35
"Phosphatides are the centre, life and chemical soul of all bioplasm
whatsoever, that of plants as well as animals."
I Tie fact that the element phosphorus dominates biochemical processes in nature was
elegantly portrayed in modern times by VVestheimer.30 In the study of malignant
disease, the capacity of phosphorus-centered biochemistry to play a role in
carcinogenesis and serve as a marker for malignant processes is evolving.3'
The phosphorus atom belongs to the second row of elements and not to the first,
which is occupied by carbon, nitrogen and oxygen. In the organic chemistry of living
systems, it has the status of a heteroatom. In only a few molecules do more than one
atom of phosphorus appear. The isotope of phosphorus, 31P, is found with 100 %
abundance in nature; thus, every phosphorus atom in living things is a 3IP atom.
The biochemistry of living things is thought of as a branch of organic chemistry
because the molecules that are studied are classically defined as organic molecules.
Phosphorus is classically ranked with the inorganics. Of the biochemistry that has been
studied, the inorganic chemistry of living processes represents only a small fraction.
.Nevertheless, the inorganic chemistry of tissues and their disease processes are as
important to living systems as is the organic chemistry. This philosophy, particularly
as applied to phosphorus, is expounded by one of the leaders in the field of inorganic
chemistry. Van Wazer.38 In his comprehensive treatise on phosphorus and its
chemistry, Van Wazer defined the operational limits within which phosphorus must
behave in the living system.

11

Biochemistry
A variety of limitations restrict the chemical compounds that can be detected and
resolved using MR spectroscopic techniques. These limitations are responsible for
differences in metabolites measured using in vivo techniques compared with ex vivo
techniques and justify the need lor the specific extraction procedures used to isolate
phosphatic metabolic intermediates, phospholipids and the polar head groups of
phospholipids. Phosphates in tissues are composed primarily of phosphatic metabolites,
phosphates in nucleic acids and phospholipids. Phosphatic metabolites in sufficient
concentration can be measured using in x'ivo MRS. When in sufficient concentration
these metabolites function as indicators. This also is true when their concentration is
enhanced through the use of extract procedures used to isolate the aqueous
intermediates of metabolism for ex vivo MRS.39 Due to their lack of diffusional mobility,
phosphates in nucleic acids and phospholipids do not generate narrow high-resolution
NMR signals that are necessary for detection using these methods. To measure tissue
phospholipids and nucleic acid phosphorus, specific lipid extraction procedures are
required prior to«c vivo spectroscopic analysis.
Phosphatic Metabolites
Phosphatic intermediates of metabolism are the principle components of a number
of biochemical pathways, including those related to energy metabolism, biosynthesis
and cell membrane metabolism. Because of the inherent properties of phosphorus and
the molecular composition of phosphalic intermediates of metabolism, the phosphatic
metabolites resonate within a relatively narrow range of the MR spectrum. These
metabolites are visible in vivo because they are water-soluble solutes in aqueous solution
and their mobility and physical characteristics, measured by T, and T2, allow them to
relax at the proper rate, thereby becoming visible to high-resolution magnetic
resonance analysis. These metabolites are also visible in extracts of tissue specimens,
where the aqueous phosphalic intermediates of metabolism are isolated through a
variety of methods.
In this dissertation, perchloric acid (PCA) is used to isolate (extract) phosphatic
intermediates of metabolism for the ex vivo MR spcctroscopic analysis of breast and
colon tissues. This extract technique is based on the principle that at very low pi I
values, pH < 1, proteins and lipids are denatured to a physical slate where they arc
insoluble in aqueous media. The low pll disorganizes the cellular infrastructure
releasing all the low molecular weight (< 1000 dallons) metabolites from cellular
compartments. Metabolites also are released from their association as cofactors with
proteins when they are not covalently linked. It is important to note that the PCA
extraction does not cause hydrolysis. When properly carried out. at low pll and low
temperatures (< -10 °C), essentially no hydrolysis lakes place in the brief amount of
12

lime that the biological materials are exposed to the acid. Kven extremely acid-labile
molecules, such as creatine phosphate, survive the procedure. 1 "" The PCA extract
contains intracellular salts, buffers, metabolites of intermediary metabolism, ammo
acids, sugars, nucleotides, ionized lipid-conlainingmolecules of low molecular weight
and enzymatic cofactors such as NAD; it does not contain proteins and lipids. rj
Chemical mixtures created through extraction procedures like the PCA extraction
have been analyzed since the 1920s. These mixtures have been used to derive most of
what is known about intermediary metabolism, and this knowledge has been
formulated into the charts of"pathways that describe intermediary metabolism. When
early analyses of" these mixtures are compared with the analyses of today, two primary
differences are noted. The first difference is that today we are more sensitive to the
problem ol hydrolysis and of breaking chemical bonds in delicate biological molecules
and consequently, we use low temperatures and perchloric acid rather than room
temperature hydrochloric acid or trifluoroacetic acid. The second difference is the
analysis itself. Analytical methods applied to the analysis of extracts are now far more
sophisticated than they were when extract procedures were first performed. Formerly,
it was necessary to crystallize a single chemical species from an extracted tissue rich in
the molecule of interest, and consequently, only a single molecule could be profitably
studied at one lime."
Today we use magnetic resonance spectroscopy, Fourier transform-infrared
spectroscopy and high-performance liquid chromalography. These sophisticated
methods yield profiles of data similar in type to those presented in this thesis that
permit the analysis of whole metabolic schemes from a single extract. The importance
of the perchloric acid extract, as it pertains to this thesis, is that the metabolic profiles
of the extracts mirror both the composition and the exact concentration of the
metabolites detected in the intact living tissue.*1'" The phosphate signals that one
derives from a breast tumor in vivo arise from the same molecules and with the same
relative intensity as the signals that arise from a PCA extract of the same tumor. The
in vivo phosphorus magnetic resonance spectrum and the spectrum derived from the
IV.A extract represent the same profile. 'Ihe only difference in the application of these
techniques is the apparent difference in signal resolution, i.e., the ability to differentiate
the signal of one compound from the signal of another .The PCA extract produces
highly resolved, detailed spectral data. 'Ihe in vivo spectrum is less highly resolved and
less detailed. Comparative in vivo and ex vivo spectra of breast tissue are presented in
Figure 1.
Ihe phosphorus magnetic resonance spectrum is divided into several distinct regions
on the basis of chemical shift and phosphorus functional group. 42 I he low-field side of
the spectrum refers to the left side of the spectrum of Figure 1 and positive chemical
shifts. The high-field side of the spectrum refers to the right side of the spectrum and
negative chemical shifts.
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Figure T. In vivo (above) and ex vivo (below) }'P magnetic
resonance spectra of a benign breast tumor. The ex vivo
spectrum urn derived from a perchloric acid extract of the
surgical tissue specimen. The in vivo spectrum was acquired at
25.9 MHz and the ex vivo spectrum at 202.4 MHz. PME,
phosphomonoester; Pi, inorganic phosphate; PDE, phosphodiester; PCr, phosphocreatine; ATP, adenosine triphosphate.
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The first resonance band, located downlicld, is called the phosphomonoester (P.V1K)
resonance band. 'Ihis includes phosphorus atoms esteriiied to the residue molecule in
a single ester linkage. These molecules include the phosphorylaled sugars, including
the triose and hexose monophosphales, monophosphorylaled inosine and adenosine
and the monoesters of choline and elhanolamine. Phosphorylcholine and
phosphorylelhanolamine are precursors in the metabolism of membranes,
neurolransmitters and membrane anchors to cellular antigens. The resonance of
inorganic orthophosphale( Pi) is also included within the phosphomonester region by
virtue ol its structure. To the high field side of Pi, several additional phosphomonesters
resonate, including glucose, galactose and manose 1 -phosphates. Although protein is
not readily visualized by \ M R under these conditions, it should be noted that the
phosphoserine and phosphothreonine residues of phosphoprotein contain the
phosphomonoester group.
The phosphodiester region (PDF) is the region of the spectrum where the
breakdown products of membrane metabolism and low-molecular-weighl,
phosphorylaled, exlramembranous molecules can be found such as the phosphodiester
links in the phosphoglycan side chains of glycoproleinsand glycolipids.
The phosphomonester and phosphodiester resonance bands and the Pi signal
constitute the band of low-energy phosphates. They are described in this manner
because their energy of hydrolysis is in the range of 3..r> Kcal. Further, many of these
molecules are the precursors and products of high-energy phosphate metabolism and
other energy generating processes.
(Continuing uplield in the phosphorus spectrum we encounter the region of the
phosphoramidales wherein lies the resonance of phosphocreatine. Phosphocrealine
acts as an alternate storage form of energy and is responsible for the phosphorylation
of AliP to A IP through the action of creatine kinase. Hiis resonance is followed upheld
by ATP and several other energy storing molecules such as the dinucleolides and the
nuclcoside diphosphosugars. MR techniques can be used to visualize many of these
metabolites in vivo. Ex vivo analysis of these metabolites, under high resolution
conditions, provides for more detailed " P MR spectral profiles.
F.ven though extractions can be prepared by any biochemical method, the perchloric
acid extraction of the phosphatic intermediates of metabolism was chosen over other
methods because of the proven correlation of data from this method with those from
in vivo analysis. I he l*CA extract, as carried out in this dissertation is unique. It delivers
a profile of phosphates that quantilively and qualitatively matches the corresponding
profiles from a living tissue. Since the resonance bands obtained from in vivo spectra
are of lower resolution, many in vivo components are only known through the ex vivo
analysis of extracted metabolites. While these metabolite profiles are used to
characterize and diflerentiale tissue types in this dissertation, these spectral profiles can
also be used to assess intracellular pi I and to monitor therapy.*""'•"'

Spectra of phosphatic metabolites can be obtained from a living tissue using one of
several methods. The most common of these methods employ surface coils that are
placed over the organ or tissue of interest. Spectra are acquired from tissue lying
within the sensitive volume of the coil, roughly a sphere for a coil with a circular shape.
Surface coils also may be used in conjunction with a variety of volume-selection
techniques to select a slice or a rectangular volume within the sensitive volume of the
coil. These techniques employ either depth-selective pulses,1' pulses applied with
gradients,48 or pulses designed to saturate signals emanating from outside of the region
of interest.49
When spectroscopy is performed without volume selection techniques using only a
surface coil, depth-selective pulses or pulses with applied gradients, it is necessary to
pi;1 re a coil of minimum diameter over the tissue of interest to minimizes signal
contamination from tissues other than those from the region of interest. Use of these
techniques imply that the region of interest must lie superficially and that the spectral
data are obtained uniquely from the region of interest.
In previous studies where in invo spectra were acquired from the breast, the use of
surface coils with or without depth-selective pulses were fraught with a variety of
problems.50'52 The coil was often placed on the surface of the breast, and the spectra
were acquired from the tumor located below the surface. In these cases, the tumors
were necessarily very large and superfically located but not void of normal tissue
interfaces in the sensitive volume bounded by the coil. The certainly that the spectral
data was derived specifically from the tumor and not contaminated from other
structures, such as skin, could not be reliably assured. Furthermore, the size of tumors
necessary to perform such studies are generally significantly larger than those seen in
clinical practice. An alternative to the depth-resolved surface coil spectroscopy
described above is the application of image-guided volume-selected spectroscopy,'19
where spectroscopic volumes are selected and positioned according to the imaged
location of the tumor within the breast. Using image-guided, volume-selection
methods, tissue images are obtained. From these tissue images, the volume for
spectroscopic acquisition is selected. Use of this technique requires modification of the
simple, circular surface coil, so that the organ of interest may be surrounded by the
detection coil.
Phospholipids
Under cither in vivo or high-resolution MR conditions, which are the conditions
under which in vivo spectra or ex vivo spectra from corresponding tissue extracts of
aqueous metabolites are obtained, the phospholipids do not give rise to a detectable
signal. In any type of aqueous medium, phospholipids are organized into lammellar
structures which represent a type of liquid-crystalline arrangement. In this
arrangement, the individual phospholipid molecules aggregate to form an extremely
16

large macromolecular complex. In this complex, the decrees of molecular freedom are
restricted and thus induce extremely rapid nuclear relaxation in the atoms of the
phospholipid particles. Ihis relaxation, die natural phenomenon which follows die MR
excitation pulses, causes them to produce extremely broad signals so that under in vivo
or high resolution conditions they appear as part of the baseline in both extract and in
vivo spectra.
Considering the alx>vc, it may seem that the phosphates of the. membrane are of little
interest to the in vivo speclroscopist,since under current scanningconditions they are
invisible. It is possible to examine the phospholipids in their organized slate, i.e., in
living tissues. Ihis requires a fundamentally different type of N.MR experiment which
is broadly called a 'solids' experiment. These experiments make use of specialized
pulse sequences, radiofrequency modulations and variable phase detection, all of which
are beyond the scope of this thesis.
JVrfection ol these more sophisticated NMR lechniques may someday render the
analysis of the phospholipids as vital to human disease diagnosis as high resolution
speclroscopy and imaging are currently.

l'K

Figure 2. Phospholipid spectrum of a malignant colon tumor
as determined by ''P magnetic resonance speclroscopy.
CI.. cc/rdiolipm; V, wirhararterited; PE pirn, p/iosplialidylethanolamine plasmalngen; PE.

pliosphatidyletfianolamine;

PS, phospliatidylsoine; SPll, sphitigomyeliu; PI. phosphatidylinositol; PC plas, pliosphalidylcholine plasmalogen;
PC. pliosphatidylchofine.
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Phospholipids cannot be visualized in vii'o and phospholipids are not extractable
using die perchloric acid extraction procedure. I "he best solvent for the phosphohpids
is the solvent comprised of chloroform and methanol. This was the original work of
Sloan-Stanley's group." ITiis solvent still has no peer when it comes to the isolation and
purification of phospholipids. Since investigators are at present more sensitive to the
precise nature of the phospholipids, the preparation of Sloan-Stanley has been
modified in view of newly acquired knowledge. In addition to chloroform and
methanol, it contains an appropriate amount of water, cationsand a polyvalent cation
scrubbing agent such as KDTA.
Karlier methods involved a great deal of chemistry which had to be applied to
extracts to obtain analytical data. Presently, relatively little chemistry is applied as we
make use of instrumental analysis. The latter has two important advantages. The first
is that the danger of corrupting the naturally occurring molecules is reduced. The
second is that, like PCA analytical procedures, quantitative profiles are obtained instead
of profiles of a single lipid species. The modified solvent also permits the chemistry of
the phospholipids to be studied in great detail by MR spectroscopy and allows the
nature of their chemistry, such as their interactions with various polyvalent cations, to
be studied. Investigations into these capabilities are ongoing.54
I'hospholipids belong to the principle components of cell membranes, and therein
lies their importance. They are responsible for a variety of functions since the
composition of the membrane is organized so that specific phospholipids and
combinations of phospholipids carry out specific functions. Phospholipids in
membranes are one of the systems that control the metabolic processes measured in
the perchloric acid extract analysis.
The 3IP spectroscopic analysis of surgical tissue specimens in this dissertation takes
advantage of the development of a modified phospholipid extraction procedure and
MR solvent by Meneses and Glonek.55 Even though each membrane phospholipid can
be determined with high qualitative and quantitative accuracy by alternate methods,
analysis with this solvent and 3IP MRS is very rapid. The method examines the entire
profile of a tissue simultaneously. It requires very few preparative steps. It generates
the highest quantitative precision. It relies on detection of the same atom in each
molecular species. It detects only the phospholipid component, thus keeping the
quantity of data reasonable for analysis while permitting high resolution of each
species.
Phosphodiester: Phospholipid Polar-Head Groups

The phosphodiesters measured in vino or from acid-soluble aqueous extracts (PCA
extraction) using magnetic resonance spectroscopy are often touted as indicators of
malignancy and tumor response to therapy and are mentioned in general terms as the
products of membrane metabolism. The phosphodiester region of the MR spectrum
18

is no( well characterized even (hough il is (he piimaiy biochemical link, between
phosphatic intermediates of metabolism and phospiiolipids of the membrane. To
investigate the biochemical link between these two extraction procedures and then
aqueous and non-aqueous products requires saponilicalion of the phospholipids lo
generate aqueous phosphodiesler phospholipid polar-head group residues.
In an attempt clarify the connection between (he aforementioned aqueous and nonaqueous extract procedures and to characterize isolated tissue phospholipids identified
in phospholipid " P MR spectroscopic profiles, a technique was developed which
saponifies chloroforni-mcthanol extracted phospholipids, allowing the generation of
qualitative and semi-quantitative " I' MR spectra of the isolated phospholipid glycerol
3-phosphoi yl polar head group residues.
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Figure 3. ' ' / ' magnetic resonance spectrum of phosphoryldiester
residues from saponified phosp/iolipids isolated from a
malignant breast tumor surgical tissue specimen. C.PC, glycerol
l-pliospliorylglyn'rol; Cl'CrC,

hisiglycerol 1-phosplioryl)

glycerol; {'. in/characterized; C.l'K, glycerol >-p/iosp/io)ylethanolamine; (IPS, g/\rerol T-p/iosp/ioiy/sentie; (',!*!, glycerol
"i-phosphorylhwsilnl; (IPC, glycerol

i-phospiioiylclioline.

The analytical procedure that permitted the study of the phosphodiesters, was
arrived at serendipilously. It was derived during an error in the adjustment of the pi I
of an KD lA-bullered extraction medium. The resultant preparation was alkaline,
permuting a small amount of phospholipid saponilication in take place, releasing the
phosphodieslcrs into the medium where they produced intense and highly resolved
MR signals. Realizing the value of being able lo determine phospholipid polar head
groups in a medium other than chloroform and under conditions where they are the
only chemical products in a sample, the refinement of the saponificalion reaction for
tlie purpose of" I' analysis was pursued. Development time for the technique required

more than a year and led to a number of dead ends. The experimental conditions
under which the technique could be trusted to produce both qualitative and
quantitative phospholipid polar head group profiles were not certain. Prolonged
contact of the materials with the saponification reagent materials could not be
tolerated, since it was quickly learned that this resulted in further hydrolysis and a
confounding number of intramolecular isomeri/.ations involving migration of the
phosphate groups. The conditions described in this dissertation are therefore strict.
Deviation from these conditions may still result in a phosphodiester profile, however,
serious deviation will result in qualitative and quantitative irregularities.
Phospholipid polar-head groups and their residues are important because they
provide the molecular basis for biochemically-mediated reactions that play roles in
anabolism, catabolism, generation of high energy compounds, energy utilization and
conservation. Iliey compose portions of the Iipid membranes of the plasma membrane,
and the membranes of organelles, thus facilitating the biochemical reactions involved
in an individual cell's basic activity. They also allow for exchange and transport of
compounds across membranes.
Proton Magnetic Resonance Imaging
Magnetic resonance imaging is a non-invasive imaging technique that generates
image contrast by exploiting major and minor biochemical differences in soft-tissue
structures, such as those that constitute the breast. MRI provides biochemical
information and offers more possibilities for image contrast compared to x-ray based
technologies. Its overall superior contrast in certain organs systems, such as the central
nervous system, makes it the imaging modality of choice. Biochemically, MRI provides
information very similar to MR spectroscopy. The signal intensity of a particular image
element or pixel is determined by the molecular composition of the pixel, the number
and type of molecules in the pixel and the molecular environment of these molecules.
This environment can be described in terms of influences due to surrounding tissues,
molecular motion and diffusion. MR images are generated by placing a human subject
inside a superconducting magnet. Radio frequency (RF) pulses are used to selectively
excite the protons in thin slices of tissue in a desired plane. Following absorption of the
selective RF pulses, localized, characteristic RF signals are emitted from the tissues and
detected by a coil located near or around the tissue of interest that acts as an antenna.
Malignant and benign tumors of the breast are well studied mammographically and
sonographically.5657 In spite of this, mammography, which shows high specificity for
the detection of breast lesions, and sonography, which serves as an adjuvant to
mammography to describe tumor size and consistency have low specificity for
differentiating malignant tumors from benign conditions. The reason for the high
sensitivity and low specificity of mammography has been attributed to the fact that
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mammography depends primarily on one quantitative physical characteristic of the
tissue, its x-ray attenuating capability, and on the qualitative evaluation of a mass to
assess a limited number of diagnostic criteria.
In comparison, MR images depend selectively on any number of the following
physical parameters: proton density, the relaxation times T, and T<_>, chemical shift,
How, magnetic susceptibility, diffusion, perfusion, and radio frequency energy
absorption, that vary as a function of tissue anatomy, physiology, and biochemistry.
F.valuation of the images may depend on many of the same features that represent
malignancy on mammography. These include the presence of a dominant or
asymmetrical mass, a stellate pattern of dense tissue with streaks into subcutaneous fat,
skin and nipple retraction, and skin thickening. In addition to qualitative evaluation
of image data, MRI has advantages in that image data may also be described
quantitatively and biochemically. Measurable differences in MR parameters such as the
relaxations times T, and T2 and the ratios of fat to water are examples of data that can
be directly measured from MR images.
With MRI, micro-calcifications are not visualized directly. This is an important point
and a source of confusion when radiologists compare MRI to mammography.
Microcalcifications are the mammographics//fcz qua non of malignancy when present
in specific numbers and patterns.58 While it is not true that MRI directly images
microcalcifications, it is true that MR imaging and spectroscopy measure
pathophysiologic events leading to and resulting from the formation of
microcalcifications. Because of" the many physiochemical parameters capable of
determining an MR image, MRI does not need to image microcalcifications to
characterize and differentiate malignant tumors from benign tumors. These ideas are
especially valid when one notes that microcalcifications are present in only 20 % of all
malignant breast tumors.59
Following the introduction of MRI in 1982, until the time that the MRI investigations
of this dissertation were initiated, approximately 18 clinical investigations,6*78 4 case
reports79'"2 and 5 articles describing developmental hardware for MR breast imaging
were published in the scientific literature.83 87 During this time period, more than 20
review articles also were written that mentioned MR imaging of the breast as a
promising modality.
Many of the published MR studies are limited in the number of patients examined
and most studies have been carried out by groups who often described previous results
or cumulative data, these include Heywang et al, Powell, Turner, Stelling el al, and ElYousef and colleagues.
Comparing these studies with our present day capabilities is difficult since the
majority of the aforementioned studies were performed on early MR systems with
small numbers of patients using now obsolete or inferior imaging techniques and
hardware. Many of these studies, as with other early MRI studies of difFerenl organ
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systems, suffered from lack ol commonly accepted research methodology used to
evaluate a new diagnostic technology/" This methodology includes the use of a gold
standard, analysis of images without prior knowledge of the patient and appropriate
statistical analysis of quantitative measurements. In addition, the aim of many of these
studies was not to study MRI imaging of breast tumors, but to compare MRI with
niammography and ultrasound.
In spite of this, these early studies were important in describing the appearance of
malignant and benign tumors on selected T r and I ..-weighted images and in
determining areas where MR! might be useful in breast imaging. Several of these
limited studies were successful in their attempts to differentiate malignant and benign
lesions based upon the morphology of the lesion, its signal intensity from select
imaging sequences and calculated relaxation limes. MR images were found to correlate
well with mammography; I, and I , values of malignant tumors were found to be
elevated over a wide range but in many cases overlapped with dysplasuc tissues. .MRI
demonstrated large cysts and the actual number of small cysts better than
mammography and ultrasound. In one study MRI appeared to be most sensitive to
identify tumor in a fatly brcasl.''1 while in another, the positive predictive value of MRI
was higher than mammography in all cases.' Current studies using contrast agents in
MR imaging of the breast have been ol limited success in demonstratingdilferences
Ix-tween malignant and tx-nign tumors based upon enhancement of signal intensity on
T,-weighted images Ibllowing contrast infusion.*'"'" '*

Figure 4. Sagittal magnetic resonance
image of a human breast obtained using an
inversion-recovery imaging sequence.
Repetition lime. 2160 msec; inversion time,
160 msec; echo time. 30 msec; slice thickness,
f mm.
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The self-described shortcomings of many of the earlier studies were based upon the
state of the art available at the time of the study. Large slice thickness, non-contiguous
slices, lack of spatial resolution, inability to detect microcalcifications and excessively
long scan times were among the most commonly mentioned difficulties in
demonstrating the superiority of MRI over mammography in diagnosis or detection.
Our assessment of these studies supports the conclusion that many of these studies
lacked accepted methodology in assessing the precision or accuracy of MR as a
diagnostic procedure. Further, we noted that fixed, or standard repetition times (TR)
and echo times (IK), used to produce T r and IVweighted images, does not optimize
the contrast lor a specific pathology, and that small variations in TR and TK affect the
signal intensity of a malignant or benign tumor in a specific tissue matrix. Additionally,
the computation of T, and T., values from a series of spin-echo sequences is susceptible
to a large range of errors mainly due to the difficulty of producing each imaging
sequence in the same location.
Current MR techniques not previously exploited for breast imaging, permit the
acquisition of contiguous O.f> mm slices, over-contiguous slicing, spatial resolution less
than 1 mm. acquisition of independent I,, T, and spin-density data sets from single
slices to compute relaxation tini''s and fast imaging techniques.
In 19HC> the group of I leywaitg el al. initiated MR imaging contrast studies of the
breast using gadolinium-dieihylenetriaminepentaacetic acid (Gd-DTPA).68 The
motivation for pursuing MRI contrast studies of the breast stemmed from their
concerns about detecting early carcinoma in clinically and mammographicaHy dense
breasts. These problems were known at the time to be true for MRI without contrast
and mammography. For mammography this was especially true when microcalcifications were not present, or when the differentiation of irregular dysplastic tissue,
scierosing adenosis. scar tissue was necessary. For MRI, similar problems were
attributed to the inability of MRI techniques to image microcalcifications, the variable
contrast between malignant and benign structures and overlapping! , and T 2 values
of malignant and dysplastic tissues.
The studies by I leywang/'809 Kaiser,70 and Stack78 represent the evolution of MR
imaging of the breast using Gd-DITA as an intravenously-administered contrast agent.
Taking advantage of the vascularity of tumors and the contrast agent's ability to
shorten the T, relaxation time values of tissues perfused by the medium, MRI of the
breast using Gd-DTPA has provided an additional means for MRI to be used in the
study of malignant and benign breast diseases. Using Gd-DTPA, all tumors have been
shown to enhance with contrast to some degree. When using standard T, -weighted SE
sequences this enhancement has been less specific than T,-weighted images obtained
using dynamic last-imaging techniques. This can be attributed to the malignant tumors'
greater rate of enhancement, which can only be measured by obtaining serial images
during the first 2 minutes (blowing contrast administration. Fibroadcnomas, however,

appear to enhance in standard or dynamic images in a fashion similar to malignant
tumors.6878
Aside from the common conclusions arrived at by the authors in these studies that
MRI of the breast with contrast enables improved detection and diagnosis of breast
lesions in dense breasts using MR techniques, the clear advantages appear to be the
ability to improve the qualitative assessment of lesions and the ability to measure a
quantitative parameter, such as lesion enhancement.
The drawbacks and limitations of using contrast in the MRI study of the breast are
manifold. Through the injection of contrast medium, the non-invasive nature of MRI,
that makes the technology attractive for the radio-sensitive breast, is lost. Of
considerable importance is the realization that in all of these studies, the lesions had
to be located using MRI without contrast prior to examination with contrast. This
means that MRI with contrast improves only visualization and not detection. Further,
if all lesions can be located as they were in these studies, then alternative pulse
sequences should be utilized first to exploit the actual biochemistry of the tumor before
the addition of contrast. The use of contrast medium contributes very little to the
biochemical study of the lesion using MRI. This is especially true since the
pathophysiologic mechanisms for Gd-DTPA enhancement are unknown.
Finally, the most commonly mentioned reason for failure of MR imaging of the breast
both in previous studies and review articles was attributed to the inability of MR to
image microcalcifications. Even though calcifications are responsible for the chain of
events that lead to the diagnosis of breast cancer in a limited number of patients, in
pursuing the use of contrast, none of the studies have addressed this question.
Specific Aims
Appreciation for the conceivable application of ex invo and in vivo magnetic resonance
techniques in the diagnosis and treatment of breast cancer will only be possible when
the need for such techniques is defined and when the techniques are shown to provide
clinically useful data. Based upon the type of information available from MR imaging
and spectroscopy, convincing arguments for the application of these techniques can be
made for most disciplines involved in the evaluation of malignant and benign breast
disease. These specialties include medical imaging, surgical, medical and radiation
oncology and tumor biology. Evaluation of a technology such as MR spectroscopy, to
complement or supplant existing technology or methods, will move forward when
further evidence is provided showing specific benefits of MR in the areas of cancer
detection, diagnosis, treatment monitoring and prognostication. The aims of ihis
dissertation arc to establish the fundamental, biochemical differences among
malignant, benign and normal breast tissues using magnetic resonance imaging and
magnetic resonance spectroscopy:
24

1. Characterize and differentiate phosphatic metabolites, phospholipids and polarhead group residues of saponified phospholipids from extracts of surgical tissue
specimens of malignant breast tumors, benign breast tumors and normal breast
tissues using S1P magnetic resonance spectroscopy.
2. Characterize and differentiate phosphalic metabolites, phospholipids and polarhead group residues of saponified phospholipids from extracts of surgical tissue
specimens of malignant colon tumors and normal colon tissues using SIP magnetic
resonance spectroscopy.
3. Characterize and differentiate malignant breast tumors, benign breast tumors and
normal breast tissues through the qualitative and quantitative aspects of proton
magnetic resonance imaging.
4. Describe qualitatively and quantitatively the advantages of performing magneticresonance imaging of the breast.
f>. Design a system to perform image-guided volume-selected speclroscopy and
demonstrate that these techniques are feasible to perform 3IP MR spectroscopy as
a clinical tool.
<">. Characterize and differentiate malignant breast tumors, benign breast tumors and
normal breast tissues using image-guided volume-selected hi vivo 31P magnetic
resonance spectroscopy on patients with suspicious breast lesions prior to surgical
biopsy.
7. Identify and compare the water-soluble metabolic intermediates and membrane
lipids in malignant, benign and normal breast tissues of in vivo MR examined
patients using chemical tissue extract techniques and high-resolution S1P MR
analysis.
8. Document the baseline presence of biomolecules, their concentration in the normal
basal metabolic slate and determine their position in the " P spectrum.
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Abstract
Phosphorus-containing metabolites of human breast tissues from malignant, benign,
and non-involved breast parenchymal specimens were examined using techniques of
perchloric-acid extraction and "P magnetic resonance spectroscopy (MRS). Twentyfour separate resonances arising from the established phosphorylated metabolites of
high-energy and low-energy phosphate intermediary metabolism were identified and
quantilated. Subsequent to MRS analysis, the data from the three tissue groups were
compared and contrasted on a statistical basis using Scheffe simple and complex
contrast procedures. ITieories of tumor metabolism and biochemical interactions were
invoked, including the tissue high-energy/low-energy phosphate modulus, the
phosphomonoester/inorganic phosphate ratio, and ten other metabolic indices. The
data demonstrated the ability of 3IP MRS to differentiate among the three tissue
groups. Both benign and malignant tumors demonstrated comparable Warburg
effects. Phosphomonoester metabolism was shown to be altered in neoplastic tissues
relative to the non-involved tissues. Phosphocreatine was elevated in benign tumors.
This elevation in phosphocrealine plus a parallel elevation in an uncharaclcrized
phosphate resonating at a chemical shift of 3.(>(> 5 permits the important
differentiation between malignancy and benignancy in human breast disease. The
tissue energy modulus indicated that benign tissue is relatively more aerobic than
non-involved tissue and significantly more aerobic than malignant tissue.
Introduction
Magnetic resonance (MR) is revolutionizing medical diagnostic imaging through its
potential to provide, non-invasively, hi x'h'o data of human biochemistry and
pathophysiology, called MR spectroscopy. ITiis report contributes to the development
of MR spectroscopy through a detailed ex vh<o analysis of breast tissue; it will report
the phosphorus-containing metabolites of human breast tissues observed using
phosphorus-31 MR spcclroscopy (3IP MRS).
There is currently an exigency, particularly in terms o[ the breast, for further
development of biochemical methods used to distinguish between malignant and
benign neoplasms in order to reduce the urgency for clinical intervention. There is
also a mandate to develop methods used to determine staging and invasiveness of
malignant neoplasms - especially in Lhose cases where existing methods of pathologic
and clinical evaluation are inconclusive. With the advent of in vivo MR imaging and
the potential for hi vivo spectroscopy (two techniques that address the above
demands), there is yet another need to document the resonance signals that
contribute to the hi vivo MR spectrum and to identify those significant spectral
differences that can be observed among malignant, benign, and non-involved human

breast tissue groups. 'Ilirough investigations addressing these needs, the background
essential for the interpretation of the in vix<o MR spectrum will be prepared for the
time when in vivo MR spectroscopy, at the level of the human subject, becomes
available as a practical clinical diagnostic modality.
31
P MRS has been used to investigate a host of tissues, ranging from muscle1'2 and
kidney'1 to brain5'1 to cornea,78 at both the level of organ tissues in the living animal
{in vivo) and in the laboratory {ex vivo). It has been shown that the signals obtained
from living tissues correspond to those from the corresponding acid chemical
extracts.9" These signals fall into two broad categories: high-energy phosphates, such
as ATP, and low-energy phosphates, such as the phosphomonoesters. The bulk of the
31
P MR spectrum may be interpreted in terms of 3 principal metabolic pathways:1214
(1) glycolysis and (2) electron transport, which are energy-generating pathways, and
(3) pathway systems associated with lipid metabolism. Incorporated within these three
pathways is the flux associated with the principle inorganic nutrient, orthophosphate
(Pi). The objective of using this technique as an analytic adjuvant to the standard
evaluation of pathological breast tissue is to provide additional insight into the
classification of breast diseases, to provide increased sensitivity for early detection of
neoplasms of the breast, and to aid in better defining the differences between
diseased and non-diseased tissues of the breast.
Kvaluation of human breast tissue using fl P MRS has been carried out by several
groups.1518 Studies of perfused tumor cells,1510 cell suspensions,18/?; vivo tumors,17
and perchloric acid extract analyses16 have been able to broadly characterize breast
tissue using 31P MRS. In the perfused breast tissue studies of Degani et al.,15 some of
the major resonances in benign and malignant tumors have been described and
analyzed in an effort to differentiate between malignant and benign breast disease.
In another study phosphatic metabolite levels have been used to distinguish between
drug resistant malignant breast tumor cells and non-drug resistant malignant breast
tumor cells in both perfused in vitro tissue cultures and in tissue extracts.16 Finally,
major resonances were identified by Oberhaensli et a I." in human breast tumors
while Victor et a/.18 measured metabolic changes in estrogen dependant tumors.
In this study, we examine the phosphorus-containing metabolites of 3 basic groups
of human breast tissue using the techniques of perchloric-acid extraction and 3IP MR
spectroscopic analysis. Classification of tissue specimens collected for the experiment
is based on a histopathologic examination and are either malignant, benign, or noninvolved breast parenchyma. Following MR spectroscopic analysis, these 3 groups and
their identified metabolites are compared and contrasted on a biochemical level, thus
invoking theories of tumor metabolism and biochemical interactions.

36

Materials and Methods
Surgery
Human breast tissue specimens were obtained from patients undergoing scheduled
surgical procedures. These unfixed tissue specimens were transported to pathology
immediately following removal from the patient and were separated into their
diseased and non-diseased components for histopathologic examination and MR
spectroscopic analysis. The portions dissected for MR analysis were promptly
immersed in liquid nitrogen for storage. Specimens ranged in mass from 0.3 to 1.5
grams.
Human Breast Tissue Classification
Tissue specimens obtained for this study represent a variety of pathological
conditions and were classified, for the purposes of analysis, as being either malignant,
benign, or non-involved breast parenchyma. Breakdown of these individual groups
reveals 18 malignant specimens with a primary diagnosis of infiltrating
adenocarcinoma; 8 benign specimens with primary diagnoses of benign conditions,
including fibrocystic disease, fibroadenoma, benign cystic changes, and focal fibrosis;
and 12 specimens of non-involved breast parenchyma. The 12 non-involved breast
parenchymal specimens are composed of 6 specimens corresponding to 6 of the 18
malignant specimens and 6 specimens corresponding to 6 of the 8 benign specimens.
The term 'non-involved breast parenchyma' indicates that the tissue specimen was
obtained beyond the margins of neoplastic tissues identified in the acquired breast
tissue sample. The term non-involved breast parenchyma defines the essential and
distinct tissue of the breast which is composed of the glands and ducts and does not
include fatty tissue. Note that the specimens used in this study were from patients
with no history of previous malignancy.
Chemical Procedures

Preparation of perchloric acid (PCA) extracts was performed according to
procedures previously described for phosphorus MR tissue extract analysis.19 The
breast tissue frozen in liquid nitrogen was pulverized to a fine powder with a stainless
steel mortar-and-pestle chilled with liquid nitrogen. The tissue powder was added to
a polyallomer centrifuge tube containing 0.6 v/w 60 % PCA prefrozen in liquid
nitrogen. The powder was stirred continuously while it was warmed to a paste
consistency (approximately -20° C). This stirring procedure coated the tissue particles
with PCA and subsequently extracted the aqueous-acid soluble cellular components.
After centrifugation at 4° C, the supernatant was immediately transferred to a volume
of 10 N KOH equivalent to that of the PCA and containing 0.4 mi wet potassiumform Chelex-100 and the pH adjusted to 10.0. The sample was then centrifuged to
remove precipitated KC1O4 and the used Chelex resin. The final supernatant was
passed through a potassium-form Chelex-100 column to remove alkaline-earth and
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transition-metal caiions, and the pH adjusted to 10.0. The column effluent was
lyophylized and rcdissolved in 0.G ml 25 % D2O for MRS analysis. For all analyses,
the extract solvent (25 9r D2O), countercation (potassium), and pH (10.0) was
constant.
Although SIP MR offers the advantage of being able to monitor phosphorus
metabolism non-destructively and non-invasively in the intact tissue, PCA extracts
were utilized in the present analyses so that signal intensities could be enhanced as
much as possible for the detection and quantification of minor tissue metabolites.
While it is possible to obtain the major, more prominent MR tissue resonances from
intact-tissue data, the minor 5I P resonance signals cannot be separately resolved in
intact tissues at this time. Thus, perchloric acid extracts are used in this analysis
because they provide more highly resolved spectra relative to those obtained from the
corresponding intact tissues; this permits accurate measurement of minor spectral
components and quantitation of minor spectral differences. Furthermore, using a
minimum amount of tissue, PCA extracts provide an adequate signal-to-noise ratio
within a reasonable length of spectral-analysis time.
"P Magnetic Resonance Sptctroscopy
31
P MR quantitative calibrations and analyses were performed according to
procedures previously described for phosphorus MR tissue-extract analysis.20 The
spectrometer employed was a General Electric 500-NB equipped with deuterium
stabilization, variable temperature, and Fourier-transform capabilities and operating
at 202 MHz for " P MRS. All " P experiments were conducted under protondecoupled conditions in a 10 mm probe. PCA extracts were analyzed in a 0.5 ml
microccll, where, under non-spinning conditions, the line width of standard
hydrogen broad-band-decoupled irimethylphosphate in water is 0.7 Hz. The typical
spectrometer conditions for " P experiments were as follows: pulse sequence, 1 pulse;
pulse width, 18 y.scc; acquisition delay, 500 jisec; acquisition time, 1.64 sec; sweep
width +/- 6024 Hz; number of acquisitions, 24,000. In addition, a computergenerated filter time constant introducing 0.6 Hz line broadening was applied as
needed.
To compensate for relative saturation effects among various phosphorus signals
detected in a single " P MR spcctroscopic profile, the MR spectrum must be
standardized against measured amounts of tissue-profile metabolites wherever these
are known. 'I"he procedures for carrying out this calibration so that an accurate
quantitative measurement is obtained from the " P MR spectral profile have been
described.1920 The chemical shifts reported follow the convention of the International
Union for l\irc and Applied Chemistry and arc reported in field-independent units
of S relative to the shift position of 85 % phosphoric acid. The internal chemical-shift
reference was glyecro! 3-phosphorylcholine (CPC, -0.13 S).
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Data Analyses

Metabolite concentrations in mean relative phosphorus mole percentages were
computed for all detected resonances in the 3 tissue groups. Initially, a one-way
analysis of variance was performed. For those resonances where statistically significant
differences were observed (Y < 0.05), Schefle simple and complex contrast
procedures were carried out. In addition to measuring differences in tissue
metabolite levels, metabolite analyses include several descriptive theoretical
parameters to which one-way analysis of variance and Scheffe post hoc simple
contrast procedures were also applied. These theoretical parameters, given as ratios
of individual or grouped metabolites, have been generated to compare and contrast
metabolites or groups of metabolites and provide more pathway-specific metabolic
interrelations for discussion. For purposes of the statistical analyses, missing values
represent resonance signals lying below the limits of detection.
Results
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P MR spectra from perchloric acid extracts of diseased human breast tissue are
presented in Figure 1. Breast tissue spectra were classified lor purposes of analysis
as either malignant, benign, or non-involved according to the results of
histopaihologic examination. Resonance signals <A "P spectra were identified as
arising from the designated phosphatic metabolic intermediates of metabolism (Fable
1) and were quantitatively evaluated for comparison and contrast (Tables 2 and 3) as
single or grouped metabolites given in relative mole-percent phosphorus
concentrations or as ratios of individual metabolites and groups.
I Tie neoplaslic tissue spectra of the human breast (Figure 1, top and center) are the
most revealing in terms of detectable and resolvable resonance peaks. I h e resonance
signals from downfield (left) to upfield (right), 8 5 to -24 S, are as follows: A small
signal at 4.71 8 on the extreme downfield side of the spectrum arises from
dihydroxyacetone phosphate. Proceeding upfield, this signal is followed by the
phosphomonoesier resonance band (PMF.) which extends from 4.48 S to the
inorganic phosphate resonance (Pi) at 2.f>3 5. There are 14 resolvable components
in this resonance band, including the ethanol phosphates, phosphorylethanolamine
(PK) and phosphorykholine (PC). The next signal upfield is inorganic phosphate
followed by the phosphodit -ler region (PDFI), extending from 0.77 5 to -0.65 S and
including glycerol 3-phosphorylethanolaminc (GPK). glycerol 3-phosphoryIchoIine
(GPC) and phosphorylated glycan derivatives (PG). The next upfield resonance band
is that of phosphocreatine(PCr) followed by the bands corresponding to the ionized
end-group, a and /3, phosphates ol ATP and AD P. respectively. Further upficld are
the pyrophosphate resonance bands of the dinucleotides (DN, NAD and NADP) and
the nuclecwidc diphosphosugars (NS. e.g., uridine diphosphoglucose) which he to the
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Figure 1. "P MR spectra of malignant,
benign and noninvolved human breast
tissue. The resonance signals from downfield
(left) to upfield (nght) (8 8 to -24 8) are as
follows: Immediately upfield are the
phosphomonoesters. There are 14 resolvable
components in this resonance band,
including: hexose 6-phosphate at 4.48 8; an
itncharactertzed resonance at 4. 32 8;
a-glycerol phosphate at 4.29 8; fructose
1,6-diphosphate at 4.10 8; an
uvcharacteiized resonance at 4.00 8;
2.3-diphosphoglycerale at 3.94 8;
phosphorylethanolamine at 3.85 8; an
uncharacterized resonance at 3.81 8; IMP
and AMP at 3.77 8 and 3.74 8.
respectively; an uncharacterized resonance
at 3.66 8; NADP 2-P at 3.55 5; aw
unrharacterized resonance at 3.43 8; and
phosphorylcholtne (PC) at 3.32 8. The next
prominent sigrtal upfield is Pi at 2.63 8,
follmred by 3 signals in the phosphodiester
region; glycerol 3-phosphorylethanolamine at
0.77 8, glyerol 3phosphorylcholine at
-O.n 8, and phosphoglycan (PG)
derivatives at -0.65 8. Upfield from the
phosptiodiester band is the signal from
pliospliorreatine at -3.10 8, followed by the
bands corresponding to the ionized y chain
terminal pftospfiate of ATP and the /?terminal ptiosphate of ADP, the a-eslehfied
ptiospiiates of ATP and ADP, and the P-P'
eslenfied pyrophosphaie residues of
nicotmimide adenine dinucleotides (DN)
(NADINADP). a low amplitude, broad
resonance of the nurleoside dipfiosphosugars
(NS) and. finally, the ft chain middle
pliosphorui resonance of the nucleoside
thphosphates, principally ATP.
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Table 1. " / ' MR profile of human breast tissue perchloric acid extracts.
Mean mole % of phosphorus ± SK
Phosphalic
Component*

Shift
Chemical (5)

Malignant

Benign*"

Noninvolvcd

K ratio

iM-ener® p>tosphates
DHAP*
f lexose 6-J"
L
a-GP
Fru 1.6-diP

4.71
4.48
4.32
4.2'J
4.10
4.00

L
2.3-DPG
PE
L
IMP

3.94
3.85
3.81
3.77

AMP

3.74
3.66
3.55
3.43

L
NADP 2 - P
L
PC

0.54 ±0.16
1.34 ± 0.19
1.29 ± 0.20
1.77
0.92
3.10
5.00
12.24
4.70

GPF

3.32
2.63
0.77

GK.
PG

-0.13
-0.65

3.03 ±0.48
6.86 ± 0.94

-3.10

0.76 ±0.15

fltgh-rnrrgy

PCr
AFP
ADP
DN
NS

1.61 +.0.17
1.12 +.0.22
3.19 +.0.71
3.56 ± 0.78

±0.54
±0.71
±0.52
4.42 ±0.83
2.64 ±0.27

2.55 ± 0.29
1.27 ± 0.34
3.15 ±0.77
4.20 ± 0.72
25.65 ± 1.66
3.40 ±0.65

Pi

0.79 +.0.03

±0.19
±0.08
±0.68

11.36 + 1.04
2.29 ± 0.44
4.42 ± 0 56
3.38 ± 0.86
4.80 ± 1.50
1.76 ± 0.33
2.35 ±
3.87 ±
30.21 ±
1.59 ±

0.37
0.57

2.62
0.14
2.17 ± 0.39
5.21 ± 1.16

2.48 ± 0.79
3.65 ± 1.59
3.72 ±.0.55
1.54 +.0.49
3.60 +. 0.37
3.38 ± 0.46
9.23 ± 0.99
2.57 ± 0.64
3.14 ± 0.49
1.90
3.18± 0.28
2.28 ± 0.37
3.02 ± 0.49
3.67 ± 0.67
31.39 ± 3.46
5.99 ± 2.19
4.70 ± 1.60
5.22 ± 1.00

1.51
7.628
10.708
2.16
0.22
2.68
3.30h
5.19h
0.82
0.91
4.05h
1.53
0.29
0.14
1.67
2.61
1.46
0.92

phosphates

3.20 ± 0.70
17.71 ± 2.17
4.92 ± 1.60
2.76 ± 0.52
2.67 ± 0.68

14.11 ± 1.17
j
a,-10.61; 0.-6. It 4.46 ±0.36
-11.73
2 55 ±0.36
12.81
2.34 ±0.35

1.91
14.43
7.03
1.53

± 0.41
± 2.37
± 1.78
± 0.99

3.37 ± 1.01

10.26*
0.93
1.45
1.00
0.66

• D11AP, diliydroxyareioiM* plio»pliaic; hexosr 6-P, I!K- group of the ronimoii hexose 6pho»ptiates; V, unrliaradcnzcd rc*onmce band; a-GP. a-glyrerol pliosphaic; Fru 1.6-diP,
fructose 1,6-djpho»piiaie; 2,3-DPG, 2,3-diplio»p)ioglyceralc; NADP 2'-P, the 2'-plio»phate group
of N'ADP; PC, piKMf>lior>-|rholine; GPE. glycerol 3-pho*phor>'lctlianolaniino; PG, phospfaorylalcd
gl^tam, PCi, photphocreadne; D.\, ilie dinucleolidcs, principally NAD and NADP; NS,
nucleowde dipho«f>fio»ugart, pniirjpaliy undine diphotpfiohexose derivatives.
h n=l8
c n=8
4 n=12
c tlie re*o<Htire **gnal from 1)1 IAP wa* IVA deieriaMe in benign and noiunvolvcd group tpcclra.
f S*Ji

| P < 0.01
k l ' < 0.05
i 'Hie re»oMSMirif" %t%n»\ Utxn AMP wa» dei«tal>le in only oi»e spcrfrum from iiofiinvolvcd
j a, -10.92 h; fi.'l t -4& «; •/,- 0.11 *
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Table 2. Post hoc tests performed as simple contrasts by using
the Scheffe comparison procedure to determine statistical
significance among malignant, benign, and non-involved
breast tissue groups.
I'hosphatic Chcnuoil
component* shifl (5)
4.32
4.29
3.85
3.66
-3.10

L
a-C.P

PK
L
PCr

Malignant
t's benign

Malignant
vs NIB

Benign vs.
NIB

b

b

c

c

c

b
c

* L. uiicharartenzed resonance band; a-GP, a-glycerol phosphate;
NIB. non-involved breast parenchyma.
b
P < 0.05
c
P < 0 01

Table 3. Post hoc tests performed as complex contrasts by
using (he Sckeffe comparison procedure to determine statistical
significance among permutations of malignant, benign and
i'otz'ed breast tissue groups.
p

<I

<OHI|HHHII»* shift tht

O>nira*i I

Contrast 2

4

c

c
<

4
4

c
c

4.32

I

AM*)

23-im,
I'F
L
L
i,W
XX i

3«J4
3.85
3.81
3.W
0.77
-3.1©

Contra*! 3

c

4
c

c
c

4

4

* L . HIMItaranlrnst-d I>S*HUI*IC I>JIKI; a-GP. a-fflycerct

2,3( <xHi^»( I. maligiMirt t'trsui (omlxiird (Itrmgn and non, tt*m*\i 2. itonniv<j4v<rd ttrsus rombinrd (maligiunl
), roitira»t 3, hriMgn IVTJU.5 romlnnrd (maligiiaiM and

r

v < o.or>

* V < 0.01
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high field side of the ATP and ADI* a-resonance bands. L'pfield of these bands is the
middle /^-phosphate band of nucleoside triphosphates. primarily ATI*. In general,
high-energy phosphates resonate between -1 ..r> 5 and -2f>.() 5. low-energy phosphates
between 8 8 and -1 .f> 8.
Figure 2 is an expanded view of the orthophosphate region of the malignant tissue
spectrum. Ihis region is comprised of the phosphomonoester band on the downiield
side and the phosphodiesler band on the upfield side with the two bands separated
by the prominent resonance of inorganic orlhophosphate (Pi). The resonances
appearing in these crowded regions are the same as those previously described in
Figure I.
In this analysis, only a portion of the phosphatic metabolites have been positively
identified. Because the 5I P MR spectrum measures the total phosphorus profile of a
substance rather than a select chemical entity, the spectra shown reveal a number of
phosphorus-containing molecules that may have not been previously identified by
other chemical procedures. The determination of these uncharacteri/ed resonances
awaits further specific analysts.

Table 4. Indices of metabolism to shotr interrelations between bwmetabohtes.

Index*

LF.K
IIKP*
HKP/LFP
PMF C
PMK/Pi

ATP/Pi
PCr/Pi
PMI7ATP
PCr/ATP
«PCr + Pi)/

Malignant

BriMgn

\<>nnivolv<«l

77.20 ± 1.47*
22.81 ± 1*7
0.30 ± 0.02
38.28 ± 1.36
1.61 ± 0 . 1 2
0.62 + 0.0«
0.02 ± 0.004
3.37 ± 0.55
0.05 +. 0.009
2.56 ± 0.58

70.14 ± 2.40
29.89 +. 2.40
0.43 ±0.05
31.23 +. 2.58
1.13 + 0 18
0.62 ± 0 10
0.10 + 0.02
2 14 ±0.46
0.22 ±0.08
2.10 ±0.44

76.92 ± 2.35
23.07 ± 2.35
0.31 ± 0.04
31.00 ±2.24
1.14 ±0.15
0.59 ±0.16
0.06 ± 0.01
2.81 ± 0.47
0.20 ± 0 07
3.03 ± 0.65

0.49 *. 0.08
1.08+.0.16

0.20 + 0.02
0 55 ±0.09

0.77 ±0.18
1.19 ±0.20

^
ratio

contrasts
12 3

3.09
3.08
3.32*

z.yf

3.75*
0.01
IO.I6f
111

c

r

3.16
0.43

AIP

GDP/ATP
PD/ATP

4.18*
2.57

• HUP and LKP, b»glnciierg> M*& lotr-rarrgy |4io»f»liat«; HKPI.KP. IIM- IIMIM- vnetfy
it)/AIT. t<**\ \AvrnAvxUt~Hru. \>, AIP.
% Simf4" HHMAUI

e
4 Mnu ± SV
* P < 0.05
f P < 0.01

I, malignant rrnus iM-iMgn; 2 , MMligiiJl* t/r'KJ IKMHIIV<JI<-<I; 3 .

IIKKIIIIIIS;

A representative spectrum for the non-involved group is shown in addition to the
malignant and benign spectra (Figure 1, bottom). The gross appearances of the
assembled spectra suggest that differences exist between the 3 tissue groups. These
diflerences are quantitatively given in Table I which displays the mean values of the
relative mole-percent phosphorus concentrations for 24 different metabolites
observed in the "P MR spectra of the 3 tissue groups. According to a one-way
analysis of variance, significant differences are shown to exist (F ratio in Table 1) for
the resonances at 4.32 8 (an uncharacterized resonance), 4.29 5 (a-glycerol
phosphate). 3.8.r> 8 (phosphorylcthanolamine), 3.81 8 and 3.<iO 5 (both
uncharacteri/ed resonances), and -3.10 5 (phosphocreatine).
Post hoc tests were performed as simple (Table 2) and complex (Table 3) contrasts
using the Scheffe comparison procedure to determine which tissue groups were
statistically different. In the case of simple contrasts, significant differences occurred
ai the following resonances: 2 uncharacterized resonances at 4.32 and 3.6G 8, aghcerol phosphate, phosphorvleihanolamineand phosphocrealine. Note that of the
•"> resonances lound to have significance by the one-way analysis of variance (Table
1 >. all except one. the uncharacterized resonance at 3.81 8. showed significance in the
simple contrasts bv the more conservative ScheHe comparison procedure.
In ihe case of complex contrasts ('Table 3). those contrasts pitting two grouped
means vs the remaining non-grouped mean, e.g., malignant and benign vs noninvolved, the following significances were found: 3 uncharacterized resonances at
4.32. 3 81 and 3.<»r,g. hexose 6-phosphates.a-gIycerol phosphate, 2,3-diphosphorylgh cerate, phosphorvlethanolamine. glycerol 3-phosphorylethanolamine, and
phosphotreatine. The complex contrasts were performed lo determine whether
similar processes exist between groups of tissues. For example, similar processes
rntghi occur in neoplastic tissues independani of their designation as malignant or
benign. Likewise, processes in malignant and non-involved or benign and nonmvobed tissues mav not change as a result of pathologic processes. Refering lo Table
3, hexose '/-phosphates, as a specific example, significance is observed between ihe
non-involved group andl ihe combined group of neopiastic tissues (contrast 2);
however, the table shows further that an even greater significance exists between the
benign group and the combined group of malignant and non-involved tissue
'contrast 3/.
The detailed data ol our experiments permitted the calculation of various indicics
which have significance in terms of interrelation of biomclabolitcs. Of these, the
following ratios were examined (Table 4): high-energy phosphates lo low-energy
phosphates *HfcP/l.KP)/-' the (tissue) energy modulus); phosphomonoestcrs to
inorganic phosphate <PMK/Pi)r? adenoMne triphosphate lo inorganic phosphate
«A I I'/I'i rp '* phospbocreaiineto inorganic phosphate (PCr/Pi);74 phosphomonocsiers
to adcnottiK' triphmphate iCfMR/ATP);9-"-21 phosphocrcaiine to adenosine iriphosphate
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Figure 2. Expanded view of the
phosphomonoester and phosphodiesier region
of the "P MR spectrum of malignant
human breast tissue. The resonance signals
from downfield (left) to upfield (right) are
as follows: hexose 6-phosphale at 4.48 8, an
unckaracterized resonance at 4. 32 8,
a-ghcerol phosphate at 4.29 8; fructose
1,6-diphosphate at 4.10 8, an
uncharacterized resonance at 4.00 8.
2J-diphosphoglycerate at 3.94 8;
phosphorylethanolamine at 3.85 8; an
uncharadenzed resonance at 3.81 8;
inosine and adenosine manophosphate at
3. 77 5 and 3.74 8; an itnckaractemed
resonance at 3.66 8; NADP 2'-P at
3.55 8; an uncharactenzed resonance at
3.43 8; and phospfiorylcholme at 3.32 8.
The next prominent signal upfield is Pi at
2.63 8, folloifed by 3 signals in the
phosphodmter region: gtycetol
3-piioiphorylethanoiamme at 0.77 8.
glycerol 3-pfiosptiorylcholtne al -O.I 3 8. and
pfiospfiogfycan (PG) derivatives at -0.65 8.

PI;

w

GPK

V,

I

U
"T
0

PCr

PG

T—t—I 1

-2

8

-4

);9"* phosphocreatine and inorganic phosphate to adenosine
triphophosphate (PCr + Pi)/ATP);21 glycerol phosphodiesters to adenosine
triphosphale (GPD/ATP);2'-* (total) phosphodiesters to adcnosinc triphosphatc
(PD/A'I P) 24 These ratios were calculated for the 3 tissue groups, and an analysis of
variance was performed identical to that which was performed for the prccceding
metabolic data. Post hoc tests were applied using the Scheffe comparison procedure
to determine significance in simple contrasts, compiex contrasts were not performed.
From these analyses significant differences were noted for the following ratios: The
ratios of high-energy phosphates w low-energy phosphates (energy modulus,
HVAVLVJl't were significantly different according to their F statistic of 3.32 (P < 0.05).
I Tie ratios of phosphornonocsUT* to inorganic phosphate (PME/Pi) were significantly
different according to their V statistic of 3.74 (P < 0.05) but failed to reject the null
hypothesis with the Scheffe comparison procedure and demonstrate significance in
any simple contrasts. The ratios of phosphocrcatinc to inorganic phosphate (PCr/Pi)
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were significantly different with an F statistic of 10.16 (P < 0.01). ITie simple contrast
of malignant vs benign was significant at the (P < 0.01) level. The ratios of glycerolphosphodiesters (CPE and CiPC) to adenosine triphosphate (GPD/ATP) were
significantly different with an F statistic of 4.18 (P < 0.05). The simple contrast of
benign vs non-involved was significant at the (P < 0.05) level.
A quantitative measurement of ihc phosphomonoesters contained in each group was
calculated. The values in relative mole-percent phosphorus concentrations for the 3
tissue groups are presented in Table 4. ITiese values are significant with an F statistic
of 5.23 (P < 0.01). The simple contrast between malignant and non-involved tissue
was significant at the (P < 0.05) level. The remaining indicies presented in Table 4
demonstrated no significant differences.
Discussion
The qualitative pictures presented by the spectra of Figure 1, the data of Table 1,
the statistical inter-group comparisons of Tables 1, 2, and 3, and the semi-quantitative
theoretical analyses of Table 4, demonstrate the ability of 3IP MRS to differentiate
among malignant, benign, and non-involved breast tissue.
The spectra obtained are similar to spectra of other tissues and of diseased breast
tissues1'1* in that they contain the principle 3IP MRS resonance bands: the
phosphomonoesters (including the ethanol phosphates, phosphorylethanolamine and
phosphorylcholine), the resonance of inorganic orlhophosphale (Pi), the
phosphodiester band, the resonance of phosphocreatine (PCr), and the three
characteristic bands of the nucleosicle triphosphatesand their relatives. The levels of
most of the phosphorylated intermediates determinable by " P MRS are not altered
significantly as result of the tissue pathology. Those that are altered represent
intermediates in glycolysis (uncharaclerized resonance band at 4.32 5 which from its
resonance position is one of the members of the triose phosphate group and aglycerol phosphate), an intermediate in phospholipid biosynthesis
{phosphorylethanolamine),a high-energy phosphate source (phosphocreatine), and
two additional uncharactcrizcd resonances which arc probably nucleosidc
monophosphates but which are not products of adenylate metabolism, i.e., IMP and
AMP
The simplest interpretation for the reduction in the levels of the two triose
phosphates is that these are examples of the Warburg effect in ncoplastic tissues,
where there is an increased capacity for aerobic glycolysis25 greater than (hat usually
found in normal cells. Specifically involved is the triose pathway itself, where one
compound affected i» an intermediate and the other a reduced end product in triose
metabolism serving as a hydrogen sink.
The simple Scheflif comparision procedure demonstrates that both benign and
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malignant tumors demonstrate this effect and to about the same degree. This is
consistent with an increased capacity for aerobic metabolism; however, the ability to
carry out aerobic metabolism is certain to be diminished as tissue mass increases and
vascular supply is compromised. These findings by 3l P MRS arc consistent with that
which is known concerning the metabolism of tumors.
Phosphomonoestermetabolism, in general, is shown to be altered (Table 3, first 4
entries) as determined by the permutation of two of the tissue group's tissue-mean
values for comparison against the remaining tissue group. Significant differences are
demonstrated for the majority of the possible complex contrast combinations, with
the more significant findings found in the combination of the tissues characterized
as having neoplastic properties (i.e., malignant and benign) compared to the noninvolved.
The significant elevation of PE with malignancy is uniquely characteristic of
malignant tissue. PE is an intermediate in phospholipid metabolism. PE concentration
levels, however, are quite high for a compound that functions solely as an
intermediate, and it has been suggested that PE plays another role, specifically as a
modulator of neurotransmitier activity.26 At this time, not enough is known to
comment further on the hypothetical activities of PE.
'I"he elevation of phosphocreatine (PCr) in benign tumors may be viewed as an
attempt by the tissue to store high-energy phosphate. Other attempts to determine
the significance of altered PCr levels, have resulted in variable or inconclusive
results.15-"'-18-1''3-27 w This is not surprising, since PCr is a reactive compound, difficult
to assay with high precision. The assay applied herein has been quite successful in
quantitatively evaluating PCr and has been accurate and precise in quantitating PCr
train biological sources. Thus, a reasonable amount of confidence is associated with
the consistent quantitative data of Table 1 and with the subsequent inter-group
comparisons. Little can be said about the resonance at 3.06 S except that it is a
possible marker, along with PCr, that permits the important differentiation between
malignancy and benignancy in human breast disease.
Since in the "P MRS spectrum, the high-energy phosphates (e.g., phosphocreatine,
A IP, nucleoside diphosphosugars)comc into resonance between -23 and -1.5 5 and
the low energy phosphates (e.g., pentosc 5- and hexosc 6-phosphatcs, triose
phosphates, nucleoside monophosphates(AMP. IMP, and Pi) come into resonance
between -1."» and 8 5," there is no overlap in the spectrum between high-energy and
low-energy phosphate group families. Quantification of high- versus low-energy
metabolites was conducted by dividing the spectra into high- and low-energy
phmphate regions; the signal areas corresponding to these two portions of the
integral (the distance between the respective plateau values using the integral
spectrum) provide for the determination of the " P spectral modulus:
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Energy Modulus = Iligh-euergy phosphates;IAir-energy

phosphates.

(A)

' I lie- modulus value is another index useful in difierentiating malignant and benign
human breast tissue. This index is the most readily attainable number from the MP
tissue spectrum. It is the simple ratio of two integral values measurable on the same
spectrum and as such is readi.'v applied to the analysis of human subject in vix<o
spectral data. It is the one parameter most readily adaptable to diagnostic procedures
involving MR biochemical analysis. At the biochemical level, the index represents a
llux of inorganic phosphate between high-energy phosphate pools and low-energy
phosphate pools. The low-energy phosphates, by and large, represent the products
resulting from high-energy phosphate consumption; thus, the index, although a
simply determinable value, represents a direct measure of tissue energy status.
Practically, it can be viewed as the relative propensity of a tissue to elect for either
anaerobic or aerobic energy-generating processes. Benign tissue has the highest
modulus values. Further, the F ratio demonstrates that there are significant
differences between the mean values of one or more pairs of the three tissue groups.
The ATI'/Pi ratio is a measurement of the relationship between the major highenergy phosphate utilized for intracellular energy. ATP, and its primary hydrolysis
product. Pi. Many of the biochemical pathways require the high-energy phosphate
from A l l ' for energy requiring reactions. The availability of the ATP metabolite
permits these pathways to function, and. thus, the relationship between ATP and Pi
provides a measure of the systems capacity to function:
ATPIPi = ATP mtegmllP} integral.

(B)

A parallel argument can be advanced for the phosphocreatine-inorganic
orlhophosphate (K'r/Pi) ratio, with the caveat that l"Cr is generally considered to act
as a phosphorylating agent for ADI* to synthesize ATP. It may, thus, be viewed as an
alternate source of ATI' phosphorus.
The VCr/Pi ratio addresses specifically the tissue storage form of high-energy
phosphate and its alternative degradation product inorganic phosphate. This ratio
is a mathematical index of the extremes of high-energy phosphate metabolism, and
is thus a parameter addressing the gross energy status of the tissue. The significant
variation between malignant and benign groups in the analysis presented herein can
be attributed primarily to the elevation of PCr in benign tissues.
Significant differences existing between malignant and benign tissue values of
10
K T / P I , if parallel to ATP/PS, have been shown to indicate necrosis of tissue in other
tumors (animals) before changes in volume occur. For the analysis reported herein,
however, only the PCr/Pi ratio was significantly altered.
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PCr/Pi = PCr integral/Pi integral.

(C)

The I'MK/Pi ratio is a measurement of the relationship between the availability of
the inorganic (mineral) component and the organic component of phosphorylated
substrates for enzymatic reactions." Many biochemical pathways involve
phosphorylated moieties. For such pathways to function, the organic moiety must be
phosphorylated, the organic moiety alone being incapable of serving as the substrate
for such pathway reactions, e.g., glucose cannot be utilized by the breast tissue for
energy production unless it is first phosphorylated. 'I"he phosphomonester resonance
band is rich in phosphorylated sugar residues. It must be noted that the
phosphomonoester resonance band does contain other phosphorylated residues that
are not related to sugar metabolism. 'I"he resonance band is, however, quite complex;
all of the known residues contained within it are orlhophosphale monoeslers of
various types.1
PMlJPi = PMK integral/Pi integral.

(D)

I lie determination of significant differences existing among the three groups for the
PMK/I'i ratio is interpreted to reflect a flux of the inorganic component, Pi, with the
pathologic state. These fluxes, however, are small and though significant, do not
provide a useful index for clinical determinations, given the current precision limits
inherent in MRS methods.
The glycerol phosphodiesters have been relegated to the role of catabolic end
products of phospholipid metabolism. They are generated from lecithins and
cephalitis by a combination of phospholipase activities, but they are not subsequently
used in phospholipid biosynthesis. No other role has been identified for these
compounds, although it is suspected that another role must exist because of the high
concentration ordinarily delected in most viable tissues.
GPD/ATP = CPU integral/ATP integral

(E)

The relatively reduced values for this ratio in lumor tissue represent a diminution
in phophodiester levels thai could be interpreted as indicative of compromised
membrane function in tumor tissue.
I lie resulLs of this study are generally consistent with the work of other groups. The
It'A extract " 1 ' MRS data reported for human breast cancer cell lines by Cohen e.t
al.v> are grossly similar to those presented herein, in that, insofar as the individual
resonances are resolved, the features and their qualitative aspects are the same. A
signal in the phosphodiesler region of the spectrum attributed to phospholipids by
these authors corresponds to the phosphorylated glycan resonance of this study. It
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is suspected thai this resonance is misinterpreted because: (1) phospholipids are not
ordinarily extracted by FCA from any tissue and (2) the signal corresponds to the
presence of phosphorylated glycans, which are PCA extractable and which have been
well characterized in other systems.61314
Degani et a/.15 also observed an elevation of phosphorylmonoesters in malignant
tissues relative to benign tissues. The observed differences of this report, however,
were quantitatively much smaller than their reported three-fold increase. The
quantitative differences between these two reports notwithstanding, the qualitative
observation of increased phosphomonocsters is probably real and may serve as a
marker for the presence of malignant cells. Additionally, this study does not
demonstrate significant differences in the levels of nucleoside triphosphates
corresponding to the previously reported three-fold increase in these substances with
malignancy.
In summary, many examples of altered relative metabolite levels demonstrating the
ability of 3IP MRS to differentiate between malignant, benign, and non-involved
breast tissue have been shown. It is believed that subsequent detailed investigations,
similar to that presented here, will enable 31P MRS to differentiate further between
subgroups of diseased tissue within the broader classifications of malignant and
benign.
The continued development of MR spectroscopy through the correlation of MRS
data with histopaihologic diagnosis will not only enable further classification of breast
disease, it will serve to promote the implementation of MR spectroscopy as a clinical
tool and to promote its subsequent development as an imaging modality for metabolic
analysis. Finally, if distinguishing characteristics are definitive and statistically
significant, the operation of such a system will improve non-invasive, early diagnosis
of malignant and benign lesions of the breast that today affect one in ten women.
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Abstract
I'hosphatic metabolite profiles of nineteen malignant and normal human colon
specimen* were analv/ed bv techniques ol "perchloric acid extraction and M P magnetic
resonance spectroscope (MRS) .it 2<>2.4 Ml!/. Thiny-one individual phosphorusconLaming intermediates o|"metabolism were identified and quantified for statistical
intergroup comparisons Ilevations in relative concentrations of phosphorylelhanolamine (I'V). I Ml'. \ . \ D I ' 2'-!'. an uncharacieri/ed resonance at 3.72 8. glycerol
H-ph'isphor\IchohiK-. phosphorvlated glvcans and the nucleoside diphosphosugars
i \ S ) were seen in malignant tissues concurrently with reductions in relative
concentrations ol phosphorvlcholine (K'S. phosphocrealine <K"r) and ATP. 'I"he
malignant and normal tissue groups were further characterized and contrasted by
computing metabolic indites from spectral data. Significant elevations in
phosphomonciesters 'I'MKi. glvcerolphosphodiesters. die ratio of PfVlt"., and I'MtVI*!
were detected in malignant tissues along with significant reductions in the ratios of
IX'-T.'Vi. IV. r A I 1'. the energy charge ol the aden\lale svstein and the tissue energy
modulus. I'hese results revealed ssgcuiiiant alterations in nigh-energy metabolism,
iow-energi meiiiboSssm and tneBikbrane metabolism characteristic ol' malignant tissues.
Ihe reduction in high-energ% phosphates A l l ' and IX'.r was balanced by the net
increase nn \ S and a shdi in eqciehbriuni to ineialx>lism involving low-erergy
phosphmu'WificskTs |"he sjxttrisll daT;j ol the tuniors. which were of epiUielial origin,
dernonsjrated rernw nietiiboJites tioj previous]^ detected in tissue extract analysis of
malignant tissues. Detection «>! ahese mnun ntetabolites represents an indirect
measurement ol phospholopcd metaboSssirini in malignant tissues.
Introduction
Miigneitt rev»nanie spectroscopv has gatned clinical relevance as a research and
d{agn«>MLK &«**! arid has (JK- (xxenliai abstiiv to vield bidcheiniciil and palhophysitdogic
mi*>muvj'Hi ni wo \fRS sfmh ol n -/:« jjssues in high-resolution analysis may have
the nhilift (!<? act as .an aralvEn adjtivafiii to curreni diagnostic techniques.
Clurreji! cnvtivnh fan defectove doagnosjs of colonic abnormalities incorporate
invastve nriedicaJ arid surgical protedures. In tine majorifv of cases, the patient
tn a svmpionialK" sv.m- vkh weight loss, hematochc/ia. melanolic slooU,
, nlKinmtniil disietHMuwj. arif^rexia or anemia; in severe cases ihe patient may
wtth *p*>nt.zni<rt*m intestutal perforation or fistula development. The
g !t-v».1 ol car('tn<!H*fnP>rvoiriiH' antigen 'CKA> while useful as a |K>sloj>crative
rndKaMir and tWrtW.*n o!' tumor necurience p? is an ineffective screening
u.' fan icarh «"ar*'itfiornai!wis leNjon* of the colon due to the high degree of
with ft* ajjpearafice tn maDngnajnn and iM-nign alwiornialities in the colon and

other organ systems.' 4 Double contrast barium enema cannot alone consistently
provide definitive diagnosis5 and fecal occult blood testing is fraught with false
negative and positive results and therefore must be complimented by additional
tests.4* Flexible proctosigrnoidoscopy is an effective screening tool which can often
delect lesions at an early stage in asymptomatic patients having routine physical
examination57 and colonoscopy is the preferred method for evaluating a positive fecal
<xcult blood test.6 "Iliose patients who are at risk for colon cancer, however, are often
reluctant 10 undergo such procedures. Besides the psychologic challenge and mild
discomfort of the procedures, colonoscopy is an invasive procedure which bears the
potential risk, albeit small, of intestinal perforation. 5
The advancement of in WO MRS may provide a safe, painless and accurate
potential screening procedure in which a non-invasive m zni'o study of the colon could
identify colonic lesions by obtaining and comparing phosphatk spectra of the lesions
with normal or control spectra.
High resolution 5DP MR spectra of tumors are obtained to study biochemical details
of the pathophysiology of malignar.cy. Malignant neoplasms, are composed of cells
whose net cell survival is increased resulting in an accelerated observed tumor
doubling lime (r.g-. colon tumors;* In general, the more anaplastic the tumor, the
nu>rv rapid its growth and the greater its metabolic turnover.9 In this case the 3I P MR
spcctroscopic profile should hypothetical!) demonstrate characteristic features
reflective of an altered metabolic rate. These variations will also generate altered
concentrations of high and low -energy phosphate compounds compared with normal
tissues.'"
Herein we report the findings of an ex vivo study in which the phosphorus
containing metabolites of normal human colonic mucosa with fibromuscular wall arc
compared to the phosphorus containing metabolites in tumors of colonic epithelial
origin (using techniques of perchloric acid (PGA) extraction and 3 I P MRS.
Material* ami Mctkodt
Surguml
Human colon us*ue specimens consisting of malignant colonic epithelial neoplasms
and nontnvolved control* were obtained from coleciomy specimens of ten patients
undergoing surgery for colon cancer previously diagnosed by endotcopic biopsy and
radi*>graphk studies. The colectomy specimens were surgically removed and
pimnptly »ubtnitr.cd to tin* Department of Pathology in sin unfixed state within ten
ffirnyft» following ex* i*k>«. The excised colons were opened in a linear fashion with
an *mlvr*A*Hm', wattied free of fecal contaminants and the neoplasms identified. A
%ampk' "i the neoplasm weighing approximately 1.5 g was removed from an area
whkh m'jHittfvctfpkally appeared to be the least nccrotic. A second sample of

noninvolved colonic mucosa and fibromuscular wall of similar weight was taken as a
control. Without delay, the tissue samples were separately immersed in liquid
nitrogen for storage. The remaining surgical specimen was then sectioned, sampled,
paraffin embedded and microscopically examined for anatomic pathologic diagnosis
after staining with hematoxylin and eosin.
The histopathologic type of the ten tumors analyzed in this study was
adenocarcinoma of colonic epithelial origin. By histopathology, nine of the tumors
were graded as well differentiated and one was poorly differentiated. By Dukes*
classification, six of the well differentiated tumors were classified as Dukes' B2. one
as Dukes* C, and two as Dukes* D. The poorly differentiated tumor was classified as
Dukes' C. The nine normal cjntrols analyzed were orderly colonic mucosa with
attached fibromuscular wall and serosa.
Chemical Procedures
Preparation of perchloric acid (PCA) extracts was performed according to
procedures previously described for phosphorus magnetic resonance (MR) tissue
extract analysis."
H
P Magnetic Refmance Spectr*scopy
iJ
P MR qualitative calibrations and analyses were performed according to
procedures previously described for phosphorus MR tissue extract analysis.12 llie MR
spectrometer employed was a General Electric f»OO-NB equipped with deuterium
stabilization, variable temperature, and Fourier-transform capabilities and operating
at 202.4 MH/ for ' [ F MRS. All " P experiments were conducted under protondecoupled conditions in a 80 mm probe. PCA extracts were analyzed in a 0.5 ml
rr?icrocell, where, under non-spinning conditions, the line width of standard
hydrogen broad-band decoupled trimethylphosphate in water is 0.7 Hz. The typical
spectrometer conditions for TCP experiments were as follows: pulse sequence, 1 pulse;
pulse width, 18 (tsec '45 ° spin-flip angle); acquisition delay, 500ftsec; acquisition
time, I>*4 sec; sweep width +. O05J4 Hz; number of acquisitions, 24,000. In addition,
a computer-generated filter ume constant introducing 0.0 Hz line broadening was
applied as needled. To compensate for relative saturation effects among various
phosphorus signals detected in a single " P MR speciroscopic profile, ihc MR
spectrum was standardized against measured amounts of tissue-profile metabolites
wherever these were known 11K- procedures for (his calibration, insuring that an
accurate quantitative measurement was obtained from the *'!' MR spectral profile,
have been dkr*cribed.C( The chemical shifts reported follow the convention of the
International Union of Pure and Applied Chemistry and are reported in field
in«k'pend**iK unit* of' & relative to the shift position of 83 <Sr phosphoric acid. The
internal chefnical-»hih reference waxf.'JV', -0-13 5.
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Verification of Phosphomonoesters and Diesters
Peak assignments are based upon accurate measurements of the chemical shift of
the resonance which, under invariable experimental conditions, is reproducible with
acceptable accuracy. Phosphomonoeslers and diesters in the aqueous 3IP MR
spectrum can be identified by adding a known quantity of a pure phosphorus
containing compound and observing the position of the resonance.
Phosphomonoesters and diesters not previously identified but delected in this study
were verified by these methods. 'Data Analyses
Metabolite concentrations in relative phosphorus mole percentages were computed
for all detected resonances in the analyzed colon specimens using the curve resolution
software of the spectrometer. Mean metabolite concentrations in relative mole
percentages of phosphorus were calculated for the malignant and normal tissue
groups. The two groups were compared at the level of the individual metabolites by
implementing a two-tailed t-test to the mean metabolite concentration for each group.
Significance was determined at the P < 0.05 and P < 0.01 levels. From the grouped
metabolite data, the following indices were calculated: PME, GPD, NMP, PE + PC,
PE/PC. CPE + GPC. GPE/GPC, (PE + PC)/(GPE + GPC), PME/Pi, ATP/Pi, PCr/Pi,
PCr/ATP. Energy Charge,13 Phosphorylation Potential,14 and the Energy Modulus
(high-energy phosphates/low-energy phosphates).15 Energy charge is the extent to
which the adenylate system is filled with high-energy phosphate groups and in the
steady state living system is nominally 0.85. The phosphorylation potential, F, of a
tissue is a measure of its high-energy status in terms of its ability to synthesize highenergy phosphates, the bulk of which are in the form of ATP and is therefore a
measure of the potential of a living system to carry out ATP-dependent processes.16
In calculating the phosphorylation potential it is assumed that the total detectable
phosphorus was 45 mM which is a number obtained from a variety of tissues. The
important feature of this ratio, however, is not the phosphorus concentration but the
molar relationship between ATP, ADP and Pi. A total phosphorus concentration must
be assumed because the expression used in the calculation is computed from mole
percent values and not from molarities. The mean values of the indices were also
compared with a two-tailed t-tcst with significance at the P < 0.05 and P < 0.01
levels. For purposes of the statistical analyses, missing values represent resonance
signals lying below the limits of detection.
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Results
Thiriy-one individual phosphorus containing metabolites were delected in 19
human colon tissue specimens analyzed by S1P MR spectroscopy. Representative
malignant and normal colon tissue spectra contain, (Figure 1) from downiield (left)
to upfield (right), two small uncharacterized signals at 4.63 and 4.55 5 on the extreme
downfield side of the spectrum which are followed upfield by the phosphomonoester
resonance band. The phosphomonoester band includes hexose 6-phosphate at 4.48
5 and extends to but does not include Pi at 2.63 5. The other 15 resolvable
components of this band include 6 uncharaclerized resonances at 4.34, 4.02, 3.98,
3.81, 3.72, and 3.39 5 and 9 other previously characterized resonances. These
characterized resonances include a-GP at 4.29 5, the twin resonances of fructose 1,6diphosphale at 4.10 5 and 4.05 5, /3-gIyceroI phosphate at 3.93 5, the substituted
ethanol phosphates, PF at 3.85 5 and PC at 3.32 5, the nucleoside monophosphates
IMP and AMP at 3.78 8 and 3.74 5, respectively and the 2' phosphate of NADP at
3.63 5. Pi at 2.63 8 is followed by the resonance signal of Glucose 1-P at 2.05 8. The
phosphodiester band is found immediately upfield. This band containsGPG at 0.98
8, GPK at 0.85 5, GPS at 0.66 5, GPI at -0.10 5, GPC at -0.13 5 and the broad
resonance of PG at -0.70 5. The next detectable signal upfield is that of PCr at -3.10
8 followed by the bands corresponding to the ionized end groups y at -5.70 8 and /?
at -6.02 5, of ATP and ADP respectively. Further upfield are the resonance bands of
the a-esterified phosphates of ATP at -10.88 5, ADP at -10.48 8, D.\ (NADP and
NADPH) at -11.20 5 and NS at -12.885 (e.g. uridine diphosphoglucose). Finally, on
the extreme upfield side of the spectra is the resonance arising from the middle /3phosphate of the nuclcoside triphosphates, primarily ATP at -21.33 5. In general, the
high-energy phosphates resonate between -1.5 5 and -25 5 and the low-energy
phosphates between 8 5 and -1.5 5.
Because the 3IP MR spectrum measures the total phosphorus profile of a substance
rather than a select chemical entity, the spectra analyzed in this study revealed a
number of phosphorus-containing molecules that have not been previously identified
by other chemical procedures.
Qualitatively, observable differences can be seen between the malignant and normal
spectra. The malignant spectrum demonstrates numbers of readily resolvable
resonance signals in the region of 4 5, the PMK region. In contrast, the relative
absence of the uncharaclerized resonance at 4.55 5 and the resonances of Glucose 1-P
and GPS in ihe normal spectra is discernable. Additionally, the relatively more
pronounced PG peak (Figure 1) is a feature of the malignant spectra not observed
in the normal spectra.
Relative metabolite concentrations in mole percentages of phosphorus were
calculated for all detectable metabolites of the tissue spectra. Spectra were grouped
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Figure 1. The resonance signals from
(dmtmfield) left to (upfield) right are as
follows: uncharacterized sigiuds at 4.63 and
4. 55 5, hexose 6-phosphate at 4.48 8, 6
uncharacterized resonances at 4.34, 4.02,
3.98, 3.81, 3.72, and 3.39 8, a-glycerol
phosphate at 4.29 8, the twin resonances of
fructose 1,6-diphosphate at 4.10 8 and
4.05 8, fi-glycerol phosphate at 3.93 8,
phosphorylethanolamine (PE) at 3.85 8,
inosine and adenosine monophosphate at
3.78 8 ami 3.74 8, nicotine adenine
dinucleotide phosphate at 3.63 8,
plwsphorylcholine (PC) at 3.32 8, inorganic
orthophosphate (Pi) at 2.63 8, glucose
1-phosphate at 2.05 8, glycerol
phosphoglycerol at 0.98 8, glycerol
3-phosphorylethanolamine at 0.85 8,
glycerol 3-phosphorylserine at 0.66 8,
glycerol 3-phosphorylinositol at -0.10 8,
glycerol 3-phosphorylcholine (GPC) at
-0.13 8, and the phosphorylated glycans
(PC) at -0.70 8. The next resonance signals
upfield are phosphocreatine (PCr) at
-3.10 8 followed by the bands corresponding
to the ionized end groups y at -5.70 8 and
(3 at -6.02 8, of ATP and ADP respectively.
Further upfield are the resonance bands of
the a-esterified phosphates of ATP at
-10.88 8, ADP at -10.48 8, the
dinucleotides (DN) at -11.20 8 and the
nucleoside diphosphosugars (NS) at
-12.88 8. On the extreme upfield side of the
spectra is the resonance arising of the /3phosphate of the nucleoside triphosphates,
primarily ATP at -21.33 8.
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Table 1. Phosphatic metabolic profile of human colon tissues.
Phosphatic3
Metabolite

Chemical
Shift (5)

u
ud

4.G3S
4.55 5
4.48 5
4.34 5
4.29 5
4.105
4.05 5
4.02 5
3.98 5
3.95 5
3.85 5
3.81 5
3.78 5
3.75 5
3.72 5
3.63 5
3.39 5
3.32 5
2.63 5
2.05 5
0.98 5
0.85 5
0.66 5
-0.10 5
-0.13 5
-0.70 5
-3.10 5

Hexose 6-P
U

a-GP
Fru 1,6-diP
Fru 1,6-diP
U
U

/3-GP
PE
U
IMP
AMP
U

NADP 2'-P
U
PC
Pi

Glu 1-P*1
GPG
GPE
GPS

GPI d
GPC
PG
PCr
ATP
ADP

DN
NS

g
h
i
j

Malignant1*
0.18 ±0.04
0.11 ±0.03
0.59 ±0.12
0.44 ± 0.0
0.84 ± 0.07
0.43 ±0.1
0.45 ± 0.05
0.57 ±0.13
1.68 ±0.27
2.13 ±0.77
7.99 ± 0.43
1.83 ±0.26
5.00 ±0.61
1.75 ±0.22
2.45 ± 0.34
2.87 ± 0.60
1.24 ±0.26
1.83 ±0.26
20.50 ± 2.49
0.61 ±0.04
0.25 ± 0.03
1.34±0.11
0.32 ± 0.04
0.76 ±0.16
1.61 ±0.22
17.85 ±2.96
0.60 ±0.16
14.85 ±2.80
4.44 ± 0.99
2.05 ±0.41
5.74 ± 0.92

a

Normal0
0.26 ±0.10
0.18
0.55 ± 0.07
40.38 ± 0.06
0.87 ±0.12
20.31 ±0.03
0.36 ± 0.03
0.29 ±0.03
1.43 ±0.32
1.76 ±0.37
6.05±0.51 e
1.11 ±0.19
3.79 ± 0.67f
1.56 ±0.36
1.02±0.20e
1.18±0.24f
1.50 ±0.61
2.72±0.31 f
23.16±2.19
0.48
0.36 ± 0.06
0.86±0.15 f
0.29 ± 0.09
1.45 ±0.16
5.53 ± 1.29e
3.64 ± 0.64e
29.90 ± 3.17e
7.27 ± 1.25
3.07 ± 0.62
3.11 ±0.52 f

U, uncharacterized; Hex 6-P, hexose 6-phosphate; a-GP, a-glycerol phosphate; Fru 1,6-diP,
fructose l,6-diphosphate;/3-GP, /3-glycerol phosphate; PE, phosphorylethanolamine; IMP, inosine
monophosphate; AMP, adenosine monophosphate; NADP 2'-P, the 2'-phosphate group of NADP;
PC, phosphorylcholine; Pi, inorganic orthophosphate; Glu 1-P, glucose 1-phosphate; GPG,
glycerolphosphoglycerol; GPE, glycerol 3-phosphoryl-ethanolamine; GPS, glycerol 3phosphorylserine; GPI, glycerol 3-phosphorylinositol; GPC, glycerol 3-phosphorylcholine; PG,
phosphorylated glycans; PCr, phosphocreatine; ATP, adenosine triphosphate; ADP, adenosine
diphosphate; DN, dinucleotides; NS, nucleoside diphosphosugars. b n = 1 0 c n=9 "Metabolite
lying below levels of detection for normal tissue. e Significant difference between mean values, P
< 0.01 f Significant difference between mean values, P < 0.05 8 ATP, a -10.88 5, /S -21.33 5,
y-5.70 5 h ADP, a -10.48 5, £-6.02 5 'DN,-11.2 5 J NS,-11.5 5,-12.88 5
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Table 2. Phosphatir metabolic indices oj human colon tissues.
Metabolic Index 3

Malignant1*

30.38 ± 1.67
3.81 ± 0.29
GPD
2.98 ± 0.32
NMP
PEPC (PK + PC)
9.82 ±0.34
PE/PC
5.67 ± 1.22
GPEGPC (GPE + C '.PC) 2.95 ± 0.32
0.90 ±0.01
GPK/GPC
3.G3 ±0.34
PEPC/GPKGPC
1.71 ± 0.24
PME/Pi
0.2!) ±0.06
ATP/Pi
0.03 ±0.01
PCr/Pi
0.11 ±0.01
PCr/ATP
0.60 ±0.04
Energy Charge
178.10
Pliosph Polenl
±58.91
0.48 ±0.10
Modulus
PMK

Normal 0

23.01 ± I.76d
2.37 ± 0.70d
1.80 ± 0.46
8.77 ± 0.6G
2.36 ± 0.27d
2.15 ±0.24
0.79 ± 0.28
5.62 ± 1.85
1.05 ± 0.1 l e
0.47 ± 0.07
0.17±0.04 d
0.36±0.05 d
0.78±0.04 d
241.95 ±56.34
0.87 ± 0.12e

a

PME, phosphomonesters; GPD, total glycerolphosphodiesters;
NMP, nucleoside monophosphates AMP and IMP; PEPC (PE +
PC), phosphorylethanolamine and phosphorylcholine; PE/PC, PE
to PC; GPEGPC (GPE + GPC), glycerol 3-phosphorylethanolamine
and glycerol 3- phosphorylcholine; GPE/GPC, GPE to GPC;
PEPC/GPEGPC; PE and PC to GPE and GPC; PME/Pi, PME to
inorganic orthophosphate; ATP/Pi; PCr/Pi, phosphocreatine to Pi;
Energy Charge, Energy Charge of the adenylate system, Energy
Charge = ([ATP] + ([ADP] * 0.5))/([ATP] + [ADP] + [AMP]); Phos
Potent, Phosphorylation Potential (D = [ATP]/[ADP][Pi]; Tissue
Energy Modulus (ratio of high- to low-energy phosphates).
b
n=10
i:
n=9
d
Indicates significant difference between tissue groups, P < 0.01
e
Indicates significant difference between tissue groups, P < 0.05

according to histopathologic diagnosis as malignant or normal. Mean metabolite
concentrations were computed for metabolites appearing in the spectra of the two
groups (Table 1). To determine if differences existed between the mean
concentrations of the metabolites in the two tissue groups, a two-tailed t-test was
applied. Statistically significant elevations were observed in the mean relative
concentrations of metabolites IMP, NADP 2'-P, GPE and NS at the P < 0.05 level
and PE, U at 3.72 5, and PG at the P < 0.01 level. Statistically significant decreases
in malignant tissues compared to normal were seen in the metabolites PC at the
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P < ().():> level and in PCr and ATP at the P < 0.01 level.
'Ihe highly resolved spectra of this study permitted the calculation of fifteen applied
and theoretical metabolic indices (Table 2), and thus metabolic indices also were
compared on a statistical basis using the two-tailed t-test. Significant differences were
observed in malignant tissues (P < 0.05) with the elevation of the PME/Pi index and
a reduction in the tissue energy modulus. Significant elevations (P < 0.01) were also
observed in the PMH, GPD, and PE/PC indices, and significant depressions in the
PCr/Pi, PCr/ATP indices and the energy charge of the malignant tissues.
Discussion
ITie analysis of phosphorylated intermediates of metabolism can be divided into the
interpretation of phosphorylatcd metabolites related lo the cell membrane and the
evaluation of high and low-energy metabolism that describes energy-generating
pathways.
Phosphorylated metabolites related to membranes
Phosphorylated metabolic intermediates representing precursors and products of
membrane phospholipid metabolism are numerous in this high resolution study.
'ITiey also n present a majority of the significant findings. The precursor-products of
membrane phospholipid metabolism can be further classified according to the
phosphorus polar head group linkage; phosphomonoesters such as phosphorylethanolamine or phosphodiesters such as glycerol 3-phosphorylethanolamine. The
chemical shift effects of the functional groups results in the phosphomonoesters
resonating between 8.0 to 1.2 8 and the phosphodiesters that resonate between 1.2
and -1.0 S.15 In this study, the analyzed phosphomonoesters of membrane
phospholipid metabolism are predominantly PE which is elevated in malignant tissue
and PC which is depressed in malignant tissue. The elevation of PE is consistent with
previous findings by Merchant et al.10 where PE was significantly elevated in
malignant breast tissues compared to normal. The phospholipid analogue of PE,
phosphorylethanolamine is a major component of the inner leaflet17 of the cell
membrane and is responsible for alterations in membrane shape with malignancy.18
PE has also been postulated to be a false neurotransmitter with inhibitory action.19
The increase in ethanolamine metabolism is further identified through the
ethanolamine phosphodiester GPE which is significantly elevated in malignant tissues.
This compound is identified as a saponification product of the membrane
phospholipid phosphatidylethanolamine resulting from conditions favoring the
hydrolysis of fatty acid side chains. Saponification represents cellular injury,
degradation of cells and an increase in phospholipase activities.20
The decrease in the relative concentration of PC is a phenomenon expected in
malignant tissue. A recent study by our group reports an increase in the alkyl63

phospholipid analogue of phosphatidylcholine, phosphatidyicholinc plasmalogen.21
This alkyl-phospholipid has been shown to be released by malignant tissue and is
responsible for the activation of immune response cells." PC characteristically appears
in the outer leaflet of the cell membrane as a residue of phosphaiidylcholine and
sphingomyelin.17 It has also been postulated that PC is a false neurolransmitter with
excitatory action.19
The remainder of the intermediaries corresponding to membrane metabolism are
found in the phosphodiester region of the spectrum. Aside from the significant
elevation of GPK, the appearance and elevation of the glycerol-linkcd precursorproducts GPC, GPS and notably GP1, although not significant except for the relative
absence of GPI in normal tissue, potentially reveals the breakdown of membrane
phospholipids in an environment favoring hydrolysis by lysophospholipasc activity.
The relative absence of GPI in normal tissues is remarkable. The appearance of GPI,
coupled with the elevation of PE may be explained through the findings of Hefta el
alp In their study, they described that carcinoembryonic antigen (CEA), a peptide
and oncofetal antigen expressing the de-differentiation of a variety of carcinomas
including colorectal cancer, is anchored to a phosphorylated inositol-glycan in the
membrane through an ethanolamine linkage. This finding raises the possibility that
in other tumors with elevated levels of CEA, inosilol may be concomitantly elevated.
Given the role of CEA in expressing the degree of tumor de-differentiation, further
investigation may focus on the correlation of phosphorylated inositol levels with the
degree of differentiation. The role of inositol phosphates as second messengers
evoking a broad spectrum of intracellular reactions is being defined.24
Metabolic indices found to differ significantly between malignant and normal tissues
include the PME and GPD indices in which membrane precursor-products play an
important role. Both indices are elevated in malignant tissues. The summation of PC
and PE concentrations and GPC and GPE concentrations, while individually elevated
or depressed, are themselves not significant. Therefore, although the components of
the PME band, PE and PC, do contribute respectively an important portion of the
signals, they do not account for the significant elevation by themselves. The two
residues of phosphatides that give rise to asymmetric membrane characteristics, PC
and PE, act as apparent antagonists of each other. Their ratio, PE/PC, is significantly
elevated in malignant tissues. The elevation of the glycerolphosphodiesters in
malignant tissue means is accounted for by the significant elevation in GPE and the
singular appearance of GPI in malignant tissues. The phosphorylated glycans,
represented by a prominent broad band in the phosphodiester region and whose
relative concentration of the tissues' total mole percentage of phosphorus is only
exceeded by the flux of the inorganic nutrient Pi, are a significant expression of the
malignant membrane's generation of catabolic end products, destruction and
uncontrolled growth. These phosphorylated substances may now have a more
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definable role as indicators of tumor differentiation based upon the glyenn linked
with the phosphatide residues discussed above. The increased pioduilion of these
products represents major compromise of membrane function. The elevation of J*G
in malignant tissues may represent a significant expression of the malignant cell
membrane's generation of calabolic. anabolic or intermediate products, it cannot be
definitely presumed that these are products of neoplastic growth or end products of
tumor necrosis and inllammalory response. However, the tissue uuli/ed in our study
was sampled from areas dee of grossly observable necrosis. I he vast majority of the
tissue processed was composed predominantly of neoplastic cells and associated
suoma.
High-energy metabolism
Intermediates responsible for high-energy metabolism are found principally from r
l..> 5 to -24 8 in the phosphatic spectrum. Of these metabolites, the significant
diminution of PCr and All' in malignant tissue was offset only slightly by the
significant increase in the N'S in the malignant tissue. The decrease in PCr in
malignant tissue is an expression of malignant tissues previously measured by
Merchant ft «/.'" The diminution of I'Cr in malignant tissue, also represented by the
significant depression of the PC-r/Pi index represents the loss or expenditure of an
energy generating source as an alternative to, or coupled with, the formation of ATP.
PCr diminution may also represent an increase in the biosynthesis of protein since
PCr is one of the high-energy metabolites responsible for nucleoside triphosphate
synthesis, the essential high-energy cofactors required for protein biosynthesis. The
relationship of PCr to Pi is manifested in the near f»0 c/c relative reduction in the
concentration of ATP in malignant tissue. The reduction in the ATP/Pi index and
ratio of PCr/ATP represents the tissues' decreasing dependancc on high-energy
sources of metabolic energy.
I "he elevation of NS portrays an alternative source of high-energy metabolism whose
relevance is seen in the role \ S plays in (1) energy generating pathways of the
hexose monophosphate shunt, (2) as a carrier molecule in phospholipid biosynthesis
and (3) as a precursor in nucleotide biosynthesis.
I"he levels of ATP, representing 30 % of the relative mole percentage of phosphorus
concentration in the noninvolved tissue testifies that the handling of the surgical
tissue specimens was adequate for preservation. The noninvolved tissue has near
basal levels of relative ATP concentration which is evidence of tissue preservation of
metabolites.2'"7 The PCr is also preserved in the control and the Pi levels are
approximately equivalent in the noninvolved and malignant tissue. This exemplifies
that the degradation in high-energy metabolism is not from handling and that even
though the ATP levels are nearly two times greater in noninvolved tissues, these
differences are real and do not represent arlifaclual changes.
The energy charge represents the ability of tissue metabolism to keep the adenylate
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system phosphorylaled. " I ' MRS analysis shows (hat (he colon wiiwrs examined d*j>
n<Jt ha this ability. This defect would be exacerbated by anaerobic condition*. Since
the energy charge of healthy tissues is approximately 0.80/* the energy charge of ihe
normal tissues, 0.78, reflects timely handling of the tissue specimens which prevents
their degradation.
Low-energy metabolism
The accumulation of low-energy phosphatic intermediates in malignant tissues is
observed by the relative increases seen in I Ml', the unknown resonance at 3.72 8.
NAD I' 2'-I' and the singular appearance in normal tissue of minor metabolites at
4.")"> S and (Uucose I-P. These intermediates probably represent an accumulation of
precursors to glycolysis, energy generating pathways and lipid metabolism. While
relative accumulation of these intermediaries may measure a tendency or shift to
glycolysis as an energy generating source, the accumulation might imply that a
decrease in glycolylic cofaclors is present. One such factor would be oxygen.
N'eoplastic cells are subjected to increasing hypoxia as the tumor growth extends
beyond necessary vascular supply. The accumulation of these intermediates may
characterize pathways not discussed at present. Overall, the shift to these processes
is manifested by the increased PMfc. index and PME/Pi ratio which account for minor
metabolic changes.
In order to compare the high energy and low-energy processes the spectral tissue
energy modulus was computed and found to be significantly different between
malignant and normal tissue. The spectral tissue energy modulus is a comprehensive
indicator of the energy status of malignant tissues because its value is influenced by
all measurable quantities in the J1P spectrum. The depression of the modulus in
malignant tissue typifies malignancy. Its depression has also been measured in
malignant breast tissues using similar methods.10 The modulus value of the normal
control 0.87 +_ 0.12 is expected as healthy tissues have a modulus near unity.
While the metabolic differences observed are significant between the malignant
tissues analyzed and their noninvolved controls, several problems inherent to this
study must be recognized. Firstly, though the tissues were handled identically,
malignant cells are known to differ biochemically from normal cells in respect to
metabolic products, structural proteins enzymatic proteins, carbohydrates and lipid
constituents. The possibility exists that the differences observed are actually artifacts
secondary to processing effects on tissues of varying constitution rather than true
metabolic characteristics of the malignant tissues. Secondly, the malignant neoplasms
tend to be composed of large amounts of fibrous connective tissue admixed with
tumor cells, and almost totally displace the normal colonic mucosa and fibromuscular
wall in involved areas. Hence, the ratio of epithelial cells to fibrous stroma is highly
variable in the malignant specimens and quantitatively may exceed that of normal
controls of equivalent size and weight. This variability is an obstacle in controlling for
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quantity of epithelium versus stroma in different tumor specimens, though the ratio
is (airly constant in normal tissue. Nevertheless, the fact that similar qualitative and
quantitative changes were identified in all tumor specimens analyzed, suggests that
these differences have little effect on the assay. ITiirdly, it is possible that the controls
obtained from the noninvolved regions of the colon may actually contain focal areas
of disease and thus may not truly reflect the metabolic profile of normal colon which
contains no focal areas of disease. However, as it is not feasible to obtain entirely
healthy colon specimens from human subjects, and since to our knowledge no
previous 3IP MR spectra of normal human colonic tissue have been documented, the
assumption can be made at this time that the profiles obtained from these control
specimens reflect the metabolic constituents of normal colonic tissue. Despite the
aforementioned limitations, the ability of 3IP MR spectroscopy to distinguish
malignant colonic tissue from normal colonic tissue remains demonstrated.
In summary, highly resolved 3IP MR spectra can be consistently obtained from
chemical tissue extracts of human colon adenocarcinoma. Significant differences in
high-energy and low-energy metabolism and metabolism related to the cell
membrane can be measured and quantified. The findings of this study are consistent
with spectroscopic data of other human malignancies. This includes the decrease in
the tissue energy modulus and the elevation in the phosphomonoestersand diesters
with malignancy. This study supports previous findings related to membrane
breakdown and alteration characteristic of malignancy. The most notable findings are
related to membrane metabolism in malignant tissue where a shift in equilibrium is
seen from cholinc to ethanolamine metabolism and the appearance of minor
phosphodiester resonances in the malignant tissue spectra.
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Abstract
Phospholipids from malignant, benign and noninvolved human breast tissues were
extracted by chloroform-methanol (2:1) and analyzed by 31P MR speclroscopy at 202.4
MHz. Thirteen phospholipids were identified as constituents of the profiles obtained
among the 55 tissue specimens analyzed. Observed patterns in phospholipid tissue
profiles were distinct, allowing qualitative characterization of the three tissue groups.
Multivariate analysis of lysophosphatidylcholine (LPC) and an uncharacterized
phospholipid at 0.13 S were shown to be independently significant in predicting benign
tissue histology as either fibrocystic disease or fibroadenoma in 92 % of cases.
Univariate analysis of relative mole-percentage of phosphorus concentrations of
individual phospholipids using Scheffe comparison procedures revealed that in
malignant tissues, phosphatidylethanolaminewas significantly elevated compared to
benign ( + 32%) and noninvolved tissues (+22%). Phosphatidylinositol ( + 33%) and
phosphatidylcholine plasmalogen (PC plas) ( + 25%) were increased in malignant
compared to benign and LPC was decreased (-44%) in malignant compared to
noninvolved. LPC was significantly depressed (-39%) in benign tissue compared to
normal. Phospholipid indices computed to further characterize the three tissue groups
showed PC plas/PC elevated in malignant tissue compared to benign and PE plas/PE
depressed in malignant tissue compared to noninvolved. These findings support
previous investigations reporting that the alkyl-phospholipid analogues of
phosphatidylcholineare released by malignant tissues and that levels of ethanolamine
are elevated in malignant tissues. Indices describing the choline-containing
phospholipids showed that these lipids are depressed significantly in malignant tissue
relative to healthy tissue.
Introduction
Phosphorus-31 magnetic resonance spectroscopic studies of malignant tissues have
assessed phospholipid metabolism through the phospholipid precursors and products
found in aqueous tissue extracts, namely phosphorylcholine and phosphorylethanolamine.1-2 These two principle precursor-products of phospholipid metabolism
can be measured in analytical MR studies of perchloric acid extracts of human breast
tissues.3 These same two metabolites also contribute the majority of the signal detected
in the phosphomonoester spectral region of intact cells and of in vivo MR analyzed
human breast tissues.45 Evaluated in this manner, these cytoplasmic components reveal
little detail concerning the biochemistry of the corresponding membrane phospholipids
in which they are incorporated.
Because phospholipids are a major component of the cell membrane, assessment of
phospholipid metabolism in malignant tissues is important for understanding tumor
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growth.6 Coman et a I.1 showed that alterations in membrane metabolism and
composition result in phenomena which lead to uncontrolled growth and loss of
intracellular communication. Patton and Jensen8 showed that metastasis may be
directly linked to alterations in cell membranes while other groups showed that
phospholipidsare important for the immune system's response to tumor growth.9"1'
Development of an analytical MR phospholipid analysis may be helpful in the
diagnostic process. Such an analysis might, through characteristic differences in
spectral profiles, enable differentiation of normal, benign, premalignant, and
malignant breast tissues. This study profiles the phospholipids from normal, benign
and malignant surgical breast tissue specimens with the intention of contributing to the
understanding of the biochemistry of neoplastic processes in the human breast and
advancing the role of magnetic resonance spectroscopy in differentiating malignant
and benign lesions of the breast.
Materials and Methods
Surgery

Human breast tissue specimens were obtained from patients undergoing scheduled
surgical procedures. These unfixed tissue specimens were divided within 10 minutes
into their diseased and nondiseased components for histopathologic examination and
MR spectroscopic phospholipid analysis. Portions taken for MR analysis were then
submerged in liquid nitrogen for storage. Specimens ranged from 0.2 to 1.5 g. The
remaining surgical tissue specimens were sectioned and examined microscopically for
histologic diagnosis after staining with hematoxylin and eosin.
Human Breast Tissue Classification

Tissue specimens acquired for this study represent a variety of pathological
conditions and were classified for purposes of univariate analysis as either malignant,
benign or noninvolved breast parenchyma. Breakdown of these individual groups
reveals 18 malignant specimens with a primary diagnosis of infiltrating
adenocarcinoma; 25 benign specimens with primary diagnoses of benign conditions
including fibrocystic disease and fibroadenoma; and 12 specimens of noninvolved
breast parenchyma corresponding to 10 noninvolvedcomponentsof malignantand 2
corresponding noninvolved components of the benign specimens. The benign tissue
specimens were further classified according to reported histology as fibrocystic disease
and fibroadenoma for a separate multivariate analysis. The term ' noninvolved breast
parenchyma' indicates that the tissue specimen was obtained beyond the margins of
neoplastic tissues identified in the acquired breast tissue specimen. The term
noninvolved breast parenchyma defines the essential and distinct tissue of the breast
which is composed primarily of the glands and ducts. Note that specimens used in this
study were from patients with no previous history of malignancy.
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Chemical Procedures

A simple modified Folch extraction was used to extract the intracellular and
membrane phospholipids.1-'L3 Breast tissue specimens frozen in liquid nitrogen were
weighed and pulverized to a fine powder with a stainless steel mortar and pestle chilled
with liquid nitrogen. The homogenized tissue was added to 20 weight-volumes(l g.n
= 1 ml) of chloroform-methanol 2:1 (v/v). The homogenate, having only one liquid
phase, was filtered into a separatory funnel and washed with 0.2 volume of 0.1 M KC1
and allowed to separate thoroughly (ca. 24 hr) at 24 °C. The chloroform phase, was
recovered and evaporated at 37 °C using a rotary evaporator. The analytical medium
for the 31P magnetic resonance phospholipid analysis was identical to that previously
described for MR phospholipid analysis.12 The medium consists of reagent grade
chloroform and methanol containing benzene-d^ and dissolved Cs-EDTA, pH 6.0. The
prepared lipid that is free of excess solvents and not contaminated with excessive
amounts of paramagnetic cations or free-radicals, was dissolved in 2.0 ml 2:1
chloroform-methanol containing benzene-d6 and placed in a 10 mm MR sample tube.
A single phase was then obtained. To this solution, 1.0 ml of the Cs-EDTA salt was
added and the mixture stirred. Two phases were obtained, a major chloroform phase
and a minor water phase. The Teflon plug of the MR sample tube was advanced
expulsing the minor water phase which was then removed. The MR sample tube
turbine was adjusted so that only the chloroform phase was detected by the MR
spectrometer's receiver coil.
31

P Magnetic Resonance Spectroscopy

The MR spectrometer used in this investigation was a heteronuclear GE 500NB
system operating at 202.4 MHz for 31P. The spectrometer was equipped with an
Oxford Instruments 500/52 magnet and cryostat, having an operating magnetic field
of 11.75 Tesla, deuterium field-frequency stabilization, and an automatic fieldhomogeneity adjustment capability that adjusted the spectrometer room temperature
shims to improve field homogeneity during sample acquisition. Analytical samples were
placed in standard 10 mm MR sample tubes and spun at 8 Hz during the data
acquisition period. Samples were analyzed with proton broad-band decoupling to
eliminate 'H-31P MR multiplets. Under these conditions each spectral resonance
corresponds to a single phosphorus functional group, representing a single generic
phospholipid species. Chemical shift data are reported relative to the usual standard
of 85 % inorganic orthophosphoric acid;14 however, the primary internal reference
standard was a naturally occurring phospholipid, phosphatidylcholine (-0.84 5).
Spectrometer conditions used for analytical extract analyses were as follows: pulse
sequence, one pulse; pulse width, 18/isec (45° spin-flip angle); acquisition delay, 500
/isec; cycling delay 500 msec; number of acquisitions, 12,000; number of points per
free-induction decay, 4096; acquisition time 1.02 sec; sweep width +_ 1000 Hz. The
total average time per analysis was 6 hours. In addition, a computer generated filter
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time-constant introducing O.f> Hz line broadening was applied. Data reductions,
including peak area and chemical shift measurements and spectral curve analysis, were
calculated using the spectrometer's computer. To compensate for relative saturation
effects among various phosphorus signals detected in a single 3IP MR spectroscopic
profile, MR spectrum must be standardized against measured amounts of tissue-profile
metabolites wherever these were known. The rapid cycling time used necessitates
calibration of the instrument with known materials appropriately doped to obtain
calibrated spectra. The procedures for carrying out this calibration so that an accurate
quantitative measurement is obtained from the 3IP MR spectral profile have been
described.15"17 Chemical shifts follow the convention of the International Union o[ Pure
and Applied Chemistry and are reported in field independent units of 5.
Data Analyses
Metabolite concentrations in relative phosphorus mole percentages were computed
for all detected phospholipid resonances in the analyzed breast tissue specimens. Mean
metabolite concentrationsin relative mole percentages of phosphorus were calculated
for the malignant, benign and noninvolved tissue groups. Initially, the three groups
were compared at the level of the individual phospholipids by an analysis of variance.
For those resonances where a significant difference was determined to exist, F prob,
P < 0.05), post-hoc simple and complex contrasts were applied. Simple contrasts
employed the Scheffe comparison procedure. Complex contrasts pitted the combined
means of two tissue groups against the remaining mean to which a simple two-tailed
t-test was applied.18 Significance was measured at the P < 0.05 and P < 0.01 levels for
both post hoc comparison procedures. Under most conditions analysis of variance
requires the assumption that the underlying variances between tested means are equal.
At those resonances where significance was found to exist, homogeneity of variance was
confirmed using Cochran's C and the Bartlett-Box F tests.
From the grouped metabolite data, 19 indices representing phospholipid metabolism
were calculated: PC + PE; PC plas + PE plas; (PC plas + PE plas)/(PC + PE); PC
plas/PC; PE plas/PE; LECITHIN, PC + PC plas; CHOLINE, PC + PC plas + SPH;
LECITHIN/CEPHALIN, (PC + PC plas)/(PE + PE plas); OUTSIDE, PC + SPH;
INSIDE, PE + PS; LEAFLET, (PC + SPH)/(PE + PS); PC/PE; PC/PS, SPH/PS;
SPH/PE; ANIONIC/NEUTRAL, (PI + PS + CL + PA + PG)/(PC + PC plas + SPH +
PE + PE plas); LYSO, LPC + LPE; LPC/PC; LPE/PE. These theoretical parameters,
given as ratios of individual or grouped phospholipids were generated to compare
phospholipids or groups of phospholipids and provide more pathway-specific
metabolic interrelations for discussion.
Benign breast tissue spectral data were analyzed in a multivariate fashion. Using
discrimination analysis, the variables (relative concentrationsof LPC, U and PA) were
entered in a forward, stepwise manner using P < 0.05 as criterion for inclusion in the
model. Phospholipids independently significant in predicting benign tissue
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classification were determined.
For purposes of statistical analysis, missing values represent resonance signals lying
below the levels of detection and were not included in the analysis.
Results
11

1* MR phospholipid speclroscopic profiles of malignant, benign and noninvolved
human breast tissues are presented in Fig. 1. Thirteen resonance signals of the 31P
spectra were identified as arising from membrane phospholipids. These resonance
signals, from downfield, left to upiield right, include: PG at 0.52 5, I.PK at 0.43 5, PA
at 0.32 5, CL at 0.18 8, L1 at 0.13 8, PK plas at 0.07 5, PK at 0.03 5, PS at -0.05 5, SPH
at -0.09 5, LPC at -0.27 5, PI at -0.37 5, PC plas at -0.78 5 and PC at -0.84 5.
The relative signal intensities of the noninvolved breast tissue phospholipid spectrum
appear consistent in their arrangement with the most prominent signal, PC, followed
successively in relative intensity by SPH, PK plas, PS, PK, PI and other minor signals
of variable intensity. This pullern is consistent in the benign .spectra but not in the
malignant. In the malignant, the prominent PC peak is followed in relative intensity
by a pattern of PK plas, SPH, and PK in which PK plas is most prominent of the three
phospholipids in C> cases, SPH most prominent in 7 cases and PK most outstanding in
5 cases. PS is less prominent in all cases and is followed in relative intensity by PI.
Ten of the 12 noninvolved breast tissue specimens analyzed were obtained from
patients with diagnosed malignancy. Of these 10 specimens, 5 demonstrated trace
amounts of PA, LPC and U in various combinations, i.e., LPC appeared only with PA
and U present. PA did not appear in the remaining 5 specimens which also lacked
detectable LPC and L- An appreciable characteristic of the noninvolved spectra was the
absence of detectable LPK and PC
In the benign spectra, the 25 specimens were derived from tissues with a primary
diagnosis of fibrocystic disease in 13 cases and fibroadenoma in 12 cases. The pattern
of concurrently appearing PA, LPC and the uncharacterized resonance at 0.13 8 was
seen exclusively in the fibrocystic group and never in the fibroadenomas.
Discrimination analysis using LPC, U and PA as independent features to predict
fibrocystic disease versus fibroadenoma showed that LPC and U are independently
significant. This model, a linear discrimination analysis, classified 92 % of cases
correctly by predicting the histologic tissue type. PA was significant in univariate
analysis, however, when corrected for the contribution of LPC and U in the
multivariale analysis, it was found not to be significant.
PA appeared in 14, LPC in 14 and the uncharacterized resonance at 0.13 8 in 16 of
the 18 malignant cases studied. Other minor metabolites such as PG were also seen in
these tissues.
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Malignant

Benign

PG

PA

Noninvolved

PK phis

0.5

0.0

-0.5

-1.0

Figure 1. Phosphorus-31 magnetic resonance spectra of extracted phospholipids of malignant
(top), benign (center) and noninvolved (bottom) human breast tissue specimens. The resonance
signals from downfield (left) to upjield (right) are as follows: phosphatidylglycerol (PG) at
0.52 8, phosphatidic acid (PA) at 0.31 8, cardiolipin (CL) at 0.18 8, an uncharacterized
phospholipid (U) at 0.13 8, phospiiatidylethanolamine plasmalogen (PE plas) at 0.07 8,
phosphatidylethanolamine (PE) at 0.01 8, phospliatidylserine (PS) at -0.05 8, sphingomyelin
(SPH) at -0.09 8, lysophosphatidykholine (LPC) at -0.27 8, phosphatidylinositol (PI) at
-0.37 8, phosphatidylcholineplasmalogen (PCplas) at -0.77 8, andphosphatidylcholine (PC)
at -0.84 8.
«n

Kvaluation of the MR spectra of the three groups shows that quantitative spectral
data (Table 1) can be grouped into lour ranges of relative concentrations: Greater than
40%, I'C; Ix-twccn 10 and l.r> 'A, I'K plas and SI'II; between f. and 10 %, IN and I'K; and
less that ,r> %, the H remaining phospholipids. Among the remaining 8 phospholipids,
l.I'K was not detected in normal tissue and presented a relative mean concentration of
less than 1 *'/< in malignant tissues. I'C was delected in only one normal tissue sample
and comprised less than I '/< of neoplaslic tissue phospholipids.
A post-hoc Schefle comparison procedure, applied between the means ol the threetissue groups at the resonances of I'K, I.IK'., I'l and I'C plas, following an analysis of
variance, demonstrated significant differences among the three tissue groups, (Table
2, upper half)- Malignant tissue is distinctly different from benign at I'K, I'l and I'C
plas, all three phospholipids are significantly elevated in malignant tissue by factors of
1.32, 1.33 and 1.2.r> respectively. Malignant tissue dilfered significantly from
noninvolved at I'K and I.I'C. I'K was elevated by a factor of 1.22 and I.I'C was

Table 1. yP MR pfiospliolipid profile of human breast tissues.
Mean mole percentage of phosphorus _+_ SI)
Phospholipid3
PC
I.PC
PC plas
PK
I.I'K1*
PK plas
PA
PS
SPII
PI
U
PC.'
CI.
a

b
f
1

Shift (fi)

Noninvolvcd

Benign0

Malignant

F prol>'

-0.84
-0.27
-0.78
0.03
0.43

42.20 + 3.32
2.13 +_ 0.75
3.89 +_ 1.0(5
7.01 +_ 1.59

43.31 +. 3.54
1.30+. 0.52

0.14
0.01 f
0.03B
0.005f

0.07
0.32
-0.05
-0.09
-0.37

12.45 ± 3.25
0.93 + 0.37
1.28
9.71
13.30 ± 3.13

41.10 3.71
1.21 ± 0.52
4.09 ± 1.14
10.07 ± 1.02
0.50 +_0.20
11.07 +_2.77
1.42 +_0.89
8.29 ± 1.72
10.40 ± 3.42
5.91 1.04
2.95 ± 0.00
0.91 +. 0.88
3.20 ± 0.88

0.13
0.52
0.18

3.75 +. 0.91

8.20 ± 2.00
1.59+. 1.49
11.79 i 2.91
1.00 ± 0.85
8.73 ± 2.04
13.40 ± 3.50
4.43 ± 0.79
2.52 +. 0.80
0.80+. 0.08
3.13 ± 2.07

± 0.07
3.79 ± 1.30

4.58

1.27
3.94 ± 1.83

0.<t3

0.44
0.02
0.17
0.08
0.003f
0.08
0.89
0.00

PC', phosphatidylclioline; LI'C, lysophosphatidylcholinc; PC plas, phosphatidylrholinc
plasmalogcn; PK, phosphatidylcthanolaininc; LPK, lysophosphatidylelhanolamine;
PK plas, phosphalidylfthanolamiiK' plasmalogcn; PA, phosphatidicacid; PS, phosphalidylserino;
SPH, spliiiigotiiyclin; P\, j)hosphalidyliiiositol;U, unchaiaclciizcd jjhospholipid;
PG, phosphatidylglyc<Tol;CL, rardiolipin.
n=l2 c n=25 " n=l8 e I-' prohahilily of analysis of variance.
P < 0.01 8 p < 0.05 h Not detected in noninvolved tissues.
Detectable in only one specimen of noninvolved tissue.
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Table 2. Significant simple contrasts of phospholipids and
phospholipid indices using Scheffi comparison procedures.
Metabolite
or Index 3
PE
LPE
PI
PC plas
PC plas/PC
PE plas/PE
CHOLINE
OUTSIDE
LPC/PC

Malignant
vs Benign

Malignant
vs Noninvolved

Benign
vs Noninvolved

b

b
b

b

c

b
b
b
b
c
b

b

a

PE, phosphatidylethanolaminejLPC, lysophosphatidylcholine;PI,
phosphatidylinositol; PC plas, phosphatidylcholineplasmalogen;
PC, phosphatidylcholine; PE plas, phosphatidylethanolamine
plasmalogen; CHOLINE, PC + PC plas + SPH (sphingomyelin);
OUTSIDE, PC + SPH; LPC, lysophosphatidylcholine.
b
P < 0.05
C
P < 0.01

Table 3. Post hoc tests performed as complex contrasts.
Phospholipid
or Index*
PE
SPH
LPC
PI
PC plas
U
PC plas/PC
PE plas/PE
CHOLINE
OUTSIDE
PC/PE
SPH/PE
LYSO
LPC/PC

Noninvolved
vs Neoplastic

Malignant vs Benign vs Malignant
Nonmalignant and Noninvolved
b e
b
b
c
b

c

b

b
b

c
c
c
c
b
b
b

b

b
c

b

b

b

a PE, phosphatidylethanolamine;SPH, sphingomyelin; LPC,
lysophosphatidylcholine; PI, phosphatidylinositol; PC plas,
phosphatidylcholineplasmalogen; U, uncharacterized phospholipid; PC, phosphatidylcholine; PE plas, phosphatidylethanolamine plasmalogen; CHOLINE, PC + PC plas + SPH;
OUTSIDE, (PC + SPH)/(PE + PS); LYSO, LPC (lysophosphatidylcholine) + LPE (lysophosphatidylethanolamine).
b
P < 0.05
C
P < 0.01
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Table 4. ''/' MR phospholipid indices (+_ SI)) ojhuman breast tissues.
Phospliolipid Index 3
PC + PK
PC plas + PK plas
(PC. plas + PK plas)/
(PC + PK)
PC plus/PC
PK plas/PK
LECITHIN
C1IOL1NK
LKCITIIIN/CEPHALIN
OUTSIDE
INSIDE
LEAFLET (PC + SPII)/
(PF. + PS)
PC/PK
PC/PS
SPH/PS
SPH/PK
ANIONIC/NEUTRAI.
l.YSO
LPC/PC
LPK/PKh
a

b

c

Noninvolved

Hrnignc

Malignant

V |>rolie

49.87 ± 3.51(5
1(5.3 5 + 3.45)
0.32 ± ().(>(;

51.52 ± 4.37
15 55 + 3 22

o.:w± 0.05

51.17 ±4.(57
15.70 + 3.07
0.31 ± 3 . 4 0

0.5(5
0.78
0.(50

0.09
I.K
4(5.15
50.51

± 0.02
+ 0.1 (5
+ 3.(50
± 4.74
2.41 ± 0.78
55.(52 ± 4.27
I7.32± 1 .00

0.08 ± 0.01
1.49 ± 0.19
47.07 + 3.(51
f>0.47 + 5.(58
2.4(5 + 0.52
5(5.72 ± 5.85
10.94± 3.32

0.11 ± 0.02
1.18.+ 0.41
45 79 + 3 73
5(5.2(5 ± 3 . 9 1
2.2(5 ± 0 . 3 8
51.57 ±3.9(5
18.3(5 ± 2 . 5 8

0.0 l f
0.01 f
0.50
0.028
0.(50
0.005f
0.20

3.24 ± 0.48
5.79 ± 1.43
4.41 ± 0.(55
1.41 ± 0.44
1.89 + 0.82
0.22 + 0.02
2.13 ± 0.54
0.05 ± 0.02

3.55 ± 1.17
5.(52 ± 1.(58
5.58 + 2.(55
1.79 ± 1.25
1.88 + 1.4(5
0.21 ± 0.02
1.53 ± 0.3(5
0.03 ± 0.01
0.22 + 0.19

2.89 ± 0.(59
4.45 ± 1.79
5.29 ± 1.91
1.29 ± 0 . 5 5
I.) 9 ± 0 . 7 3
0.24 ± 0.04
1.29 ± 0.32
0.03 ± 0.00
0.00 ± 0.02

0.07
0.04
0.30
0.18
0.12
0.29
0.13
0.0 l f
0.39

PC, phosphatidylcholine; PK, phosphalidylethanolaininejPC plas, phosphatidylcholine
plasmalogen; PE plas, phospiuitKlylctliaiiolainiiicplasnialogcn; LECITHIN, PC + PC plas;
CHOLINE, PC + PC plas + SPII (spliiiigomyclin); LKCITHIN/CEPHALIN,(PC: + PC plas)/(PE
+ PE plas); OUTSIDE, PC + SPII; INSIDE, PE + PS (phosplialidylscrinc); LEAFLET,(PC +
SPH)/(PE + PS); ANIONIC/NI'.UTRAL, (PI (phosphatidylinosilol) + PS CL (rardiolipin) + PA
(phosphalidic acid) + PC. (phospliatidylglyccrol))/(PC + PC plas + SPH + PE + PE plas); LYSO,
LPC (lysophosplialidylcholine) + LPE (lysophospliatulylethanolamiiie).
n=12

n=25

d

n=18
F probability of analysis of variance.
f
P < 0.01
g P < 0.05
Not detected in noninvolved tissues.
e

diminished by a factor of 0.44 in malignant tissue. Benign tissues differed significantly
from noninvolvcd at LPC. They were diminished by a factor of 0.39 in benign.
Complex contrast of the individual phospholipids, comparing the combined mean
values of two tissue groups to the remaining tissue group, (Table 3, upper half),
showed that LPC and U were reduced and PE increased significantly in neoplastic
tissue compared to noninvolved. SPII and LPC were significantly decreased in
malignant tissue compared with nonmalignant while PE, PI and PC plas were
significantly increased. Benign tissue differed significantly from the combined
malignant and noninvolved with decreases noted in the resonances of PI and U.
To study patterns in the phospholipid metabolism of the three tissue groups, 19
indices were calculated from the spectral data (Table 4). Following an analysis of
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variance and intergroup comparison of"the three (.issue group indices (Table 2, lower
half), it was found that malignant tissue had a significantly higher PC plas/I>C ratio man
the benign tissue and significantly lower CHOI.INK and OUTSIDE indices than
benign. Malignant tissue has significantly depressed PE plas/PE and I.PC/PC ratios
compared to noninvolved. Similarly, in benign tissue the LPC/PC index was
significantly depressed compared with noninvolved.
The complex contrasts of all indices showed that for the neoplastic tissues, PE
plas/PE, LYSO and LPC/PC indices were depressed compared to noninvolved tissues,
and of the indices PC plas/PC, PE plas/PE, CHOLINE, OUTSIDE, PC/PE, SPH/PE,
and LYSO, all were significantly depressed in malignant tissues compared with
nonmalignant except for PC plas/PC which was significantly increased. PC plas/PC and
LPC/PC were significantly diminished and OUTSIDE significantly augmented in
benign tissue compared with the combined malignant and noninvolved tissues.
Discussion
The study of phospholipids in normal and pathological tissues is important because
it can reveal membrane modifications produced by altered cellular conditions.
Knowledge of these modifications is important for improvements in detection,
diagnosis and techniques of intervention.19 This investigation utilizes the techniques
developed by Meneses and Glonek12 in their study of 31P MR spectra of extracted
phospholipids. The unique quality of these techniques is derived from the fact that the
complete phospholipid profile of a tissue, including other phospholipids such as acylmonoesters and diesters, can be separated by the procedure of Folch, Lees and SloaneStanley.13 Further, the signal area in the MR spectrum represents the mole percentage
of phosphorus concentration of all detectable phospholipids. Other methods such as
thin-layer chromatography or high-performance liquid chromatography have none of
these possibilities, since under the conditions of these procedures some signals may be
masked by others and these procedures detect other chemical characteristics such as
double bonds or C=O functional groups rather than the phosphorus atom12 making
them less reliable as a quantitative tool.
31
P MR phospholipid analysis permits the characterization of the malignant, benign
and noninvolved tissue types to the point that patterns in tissue spectra distinguish
malignant from benign, malignant from noninvolved and benign from noninvolved
(Figure 1). Observations made of differences in the order of relative intensities of
phospholipids in the three tissue groups implies that differences exist among these
tissue groups and that metabolism of phospholipids in the cell membrane of malignant
tissue is aberrant. It should be noted that the aberrations in the patterns of signal
intensity described in the results hold true for the computed mean relative
concentrations.
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Fibrocystic Disease
Given the definition of fibrocystic disease as a premalignanl process by the American
Academy of Pathologists20 the finding that LPC and U independently predicted the
classifications of fibrocystic disease and fibroadenoma in 92 % of the 25 benign cases
may indicate that these resonances in combination are a spectral sign of premalignancy.
'I'he uncharacterized resonance at 0.13 8 has no statistical significance in simple
comparison of means; however, it is not only independently significant in
differentiating fibrocystic disease from fibroadenoma, it is significant in differentiating
benign from combined malignant and noninvolved tissue and noninvolved from
neoplastic tissue in complex contrasts. This phospholipid awaits isolation and further
characterization.
Phospholipid Indices and Complex Contrasts
Phospholipid indices calculated in this study and presented in Table 4 are designed
to facilitate the interpretation of the spectral data presented in Table 1 in terms of
biochemical pathways or interrelationships. The indices are practical for analyzing
different aspects of phospholipid metabolism. The plasmalogens, for example, were
only considered in those indices where their relationship with a regular phospholipid
was established; therefore, the indices PC plas/PC and PE plas/PE are measures of the
relationship of the more reduced enol-ether-containingplasmalogens to their more
oxidized ester containinganalogues in order to reflect the relative contribution of the
metabolic pathways responsible for the biosynthesis of the ester-containing
phosphatides and their corresponding enol ethers.
The use of complex contrasts in this analysis and in the general interpretation of MR
spectral data in terms of these contrasts is effective in that complex contrasts can define
similarities and differences in processes or disease states of tissues. Not all of these
differences and similarities can be explained in terms of known metabolic pathways or
known alterations in membrane metabolism with disease. Indices are sometimes used
to affirm or demonstrate trends in data. It should be noted that for the data presented
in this study, when two complex contrasts are significant for a particular individual
metabolite or index, the value of the noncombined group is less in one case and greater
in the other. An example is PE, in which the noninvolved tissue level is significantly
diminished compared to the neoplastic and the malignant is significantly elevated
compared to the nonmalignant. The fact that a contrast can not be interpreted in terms
of a particular process should not detract from the value of contrast since it may
represent processes unique to malignant or benign transformation.
Choline-Containing Phosphatides
Lysophosphatidylcholine, a product of phosphatidylcholine metabolism, is
significantly decreased in both benign and malignant breast tissue. This is reflected in
the complex contrast of normal and neoplastic tissues where the relative concentration
of LPC in neoplastic tissues is depressed. Yamamoto and Ngwenya21 have reported that
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cancerous tissues release acyl-lysophospholipids as degradation products of acylphospholipids, such as those containing choline. Ihe reduction in the relative levels of
LPC in the neoplastic tissues suggests that there is an increase in the turnover of this
acyl-lysophospholipid compared to noninvolved tissues.
Phosphatidykholineplasmalogen.an alkyl-phospholipid)was significantly elevated
in the malignant tissues compared to benign. Snydcr and Wood22 demonstrated that
malignant tissues release alkyl-phospholipids as degradation products of cell
membranes. The complex contrast showing malignant tissue to be elevated versus
nonmalignant at this resonance was significant which further distinguishes the
phenomenon as an effect of malignancy.
The two major choline containing phospholipids, PC and SPH, studied as the index,
OUTSIDE, represent the cell membrane's major outer leaflet phospholipid
components. The identity of PC and SPH as outer leaflet components in malignant
tissues23 and other mammalian cells,2^ and their position in the MR spectrum are well
established.12 This index is diminished in the malignant tissue compared with the
benign, which implies that the choline incorporated into the phospholipids is inhibited
in the malignant tissue or that the choline is being utilized in other processes. This
finding is further confirmed in the complex contrasts of this index which shows the
index to be significantly diminished in malignant tissue compared to nonmalignant and
to be significantly elevated in the benign tissue compared to the combined malignant
and noninvolved. This alteration in membrane asymmetry, specifically the components
of the outer leaflet, may be a result of the production of degradation or substitution
products, t.£. lysophosphatidylcholineand PC plasmalogen.
Ethanolamine-Containing Phosphatides
The relative concentrationof phosphatidylethanolamineis significantly enhanced in
malignant tissue compared to benign and noninvolved. This elevation is confirmed in
the complex contrast of malignant tissue against nonmalignant tissue which adds to a
previous finding3 where the chemical residues of phosphatidylethanolamine,
phosphorylethanolamine, glycerol 3-phosphorylethanolamine and a-glycerolphosphate
were significantly elevated in malignant human breast tissues compared with benign
and noninvolved tissues. This constellation implies that all the metabolites in
phosphatidylethanolamine metabolism are elevated and is confirmed by the important
role that PE has been found to play in the modification of membrane shape in
malignant tissues.27 The presence of trace amounts of LPE in neoplastic tissues
substantiates this conclusion.
The elevation in phosphatidylethanolamine and the reduction in choline-containing
phosphatides SPH and PC, responsible for the bulk of membrane asymmetry in human
tissues,24 provides a basis for study of changes in membrane fluidity and
noncompensatory changes in membrane phospholipid composition with disease.
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Other Phosphatides
Phosphatidylinositol was significantly elevated in malignant tissues compared with
benign but it did not show significant difference with the normal tissue in simple
comparison as a consequence of the conservative statistical methods used. I'l, however,
can differentiate malignant tissue from nonmalignant and benign tissue from combined
malignant and normal. The simple observation in the spectra that a difference is
present in the relative spectral PI signal intensity can be attributed to the activation of
protein kinase C pathway in malignant tissues since PI is one of the activators of this
pathway."'1"'
We conclude that qualitative and quantitative analysis of the " P MR phospholipid
profiles of human breast tissues utilizing the described techniques is a worthwhile
addition to MR speclroscopic analysis of diseased human breast tissues. The value of
MR spectra! data has been demonstrated by predicting the benign tissue histology in
92 </< of cases.
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Abstract
Phospholipids of 16 malignant and 11 non-malignant human colon specimens were
analyzed using a chloroform-methanol analytical reagent in conjunction with 11P
magnetic resonance spectroscopy (MRS) at 202.4 MHz. Sixteen individual generic
phospholipids were identified and quantified for statistical intergroup comparisons.
Statistically significant elevations in the relative concentrations of
lysophosphatidylcholine and phosphatidylcholine plasmalogen were seen in malignant
tissues along with significantly depressed levels of sphingomyelin and
phosphatidylethanolamine plasmalogen. The malignant and non-malignant tissue
groups were further differentiated by the detection of the minor phospholipids,
lysophosphatidylcholine plasmalogen, lysophosphatidylethanolamine plasmalogen,
lysophosphatidic acid and phosphatidylglycerol exclusively present in the malignant
tissues and by significant changes in computed phospholipid metabolic indices that
were dominated by choline containing lipids. The 3lP MRS methods used represent an
advancement over previous protocols for identifying and quantifying major and minor
tissue phospholipids making this the first direct study of membrane phospholipids in
human colon tissues using 3IP MRS. The phospholipid profiles obtained may provide
important information regarding the nature of the malignant cell's membrane system
and identify markers which may be used to estimate malignant propensity,
aggressiveness of disease and provide prognostic information.
Introduction
Perturbations in phospholipids and analogous polar Iipid moieties have been
associated with processes and conditions that lead to an increased risk for colon
cancer.' 9 These associations have both indirect and direct forms. The indirect forms
are seen as decreased levels of certain circulating lipids1-2 and dietary lipid content,34
while the direct forms are viewed as the actual phospholipid content of colonic mucosal
cell membranes.5'9 The direct assessment of colonic phospholipids has been performed
in several human and non-human mammalian systems. These studies relied on
methods such as thin-layer or high performance liquid chromatographies or similar
techniques which detect chemical functional groups other than the characteristic
phosphorus atom itself, thereby making them less reliable in identifying and
quantitatingcomplete phospholipid tissue profiles. Recent advancements in magnetic
resonance spectroscopic (MRS) techniques have enabled high-resolution separation of
extracted tissue phospholipids using a bi-phasic analytical reagent composed of
chloroform, mcthanol, and aqueous Cs-EDTA.10 This system is responsible for an
improvement in phospholipid detection, quantitauon and ease of interpretation of 31P
MRS phospholipid profiles of neoplastic tissues. Until now 3IP MRS techniques have
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only been able to investigate phospholipid metabolism of colon cancer by monitoring
indirectly precursors and products of phospholipid metabolism.11"15 This improvement
permits (he differentiation and characterization of phospholipid profiles derived from
malignant and non-malignant colonic phospholipids of surgical tissue specimens. l"hc
aim of this study, therefore, is to demonstrate more precisely how phospholipid
profiles of non-malignant colonic tissues differ from their malignant counterparts so
that the value of phospholipid profiles of colonic tissues, as an objective and potentially
independent pathological variable, may be realized.
Patients and Methods
A total of twenty seven malignant and non-malignant colon tissue specimens were
selected for analysis from colectomy specimens of 16 patients undergoing scheduled
curative surgical procedures for colon cancer previously diagnosed by endoscopic
biopsy. Tissue specimens were submitted to the Department of Pathology in an unfixed
state within 10 minutes of excision and separated by gross examination into their
malignant and non-malignant components. The excised colons were opened in a linear
fashion with an enterotome, washed free of fecal contaminants and the neoplasm
identified. A sample of the neoplasm weighing approximately 0.5 g was removed from
an area that macroscopically appeared to be the least necrotic. A second sample of nonmalignant colonic mucosa and fibromuscular wall of similar weight was taken as a
control from a site 4 cm or greater from the tumor mass. These representative samples
of malignant and non-malignant tissues were frozen by immediate immersion in liquid
nitrogen. On the tissue samples adjacent to those taken for MRS analysis, routine
histopathologic evaluation was performed. For the 16 malignant colonic tissues
analyzed, the primary diagnosis was adenocarcinoma of colonic epithelial origin; these
varied from poorly-differentiated to well-differentiated.
Chemical Procedures

A modified10 |f> Folch extraction17 was used to extract the tissue phospholipids. Colon
tissue specimens frozen in liquid nitrogen were pulverized to a fine powder with a
stainless steel mortar and pesde chilled with liquid nitrogen. The frozen tissue powder
was added to 20 weight-volumes (1 gm = 1 ml) of chloroform-methanol 2:1 (v/v). The
homogenate, having only one liquid phase, was filtered into a separatory funnel and
washed with 0.2 volume of 0.1 M KC1 and allowed to separate thoroughly (ca. 24 hr)
at 24 °C. The chloroform phase was recovered and evaporated at 37 °C using a rotary
evaporator. The analytical medium for the 3IP MRS phospholipid analysis was identical
to that previously described for MRS phospholipid analysis.10 The medium consists of
two reagents: Reagent A, chloroform doped with 5 % per deuterobenzene; reagent B,
0.2 M aqueous Cs-EDTA, pH 6, and melhanol, 1 part to 4 parts (v/v). The lipid to be
analyzed is dissolved in 3 ml reagent A, then 1 ml B is added, the reagents mixed and
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allowed to separate and the lower chloroform phase withdrawn for 31P MRS analysis.
31
P Magnetic Resonance Spectroscopy
The MR spectrometer used in this investigation was a hcleronuclear GK 500NB
system operating at 202.4 MHz for sl P. The spectrometer was equipped with an
Oxford Instruments 500/52 magnet and cryostat, having an operating magnetic field
of 11.75 Tcsla, deuterium field-frequency stabilization, and an automatic fieldhomogeneity adjustment capability that adjusted the spectrometer room temperature
shims to improve field homogeneity during sample acquisition. Analytical samples were
placed in standard 10 mm MR sample lubes and spun at 8 Hz during the data
acquisition period. Samples were analyzed with proton broad-band decoupling to
eliminate 'H-31P MR multiplets. Under these conditions each spectral resonance
corresponds to a single phosphorus functional group, representing a single generic
phospholipid species, e.g., all phosphatidylcholines. Chemical-shift data are reported
relative to the standard of 85 c/( inorganic orthophosphoric acid;18 however, the
primary internal reference standard was a naturally occurring phospholipid
phosphalidylcholine (PC), chemical shift, -0.84 S. Spectrometer conditions used for
analytical extract analyses were as follows: pulse sequence, one pulse; pulse width, 18
/xsec (45° spin-flip angle); acquisition delay, 500/xscc; cycling delay 500 msec; number
of acquisitions, 12,000; number of points per free-induction decay, 4096; acquisition
time 1.02 sec; sweep width +_ 1000 Hz. 'Hie total average time per analysis was G hours.
In addition, a computer generated filler time-constant introducing 0.6 Hz line
broadening was applied. Chemical shifts follow the convention of the International
Union of Pure and Applied Chemistry and are reported in the field-independent units
ofS.
Verification of Phospholipid Resonances
Resonance assignments are based upon accurate measurements of the chemical shift
of the resonance which, under invariable experimental conditions, are reproducible
with acceptable accuracy. Phospholipids in the 31P MR spectrum can be identified by
adding a known quantity of a pure phospholipid standard and observing the position
of the resonance. Phospholipids not previously identified but detected in this study
were verified by these methods.19-20 Further, resonances not corresponding to any of
the commercially available phospholipids were designated as uncharacterized (U).
Total Phosphorus Colorimetry
The phospholipid extracts analyzed by 3IP XMR were digested and the total
phosphorus was determined colorimetrically by the procedure of Kirkpatrick and
Bishop.21
Data Analyses
Phospholipid concentrations in relative phosphorus mole percentages of the spectral
profiles were computed for all detected resonances using the curve resolution software
of the spectrometer which contains a signal area integration program. Mean
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phospholipid concentrations in relative mole percentages of phosphorus were
calculated for the malignant and non-malignant tissue groups. The two groups were
compared at the level of the individual phospholipids using a two-tailed t-test between
the mean phospholipid concentrations. Significance was determined at the p < 0.05
and p < 0.01 levels. From the grouped phospholipid data, the following indices
representing sums or ratios of individual or grouped metabolites were calculated. PC
+ phosphatidyl-ethanolamine (PK); phosphatidylcholine plasmalogen (PC plas) +
phosphatidylethanolamineplasmalogen (PE plas); (PC plas + PK plas)/(PC + PF.); PC
plas/PC; PK plas/PF; PC + PC plas; PC + PC plas + sphingomyelin(SPH);(PC + PC
plas)/(PE + PF. plas); PC + SPH; PK + phosphatidylserine (PS); (PC + SPH)/(PE +
PS); PC/PE; PC/PS; SPII/PC; SPII/PS; SPII/PK; (phosphatidylinositol (PI) + PS +
cardiolipin (CL) + phosphatidic acid (PA))/(PC + PC plas + SPH + PE + PK plas);
lysophosphatidylcholine (LPC) + lysophosphatidylethanolamine (I.PE); I.PC/PC;
LPK/PE. These theoretical parameters were generated to compare phospholipids or
groups of phospholipids and to provide more pathway-specific metabolic interrelations
for discussion. The mean values of die indices were compared using a two-tailed t-test,
with significance at the P < 0.0.r> and P < 0.01 levels. For purposes of the statistical
analyses, missing values represent resonance signals lying below the limits of detection.
Results
Sixteen individual phospholipids were detected among the 27 human colon tissue
specimens analyzed using 3IP MRS. Representative malignant and non-malignant colon
tissue 31P MR spectra appear in Fig 1. Resonance signals appearing from downfield
(left) to upfield (right), include: lysophosphatidic acid (LPA), lysophosphalidylelhanolamine plasmalogen (LPE plas), phosphatidylglycerol(PG), LPE, PA, CL, U at
0.13S, PK plas, PK, PS, SPH, lysophosphatidylcholine plasmalogen (LPC plas), LPC,
PI, PC plas and PC. Of these 16 measured phospholipids, 12 are commonly measured
in both tissues. The remaining 4 phospholipids, LPC plas, LPE plas, LPA and PG
appear in a minority of the malignant tissues.
Statistically significant differences between malignant and non-malignant tissue
phospholipids were found to exist in the relative concentrations of LPC, PC plas, PE
plas and SPH (Table 1). PK plas (p < 0.05) and SPH (p < 0.01) were significantly
depressed in malignant tissues compared to non-malignant, and LPC (p < 0.05) and
PC plas (p < 0.01) were significantly elevated in malignant tissues compared to nonmalignant.
Of the 20 indices of phospholipid metabolism computed from the grouped
phospholipid data, 6 were found to differ significantly between malignant and nonmalignant. Table 2 lists the indices PC/PC plas, PC + PC plas, SPH + PC, SPH/PC,
SI'H/PK and SPH/PS which were found, with the exception of PC + PC plas, to be sig94

Figure 1. 3IP magnetic resonance
Malignant Colon
spectroscopic phospholipid profiles of
malignant (top) and normal (bottom) human
colon surgical tissue extract specimens. The
resonance signals from downfield (left) to
upfield (right) are as follows:
lysophosphatidicacid (LPA) at 0.90 8,
lysophosphatidylethanolamine plasmalogen
LPE plas
(LPE plas) at 0.60 8, phospliatidylglycerol
LPA
(PG) at 0.52 8, lysophosphatidylethanolamine (LPE) at 0.43 8, phosphatidic acid
(PA) at 0.32 8, cardiolipin (CL) at 0.18 8,
uncharacterized phospholipid (U) at
0.13 8, phosphatidyletfianolamine
plasmalogen (PE plas) at 0.09 8,
Nonmalignant Colon
phosphatidylethanolamine (PE) at 0.05 8,
phosphatidylserine (PS) at -0.03 8,
sphingomyelin (SPH) at -0.07 8, lysoPE plas
phosphatidylcholine plasmalogen (LPC plas)
at -0.24 8, lysophosphatidylcholine (LPC)
at -0.27 8, phosphatidylinositol (PI) at -0.37
8, phosphatidylcholine plasmalogen (PC plas)
at -0.78 8 and phosphatidylcholine (PC) at
-0.84 8. The concentration of phosphorus in
the sample used to obtain the malignant colon
spectrum was 0.14 tngP/ml. The
T
concentration of phosphorus in the non0
0.5
malignant colon spectrum was O.OlmgP/ml.
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Table 1. nP MRS phospholipid profiles of malignant and nonmalignant human colon tissues.
Mean values and ranges in relative mole percentages of phosphorus.
Phospholipids 3

Malignant1'

Chemical Shift (5)

PC
LPC

PC plas
LPC plas
PE
LPE

PE plas
LPE plas
PA
LPA
PS
SPH
PI
U
PG
CL

-0.84
-0.27
-0.78
-0.24
0.05
0.43
0.09
0.60
0.32
0.90
-0.03
-0.07
-0.37
0.13
0.52
0.18

39.95
0.85
5.G1
0.97
9.34
0.11
14.34
0.58
0.94
0.60
8.91
7.94
5.94
4.08
0.79
3.70

(35.40-45.66)
(0.21-1.74)
(2.99-9.96)
(0.74-1.21)
(7.00-11.53)
(10.88-17.60)
(0.07-1.10)
(0.33-1.83)
(0.30-0.91)
(7.01-13.92)
(5.98-11.73)
(2.33-7.57)
(1.90-9.01)
(0.09-1.25)
(1.08-6.65)

Normal 0
38.04 (33.29-41.88)
0.54 (0.32-0.88)
3.08 (1.79-5.10)

P < 0.05
P < 0.01

8.52 (6.34-11.52)
0.92
16.00 (12.49-21.00)

P < 0.05

0.77 (0.63-0.91)
9.72
12.82
5.73
3.40

(7.54-12.66)
(10.73-16.01)
(3.60-10.10)
(1.52-7.09)

P < 0.01

3.10 (0.89-5.17)

PC, phosphatidy]clioline;LPC,lysophosphatidylclioline;PCplas,phosphatidylcholineplasmalogen;
LPC plas, lysophosphatidylcholine plasmalogen; PE, phosphatidylelhanolamine; LPE,
lysophosphatidylethanolamine; PE plas, phosphatidylcthanolaininc plasmalogen; LPE plas,
lysophosphatidylethanolamineplasmalogen; PA, phosphatidicacid; LPA, lysophosphatidicacid; PS,
phosphatidylserine; SPH, sphingomyelin; PI, phosphatidylinositol; U, uncharacterized phospholipid;
PG, phosphatidylglycerol;CL, cardiolipin.
n=16 except for LPC plas (n=2), LPE plas (n=2), LPA (n=2), PG (n=4), LPE (n=l) and PA (n=8).
n= 11 except for LPE (n= 1), PA (n=2).

Table 2. Relative mean values and ranges of differentiating "P MRS phospholipid indices of
malignant and nomnalignant human colon tissues.
Phospholipid Indices*
PC/PC plas
PC + PC plas
SPH + PC
SPH/PC
SPH/PE
SPH/PS
PC/PE
a
b
c

Normal c

Malignant
8.21
45.56
47.89
0.20
0.87
0.92
4.36

(3.79-13.29)
(41.65-51.00)
(42.48-52.21)
(0.14-0.31)
(0.55-1.39)
(0.43-1.22)
(3.39-5.80)

13.91
41.13
50.86
0.33
1.55
1.34
4.56

(7.19-23.03)
(36.08-44.20)
(46.24-55.20)
(0.27-0.48)
(1.12-2.22)
(1.00-1.66)
(3.57-5.44)

(P< c
(P« c
(P< c
(P« c
(P< c
(P< :

0.005)
0.001)
0.01)
0.001)
0.001)
0.001)

PC, phosphatidylcholine; PC plas, phosphatidylclioline plasmalogen; SPH, sphingomyelin; PE,
phosphatidylethanolamine; PS, phosphatidylserine.
n=16.
n=ll.
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nificantly diminished in malignant tissue compared to non-malignant. Only PC + PC
plas was found to be significantly elevated in malignant tissues compared to nonmalignant. The index PC/PE was included in Table 2 as it is an index commonly used
by other investigators to describe colonic tissue phospholipid metabolism.3
Discussion
Alterations in the quantity of specific phospholipids are known to modify colonic cell
membrane integrity, fluidity and transport capabilities. These alterations arise during
transformation from a benign to malignant state and, to date, have been measured
using a variety of techniques in a number of studies.22"26
In this study, using 31P MRS, the most statistically significant difference between
malignant and non-malignant colon tissue was determined to exist at the resonance of
sphingomyelin. Sphingomyelin was shown to be significantly depressed (p < 0.01) in
malignant tissues compared to non-malignant. The level of sphingomyelin, a major
lipid component of colonocytes,27 is known to be influenced by age28 and diet.29
Brasitus et alP showed that rats fed unsaturated diets have significantly decreased
levels of sphingomyelin in colonocyte basolatcral membranes. Sphingomyelin levels are
responsible for the change in membrane fluidity6 which corresponds to pre-malignant
and malignant states, and levels of phospholipids, including sphingomyelin, have been
documented as depressed in mitomycin-C resistant cell lines.30
Activation and inhibition of biochemical pathways leading to the synthesis and
degradation of sphingomyelin are responsible for alterations in the levels of this
phospholipid. Using thin-layer chromatography, Dudeja et al? determined that rats
treated with injections of 1,2 dimethvjhydrazine, to induce alterations characteristic of
premalignant transformation, had elevated levels of sphingomyelin. Epithelial cells
treated in this manner were, at 5, 10 and 15 weeks, isolated and their lipid composition
and sphingomyelin synthetase and sphingomyelinase activities were determined. After
10 and 15 weeks of treatment, sphingomyelin content and the sphingomyelin to
phosphatidylcholine ratio were both elevated. Enzymes were appropriately increased
and decreased, respectively, to match these changes. These studied changes in
sphingomyelin and the sphingomyelin to phosphatidylcholine ratio contrast with our
data of malignant colon tumors which indicates that sphingomyelin and the
sphingomyelin to phosphatidylcholine ratio decrease significandy in the malignant
tissues. These differences may be due, in part, to differences in analytical techniques.
The depressed levels of sphingomyelin in malignant tissues determined using our
techniques are consistent with data from recent MRS analysis of both metabolites and
lipids of malignant colon and breast tissue extracts which reveal that the relative
concentration of choline containing metabolites and lipids are depressed in the
malignant tissue."31
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Lysophosphaiidylcholine, although a minor phospholipid accounting for less than
I /< of the total measured pho.spholipid profile, was found to be significantly elevated
in the malignant colon tissues compared to non-malignant suggesting an enhanced net
phospholipid catabolism. Sakaguchi el al:' found that rats fed a diet of unsaturated fats
developed more colon tumors than rats fed diets of saturated fats. Furthermore, these
tumors contained increased levels of lysophosphalidylcholine. They speculated that
increased bile acid secretion due to the unsaturated diet stimulated phospholipase A_.>
activity and carcinogenesis.
The measurement of lysophosphatidylcholine illustrates one of the advantages of
performing our analysis due to the large dynamic range of the analytical technique,
l.ysophosphaddylcholine, present in very small relative concentrations can be identified
in the presence of a lipid with a very large relative concentraiion such as
phosphalidylcholine.
Because the 3IP MR spectrum measures the total phospholipid profile of a substance
rather than a select chemical entity, the spectra analyzed in this study reveal a number
oJ phospholipius that have not been identified previously by other chemical
procedures. The presence or absence of trace or uncharacterized phospholipids such
as lysophosphatidylethanolamine plasmalogen, lysophosphatidic acid, phosphalidylglycerol, the uncharacterized resonance at 0.13 8 and lysophosphatidylcholine
plasmalogen, some of which only appear in malignant colon tissues analyzed by our
methods, is consistent with malignancy, since anaplasia of malignant tissues leads to the
inappropriate production of metabolites and lipids.3'-'
In addition to differences in dynamic range of measurement, other methods used to
assess the concentration of phospholipids in colonic lumors sufler from difficulties in
quantifying and resolving complex aggregates of similar phospholipids in variable
tissue specimens, Ihe MRS technique employed measures only the nature of the polar
head group and thus avoids variability as introduced by the detection of fatty acid side
chains in other methods. The signal area of generic species, such as phosphatidylcholine, is concentrated in a single resonance band of the 3IP MR spectrum.
This simplification of tissue phospholipid profiles explains, in part, why prominent
major and minor phospholipids, such as phosphaiidylethanolamineplasmalogen and
phosphatidylcholine plasmalogen have been excluded from profiles presented in other
studies in spite of the fact that the existence of active transmethylau'on pathways in the
large bowel are known." In 1988, Robblec et al.3 determined that the phospholipid
polar-head group composition of non-malignant murine colonic mucosa is altered by
high dietary fat such that the levels of the phosphatidylcholinc to phosphatidylethanolamine ratio were significantly higher. They concluded that the fatty acid
composition of the diet is important, since not all high fat diets enhance colon tumor
promotion. They used thin-layer chromalography and reported only the
concentrations of phosphatidylcholine, phosphaudylelhanolamine, sphingomyelin and
v
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'other phospholipids'. They determined that phosphatidylethanolamine was the
phospholipid most abundant in colonic mucosa ranging from ,r>0 - 07 %, followed by
phosphau'dylcholine (20 - 40 '}'<), sphingomyelin (3 - (> <'/<) and "oilier' (4 - 10 %). I"
is in direct contrast to our methods which show PC to be die most abundant phospholipid (38 - 40 '/() followed by phosphau'dylelhanolamine plasmalogen (14 - 16 %), phosphatidylethanolamine (9 '/(), sphingomyelin (8-12 CA), phosphatidylserine (9 - 10 %)
and finally ' others' at (15- 20 '?<). This complicates the issue of membrane fluidity,
since the basis for membrane fluidity alterations were based upon the identification of
only a few of the prominent membrane phospholipids.
In our analysis, only (> of the 20 indices of phospholipid metabolism computed from
the grouped phospholipid data were found to differ significantly between malignant
and non-malignant. The indices PC/PC plas, PC + PC plas, SPH + PC, SPH/PC,
SPH/PK, SPI I/PS differed significantly between malignant and non-malignant tissue.
PC/PK, an index used commonly by other investigators to assess colonic tissue
metabolism did not differ significantly. PC/PC plas is a measure of the relationship of
the more reduced enol-ether-containing plasmalogen to its more oxidized eslercontaining analogue. PC + PC plas. SPH/PK, SPI I/PS and PC/PK address primarily the
issue of membrane leaflet asymmetry." The SPI I + PC and SPI I/PC indices describe
the relationship between the two principle choline-conlaining phosphatides. SPH + IK]
is the index expressing total choline phosphatide and SPI I/PC is the index expressing
the relationship between the sphingolipid component and the phosphatidic acid
component. All of the significantly changing indices include choline-containing
phospholipids which demonstrates that the alterations in choline metabolism are the
most characteristic of the colonic cancer state.
In summary, controversies surround the use of independent and nonindependcnt
pathological features of tissues to predict malignant propensity, stage existingdisease
and provide prognosis. Since the assessment of many of these pathological features is
not entirely objective, the addition of an objective analytical technique would provide
insight into differences not only between malignant tissue types but in evaluating the
many forms of precanccrouscolorectal disease. The S1P MRS analytical method, with
its high resolving power and high quantitative precision, significantly enhances ihe
usefulness of these profiles for the characterization, screening, diagnosis and treatment
of colorectal disease.
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Abstract
Saponification of extracted phospholipids yields a set of isolated glycerol 3phosphoryl phospholipid polar head groups from which semi-quantitative 311> NMR
spectra can be obtained. 'Ilie resonance signals from these molecules, which frequently
have been observed in perchloric acid extracts of tissue, can be used as an aid in the
characterization of isolated phospholipids and of tissue phospholipid 3l P NMR profiles.
SI
P NMR chemical-shift values of the resonances at pi I 7 in water and relative to 85 %
phosphoric acid are: glycerol 3-phosphorylcholine (-0.13 S), glyrerol 3-phosphorylethanolamine (0.42 5), glycerol 3-phosphoryl (monomethyl) etharolamine (0.29 5),
glycerol 3-phosphoryl (dimethyl) ethanolamine (0.165), glycerol 3-phosphorylserine
(0.14 5), glycerol 3-phosphorylinositoI (-0.07 S), glycerol 3-phosphorylgl/cerol (0.92 5),
bis (glycerol 3-phosphoryl) glycerol (0.795), serine ethanolamine phosphodiester
(-0.46 5), glycerol 3-phosphate (0.60 S; 4.29 S at pH 10) glycerol 2-phosphate (0.15 S;
3.92 8 at pH 10). In addition, analysis of extracted cancer tissue phospholipid samples
yielded a new and uncharacterized polar hcadgroup fragment with a chemical-shift
value of 0.29 S that is independent of sample pH.
Introduction
In vino,1'* ex vivo,5'1' and perchloric acid (PCA) tissue extract5"'9'15 3I P NMR spectra of
biological specimens usually show a group of phosphodiester resonance signals in the
3I
P NMR chemical-shift range of 1.5 to -1.5 <§.'° The prominent signals that arise in this
spectral band, glycerol 3-phosphorylcholine (GPC), 516 glycerol 3-phosphorylethanolamine (GPE),5 and serine ethanolamine phosphodiester (SEP),17 have been
characterized. The minor signals, which in some tissue specimens, e.g., liver, may
exceed 10 in number, 13 have not been characterized.
Saponification of extracted tissue phospholipids yields a set of isolated glycerol 3phosphoryl phospholipid polar head groups from which semi-quantitative 3I P NMR
spectra can be obtained. Many of the signals from these phospholipid polar head
groups are the same as those seen in the PCA extracts of tissues. The resonance signals
from these phospholipid headgroup fragments can be used as an aid in the characterization of isolated phospholipids, of tissue phospholipid 31P NMR profiles and of the
phosphoryl resonance signals typically seen in tissue 3I P NMR in vivo, ex vivo, and PCA
extract spectral profiles.
Described is a procedure for carrying out a phospholipid saponification reaction
suitable for small tissue specimens that is also compatible with an expeditious 3I P NMR
spectral analysis.
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Methods
Phospholipid and glycerol phosphomonoester and phosphodiester analytical reagent
preparations of high generic purity or known composition were obtained from Sigma
Chemical Co. (P.O. Box 14508, St. Louis, MO 63178), P L Biochemicals, Inc. (1037 W.
McKinley Ave., Milwaukee XVI 53205), and Life-Science Resources (P.O. Box 23201,
Milwaukee, Wl 53223). Tissue lipid samples were obtained from suitable tissue
specimens using the simple Folch et al. is chloroform-methanol 2:1 extraction discussed
in previous publications.19-20
Tissue preparations: pig lens, perfused working rat heart

For purpose of documenting the quantitative aspects of the procedures described
herein, two distinctly different mammalian tissue preparations were used: the
crystalline lens secured from an abattoir and the perfused working rat heart. The
surgical and physiological procedures required to obtain pig lens1920 and perfused
working rat heart" tissues have been described in rigorous detail elsewhere. For the
purpose of this study, it was required only that the tissue preparations be carried out
identically for each specimen analyzed, that each specimen be physiologically sound,
and that they be fully functional at the biochemical level. The surgical procedures used
are outlined as follows.
Crystalline lenses from seven pig optic globes obtained from a local abattoir were
excised21 and analyzed individually.19 The freshly excised lenses were homogenized
immediately upon excision in chloroform-mcthanol to extract the lipid component.
After an overnight fast, each of seven rats was anesthetized with kclamine (80mg/kg)
and xylazine (8mg/kg),and injected with heparin 5000 (units). The chest of each rat
was opened, and the heart was excised, placed in cold bicarbonate buffer, and mounted
on a modified Langendorff heart perfusion apparatus within 60 sec.22 Each heart was
perfused in a nonrecirculating retrograde manner for 10 min, during which time
extraneous tissue was removed and the heart was allowed to stabilize. The pcrfusion
medium was a Krebs-Henseleit bicarbonate buffer (mM: 118 NaCl, 4.7 KC1, 2.5 CaCl2,
1.2 MgSO4, 1.2 KH.,PO4, and 25 NaHCO3; pH 7.4), containing 11 mM glucose, gassed
with 95 % O2 and 5 % CO2, and maintained at 37 °C. After stabilization, the perfused
working hearts were freezc-clamped in position on the Langendorffapparatus using
a Wollenbergcr clamp chilled in liquid nitrogen.
Both frozen lens and frozen heart specimens were extracted for lipids, following a
modified Folch lipid extraction,19 to produce the crude lipid extracts that were
subsequently saponified to generate the sets of tissue phosphodiester profiles of the
tables.
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Saponification of phosphatides and extracted phospholipids
The saponiiication reagent is prepared by dissolving 0.05 ml 10 M K.OH in 2 ml
methyl alcohol. To this clear solution, 20 ml ethyl ether is added. Initially, a clear
solution is obtained. After a few moments, a suspension of the KHCO3 appears,
indicating the absence of a free aqueous phase. Tightly covered, the reagent is useable
for at least 4 h at room temperature.
To a lipid sample of less that 100 mg lipid in 1 to 2 ml ether, 2 ml of the
saponification reagent is added. The reaction vessel (12 x 75 mm test tube) is
centrifuged at 1000 rpm for 5 min at 0°C to plate the reaction vessel walls with the
precipitated products. The used saponiiication reagent is then poured off, the reaction
vessel walls containing the precipitated products are washed once with 2 ml fresh ether,
and the reaction vessel is allowed to air-dry for a few moments. Three ml D2O (20 %)
is then added to the vessel, and the pH is adjusted as required for 31P NMR analysis.
In those instances where very highly resolved spectra are desired, H2O can be used as
the solvent and acetone-dc (0.5 ml) can be added for use as a deuterium NMR shim
and field-stabilization reference. In this instance, the acetone-d6 must be added after
the sample pi I has been lowered to neutrality, otherwise base-catalyzed exchange of
the acetone deuterium with the water solvent will take place, and the acetone
stabilization reference will be lost and replaced by an IIDO reference.
Glass 40-ml centrifuge tubes fitted with Teflon caps make convenient saponification
reagent vessels. With such vessels, the volume of ether in use at any one time is small,
reducing the hazards of a laboratory fire. Inexpensive 12 x 75 mm test tubes covered
with Parafilm are used as reaction vessels. These can be spun in a Sorval laboratory
centrifuge at 1000 rpm without any special precautions. Precision NMR tubes also can
be used for this purpose in those instances where the quantitiy of sample is the limiting
factor or solution transfers are to be kept to a minimum. In a typical tissue specimen
analysis, the same test tube that held the extracted phospholipid sample for
phospholipid NMR analysis also is used as the reaction vessel for this assay, thus
conserving specimen phospholipid and glassware.
ITie minimum level of phospholipid needed to carry out this assay depends upon the
sensitivity o[ the available spectrometer, the relative solubilities of the etherprecipitated phosphodiesters, and whether a qualitative or a quantitative result is
sought. In general, crude tissue lipid samples of 20 mg yield good quantitative results.
The determination of specimens significantly smaller than 20 mg would have to be
worked out by analytical laboratories using standard lipid preparations containing a
quantity of lipid appropriate to the detection limits of the available spectrometer and
a matrix appropriate to the specimens to be analyzed.
The NMR spectrometer used in this investigation was a multinuclear GE 500 NB
system operatingat 202.4 MHz for 3l P. Analytical samples were placed in standard 10
mm (spinning; 7 Hz) NMR sample tubes and analyzed under conditions of proton
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broad-band decoupling using the procedures previously published.719"0 Gated
decoupling was not used. The aqueous solvent used contains a large amount of
dissolved salt which shortens "P T, and \\, relaxation times. Moreover, the spin-flip
angle employed is only 4f>°. Thus, the nuclear Overhauser enhancement is negligible
under these conditions.7 Relative saturation effects are IHH detectable among the
phosphodiesters of this study using the above referenced NMR scan conditions. Under
different scan conditions, however, relative saturation effects may be a confounding
factor. To compensate for relative saturation effects among the various phosphorus
signals detected in a single "P NMR spectroscopic profile, the NMR spectrum must be
standardized against measured amounts of known phosphates. The procedure for
carrying out this calibration for phospholipids in nonpolar organic solvents'9-20 and for
phosphates in aqueous solvents7 has been described.
Chemical-shift data are reported relative to the usual standard of 85 % inorganic
orthophosphoric acid;-'1-4 however, the primary internal reference was endogenous or
added GPC (chemical shift, -0.13 5). Chemical shifts follow the convention of the
Internationa! Union for Pure and Applied Chemistry and are reported in the field
independent units of S.
The resonance signals from the 2- and 3-glycerol phosphates were characterized
using the following procedure. Phosphatidylcholine (20 mg) was saponified as
described above, except that the reaction was allowed to proceed at room temperature
for 30 min before sedimenting the ether-insoluble products. An NMR spectrum of this
product showed the four major resonance signals and several minor signals
characteristic of G PC decomposed in basic ethyl ether media. The pll of the aqueous
NMR sample was adjusted to 3.8, where the phosphomonesters exist as their
monoprotonatedacids, and an NMR spectrum was taken. At the monoprotonated
equivalence point, the phosphates exhibit narrow NMR signals of a few tenths of a Hz,
and their signals appear in the phosphodiester region of the spectrum. Crystalline 2glycerol phosphate (0.2 mg) was added to the sample and an NMR spectrum was
taken. The added 2-glycerol phosphate co-resonated with its corresponding
saponification reaction counierpart, approximately doubling the relative signal area of
this resonance. Signal widths remained narrow, and there was no evidence of multiple
signals. The pH of the sample was adjusted to a value near the glycerol 2-phosphate
pKa (pH 6.6), an NMR spectrum was taken, the pH was further adjusted to the
equivalence point of the dianion (pH 10.2), and an NMR spectrum was taken. In each
instance, only a single glycerol 2-phosphate resonance was observed, indicating that the
saponification product and the added phosphate standard were identical. The signal
from glycerol 3-phosphate was characterized similarly.
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Results and Discussion
This assay is used primarily as an adjunct to phospholipid analyses in those instances
where a semi-quantitative profile of phospholipid headgroups is needed to assist in the
identification of resonances seen in tissue phospholipid profiles.
The phosphodiesters derived from this assay, however, also are observed as
resonance bands in in vivo and ex vivo " P NMR spectra, and as discrete resonance
signals in PCA extract spectra derived from tissues showing such bands in their
corresponding??/ z>ii>o or ex vivo spectra. When the intact tissue spectra are compared
to corresponding tissue PCA extract spectra, the positions of the phosphodiester
resonance band and their relative signal areas (quantities) agree within experimental
error, leading to the interpretation that the phosphodiesters are also endogenous to
living tissue and are not artifacts of tissue handling or PCA extraction
procedures/' T H •''•-'•'-"' Thus, the saponification assay presented is also useful for
identifying phosphodiester signals in I'CA extract spectra, by enabling the investigators
to generate reference samples from known phospholipids that subsequently can be
added to PCA extracts for the purpose of identifying and quantifying the
phosphodiester signals detected in the extracts.
Figure 1 shows the phosphodiester region of the " P NMR spectrum of a commercial
soybean phosphatide (lecimin) saponificate at pH 7. In the spectrum, each polar headgroup signal is proportional to the concentration of source phospholipid to within 10lf> '/< of the mole-fraction of the lipid in the original sample, when provision is made
for those phospholipids (sphingornyelin, plasmalogens) that do not saponify to yield
ether-insoluble phosphodiester products. Soybean phospholipid preparations also
contain a substantial phosphatidic acid component. The saponification product of
phosphatidic acid is glyccrol ^-phosphate, the NMR signal of which (not shown) occurs
in the phosphomonoester region of the 3I P NMR spectrum (Table 1).
Signal widths at half-height for the phosphodiesters are narrow. A signal-broadening
factor of 0.0 Hz was used to reduce the spectral background noise in the spectrum of
Figure 1. Actual proton-decoupled signal widths are less than 0.4 Hz and are essentially
independent of the cation complement of the medium, unlike the :UP signal behavior
of most phosphates. 2 '
Phosphodiesters that have a disstxiable group on the carbon atoms a or /3 to the PO4
group exhibit a chemical shift pi I-dependence, which is interpreted as resulting from
an interaction between the two groups through a hydrogen bond. 9 l6 Figure 2 shows
the spectral pll-titrationcurves of two such phosphodieslers, GPK and GPS, and the
chemical-shift independence of another phosphodiester where no such dissociable
group is present. From such curves, the pKa of the dissociating group can be
determined. In considering the analysis of tissue phospholipid extracts, the existence
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Figure 1. Proton broad-bawl decoupled ' y / J
NMR spec/rum of 20 ing of a saponified

GPC

soybean pfiospholipid residue in water at
pi I 7: GPG, glycerol ~>-phosphoglycerol;
GPE, glycerol 3-phosphoethanolamine; GPI,
glycerol 1-p/iosphoinositol; GPC, glycerol
1-phosphocholine. Shown is the phosphodiester region of the ''P AIR spectrum. A
filter time-constant of 0.6 Hz was applied to
reduce the level of the, background noise.
Upon saponification, soybean phospholipids
also give rise to glycerol ^-phosphate that

0.0

originates from a substantial phosphatidic

-0.2

-0.4

5

acid component. At pi I values of 6 or higher,
the glycerol ^-phosphate resonance lies in the
phosphomonoester region of the

"PAIR

spectrum (Table 1).

Figure 2. yP NMR titration curves of
glycerol 3-phosphoethanolamine

(GPE),

glycerol 3-phosph.oserine (GPS) and an

13-

GPK

12-

uncharacterized phospholipid polar headgroup fragment derived from human colon
cancer tissue phospholipids (CCU). Each of

1110-

the three phosphodiesters was 5 miltimolar in ~ 9phosphorus. Both GPE and GPS exhibit a
downfield shift (increasing 8) of the
phosphorus resonance as the ammonium
functional group is dissociated to the free
amine with increasing alkalinity. The
uncharacterized polar headgroup fragment
contains no such dissociable group, therefore,

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Chemical Shili 8

its chemical shift does not change with
pi I over the pH range shown.
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TABLE 1.

31

P chemical shifts and pK a values of phospholipid polar
headgroup residues

Polar Headgroup
Residues

GPG
GPGPG
GPI

GPC
U

GPE
GP(monomethyl)E
GP(dimethyl)E
GP(N-biotin)E
GPS
SEP^
G3-P' /
G2-P f/
Uf

\J-(

Phosphorus
Chemical Shifts*

0.92 o
0.79 b
-0.07 6
-0.13 b
0.29 5
(0.95-0.42 5)
(0.86-0.29 b)
(0.80-0.16 5)
0.71 b'
(0.69-0.14 b)
(0.83-0.46 6)
(4.29-0.60 b)
(3.92-0.15 5)
1.90 5
1.30 5

pK a

9.29
9.55
8.98
8.97
9.10
7.82
6.66

a

GPG, glycerol 3-phosphoglycerol; GPGPG, ^(glycerol 3-phospho)glycerol; GPI, glycerol 3-phosphoinositol; GPC, glycerol 3-phosphocholine; U, uncharacterized resonance from colon cancer tissue phospholipids
at 0.29 b; GPE, glycerol 3-phosphoethanolamine; GP(monomethyl)E,
glycerol 3-phosphomonomethylethanolamine; GP(dimethyl)E, glycerol
3-phosphodimethylethanolamine; GP(N-biotin)E, glycerol 3-phospho(Nbiotin)ethanolamine; GPS, glycerol 3-phosphoserine; SEP, serine ethanolamine phosphodiester; G-2P, glycerol 2-phosphate; G-3P, glycerol 3phosphate.
A single chemical-shift is given for those phosphates where the chemical shift is independent of pH within the pH ranges 12-4. For those phosphates that undergo an acid dissociation within this range, the
chemical-shift of the base and its conjugate acid are given. The chemical
shift at the pK a is the midpoint between these two values.
T r o m Chalovich et al. (17).
'Both glycerol 2- and 3-phosphates are phosphomonoesters. Glycerol
3-phosphate is also a saponification product of phosphatidic acid.
^These compounds are hydrolytic artifacts of GPC breakdown that
occurs when the saponification reaction is allowed to continue beyond
10 min. U at 1.90 5 and U at 1.30 5 are tentatively assigned to the two
possible glycerol l,3(cyclic)-phosphodiesters. These are always observed
in the exact 1:1 ratio appropriate for a racemic reaction mixture product.
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TABLE 2.

Replicate determinations of a standard soybean phospholipid saponification product profile using 31P NMR; 20 mg of the
phospholipid was used per trial
Phosphodiesters

Phosphomonuester

Trial

GPGPG

GPG

GPI

GPE

1

1.20
1.40
1.45
1.42
1.51
1.44
1.51
1.42
0.11

2.12
2.07
2.28
1.95
2.18
2.28
2.34
2.17
0.14

18.50
18.30
18.21
18.13
17.92
18.35
17.55
18.14
0.32

32.84
32.46
32.51
32.26
32.26
32.51
32.62
32.49
0.20

GPS

GPC

G3P

1.13
1.36
0.96
1.38
1.29
0.95
0.82
1.13
0.22

35.13
35.08
34.97
35.43
35.07
34.79
35.29
35.11
0.21

9.08
9.33
9.62
9.43
9.77
9.68
9.87
9.54
0.28

mol % P
2
3
4
5
6
7

Mean
± SD

Saponifiable Phospholipid Composition

Mean
± SD

CL

PG

PI

PE

PS

PC

PA

1.38
0.16

2.14
0.14

18.06
0.33

32.57
0.21

1.06
0.21

35.28
0.10

9.51
0.23

°Phosphomonoesters and -dicsters: GPGPG, £i'j(glycerol 3-phospho)glycerol; GPG, glycerol 3-phosphoglycerol; GPI, glycerol 3-phosphoinositol;
GPE, glycerol 3-phosphoethanolamine; GPS, glycerol 3-phosphoserine; GPC, glycerol 3-phosphocholine; G-3P, glycerol 3-phosphate.
Phospholipids: CL, cardiolipin; PG, phosphatidylglycerol; PI, phosphatidylinositol; PE, phosphatidylethanolamine; PS, phosphatidylserine; PC,
phosphatidylcholine; PA, phosphatidic acid.

TABLE 3.

Replicate determinations of the pig lens phospholipid saponihcation product profile using " P
NMR; a single lens was used per assay
PhnsphonV SKTS

Ixns

GPGPG

GPK

GPS

GPC

2.16

27.72

26.01

39.62

GPG

GFI

mol % P
1

2.89

1 60

2

1.35

2.53

7 06

25.01

2291

41 14

3

1.62

1.65

6.17

25.97

18 96

45.63

4

4.02

2.55

2 73

29.16

21.88

39.66

5

7.51

5.35

2.72

25.76

18.89

39.77

6

4.22

6.06

1.83

26.29

17.63

43.97

7

4.04

3.07

1.37

28.45

19.65

43.42

Mean
± SD

3.66
2.06

3.26
1.76

3.43
2.24

26.91
1 54

20.85
2.92

41.89
2.44

"Phosphodiesters: GPGPG, Atj(glycerol 3-phospho)glycerol; GPG, glycerol 3-phosphoglycerol; GPI, glycerol 3phosphoinositol; GPE, glycerol 3-phosphoe(hanolamine; GPS, glycerol 3-phosphoserine; GPC:, glycerol 3-phosphocholine.

TABLE 4

Replicate determinations ol the perfused rat heart phospholipid saponilication product profile
using 31P NMR; a single heart was used per assay
Phosphodiesters a

Perfused
Ral Heart

GPGPG

GPG

GPI

GPF.

GPS

GPC

mol % P
1

18.45
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2

17.67

1.23

3

17.94

1.25

4

18.09

1.62

5

17.31

1.30

6

18.30

1.37

7

20.00

1.83

18.25
0.86

1.40
0.24

Mean
± SD

5.94
5.24
5.61
5.31
5.42
5.59
4.99
5.44
0.31

26.45

4.85

43.14

27.65

5.64

42.57

26.89

4.86

43.45

25.61

5.54

43.83

27 07

5.01

43.89

26.84

3.88

44.02

25.72

4.42

43.04

26.60
0.74

4.89
0.61

43.42
0.53

"Phosphodiesters: GPGPG, A«(glycerol 3-phospho)glycerol; GPG, glycerol 3-phosphoglycerol; GPI, glycerol 3phosphoinositol; GPE, glycerol 3-phosphoethanolamine; GPS, glycerol 3-phosphoserine; GPC, glycerol 3-phosphocholine.

of such a chemical-shift-pH behavior also permits the spectroscopist to use the pH
to manipulate the usually large GPE and GPS signals so that they do not lie in
regions of the spectrum occupied by smaller signals.
Table 1 displays the NMR chemical-shift values and pKa values of eleven
phosphodiesters obtained from the corresponding purified phospholipids. For
those phosphodiesters that undergo a chemical-shift-pH dependence, the chemical
shifts at the equivalence points of the acids and their conjugate bases are given
along with their pKa values determined by 3IP NMR-pII titrations, such as those
shown in Figure 2.
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'Ihe saponiiicalion reaction as given in the Methods Section exhibits one outstanding
artifact when, or if, the saponifkalion is allowed to proceed at room temperature for
more than 10 min. The GPC liberated from the saponified phosphatidylcholine
undergoes base-catalyzed hydrolysis to yield four phosphorus-coniainingfragments,
the chemical shifts of which are presented in the bottom portion of Table 1. Two
phosphomonoesters and two phosphodiesters are formed in essentially equivalent
quantities. The two phosphomonoestershave been identified as the glyccrol 2- and 3phosphates. The two phosphodiesters have not been rigorously identified; however,
their chemical shift and pi I titralion behavior (the chemical shifts do not titrate in the
pfl range 4-12) identify them as phosphodiestcrs. Because these resonances are
consistently manifested in a 1/1 ratio, they have been assigned, tentatively, to the two
optical isomers of glycerol 1,3 (cyclic)-phosphodiester, generated as a racemic mixture
by the base catalyzed hydrolysis. Apparently, the presence of the choline moiety in the
phosphodiester molecule is required for the facile base-catalyzed hydrolysis of the
phosphodiestcr functional group of GPC.
Precision of measurement
To test the precision of the analytical methods used, the saponification procedure and
subsequent S 'P NMR analysis were performed seven times, beginning with the same
stock solution of 20 mg/ml standard soybean phospholipid mixture in chloroform.
After evaporation of the chloroform solvent from the 1 -ml aliquot of the phospholipid
mixture in the reaction test tube, the saponificalion reagents were added. Subsequent
to the analytical saponification, the NMR analysis was performed (Table 2). The
soybean standard used yielded six phosphodiester and one phosphomonesters
products, corresponding to the phospholipid composition of the standard: CL, PG, PI,
PE, PS, and PC, which yield, respectively, GPGPG, GPC, GPI, GPE, GPS, and GPC
phosphodiesters and PA, which yields G3-P, the only phosphomonoester. For each
phosphodicster of the saponification profile, the mean value for the seven
determinations and the standard deviation about this mean are given in the Table. For
the standard preparation of granular soybean phospholipids, the mean phosphodiester
mole percentages correspond, within the standard deviations indicated, to the mole
percentages of the phospholipids from which they were derived f Fable 2, bottom line).
Deviations from these means are nominally ± 0.2 mole percent, which corresponds,
for the major saponification products, to a precision of three significant figures, a
precision value that is characteristic of most spectroscopic analytical methods under
practical laboratory conditions. This deviation rises to ±_ 7 % of the detected resonance
for those phospholipid polar head-group fragments where their concentration in the
starting phospholipid sample amounts to only 1 % of the sample.
When applied to sets of lipid extracts from corresponding sets of tissue specimens,
deviations in phosphodiester profiles increase. Table 3 shows phosphodiester profile
values obtained from lipid saponification products derived from the extracts of seven
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pig lens specimens. Kach lens was extracted for lipid, and each whole lipid extract, after
evaporation for solvents, was saponified and subsequently analyzed by "P \MR. In this
instance, deviations about the means are approximately one order of magnitude larger
than those given in Table 2, where the repetitive measurements were performed on
aliquots of a single slock preparation. Table 4 shows a corresponding set of data
derived from isolated perfused working rat hearts. Deviation about the means is belter
for the perfused rat hearl than for the pig lens; however, the scatter in this data set is
still approximately 2.5 times greater than when the determinations are performed on
a single standard stock preparation. Mean phosphodiester values from the major
profile components deviate ±_ 15 VA in the case of the pig lens but only +. 4 % in the
case of the perfused working rat heart. Considering the minor components, these
deviations increase to _+_ GO (7< in the case of the lens and ±_ 20 % in the case of the rat
heart.
Factors that limit the precision of NMR measurements7926 and NMR measurements
of extracted phospholipids191'0 have been discussed in previous publications from this
laboratory. In general, properly calibrated NMR spectra yield accurate quantitative
data, with errors usually attributable to the formulation of inappropriate standards that
deviate in matrix composition from those of the analytical specimens in the nature and
quantity of solutes, solvents, and for phosphates, countercations and pi I. When
appropriate analytical protocols are followed, however, the results are accurate and
reproducible. Thus, our earlier published method for the 31P \TMR determination of
Folch-extracted phospholipids has been reproduced, validated, and in fact improved
upon by Edzes, Tecrlink and Valk.27
When the saponification reaction is carried out repeatedly on aliquots of a single
stock solution, the precision of the determination is similar to that of colorimctry and
depends, in part, on good spectral resolution of the detected resonances (no
overlapping peaks) and on the acquisition of reasonable signal-to-noise ratios (Table
2). The precision of the method is lowered approximately one order of magnitude
(Tables 3 and 4) when the determination is applied to sets of tissue specimens. In
working with a variety of tissues over 20 years, examining phosphate metabolites,
phospholipids, phosphodiesters and purified chemical systems, three sources of
quantitative error have been identified in calibrated 3IP NMR measurements. These
are errors due to sample chemistry, to tissue handling, and to biological
variability.791920-26 For the saponification reaction discussed herein, the principle
chemical factor, outside of the difficulty of procuring quality standards, is the lipid
content of the individual specimens. The presence of large quantities of neutral fats in
the extracted lipid specimen will consume significant reaction mixture alkali and alter
the solvating properties of the ether solvent by introducing significant quantities of
glycerol, nonsaponified lipids, and free fatty acid hydrolyzate biproducts. These solvent
changes modify the solubilities of the alkali-released phosphodiesters, altering the
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composition of the phosphodiester mix precipitated on the walls of the reaction vessel
and thereby compromising the subsequently obtained spectroscopic profile.
Tissue handling is problematic. Ihe surgical manipulations required to remove a lens
from an excised optic globe are completely different from those involved in a
Langendorff heart perfusion. Freezing of the specimens is also different. The lenses
of Table 3 were dropped into liquid nitrogen after excision; the working rat hearts of
Table 4 were freezc-clampcd in position on the Langendorff rig while being perfused
with the sustaining buffer. These tissue-handling factors may explain why the rat heart
data set of Table 4 is tighter by about a factor of 2 than the lens data set of Table 3.
Biological variability represents the most serious prccision-compromisingfactor. As
explained previously,19 biological variability is nominally ±_ 5 % of the detected signal
area, and the only way to overcome this limitation is to apply statistical methods to the
data derived from sets of tissue specimen determinations, increasing the n-numberas
required to enhance quantitative reliability.20
iTie value of the saponification reaction method lies in its usefulness in being able to
identify extracted generic phospholipids through the nature of their polar headgroups
which are released by the described saponification reaction as phosphodiestersand in
its ability to characterize certain phosphodiester resonances seen in in vivo and ex vivo
31
P spectra through their respective chemical-shift values and, in the instance of extract
spectra, by direct addition of the prepared phosphodiester to the specimen sample for
the purpose of signal verification.
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Abstract
Saponified phospholipid extracts of malignant and normal human breast and colon
surgical tissue specimens (n = 45) generate character isticphosphodieslcr profiles using
"P magnetic resonance (MR) spectroscopy. 'ITic resultant MP MR spectroscopic profiles
of the analyzed tissues are used to differentiate malignant from normal. The
appearance of an uncharacterized resonance at 0.295 in the malignant tissue spectra
(50 % of breast and 75 % of colon specimens) is the most notable qualitative finding.
Quantitatively, malignant colon tissues differ from normal colon tissues with depressed
levels of phosphatidylserineand elevated levels of glycerol 3-phosphorylglyceroiand
an index measuring the summation of phospholipid polar head group residues with
free hydroxyl groups. Malignant breast tissues have significantly elevated levels of
gljijerol 3-phosphorylelhanolamineand significantly depressed levels of glycerol 3phosphorylcholinecompared to normal breast tissues, reflecting a perturbation in the
balance of lipid residues that are the respective breakdown products of
phosphatidylethanolamineand phosphatidylcholine. The concentration of the polar
head group residues is compared to " P MR spectroscopic profiles of colon and breast
tissue phospholipids in order to demonstrate the quantitative nature of the techniques
employed.
Introduction
Phosphorus magnetic resonance (MR) spectroscopic techniques applied to aqueous
or lipid extracts of human neoplastic tissues have served two purposes. Most
commonly, studies have been designed to advance the understanding o[ tumor
biochemistry, metabolism and characterize malignancy.12 Less frequently, 31P MR
spectral data from tissue extract analyses have been used to confirm in vivo 3l P MR
spectroscopic findings.3'*
The principal extraction techniques, used to prepare neoplastic tissues for analysis
with phosphorus MR spectroscopy, have been the perchloric acid extraction of acidsoluble aqueous intermediaries of metabolism5 and the chloroform-methanolextraction of phospholipids.6 In an attempt to characterize isolated tissue
phospholipids identified in SIP MR spectroscopic profiles, we developed a technique
which saponifies chloroform-methanol extracted phospholipids allowing generation
of qualitative and semi-quantitative 3)P MR spectra of the isolated phospholipid
glycerol 3-phosphoryl polar head group residues.7 This technique permits the
determination of phospholipid polar head groups in a medium other than chloroform
and under conditions where they are the only chemical products in an extract.
While the initial purpose of this saponification reaction was to characterize
phospholipid profiles of tissue extracts, the technique, when applied to neoplastic
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tissues, appears capable of gcneratingcharacteristic profiles of malignant and normal
tissues. This study investigates the phosphodiester polar head group residues of
phospholipids extracted from malignant and non-malignant human breast and colon
tissues using a newly developed analytical procedure. The resultant 31P MR
phosphodiester profiles are then consolidated to characterize and differentiate these
tissue groups.
Materials and Methods
Surgery-Pathology
Human breast and colon tissue specimens (n = 45) representing malignant breast
and colon carcinomas and noninvolved controls of normal tissue were selected. These
tissues were obtained from surgical specimens removed from patients undergoing
scheduled surgical procedures for breast and colon malignancies previously diagnosed
by line needle aspiration cytology and or excisional biopsy (for breast) and endoscopic
biopsy (for colon). Tissue specimens were submitted to the Department of Pathology
in an unfixed state within 10 minutes of excision and separated into their diseased and
nondiseased components. Representative samples of diseased and normal tissues
weighing approximately 500 mg each were frozen by immersion in liquid nitrogen. On
tissues samples adjacent to those taken for MR analysis, histopathologic evaluation was
performed following paraffin sectioning and staining with hematoxylin and eosin. For
the 12 malignant colonic tissues analyzed, the primary diagnosis was adenocarcinoma
of colonic epithelial origin; these varied from poorly-differentiated to welldifferentiated. The primary diagnosis for the 12 malignant breast tissues analyzed was
infiltrating ductal carcinoma.
Chemical Procedures
Phospholipids: Phospholipids from the breast and colon tissue specimens were
extracted and prepared for analysis using methods previously described for MR
phospholipid analysis of these tissues.89 These methods called for the pulverization of
tissues with a stainless steel mortar and pestle chilled with liquid nitrogen. The
homogenized tissue was then added to 20 weight-volumes (1 gm = 1 ml) of
chloroform-methanol2:l (v/v) and filtered before washing with 0.2 volume of 0.1 M
KC1. After the sample was allowed to separate for 24 hr, the chloroform phase was
recovered and evaporated for MR analysis. Phosphodiesters: Saponification of the
extracted phospholipids was carried out by adding 2 ml of a saponification reagent to
an extracted lipid specimen of less than 100 mg in 1-2 ml ether. The saponification
reagent was prepared by dissolving 0.05 ml 10 M KOH in 2 ml methyl alcohol to which
20 ml ethyl ether was added. The lipid in the saponification reagent is centrifuged at
1000 rpm for 5 min at 0 °C in a 12x75 mm test tube to plate the reaction vessel with
the precipitated products. Followingcentrifugation, the saponification products were
decanted. The vessel was rinsed once with 2 ml fresh ether and allowed to dry
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momentarily. Three ml l).,0 (20 ("t) were added to the vessel and the pi I adjusted as
desired lor die MR analysis. This procedure and the saponilication reagent have been
described previously in greater detail.7
Magnetic Resonance Spectroscopy
The N'MR spectrometer used in this investigation was a heteronuclear GH 500 \ B
system operating at 202.4 Mil/ for "I\ Analytical phosphodiester samples were placed
in standard 10 mm (spinning; 7 Hz) N'MR sample tubes and analyzed under conditions
of proton broad band decoupling at pH 7 and 1 1. Chemical-shift data are reported
relative to the usual standard oi\S5 ',< inorganic orthophosphoricacid,1" however, the
primary internal reference standard was endogenous glyccrol 3-phosphorylcholine
(('•PC) at -0.13 8. Phosphohpids were analyzed prior to saponification according to
methods previously described.1' The primary internal reference standard was the
naturally occurring phospholipid phosphatidylcholine (PC) (chemical shift, -0.S4 8).
Spectrometer conditions used for analytical extract analyses of the phospholipidsand
phosphodiester residues were as follows (phospholipid values which differ are given
in parentheses): pulse sequence, one pulse; pulse width. 18/isec 145°spin-flip angle|;
acquisition delay, N3 jusec (500/isec); number of acquisitions, 12,000 (4000); number
of points per free-induction decay. 32,7<»8 (40l.)C>);acquisition time 1.04 sec (1.32 sec);
sweep width +. <>024 Hz (1000 Hz). An interpulse delay of 500 msec was used in the
analysis of the phospholipids. 'Ilie total average time per analysis of the phosphodiester
residues was approximately <">() minutes. Additionally, a computer generated
exponential filler time-constant introducing 0.(> Hz line broadening was applied.
Chemical shifts follow the convention of the International Union for I\ire and Applied
Chemistry and are reported in field independent units of 5. Data reductions, including
peak area and chemical-shift measurements and spectral curve analysis, were calculaled
using the spectrometer's computer.
Verification of Phosphodiester Resonances
Resonance assignments are based upon accurate measurements of the chemical shift
of the resonance which, under invariable experimental conditions, arc reproducible
with acceptable accuracy. Phosphodieslers in the aqueous SIP MR spectrum can be
identified by adding a known quantity of a pure phosphorus containing compound or
by saponifying a phospholipid standard and observing the position of ihe resonance.
Phosphodiesters not previously identified but detected in this study were verified by
these methods." Further, resonances not corresponding to any of the commercially
available, saponifiable phospholipids were designated as uncharacterized (U).
Data Analysis

Phosphodiester concentrations in relative phosphorus mole percentages were
computed for all detected phosphodiestcr resonances in die analyzed breast and colon
tissue spectra. Mean phosphodiester concentrations in relative mole percentages of
phosphorus were calculated for the malignant and normal breast and colon tissue
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groups. The (bur groups were initially compared at (.he level of the individual
phosphodiesLers by an analysis of variance. For those resonances where significance
was determined to exist, (F probability, P < 0.0:')) post-hoc simple contrasts, using the
Schefle comparison procedure, were applied. Comparison between the individual
tissue group means, (between malignant colon and normal colon tissues), was carried
out with a two-tailed t-test. Significance in both tests was determined at the I' < 0.05
and I' < 0.01 levels. It should be noted that, under most conditions, analysis of
variance requires the assumption that the underlying variances between tested means
be equal. Therefore, at those resonances where significance was found lo exist,
homogeneity ol variance was confirmed using Cochran's C and the Bartletl-Box F tests.
Many indices, representing sums and ratios ol" individual or grouped metabolites, were
computed directly from the quantified spectral data. Only those indices found to
significantly discriminate between malignant and normal tissues are presented in the
results. Mean phospholipid concentrations in relative mole percentages of" phosphorus
were also computed lor the saponifiable phospholipids identified in the tissue profiles.
These data represent normalized mean mole percentages of phosphorus concentration
and were used for direct comparison with the normalized mean concentrations of their
saponified products identified in ihe phosphodieslcr spectra.
Results
Figure 1 shows representative aqueous " P M R phosphodiester spectra of saponified
lipids from each of the four tissue groups analyzed: malignant colon, normal colon,
malignant breast and normal breast. Resonance signals in the spectra, from downfield
(left) to upfield (right), 1.0 5 to -0.2 5, have been identified as arising from the following
phosphodiester residues: glycerol 3-phosphorylglycerol(GPG) at 0.92 5, bis(glycerol
3-phosphoryl)gIycerol(GPGPG)at 0.78 5, V at O.WJS, glycerol 3-phosphorylethanolamine (GFE) at 0.41 5, U at 0.29 S, glycerol 3-phosphorylserine (GPS) at 0.10 5,
glycerol 3-phosphorylinositol (GPI) at -0.07 8, and GPC at -0.13 8.
The most prominent feature of the analyzed spectra is the appearance of the
uncharacterized phosphodiester at 0.29 5 in the malignant tissue profiles. This
resonance appears in 6 of 12 of the malignant colon tissue profiles, 9 of 12 of the
malignant breast tissue profiles and in only one sample of normal colon tissue.
I "he phosphodiester signals of the tissue spectra obtained in this study are quantified
in relative mole percentages of phosphorus in Table 1. Two indicies computed from
the spectral data, the ratio of GPC lo GPE and POLYO1. (GPG + GPGPG + GPI) also
appear in Table 1. The chemical shifts presented in Table I for each of the resonance
signals are given for the determination at pi I 7. It should be noted that only iwo of the
phospholipid residues contain weak-acid functional groups, GPE and GPS, and
undergo a change in chemical shift with pH. These residues have chemical shifts of
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Figure 1. Proton broad-band decoupled " / ' M a l i g n a n t C o l o n
magnetic resonance phosphodiester spectra of
saponified malignant and normal human
GPC;
colon ami breast tissue phospholipids at pi I
7. The resonance signals from donmfield
(left) to upfield (right) are as follows:
Malignant
glycerol 3-phosphorylglycerol (GPG) at
Breast
0.92 8, bis (glycerol 3-phosphoryl) glycerol
(GPGPG)at 0.78 8, uncharacterized
resonance phosphoryldiester signals (U) at
Normal
0.66 8 and 0.29 8, glycerol 3-phosphorylColon
ethanolamine (GPE) at 0.41 8, glycerol
3-phosphoryherine (GPS) at 0.10 8, glycerol
3-phosphorylinositol (GPI) at -0.07 8, and j \ o n i i a l
glycerol 3-phosphorylcholine (GPC) at
Bl'CilSt
-0.13 8. The arrows indicate resonances that
correspond to the most significant findings of P ' ' P ' ' I M T T "
1.0
0.8
0.6
0.4
this work.

'T^1
0.2

' P^1 ' I
0.0 5 -0.2

PC

Malignant Colon
PK plas
' PK SPH
• PS ' PI

Figure 2. 3 I P magnetic resonance
phospholipid profiles of malignant and
normal breast and colon tissues. Prominent
phospholipid resonance bands appearing
from downfield (left) to upfield (right)
include cardiolipin (CL), phosphatidylethanolamine plasmalogen (PE plas),
phosphatidylethanolamine (PE),
phosphatidylserine (PS), sphingomyelin
(SPH), phosphatidylinositol (PI), and
phosphatidylcholine (PC).

Malignant
Breast
Normal
Colon
Normal
Breast
1

I
0.5
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Table 1. Phospholipid glycerol 1-phosphoryldiester residues and indices of malignant and
nonnal human breast and colon tissues in relative mean mole percentages of phosphorus as
measured by}'P NMR.
Mean Mole Percentages of Phosphorus

Phosphodicster3
GPG
GPGPG
U
GPF.
U
GPS
GPI
GPC
Metabolic Indices
GPC/GPE
POLYOL

Chemical
Shift (5)

Malignant0
Colon

Normal
Colon

Malignaiile
Breast

0.92
0.78
0.66
0.41
0.29
0.10
-0.07
-0.13

3.33
5.49
4.84
12.99
5.27
9.74
8.68
51.72

1.19
5.07
1.52
15.30
2.77
12.08
7.94
54.89

3.84
5.88
4.39
14.09
5.81
9.97
9.49
50.83

9.508
7.76
63.70'

4.78
17.50

3.68
14.20

4.31
18.25

7.30 h ' !
15.358

Normal
Breast
3.428
4.73
3.78
9.62h'''

j

a

Glycerol 3-phosphorylglycerol (GPG); his (glycerol 3-phosphoryl) glycerol (GPGPG);
uncharacterized phospholipid (U); glycerol 3-phosphorylethanolamine(GPE); glycerol 3phosphorylserine (GPS); glycerol 3-phosphorylinositol (GPI); glycerol 3-phosphorylcholine
(GPC); GPG + GPGPG + GPI. (POLVOL).
Chemical shifts given at pH 7 with reference to GPC at -0.13 5.
c
n = 1 2 ; d n = ! l ; e n = 12; f n = 10
8 Indicates a significant difference between colon tissues, P < 0.05
Indicates a significant difference between normal breast and colon tissues, P < 0.05
' Indicates a significant difference between breast tissues, P < 0.01
J Only one normal specimen contributes to the value of normal colon tissue at this resonance.

Table 2. Normalized relative mean mole percentage of phosphorus concentrations of
saponifiable phospholipids and their saponiftcation products (in parenthesis) in malignant and
normal human breast and colon tissues using 3IP NMR.
Mean Mole Percentages of Phosphorus
Phospholipid -*
(Phosphodiester)3

Malignant
Colon

PC - (GPC)
PI - (GPI)
PS - (GPS)
PF. -* (GPE)
CL -» (GPGPG)

59.46(58.44)
8.83 (9.83)
13.28(10.96)
13.85(14.40)
5.42 (6.34)

Normalc
Colon

Malignant
Breast

Normal e
Breast

58.39(57.43)
8.75 (8.39)
14.99(12.73)
13.03(16.06)
4.81 (5.37)

59.99(57.36)
8.54(11.06)
12.23(11.16)
14.60(16.19)
4.62 (6.96)

63.44(67.96)
6.84 (8.32)
14.57(10.14)
11.35(10.22)
5.70 (5.07)

Phosphatidylcholine(PC) and glycerol 3-phosphorylcholine (GPC); phosphatidylinositol(PI) and
glycerol 3-phosphorylinositol (GPI); phosphatidylserine(PS) and glycerol 3-phosphorylserine
(GPS); phosphatidyleihanolamine(PF-) and glycerol 3-phosphorylethanolamine(GPE); cardiolipin
(CL) and bis (glycerol 3-phosphoryl) glycerol (GPGPG).
n = 1 2 ; c n = l l ; d n = 1 2 ; e n = 10
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0.95 5 and ().f>9 5, respectively, at pj I 11.
Significant differences between malignant and normal colon tissues are seen in the
index of POI.YOI. and at the resonances of GPG and GPS. GPG and POLYOI. are
significantly elevated and GPS significantly depressed in malignant colon tissues when
compared to normal. For the breast tissues analyzed, GPK is significantly elevated and
GPC and GPC/GPK are significantly depressed in malignant breast tissues compared
to normal breast tissues. Using an intergroup comparison procedure, normal colon
tissues significantly differ from normal breast tissues, with a significant increase in the
relative concentration of GPK and a significant decrease in GPC/GPE.
Figure 2, exhibits typical phospholipid spectra of the lour tissues analyzed in this
study. The more prominent,saponifiablephospholipids, PC, phosphatidylserine(PS),
phosphatidylethanolamine(PE), phosphatidylinositol (PI), and cardiolipin (CL) are
observed in the same proportions as their products in the phosphodiestcr spectra of
Figure 1.
Table 2 provides, for direct comparison, the normalized mean relative mole
percentages of phosphorus concentrations for the saponiliable phospholipids PC, PS,
PK, PI, CL and their products. The phospholipid resonance corresponding to the
unknown phosphodiester at 0.29 8 is presumed to be masked by a non-saponifiable
phospholipid resonance e.g., PK plasmalogen (PE plas), SPII.
Discussion
Phospholipid polar-head groups and their residues are important because they
provide the molecular basis for biochemically mediated reactions playing roles in
anabolism, catabolism, generation of high energy compounds, energy utilization and
conservation. They compose portions of the lipid membranes of the cell wall, and the
membranes of organdies, thus facilitating the biochemical reactions involved in an
individual cell's basic activity. They also allow for exchange and transport of
compounds across membranes. Phospholipids alone have been shown to be useful in
characterizing malignant tumors. Adenocarcinoma cell lines of malignant lung
tumors12 and primary and mctastatic lung tumors13 can be differentiated based upon
their phospholipid content. In this regard, the qualitative and quantitative data derived
from the 3IP NMR spectra in this study demonstrate that the saponification reaction
and 3IP MR analysis can be used to characterize individual tissue groups by their
phospholipid polar head group residues.
The colon tissues arc specifically characterized by their significantly elevated levels of
GPG and depressed levels of GPS in malignant tissue compared to normal. With the
exception of the uncharacterized phosphodiester at 0.29 S and the POJ.YOL index, the
remainder of the colonic phospholipid saponification products do not demonstrate
significant differences. These are expected findings in view of the elevated levels of
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phosphatidylglycerol, sphingomyelin and lysophosphatidylcholinc that differentiate
malignant colon phospholipid profiles from normal in another study by this group.9
Of these distinguishinglipids, only phosphatidylglycerol and lysophosphatidylcholine
(LPC) are saponifiable. LPC, however, which saponifies to GPC along with PC is not
in sufficient concentration to effect a significant difference in the GPC concentration
for this tissue. The elevated POLYOL index in malignant colon tissues describes an
increase in phospholipid residues containing free hydroxyl functional groups. These
hydroxyl groups possess the ability to be incorporated within the hydrogen bond
network of H2O molecules. Thus, the polyol functional moiety acts as a non-ionic
detergent and modifies the structure of H2O in a manner analogous to mucins or
dissolved polyvinyl alcohol in water. Both of these attributes reflect the functional
properties of colonic epithelium: secretion of mucous and the absorption of water.
Breast cancer tissues are characterized by their significantly elevated levels of GPE,
the significantly depressed levels of GPC, GPC/GPE and the presence of the
uncharacterized phosphodiesterat 0.295 compared with normal. In previous studies
of phospholipid profiles of human breast tissues, malignant breast tissues were
characterized by their significantly elevated levels of PE compared to normal, elevated
levels of PI compared o benign neoplastic tissues and overall depressed levels of
choline containing lipids such as PC and sphingomyelin. These changes reflect the
depression of the ratio of GPC to GPE which in turn reflects the changes in the
principle outer (PC) and inner (PE) components, respectively, of the membrane.
Notable differences among the four tissues analyzed shows the significant difference
between the levels of GPE and GPC/GPE in the two types of normal epithelium. The
concentration of GPE in normal colonic tissues is significantly elevated compared to the
normal breast parenchyma which translates into a diminished GPC/GPE index in
normal colon compared to normal breast.
The uncharacterized phosphodiester that appears at 0.29 8 in the malignant
spectrum is characteristic of the malignant tissues analyzed in this investigation. With
the limited number of samples analyzed in this study it appears that this
uncharacterized resonance is more specific for malignant colon tissues. This
phosphodiester corresponds to an uncharacterized phospholipid not identified in
phospholipid profiles using present techniques. As the known saponifiable
phospholipids and their products appear in the same normalized proportions, it can
be assumed that the uncharacterized phosphodiester resonance at 0.29 S lies within a
resonance band of a non-saponifiable phospholipid, probably PE plas or SPH. This
uncharacterized compound does not contain a dissociable weak-acid functional group.
If it was a charged but neutral moiety like GPC, it would appear further upfield near
GPC. As an uncharged functional group near GPE it is most likely a derivative of GPE
where the derivation is on the amino function. In this case it could be an aldehyde
adduct, such as a conjugated Schiff-base adduct or an amide, where it may serve a
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regulatory function. Such derivatives have been described14 and implicated in human
disease processes.15
Comparing the similar relative intensities of the corresponding resonances in the
phosphodiester spectra of Figure 1 and the phospholipid spectra of Figure 2 and the
normalized saponifiable phospholipid concentrations and their products in the data
of Fable 2 it appears that the saponification reaction is quantitative.
Since it is true that anaplasia and autonomy of malignancy permits the production
of molecules in supra-normal amounts at inappropriate times, further studies
incorporating benign tumors and malignant tumors of diverse origins will be required
to determine if the resonance at 0.29 5 is specific for malignancy. Molecular tumor
markers are only useful when their presence and specificity for a cell type is
determined. Further study might concentrate on determining if the presence or
absence of this resonance correlates with tumor stage, grade or the presence of any
known tumor markers.
In malignancy, alterations in genetic transcription due to nuclear anaplasia may lead
to the coding and production of abnormal phospholipids which may increase or
decrease the concentrations of phospholipids normally found in the cell, hence the
differences seen in our profiles. By identifying the roles that various phospholipids
play, postulation and conclusions may be established pertaining to metabolic pathways
unique to malignancy. By identifying the presence or absence of various phospholipids
unique to certain tumors, the presence or absence of specific tumor types may one day
be diagnosed with refined P-31 MR spectroscopic techniques.
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Abstract

Single slice magnetic resonance images (MRI) were obtained from 9 normal breasts,
17 breasts with benign tumors and 1 I breasts with malignant tumors using an
interleaved (mixed) spin-echo inversion-recovery imaging sequence. Spin-echo and
inversion-recovery MR images and movies were synthesized with variable repetition,
echo and inversion times from the mixed sequence data. These images and movies
were used to qualitatively evaluate the contrast possibilities available when imaging the
breast with MRI. Proton T, and T2 relaxation times were determined for normal breast
tissues and malignant and benign breast tumors in pure T, and T2 images calculated
from the mixed sequence data. The mean value of T, in benign tumors 1049.02 +_
166.20 was found to be significantly longer (P < 0.0001) than the mean value of
malignant tumors 876.09 ± 194.82 and normal tissues 795.64 ± 96.80. The value of
T2 in benign tumors 89.15 +_ 34.35 was significantly longer (P < 0.01) than the value
of I,, in normal tissues 62.82 +_ 18.61. I Tie mixed sequence can be applied to improve
image contrast between malignant tumors, benign tumors and normal tissues of the
breast and potentially differentiate between these tissues in vivo. The results of this
study demonstrate that the role of MRI in the evaluation and characterization of
human breast disease requires further definition.
Introduction
I "he ability to characterize breast tumors in vivo with magnetic resonance imaging has
been the objective of investigators searching for adjuvant diagnostic modalities in the
evaluation of women with breast disease. Since 1982, more than 24 magnetic resonance
imaging (MRI) studies of the breast have been reported.1'24 Early studies demonstrated
the feasibility of performing MRI of the breast, while later studies aspired to define a
role for MRI in breast cancer detection and diagnosis. Many of the later studies
attempted to distinguish malignant tumors from benign tumors and normal tissue. The
majority of studies, however, failed to achieve this objective for 3 main reasons:
evaluation of MRI was predicated on supplanting mammography as a detection
method; arbitrary I',- and T2-weigh ted imaging sequences were used to provide
contrast between tumors and normal tissues; and, less sophisticated MRI systems and
imaging techniques were employed. Because these studies were unsuccessful in
achieving their goal, the future of breast MRI was deemed 'inconsequential';25'26 some
investigators have since turned to para-magnetic contrast medium such as gadoliniumdiethylenetriaminepentaaceticacid (Gd-DTPA) to evaluate breast disease with MRI.'"5
This turn of events has occurred despite the fact that present day MRI techniques have
not been utilized.
Since the breast is a soft tissue structure which can be positioned away from the chest
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and surrounded by a coil for MRI examination, and since the pathology of breast
parenchyma involves the formation of tumors with distinct histologic, biochemical and
physiologic differences, it seems logical that by using MRI, normal tissues could be
contrasted and distinguished from pathological tissues if the ideal imaging sequences
were known and if optimal parameters for it were employed.
Optimization of MR contrast requires selection of imaging sequences and parameters
that maximize differences in the relaxation times of normal and pathological tissue
structures. This implies that optimization is facilitated by the knowledge of the
approximate T, and T2 values of the tissues be imaged. Optimization of MR contrast
and determination of tissue relaxation time values is possible through the use of a
mixed imaging sequence. This imaging sequence consists of a multi-echo spin-echo
(SE) sequence interleaved with a multi-echo inversion-recovery (IR) sequence. Pure
spin-density (p), T,, and T2 images, calculated from the mixed imaging sequence data,
can be used to simulate SE and IR images with a wide range of imaging parameters.
These synthesized images can be used to study the influence of imaging parameters on
MR contrast. T, and T2 values of normal and pathological structures can also be
determined from cursor-defined regions of interest in pure T, and T 2 images. In this
study we use a mixed imaging sequence to characterize breast disease and study tissue
contrast for a variety of histologically confirmed breast pathologies.
Materials and Methods
Human Subjects

Twenty-eight patients, who were determined by clinical examination and
mammography to have breast lesions suspicious for carcinoma, were examined with
MRI prior to surgical excision of the lesion. Informed consent was obtained in all cases.
Nine healthy volunteers (ages 24 - 56) who did not undergo surgical biopsy were also
examined; for purposes of analysis, volunteers were classified as normal. Of the 21
patients biopsied, seventeen were iound to have benign tissue pathology (fibrocystic
changes or fibroadenoma) and 11 were found to have infiltrating ductal carcinomas.
The malignant tumors ranged in size from 0.5 to 3 cm.
Imaging Techniques

Imaging was performed using a single solenoidal breast coil on a whole-body 1.5
Tesla Philips Gyroscan system. The patient was placed in the prone position at the isocenler of the magnet. The breast hung in a dependent fashion into the coil. A series of
T,-and T2-weighted coronal and sagittal images were obtained to locate the lesion or
area of interest. Once identified, a single slice image was obtained using the mixed
imaging sequence. Imaging parameters were the following: field of view = 200 mm;
number of acquisitions = 2; resolution = 2562; Single 4-5 mm slices; TR-SE = 680
msec; TR-IR = 2160 msec; TE = 30, 60, 90, 120; Acquisition time, 12 min 33 sec.
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The mixed sequence is a feature supplied with the manufacturer's high-performance
imaging software. This software allows pure spin density (p), T, and T 2 images to be
calculated and available following the reconstruction of the multi-echo, SE, IR-modulus
and IR-real images (RI). IR-RI images differ from iR-modulus images since they
incorporate the phase determination of the SE sequence to correct the phase errors or
polarity of the IR sequence. The mixed sequence software calculates the purep, T, and
T 2 images using the methods of In den Kleef and Cuppen.27
T, and T2 Determinations
The T, and T 2 values of normal and pathological structures were determined by
displaying the calculated Tj or T2 images and by drawing regions of interest within
normal regions (9 volunteers and 14 of the 28 biopsied patients for a total of 23
measurements) and regions destined for surgical biopsy (17 benign tumors and 11
malignant tumors). T, and T2 values were determined for fat which served as a control.
Mean T, and T2 values for the three tissue groups were compared using a one-way
analysis of variance. The one-way analysis of variance was chosen to test the hypothesis
that the mean relaxation time values were equal. When a significant difference among
the mean values was determined to exist (F < 0.05) a Scheffe comparison procedure
was performed to test the differences between the mean values. The Scheffe test was
chosen because it is the most conservative of the multiple comparison procedures.
Analysis of variance assumes that the underlying variances between the tested means
are equal. This homogeneity of variance was confirmed using Cochran's C and the
Bartlett-Box F tests.
Synthetic Imaging
In addition to the SE and IR images created from the original imaging sequence
acquisition, series of images were synthesized with variable repetition, echo or inversion
times, depending on the type of imaging sequence selected. The synthesized images
can be evaluated individually or in a ' movie' format. In the movie format, one of the
image parameters, TE for example, is allowed to vary while the others are held
constant. The viewer visually interogates the biochemistry of the tissue while inspecting
the synthesized images in a serial fashion. Through the dynamic effect of the changing
image contrast, the range of contrast possibilities available between normal and
pathological structures using the fixed and variable imaging parameters are noted.
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Results
Figures 1-3 present matrices of" sagittal images of breasts obtained using mixed
imaging sequence data. Three examples, a breast with dense parenchyma (Figure 1),
a breast with a fibroadenoma (Figure 2) and a breast with an infiltrating ductal
carcinoma (Figure 3), are presented. Kach figure contains a T,-weighted SE image
(720/40), T.-weighted SK image (5000/75), pure, calculated T, image, IR-RI image
(22OO/3C>O/4())and IR-modulus image (12(50/240/20). Pure p and T, images are not
shown because the former has contrast similar to the SK sequences presented, and the
latter has p<x>r contrast. The 1,-weighted SK images, the pure T, images and the IR-RI
images are those images which were obtained from the original mixed sequence image
acquisition. I "he '(.-weighted SK images and the IR-modulus images were synthesized
from the mixed sequence data. For each specific type of image presented, the
parameters I R. IK, and II are identical.
It should be noted that while the specific parameters used in the images presented
in Figure 1 -3 may not provide the optimal contrast for a particular condition, images
are presented in this manner to demonstrate different parenchymal scenarios
encountered when imaging the breast and the variability between breasts when
evaluated with fixed values of I R, IK and II for a given imaging sequence.
The T, and I'., values determined from normal and pathological breast structures are
presented in Fable 1. Statistical analysis showed that significant differences (P <
0.0001) exist between the mean I, values of malignant and normal tissues as compared
to elevated values of benign tissue. I he analysis also showed that significant differences
(V < 0.01) exist between the elevated I'-, values of benign tumors and the lower T2
values of normal tissues. Malignant tumor I., values did not differ significantly from
either tissue group.
The T, and I., values of breast fat determined in this study serve as an internal
control for the calculated relaxation time values. The T, value of 2o"4.r>2 +. 2.38 msec
and I',, value of f>7.<>3 ±_ 1.3C> msec, are within the expected range for these tissues
measured at 1.5 T.' s
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Figure 1. Magnetic resonance images of a
breast with dense parenchyma obtained using
an interleaved spiv-echo (SK) in versionrecovery (III) sequence. The left column
displays a T/-weighted SK image (720/40)
(left, top); a T:-weighted SI\ linage
(WOO/7'i) (left, center); and a pure,
calculated T, image (left, bottom); the right
column displays an IR-real image
(2200/160/40) (right, center); and an IIImodulus image (1260/240/20) (right,
bottom).
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Figure 2. Magnetic resonance images of a
breast iril/i a fibniadenoma obtained using
an interletrred spin-echo (SEj iuvershmitYt/my (III) .'inqui'iid'. Thi' I aft column
dhf>la\s a T',-weightfd SE image (720/40)
(left, tup); a 'l\-weigiited SE image
(^00(1/7^) (left, centei); and a pure,
calculated T, image (left, bottom); the right
column displays an IR-real image
(2200/160/-10) (tight, center); and an llimodulus image (1260/240/20) (right,
bottom).
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Figure 3. Magnetic resonance images of a
fatty-involuted breast until an infiltrating
dnctal carcinoma obtained using an
interleaved spin-echo (SE) imwrsion-recovtny
(Hi) sequence. The left column displays a T,weighted SE image (720/40) (left, top); a
T.-weighted SE image (5000/7 ">) (left,
center); and a pure, calculated T, image
(left, bottom); the right column displays an
IR-real image (2200/160/40) (right, center);
and an IR-modulus image (1260/240/20)
(right, bottom).

143

Table 1. In vivo T, and 7\ relaxation time values of normal breast tissue and malignant
and benign breast tumors determined from an interleaved spin-echo inversion-recovery
imaging sequence.
T, and To relaxation lime values + SK (msec)
lime

Kata

Benignc

Normal^

Malignant''

T,

204.02 ± 2.38

795.04 ± 21.12

1040.02 ± 40.31

370.09 ± 27.83 e

1,

57.G3jtl.S0

02.82 ±4.0(5

89.15 ±3.1)0

74.76±27.34 f

a

c
e

n = 28
n = 23; 9 ineasureiiients from volunteers and 14 measurements from normal tissues in biopsied
patients.
n = 1 7 d H = 11
The mean value of benign varies significantly from the mean values of normal and malignant at
tbe P < 0.0001 level.
The mean value of benign varies significantly different than the mean value of normal at the P <
0.01 level.

Discussion
T, and T2 values

The results of this study show that normal breast parenchyma] tissue and malignant
tumors can be distinguished from benign tumors on the basis of significantly elevated
T, values in benign tumors. Normal tissue can also be distinguished from benign
tumors on the basis of elevated T2 values in benign tumors. These findings differ from
7 previous studies which assessed breast image data and calculated either T, values,7 9
T2 values10 or both.11'13 These studies generated relaxation time values which were
reported to provide little additional information regarding tissue discrimination. These
studies were performed with magnetic field strengths of 0.5 T or less. Differences in
experimental techniques probably account for the differences between the present and
previous findings. Techniques used in previous investigations to obtain calculated T,
or To images were either the 'two-point' method or they were not defined. These
studies obtained data from images with slice thicknesses which varied from 5-10 mm
and as a result, broad ranges of T, and T2 were determined for all tissue types and
large standard errors were noted in the experimental measurements. The advantages
of using the mixed imaging sequence to examine the T, and T 3 values of normal and
pathological structures are numerous. Most important of these advantages is that all
data are derived from a single image during a single imaging acquisition. Other
techniques used to calculate T, and T2 values of imaged structures require the serial
acquisition of 2 or 3 images - each with a different T, or T2 weighting. The certainty
that the slice of one imaging sequence corresponds with the slice of another cannot be
reliably assured when the data is obtained in this manner. In applying these alternative
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methods, if one assumes for a given voxel (volume element) that only one tissue type
contributes to the measurement, the certainty of the measurement is reduced by
patient movement and large slice thickness. This is primarily due to partial volume
errors. Another important advantage of this technique is that the pure Tt and T2
images are calculated with the reconstruction of the multi-echo SE and IR images and
these pure images are then immediately available to the operator to determine the
relaxation times of tissue structure.,.
Malignant Breast Disease
Malignant breast tumors appear within various tissue environments. These
environments include the presence of fat, normal glandular tissue or dense fibrocystic
parenchyma. The interface between malignant breast tumor and fatty tissue is readily
apparent with MRI which makes this technique valuable in assessing the breasts of
older women who are more likely to develop a malignancy and in whom fatty
involution of the breast is common. The morphology of the lesion and relaxation time
measurements can also be determined readily in this setting. More common scenarios
in younger age groups include: the presence of a tumor within a breast which has an
abundance of normal parenchyma adjacent to the lesion; a malignant tumor admixed
with fibrocystic changes.
The T,-weighted imaging sequence generates sufficient contrast between the
malignant tumor and breast fat in Figure 1 to determine morphologically that the
malignant lesion is lobulated and mullicentric in origin.
In the images that feature T, effects, (pure T,, IR-RI and IR-modulus), histologically
verified tumor extension is visualized. This finding is represented by the small foci of
signal intensity which, when compared to fat, appear bright in the pure T, and IRmodulus images and dark in the IR-RI image. This additional information is not well
visualized in the SE images most likely due to the fact that the SE sequences have
relatively more T2 influences.
Benign Breast Disease
The presence of pathology in a dense breast is demonstrated in the case of a
fibroadenoma which appears in the center column of Figure 1. The lesion is clearly
demonstrated in every image presented - with the exception of the T,-weighted SE
sequence. The spin-echo sequences in Figure 1 have Tj-weightings and were obtained
by using TR and TE values which accentuate structures with short T, values; thus,
when using this sequence, breast fat with a short T, appears with high signal-intensity
when compared to normal parenchyma. In the same image, the fibroadenoma with a
long T, is nearly iso-intense compared to normal breast parenchyma.
Significant differences measured in T, and T 2 values of benign tumors and normal
tissue are demonstrated in all of the presented image sequences. In the Tj-weighted
SE image, significant differences between the T, and T2 values of benign tumors and
normal tissue act as opposing influences. In the To-weighted image sequence, which
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was synthesized using a repetition time approximately 5 times longer than the T! value
of the benign tumor and an echo time found within the range of normal tissue and
benign tumor T2 values - the image is void of T, influence, and only the T2 differences
in the tissues are featured. Conversely, the differences between the Ti values of normal
tissue and the fibroadenoma are presented free of T 2 influence in the pure T, image.
Finally, the two inversion-recovery imaging techniques focus on the T, differences of
the tissues, benign pathology, normal parenchyma and breast fat.
Normal and Dense Parenchyma
One group of patients difficult to evaluate using conventional techniques of
mammography and ultrasound are those patients with dense breasts and mastopathia.
MRI shows these patients to have a greater proportion of parenchyma than other
patients. Clinically suspicious areas of the breast can be evaluated for pathology by
using the mixed imaging sequence. Though contrasted well with breast fat in each of
the imaging sequences presented in Figure 1, dense parenchyma is best evaluated with
heavily T2-weighted sequences; these help to delineate inhomogeneities of the normal
glandular tissue.
Dynamic Image Simulation
One aspect of this investigation, which is difficult to present without a large number
of images, is the synthesis of a series of images using a specific imaging sequence and
variable parameters such as TR, TI or TE. This is best demonstrated in a movie
format. With the known Tj and T2 values of breast structures, movies of images can be
synthesized in a manner designed to feature the differences in T, or T 2 tissue values.
For example, by synthesizing images for a SE sequence, it is possible to observe images
for a large range of T, and T 2 weightings. A particular case could then be investigated
with a fixed repetition time of 500 msec and variable echo times ranging from 0 msec
to 375 msec; the echo times would differ by increments of 25 msec. In viewing such a
movie, the investigator would be able to see images of the breast with TR 500 msec and
TE of 0, 25,50, 75, 100, 125 - up to 375 msec. A range of T, and T 2 influences could
be seen in this movie. In this case, if an image of near optimal contrast was noted, the
TE value for the movie at the optimal frame could be used as a point of departure for
synthesizing a second movie using smaller increments of TE. One should note that
conventional MR system software would not permit TE values of 0 or 375 msec to be
employed. The ability to obtain a spectrum of images which does not require the
patient to lie in the MR system for an extended period of time is advantageous.
Since the application of the mixed imaging sequence first requires the localization of
the suspected pathology, the use of random Tj- and T2-weighted images must still be
employed. To overcome this time consuming and potentially unfruitful exercise,
optimal sequences used for scouting the breast for mammographically suspicious or
palpable breast masses need to be determined.
To provide tissue specific contrast, the application of MR imaging requires
146

knowledge of in vivo relaxation time values of normal and pathological structures.
Imaging sequences which are designed to differentiate between tissues, taking into
account the influences of both T, and T2 in a single image acquisition are the subject
of current research.29
In this study, optimizing tissue contrast and imaging parameters form the basis for
pursuing further investigations involving MR imaging of the breast. Image
optimization is necessary to differentiate malignant and benign tumors from normal
tissue and to demonstrate more clearly the extent of tumors for in vivo diagnostics,
surgical treatment planning and image-guided in vivo spectroscopy.
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Abstract

Magnetic resonance imaging (MRI) is capable of providing a different diagnostic
perspective in the evaluation of breast lesions. Its application in a single patient with
multiple papilloma of the breast is described. MRI convincingly demonstrated the
multicentric nature of the disease and helped to develop a proper treatment plan. I"his
report makes it clear that MRI could serve as an adjunct to mammography and
sonography in selected cases.
Introduction
The analysis of premalignant lesions in the human breast is of diagnostic and
therapeutic importance. It serves to improve the classification of individuals at risk of
developing malignant neoplasms, it allows refinement of techniques used to identify
malignant transformation and it enables us to assess definitive therapy for patients with
premalignant disease. As a relatively new in vivo imaging technique, magnetic
resonance imaging (MRI) may be capable of providing new insight into the nature of
premalignant lesions. T his report investigates the MRI appearance of a single case of
multiple papilloma of the breast and demonstrates the useful-ness of magnetic
resonance imaging in assessing this rare premalignant breast condition.
Patient and Methods
The patient examined in this investigation was a 48 year-old female with a long
history of breast complaints whose mother was treated for intraductal carcinoma of the
breast. In 19f>8, the patient's left breast was incised to treat an abscess that appeared
during breast feeding. In 1981, after presenting with galactorrhea, the patient
underwent local excision of the same breast for an intraductal papilloma. Subsequent
annual mammographic examinations persistently showed dense breast tissue without
specific abnormalities. In 1985, sonography demonstrated fi cysts in the left breast
along with 2 benign densities in the right breast. Ilie cysts were not aspirated. In 1988,
the patient complained of cyclic pain which was greater in the left breast while
mammography and sonography showed multiple cysts in the left breast with scattered
areas of increased density. In 1990, mammography showed asymmetry with multiple
homogeneous, well-circumscribed lesions (Figure 1). Subsequent sonographic
examination showed multiple solid masses (Figure 2). At least two of these solid masses
are surrounded by a sonolucent rim suggestive of a mass surrounded by a fluid layer.
Aspiration cytology of the large cyst yielded no malignant cells.
Prior to surgery, magnetic resonance imaging was performed using a whole body 1.5
T Philips Gyroscan system using a single solenoidal breast coil. The patient was placed
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Figure 1. Maminographx of a patient with multiple papdloma
of thr breast. The cranial-caudal mammo<^raphic projection of
the left breast weals several homogeneous circnmscript cyclic
masses.

Figure 2. Sonogmphiailly

the lesions in the left breast of this

patient mill multiple papilloma are deputed as solid masses
surrounded l>\ a thill shell of fluid.

1

Figure 3 . Sagittal T,-weighted magnetic resonance images of a
patient u<ith multiple papilloma of the breast. An iulracyslic
process is shown in a large <yst as an area of low signal
intensity. Areas of hnr signal intensity, determnied b\
histopathology lo be tumor, are seen throughout the images and
near lo the chest wall.

Figure 4. Jhe cut surface of the spei mien shines mie large and
four smaller papdlowas in cyslicalh dilated ladi/erous ducts.

in ihe prone position ;it the isocenter of the MR system with the breast hanging in a
dependent Fashion into the toil. A series oF contiguous 1 , and I,, weighted images in
the coronal and sagittal planes were obtained with a slice thickness of f> mm. Sagittal
I',- and 'I'.,-weighted images (Figure !*) demonstrated most clearly the large cyst and
intraevstic process. The lesion appeared to Ix- located adjacent to the chest wall. In the
'1',-weighled images the intraevstic process in the largely fatty breast was depicted as
an area ol low signal intensity compared to breast fat and the fluid content of the cyst.
In the same images and in adjacent sagittal slices, numerous smooth, round lesions of
low signal intensity were noted. These small, randomly distributed Foci oFlow signal
intensity were also determined to be tumor by histopathology. In the TL,-weighled
images, the signal intensity of die described lesions appeared to Ix1 only slightly higher
compared to the '1',-weighted images. In the I ,-weighted image, fluid within the large
cvsts did appear to increase in intensity.
At surgerv. the latero-caudal segment of the lelt breast containing the cysts was
excised. Fro/en sections revealed an iniracvstic malignant tumor and therefore an
axillarv dissection was executed during the same procedure. Definitive pathology
reports of the submitted specimen showed the excised tissue to consist of a f> x 3 x 3 cm
segment of the breast containing glandular and fatly tissue. Macroscopically, the cut
surface revealed multiple cvsts filled with lobulated solid tumors throughout the
specimen. Hie tumors varied in color From while to vcllow-green, and in size from 0.2
to L' cm. (Figure -1).
Microscopy showed papilloinatous and adenomatous proliferations of duct
epithelium in numerous dilated ducts and cvsts. The epithelium was two-layered with
myo-epiLhelial cells in a basal and columnar cells in an apical position. The latter often
showed snouts and foci of apocrine metaplasia. Nuclei were achromatic, but slight
pleomorphism was present in pans of the tumor and mitoses were numerous (20 in 10
HIM). In the glands and around the ductules a delicate to well-developed fibrovascular stroma was present. I'scudo-infiltration inlo sclerotic areas was common.
Surrounding breast tissue and lymphnodes were normal. The resection was irradical.
The original diagnosis of carcinoma on frozen section was altered after studying
definitive sections which better showed the two-layered epithelium and the apocrine
metaplasia which precluded a carcinoma, leading to a definitive hislopathological
diagnosis of multiple papilloma of the breast ducts.
Discussion
When papillary tumors of the breasl are diagnosed, they are known to be
accompanied by a variety of benign conditions, usually cyslic disease and cystic
hyperplasia.' Tumors of this kind are uncommon, and even rarer is their presentation
as an intracystic process.2 A solitary papilloma, is a benign tumor which simply requires
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cxcisional biopsy and routine follow-up. Nine out of ten cases of papilloma are
diagnosed as solitary, but sometimes it is multiple in presentation. Multiple papilloma
of the breast ducts has a great capacity for recurrence and a 40 % chance of becoming
malignant and thus requires special assessment of surgical treatment and follow-up.s
Previous investigations by Haagensen el a/.3 have proposed therapeutic operative
strategies for multiple papilloma ranging from wide excision to simple mastectomy.
Haagensen at al. have also recommended that the patient be followed every three
months for the rest of her life.
Although multiple papilloma of the breast ducts is a benign but premalignant disease,
due to a lack of proper evaluatory techniques and the potential of the patient to be lost
to follow-up, one probably often advises a simple mastectomy. In the climate of
conservative breast surgery and treatment it is difficult to propose simple mastectomy
for a premalignant condition unless the surgeon and patient truly understand the
extent of the disease. Although the capacity of lesions to recur may indicate the need
for extended surgical procedures, performing a mastectomy and then discovering that
the removed breast contains no residual disease is difficult to justify.
The patient presented in this report had an extensive pre-operative work-up
including radiologic studies, clinical examination and aspiration cytology. Other than
the knowledge of multiple intracystic processes detected by sonography, no additional
guiding information was available prior to surgery. Future use of MRI would permit
earlier institution of a definitive treatment plan and subsequently shorten the patient's
period of anguish. This is due to the ability of MRI to demonstrate the multicentric
nature of this type of breast tumor and the advantages of multiplanar imaging to
determine the relationship of these lesions with respect to the chest wall, skin and other
important normal tissue structures.
Breast preserving therapy is difficult to advise in premalignant and other borderline
cases. Most authors in standard surgical textbooks advocate simple mastectomy for
multiple papilloma of the breast because of its multicentric and premalignant nature.
Since most women are found to have this disease at a relatively early age, repeated
examination with mammography places the patients at increased risk for an induced
neoplasm.4 Magnetic resonance imaging, applied in specific cases, provides a different
diagnostic perspective and an advantage when the operative strategy cannot be
precisely determined because of the inability of conventional techniques to appreciate
the extent of disease. This case of multiple papilloma makes it clear that in selected
cases MRI is of value as an adjunct to mammography and sonography.
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Introduction
Fibroadenoma is a common benign tumor of the breast which is well characterized
mammographically,1 sonographically'Jand by physical examination. In spite of being
well characterized, its presence as a tumor provokes surgical evaluation. Kven though
the presence of a fibroadenoma is not associated with an)1 increased risk for the
development of a primary malignant tumor of the breast,' most surgical textbooks state
that excision is mandatory. 1 ' The removal of these lesions results in deformity,
morbidity and expenditure of resources: nevertheless, any perceived risk of malignancy
by the patient and a conservative clinical attitude are responsible for a large number
of surgical procedures lor this benign condition.0
F.xcept in cases where a fibroadenoma causes the patient physical or psychological
discomfort by its presence, if a technique were developed to characterize
fibroadenomas more specifically in vivo, unnecessary surgery could possibly be avoided,
especially in young women. F.arly studies using magnetic resonance imaging (MRI)
attempted to characterize libroadenomas in vivo on the basis of characteristic
morphology, signal intensity. I , and I., relaxation times and enhancement with
paramagnetic contrast.' '' While the findings of these studies did improve the MR
image characterization of libroadenomas, the morphological data did not provide more
information than mammography or sonography.
At our institution, we have developed a breast imaging and speclroscopy system
which improves upon previous MRI studies of fibroadenomas through image
optimization and characterization of using a mixed spin-echo (SF.) inversion recovery
(1R) imaging sequence. In this study we demonstrate the use of these techniques to
characterize an individual case of fibroadenoma. This study features in vivo 31P MR
spectroscopic data demonstrating for the first time the application of in xrivo
spectroscopy for this type of pathology.
Materials and Methods
Patient
A 24 year-old female presented with a painless lump in her left breast which she had
first noticed four months previously. I Ier family history was negative for breast cancer.
On physical examination a 1.5 x 2 cm tumor was palpated in the lower outer quadrant
of the left breast. I "he tumor was firm and rubbery in consistency with sharply defined
borders. A mammogram showed a homogeneous, sharply defined density, sonography
confirmed this finding and a needle aspiration of the tumor for cytologic study did not
yield malignant cells. At this time a wait-and-see policy was instituted. One year later
the mass had increased in size to 2.f> x 3 cm on palpation. Kven though the palpatory
aspects of the tumor were similarly benign, due to the increase in size and patient

discomfort, excision was advised. At surgery a 2 x 2.5 x 4 cm tumor was removed with
fibroadenomatous aspects. The post-operative course was uneventful.
Pathology
Macroscopic examination of the lesion showed it to be an encapsulated, smooth
lobular tumor of 2 x 2.5 x 4 cm. Microscopic examination showed a well-defined tumor
consisting of a cellular fibroblastic stroma that often compressed epithelium-lined
spaces with a variable configuration. The epithelium was regularly arranged in two
layers on a basement membrane.
MR Imaging and Spectroscopy
Imaging and spectroscopy measurements were performed on a whole body 1.5 T
Philips Gyroscan system using a dual-tuned ('H and 3IP) coil. The coil used was a twoturn solenoid with a diameter of 11 cm. The patient was placed in the prone position
at the isocenter oi the MR system with the breast hanging in a dependent fashion into
the coil. Imaging A series of T, weighted images in the coronal and sagittal planes were
obtained for orientation. With the lesion localized and its volume determined from the
corona) ^nd sagittal images, a mixed imaging sequence consisting of a multi-echo SE
sequence interleaved with a multi-echo IR sequence was obtained through the lesion.
Imaging parameters: SE repetition time (TR) 580 msec; IR-TR 2160 msec; echo times
(TE) 30, 60, 90, 120 msec. This imaging sequence was used to calculate pure spindensity (p), T, and T2 images. From these calculated images, the spin-lattice relaxation
times (T,) and the spin-spin relaxation times (T2) of the pathological and nonpathological structures were determined. Also from these calculated images, SE images
were synthesized using echo times (TE) of 0, 10, 30, 60, 90, 120, 150, 200, 250, 300,
and 400 ms for TR values of 500, 1000, 1500, 2000, 2500 ms. A more detailed
description of the mixed sequence and imaging parameters is presented elsewhere.18
In Vivo Spectroseopy Using both sagittal and coronal images of the fibroadenoma a 2.5
x 2.5 x 3.0 cm volume was selected for spectroscopy corresponding to a volume inside
the tumor. The spectrometer was prepared for spectroscopy by shimming the magnetic
field over the volume of interest. This was carried out by monitoring the 'H resonance
of breast parenchymal water using a single-shot stimulated volume selection
technique.'9 The water resonance was shimmed to less than 14 Hz after which a simple
proton spectrum was obtained to determine the water/fat ratio. The coil was then
tuned to the 31P resonance frequency of the system and a phosphorus spectrum was
obtained with and without volume selection. The volume selection procedure utilized
was the ISIS technique.20 The typical spectrometer conditions for the 31P MR
experiments were as follows: pulse sequence, I pulse; pulse width, 120 jisec (90° spinflip angle); pulse type, adiabatic; repetition time, 2500 msec; spectra] width, 3.0 kHz;
number of data points, 1024. 512 free-induction decays (FIDs) were obtained for the
volume-selected spectrum and 64 FIDs for the non-volume-selected spectrum. The
FIDs were multiplied with an exponential function (line narrowing factor of 8 Hz) and
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a convolution difference was applied (line-broadening factor of 200 11/). The relative
concentration of resonance bands and metabolites was determined using integration
routines which are part of the specti oscopy system's software. Chemical shifts of
resonance bands and metabolites are given with respect to phosphocrealine(PCr) at
0.0 PPM.
Results
Figure 1 presents a series of sagittal SK images of a hislologically confirmed
fibroadenoma synthesized using , Tl and I"2 image data sets calculated from a mixed
imaging sequence. Two series of four images demonstrate the fibroadenoma with
repetition times (TR) of 500 and 2500 ms. For each series of images with a fixed TR
and echo times of 0, 60, 150, 409 ms are presented. On the more Tl weighted images,
the SF 500/0 and SF. 2500/0 sequences, the fibroadenoma is shown to be nearly
isoiniense with the surrounding dense breast parenchyma and hypointense compared
with breast fat, which appears with high signal intensity in these images. With increased
T2 weighting, specifically with the SF 500/00 - 400 and SF 2500/60 -150 -400
sequences, the fibroadenoma is shown to increase in signal intensity compared to the
surrounding normal breast parenchyma. On the more heavily T2 weighted sequences,
the fibroadenoma appears isointense relative to the breast fat.
Tl and T2 values were determined from irregular regions-of-interest conforming to
individual structures in pure Tl and T2 images calculated from the mixed imaging
sequence data. Tl values of the fibroadenoma, breast parenchyma and fat were,
respectively, 1096.2 ± 155.5, 677.6 ± 65.2 and 277.5 ± 1 4 . 1 ms. T,, values of the
fibroadenoma, breast parenchyma and fat were, respectively, 68.1 ± 13.5, 34.2 ± 5.8
and 50.1 + 1.8 ms.

Table 1. T, and 7\ values (+_ SD) of normal and pathological
breast structures for an individual case of fibroadenoma of the
breast.
Relaxation Time Values (msec)
Tissue

T,

T»

277.5 ±14.1

50.1 ± 1.8

Normal parenchyma 677.6 ± 65.2

34.2 ± 5.8

Fibioadenoma

68.1 + 13.5

Fat

1096.2+155.5
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Figure 1. Sagittal spin-echo (St.) images of a fibroadenoma of
the breast simulated from '/',. T2 and p data sets obtained with a
mixed SE-im>ersion-reco7<e>y imaging sequence; slice thickness,
5 mm. TH = WO ms. TE = 0, 60. HO and 400 vis (top). TR
= 2 WO ms. TE = 0. 60, IW. 400 vis (bottom).

1(54

In Figure 3 the volume selected proton spectrum of the fibroadcnoma is shown along
with the volume-selected "P MR spectrum of the fibroadcnoma and a 31I> MR spectrum
of the patient's entire breast. The water/fat ratio of the tumor, calculated from the
proton spectrum was determined to be 4.33.
Resonances in both the volume selected and non-volume selected spectra appearing
from downfield (left) to uplield (right) are the resonances of phosphomonoesters
(PMK), inorganic orthophosphate (ft), phosphodiesters (PDK), phosphorylalcd glycans
(PC), phosphocreatine (PCr) and the three peaks contributed by the nucleoside
triphosphates, specifically ATP. The most poignant difference between the spectra is
the more prominent PCr peak appearing in the non-volume selected spectrum. The
calculated relative conccntrationsof the more prominent phosphorus metabolites and
resonance bands in the volume-selected phosphorus spectrum were determined to be:
PMK + Pi, 12.03 9?; PDK, 10.09 9?; PC. 1 1.04ff; PCr, 6.02 tt and ATP 54.82 9f.

Figure 2. Mammogram of a jibroadenoma
of the breast. Medial-lateral x>iew (left).
Cranial-caudal viexv (right).
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Figure 3. In vivo spectroscopk measurement
of a fibroadenoma of the breast. Volumeselected proton spectrum of the fibroadenoma
(top). Non-volume selected phosphorus
spectrum of the fibroadenoma containing
breast (center). Volume-selected phosphorus
spectrum of the fibroadenoma (bottom)
showing major resonance bands from
downfield (left) to upfield (right):
phosphomonoesters (PME), inorganic
phosphate (Pi), phosphodiesters (PDE),
phosphorlyate glycans (PG), phosphocreatine
(PCr) and three peaks corresponding to the T,
a andfi resonances of the nucleotide
triphosphates, primarily ATP.
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Discussion
Increased public awareness of the frequency of breast cancer and breast screening
programs have increased the number of female patients referred to a consulting
surgeon with a breast mass. Although it is tempting to subject each of these patients to
an excisional biopsy, the number of benign lesions removed will ultimately be high and
the surgeon who lakes Lhis approach will frequently operate on the same patient more
than once.' 1 This is especially true for young patients with fibroadenomas and
therefore it is important that innovations in breast imaging capable of improving the
specificity of current techniques be explored.
Since the first reported MR imaging study of the breast in 1982,7 investigators have
attempted to differentiate malignant tumors from benign conditions in vivo. The
majority of the studies failed to achieve this objective for a number of reasons. First,
their evaluation of MR imaging was predicated on supplanting mammography as a
detection method, second, as previously mentioned, arbitrary, non-optimized imaging
sequences were used and third, now obsolete techniques and hardware were employed.
As a result, these studies have promoted a negative outlook for MR I of the breast, in
spile of the fact that present day MR I techniques have not been extensively exploited.
This negative outlook appears to have initiated the use of contrast medium (Gd-DTPA)
to differentiate malignant tumors from benign. Studies employing contrast medium
have met with limited success. The most important limiting factor in these studies has
been their inability to distinguish between fibroadenoma and malignancy.1517
The simulated SK images presented in this study provide one example of how
contrast between pathological and normal structures in the breast can be optimized or
evaluated. It is apparent that the more heavily I..-weighted images produce the
optimal contrast in this particular case. Previous MR studies of the breast have relied
on randomly selected I, and I , weighted images to characterize fibroadenomas.
Investigated in this manner, these benign tumors have not been reliably distinguished
from malignant tumors. Our method of obtaining a mixed imaging sequence through
the lesion permits imaging of the pathology with several practical applications. These
applications include characterizing the fibroadenoma in its environmentof soft tissue
structures by (1) synthesizing images with a range of imaging parameters, i.e., TR and
IK, to determine the optimal contrast for a given imaging sequence and (2)
determinating the T, and T., values of normal and pathological structures. The optimal
range of imaging parameters is necessary when attempting to locate lesions and
provide orientation for dynamic contrast studies, speclroscopy and application of this
mixed imaging sequence. The relaxation time values calculated from pure T, and T2
images are within the upper range of values reported for previous studies,'0'10'12'14
taking into account the differences in field strength that affect T,.
The simple proton spectrum and calculated water/fat ratio obtained following

us?

shimming for phosphorus spectroscopy is a tissue variable that has been shown to be
useful for monitoring tumors during radiation therapy.21 The water/fat ratio of 4.33
is comparable to values seen in other non-treated, non-malignant tissues.
The phosphorus spectra in Figure 2 demonstrate both the possibilites and limitations
of obtaining spectra from breast tissues in vivo. The spectra provide a direct
measurement of tumoral high- and low-energy metabolism by measuring the levels of
tissue PME, Pi, PDE, PC, PCr, and ATP. While there have been no previous in vivo 3lP
MRS assessments of a fibroadenoma, levels of PME, PDE, PG, PCr and ATP measured
in this case appear consistent with previous studies involving tissue extract analysis of
fibroadenoma surgical tissue specimens.22 Characterization of the fibroadenomas in vivo
will permit the differentiation of fibroadenoma from malignancy if haracteristic
profiles can be obtained from a sufficient number of cases. The non-volume selected
spectrum of the breast was obtained to demonstrate that in the breast, without proper
selection of tissue volumes for spectroscopy, contamination of the spectrum due to PCr
is obtained from the chest wall or from the skin which contain higher levels of this
high-energy metabolite than normal and pathological breast tissues.
With the improvements in MR technology and techniques comes the obligation to
evaluate work previously performed using magnetic resonance imaging and
spectroscopy in human breast diseases. Exhausting the many possibilities of both MR
imaging and spectroscopy in assessing the technology for its role in human breast
imaging will enable the modality to maintain its non-invasive attractiveness and
promote its biochemical basis.
Although the specific application of MR techniques in patients with breast diseases
requires continued evaluation, young female patients whose breasts are difficult to
evaluate with current techniques, due to dense parenchyma,23 might benefit from the
application of any of the in vivo MR techniques described above by avoiding excessive
and potentially harmful radiologic studies24 and, in the case of a fibroadenoma which
affects a large number of women, by avoiding an unnecessary surgical procedure.
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Abstract

Preoperative magnetic resonance imaging (MRI) was performed in 40 patients with
malignant and benign breast tumors. Images were qualitatively evaluated to determine
features of MRI that would benefit breast surgery treatment planning. MRI was found
to be exceptional in demonstrating the relationship o[ tumors with respect to structures
such as the chest wall, nipple and skin. Tumor size was estimated by MRI,
mammography and gross pathological measurement in the 32 patients confirmed to
have a malignant tumor of the breast. MRI estimated the tumor size to be larger than
mammography in 71 % of the cases and larger than the pathological measurement in
84 % of the cases. Compared with the standard method for determining tumor size
(pathological measurement), MRI would have upstaged 22 % of the evaluated cases
from Tl to 1^2 and 10 % of the cases from T2 to T3. MRI may prove useful in selecting
patients for breast conserving therapy.
Introduction
Breast cancer patients often place pressure upon surgeons to execute breast
conserving therapy. Surgeons sometimes are reluctant to perform such surgery
becr.jse it can be difficult to estimate precisely the actual size of the infiltrating
malignant tumor using conventional techniques.
As a result of these variations, removal of the pre-operatively assessed area of
malignancy can lead to over-treatment or incomplete surgical excision. To optimize
preoperative treatment planning in breast conserving surgery, it would be
advantageous to develop a technique that would improve the ability of the surgeon to
localize the malignant tissue and distinguish malignant tissue from normal surrounding
breast tissue structures. It would also be advantageous if the same technique could be
used to accurately determine tumor size.
Magnetic resonance imaging has the potential to improve surgical treatment
planning in breast cancer patients because of its multi-planar nature which improves
assessment of tumor size and tumor position within the breast. At our institution, we
instituted a protocol where magnetic resonance imaging was included as part of the
pre-operative work-up of patients suspected to have malignant tumors of the breast.
This report describes the benefit of MRI in surgical treatment planning and staging of
patients with malignant breast disease.
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Materials and Methods
Human Subject Selection
Alter obtaining informed consent, forty patients with suspected malignant tumors
of the breast underwent a pre-operalive MRI examination. These individuals were
selected from patients visiting the surgical oncology clinic complaining of palpable
breast masses or from patients referred to the surgical oncology clinic from a local
breast cancer screening program. Prior to MRI examination, the patient underwent
a complete physical examination, mammographic examination of both breasts (2
views), and in some cases, ultrasound was performed, The age and menstrual status of
each patient was noted.
Magnetic Resonance Imaging
MR imaging was performed using a whole body 1.5 Tesla Philips Gyroscan MR
system and a single, solenoidal breast coil with a diameter of 11 cm. The patient was
placed in the prone position at the iso-center of the MR system with the breast hanging
in a dependent fashion into the coil. Contiguous T,- and T2-weighted spin-echo images
(f> mm slice thickness) were obtained in the coronal and sagittal planes to image the
suspicious breast lesions. Tumor sizes were determined for each patient in either the
coronal or sagittal plane by using a cursor-defined on-screen measurement.
Surgical Pathology
Following excision, breast tissues were submitted, unfixed, to the Department of
Pathology, and the dimensions of the surgical specimen were noted. Breast tissue
specimens were ink stained and palpated prior to sectioning to determine maximum
tumor diameter and surgical margin (distance from the tumor to the nearest border
of the surgical specimen).
Analysis
Of the 40 patients examined using MRI, 32 were found to have a malignant tumor
of the breast. From the 32 patients with malii nant breast disease we tabulated
mammographic, magnetic resonance, surgical-pathological measurements and
pertinent clinical data. These data included: age o[ the patient, menstrual status,
surgical procedure, histopathology of the tumor, pathological stage according to the
TN'M system, mammographic, pathologic and MRI measurements o[ tumor size,
surgical margin and dimensions of the overall size of the surgical specimen. Images
obtained from these patients were qualitatively evaluated and compared with
mammography, operative reports and pathological data to determine those features
which would improve surgical treatment planning and identify which patients might
benefit from application of this imaging technique.
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Results
Surgical Treatment Planning
Selected MR images from patients participating in this investigation are shown in
Figures 1-4. These images were chosen to demonstrate features of MRI which promote
its application in surgical treatment planning. Figures 1 and 2 present MR images of
breasts containing malignant tumors. Figures 3 and 4, present breasts containing
benign fluid-filled cysts and a fibroadenoma, respectively.
Qualitative evaluation of magnetic resonance images reveals that MRI is able to
visualize skin dimpling, lobulations and multicenlricity. In 3 of the evaluated cases,
lobulations seen on mammography and ultrasound were shown to be multiple, discrete
foci of tumor on MRI. Compared with conventional techniques, tumor involvement of
skin, nipple and chest wall could be confirmed or ruled out with the application of MRI
(Figure 1). These findings were confirmed by surgical and pathologic data in every
case.
Because of the ability of MRI to visualize the chest wall and its location with respect
to tumor and normal tissue, patients needing en bloc resection of pectoralis muscles
were identified. In several cases, pre-operative review of MR images resulted in the
excision of a larger segment of breast than would have otherwise been excised following palpatory examination, mammography and ullrasonography. MRI identification
of a separate second locus of tumor growth, which was not a suspicious area after
physical exam and mammography, resulted in an excision en bloc with the tumor.
Pathologically, the operative specimen showed that it contained two non-contiguous
regions of infiltrating carcinoma. As a result of these findings, the patient was staged
T2 instead of II with subsequent changes in post-operative treatment planning and
follow-up.
In fatty-involuted breasts, using T,-weighted spin-echo techniques, MRI
demonstrated signs associated with poor prognosis or advanced disease. These signs
included retraction of vasculaturc, fat planes and skin (Figure 2). On the contrary, in
the case appearing in Figure 2, what appeared on mammography to be tentacles of
tumor radiating away from the lesion appeared as retracted normal connective tissue
on MRI. The MR image finding was confirmed by histopathology.
Visualization of benign, fluid-filled cysts also was improved with MRI by determining
their actual size, and by defining their relationship to skin, nipple and other structures
(Figure 3).
Staging
Of the 32 cases of malignant breast disease (Table 1), 18 cases were classified
accordinglo the pathological TNM staging system as Tl, 13 were classified as T2 and
1 case was classified as T3. MRI estimated the tumor size to be larger than
mammography in 22 of 31 cases (71 %) and larger than pathology in 27 of 32 cases
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Figure 1. Sagittal T,-weighted spin-echo
AIR image of a breast with a malignant
tumor located adjacent to the chest wall.
Nonnal breast tissue and tumor appear with
inlennediale signal intensity compared to the
high signal intensity fat.

Figure 2. Sagittal and coronal Trweighted
spin-echo MR images of a fatty- involuted
breast with a malignant tumor. The tumor,
seen as an area of Ion' signal intensity
demonstrates in the sagittal, image the
retraction of fed planes, skin and a Mood
vessel.
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Figure 3. Sagittal t\-weighted spin-echo
MR image of a breast with multiple fluidfilled cysts. Cysts appear with high signal
intensity compared to normal tissue and
slightly higher signal intensity compared with
fat. A large cyst is seen impinging on the
nipple, of this patient.

Figure 4. Transverse inversion-recovery
image of a breast with a fibroadenoma.

The

fibroadenoma, located at the inner aspect of
the breast is surrounded by high-sign/il
intensity fat and appears with slightly lower
sigiud intensity than the dense parenchyma of
the remainder of the breast.
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Table l a . Clinical, surgical, radiologic and pathological data obtained from 32 patients
operated for malignant breast disease.

Case Age
1

78

9

42

3
4

75
68

5
6
7
8
9

53

10
11
12
13
14
15
16
17
18
19
20
21

Menstrual Type of
Status Surgery

+

+

78
72

44

+

51
71

41
45

+
+

73
48
65
72

+

BCT
BCT
BCT
BCT
BCT
BCT
BCT
BCT

BCT
BCT
BCT
BCT

50

+

BCT
BCT
BCT

+

BCT
BCT
BCT

61

38

BCT

BCT
BCT

51

38

BCT
BCT
BCT
BCT

22
23

53

24
25

42

26

68
68

BCT

47
61

BCT
BCT

52
73
55

AMP
BCT
BCT

27
28

29
30
31
32

71
60

BCT

Surgical
Stage Margin

Histology
I nfiltrating ductal
Infiltrating ductal/comedo
Infiltrating ductal/colloid
Infiltrating ductal
Infiltrating ductal/inlraductal
I nfiltrating ductal
Infiltrating ductal
Infiltrating ductal
Infiltrating ductal
I nfiltrating ductal/medullary
Infiltrating ductal
Infiltrating ducial
Infiltrating ductal/comedo
! nfiltrating ductal
Infiltrating ductal
Infiltrating ductal
Infiltrating ductal
I nfiltrating ductal
Infiltrating ducial
Infiltrating ductal
Infiltrating ductal/medullary
Lobular-In situ
Infiltrating ductal
Infiltrating ductal
1 nfiltrating ductal
I nfiltrating ductal/colloid
Infiltrating ductal/intraductal
Infiltrating ductal
Infiltrating ductal
Infiltrating ductal
Infiltrating ductal
Infiltrating ductal

I

IIIA
IIB
IIA
I
I
IIA

IIB
IIA
IIB
IIB
IIA
IIA
IIA
I
IIB
I
IIA
I
I
I
I

14
IRR
5
8
1

IRR
6
10
1
4
10
14
7
10
8

IRR
14
3
10

I

14
10
IRR
6

IIB
I

12
5

I
I

6

IIB
I

IRR
4

IIA
I
I

2

1

4

7
196/32
= 6.1

Mean Value
Computations (mm)

Specimen
Size
80 x 55 x 30
70 x 70 x 70
70 x 60 x 40
45 x 45 x 30
60 x 35 x 20
80 x 70 x 30
130x50x30
120x90x60
85 x 85 x 70
80 x 80 x 40
75 x 60 x 40
65 x 40 x 40
230x110x50
85 x 65 x 40
70 x 40 x 40
220x110x40
100x100x30
200 x 130x50
90 x 90 x 25
60 x 40 x 25
60 x 48 x 33
100 x 60 x 20
80 x 50 x 50
60 x 60 x 45
50 x 40 x 30
60 x 50 x 30
80 x 65 x 20
80 x 60 x 40
45 x 25 x 20
270x180x25
95 x 70 x 35
120x85x30
1178/32
- 36.8

Legend: ( + ) premenopausal, (-) postmenopausal; BCT, breast conserving therapy; AMP, modified
radical mastectomy; Histologictype with subgroup classification when specified, otherwise NOS;
IRR, irradical resection; IRR is assigned the value of 0 mm for computational purposes; Mean values
of surgical margin and smallest surgical specimen dimension. Mean value = sum of
measurements/number of patients contributing to the measurement.
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Table lb. Measurements of tumor size as estimated by mammography, gross pathologic
examination and magnetic resonance imaging (MRI) are presented for comparison.
Tumor Size Estimation (mm)
Case
1
2
3
4
5

Mammography

Pathology

MRI

18
50

19
70
21
9
14
18
25
50
30
30
40
34
25
30
15
40
17
40
19
8
15
13
12
22
12
9
10
40
14
15
18
15

30
61
30
21
17
23
27
60
32
28
50
53
25
28
15
45
24
61
25
12
23
22
15
22
9
10
II
52
18
17
22
14

20
15
17
23

6
7
8
9
10
11
12
13

27
30
20

14

NA

15
16

13
23

23
30
32
25

17

30

18
19
20

45
23
10
18
28
13
22

21
22
23
24
25
26

27
28
29
30
31

32
Mean Value
Computations (mm)

20
10
9
32
17
13
18
14

688/31
= 22.2

749/32

902/32

= 23.4

= 28.2

Legend: Mean values of tumor size = sum of largest dimcnston/nuinbcr of patients.
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(84 %). Tumor sizes ranged from 9 - 5 0 mm (mean 22.2 mm) by mammography, 8 70 mm (mean 23.4) by pathology and 9 - 6 1 mm (mean 28.2 mm) by MRI. The mean
surgical margins ranged from irradical (5 patients) to 14 mm for the 32 cases. When
irradical tumor margins were assigned a value of zero, the average margin was 6.1 mm.
The mean smallest dimension of the submitted surgical tissue specimen was
determined to be 36.8 mm, ranging from 2 0 - 50 mm.
Discussion
Subjective Evaluation of MRI
Subjective comparison of MR imaging with conventional techniques reveals several
advantages of preoperative MRI examination. Assessment of skin dimpling, lobulations
and multicentric disease is possible by the single modality of MRI while often requiring
the combined findings of mammography and ultrasound. Even though the objective
of this study was to improve surgical treatment planning in patients with carcinoma of
the breast, fluid-filled cysts and fibroadenomas deserve mention since they are common
surgical problems and lead to repetitive surgical consultation. In the rare case where
a fluid-filled cyst contains a malignant process, MRI has also been shown to be of
value.' In the evaluation of other benign lesions of the breast, such as the
fibroadenoma present in Figure 4, MRI may be able to visualize these lesions much
better than mammography alone or ultrasound alone.2 iTiis implies that determination
of the actual size of the fibroadenoma, with respect to normal tissue, will improve
surgical excision of the lesion with the least amount of adjacent normal tissue. This is
often a concern in younger women with dense breast parenchyma who are worried
about potential deformity and in whom adequate evaluation by mammography is
problematic.
Staging and Tumor Size Determination
Compared to mammography and gross pathological evaluation, evaluation of tumor
size by MRI has revealed some important differences that can influence the stagingof
malignant breast disease. When compared to measurements by MRI, gross pathologic
measurement of tumor size was noted to be smaller in 84 % o( the cases;
mammographic measurement of tumor size was smaller in 71 % of the cases. In the
case where the measured tumor size was larger by MRI than pathology, the differences
between the two methods varied from 1 to 12 mm. As a result of these measurements,
in 22 % of the evaluated cases, the patients would have been upstaged from Tl toT2
by MRI, according to TNM classification. Further, in 10 % of the cases, MRI would
have classified T2 lesions as T3.
iTie purpose of staging breast cancer is to determine the anatomical extent of disease
and subsequently prognosis. Central to the staging systems for breast cancer is tumor
size. Tumor size correlates directly with the probability of metastases and survival.3 The
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gold sLandard in the determination of tumor size is the measurement made by the
pathologist. Under normal conditions, the pathologist palpates the surgical tissue
specimen, attempts to section the tumor in the plane of maximal diameter and
macroscopically measures maximal tumor diameter. The limitations to these method
are obvious. The pathologist's effort to determine tumor si/.e can also be undermined
when the tissue remains in formalin for a long period of time prior to examination.
Formalin-fixed tissues tend to contract thus making the si/e of the tumor smaller.
Smaller tumors, less than 2 cm in diameter, may be more difficult to measure than
larger tumors. F.rrors in the estimation of tumor diameter for small tumors will
subsequently be a larger percentage of the overall measurement and may explain why
the correlation of metaslascs for tumors smaller than 2 cm is non-linear.4
In the Netherlands, where this study was conducted, f>0CA of patients referred from
screening centers have Tl tumors (< 2 cm). Reports stale that this may increase to 80
% when the overall participation rate in screening programs increases.5 As a result, the
overall error associated with tumor size measurement may increase, thereby justifying
the need for more careful measurements.
For the patient, in addition to altering the course of therapy, upstaging of their
disease has potentially serious emotional consequences. These include socioeconomic
repercussions involving insurance, family and career decisions.
Surgical Treatment Planning
Several theoretical advantages of MRI of the breast result from its multi-planar
nature. Mammography is performed by compressing the breast in the cranial-caudal
and medial-lateral directions with angulation towards the axilla, an effect that the
surgeon is not always aware of. This compression may mislead the surgeon in
identifying the exact location of the tumor. Without needle localization, the
preoperative position of nonpalpable breast tumors is uncertain.
When using the multi-planar modality of MRI, the actual morphology of the tumor,
with respect to breast size, becomes more prominent. [Tie architecture of normal breast
tissue and its relationship to a tumor is also more apparent when the breast is imaged
without compression or displacement. I "his is especially valid when coronal images are
obtained.
Surgical treatment planning and the selection of patients for breast conserving
therapy can be improved by the application of MRI. Ihese conclusions are based upon
specific points. The multi-planar aspects of MRI improve orientation and discernment
of malignant and non-malignant tissue. MR images enhance the delineation of the
chest wall for deep-seated tumors, the skin for superficial tumors and the nipple for
rctro-areolar tumors. MRI is also capable of identifying multicentric disease.
Previous investigators have proposed specific applications for MRI of the breast, such
as the evaluation of women with breast prosthescs,6 evaluation of non-calcified tumors
in dense breasts7 and evaluation of tumors close to the chest wall." Patients with post181

operative scarring and silicon implants have been evaluated using MRI with
intravenous contrast.9 Although these studies surmised that MRI demonstrated the
actual size of breast lesions and their local extent more clearly than conventional
techniques, none mentioned the potential advantage of MRI to improve surgical
treatment planning in breast cancer patients.
General Considerations

In the practice of oncology, prognostic determinations are often based upon
primitive physical measurements. As a result, predictive factors are constantly being
sought or re-evaluated. Tumor classification according to size has direct influence on
patient management, selection of adjuvant therapy and quality of life issues.
Differences between tumor size as measured by MRI and pathology require further
evaluation. The methods utilized to determine tumor size, when classification of the
patient's disease could be augmented by small errors in measurement, need to be
carefully assessed. Corrected for the inaccuracy in determining tumor size, the
relationship between tumor size, axillary metastascs and survival may be clarified.
When a surgeon debates whether to institute breast conserving therapy, an accurate
pre-operative determination of tumor size may be beneficial in patient selection and
planning. The additional information obtained by MRI may help improve preoperative decision making for the surgeon and patient, and help to coordinate multidisciplinary efforts, such as reconstructive surgery and radiation therapy. Given the
prognosis associated with conservative surgical treatment of primary breast cancer in
the presence of multicentric disease,10 and the importance of tumor size in staging and
prognosticating primary breast cancer."" the advantages of MRI in assessing these
parameters requires continued evaluation.
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Abstract

Thirty patients with a variety of pathologically confirmed malignant and benign
pathologies of the breast were evaluated with a spectrally selective fat-suppression
imaging technique to obtain fat-suppressed images of the breast. The technique, a
Selective Partial Inversion-Recovery method (SPIR), demonstrated the architectural
relationship of malignant and benign tumors with respect to the normal watercontaining elements of the breast. These relationships included signs of advanced
malignant disease such as tissue retraction, invasive growth and multicentricity which
appeared on the fat-suppressed images. Fat-suppressed imaging provided useful
information for assessing the breasts of both pre- and postmenopausal women,
especially in the latter group where fatty-involution of the breast is common.
Microcysts, which are normally not visualized by conventional methods, were
demonstrated and associated with patients having confirmed fibrocystic disease of the
breast. As expected, the SPIR technique did not improve the ability to distinguish
between tissues having similar T, and T2 relaxation time values, such as malignant
tumors and normal breast parenchytnal tissues. The technique was able to demonstrate
that the intense lipid signal, known to be responsible for obscuring the borders of
water-fat interfaces and small tumors, could be eliminated in a variety of pathological
settings.
Introduction
The role of magnetic resonance imaging (MRI) in the evaluation of breast disease has
yet to be defined. One explanation for this view is that techniques used to image the
breast with MRI have been limited to T r and T2-weighted spin-echo (SE) and
inversion-recovery (IR) imaging sequences1'4 and fast imaging sequences designed for
imaging with intravenous contrast agents.5'8
Women at risk for breast cancer and women referred to surgeons from breast cancer
screening programs with suspicious mammograms are in the age group where fattyinvolution of the breast is common. It is logical that fat-suppressed MR imaging of the
breast, one type of imaging sequence not previously considered in the evaluation of
breast disease, would provide information not available using conventional radiologic
or magnetic resonance imaging techniques.
Fat suppressed MR imaging employs techniques that image the spatial distribution
of fat or water. Specific contributions to an image voxel by fat or water cannot be
determined through the manipulation of the repetition time (TR), echo time (TE) or
inversion time (TI) in SE or IR sequences. Numerous techniques are available that
separate water from fat by taking advantage of the difference in their resonance
frequencies which is approximately 3.3 ppm. For imaging purposes, the more reliable
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technics . JS are those applying frequency selective pulses which suppress the water or
fat signal to produce an image of either water or fat. Promotion of these techniques has
been primarily for organs systems such as the central nervous system or for body
regions such as the orbit where line details may be obscured by a dominant lipid signal.
Given that breast tissues are comprised principally of water-containing ducts and
glands admixed with fat, the breast appears to be an ideal organ in which to apply
water-fat separation techniques.
In this investigation we report our observations following the use of a Selective Partial
Inversion Recovery (SPIR) imaging sequence to produce fat-suppressed images of
normal breasts and breasts with malignant and benign pathology. The purpose of the
study is to demonstrate the appearance of a variety of histologically confirmed breast
pathologies using fat-suppressed MRI and discuss the role of fat-suppressed MRI in
the evaluation of breast diseases.
Patients and Methods
Fat-suppressed images of the breast were obtained from 30 patients with normal
breasts and breasts with malignant tumors, benign cystic maslopathy or benign fluidfilled cysts using the technique of Selective Partial Inversion Recovery (SPIR).
Informed consent was obtained from all patients participating in the study. Imaging
was performed at 1.5 Tcsla using a Gyroscan Slf> MR system (Philips Medical Systems,
Best, The Netherlands) equipped with the manufacturer's high performance imaging
package. A single-breast, two-turn, solenoidal breast coil was used. Patients were placed
in the prone position at the iso-center of the MR system with the breast hanging in a
dependent fashion into the coil. Contiguous or non-contiguousT,- and To-weighted
SE images of the breast were obtained in the coronal and sagittal planes. Following
localization of an area of pathology or selected region of interest, a single image scan
was planned and executed through the selected area using the SPIR technique. The
imaging parameters for all cases were the same: repetition time, 820 msec; echo time,
40 msec; ficld-of-view, 150 mm; resolution matrix, 250 x 256; slice thickness, 5 mm.
The SPIR sequence is comprised of a frequency selective 180°adiabatic fast passage
inversion pulse which excites only lipid bound protons. The SPIR sequence suppresses
the proton signals from fat by selective inversion. For the water protons, the SPIR
sequence acts as a normal spin-echo sequence. After a calculated inversion delay time
(the zero-crossing time of the lipid T, relaxation signal), the inversion pulse is followed
by the 90° pulse of an SE sequence. This inversion delay is calculated by the equation:
l-exp{-(TR-TE)/Tlfal}
77 = Tlf(lt x InfJ +
'•
l+exp{.(TK-TE)/Tlfat}
188

/

where TI is the inversion delay in milliseconds, TR and TE are the respective
repetition and echo times of the imaging sequence and Tj fat is the T, relaxation time
of fat in milliseconds. The equation reduces to TI = Tj fat x In 2 when TR >> Tj fat.
The inversion delay in our experiment is approximately 160 ms using a T, value of
breast fat 264.62 ±_ 10.63 which we have previously calculated on the instrument used
for the experiment.9 Details concerning the SPIR sequence, its implementation and
development have been reported elsewhere.10"
Results
Excerpts of magnetic resonance images obtained from patients evaluated in this study
with the SPIR imaging sequence are presented in Figures. 1-6. Figures 1 and 2 present
sagittal SPIR images of breasts containing infiltrating ductal carcinomas. In these
images, fatly tissue provides a background of low signal intensity. Parenchymal
elements and tumor appear with high signal intensity. Borders of the tumor are well
defined in each case. The lobulated aspects of the tumor in Figure 1 can be recognized.
In Figure 2, the tumor is retracting skin, connective tissue and a blood vessel at its
inferior aspect.
Figures 3 through 5 present a series of benign breast lesions. The first, Figure 3, is
a sagittal SPIR image of a breast with histologically confirmed fibrocystic disease. In
this image, obtained prior to surgery, several large, dilated breast ducts are seen
branching posteriorly and inferiorly from the nipple. In this image, the presence of
macrocystic and microcystic disease is revealed. Microcysts are typically seen as diffuse
points of high signal intensity randomly dispersed in the dense parenchyma of the
breast. A large, fluid-filled cyst is seen in the posterior aspect of the breast adjacent to
the chest wall. Two large, fluid-filled cysts are presented in Figure 4, a coronal image
of the breast. These cysts are located in the lateral aspect of the breast and impinge
upon subcutaneous tissue structures-and skin. With the SPIR sequence, the cysts
appeared smooth, homogeneous and with high signal intensity. The more inferior of
the two cysts was partially aspirated prior to the MR examination. The partial
aspiration of this cyst accounts for its irregular appearance. The parenchyma of the
breast in this image is of intermediate signal intensity compared to the high signal
intensity of the cysts and the low signal intensity of the fat. Compared with breasts seen
in asymptomatic volunteers (Figure 6), the parenchyma of the breast in this example
is remarkably dense.
Figure 5 displays a SPIR image of a fibroadenoma in the transverse plane. This case,
which involves a dense breast in a 19 year-old female, the fibroadenoma, although
similar in signal intensity with respect to the normal parenchyma of the breast, is
clearly demarcated by the SPIR sequence. The fat-tumor interfaces and the interface
of the homogeneous tumor and its border, thought to be pseudocapsule of the tumor,
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Figure 1. Sagittal SI'I It MR image of a
breast with a malignant tumor (infiltrating
durlal carcinoma). The tumor is tabulated
and multifocal.

Figure 2. Sagittal SP1R MR image of a
breast with a malignant tumor (infiltrating
ductal carcinoma). The tumor is refracting a
blood vessel, connective tissue and skin.
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Figure 3. Sagittal Sl'lR MR image nf a
bit'iist ui/h histologicalh (nn/iniii'd fibrnc\stic
tlisease. A lorgt' jluid-jdli'd ry.\/ is nolt'd
j)iish'iio)j\ in tlit' bii'dsl aI'IIr tin' ilii'sl unll
rind small fluid-filli'd ry.s/.s <DY s<'t')i dijjusi'l\
thnnigliiiul llit' bit'ast parmchyma. A ddali'd
bn'iisl dud brant firs inft'iitnh mid
pnsti'riinls tiinif from the nipple.

Figure 4. Coronal SPIR MR image of a
breast with tiro benign fluid-filled cysts. The
cysts are located superficially and the more
inferior of the two has been partially
aspirated.
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Figure 5. Transverse SPIR MR image of a
breast with a fibroadenoma. The fibrotic
tumor is sharply defined due to surrounding
fat even though its signal intensity is similar
to the dense parenchyma seen throughout the
remainder of the breast.

Figure 6. Sagittal SPIR MR image of a
normal breast in a 25 year-old female. The
distribution of breast tissue as it radiates
axvayfrom the nipple and its smooth,
homogeneous appearance are consistent with
breast tissue patterns seen in females without
underlying pathologic conditions.
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are sharply defined.
Figure €> presents a sagittal Sl'lR image ol'a breast in a 2f> year-old female. The
normal fibroglandular elements of the breast appear homogeneous and with highsignal intensity as (hey radiate away from the nipple.
Discussion
Several advantages of the SI'IR sequence can be recognized from the images
presented in Figs. 1-0. 'I"he relationship of malignant and benign tumors within the
architecture of normal breast parenchyma and with respect to skin, chest wall and
nipple is apparent. In Figure 1, the SPIR sequence demonstrated tumor retraction of
vasculature, skin and breast connective tissue which implies an advanced presentation
of disease. In Figure 2, the lobulated and possible multicenlric nature of the tumor was
seen in the imaged plane. This finding implies that tumor may arise in other noncontiguous areas of die breast. In this case, care is needed in determining the exact size
of the tumor for staging purposes. In the evaluation of benign breast diseases, SPIR
images demonstrated both large (> 1 cm) and small (< 1 cm) fluid-filled cysts. While
the larger of the cysts may be demonstrable using ultrasonography or 'J'..-weighted
spin-echo MR images, their shape and consistency appear to be more sharply defined
using the SI'IR technique. More important is the demonstration of microcyslic disease.
The Sl'l R sequence has the ability to demonstrate this type of pathology more clearly
than conventional techniques. The significance of assessing this condition is derived
from the association of the mienxysts with the patient's diagnosis of fibrocystic disease.
Individuals with fibrocyslic disease of the breast are known to be at an increased risk
for the development of a malignancy over the general population.1' Microcysts in
breasts with dense parenchyma, such as that seen in the case presented in Figure 3,
may account for the equivocal mammographic findings that often lead to biopsy. The
sagittal SI'IR image of the normal breast presented in Figure 0 is typical of breasts in
both young and middle aged females which are devoid of pathology. The parenchyma
of the breast with its fibroglandular elements is smooth and homogenous. This is unlike
breast parenchyma seen in those cases containing benign breast diseases.
The selected images presented from this study demonstrate that the value of the
SPIR sequence is not limited to older women. Inspile of the fact that the signal
intensity of malignant tumors is not significantly different from normal breast tissue,
the morphology of the lesions can be noted and their relationship to the architecture
of the normal breast tissues can be described. The usefulness of fat-suppressed imaging
is enhanced by noting that many tumors arise in the upper outer quadrant of the
breast which contains proportionally more fat. Tumors located on the periphery often
project into fat and subsequently the borders of these tumors might be more clearly
defined. In Figure 4, the location of the benign cysts within the subcutaneous tissue of
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ihe breast confirmed the superficial nature ol the cysts. This finding not only guided
the eventual aspiration ol these cysts, they provided a visual explanation for this
patient's presenting complaints of pain and swelling.
Several disadvantages of the SPIR sequence in its present form were noted. One
distinct disadvantage is that it can only be implemented as a 2-D or 3-D imaging
technique. Furthermore, since the I, and I., values of normal breast parenchyma and
malignant tumors are not significantly dilferent, SPIR images do not improve
discrimination of malignant tumors from normal breast tissue. Frequency-selective
imaging sequences, such as the SPIR sequence, require a magnetic field homogeneity
which is better than the 3.3 ppm difference in the resonance frequencies of water and
fat. These homogeneity requirements include both the static and radiofrequency
magnetic fields. For this reason gradient shimming of the volume of interest is often
applied prior to the measurement in order to optimize the field homogeneity. Care
should be exercised with the interpretation of contrast near air-tissue interfaces because
susceptibility changes in the magnetic field at these locations may impede perfect fat
suppression.
Distinct technical advantages are noted from this spectrally selective fat suppression
technique. Delineation of interfaces between fatly tissue and tumors or normal tissue
can often be a problem for systems with weak gradients employing spin-echo
techniques. This is especially true when 1,-weighled MR images with dominant lipid
signals are acquired. 'lTie large fat-water shift seen in MR images with weaker gradients
can reduce spatial resolution and measurement of tumor size at these types of tissue
interfaces. The SPIR sequence operates without a fat-water shift enabling fine
definition of edges or interfaces. With the SPIR sequence, the advantages of stronger
gradients arc only limited to thinner image slices and shorter echo times to produce
a more T,-weighted image. Absence of water-fat shift permits a lower bandwidth
(weaker measurement gradient) which offers a better ratio of signal to noise. T2weighted SPIR images may be obtained by lengthening the repetition time or by using
a shortened inversion flip-angle with a corresponding reduction in Tl, TR and TE. In
this study we did not study the application of water suppression techniques which
image the spatial distribution offal, however, it should be noted thai SPIR images can
be subtracted from spin-echo images with corresponding repetition and echo times to
produce pure fat images.
Malignant tumors and normal breast tissues have similar T, and T2 relaxation time
values. The similarity between the relaxation time values of malignant tumors and
normal tissues has been proposed since the first publication on MR I of the breast1 and
has been confirmed or speculated by others.'-''<J The SPIR technique is not expected
to improve the discrimination of tissues with similar relaxation time values.
Discrimination of tissues can only be done through manipulation of the imaging
parameters TR and TE since the water-containing tissue structures are treated with the
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characteristics of a spin-echo sequence following the frequency selective inversion
pulse.
Further evaluation of the SIM R sequence requires determination of optimal T, and
TL, weightings to improve the discrimination between pathological and normal breast
tissues. Applied in the setting of paramagnetic contrast media, the SFIR sequence will
be able to eliminate the intense lipid signal which may obscure a contrast enhancing
tumor or the separation of enhancing and non-enhancing tissues. 'I he SP1R sequence
might also be compared with sequences employing Short II Inversion-Recovery
(STIR) since these techniques yield a different contrast behavior due to the
simultaneous T, relaxation of the water signal with the lipid signal. Finally, the SIMR
sequence, which improves imaging of this lipid dominated organ system, may enable
an improved determination of tumor size by selective evaluation of patients
undergoing breast surgery.
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Abstract
Lsing image-guided volume-selection techniques, in vivo " [ ' magnetic resonance
(MR) spectroscopic profiles were obtained from 12 patients with malignant breast
tumors. f> patients with benign breast tumors, and <> volunteers with no underlying
pathology. Phosphatic metabolites identified in the spectral profiles included the
phosphomonoeslers (PMK). inorganic phosphate (Pi), phosphodiesters (PDK),
phosphorylatcd glycans (PC), phosphocrealine (PCr) and adenosine triphosphate
(All'). Based upon the results ol previous high-resolution ex vivo " P MR spectroscopic
analyses of breast tissues, the resonance ofPG was identified in malignant and benign
breast tumors. Malignant tumors were found to have a significantly (P < 0.05) lower
concentration of (PMK + Pi) than normal breast parenchyma and malignant tumors
were found to be distinguishable from both benign tumors and normal breast
parenchymal tissue due to significantly (P < 0.01) elevated levels of (PDF. + PG). " P
MR spectroscopy is the first technique capable ol diflerentiating between malignant
breast tumors, benign breast tumors and normal breast parenchymal tissues based
upon their /// vivo phosphatic metabolic profiles.
Introduction
11 Liman breast diseases are well-suited for characterization by phosphorus magnetic
resonance spectroscopy ("P MRS). Because of the large number of women who are
evaluated and treated for breast cancer and benign breast disease, application of *'!'
MRS in vivo, as an analytical adjuvant to conventional breast cancer diagnostic
techniques, could potentially benefit a large population. 1 ~ The technique of " P MRS
might also be useful in assessing the response ol" malignant breast tumors to treatment
and the tolerance of normal breast tissues during therapy.
Studies seeking clinical indications for in vivo " P MRS in the diagnosis, classification
and management of neoplastic and other diseases are currently being carried out for
organ systems other than the breast.' r> Investigations of brain and muscle disorders,
utilizing in vivo " P MRS, appear to be the most advanced because these organs possess
properties which makes application of this technique fruitful and relatively easy to
perform. Successful in vivo spectroscopy of the brain and muscle is directly linked to
the natural attributes of the respective organs: they can be closely surrounded by
spectroscopy coils which enable small or deep-seated volumes of interest to be selected
for study and the homogeneity of these tissues, where the concentration of water is
much greater than that of lipid, allow for reliable optimization of magnetic field
homogeneity which is required for spectroscopic measurements. Conducive to
spectroscopic measurement of the brain is the physical stability of the organ, which is
relatively free of flow and respirator)' motion problems.
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Likewise, the breast is an ideal organ to be studied using 3IP MRS. The breast is
pendulous and can be mobilized away from the rest of" the body. With the exception
of its interface with the chest wall, it is composed only of soft tissue structures. In the
application of phosphorus spectroscopy, the virtual absence of detectable phosphatic
metabolites in breast fat and the relatively low concentration of phosphaiic metabolites
in normal breast parenchyma, as compared with malignant and benign neoplastic
processes, provides an advantageous environmeni for acquiring in vivo phosphorus
spectra of tumors.' * One confounding factor, however, is that in order to investigate
primary breast tumors and avoid signal contamination from skin or chest wall skeletal
muscle, spectroscopic data must be derived from small volumes.
In spite of the apparent advantages ol'in vivo MR spectroscopy of the breast, little has
been done to exploit this technique. In two previous studies, in vivo phosphorus spectra
of the human breast acquired using surface coils were presented. Both studies reported
changes in spectral profiles in response to radiation therapy.78 A study has yet to be
presented which either characterizes or attempts to differentiate, normal breast tissue
and benign and malignant breast tumors on the basis of in vivo phosphorus MR
spectral profiles. In this investigation we focus on the characterization and
differentiation of malignant tumors, benign tumors and normal breast tissue by using
image guided, volume-selected phosphorus magnetic resonance speclroscopy.
Methods
Human Subject Selection
Twenty-seven females ranging in age from 25 to W years were selected for in vivo 3IP
MR spectroscopy. Nine individuals were normal asymptomatic females whose spectra
were defined as being from normal tissue. Two of these 9 individuals were
postmenopausal. The remaining eighteen individuals examined in this study were
patients destined for excisional biopsy of a suspicious breast lesion detected by
mammography or palpation. Of these 18 patients, 2 of the <> with benign breast disease
and (> of the 12 with malignant breast disease were post-menopausal. Since the effects
of menstruation on MR images and hi vivo spectra of the breast are not known, premenopausal patients were examined in the first week of their menstrual cycle when the
influence of the hormones estrogen and progesterone are known to be at their
minimum.
In Vivo }'P MRS
Image-guided localization and spectroscopic measurements were carried out using
a Philips Gyroscan S1 f> imaging-speclroscopy system operating at 1.f> Tesla. The coil
used was a single, dual-tuned, solenoidal volume coil with a diameter of 11 cm. Patients
were placed in the prone position with the breast hanging in a dependent fashion into
the coil. Coronal and sagittal spin-echo T,- and JVweighted images were obtained to
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localize the breast lesion. Using both sagittal and coronal images of the breast, a volume
on the order of 2.5 x 2.5 x 2.5 cm, encompassing the tumor, was selected for
speclroscopy. The spectrometer was prepared for spectroscopy by shimming the
magnetic field over the volume of interest. This was carried out by monitoring the 'H
resonance of breast parenchyma! water or breast fat using a single-shot stimulated
volume selection technique.9 The water or fat resonance was shimmed to less than 14
Hz. The coil was then tuned to the "P resonance frequency of the system and a
phosphorus spectrum was obtained with and without volume selection. The volume
selection procedure utilized was the ISIS technique.10 The typical spectrometer
conditions for the 3IP MR experiments were as follows: pulse sequence, 1 pulse; pulse
width, 120 (xsec (90° spin-flip angle); pulse type, adiabatic; repetition time, 2500 msec;
spectral width, 3.0 kHz; number of data points, 1024. Approximately 512 freeinduction decays (FIDs) were obtained to provide adequate signal-to-noise ratios. The
FIDs were multiplied with an exponential function (line narrowing factor of 10-15 Hz)
and a convolution difference was applied (line-broadening factor of 200 Hz). Mean
concentrations in relative mole percentages of phosphorus were determined by
measuring the area of each resonance band beneath a computer generated integral
curve. Due to the absence of PCr in 12 of the 27 spectra, chemical shifts of resonance
bands and metabolites were determined with respect to the resonance of a-ATP,
assigned the value of-7.55 ppm.
Data Analysis

For purposes of analysis, spectra acquired from patients undergoing surgical biopsy
were classified, based upon histopathologicanalysis of the tissue biopsy specimens, as
either malignant or benign. Tumor sizes varied from 1-3 cm in diameter. Biopsy
results revealed 6 benign conditions (4 fibroadenomas and 2 fibrocystic changes) and
12 adenocarcinomas [infiltrating duct (9), medullary (2), mucinous(l)]. Mean
concentrations in relative mole percentages of phosphorus, were calculated for the
metabolites in each oi the three tissue groups. I "he three groups were compared at the
level of the individual metabolites by analysis of variance. For those resonances where
significance was determined to exist (F probability, P < 0.05) a post-hoc Scheff£
comparison procedure was applied. Significance for the Schefle procedure was
determined at the P < 0.05 and P < 0.01 levels. Under most conditions, analysis of
variance requires the assumption that the underlying variances between tested means
are equal. At those resonances where significant differences were found to exist,
homogeneity of variance was confirmed using Cochran's C and the Uartlelt-Box F tests.
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Results
Figure 1 displays representative "P MR spectra from normal breast tissue and benign
and malignant breast tumors. Metabolites and resonance bands in the spectral profiles
include, from downfield (left) to upiield (right), resonance signals contributed by the
pho.sphomonocsters( l'MK) and inorganic phosphate (I'i). These signals are followed
by the resonance band of the phosphodiesters (PDF), the broad band contributed by
the phosphorylated gl yeans (PC), ihe resonance of phosphocreatine (PCr) and the
three resonances of the nucleoside triphosphates, primarily adenosine triphosphate
(ATP). Qualitative differences in spectral profiles ma)' be noted in the relative
intensities of all detected resonances among the three tissue groups. The appearance
of PCr in the benign tumor spectrum and the appearance of PG in both the malignant
and benign tumor spectrum are the most striking differences.
Computed average concentrations in relative mole percentages of phosphorus for the
3 tissue groups analyzed are found in Fable 1. Combined levels of PMF + Pi are
significantly decreased in malignant tumors (P < 0.05) compared to normal tissues,
while combined levels of all phosphodiesters PDF + PC are significantly elevated in
malignant tissues (I' < 0.0]) compared with both benign tumors and normal tissue.
PCr is elevated in benign tumors compared with normal and malignant tissues. This
elevation is not statistically significant. It should be noted that PCr, detected in all 6
benign tissue spectra, appeared in only (> of 9 normal tissue spectra and 3 of 12
malignant tissue spectra. Levels of AFP show a prevalence for being higher in the
neoplastic tissues (benign and malignant) compared with normal tissue. These
differences were not found to be significant using the conservative Schefle comparision
procedure. Figure 2 includes a non-volume selected spectrum of the breast that
contains signal derived from all tissues bounded by the spectroscopy coil. These tissues
include the breast parenchyma, skin, nipple and chest wall skeletal muscle. In this
spectrum, a large I*Cr signal contributed by nipple, skin and chest wall skeletal muscle
predominates. Figure 3 displays coronal MR images of a normal breast and a breast
containing a malignant tumor. In each of the images, a superimposed square outlines,
in two-dimensions, areas of tissue subjected to the volume-selected spcctroscopic
measurement.
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Figure 1. Image-guided volume-selected in vivo 3tP magnetic resonance spectra of normal
breast tissue (top, left) and benign (top, right) and malignant (bottom, left) breast tumors.
Phosphatic metabolites identified in the spectral profiles include the phosphomonoesters
(PME), inorganic phosphate (Pi), phosphodiesters (PDE), phosphorylated glycans (PG),
phosphocreatine (PCr), and adenosine triphosphate (ATP).

PCr

ATP
PME

10.0

Figure 2. Non-volvme-selected in vivo }'P magnetic resonance spectrum of breast
parenchyma, skin, nipple and chest wall (bottom, right). Phosphatic metabolites identified in
the spectral profiles include the phosphomonoesters (PME), phosphodiesters (PDE),
phosphocreatine (PCr), and adenosine triphosphate (ATP).
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Table 1. hi x'ivo phosphatic metabolic profile of human breast tissues.
Relative Mole Percentages of Phosphorus (+_ SF.)
Phosphatic
Metabolites3

Normalb

Benign0

Malignant

F ratio

PMF. + Pi
PDF + PC.
PCrS
ATP

33.43 ± 8.50
24.04 + 3.95
5.65 + 2.10

27.84 ± 10.56

18.50 ± 7 .78
33.13 + 7 .17
4.63 + 1.69
47.27 ±7 .82

.0062 e
.0034 f
.0586
.1006

39.99 ±5.81

23.52 + 5.32
12.07 + 4.92
42.20 ± 7.11

a

PMK + Pi, phosphomonoesters and inorganicorthophosphate; PDF. + PG,
phosphodiesters and phosphorylaled glycans; PCr, phosphocreatine; ATP,
adenosine triphosphale
b
n = 9 , c n = 6 , d n = 12
e
Malignant significantly different from normal (P < 0.05)
Malignant significantly different from normal and Ixniga (P < 0.01)
S PCr detecletl in (> of 9 normal breasts and 3 of 12 malignant Illinois

Figure 3. Coronal magnetic resonance images of normal breast (fat-suppressed image, bottom,
left) and a fatty-involuted breast containing a malignant tumor (spin-echo, T,-weighte.d
image, bottom, right). The superimposed box represents, in two-dimensions, the volume from
which phosphorus spectroscopic data was acquired.
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Discussion
Magnetic resonance imaging (MRI) without the application of magnetic resonance
spectroscopy, has been compared by a number of groups to conventional diagnostic
techniques such as mammography and ultrasound." '6 These comparisons pursued the
idea that MRJ would provide the diagnostic specificity which is lacking in the sensitive,
but non-specific technique of mammography.1718 While MRI did appear to provide
additional information which could be used to differentiate malignant tumors from
benign tumors, its sensitivity, in regard to detection, appeared to be minimal. Its ability
to differentiate dense malignant tumors from similarly dense benign conditions was
equivocal. This uncertainty remains even in studies applying paramagnetic contrast
(Gd-DTPA) where fibroadcnomas or proliferative dysplasia were shown to enhance at
a slower or to a lesser extent than malignant tumors.19'22 The solution to this problem
may lie in the application of in vivo spectroscopy in conjunction with magnetic
resonance imaging. Spectral profiles characteristic of normal, benign and malignant
tissues could be used to differentiate between tissue types to improve diagnostic
specificity. Spectral profiles appearing in figure 1 demonstrate that usable spectra can
be acquired within 18 minutes (using these experimental parameters and techniques)
once the volume of interest has been adequately located and the magnetic field
homogeneity adjusted.
Phosphocreatine (PCr)
The presence of PCr in malignant tumors and normal tissues is variable (Table 1). All
benign tumors analyzed in this study show the presence of detectable PCr. When
detectable, normal and malignant tissue contained relatively small detectable quantities
of PCr. These findings are confirmed by detailed ex vivo analysis of breast phosphatic
metabolites5 and by in vivo analysis of malignant67 and normal6 breast tissue even
though these studies may have not used volume-selection techniques.
There are no statistically significant differences between the levels of PCr in the 3
tissue groups analyzed. If a larger study sample could be evaluated, reduced levels of
PCr, as in ex vivo analyses may be capable of differentiating between malignant and
benign neoplastic processes. The appearance of PCr in only 3 of the 12 malignant
tumor spectra occurred in the largest tumors analyzed in this study. All three of these
tumors were situated in dense breasts from which the tumors arose to infiltrate large
areas of normal tissue. PCr is a high-energy phosphatic metabolite. If the variable
presence of PCr in malignant tissues was a result of metabolic compromise of highenergy phosphate metabolism, then the levels of ATP would be simultaneously
diminished. Tissues that are metabolically compromised manifest a global reduction
in measurable, high-energy phosphates - specifically PCr and ATP. According to
Gadian,23 this reduction in high-energy phosphates first occurs with PCr and then with
ATP. It also occurs at a greater rate with PCr. Since levels of ATP measured in the
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malignant tumor spectra of this study do not vary significantly from the normal
spectra, any metabolic compromise which would diminish levels of ATP and PCr is not
apparent. Low levels of PCr are inherent to normal and malignant breast tissue.
PCr is also an important metabolite because its serves as a control for volume
selection techniques. Figure 2 contains a typical volume selected spectrum
contaminated by chest wall skeletal muscle, skin and nipple found within the selected
volume of interest; a prominent PCr signal is present. A dominant PCr signal implies
that attention should be made to the location of the volume selected for spectroscopy.
I n spite of the efficacy of performing image-guided spectroscopy, patient movement,
when the volume is adjacent to the chest wall, skin or nipple, may cause the volume to
override one of these areas.
Adenosine Triphosphate (ATP)

ATP levels were not found to differ significantly between the 3 tissue groups. These
slight differences in the means are related to the relative intensity of the remaining
portion of the 31P profile. For malignant tissue the elevated mean concentration reflects
the significant changes seen in the decreasing phosphomonoester and increasing
phosphodiesterand phosphorylated glycan resonance bands.
Phosphodiesters (PDE) and Phosphorylated Glycans (PG)

The combined levels of PDE and PG are significantly elevated in malignant tumors,
as compared to those of benign tumors and normal tissue. One of the most important
findings in this study, however, is the presence of PG, a large resonance band located
between the PDE band and the resonance of PCr. The elevated levels of PDE in
malignant tumors is well established.2'1 Less well established is the in vivo identification
and measurement of the phosphorylated glycans (PG). This resonance is common to
both malignant and normal, breast and colon tissues, and its elevation is a spectral sign
of malignancy.625 This broad phosphoglycan resonance has also been identified as an
uncharacterized diagnostic marker in experimental pancreatitis and as an
uncharacterized resonance in a variety of tumor spectra.26 Discussion of this resonance
has been avoided in studies specifically designed to investigate phosphorylated
metabolites in malignant tumors.27 The elevation in the combined PDE and PG band
indicates that, at the biochemical level, catabolism of membrane phospholipids,
glycolipids and glycoproteins is present.
The broad base of this resonance and the broad spectral lines obtained with in vivo
spectroscopy of the breast, when combined with the proximity of this resonance to PCr,
may confuse its assignment as PCr. The chemical shift of PG resonance is consistently
2.0 to 2.6 S upfield from the PDE resonance band of the low-molecular weight
glycerophosphodiesters such as glycerol 3-phosphorylethanolamine and glycerol 3phosphorylcholine. Recognition of this peak supports the need for ex vivo MR
spectroscopic tissue analysis to verify in vivo MR spectroscopic findings.
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Phosphomonoesters and Inorganic Phosphate
Previous in vivo and ex vivo MR spectroscopic analyses of tumors report variable
concentrations of PMK and Pi for malignant tumors. The majority of analyses report
an increase in PMK and Pi in malignant tissues as compared to normal tissues.28
Kxceptions to this rule include the low levels of PMK and Pi naturally measured in
breast tumors29 as well as die reduction of PMK in tumors responding to therapy.8 The
elevation or decline in levels of PMK may represent tumor heterogeneity and
populationsof tumor cells in various states of viability.29 From high-resolution *'P MR
spectroscopic analysis of tissue biopsy specimens, diminished levels of PME indicate
that the phosphorylalion of small organic molecules and die biosyndiesis of membrane
phospholipids are compromised.10 In this investigation, the significant reduction in
PMK + Pi reflects more of a reduction in phosphomonoesters than in inorganic
phosphate; for in spectra where the resonance of Pi is distinguishable, the relative
concentration of Pi remains approximately the same. Improved magnetic field
preparation (shimming) or curve resolution may enable discrimination of the specific
phosphomonoesters, phosphorylcholine and phosphorylethanolamine; these are
known to significantly decrease and increase, respectively, in malignant breast tumors.6
Normal Breast Tissue
It is generally accepted that a volume of normal breast tissue yields relatively less 3IP
MR signal than the same quantity of neoplastic breast tissue. In our study, usable
spectra can be acquired from normal breast tissue, by using the acquisition techniques
described in the methods of this investigation. The normal spectra presented by olher
investigators showed levels of PCr which, from our experience, can only be accounted
for by contamination of skin or muscle using a surface coil.
Benign Breast Tissue
F.ven though no statislica'ly significant difference exists in the concentration of PCr
among die diree tissue groups analyzed, benign breast tissues differentiate diemselves
spcctroscopicallyfrom malignant and normal breast tissues by the consistent presence
and elevated levels of PCr. Benign tissues are further distinguished from malignant
tissue by their decreased levels of PDK + PG. (No previously published in vwo benign
breast tissue spectra are available for comparison.) With further study, it will be
important to spectroscopically differentiate, fibroadenoma from fibrocystic changes,
because both tissues are histologically and biochemically different.31 Further,
spectroscopic data may prove useful in the differentiation of fibroadenoma from
malignancy. In MRI studies utilizing Gd-DTPA contrast, die primary obstacle has been
the differentiation of fibroadenomas from malignant tumors. MR spectroscopy
provides a method for making such a diagnostic differentiation.
Malignant Breast Tissue
Malignant breast tissues have a helen >geneous composition and are expected to have
a variable spectroscopic presentation. The size of tumors analyzed in this study,
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ranging from 1-3 cm in diameter, differs considerably from previous investigations. In
one report, tumors ranging from 9-12 cm in diameter were analyzed7, while in
another,8 tumors measured between 10-21 cm in diameter. Malignant breast tumors,
apart from their benign counterparts, have a predilection for growing beyond their
nutritional and vascular supply, and exposing themselves to hypoxic, and otherwise
extreme, conditions.24 These events are more likely to occur in spectroscopic profiles
of larger tumors, and would be manifested by an overall reduction in high-energy
phosphates (A'I'P, PCr) coupled with an increase in low-energy phosphates (phosphomonoesters and -diesters). For these reasons, comparison of spectroscopic profiles in
tumors most commonly encountered clinically, i.e., small tumors such as those analyzed
in this study, must be carefully interpreted in terms of previous findings.
Clinical Spectroscopic Technique

Because tumors can arise both superficially and deep in the breast, flexibility is
required of the technique utilized to carrying out spectroscopic measurements. Imageguided volume-selected spectroscopy appears at this time to be the most certain and
efficacious manner of acquiring spectra fiom normal and pathological breast tissue.
Small, 6 cm diameter, surface coils employed in earlier studies cannot penetrate deep
enough to investigate the majority of clinically encountered breast lesions. In the words
of JR Griffiths et al, "Surface coils give good spectra with good signal to noise ratios
from a wide variety of superficial tumors, but the radiofrequcncy (B,) fields that they
generate are complex and have undefined boundaries."32 This is especially true when
investigating breast tumors using small surface coils in patients who have undergone
radiation therapy, and whose skin has markedly thickened as a consequence.
Further improvements in technique will enable in vivo "PMR spectroscopy to fulfill
its in vivo diagnostic potential and role in assessing malignant tumor and normal tissue
response to therapy. Efforts should be directed at acquiring spectra from smaller
volumes of tissue, with improvements in both signal to noise ratios and acquisition
times. The use of different pulsing schemes using techniques other than that employed
in this study, may help to meet these demands. Additionally, image-guided localization
of pathological tissue and shimming of the magnetic field, both important prerequisites
to in vivo spectroscopy, need to be improved. One potential limitation of this study is
the fact that the three groups of spectra are derived from both pre- and postmenopausal women. To our knowledge, no study exists which can verify whether
differences exist between the spectra or images of normal breast tissue of premenopausal women compared to the normal tissue o[ post-menopausal women.
Similarly, it is not known whether differences exist in spectral profiles or images as a
function of hormonal influences during the menstrual cycle.
Although the acquisition of SIP MR spectra in the breast is limited by a number of
factors including low concentration of phosphorus containing metabolites, small
volumes of interest, and inherently low sensitivity of the phosphorus nucleus, spectra
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can be advantageously obtained from metabolically augmented tumors in a
background of normal tissue characteristically low in phosphorus concentration.
In summary, MR spectroscopy oi the human breast, while still in its early phase of
development, has the potential to serve as an analytical adjuvant to other breast cancer
diagnostic and treatment assessing techniques. Spectral profiles have been shown to
differ significantly between malignant, benign and normal tissue; "I 1 MRS is the first
non-invasive technology capable oi making the distinction between benign tumors and
malignant tumors. Finally, !1P MRS provides biochemical information capable of
characterizing breast tissues in vivo, in relation to their functional and metabolic state.
Appendix
[This appendix contains material that was not published in the clinical spectroscopy
article reported above - Invsstiga/ivt' Radiology 20:1053-1059,1991. |
In addition to the commercial whole-body imaging and spectroscopy system that was
used to perform the in vivo experiments of this thesis, a special imaging and
spectroscopy coil was developed specifically for applications involving the breast. As
mentioned in the introduction to this thesis, prior investigations of MR imaging and
spectroscopy of the breast relied either on the use of a body coil or small surface coil
to acquire images and spectra from breast tissues. 'lhe inherent problems encountered
with acquiring images and spectra using a small, single-loop surface coil stem from the
uncertainty of depth-selective volume localization methods in the inhomogeneous
radiofrequency (RF) regions of the single-loop surface coil system and from a loss of
coil sensitivity at a rate of l/r:i from the center of the coil. These problems arise from
the assumption that the measured signals will originate from a hemisphere with a
radius equal to that of the coil and that the tissue of interest or tumor, in the case of
breast disease, will be located within this hemispherical region.
The image-guided volume-localization techniques that were used to acquire breast
spectra in our studies required a uniform and homogeneous RF volume over the entire
breast. To overcome the deficiencies associated with single-loop surface coil
spectroscopy and employ the image-guided volume-selected spcctroscopic techniques,
it was determined that a volume-type coil would be required. The simplest of the many
volume-coil designs is the solenoid. The solenoidal coil system is amenable to dualtuning, a feature that was required to efficiently acquire proton ('II = 04 MHz) images
and phosphorus (31P = 25 MHz) spectra at the appropriate resonance frequencies of
the Philips Gyroscan 1.5 Tesla whole-body system used in the investigations.
Prior to construction of the breast coil system, a series of measurements were
undertaken to determine the optimal diameter for the coil l<x>ps. A diameter of 11 cm
was chosen and the coil was constructed as a two-loop, dual-tuned (Ml and 3IP)
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solenoidal volume coil that would acl as both a transmitter and receiver of the
radiofrequency signals. 'The coil system was constructed in a rigid, synthetic material
platibrm with die magnetic Held of the coil (H,) perpendicular to that of the main field
(Bo). The platform supporting the coil was constructed so as to position the breast of
the patient as near as possible to the iso-center of the magnet when in the proneposition. | Note: tile Philips Gyroscan SIT) system allows for the removal of the body coil
to maximize the diameter of the magnet bore to (>() cm. ] Tuning and matching of the
coil system, with the patient centered in the magnet, was performed via tuning rods
connected to the coil system and extending beneath the patient to the foot of the
patient gantry.

Appendix Figure 1. The single-breast, dual-tuned ('II and
''P), two-turn, solenoidal volume roil designed for clinical
magnetic resonance imaging and spectroscope of the breast,
pictured above, is displayed upside down so as to expose the loops
of the solenoid and the variable tuning and matching capacitors.
These components, though not normally visible due to the rigid
platform ami padding thai comprise the roil system, are seen here,
on the left side.
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General Discussion
Oi'en'iew of studies contributing to the dissertation
The specific aim of this dissertation, the characterization and differentiation of
human breast tissues with magnetic resonance techniques, was realized through the ex
TITO study of surgical tissue specimens with phosphorus magnetic resonance
spectroscopy (:llP MRS) and the study of human subjects with "I" MRS and proton
magnetic resonance imaging//; vivo. Three separate tissue chemical extract analyses
were performed with breast and colon surgical tissue specimens. These analyses
included die perchloric acid (PCA) extraction of aqueous phosphatic intermediaries of
metabolism, the chlorolorm-methanol extraction of membrane phospholipidsand the
saponificalion of chloroform-mcthanol extracted phospholipids. These analyses
comprise the contents of the second, third and fourth chapters of this dissertation and
include, in the fourth chapter, the methodology for a new technique used to obtain and
examine the phosphodiester residues of saponified phospholipids. Malignant and
normal human colonic tissues were analyzed m addition to malignant breast tumors,
benign breast tumors and normal breast tissues in order to verify the techniques,
extraction procedures and spectroscopic findings of this dissertation with a tumor of
epithelial origin and similar pathophvsiologic properties.
Five separate applications ol proton magnetic resonance imaging in the evaluation
of breast disease are presented in the fifth chapter. These applications include breast
tissue relaxation time determinations and optimization of MR I contrast with synthetic
imaging using an interleaved spin-echo inversion-recovery imaging sequence. They
also include the use of a spectrally-selective inversion recovery imaging sequence to
produce fat-suppressed images of the breast, demonstrating the advantages of
performing magnetic resonance imaging of the breast for surgical treatment planning
and tumor size determination. Finally, the evaluation of a premalignant breast tumor
and the combined MR I and " P MRS characterization of a single case of fibroadenoma
of the breast are reported. The final chapter of this dissertation presents in vivo 3I P
MRS determinations of phosphatic intermediaries of metabolism in malignant breasl
tumors, benign breast tumors and normal breast tissues using imaging-guided volumeselecled speciroscopy. Hie dual-tuned, H P-'H, ("P = phosphorus; 'II = proton) single
breast, solenoidal volume coil, specifically designed for use in the /'» x'ii'o studies, is
presented as an appendix to the last chapter.
Malignant human breast tumors are tumors of epithelial origin. They have
properties thai are similar to other tumors of epithelial origin, such as the colon, in
spite of the fad that they comprise the functional tissue of a different and discrete
organ system. l?ie similarities between these tumors arc physiological, histological and
biochemically, which often makes the specific identification and classification of these
and other epithelial tumors difficult. MR speclroscopic analysis of these tissues reveals

similarities and differences that can be attributed either to the functional properties of
the tissue or its malignant, benign or non-ncoplastic state. These similarities and
differences are presented separately for breast and colon tissues in Tables 1 and 2
where statistically significant dillerences in biochemical measurements, used to
distinguish among breast (malignant, benign and normal) and colon (malignant and
normal) tissues, are presented. The data obtained from the twelve separate studies of
this dissertation are qualitative and quantitative in nature. Tables 1 and 2 present the
wide range of quantitative data dial can be obtained for breast and colon tissues. These
tables demonstrate the wide range of specific biochemical differences among tissue
types that can be measured using the ex t'/'i'o and in i>ix>o magnetic resonance techniques
of this dissertation.
Ex vivo analysis of phosphatic metabolites
The initial studies presented in this dissertation are the 3l P MR spectroscopic
analyses of phosphatic metabolites in human breast and colon surgical tissue
specimens. Aqueous, acid-soluble intermediaries of metabolism were extracted with
perchloric acid from malignant breast tumors, benign breast tumors, normal breasl
tissues, malignant colon tumors and normal colon tissues and analyzed with a highresolution MR spectrometer operating at 202.4 MHz for "P.
The phosphatic metabolites identified in spectra from malignant breast tumors, benign
breast tumors and normal breast tissues were profiled in the first paper. In the second
paper, spectra from malignant and normal colon tissues were analyzed. The 31P MR
spectral profiles were used to determine if the "P MR spectral profiles could be used
to characterize and differentiate between pathological and nonpathological tissues.
The perchloric acid extraction was chosen over other methods to isolate the aqueous
phosphatic metabolites because this technique, as carried out in these studies and
described in the individual studies, delivers a profile of phosphates that qualitatively
and quantitatively match the spectral profiles obtained from the correspondingliving
tissue. In the analysis of breasl tissues, 24 separate high and low energy phosphates
were identified in the spectral profiles and eleven phosphatic metabolic indices that
interrelate the metabolites and their relative concentrations were computed from the
spectral data. This information was used to differentiate between the three tissue
groups using a statistical inlcrgroup comparison procedure.
Benign breast tumors were differentiated from malignant tumors on the basis of a
detected elevation in the concentration of a single uncharacterized phosphomonester
resonance (U at 3.66 8) and diminished levels of phosphocreatine(PCr) determined
for malignant tissues. Malignant breast tumors were found to contain significantly
diminished levels of two uncharacterized triose phosphates (U at 3.66 8 and 4.32 8)
compared to normal breast tissues. The relative concentration of phosphorylethanolamine was found to be elevated in malignant breast tumors compared to
normal breast tissues. Differences in the aforementioned triose phosphates were used
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to differentiate normal breast tissues from benign breast tumors. In this investigation,
only three o( the computed metabolic indices differentiated the three tissue groups:
The total concentration of the phosphomonocsters(PMK) was elevated in malignant
tumors compared to normal tissues; the metabolic index PCr/Pi, was diminished in
malignant tumors compared with benign tumors and normal breast tissues had a
higher ratio of glycerol 3-phosphoryldieslers to ATP than benign tumors.
Similar analyses performed with colon tissues enabled 31 individual phosphorus
containing metabolites to be identified. PK was elevated and PC diminished in
malignant colon tumors compared to normal colon tissue. Further comparison of
malignant colon tumors to normal colon tissues showed that the relative concentrations
of an uncharaclerized phosphomonoester resonance at 3.72 8, inosine monophosphale
and the 2' phosphate group of nicotinamideadeninedinuclcotide phosphate (NADP)
were significantly elevated in malignant colon tumors along with the resonance
corresponding to glycerol 3-phosphorylethanolamine(GPF.) and the phosphorylated
glycans (PG). Two of the high energy phosphates, phosphocreatine (PCr) and
adenosine triphosphatc (ATP) were both significantly diminished in malignant colon
tumors compared with normal colon tissues.
Ihc investigations utilizing 3IP MR spectroscopy demonstrated that the metabolism
of these tissues could be differentiated based upon their characteristic spectral profiles.
This characterization provided for pathway-specific analysis of the metabolism of the
tissues and a better understanding of breast and colon tumor biochemistry. The
documented phosphorus spectral profiles of these investigations have created a model
from which future ex vivo and in vivo "P spectra of these tissues can be interpreted.
Ex vivo analysis of phospholipids
The 31P MR spectroscopic analysis of perchloric acid extracts establishes the
measurable differences in the phosphatic intermediaries of metabolism for breast and
colon tissues. Many of the resonances appearing in the aqueous metabolic spectra are
related to the metabolism of membrane phospholipids. Phospholipids are not
sufficiently mobile to produce the narrow lines necessary to be measured in aqueous
MR analysis of tissues. They are not extracted using the PCA extraction procedure. A
method to analyze phospholipids would enable an improved understanding of
membrane phospholipid metabolism and function, provide an additional means by
which tissue could be characterized and differentiated using 31P MRS, and serve as an
adjunct to the aqueous profiles in determining a more complete profile of a tissues'
phosphorus biochemistry.
In 1988, Meneses and Glonek developed a modified phospholipid extraction
procedure and solvent for MR analysis of phospholipids. This discovery, discussed in
detail in the introduction of this dissertation, enabled phospholipids, extracted from
a tissue source, to be profiled using magnetic resonance spectroscopy. This dissertation
takes advantage of these fortunate circumstances to analyze the membrane
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phospholipids ot human breast and colon surgical tissue specimens with "I* MRS.
I hese findings arc presented in two studies decribed in the third chapLer.
Hven though eaeli membrane phospliolipid can lxv determined wilJi high qualitative
and quantitative accuracy bv alternate methods, the analysis performed with this
nonatjueous solvent and (I P MRS was determined to lie advantageous by virtue oi its
rapidiiv. its abilitv to examine the eiuire profile of a tissue simulumeously, and its need
lor only a lew preparative steps. It was found to generate profiles with the highest
quantitative precision by relying on detection of the same atom in each molecular
species. I he use of a single phosphorus atom per molecule serving as a reporter group
means that only the phospholipid content of the sample is detected. The detection of
onlv the phospholipid component keeps the quantity of data reasonable for analysis
and permits high resolution ol each species.
In the lipid analysis of breast tissues. 1 3 different phospholipids were identified; 4
ol these were lound in c; ;,-. -ntrations that distinguished malignant breast tumors from
benign breast tumors and normal breast tissues. The elevation in phosphatidylethanolaminc paralleled the increase seen in phosphorylelhanolamine,its precursor,
which was observed in the .<nal\sis of breast tissue phosphalic metabolites. Parallel to
the analysis ol perchloric acid extracts, phospholipid indices were computed. Nine
indices were lound which could be used to discriminate between these tissues. A
multivariate discrimination analysis ol the " P MR spectroscopic profiles of benign
breast tumor phospholipids permitted the prediction of two histologically different
subtypes of benign breast tumors. These subtypes were benign breast tumors described
histoiogicallv as fibroevstic changes or libroadcnoma. I .ysophosphatidylcholine and an
uncharactei i/ed resonance at 0.1 US were independently significant in predictingthe
histological classification in *.)2 '7 of the analyzed cases.
In a similar study of malignant colon tumors and normal colon tissues 10 individual
phospholipids were identified in the spectral profiles. Sphingomyelin (SPH) and
phosphalidylelhanolamine plasmalogen (PK plas) were found to be .significantly
diminished in malignant colon tumors compared to normal colon tissues while the
concentration of two minor phospholipids, lysophosphatidylcholine (I-PC) and
phosphatidvlcholine plasmalogen (PC plas) were found to be elevated significantly in
malignant tumors compared with normal colon tissues.
Ex vivo analysis of phosphodiester residues of saponified phospholipids
In an attempt to extend the findings of the investigations reported in chapters 2 and
'.'>. the individual phospholipid polar head groups were characterized. The polar head
groups were isolated from their parent phospholipids by a saponification procedure
applied to an isolated phospholipid fraction. The glycerol ;?-phosphorylphospholipid
polar head group profiles were then determined by "P MR and used to refine the
phospholipid data. The resulting profiles enabled further characterization of the
phosphodiester (PDF.) region of the aqueous (PCV) spectrum where uncharactcriztd
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Table 1. Statistically significant differences in jiliDsfihatic metabolites, pliosphnlipids.
phosphoiyldiester residues of saponified phospholipids, ami proton lelaxntiou limes in Inuinni
breast tissues detennined by ' ' / ' magnetic resonance spectroscopy and magnetn lesnname
imaging. Differences are located in the col mini below the heading In irlmh they apply.

Malignant vs Benign

Malignant vs Normal

Benign vs Normal

Extracted Phosphatic Metabolites (Ex Vivo Breast)
U 3.f>(>5

L 4.32 8

p< o.o*

I' 4 . 3 2 8

p -. n <>*

a-GP

/> < o.ot

a-GP

/, < nut

PMK

p<u.o*
GDP/ATP

p<n.u*

p < o.ot

PCr

p < 0.01

PCr/Pi

p < o.ot

Phosphntir Metabolites (In Vivo Breast}
PDK + PG p < 0.01

PMK 4- Pi /, < o.H5

PI)K + PG /. < out

Extracted Phospholipids (Ex Vivo Breast)
PK

p < 0.05

PI

p < 0.01

PC plas

p < o.O5

PK

p < 0.0-5

I.PC

p < o.o*

LPC

p<oii*

LPC/PC:

p<o.o*

PC plas/PC /, < 0.05
PK plas/PK p < 0.05
CHOLINK

/»<0.05

PC 4- SPII

p<0.01
LPC/PC

/. <0.05

Phosphoryldiester Residues of Extracted Phospholipids (Ex Vivo Breast)
GPK

p < 0.01

GPC

p<0.0l

GPC/GPK

p < 0.01

Proton Magnetic Resonance Relaxation Times (In Vivo Breast)
T,

p< 0.0001

T,

j,< o.ooi

T2

p< out

Abbreviations: U 4.32 5 and 3.6(5 5, nncliaraclerized iesonanc<\s and 4.32 8 and 3.(51) iS; «-GP, <»glycerophosphate; PCr, phosphocreatine; PC^r/Pi, ratio of PCr lo inorganic ortho-phosphate; PMK,
total phospliomonoeslers; GDP/ATP, ratio of total glyceiolpliosphodieslers to A IP; PDF. + PG, ratio
of total phosphodiester to phosphorylated glycans; PK, pho.sphatidylethanolamine;l.PC, lysophosphatidylcholine; PI, phos])hatidylinosilol;PC plas, phospliatidylcliolinoplasinalogen; PC,
phosphalidylcholine.SPII, sphingomyelin;CIIOI.INF., PC + PC plas + SPII; GPK, glycerol 3phosphoi7lethanolamine;GPC, glycerol 3-phospliorylcholine: T,, longitudinal relaxation lime; T c ,
transverse relaxation time.
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Table 2. Statistically significant differences in phosp/iatic metabolites, phospholipids,
pfiosplu»yldiester residues of saponified phospholipids and proton relaxation times comparing
malignant and normal human colon tissues as determined by 1!P magnetic resonance
sped ws copy.
Extracted Pliosphatic Metabolites (Ex Vivo Colon)
PE*
p <().()!
PC*
p <().()•>
IMP
U 3.72 5
p< o.oi
NADP2'-P
p < 0.05
GPK
PC.
p < o.Ol
PCr
p < O.oi
ATP
PME
p <().()!
GPD
p<0.01
PE/PC
PME/Pi
p<0.05
PCr/Pi
/><
fl.fl/
PCr/ATP
EC
p < 0.01
Modulus
Extracted Phospholipids (Ex Vivo Colon)
PC*7PC plas p < 0.005
PC + PC plas p < o.ooi
SPH + PC
SPII/PC
p< o.ooi
SPH/PE**
p< o.ooi
SPH/PS
I.PC
p<o.O5
PC plas
p <o.oi
PE plas
SPII
p<0.01
Phosphoryldiester Residues of Extracted Phospholipids (Ex Vivo)
GPG
p<0.05
GPS
p < 0.05
Polyol
p < 0.05

p<0.05
p < 0.05
/; < O.OI
p<0.01
/, < 0.0/
p < 0.01
p < o.oi
p<0.00l
p<0.05

Abbreviations: PF.\ phosphoiylethanolainiiic; PC, phosphorylcholine; IMP, inosinc
inonopliospliatc; U 3.72 <5, unrliararlcrizcvl rcsoiianrc at 3.72 S; N \DP2'-P, the 2' phosphate group
of NADP; GPK, glyrerol 3-pliosphoiyl<-lh;ii)ol;»iiino;PG, phosphoiyialed glycans; PCr,
pliosphorroatinc; PMK, loial phosplionionot'sttTs; GDP, total glyccrolphosphodieslers; PME/Pi, ratio
of PME to inorganic orthophosplialc; FC, energy charge of the adenylate system; Modulus, ratio of
high to low-energy phosphates; PC/PC plas, ratio of phosphatidylcholineto phosphatidylcholine
plasmalogen;SPM, sphingoinyelin; PE", pho.sphalidylethanolaminf!;PS, phosphatidylserinc; LPC,
lysc>pliosplialidylrliolinc;(iP(>, glycerol 3-pliosphorylglycerol; GPS, glycerol 3-j>hosphorylserine;
Polyol, GPG + bis(glyterol 3-pliosphoryl) glyrcrol + glycerol 3-phospliorylinositol.

resonances reside and the data was used to characterize isolated phospholipids.
This technique also was designed to be performed rapidly and to profile specimen
samples. It was not designed for the isolation of specific metabolites. The saponification
reaction is carried out in a two step process which is described in the first study of
chapter 4. In this study the analysis was carried out with a variety of materials
including standards oflipids, heart, tumor extracts and soybeans. The analysis was
then carried out for the breast and colon tissues analyzed in the preceding chapter.
Ilie data was used to identify functional head groups of polar Iipids found in different
quantities in the two tissues. In the study which applied the saponification methods to
breast and colon tissues, peaks were identified in the spectrum which did not
correspond to peaks in the phospholipid spectrum. This established that all of the
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phospholipids in the 31P phospholipid spectrum are not visible with the techniques
initially described by Meneses and Glonek. The quantitative nature of the
saponification reaction was verified by comparing normalized relative concentrations
of the phosphodiesters with their parent phospholipids. This analysis established a
system of nonspecific markers which could be used to differentiate malignant processes
from normal processes. Finally, minor resonances were identified in the generated
profiles as those commonly seen in the phosphodiester region of the PCA metabolite
spectrum and their position was confirmed with respect to pH.
Combining the saponification reaction with the 31P MR analysis produced complete
profiles which did not require previous knowledge of the specimen. They also
provided the identity of possible metabolic markers to distinguish between malignant
and normal processes. Since other analytical methods require the isolation and
purification of individual molecules, the procedure used in these studies allowed all
molecules of a generic type to be analyzed.
In vivo magnetic resonance imaging and spectroscopy
When significant biochemical differences were determined to exist in the ex vivo 3I P
MR analysis of surgical tissue specimens, the correlation of ex vivo and in vivo MR
spectroscopic profiles became the objective of future investigations. In order to
improve upon in vivo spectroscopic studies performed prior to our own investigations
it was found necessary to design a specific coil system for imaging and spectroscopyof
the breast. It was also necessary that imaging of the breast be refined to enable imageguided volume-selected in vivo spectroscopy to be performed.
Previous studies performed using MRI of the breast were re-examined. In light of
the new information and technical possibilities, it was determined that the original
studies were only first attempts, since the technology available for our experiments was
entirely different, (mention the essential improvement in technique.) Because
spectroscopic localization of the breast tissue and tumors was found not to be a trivial
task, and because it was realized early that the MR images, which actually represent
biochemographs of the imaged tissues, provided much additional qualitative and
quantitative information, the final objective of this dissertation was first to improve
upon previous knowledge of MRI of the breast prior to attempting in vivo spectroscopic
measurements. One requirement of the in vivo application objective was that the
technique had to improve upon previous reports of breast tumor spectroscopy. In
earlier reports, spectra were acquired from the placement of surface coils over the
region of interest and subsequently sampling the tissues within the sensitive volume of
the coil. With the breast, one inherent difficulty in using this approach is that the
selection of a tissue, whether normal tissue, malignant tumor or benign tumor, can not
be assured. Also, spectra from deep within the breast cannot be acquired with these
methods. In applying volume selection techniques we became aware of the importance
of imaging in localization of the tumors. The visualization of the tumor on an image
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used to guide spectroscopic measurements was itself dependent on the altered
biochemistry of the tumor with respect to the surrounding tissues.
The first imaging step was to determine the Tl and T2 values of the three types of
tissue, malignant breast tumors, benign breast tumors and normal breast tissue, so that
image sequences and their respective parameters could be selected to enhance our
ability to visualize the tumor and facilitate localization for spectroscopy. The T, and T2
values of malignant, benign and normal tissues were found to be significantly different
allowing for differentiation of the three tissue groups. The T, values of benign tumors
were significantly longer than the T, values of malignant and normal tissues and the
T2 value of benign tumors was significantly longer the T2 value of normal tissues. These
differences and the interleaved spin-echo inversion-recovery techniques used to obtain
the data permitted the synthesis of images for the entire range of 1^ and T2 values.
These studies are not presented in a published format but were carried out as a part
of the overall program. By understanding the T, and T<, characteristics of these tumors,
images could be synthesized both to improve visualization for in vivo spectroscopy,
dynamic contrast imaging or as a specific diagnostic imaging application. These
biochemical images were portrayed in two separate papers as case reports. In one
report, a fibroadenoma was characterized. In a second report an intracystic papilloma,
a premalignant tumor, was characterized. Results from the image synthesis led to the
idea of using fat-suppression techniques to image the breast. The application of the fat
suppression technique and regular spin echo techniques in fatty breasts enabled
measurement of tumor size which was compared to the pathological and
mammography visualization of tumor size. It appears from this data that MR can play
a role in breast cancer to improve breast cancer staging. The images provided
qualitative and quantitative information that would have altered the stage of the
patient.
The final chapter represents the consummation of the original goal of correlating
ex vivo and in vivo 31P MR spectroscopy and introduces the beginning of image-guided
in vivo spectroscopy of human breast tissues for diagnostic, therapeutic and prognostic
purposes. This information can be used ultimately in the analysis of metabolism,
physiology and disease in vivo. The actual application of these techniques in the ex vivo
setting as a laboratory test or in the in vivo setting as a clinical study awaits analysis on
a larger scale. The work of this dissertation provides the fundamental basis for
spectroscopic and imaging measurements to be performed on a larger cohort of
patients so that the sensitivity and specificity of the measurements can be determined.
Only in the phospholipid study of breast tissues was a test of predictive value
performed.
The ability to perform in vivo spectroscopy continues to improve, not only for the
nuclei presented in this study but for 'H with solvent suppression, 23Na, I3C, I9F and
other pertinent nuclei. The presentation of spectral data in an image formal also will
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serve to improve the utility of the spectroscopic techniques. Chemical-shift magnetic
resonance imaging, as it is called, allows the study of a single metabolite for medical
purposes.
At this juncture, the primary task for magnetic resonance experts is to inform
medical specialists of the capabilities and limitations of existing magnetic resonance
techniques. Kducalion is required so that the information derived from the application
of MR techniques can be evaluated and interpreted in a clinically useful manner. It is
important that the specialists evaluating and interpreting the data from the application
of MR lechniques also be advised of forthcoming advances in the field of magnetic
resonance imaging and spectroscopy. Lacking such information, they cannot
appreciate the new direction and the future possibilities of the technology.
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Summary

Because of its incidence and association morbidity and mortality, breast cancer is a
feared and menacing disease. The fear of breast cancer and the consequences of
misdiagnosis, combined with the generally sensitive but nonspecific techniques used
to detect and diagnose breast cancer, lead to a majority of the performed breast
biopsies being determined as negative for breast cancer. We surmise that the high
negative biopsy rate and lack of specificity is due to the paucity of biochemical
information in the modalities employed to diagnose breast cancer. Furthermore, we
estimate that magnetic resonance techniques could be used in an adjuvant fashion to
improve the specificity of breast cancer diagnosis, in addition to supplementing existing
non-biochemical pathological factors which are used to select treatment and provide
prognosis.
This thesis provides the fundamental characterization and differentiation of breast
tissues using in vivo and ex vivo MR techniques in the hope that these techniques and
experimental findings will be used on a larger scale and in a predictive manner in
order to improve the specificity of diagnosis and treatment of breast cancer.
In this dissertation, clinical studies were performed using proton magnetic
resonance imaging and phosphorus magnetic resonance spectroscopy (S'P MRS) to
characterize and differentiate malignant breast tumors, benign breast tumors and
normal breast tissues in vivo. These studies were carried out following the methodical
characterization of chemical extracts of malignant breast tumor, benign breast tumor
and normal breast parenchymal surgical tissue specimens using high-resolution 3IP
MRS. Alterations in breast tissue metabolism, as a result of pathological processes, were
postulated to be responsible for measurable differences between malignant breast
tumors, benign breast tumors and normal breast tissues using magnetic resonance
techniques.
Magnetic resonance data, in the form of spectra and images, provide for a
qualitative and quantitative assessment of tissue biochemistry as it exists in a living
tissue. Three separate extraction procedures were performed to characterize and
differentiate malignant, benign and normal breast tissue groups using high-resolution
31
P MRS. These procedures included the perchloric acid extraction of phosphatic
intermediates of metabolism, the chloroform and methanol extraction of membrane
phospholipids and subsequent analysis with a novel MR solvent that permitted the
high-resolution separation and identification of phospholipids, and finally, the
saponificalion of extracted phospholipids for the analysis of the phospholipid polarhead group profiles. Differences in spectral profiles were determined using each of the
aforementioned analyses which permitted the characterization and differentiation of
the malignant, benign and normal breast tissue groups. These analyses also were
carried out on surgical tissue specimens of malignant and normal colonic tissues in
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parallel investigations for comparative purposes.
Proton magnetic resonance images and phosphorus magnetic resonance spectra
of the breast were obtained from female patients destined for surgical biopsy of
clinically or mammographically suspicious breast lesions. Images and spectra were also
obtained from asymptomatic volunteers. Breast tissues were characterized and
differentiated on the basis of T, and T2 relaxation time values determined from
calculated pure Tj and T2 images obtained with a multi-echo spin-echo inversionrecovery imaging sequence. Optimal imaging parameters were deiermined for a
variety of breast pathologies. Images from these patients were qualitatively assessed to
determine the advantages of MR imaging in surgical treatment planning and in the
general evaluation of breast diseases. Image characteristics of premalignant and benign
breast tumors were extensively described as were the image characteristics of breast
diseases portrayed using a frequency-selective, fat-suppression imaging technique.
Phosphorus spectral profiles were obtained from malignant and benign breast tumors
and normal breast tissues for the first time using image-guided volume-selected
spectroscopy and single breast, two-turn, solenoidal volume coil which was dual-tuned
for both proton and phosphorus experiments. Differences in the spectral profiles
obtained in vh>o paralleled findings obtained through the ex vino tissue extract analysis
of the same tissues. These in vivo spectral profiles were used to provide an additional
means of characterizing and differentiating these tissues.
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Samenvatting
Inleiding
Borstkanker is een gevreesde en bedreigende ziekle vanwege de hoge incidentie en
de slechte prognose. Borstkanker komt meestal aan het licht door zelfonderzoek, als
toevalsbevinding bij een medisch onderzoek of door mammografisch bevokingsonderzoek. De diagnose borstkanker wordt gesteld door een operatief verwijderd
stukje weefsel (biopsie) microscopisch te onderzoeken. De vrees voor de ziekte en de
ernstige consequenties van een gemiste diagnose leiden er toe dat een groot aantal
biopsieën wordt genomen bij patiënten met een borstafwijking die achteraf bénigne
blijkt te zijn. Dit is een extra belasting voor de patiënten en een kostenverhogende
factor voor de gezondheidszorg. Door de biochemische verschillen tussen normaal,
bénigne en maligne borstweefsel met magnetische resonantie (MR) te bestuderen kan
mogelijk de diagnostiek van borstaiwijkingen worden verfijnd, hetgeen een aanvulling
en verbetering van het diagnostische arsenaal zou betekenen. Indien met behulp van
MR-tecknieken zekerheid de goedaardige van de kwaadaardige borstafwijkingen
kunnen worden onderscheiden, zal het nemen van een biopt overbodig zijn en kan de
patiën'e in een vroeg stadium worden gerustgesteld. In dit proefschrift wordt de
chemische karakteriseringen differentiëring van borstweefsels met behulp van in vivo
en ex vivo MR-technieken beschreven. Zowel proton MR-lmaging als fosfor MRspectroscopie (31P MRS) werden toegepast om maligne en bénigne tumoren en
normaal borslweefsel van elkaar te onderscheiden.
31

P MR-Spectroscopie
Allereerst werden extracten van maligne, bénigne en normaal borstklicrweefsel met
hoge resolutie 31P MRS onderzocht. Hierbij hebben wij gezocht naar kenmerkende
veranderingen in het metabolisme ten gevolge van pathologische processen die met
MR-lechnieken kunnen worden gemeten. Drie verschillende extractie-technieken
werden gebruikt om de weefsels met hoge resolutie 31P MRS te karakteriseren en ie
differentiëren. Deze technieken waren (a) perchloorzuur extractie van fosfaathoudende metabolieten, (b) chloroform en methanol extractie van membraanfosfolipiden gevolgd door analyse met een nieuw MR-oplosmiddel dal een goede
scheiding en identificatie van fosfolipiden mogelijk maakt, en (c) verzeping van
geëxtraheerde fosfolipiden voor de analyse van de polaire groepen in de fosfolipiden.
Deze extracten werden met 31P MR-spectroscopie onderzocht. Als vergelijkingsmateriaal werd normaal colonslijmvlies en coloncarcinoom gebruikt dat op identieke
wijze werd geanalyseerd.
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Proton-MR-beeldvorniing
De proton-MR-bceldvormingslechnick werd verder uitgewerk bij vrouwen die een
biopt moesten ondergaan vanwege een klinisch of mammografisch verdachte
borstafwijking. De weelsels werden gekarakteriseerd en gedifferentieerd met behulp
van Tl en 'II? relaxieüjden, die gebaseerd zijn op berekende zuivere Tl en T2 beelden
verkregen met een multi-echo spin-echo inversion-recovery imaging sequence.
Optimale paramelerwaarden werden bepaald v<x>r de beeldvorming van verschillende
borsiafwijking. De methode werd getest om de aard van de afwijking, de uitgebreidheid en lokalisatie van de borslleasies te kunnen vaststellen. Bovendien werd
de betekenis van dit hulpmiddel voor de planning van operaties geëvalueerd.
Karakteristieke eigenschappen van beelden bij premaligne en bénigne borsttumoren
werden beschreven evenals de karakteristieke eigenschappen van beelden verkregen
met een frequentie-selectieve vet-suppressie beeldlechniek.
Beelvorming en Spectroscopie
Door ons werd een spoel voor borstonderzoek ontwikkeld waarmee zowel proton—als
fosfaat-metingen kunnen worden verricht. De/e melingen leiden resp. lot beelden en
spectra van de afwijkingen. Hierdoor was het mogelijk met proton-MR-beelden de
borstafwijkingnauwkeurigte lokaliseren. Dit stelde ons in staat van deze afwijkingm
vivo een 3I P MR-spectrum te maken. De spectrale verschillen die in vivo werden
gemeten, konden in de operatief verwijderde weefsels worden teruggevonden als 3 I P
MR werd uitgevoerd op het geëxtraheerde materiaal. De in i'n>o gemeten 3I P spectra
kunnen dus als een additionele techniek worden gebruikt om de pathologische
processen nader te karakteriseren.
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